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T h erm al D egradation o f  ^ -S ubstituted  

Polycarbam ates

ELIZABETH DYER and RICHARD J. HAMMOND,* Department of 
Chemistry, University of Delaware, Newark, Delaware

Synopsis

.V-substituted polycarbam ates of re la tively  low m olecular weight have been prepared 
from the condensation of 1 ,6-hexanebischloroformate w ith A’ -substituted diamines, both 
aliphatic and arom atic. T he initial rates of therm al degradation of these polym ers 
and of unsubstituted analogs have been determ ined at 230-285°C. b y  following the 
evolution of carbon dioxide. T h e results showed th at the more therm ally  stable p oly
mers were those derived from the substituted-aliphatic diamines, having the form ula 
[— N (R )— X — N (R )— C O O (C H 2)6()C ()— ]„, where X  is (C H 2)5 or (C H ,)„. W hen 
R  was — C H 3 and — C 6H;„ the overall E A  was 31 and 46 kcal./m ole, respectively. T h e 
polym ers derived from  arom atic diamines, where X  was I jl'-C cH jC H iC eH j, showed 
low values for E A , approxim ately 15 kcal./m ole, regardless of whether It was H or 
alkyl. T his low therm al stab ility  was shown to be caused b y  amine endgroups. Some 
evidence as to  modes of therm al degradation was obtained from a stud y of volatile  
products.

Previous investigations1“ 4 on the thermal degradation of mono-A- 
substituted carbamates showed that the decomposition proceeded by two 
general paths:

(a)
R X H C O O C tL C H o It' —  I tX C O  +  I t 'C H 2C H 2OH  (1 j

(b)
R N  H C O O C E L C H J t ' —  R N H 2 +  C 0 2 +  R 'C H = C H 2 (2)

Subsequent pyrolysis of isocyanate formed by path (a) gave carbodiimide 
and carbon dioxide:

2 R N C O  C 0 2 +  R N = C = N R  (3)

Polythiolcarbamates also yielded products5 derived from both types of 
breakdown.

In the di-A-substituted carbamates (RR'NCOOR"), degradation by 
path (a) is excluded. The products from a monomeric compound of this 
type consisted solely of amine, olefin, and carbon dioxide.4 In addition, 
the A-disubstituted carbamate had a much greater thermal stability than 
the mono-A-substituted analog.4 The patent literature reports6’7 that 
A-substituted polycarbamates (polyurethans) are more stable to heat than

* From  the P h .D . dissertation, U n iversity  of D elaw are, of R ichard J. H ammond, 
Arm strong C ork Co. Research Fellow , 196U- 1962.
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A'-SUBSTITUTED POLY CARBAMATES 3

tlie unsubstituted polymers, although little quantitative work has been 
done. Hence, it was of interest to study in some detail the effect of N - 
substitution on the thermal degradation of a variety of polyurethans.

RESULTS AND DISCUSSION 

Preparation and Properties of N -  Substituted Polyurethans

Polyurethans having substituents on nitrogen have been prepared from 
bischloroformates and substituted diamines.6-9 In the current work 
representative AI-substituted polyurethans were obtained by the inter
facial condensation of I ,(j-hexanebischloroformate (a) with an aliphatic 
diamine (l,(5-hexanediamine and its AUV'-dimethyl and diphenyl deriv
atives) and (b) with an aromatic diamine (4,4'-methylenedianiline and its 
AT,Af'-dimethyl and di-n-butvl derivatives). Unsubstituted polyurethans 
were prepared in the same way for comparison.

R It 0  O R  R O 0
I I II II I I II II (4)

H N — X — N H  +  ClCO(CH,).OCCl —  [— N — X — N — CO( CH2 )6OC—  ] „

The properties of these polymers are shown in Table I.
The polymers had the expected compositions, as shown by the analyses of 

Table II. The yields (Table I) are for products that had been reprecipi
tated to remove traces of unreacted monomers. The intrinsic viscosities of 
polymers I and II were lower than those of the comparable polymers from
1,4-butanediamine and 1,4-butanebischloroformato (reported10 to be 
0.7(i-l.l), while the intrinsic viscosity of polymer Y was slightly higher 
than those of the comparable polymers from methylenebis(4-phenyl iso
cyanate) and 1,4-butanediol (reported11 as 0.40). The Af-substi tilted 
polymers were of lower molecular weights than the unsubstituted ones,

T A B L E  II
A nalysis of C arbam ates and Polycarbam ates

No.

C alculated Found

c ,  % H , % X , % C  ci/ H , % X , %

I .57.32 8.88 10.28 5 8 .16 9 ,14 10.28

II 58.30 9 .18 9 .71 58.58 8.98 9.94
III 6 1 .1 2 9 .6 2 7.9 1 60.49 9.78 7.9 4
IV 71 .20 7.8 1 6.38 70.81 8.00 6 .5 2
V “ 68.45 6 .5 6 7.60 68.09 6.47 7.8 2
V I 69.67 7 .1 2 7.0 7 69.54 7.0 4 7 .0 1

V I I 69.67 7 .1 2 7.0 7 69.10 7 .1 8 7 .0 7

V i l i 72 .4 6 8.38 5.82 72.93 8.61 5.81
X 64.78 11 .05 7 .78 64.47 10.82 7 .5 2
X I 7 1 .3 4 8.42 0 .10 to © 8 .4 7 6 .30

X III 76 .22 8 .4 1 4.08 76.26 8.74 4 .38

X I V 78 .32 5.88 4 S I 78.01 5.0 2 4 .7 7

X V 79.94 10,78 2.83 79 .50 10.62 3.0 3

* A n alytical data on this compound made previously2 by :i different synthesis are

incorrect. T he found values should have been: C , 68 .31% ; H, 6 .5 2 % ; N ,7 .6 1 % .
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Fig. 1. A  first-order plot of the rate of decarboxylation of (right ordinate) poly[0-hexa- 
m ethylene-.Y-hexam ethylenediearbam ate], I I , (C ) a t 250.3°C.; (left ordinate) poly|0 - 
hexam ethylene-.Y(-Y-phenyl)hexam ethylenedicarbam ate], IV , ( • )  a t 245.5°C. and (3 )  
a t 274.4°C.

and were in the range of the rubbery polymers prepared by Frazer and 
Goldberg9 from the bischloroformate of polytetramethylcnc ether glycol 
and iV-substituted aromatic amines.

The lower melting points of the iV-substituted polymers (III, IV, VII, 
and VIII) may be attributed both to the low molecular weights and to the 
loss of hydrogen bonding due to the presence of substituted nitrogen atoms. 
The latter effect has been well shown with polyamides.12 A slight apparent 
anomaly is that polymer IV, with phenyl groups on nitrogen, melts higher 
than polymer III, with methyl on nitrogen. This can be explained by 
reference to a Stuart model of polymer IV, which shows that the phenyl 
groups are perpendicular to the backbone of the polymer chain. Unlike 
the relatively small methyl groups, the phenyl groups are capable of inter
action, resulting in an increase in chain order and in melting point.

Pyrolysis of Polyurethans

Rate Data. The pyrolysis of polyurethans has not been previously 
studied in detail except for the determination of the products from one 
polymer.2 Hence three examples of unsubstituted polyurethans (1, II,



TV-SUBSTITUTED POLY CARBAM ATES

T A B L E  III
Initial R ates of Carbon Dioxide Evolution from Pyrolysis of Polyurethans,

R  R  O O
! I I! I!

[— X — X — N — C O (C H 2)mO C — ]

No. X R m

Tem p.,
°C .a

105 X  «1, 
se c .-1

e a ,

kcal./
m oleb

I (CH ,)a H 0 232.3 0 .13 26
246.7 0.34
256.8 1 .5
265.6 3 .6
274.3 5 .7

II (C H 2)6 H 6 249.1 2 .2 29
258.3 3 .4
267.1 5 .2

III (C Ih )( c h 3 6 246.8 5.6» 31
257.0 7 .1
266.7 15»

IV (C H A , c 6h 6 6 253.5 0.054 46
265.2 0 .14
272.7 0.22
284.7 0.60

V c 6h 4c h 2c 6h 4 H 0 246.6 2.0 15
258.0 2.6»
267.2 3.5»

V II o 6h 4c h 2c 6i i 4 C H :i 6 249.7 6.9» 15
258.1 8 .7
267.2 11.3»

V III C elLC H oCefL n -C 4I I 9 0 249.2 5 .2 14
257.2 6 .4 d
266.7 8 .2 d

I X c 6h 4c h 2c 6h 4» H 10 262.4 1 .1 34
2 7 7 .7 2 .5
289.6 4 .6

a M axim um  deviation ± 0 .2 5 °C . 
b A pproxim ate value for overall changes form ing C 0 2. 
0 D uplicate analyses gave identical k ,  values. 
d Estim ated maximum deviation of duplicates ± 3 % . 
» Polym er with no amine endgroups.11

Y, and IX) were pyrolyzed for comparison with the substituted poly- 
urethaus (III, IV, VII, and VIII). Approximate initial rates of decom
position (Table III) were obtained by following the rate of evolution of 
carbon dioxide. The evolution of carbon dioxide followed first-order rate 
curves to 8-14% conversion (except for polymer V, to 38% conversion). 
Typical graphs are given in Figure 1 and Figure 2.

A comparison of the energies of activation for formation of carbon dioxide 
from compounds I, II, III, and IV in Table III shows that the TV-substituted 
polyurethans III and IV have greater thermal stability than the un
substituted polymers I and II. This is notable in the case of the N - 
phenyl derivative (IV). The previously studied monomeric models,4
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Fig. 2. P lot of log k  vs. the reciprocal of absolute tem perature for ( • )  poly[0-hexa- 
m ethylene-.Y(.V-phenyl)hexam ethylenedicarbam ate], IV  and (<3) poly [O-hexam ethyl- 
ene-.V-hexam ethylenedicarbam ate ], II.

O-hexadecyl-jV-1 -uaphthylcarbamate and its AM-propyl substitution 
product, had somewhat higher values for activation energy KA (34 and 02 
kcal./mole, respectively).

Polymers V, VII, and VIII, having aromatic units in the chain, had 
surprisingly low energies of activation, regardless of substitution on nitrogen. 
This low stability was found to be caused by amine endgroups. Poly
mers V and VII were shown by titration in nonaqueous medium to contain 
0.36 and 0.35 mole of basic endgroups per molecule, whereas polymer 11 
contained only 0.04 mole.* Previous work3 has shown that primary 
and secondary aromatic amines are powerful accelerating agents for the 
thermal decomposition of monomeric aromatic carbamates. For example, 
the addition of 50 mole-% of aniline to benzyl carbanilate reduced the half- 
life of a 6.0-g. sample from 7.1 hr. to 1.9 hr. at 248°C.3

* W h y  the aliphatic polym ers were so low in amine endgroups is not known, and will 
be studied further.
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Further evidence that the amine endgroup is responsible for the in
stability of polymers V, VII, and VIII is that polymer IX, analogous to V, 
but prepared in such a way as to exclude amine endgroups, had an EA 
of 34 kcal./mole. This polymer, made from the diisocyanate and diol11 
by melt polymerization, had been treated with methanol after the reaction, 
and therefore could have only carbamate or hydroxyl endgroups.

Previous work3 has shown that in pyrolysis of iV-aryl monomeric carba
mates a prominent location of the attack by amines is the alkyl carbon 
attached to the ester oxygen atom. This is unlike the aminolysis ob
served in solution.13-15 By analogy, the accelerating action of a terminal 
amine group on the pyrolysis of the aromatic polycarbamates V, VII, 
and VIII may be assumed to proceed as shown in eq. (5):

R  0  O R  R  R  0
I II II I I I II

-A r— N — C O C H 2( CEL)5O C — N —  +  H N — A r— N — O  
î i

O
II

!0 (C H 2)60 C -

(5)
R  0  O
I I! Il R

■ — A r— N — C O H  +  C H 2(C H ,)6O C N —
I 0 O

I I II II
R N — A r— N — C O (C H 2)«OC- 

R  |
I R

— A r— N H  +  C 0 2

Products of Pyrolysis. In Table IV are shown the products from 
pyrolysis at 280°C. of two unsubstituted polycarbamates (II and V), 
of their iV-methyl derivatives (III and VII), and of two monomeric bis- 
carbamates (X  and XI). Quantitative determinations were made of car
bon dioxide and of volatile products.

A comparison of the amounts of carbon dioxide and of other products 
shows that the proportion of saturated alcohol was relatively high for 
compounds II, X , and XI. Hence these compounds decompose to a 
large extent by the isocyanate path (a). These compounds did not yield 
secondary amines. This is in accord with the previous results on pyrolysis 
of n-butyl and neopentyl biscarbamates derived from methylenebis(4- 
phenyl isocyanate),2 but contrary to the behavior of O-l-hexadecyl-V-1- 
naphthylcarbamate,4 which gave large amounts of secondary amines.

Polymer III, which cannot give isocyanate and alcohol, decomposed to 
yield olefin and secondary amine, the same type of products as obtained 
from the monomeric model.4 These products are explainable by a simple 
intramolecular displacement reaction involving a six-centered transition 
state.4

Polymer V, the aromatic analog of polymer II, yielded as major product 
(in addition to carbon dioxide) 1-hexene-G-ol. The formation of this 
substance indicates cleavage by both paths (a) and (b ):
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O OH
H || Il I (a)

- f C 6H 4N — C O (C H 2)4CH2C H 2O C N C 6H 4C H 2+  — C 6H 4N C O
OH

I
+  H O (C H 2)4C H 2C H 2O C N C 6H 4C H 2—

|(b) (6)
H O (C H 2)4C H = C H 2 +  C 0 2 +  N H 2C 6H 4C H 2—

Polymer VII, also an aromatic polyurethan, yielded a small amount of a 
monomeric cyclic carbamate, X II. (Other products were unidentified 
complex residues.)

O C H 3 C H 3 O
II I I II

( C H 2)60 C — n — c 6h 4c h 2c 6h 4— n — C OI_______________________________ I
(X II)

This structure is supported by analyses, molecular weight data, and 
infrared and nuclear magnetic resonance spectra (described below). 
Cyclic carbamates containing one carbamate unit are well known,1617 
but examples with more than one unit are scarce. Rings of 13 or 1G 
atoms in which there was one carbamate and one allophanate group have 
been described.18 A cyclic diamide, X III. somewhat analogous to the 
cyclic carbamate XTI, is known.19 The melting point of X III (320°C.)

O
Il H

(C H 2)6C — N — < f
H IIT—N—O

X I I I

is considerably higher than that of X II (256-258°C.), perhaps due to the 
lack of hydrogen bonding and greater flexibility in the latter compound.

The formation of the cyclic carbamate X II from polymer VII may be 
accounted for by alkyl-oxygen cleavage in two locations:

C H 3 O o  c h 3 C H 3 0  H O C H 3
I II II I I II I I I

-A r— N ---- C O C H 2(C H 2)aO C — N — A r— N -----C O C H 2— C — (C H 2)4O C — N — A r--<s |
H

l
C H 3 O 0  C H 3 CHa O

— A rN ---- ¿ O H  +  C H 2( C H 2 )50 ^ — N — A r— N ---- C — 0  +  CH^

H O C H ,
I II I

= C (C H 2)4O C — N — A r—

1
C H ,

— A rN H  +  C 0 2
X I I

In accord with this theory is the fact that an alkyl-oxygen cleavage is 
necessary to explain the formation of the olefinic alcohol, l-hexene-6-ol, 
obtained from polymer V.
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EXPERIMENTAL

Preparation of Hexane-1,6-Bischloroformate

The preparation was carried out as follows.20 In a flask fitted with a 
Dry Ice condenser, mechanical stirrer, thermometer, and solids addition 
capsule was placed 300 ml. (417.6 g., 4.22 moles) of freshly distilled phos
gene. After cooling to 0-5°C., the addition capsule, containing 94.4 g. 
(0.80 mole) of 1,6-licxanediol was manipulated in such a manner that addi
tion of the diol did not cause the reaction temperature to exceed 5°C. 
Stirring at 0-5°C. was continued for 2 hr. after addition had been com
pleted. The mixture was allowed to come to room temperature and the 
excess phosgene removed by gentle heating under reduced pressure. The 
residual liquid was,run through a short column of alumina and dried with 
5A Linde molecular sieves. Distillation gave 150.8 g. (78% yield) of color
less product, b.p. 108“ 110°C./0.6 mm. The purity was checked by treat
ing a 1.0 g. sample with dry ammonia in toluene to give the known hexane
1,6-biscarbamate,21 m.p. 186-188°C., in 98% yield (after recrystallization 
from water).

Preparation of Polycarbamates

The general method was the interfacial polycondensation of 0.05 mole of 
redistilled diamine, dissolved in 150 ml. of water containing 0.01 mole of 
sodium carbonate and 1.5 g. of Duponol ME, with 0.05 mole of a solution 
of hexane-1,6-bisclrloroformate in 150 ml. of benzene in a home blender 
according to the procedure of Wittbecker and Katz.22 In the case of water- 
insoluble diamines, a solution of 0.05 mole of the diamine in 50 ml. of 
benzene was used with the other reactants, except that the amount of 
benzene for the chloroformate was reduced to 100 ml. The polymers were 
separated by filtration or by evaporation of the reaction solution. Purifi
cation was accomplished by reprecipitation from an organic solvent with 
water and from an organic solvent with an organic nonsolvent. Properties 
are given in Table I and results of analyses in Table II.

Poly(0-hexamethylene-AT-pentamethylenedicarbamate), I, and poly(0- 
hexamethylene-A-hexamethylenedicarbamate), II, were separated by fil
tration and reprecipitated once from dimethylformamide with water and 
twice from dimethylformamide with acetone.

Poly [0-hexamethylene-iV-(Ar-methyl)-hexamethylenedicarbamate], III, 
was prepared from iV,Ar'-dimethyl-l ,6-hexanediamine.23 The product was 
obtained as a yellow viscous mass by evaporation of the reaction solution 
to dryness at 50°C. and precipitation of the residue from acetone by water, 
then from acetone by n-hexane (twice).

Poly [0-hexamethylcne-Ar-(Af-phenyl)-hexamethylenedicarbamate], IV, 
poly [O-hexamethylene methylenebis(3-methyl-4-phenylcarbamate) ], VI, 
poly [O-hexamethylene methylenebis(N-methyl-4-phenylcarbamate) ], VII, 
poly[0 - hexamethylene methylcnebis(V - butyl - 4 - phenylcarbamate) ], 
VIII, were prepared from the following water-insoluble diamines: AI,N'~ 
diphcnyl - 1,6 - hexanediamine,24 4,4' - diamino - 3,3' - dimethyldiphenyl-
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methane,25 N,N'-dimcthyl-4,4'-diaminodiphenyhTIf~thanc,25 and N,N'-di
butyl-4,4'-diaminodiphenylroethane,25 respectively. Products, isolated
and purified in the same way as po~yroer III, were polymer IV, as a white
rubbery liquid, polymer VI, as a tan powder, polymf'f VII, as a white,
flexihle solid, and polymer VIII as a viscous brown oil.

Poly[O-hexamethylene methylenebis(4-phenylcarbamate)], V, prepared
from 4,4'-methylenedianiline, was purified by solution in dimethylform
amide and precipitated first with water, then twice with methano!. The
product was a tan powder.

Preparation of Biscarbamates

a. O,O'-Dihexamethyll'ne N,N'-Hexamethylene Dicarbamate (X). A
solution of 16.5 g. (0.1 mole) of freshly distilled 1-hexylchloroformate, 7.9
g. (0.1 mole) of pyridine, and 75 m!. of benzene was slowly stirred while a
solution of 5.8 g. (0.05 mole) of 1,6-hexanediamine in 75 ro!. of benzene was
added over a 30-min. period. Stirring was continued for an additional 30
min. and the solution washed with two 100-m!. portions of water. The
benzene solution was evaporated to dryness and the residue recrystallized
from ether. The white crystalline biscarbamate, m.p. 94-96°C., was
obtained in 34% yield.

b. O,O'-Dihexamethylene Methylenebis(4.Phenylcarbamate) (XI). A
solution of 9.4 g. (0.047 mole) of 4,4'-methylenedianiline in 50 m!. ot ben
zene was added to a solution of 10.6 g. (0.10 mole) of sodium carbonate.
1.5 g. of Duponol M.E. Detergent and 150 m!. of water. The mixture
was stirred at high speed and a solution of 16.5 g. (0.10 mole) of 1-hexyl
chloroformate in 100 m!. of benzene was rapidly added. After 15 min. of
stirrin~, the organic phase was separated, evaporated to dryness, and the
residue extraded for 24 hr. with n-hexane. The cxtraet yielded 7.0 g.
(34%) of white crystalline bisearbamate melting at lO8-100°C.

Cyclo-O,O'-hexamethylene Methylenebis(N-methyl-4-phenylcarba.
mate) (XII). This white crystalline compound, m.p. 256-258°C., \Vae ob
tained by pyrolysis of polymer VII. It was soluble in chloroform, acetone
and n-pentane. The infrared spectrum showed carbonyl absorption at
1720 em. -1 and no -NR or -OR absorption. The NMR spectrum (Fig.
3) indicates four CR2groups of the same kind (peak 1), two identical CRa
groups (peak 2), three CR2 groups where splitting indicates different
neighbors (peak 3) and eight aromatic protons (peak 4). A Varian As
sociates Model A-60 instrument was used with deuterochloroform as the
solvent.

ANAL. Calc. for C23H"N20.: C, 69.67%; H, 7.12%; N, 7.06%; molecular weight,
396. Found: C, 69.89%; H,7.04%; N,7.19%; molecular weight (R!18t in camphor)
394.

Preparation of Di-N-substituted Carbamates

These new compounds were synthesized for comparison.
a. O-Ethyl N-I-Hexyl-N-I-Naphthylcarbamate (XID). A solution of

11.4 g. (0.50 mole) of N-l-hexyl-l-naphthylamine, 27.3 g. (0.252 mole)
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Fig. 3. N uclear m agnetic resonance spectrum  of cyclo-0,0 '-hexam ethylene m ethylenebis- 
(A7-m ethyl-4-phenylcarbam ate).

of freshly distilled ethyl chloroformate, and 50 ml. of dry dioxane was 
refluxed for 18 hr. After removal of solvent, fractionation yielded 9.0 
g. (84% yield) of product, b.p. 183-185°C./2 mm.

b. O-Ethyl A-Phenyl -V -1-Naphthylcarbamate (XIV). A mixture of
21.9 g. (0.10 mole) of N-phenyl-l-naphthylamine and 5.45 g. (0.05 mole) 
of ethyl chloroformate was heated at 100°C. for 80 hr. Acetone was added, 
the precipitate removed, and the acetone extract evaporated. The residue 
was extracted with n-pentane for 72 hr. The pentane extract was distilled 
giving a fraction boiling at 165-175°C./0.35 mm., which was recrystallized 
from n-pentane. The crystalline product, m.p. 105-107°C’., was obtained 
in 90% yield (13.0 g.).

c. O-Hexadecyl Ar-1 -Hexyl-Ar- 1 -Naphthylcarbamate (XV). This
compound was prepared in 8% yield by the alkylation procedure of 
Dannley and Lukin.26 It boiled at 269-272°C./1.5 mm.

Pyrolysis Procedure

A 1.0-g. sample of the carbamate was heated in a 2.5 X 30 cm. Pyrex 
tube that had been dried for 30 min. at operating temperature. The tube 
was fitted with an inlet tube for dry, oxygen-free nitrogen and an exit tube 
leading to a microtrap cooled in Dry Ice and acetone, followed by Ascarite- 
filled absorption tubes. The heating bath was an insulated cylindrical 
aluminum block, 8 in. high and 6 in. in diameter, drilled to contain the 
reaction tube, a thermometer, twelve 50-w. cartridge heaters, and a Fenwal 
bimetallic thermoregulator. The heaters, operated through a relay- 
controlled Variac and the regulator, kept the temperature in the reaction 
tube constant to ±0.25°C.

Weights of carbon dioxide were obtained periodically. When the reac
tion was stopped, the residue in the pyrolysis tube was weighed, but not 
investigated further. Sublimate on the walls of the reaction vessel was 
collected, and products in the cold trap were determined quantitatively, 
chiefly by vapor-phase chromatography with the use of the peak enhance
ment technique. A 10-ft. silicone oil column proved satisfactory in the 
separation of l-hexene-6-ol and 1,5-hexadiene. A flow rate of 40 ml./min.
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of helium through a Wilkens Instrument and Research, Inc. Aerograph- 
Master A-100 gave the best results for these compounds. It was necessary, 
however, to use the Perkin-Elmer vapor fractometer Model 154 with a 
column of dotriacontane on glass beads for the identification of the two 
aliphatic diamines (1,6-hexanediamine and its A7, V '-di methyl derivative). 
Peak areas were used as a measure of relative concentrations.

Titration for Amine Endgroups

Titrations for amine endgroups were done on polymers II, V, and VII, 
0.11V perchloric acid in glacial acetic acid being used as titrant and methyl 
violet as indicator.27 The polymers were dissolved by heating in glacial 
acetic acid at 70°C. and cooling before titration. A control analysis on 
the model biscarbamate X I showed that no degradation occurred under 
these conditions, and a control analysis on V',iV,-dimethyl-4,4'-methylene- 
dianiline showed that no acetylation of the amine occurred and that the 
accuracy of the method was within 0.2%. On polymer samples the pre
cision was better than 2%.

Por calculation of the amine group content, the observed molecular 
weights of polymers II and VII (8000 and 2500, respectively) were used. 
Polymer V, for which only the intrinsic viscosity is known, was assumed to 
have a molecular weight of 10,000. The values found for Moles of NH2 per 
mole of polymer were II, 0.04; V, 0.36; VII, 0.35.

T h e authors are indebted to  the Arm strong C ork C om pany for a fellowship in support 
of this research, and to  Drs. L. H. D unlap, J. A. Parker, and H. C . Beachell for helpful 
discussions.
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Resume

Des polycarbamates N-substitues, de poids moIeculaire relativement bas, ont etc
prepares par condensation du 1.6-hexanebischloroformite avec des diamines N-sub
stituees, aussi bien aliphatiques qu'arumatiques. Les vitesses de degradation thermique
de ces poiYllll~res et de polymeres analogues non-substitups ont He dcterminees a 230
285°C en suivant I!! degagement d'anhydride earbonique. Les resultats montrent que
lee polymeres les plus stables thermiquement sont ceux derives des diamines aliphatiques
substituees, de formule [-N(H)-X-N(R)-COO(CH.).OCO-) .. OU X est (CH.); ou
(CR.).. -Lorsque H est -CH, et -C6Rs, EA est de 31 et 46 kcal/mole. Les polymeres
derives des diamines arornatiques, ou X est 4.4'-C6H4CH.C&lL, presentent de faibles
valeurs de EA, de I'ordre de 15 kcal/mole, que H soit H ou un groupement alcoyIe.
Cette faible stabilite thermique est caU/lee par les groupes amine terminuux. On a pu
mettre en evidence les differents processus de degradation thermique, a partir d'une
etude des prodruits volatils.

Zusammenfassung

VerhiiltniamiiBsig niedermolekulare N-substituierte Polycarbamate wurden durch
Kondensation von 1,6-Hexanbischlorformiat mit aliphatischen und aromatischen N
substituierten Diaminen dargestellt. Die Geschwindigkeit des thermischen Abbaus
dieser Polymeren und von unsubstituierten Analogen wurde durch Messung der KoWen
dioxydentwicklung bei 23O-285°C bestimmt. Die Ergebnisse zeigten, dass die von
substituierten aliphatischen Diaminen abgeleiteten Polymeren mit der Formel [-N(R)
X-N(R)-COO(CH.).OCO-]" wo X (CR.). oder (CH.). bedeutet, die thermisch
stabileren waren. Fur R gleich -CR, und -C.H. betrug die Bruttoaktivierungsenergie
EA 31 bzw. 46 kcal/Mol. Die von aromatischen Diaminen abgeleiteten Polymeren mit
X gleich 4,4'-C6&CR.C.H4 zeigten unabhangig davon, ob R gleich Roder Alkyl war,
niedrige Werte fUr EA, etwa bei 15 kcal/Mol. Diese geringe thermische Stabilitat
konnte auf die Aminoendgruppen zUrUckgefUhrt werden. Einige Hinweise auf den
Mechanismus dee thermischen Abbaus wurden durch eine Untersuchung der fliichtigen
Produkte erhalten.
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Preparation and Properties of
Poly(tetramethyl-p-Silphenylene-Siloxane)

ROBERT L. MERKER and MARY JANE SCOTT, Mellon Institute,
Pittsburgh, Pennsylva,nia*

Synopsis

Improved methods for the synthesis of p-bis(dimethylhydroxysilyl)benzene are
described. This useful monomer was prepared from p-bis(dimethylhydrogensilyl)
benzene which was obtained in 60-70% yields from p-dibromobenzene and dimethyl
chlorosilane by use of an in situ Grignard technique. The great reluctance due to
steric factors of the p-silphenylene-siloxane configuration to form cyclic structures has
been amply demonstrated. The condensation polymerization of p-bis(dimethylhydroxy
silyl)benzene in benzene solution has yielded high molecular weight, crystalline poly
(tetramethyl-p-silphenylene-siloxanes). The heat of fusion t>Hu of the tetramethyl-p
silphenylene-siloxane was found to be 4350 cal./unit. The modified Staudinger equation
relating intrinsic viscosity and weighiraverage molecular weight was applicable over a
range of 70,000-400,000. These results are summarized in the relationship, [,71 = 1.12
X 1O-4Mw··7&. Tetramethyl-p-silphenylene-siloxanes were found to be more stable than
dimethylsiloxanes both to atmospheric oxidation and degradation through volatile
formation in the temperature range 200-305°C.

INTRODUCTION

In thc search for new and useful silicone polymers the p-silphenYlene
siloxanes possessing the structure,

(1)

have reccntly received considerable attention. However, to date no re
producible method for the preparation of truly high molecular weight
polymers has been reported, nor are published methods of synthesizing
possible monomers entirely satisfactory. The condensation of trisubsti
tuted silanes with benzene in the presence of aluminum trichloride or boron
trichloride has been accomplished yielding mixtures of isomeric deriva
tives. 1- 3 Sveda has obtained p-bis(diphenylchlorosilyl)benzene and
p-bis(dimethylchlorosilyl)benzene by means of a Grignard reaction with
p-dibromohenzene and the appropriate chlorosilane and also reports the

* Multiple Fellowship on Silicones sustained by the Dow Corning Corporation and
Corning Glass Works.
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preparation of poly(tetramethyl-p-silphenylene-siloxane).4-5 However, no 
informaton concerning yields, reproducible methods of polymerization, 
molecular weight, thermal stability, etc., was revealed. Gainer6 describes 
the preparation of p-bis(dicliloromethylsilyl) benzene by a di-Grignard reac
tion and reports a yield of 10%.

A recent publication of Breed7 and associates reports .'10-40% yields of 
p-bis(diethoxymethylsilyl)benzene by means of a di-Grignard reaction in 
which chlorodiethoxymethylsilane and p-dibromobenzene in tetrahydro- 
furan solution were added concomitantly to the magnesium. When 
diethoxydimethylsilane was substituted for chlorodiethoxymethylsilane 
in the above reaction, a yield of 19.7% p-bis (ethoxy dimethylsilyl) benzene 
was obtained. The method developed by Breed and co-workers closely 
approximates the synthetic methods developed in this laboratory and used 
over the past four years for the preparation of p-silphenylene intermediates.

Price8 lias carried out crystallographic studies on poly(tetramethyl-p- 
silphenylene-siloxane) of about 50,000 molecular weight, the highest hereto
fore reported. Xo details of monomer preparation of methods of poly
merization were disclosed.

This paper presents improved methods for the synthesis of intermediates 
convertible to monomers which on polymerization yield linear polymers 
having the structure shown in (1), where Ri, R 2, Rs, and R4 are methyl 
(CH3) groups and discusses the polymerization of these monomers and the 
properties of the resulting high molecular weight crystalline homopolymer. 
A second paper9 describes both random and block copolymers of tetramethyl- 
p-silphenylene-siloxane and dimethylsiloxane.

In Situ Grignard Preparation of p-Bis(dimethylhydrogensilyl)benzene

The general method for the synthesis of the above intermediate involves 
the formation of the Grignard reagent in the presence of the chlorosilane.

Br

+  2 Mg +  2(CH,,)2HSiCl 

Br

The addition of p-dibromobenzene in tetrahydrofuran solution to the 
magnesium shavings dispersed in a solution of dimethylchlorosilane in 
tetrahydrofuran tends to minimize undesirable Grignard side reactions, 
since Grignard formation and subsequent coupling with the chlorosilane 
occur in sequence throughout the reaction. Dimethylchlorosilane is pref
erable to dimethyldichlorosilane or dimethyldiethoxysilane, since the latter 
two silanes yield considerable amounts of polycoupled p-silphenylenes, i.e., 
(CH,)sXSi [p-C6H4Si(CH,), ]„X, where X  is Cl or OCH2CH3. Dimethyl
chlorosilane also offers another distinct advantage, since the magnesium 
salts can be removed from the Grignard reaction mixture through water

(CH3)2SiH

THF
60-70%
yield

+  2 MgCIBr (2)

(CH3),SiH
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washing techniques prior to distillation without the formation of polymeric 
p-silpheny lene-siloxanes.

The yields of p-bis(dimethylhydrogensilyl) benzene were somewhat 
reduced because the dimethylchlorosilane employed contained some tri- 
chlorosilane as well as smaller amounts of other chlorosilanes which could 
not be removed by distillation. A better indication of the value of this 
in situ technique can be seen in yields as high as 86% in the preparation of 
p-bis(trimethylsilyl) benzene in which the more easily purified trimethyl- 
chlorosilane was used.

Monomers

Cyclic structures of tetramethyl-p-silphenylene-siloxane would be con
venient monomer units to which existing polymerization techniques could 
be easily applied. M cKay10 has described the preparation of [(CH3)2- 
Si-p-C6H4-Si(CH3)20  ]2 in low yield through the trifluoroacetic acid-catalyzed 
condensation of HO(CH3)2Si-p-C6H4-Si(CH3)2OH in dilute benzene solution. 
Repeated attempts in this laboratory to obtain reasonable yields of cyclic 
tetramethyl-p-silphenylene-siloxanes through the hydrolysis of p-bis- 
(dimethylhydrogensilyl) benzene or condensation of p-bis(dimethylhydroxy- 
silyl)benzene in dilute solution were not successful. The predominant 
products in both cases, even in extremely dilute solution (ca. 2 wt.-%) 
were linear polymers of low molecular weight (2000-7000). Only one of 
these experiments is described in the experimental section because of the 
negative nature of the results.

Thermal cracking of these low molecular weight polymers yielded the 
dimer and trirner cyclics in the presence of lithium hydroxide and largely 
the dimer cyclic in the presence of sodium hydroxide. Overall yields of 
cyclics based on the amount of polymer were extremely low, so that in 
spite of the fact that these cyclics could be easily polymerized to very high 
molecular weight polymers, this general approach was not felt to be satis
factory.

The dilute solution conversion of p-bis(dimethylhydroxysilyl) benzene to 
linear polymer demonstrates the strong preference shown by this group for 
intermolecular hydroxyl condensation rather than intramolecular hydroxyl 
condensation. Also, the linear polymers so formed show extreme reluc
tance to yield cyclic siloxanes under the influence of high temperatures and 
alkali metal catalysts. This is in sharp contrast to the behavior of typical 
dialkyldihalosilanes which yield almost exclusively cyclic dialkylsiloxanes 
on hydrolysis in dilute solution. Polydialkylsiloxanes, under the influence 
of heat and alkali metal catalysts, can be converted almost quantitatively 
to cyclic dialkylsiloxanes. One might, therefore, suggest that the steric 
factors which contribute to the strong reluctance of the p-silphenylene- 
siloxane configuration to form cyclic structures should also give rise to 
linear polymers manifesting an extremely high degree of thermal stability, 
since intramolecular unzipping of polymer chains to yield cyclics and poly
mers of lower molecular weight is definitely impeded.
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This attribute of p-silphenylene-siloxane polymers necessitated the 
search for a monomer other than tire cyclic dimer or trimer. However, 
eventually, through modification of a procedure developed by Hyde and 
associates11 for the polymerization of HO[(CH3)2SiO]„H, it was found pos
sible to achieve high molecular weight polymers through the condensation 
polymerization of p-bis(dimethylhydroxysilyl)benzene.

Either of two methods has been employed for the preparation of p(bis- 
dimethylhydroxysilyl)benzene from p-bis(dimethylhydrogensilyl)benzene. 
In the first, the initial step involved the preparation of p-bis(dimethyl- 
ethoxysilyl)benzene from p-bis(dimethylhydrogensilyl)benzene in the 
conventional way by refluxing in absolute ethanol and employing sodium 
ethoxide as catalyst. This reaction mixture was then hydrolyzed in 
aqueous pyridine solution to give a 74% yield of product.

In the second procedure, the reaction products from the p-bis(dimethyl- 
ethoxysilyl)benzene preparation were hydrolyzed in 90% methanol which 
contained 15 wt.-% sodium hydroxide. This mixture was then neutral
ized with excess potassium phosphate solution and an 85% yield of product 
isolated.

EXPERIMENTAL

Materials
Tetrahydrofuran used in this work was dried by distillation from lithium 

aluminum hydride. J. T. Baker magnesium turnings and Eastman p-di- 
bromobenzene were used without further purification. Dimethylchloro- 
silane and trimethylchlorosilaue obtained from the Dow Corning Corpora
tion were redistilled. The potassium phosphate used was monobasic 
(crystal), from J. T. Baker.

I n  S i t u  Grignard Reactions
Preparation of p-Bis(dimethylhydrogensilyl)benzene. To 30.5 g. mag

nesium (1.5 g.-atom) and 212.5 g. dimethylchlorosilane (2.25 moles) in 
180 ml. of tetrahydrofuran in a three-necked flask was added dropwise a 
solution of 177 g. p-dibromobenzene (0.75 mole) in 300 ml. tetrahydro
furan. The reaction products were refluxed 1 hr., poured over crushed 
ice, washed with water, and dried over sodium sulfate. The solvents 
were removed and the mixture distilled. A 05.9% of theory yield 95.0 g. 
of p-bis(dimethylhydrogensilyl)benzene was obtained: nf5 1.5007; d2J 
0.8832; Ad found 0.3332, Ad calc, for p-bis(dimethylhydrogensilyl)ben- 
zene 0.3316. The structure was confirmed by H 1 NMR spectral analysis.

Preparation of p-Bis(trimethylsilyl)benzene. In a three-necked re
action flask were placed 10.3 g. (0.424 g.-atom) magnesium, 57.5 g. tri- 
methylchlorosilane, and 75 ml. tetrahydrofuran. To this was added 
dropwise a solution of 50 g. (0.212 mole) of p-dibromobenzene in 75 ml. 
tetrahydrofuran. In the usual way, the reaction mixture was refluxed 
for 1 hr., poured over cracked ice, washed with water, and dried over an
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hydrous sodium sulfate. Removal of solvents revealed a crystalline 
product which was purified by two recrystallizations from absolute ethanol. 
A yield of 86%, 40.5 g. of p-bis(trimethylsilyl)benzene was obtained: 
m.p. 97-98°C. (uncorr.); cryoscopic molecular weight found 227, theory 
222.

Cyclic Monomers
Hydrolysis of p-Bis(dimethylhydrogensilyI)benzene in Aqueous Ethanol-

To a refluxing mixture of 17.7 g. water, 309 ml. absolute alcohol and 1 g. 
KOH was added dropwisc 66.1 g. (0.34 mole) 11 (C1h) Ni-p( 3-, 1 f.i-Si f C'H ,)JI. 
After the evolution of a theoretical volume of hydrogen and removal of 
most of the ethanol, a nearly quantitative yield of white powdery polymer 
was filtered off and recrystallized from 50% by volume absolute ethanol and 
hexane. The cryoscopic molecular weight as measured in benzene was 
about 2,200.

Thermal Cracking. In thermal cracking, 1 g. NaOH, 40 g. toluene, and 
49 g. low molecular weight polymeric powders—the combined products of 
hydrolysis reactions employing various alcohols as solvents—were re
fluxed at 180-200°C. for 1 hr. while water was being removed through an 
azeotrope trap. Following removal of the toluene, thermal cracking 
(300-350°C.) at ultimate vacuum yielded 2 g. dimer cyclic (4%). This 
material was recrystallized three times from absolute ethanol, white cot
tony crystals: m.p. 208°C.; cryoscopic molecular weight found 420, 
theory 416.

Similar experiments with LiOH yielded a mixture of dimer and trimcr 
cyclics; m.p. 128-129°C.; yield 10-30%; cryoscopic molecular weight 
found 550, theory for trirner 624. Rased on the melting point and molec
ular weight data, this material is probably largely trirner. Structures of 
the above compounds were also confirmed by their H l NMR spectra.

Preparation of p-Bis(dimethylhydroxysiIyl)benzene
To 5 g. of refluxing absolute ethanol which contained a small pellet 

of metallic sodium was added dropwisc 5 g . of p-bis(dimethylhydrogensilyl)- 
benzeno. The reaction mixture was neutralized with glacial acetic acid 
then added to a solution of 14 ml. pyridine and 4 ml. water. After five days 
the mixture was diluted with benzene and washed with water. The sol
vents were removed and the residue recrystallized from hexane-tetrahy- 
drofuran, yielding 4.3 g. of product (74% of theory) m.p. 139°C.

To 200 ml. refluxing absolute ethanol which contained a small piece of 
sodium, 194 g. (1 mole) p-bis(dimethylhydrogensilyl)benzene was added 
dropwisc. After the evolution of hydrogen had ceased, the reaction prod
ucts were poured with constant stirring into a mixture of 116 g. NaOH, 
700 ml. CH;iOH, and 77 ml. H20. To this was added a solution of 116 g. 
NaOH in 777 ml. H>0. After standing 30 min., this mixture was poured 
with constant stirring into a solution of 1030 g. KII2P 04 in excess ice and 
water. The precipitate which immediately formed was removed by filtra-
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Fig. 1. Viscometric data for tetramethyl-p-silphenylene-siloxane polymer fractions. 
(Fraction numbers correspond to those of Table I.)

tion, dissolved in tetrahydrofuran, and washed with water. Evaporation 
of solvents revealed 220 g. crude products which were recrystallized from a 
mixture of hexane and tetrahydrofuran, giving a final yield of 191.6 g., 85% 
of theory.

Methods of Polymerization

1. From HO(CH3)2Si-p-C6H4-Si(CH3)2OH. Because of the greater 
accessibility of the monomer species, the most convenient route to high 
molecular weight polymer is by refluxing 66% by weight of p-bis(dimethyl- 
hydroxylsilyl)benzene in benzene with 1 wt.-% (based on diol) of the 
catalyst, n-hexylamine 2-ethylhexoate.11

HO(CH3)2Si-A Vsi(CH3)2OH —' . ►^ ___(/  Reflux in
benzene ,

[(CH,)^Si ^  ^>-Si(CH3)20 - ] „  +  H20  (3)

The water is removed azeotropically as formed. After 5 hr. reflux and 
removal of solvent a very tough, fiber-forming, high molecular weight 
polymer is the result. All subsequent studies conducted have employed 
polymers prepared by this method.
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2. From cyclics, [(CH3)2Si-p-C6H4-Si(CH3)20 -]2 or [(CH3)2Si-p-C6H4-
Si(CH3)20 — ]3. A mixture of dimer and trimer cyclics obtained by ther
mal cracking of the corresponding low molecular weight polymers along 
with a toluene solution of potassium dimethylsilanolate12 (0.01 wt.-% 
K20  based on cyclics) was introduced into a polymerization tube. After 
exhausting the toluene, the tube was sealed under vacuum and heated at 
180°C. Within 15 min. a great increase in viscosity could be observed, 
and after 5 hr. a very strong, fiber-forming polymer, soluble in benzene, 
was removed from the tube.

PROPERTIES OF HIGH MOLECULAR WEIGHT POLYMER 

Intrinsic Viscosity-Molecular Weight Relationship

The fractionation of high molecular weight poly(tetramethyl-p-sil- 
phenylene-siloxane) obtained by method No. 1 above was accomplished at 
35°C. by the addition of 99% methanol/1% water by volume to a 2.9 
wt.-% polymer solution in benzene. The percentage of water employed 
was found to be very critical in insuring the separation of a polymer-ben
zene phase rather than a crystalline polymer phase. Solid precipitates 
must be avoided in the fractionation of crystalline polymers since not only 
equilibrium solubility but rate of crystallization determines selection of 
molecules for the newly formed phase. Because of these opposing tenden
cies, it has been reported13 that intermediate fractions may even exceed in 
molecular weight those removed earlier. Fractionation data obtained by 
this procedure are presented in Table I.

Solutions of approximately i y 2-2 %  of each polymer fraction in dry
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T A R E E  I
M olm ilar 1 )istribution D a ta  for Poly( T etra  m ethyl-p-Silpheny lene-Siloxane )

Fraction
No.

\Y(,
polym er,

R'-a

Polym er,
' based 

on 38.6 g. 
total

Cum ulative 
%  polym er

h i ,
dl./g.

M ol. w t.1, 
X  IO-*

1 2 . 4 6 .2 100.0 1.86 4 .3 1
2 5 .7 14.8 93.8 1 .7 1 3.89
3 4 , 4 1 1 .4 79.0 1.69 3.80
4 1 . 8 4 .7 6 7 .6 1.66 3 .7 1
5 2 . 9 7 .5 02.9 1 .53 3 .3 1
0 3 . 2 8 .3 5 5 .4 1 .5 2 3 .2 7
7 i s 4 .7 4 7 . 1 1.46 3 .1 2
8 2 . 5 0 .5 42.4 1.3 2 2 .72
9 3 . 2 8 . 3 3 5 .9 1 .2 2 2.4 5

10 1 . 9 4 . 9 2 7.6 1.0 3 1 .9 7
11 2 . 3 5 . 8 2 2 .7 0.962 1 .7 7
12 2 . 0 5 . 2 16.9 0.807 1.4 1
13 2 . 0 5 . 2 1 1 .7 0.508 0.758
14 2 .5 6 .5 6 .5 0.495 0.722

T otal 38.6

“ T ota l grams raw  polym er fractionated =  40.0.
b C alcu lated  from  [77] =  l . l ' i  X  10 -4 H/,„0-75.

filtered toluene were used for intrinsic viscosity determinations. The 
viscosity of each was measured in a Cannon-Ubbelohde dilution viscometer 
and measured again after each of three dilutions with known volumes of 
toluene. The temperature control was provided by a water bath at 25°C. 
±0.2°. From these measurements were calculated specific viscosities and 
from a plot of concentration (in grams/100 ml.) against log r\sv/c the intrin
sic viscosities were determined. This graph is shown in Figure 1 and the 
intrinsic viscosity values ranging from 1.80 to 0.495 are given in Table I.

The molecular weights of six fractions over a range of approximately
70,000 to 400,000 were then determined by light scattering. These data 
are listed in Table II. A plot of log intrinsic viscosity [jj], for poly-(tetra- 
methyl-p-silphenylene-siloxane) in toluene solution versus the log of the 
weight-average molecular weight is shown in Figure 2.

T A B L E  II
M olecular W eights D eterm ined b y  L igh t Scattering of Fractions of T etram eth yl - p -  

Silphenylene-Siloxane Polym er

Fraction“ h i M X IO“ 5

2 I .71 3 .7 5
5 1 .53 3.03
7 1 .46 3 .2 7
9 1.2 2 2.39

1 2 0.807 1.4 5
14 0.495 0 .7 16

a Corresponds to num bers used in T ab le  I.
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Fig. 3. Integral molecular weight distribution curve for [(CHsioSi-p-CeFL-SifCIL^O]«.

Since the data fall on a straight line, the modified version

[y] =  K 'M wa (4)

of the Staudinger equation is clearly applicable over the molecular weight 
range investigated. From the slope of the straight line and its intercept 
on the ordinate axis, a and K ' were found to be 0.75 and 1.12 X 10-4, 
respectively, yielding the intrinsic viscosity-molecular weight relationship 
for poly(tetramethyl-p-silphenylene-siloxane)

fo] =  1.12 X 10-4 M w°-™ (5)

Barry’s14 relationship, derived for polydimethylsiloxanes in toluene solu
tion at 20°C.

[y] =  2 X 1 0 -W „°'66 (6)

is represented by the dashed line in Figure 2.
The integral molecular weight distribution curve, a plot of W x, the cumu

lative fraction versus molecular weight is shown in Figure 3. The data 
plotted are from the same fractionation used to obtain the samples for 
the light-scattering measurements. It can be seen in Figure 3 that about 
70% of the polymer prepared by the general method outlined in eq. (3) 
was above 250,000 in molecular weight, thus demonstrating the general 
utility of this method for the synthesis of high molecular weight poly- 
(tetramethyl-p-silphenylene-siloxane). The fractionation data were not 
considered to be sufficiently accurate to justify the differential molecular 
weight distribution plot.

Heat of Fusion

To determine AH„, the method of Flory,15 in which one observes the 
depression of the melting point by diluents was employed. It should be 
noted that the heat of fusion referred to is the heat required to melt one 
mole of crystalline units and not one mole of a semicrystalline polymer.
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The latter value AH u*, the latent heat of fusion, is dependent upon the 
degree of crystallinity which exists in a particular polymer sample. Calori
metric measurements yield AH u* rather than the thermodynamically sig
nificant A H u.

Accordingly, varying known quantities of dibutyl phthalate were added 
to benzene solutions containing varying known amounts of a high mo
lecular weight tetramethyl-p-silphenylene-siloxane polymer. Evapora
tion of the benzene from these samples yielded a series of crystalline, 
opaque polymer films approximately 0.004 cm. thick, whose melting points 
decreased with increasing dibutyl phthalate content. The volume fraction 
of dibutyl phthalate in each film was calculated from the known weights 
used and the densities of the constituents.

Melting points were determined by use of a polarizing microscope 
equipped with a heated stage. The stage was heated very slowly to within 
about 10°C. of the melting point, then raised to the melting temperature 
over a 2-hr. period. The temperature at which birefringence could no 
longer be observed as the sample was rotated in the polarized light was 
taken as the melting point. The temperature was determined by means of a 
thermocouple placed directly under the sample. The melting temperatures 
Tm of the mixtures and volume fractions vj of dibutylphthalate are given in 
Table III. This method has been previously described by Evans16 and 
associates and more recently by Conix17 and van Kerpel.

T A B L E  III
M elting Points T ,„  of T etram eth yl-p-Silphenylene-Siloxane H om opolym er and D ib u ty l

P h th alate  M ixtures

V\

o
1 

Q
 

•

0 148.0
0.0471 145.0
0 .1 1 1 1 141 .0
0 .2143 13 4 .5
0 .310 7 130 .5
0.3991 126.0

The expression used to calculate AH u is given in eq. (7)

[(1 /Tm) -  ( l /n . ) ] M  = (R/AHu)(V 2/V1)[l -B (V 1r1/RTm)] (7)

where AH u is the heat of fusion per polymer unit, T°m is the absolute melting 
temperature of pure polymer, and Tm is the absolute melting temperature 
of the polymer-diluent mixture. Vi and V 2 represent the molar volumes 
of diluent and polymer, respectively, v} is the volume fraction of diluent, 
R is the gas constant, and /! is a diluent-polymer interaction parameter. 
A plot of [(1/Tm) — (1 /T°n) }/vi versus i\/Tm to give a straight line as pre
dicted in eq. (7) is shown in Figure 4. AH u was calculated from the inter
cept on the ordinate axis. ASu was calculated from the expression,

AS* =  A H u/ T ° m ( 8 )
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Fig. 4. Determination of the heat of fusion AH u for [(CH3)2Si-p-C6H4-Si(CH3)2 0 ]n 
in admixture with dibutyl phthalate.

and B was found from the slope of the straight line in Figure 4. The values 
obtained are shown in Table IV.

Since positive values of B are indicative of a poor solvent for a given 
solvent-polymer system and negative B  values are manifested when a good 
solvent is employed, it can be seen from Table IV that dibutyl phthalate is 
a rather indifferent solvent for the tetramethyl-p-silphenylene-siloxane 
polymer.

Thermal Stability

The thermal stability of poly(tetramethyl-p-silphenylene-siloxane) was 
compared to that of polydimethylsiloxane under rather severe conditions 
where oxidative and other degradative thermal processes could occur at 
appreciable rates. Polymer samples which had been previously purified to 
remove trace amounts of catalysts, residual monomers, etc., were introduced 
into small aluminum containers. The polymer film thickness was approx
imately 0.07 cm. The polymer films were then heated under atmospheric 
conditions in a Nouris dispatch oven to 200°C. and 255°C. and a Haskins 
electric furnace for 305°C.

TABLE IV
Heat and Entropy of Fusion of Tetramethyl-p-Silphenylene-Siloxane Polj-mer and 

Energy of Interaction Constant with Dibutyl Phthalate

A H u, A<S„, cal./deg. ASU per bond, B,
rn o ori cal./unit /unit cal./deg. cal./cc.

148 4350 10.3 2.57 0 . 0
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After 200 hr. at 200°G., both polymers were substantially unchanged. 
Solubility tests indicated that no gel formation had occurred in the tetra- 
methyl-p-silphenylene-siloxane polymer. A small amount of gel in the 
dimethylpolysiloxane gum showed that some atmospheric oxidation of this 
polymer had occurred. That atmospheric oxidation of dimethylpolysil- 
oxanes eventually leads to crosslinked gels has been amply demonstrated 
by Atkins18 and associates and Andrianov and Sokolov.19 AVhile no change

F ig. 6. Therm al stab ility  a t 255°C .



PO LA (TETUAMETHYL-p-SILPlIEiN Y LE A E-SILOXAN E) 2 7

could be seen after 18 hr. heating at 255°C., the polymers were no longer 
soluble in benzene. The p-silphenylene polymer swelled to about twenty 
times its original volume, and the dimethylpolysiloxane to about double 
its original size in benzene, indicating the dimethylpolysiloxane was much 
more severely crosslinked than the p-silphenylene polymer. .After 16 
hr. at 305°C. the p-silphenylene polymer was slightly yellow in color but 
remained pliable. Dimethylpolysiloxane, though colorless, had decomposed 
into a hard splintery gel.

Comparative volatilities at the three temperatures are presented graph
ically in Figures 5-7. It is very evident that over the temperature range of 
200-305°C. that the p-silphcnylene-siloxane polymer lias a much lower 
volatility loss than dimethylpolysiloxane. Thus, one can conclude that 
process 1, eq. (9), leading to the formation of volatiles occurs to a greater 
extent than process 2. In addition, the qualitative swelling measurements 
on samples of the two polymers which had been subjected to the 255°C. 
temperature for 18 hr.,

Process 1 : r(CH3),-|
IL si—o _]n

Thermal rearrangement
---------------------------- > V olatiles(a)

Oxidation------------------>
(b)

P artia lly  oxidized 
polym er 

(crosslinked)

Process 2:

(CH 3)2

Si

(CH 3)2

■ S i - o -
Thermal rearrangement

Ci)
n

______Oxidation____________
(b)

Volatiles

Partially  oxidized 
polym er 

(crosslinked)
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suggest that process lb  occurs at a much more rapid rate than 2b. Thus, 
it appears that the p-silphenylene-siloxane polymer is more stable to atmos
pheric oxidation at elevated temperatures than dimethylpolysiloxane. The 
low volatility loss at elevated temperatures observed for the p-silphenyl- 
ene-siloxane polymer is attributable partially to the extreme reluctance, 
resulting from structural and steric factors, of this polymer to form volatile 
cyclic siloxanes, and partially to the stability and antioxidant effects of the 
p-phenylenc configuration.

T he ra-hexylamine 2-ethylhexoate was obtained through the courtesy of D r. F ran k  
H yde of D ow  Corning.

T h e authors gratefu lly  acknowledge the work of F rank E. D ickson of the Physical 
M easurem ents D epartm ent of M ellon Institute  who under the direction of D r. E . F. 
Cassassa performed the light-scattering m easurements for m olecular w eight determ ina
tion.

T h e authors are also indebted to Dr. C . A. H oeve of the Fundam ental Research D e 
partm ent of M ellon Institute  who supplied the polarizing microscope equipped with a 
hot stage for use in this study.
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Résumé
Des méthodes améliorées de synthèse du p-(bis-dim éthylhydroxylsilyl)-benzène sont 

décrites. C e  monomère im portant a été préparé à partir de p-(bis-dim éthylhydrogène- 
silyl)-benzène obtenu à des rendements de 60 à 7 0 %  à partir de p-dibrom obenzène e t de 
dim éthylchlorosilane au m oyen d'une technique de G rignard in  s i tu . La grande répul
sion due à des facteurs stériques de la part de la configuration du p-silphénylène-siloxane 
pour form er des structures cycliques, a été am plem ent démontrée. L a  polym érisation 
du p-(bis-dim éthylhydroxysilyl)-benzène en solution benzènique donne lieu à des poids 
moléculaires élevés, des poly(tétram éthyl-p-silphénylène-siloxanes) cristallins. La
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chaleur de fusion (AH u) du tétraméthyl-p-silphénylène siloxane a été trouvée égale à 
4350 Cal/unité. L ’équation modifiée de Staudinger reliant la viscosité intrinsèque et le 
poids moléculaire moyen fut appliquée dans un domaine de 70.000 à 400.000. Ces 
résultats sont résumés dans la relation : [77] =  1.12 X 10- 4  M J - 15. Les tétraméthyl-p-
silphénvlène siloxanes ont été trouvés plus stables que les diméthylsiloxanes, aussi bien à 
l’égard de l ’oxydation atmosphérique que de la dégradation par formation de produits 
volatiles dans un domaine de température de 200 à 305°C.

Zusammenfassung

Verbesserte Synthese verfahren für p-(Bisdimethylliydroxysilyl)benzol werden besch
rieben. Dieses interessante Monomere wurde aus p-(Eisdimethylhydrogensilyl)-benzol 
dargestellt, das in 60-70% Ausbeute aus p-Dibrombenzol und Dimethylchlorsilan nach 
einer m-siiu-Grignard-syntheses erhalten worden war. Die durch sterische Faktoren 
bedingte geringe Neigung der p-Silphenylen-Siloxankonfiguration zur Bildung cyklischer 
Strukturen wurde klar nachgewiesen. Die Kondensationspolymerisation von p- 
(Bisdimethylhydroxysilyl)-benzol in Benzollösung lieferte hochmolekulare, kristalline 
Poly(tetramethyl-p-silphenylensiloxane). Die Schmelzwärme (AH u) von Tetramethyl- 
p-silphenylen-siloxan wurde zu 4350 cal/Einheit bestimmt. Die modifizierte Staud
ingerbeziehung zwischen Viskositätszahl und Gewichtsmittel des Molekulargewichts war 
im Bereich von 70000 bis 400000 anwendbar. Es ergibt sich die Gleichung [j/] = 1,12 X 
10~W B0-75. Tetramethyl-p-silphenylen-siloxane sind gegen Oxydation durch Luft
sauerstoff und gegen Abbau unter Bildung flüchtiger Produkte im Temperaturbereich 
200-305°C stabiler als Dimethvlsiloxane.
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Random and Block Copolymers of 
Poly(tetramethyl-p-Silplienylene-Siloxane) 

and Polydimethylsiloxane

ROBERT L. MERKER, MARY JANE SCOTT, and G. G. 
HABERLAND,* M ellon  Institute, Pittsburgh, Pennsylvaniaf

Synopsis

High molecular weight block copolymers having the structure ( [(CH3)2SiO]0[(CH,)2- 
Si-;o-C6H4-Si(CH3)20 ]6)„ can be conveniently prepared from the copolymerization of 
hydroxy end-blocked dimethylpolysiloxanes and p-bis(dimethvlhydroxysilyl)benzene 
by use of essentially nonequilibrating catalysts, such as tetramethylguanidine di-2- 
ethylhexoate or n-hexylamine 2-ethylhexoate. The values of a and b above may be 
altered by employing hydroxy-ended dimethylpolysiloxane of different degrees of 
polymerization or by preforming tetramethyl-p-silphenylene-siloxane units. If the 
length of a segment is maintained at a constant value in the copolymers decreasing the 
mole ratio a/b results in higher tensile strengths and higher melting points which are 
manifestations of increased degrees of crystallinity. If the mole ratio a/b is held con
stant, increasing the length of the a and b segments leads to higher melting points and 
higher tensile strengths again reflecting an increase in the degree of crystallinity. High 
molecular weight copolymers ( [ 17]  ranging from 1.0 to 2 . 1 ) ,  possessing unstressed (un
vulcanized) gum tensiles of 1000-2700 psi and elongations of 500-1000% can be readily 
obtained by the methods described.

INTRODUCTION

The preparation and some of the properties of high molecular weight, 
crystalline tetramethyl-p-silphenylene-siloxane have been described in the 
first article of this series.1 This present research concerns random and 
block copolymers of tetramethyl-p-silphenylene-siloxane and dimethyl- 
siloxane.

DISCUSSION

The physical properties of a copolymer composed of A units and B units 
are greatly influenced by the structural arrangement of these units. For 
the purpose of clarity of discussion, let us envision this for a simple case 
involving a copolymer consisting of equal molar quantities of monomer 
unit A and monomer unit B,

[(A),(B),], (1)
* Present, address, Dow Corning Corporation, Midland, Michigan.
f  Multiple Fellowship on Silicones sustained by the Dow Corning Corporation and 

Corning Glass Works.
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Here it can be seen that when y  = 1, we have an alternating copolymer. 
For values of y  greater than 1, providing that on the average the repeat 
sequence maintains its integrity, one obtains the so-called block copolymers. 
Copolymers which on the average possess no “repeat sequence” such as is 
found in alternating or block types, will be referred to as random copoly
mers.

It is rather evident that the various structural features possessed by 
units A and B which influence van der Waals effects, hydrogen bonding, 
dipole effects, crystallinity, etc., in each of the respective homopolymers 
will be altered to some extent in the copolymers depending not only on the 
molar quantities of the two units present, but also on the sequence in which 
the units appear in the copolymer chain. Thus in the above-mentioned 
hypothetical case for a copolymer consisting of equal numbers of A and B 
units, one could theoretically expect, if appropriate methods were available 
for their preparation, to obtain a whole series of copolymers with widely 
differing physical properties.

In considering the possible physical properties which would be mani
fested by the copolymers discussed in this paper which have the general 
structure,

the physical properties of the respective homopolymers are of prime im
portance. Thus, high molecular weight dimethylpolysiloxanes (A units) 
are typical ideal elastomers characterized by low gum tensiles, low surface 
tensions, etc., resulting from small intermolecular forces. Conversely, a 
homopolymer comprised of tetramethyl-p-silphenylene-siloxane (B) units is 
a tough, crystalline, fiber-forming polymer (m.p. 1I8°C.). Copolymers of 
the above structure might lie expected to possess properties which are a 
compromise between the properties manifested by the homopolymers. 
Furthermore, it should be emphasized that at a given mole ratio of A units 
to B units (a /b ), one might obtain a series of copolymers of varying physical 
properties. For any particular copolymer of given composition,

a /b  = constant (3)
and consequently as a increases b must increase to satisfy the above ex
pression. In other words, while a /b  remains constant, the repeating 
sequences of A units and B units in the copolymer chain are each becoming 
longer.

Now, since the intermolecular interaction (van der Waals forces, crystal
linity, etc.) of A units with A units and B units with B units can lie modified
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lizable at temperature T h the total number of B units as well as the sequence 
in which they occur must surely determine not only the maximum degree 
of crystallinity possible at temperature T i, but also the temperature T m at 
which the last crystallites melt. In the more general case, it might be said 
that as the numerical values of a and b increase, each distinct segment of 
the copolymer chain patterns its individual behavior more nearly after that 
of its corresponding homopolymer.

Since the homopolymers of dimethylsiloxane (A units) and tetramethyl- 
p-silphenylene-siloxane (B units) are not mutually compatible even above 
the melting point (148°C.) of the latter, it follows that copolymers com
posed of extremely long sequences of A units followed by extremely long 
sequences of B units conceivably could be composed of two amorphous 
phases above 148°C. and more nearly approximate in appearance and 
properties an intimate mixture of the two homopolymers. While prelimi
nary experiments indicate that copolymers of this type have actually been 
prepared in this laboratory, the present discussion will be confined to 
copolymers which contain a single amorphous phase above their melting 
point. Copolymers falling into this category are comprised either of 
randomly distributed units or of moderately long to very short block 
sequences.

The very existence of these two classes of copolymers, one containing a 
single, amorphous phase above the melting temperature, the other, two 
amorphous phases above the melting temperature, is rather conclusive 
evidence that secondary intermolecular forces (van der Waals, etc.) are 
markedly affected by sequence length. The effect of sequence length on 
primary intermolecular interactions (crystallinity) will be discussed in the 
succeeding sections of this paper.

Fig. 1. The effect of sequence length on the melting point of block copolymers of the 
structure ([ (CH 3)2SiO ]a [(CH 3LSi-p-GnIL-Sif CLL)«() b )x.
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EXPERIMENTAL

Monomers

High molecular weight copolymers were conveniently prepared from 
HO[(CH3)2SiO]„H fluids, which were supplied by Dow Corning Corpora
tion in degrees of polymerization of 18, 43, and 400 and p-bis(dimethyl- 
hydroxysilyl) benzene.1 The hexamethylcyclotrisiloxane used in one 
copolymerization was also supplied by Dow Corning. The benzene used 
was Fisher, thiophene-free.

Catalysts

Two essentially nonequilibrating condensation catalysts were success
fully employed in preparing crystalline, block copolymers. One, n-hexyl- 
amine 2-ethylhexoate, was provided by Dr. Frank Hyde of Dow Corning.2 
The other, tetramethylguanidine di-2-ethylhexoate was prepared by mixing 
14.4 g. of 2-ethylhexanoic acid and 5.6 g. tetramethylguanidine. Qualita
tive observation indicated that, under the reaction conditions employed, 
the copolymerizations catalyzed by the tetramethylguanidine di-2-ethyl- 
hexoate were the more rapid.

The use of these two silanol condensation catalysts essentially incapable 
of shuffling siloxane bonds of either the starting hydroxy-ended poly- 
dimethylsiloxanes of variable degrees of polymerization or those formed by 
the condensation reaction enabled experimental control of the average 
sequence lengths of the respective units.

Procedure

The variations in experimental details of the polymerizations are sum
marized in Table I. All were conducted in essentially the following fashion. 
In a flask equipped with a reflux condenser and a benzene-filled azeotrope 
trap was placed a mixture of starting materials and the indicated per cent 
of catalyst which had been dissolved in benzene. The final mixture con
taining the catalyst was composed of 66% by weight monomers. At the 
conclusion of the polymerization and removal of the benzene, some of the 
copolymers were further heated in a vacuum oven. The reflux times, time 
in oven, and oven temperatures are given in Table I.

In the copolymerization (No. 7, Table I) in which hexamethylcyclotri
siloxane was used, the weight per cent of monomers and toluene was the 
same as that employed in benzene above. The toluene mixture was heated 
to dissolve as much of the monomers as possible, after which the catalyst 
was added. The procedure described above was then followed.

It is important to note that the p-bis(dimethylhydroxysilyl)-benzene was 
only moderately soluble in the initial reaction mixtures, and dissolved 
only as the reactions proceeded. From solubility measurements it was 
learned that for practically all of the combinations used, the initial con
centration of OH groups from the hydroxy end-blocked dimethylsiloxane 
varied from approximately equal to approximately half of the initial con-
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centration of OH groups from the p-bis(dimethylhydroxysilyl) benzene in 
solution. However, the total concentration of OH groups available from 
the p-bis(dimethylhydroxysilyl)benzene varied from 4 to 55 times the con
centration of OH groups from the hydroxy end-blocked dimethylsiloxane. 
Because of this and because of the lack of information concerning the actual 
rates of condensation of the two hydroxy end-blocked species or cross
condensation reaction rates, it is difficult at the present time, to approxi
mate even crudely the average values of the repeat sequences obtained in 
the nonequilibrating catalyst systems. Needless to say, an accurate 
method for the determination of the length of repeat sequences would be a 
valuable aid in this study. For the present, the lack of such knowledge 
does not affect the validity of the experimental evidence or the general con
siderations and postulations under discussion.

In lieu of affixing reliable values to the repeat sequences of the crystalline 
copolymers the average block patterns cited throughout this discussion are 
minimum sequence arrangements based on the degrees of polymerization 
of the starting hydroxy-ended dimethylsiloxane fluids. It must be stressed 
that these values represent minimum average sequences and that the actual 
values are probably considerably higher. However, since, obviously, the 
molar ratio cannot change, the ratios of the sequence numbers must remain 
constant.
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Polymerization Efficiency

In general, at the conclusion of the polymerization, the polymers were 
dissolved in benzene and precipitated with methanol. In a sample ex
periment the initial yield of polymer was 100%. After redissolving in 
benzene and reprecipitation with methanol, 97.3% of the polymer was 
recovered, only 2.7% of the total being lost due to mechanical causes. 
None of the copolymer was of low enough molecular weight to be soluble 
in the methanol-benzene mixture.

Rearrangement Experiments
Two samples of the strong, elastic, 50/50 (w/w) tetramethyl-p-silphen- 

ylene-siloxane/dimethylsiloxane copolymer (No. 9 in Table I) dissolved in 
benzene were placed in narrow-necked polymerization tubes. To one tube 
was added potassium dimethylsilanolate (0.02% by weight lv20 based on 
polymer) an equilibration catalyst. After exhausting the solvent, both 
tubes were sealed and heated at 175°G. for 30 hr. Upon opening, examina
tion of the contents revealed that while the blank had remained crystalline, 
the copolymer heated with the catalyst had become an amorphous copoly
mer having little or no gum tensile.

Physical Measurements
Melting points of thin copolymer films cast from benzene were deter

mined by use of a polarizing microscope equipped with a heated stage. 
The temperature at which birefringence could no longer be observed as the
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sample was rotated in the polarized light was taken as the melting point. 
A thermocouple placed directly under the sample was used to determine the 
melting point.

Viscosity measurements at three concentrations in toluene for each 
polymer sample selected were made in a Cannon-Ubbelohde dilution 
viscometer at 25 ±  0.1 °C. From these values the intrinsic viscosities were 
found and are given in Table I.

Films for tensile strength measurements were deposited by slow evapora
tion of benzene from a copolymer solution. In the case of the 70/30 
tetramethyl-p-silphenylene-siloxane/dimethylsiloxane copolymer, it was 
necessary to heat the sample to melting, then allow it to cool to a satis
factory film. Tensile strength data are given in Tables II and III, and 
Figures 2-4. Test pieces of the copolymers were cut from the cast films 
with a standard A.S.T.M. '/4 X 1 X 43,/8 in. rubber die. An Instron ten
sile tester equipped with a recorder was used to obtain the stress-strain 
data. All rates of elongation and relaxation were 2 in./min. The speci
mens were elongated to rupture to determine rupture properties.

RESULTS

Random Versus Block Configuration

As predicted earlier, rather dramatic differences in physical properties 
were observed between copolymers whose compositions were identical 
[a /b = constant, see eqs. (2) and (3)], but which differed in the arrange
ment of the units. In these copolymers, the dimethylsiloxane and tetra- 
methyl-p-silphenylene-siloxane unit arrangements varied from completely 
random to ordered block arrangements possessing an average repeat se
quence integrity. The block copolymer (No. 9 of Tables I and III) pre
pared by the process,

tetramethylguanidine
di-2-ethylhexoate

HOKOHahSiOhgH +  6 HO(CH3)2Si-p-C6H4-Si(CH3)2OH --------------------------------->
benzene

(nonequilibrating system)

block copolymer +  7H20  (4) 
(crystalline) 

iv) = 2.U
where the minimum value of a =  18 and b =  6 and a /b  = 3, was a tough, 
elastic, crystalline copolymer (melting point = 100°C.) having an un
vulcanized, unstressed gum tensile and elongation of 1840 psi and 750%, 
respectively.

A random copolymer obtained as shown in eq. (5) of indentical
K O [(C H j)!S iO ]nK

[(CH3)2SiO]3 +  HO(CH3)2Si-p-C6H4-Si(CH3)2OH ---------------- ---------- >
toluene

(equilibrating system)

random copolymer +  H20  (5)
(amorphous)

composition to the block copolymer of eq. (4), was a clear gum resembling in
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appearance and properties high moleeular weight polydimethvlsiloxanc. 
In addition to possessing essentially no gum tensile, the gum showed no 
birefringence under the polarizing microscope. Therefore this copolymer 
was adjudged to be amorphous at room temperature.

The rearrangement of the block copolymer of eq. (4) under equilibrating 
conditions to give the random copolymer of eq. (5) further verified the 
above observations.

No catalyst
Copolymer from eq. ( 4 ) -------------------> High tensile gum. (6a)

'[ ,1 = 2 .1 1  m °C „ 30 l.r. [ , ]= 2 .4 6
K opcm nsiopK

Copolymer from eq. ( 4 ) ------------------------» Random copolymer (6b)
[,] = 2.11 l7r>°G., 30 hr. (amorphous)

[,] = 2.32

As can be seen in eq. (6a), heating the block copolymer from eq. (4) in a 
sealed evacuated tube at 175°C. for 30 hr. resulted in a slight increase in 
molecular weight but the copolymer remained crystalline and hence re
tained its tensile strength. The same treatment in the presence of a re
arranging catalyst, eq. (6b), also resulted in a slight increase in molecular 
weight, but in addition yielded amorphous random copolymer similar to 
copolymer of eq. (5).

Effect o f Sequence Length at Constant M ole Ratio

Three block copolymers all composed of 70 \vt.-% [(CH3)2SiO] and 30 
wt.-% [(Clĥ Si-p-CVIh-ShCHidaO 1 (a 'b  is constant) provided an in
teresting example of variation in physical properties with differing sequence 
lengths. The copolymers were prepared under essentially nonequilibrating 
conditions as described in the experimental section. Their properties are 
summarized in Table II. The first one (No. 11, Table II) was prepared 
from hydroxy end-blocked dimethylpolysiloxane with a degree of poly
merization of 18. A copolymer gum with little tensile strength was the 
result.

The second member of the series (No. 12) was the result of copolymerizing 
p-bis(dimethylhydroxysilyl)benzene with hydroxy end-blocked dimethyl- 
siloxane of a degree of polymerization of 43. Thus, while a 'b is the same 
for these two copolymers, it can be seen that the value of a was increased 
from a minimum of 18 (No. 11) to a minimum of 43 (No. 12) and it follows 
that the value of b must also have increased correspondingly from a mini
mum of 2.5 (No. 11) to a minimum of 6 (No. 12). From the melting point 
data in Table I and tensile strength data in Table II the longer sequence 
lengths present in copolymer No. 12 obviously permitted the formation of 
tetramethyl-p-silphenylene-siloxane crystallites.

The physical properties observed for copolymer No. 13 (Table II) sub
stantiate this contention. Here, the values of a and b were increased by 
allowing the p-bis(dimethylhydroxysilyl)benzene to polymerize partially 
before the addition of the hydroxy end4)locked dimethylsiloxane (DP 18). 
The copolymer so prepared was elastic and possessed a tensile strength of
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% Elongation

Fig. 2. Tensile strength (based on unstressed cross section).

452 psi, thus reflecting the great difference in physical properties between 
this copolymer and its counterpart prepared from the same hydroxy end- 
blocked dimethylsiloxane. When reasonably accurate methods of follow
ing the course of the polymerization either viscometrically or by measuring 
the water formed have been perfected, it will be possible to prepare high 
molecular weight copolymers of any desired arrangement from p-bis- 
(dimethylhydroxysilyl)benzene and one hydroxy end-blocked dimethyl- 
polysiloxane of a low degree of polymerization.

Effect o f p-Silphenylene Content

The series of copolymers outlined in Table III clearly illustrates the effect 
of increasing p-silphenylene content in copolymers of dimethylsiloxane (A 
units) and tetramethyl-p-silphenylene-siloxane (B units). These copoly
mers were all prepared under essentially nonrearranging conditions as 
outlined in the experimental section. As can be seen in Table III, in
creasing tetramethyl-p-silphenylene-siloxane content results in increasing 
tensile strengths but decreasing elongations. These effects are undoubtedly 
due to the increase in the number of microcrystalline regions in the copoly
mer which occurs as the molar content of tetramethyl-p-silphenylene- 
siloxane is increased.

In addition, an increase in p-silphenylene content also results in an in-
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% Elongation

Fig. 3. Tensile strength (based on stressed cross section).

crease in the average length of the tetramethyl-p-silphenylene-siloxane 
sequences. This occurs because the same hydroxy end-blocked dimethyl- 
siloxane was used to prepare all of the copolymers shown in Table III. 
Hence, the minimum sequence length of [(CH3)2SiO] (A units) was ap
proximately the same for all of these copolymers. It necessarily follows 
that as the mole ratio of (a /b) was decreased, the average length of the B 
units (p-silphenylene) was increased. The enhanced effectiveness of the 
longer sequences of crystallizable units in the formation of microcrystalline 
regions was demonstrated in the preceding section of this paper where large 
variations in properties, obviously resulting from differences in degrees of 
crystallinity, were achieved by increasing the sequence length of the tetra- 
methyl-p-silphenylene-siloxane segments while maintaining a constant mole 
ratio.

Effect o f  Sequence Length on Melting Point

Since the value of AH u for the tetramethyl-p-silphenylene-siloxane unit 
is known,1 the melting points for a series of hypothetical random copolymers 
formed from this unit and dimethylsiloxane can be calculated from the 
relationship3

(1 / T m) -  (1/n.) = ( ~ R / A H U) In Ab (7)
where N s  is equal to the mole fraction of p-silphenylene-siloxane units
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(crystallizing units). 11 is probable that the melting points calculated from 
eq. (7) are considerably higher than the actual experimental values, how
ever, since crystal growth leading to larger, higher melting crystallites 
would definitely be hindered in a direction parallel to the copolymer chain 
axis by the presence of the foreign dimethylsiloxy groups. In Figure 1 the 
calculated melting points for the random copolymers are plotted versus the 
mole fraction of the noncrystallizing unit [(CH3)2SiO]. Also plotted in 
Figure 1 are the experimental melting points (see Table I) obtained with 
the polarizing microscope for a series of block copolymers prepared from p -  
bis(dimethylhydroxysilyl)benzene and hydroxy end-blocked dimethylpoly- 
siloxanes of different average degrees of polymerization. From Figure 1 it 
is immediately apparent that at any given composition, the block copoly
mers possessed higher melting points than those calculated for the random 
copolymers.

% Elongation

Fig. 4. Stress-strain behavior of crystalline block copolymer after prestressing.

Of even greater significance is the evident trend to higher melting co
polymers with increasing average block sequence length. As emphasized 
earlier with the use of essentially nonequilibrating catalysts, the degree of 
polymerization of the hydroxy end-blocked dimethylpolysiloxane from 
which the copolymer was made determines the average sequence length of 
the block segments at any given copolymer composition. Fligher degrees 
of polymerization of the hydroxy end-blocked dimethylpolysiloxane yield 
not only longer dimethylsiloxane segments but also longer tetramethyl-p-
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silphenylene-siloxane segments in the resulting Block copolymer. In 
Figure 1 the melting points of copolymers prepared from hydroxy end- 
blocked dimethylpolysiloxanes with a DP of 43 fall on a curve considerably 
above those made from hydroxy end-blocked dimethylpolysiloxane with a 
I)P of 18. The one copolymer prepared from a hydroxy end-blocked 
dimethylpolysiloxane of DP 400 is in line with this trend.

The horizontal dashed line at the melting point (148°C.) of the tetra- 
methyl-p-silphenylene-siloxane homopolymer represents the independence 
of melting point on composition as predicted by Flory8 for hypothetical 
block copolymers of infinite sequence length and composed of crystallizing 
and noncrystallizing units.

Actually, the data shown in Figure 1 offer striking evidence in support of 
this contention. Of practical significance is the possibility of maintaining 
the desirable physical properties of such crystalline block copolymers at 
higher temperatures through the use of a higher melting crystallizing unit, 
by increasing the length of the block segments, or by a combination of these 
methods.

Stress-Strain Behavior

In Figure 2 are shown stress-strain data obtained on elongating the un
vulcanized block copolymer specimens directly to rupture. The sample 
numbers in this figure and in Figures 3 and 4 correspond to those used in 
Table I. A typical vulcanized silicone rubber (polydimethylsiloxane type) 
reinforced with silica is included for purposes of comparison. Figure 3 con
tains the same data presented in Figure 2 except that the tensile stress has 
been calculated on the dimensions of the stressed cross section. The 
stressed cross section was obtained by assuming that elongation took place 
under conditions of constant volume. Therefore, the stressed cross section 
equals (1 / a) times the original cross section or

Tensile stress (stressed) =  «[Tensile stress (unstressed)] (8)

Figure 4 depicts the typical behavior exhibited by all the crystalline block 
copolymers examined on prestressing, relaxing, and subsequent stressing to 
rupture.

The curves of Figures 2-4 obtained for the crystalline block copolymers 
all show a rapid rise in tensile stress at low elongations followed by a rather 
sharp yield point, suggesting that randomly oriented microcrystalline 
regions were origuially present. Beyond this yield point they show differ
ing amounts of flow depending on the total amount of crystallinity present,
i.e., p-silphenylene content and sequence length. This is then followed by 
another rapid rise in tensile stress indicating the presence of microcrystalline 
regions probably largely oriented in the direction of stress. How much, il 
any of such oriented crystallinity is stress induced (i.e., melts on removal of 
stress) is not known at the present time.
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Résumé

On obtient aisément des copolvmères en bloc ayant la structure ( [(CiE^SiO),, 
[(CIDüSi-p-CeHi-SiiCITOsO];,),,, en partant de diméthylpolysiloxanes portant des 
groupements hydroxyles terminaux et du p-(bis-diméthylhydroxylsilyl)benzène, et en 
employant essentiellement des catalyseurs non-équilibrants comme le tétraméthyl- 
guanidine-di-2-éthylhexoate ou le ra-hexylamine-2-éthylhexoate. Les valeurs de a et de b 
peuvent être modifiées en employant des diméthylpolysiloxanes de différents degrés de 
polymérisation ou en formant au préalable des unités tétraméthyl-p-silphénylène- 
siloxane. Si la longueur des segments (a) est maintenue à une valeur constante, la 
diminution du rapport molaire a/b amène des forces d ’extension et des points de fusion 
plus élevés, ce qui indique une augmentation des degrés de cristallinité. Si le rapport 
molaire a/b est maintenu constant, l ’augmentation de la longueur des segments a et b 
entraîne des points de fusion et des forces d ’extension plus élevés, reflétant ainsi de 
nouveau l ’augmentation du degré de cristallinité. Les méthodes décrites permettent 
d ’obtenir aisément des copolvmères de poids moléculaire élevé ([re] entre 1 et 2.1) 
possédant des tensions de gommes nonvulcanisées de 1000-2700 psi et des élongations de 
500-1000%.

Zusammenfassung

Hochmolekulare Blockcopolymere mit der Struktur ([(CHshSiOlaKCHs^Si-p-CeH,,- 
Si(CH3)20]b)„ können durch Copolymerisation von Dimethylpolysiloxanen mit end
ständigen Hydroxylgruppen und p-(Bisdimethylhydroxylsilyl)-benzol mit im wesent
lichen nichtgleiehgewicht-einstellenden Katalysatoren wie Tetramethylguanidin-di-2- 
äthylhexoat oder ra-Hexylamin-2-äthylhexoat leicht dargestellt werden. Die Werte 
von a und n können durch Verwendung von Dimethylpolysiloxan mit endständiger 
Hydroxylgruppe von verschiedenem Polymerisationsgrad oder durch Vorbildung von 
Tetramethyl-p-silphenylen-siloxan-bausteinen variert werden. Bei konstanter (a)- 
Segmentlänge im Copolymeren führt eine Herabsetzung des Molverhältnisses a/b zu 
höherer Zugfestigkeit und zu höherem Schmelzpunkt, worin sich der grössere Ivristal- 
linitätsgrad äussert. Vergrösserung der Länge der a- und b-Segmente bei konstantem 
Molverhältnis a/b führt zu höheren Schmelzpunkten und höherer Zugfestigkeit, was 
wieder einer Zunahme des Kristallinitätsgrades entspricht. Hochmolekulare Co
polymere ([p] im Bereich von 1,0 bis 2,1) mit einer Zugfestigkeit als ungespannter 
(nicht vulkanisierter und füllstoffreier) Gummi von 1000 bis 2700 psi und Dehnungen von 
500 bis 1000% kann nach den beschriebenen Methoden leicht erhalten werden.
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Preparation and Polymerization of
l,5-Diamino-2,4-alkylenetrisilazanes

L. W. BREED, R. L. ELLIOTT, and A. F. FERRIS, M idw est Research 
Institute, K ansas City, M issou ri

Synposis
l,5-Diamino-2,4-ethylenehexamethyltrisilazane and related compounds were prepared 

by treating the corresponding chlorosilane intermediates with ammonia or an amine. 
When these monomers were heated in xylene solution at 140°C. in the presence of am
monium sulfate, linear silicon-nitrogen polymers ■were obtained with molecular weights 
in the range of 7,500-15,000. Elemental analyses, infrared spectra, and the physical 
properties of the polymers support the proposed structure and polymerization route.

INTRODUCTION

Although the hydrolysis of organosilicon dichlorides under suitable condi
tions can yield products containing substantial quantities of linear siloxanes, 
ammonolvsis of the same materials gives almost exclusively small ring com
pounds. Also, the elimination of an amine in the thermal condensation of 
A-substituted diaminodiorganosilanes yields small ring cyclic compounds 
as the highest molecular weight portion of the product. Because of the 
ease of formation and stability of small ring silicon-nitrogen compounds, 
intermediate and even low molecular weight nitrogen analogues of the 
siloxanes have eluded preparation. Although a series of patents described 
the preparation of silazanes through the condensation of ammonia with 
various organosilicon halides,1-4 no high molecular weight polymers con
taining alternately ordered silicon and nitrogen in a linear polymer chain 
have been characterized in the literature.

A preliminary communication on this work reported that long chain 
silicon-nitrogen polymers can be prepared in preference to ring structures 
if a monomer structure is selected that sterically prevents cyclizations dur
ing polymerization.5 To meet this requirement, monomers were chosen 
that contained a trisilazane chain with an ethylene or propylene bridge 
between the 2- and 4-positions and terminal amino or substituted amino 
groups at the 1- and 5-positions.

H CH3
I I
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CH, CII, H
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Polymerization of these monomers has been effected with heat in the 
presence of catalytic quantities of an acid catalyst such as ammonium sul-
fate.

II Cl I;
I .

«R "— N— Si

CIL HI
-S i----- N— It"

I
It

(xm nso,

— H +  n -  1 RNH2

n

The formation of ammonia or amine in these reactions is analogous to the 
elimination of water between two silanol units in the formation of siloxane 
polymers. The conditions for the polymerization arc similar to those for 
the transamination reaction commonly used for the preparation of silicon- 
nitrogen compounds in which a more volatile amine group is displaced by a 
less volatile amine group. The removal of amine from the system provides 
the driving force for the polymerization.

RESULTS AND DISCUSSION

Monomer Preparation

Monomer intermediates were prepared according to the procedure of 
Henglein6 in a one-step procedure from alkylenediamines and diorganodi- 
halosilanes:

CII3

3 RCILSiCl, +  3 ILN R 'X IL  — CISi -

R

Cl +  2 H2HR'NHa'2 HC1

The properties and elemental analyses for these intermediates are re
ported in Table I. The cyclic derivatives were obtained from the various 
combinations of ethylenediamine or 1,3-propylenediamine with dichloro- 
dimethylsilane, dichloromethylphenylsilane, or dichloromethylvinylsilane. 
Ethylenediamine and dichloromethylsilane afforded no distillable products. 
The only products that could he isolated from the experiments in which 
dichlorodiphenylsilane was treated with various diamines, or on which 0- 
phenylenediamine was added to several halogenosilanes, were the disub- 
stituted amines (structure B, Table I) in low yields.

The chlorosilane intermediates were readily converted in good yield to the 
aminosilane monomers with ammonia or amines. The characteristics and 
elemental analyses of the monomers are shown in Table II. The char-
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acterization of the series was based on the analyses obtained from the meth- 
ylamine and butylamine derivatives, which were easily purified by distilla
tion, and the aniline derivative, which could be recrystallized. Although 
the ammonia derivatives could be distilled if the distillation was carried 
out rapidly in a short path apparatus at low pressures, they polymerized 
slowly at room temperature with the evolution of ammonia and failed to 
give satisfactory analyses for the monomeric compositions.

Polymerization

In studies of the polymerization process, the effect of monomer structure 
on the rate of polymerization was assessed on the basis of the quantity of 
amine evolved when the compounds were heated 2 hr. in the presence of 1 
or 5% ammonium sulfate (see Table III). The ammonia derivatives could 
not be used satisfactorily in these experiments because of their rapid loss of 
ammonia. As could have been predicted, the butylamine and methyl- 
amine compounds reacted more sluggishly and revealed the effect of sub
stituents in other portions of the monomer molecule on the rate of condensa
tion. The polymerization appeared to proceed considerably more rapidly 
in structures containing the ethylene bridge than in those with propylene 
bridge. Substitution of a phenyl group for a silicon-attached methyl 
group on each silicon atom of the monomer structure also led to a slower 
rate of polymerization. On the basis of these experiments no advantage 
was apparent in using monomers other than the simplest member of the 
series, l,5-diamino-2,4-ethylene-l,l,3,3,5,5-hexamethylcyclotrisilazane, in 
the polymerization reaction.

The effect of several catalysts on the rate of amine evolution is shown in
TABLE III

Effeet of Structure on the Rate of Amine Evolution from l,5-Bis(alkylamino)-2,4-
alkylenetrisilazanes

H CH3
I I

R "— H— Si—
!

R

I—R'— 
CH3
I

-N — Si—
!

R

CH3 H
I I

-N — Si------N— R"

R

Mono
mer R R ' R"

(NH4)2S04j
wt.-%

Amine evolved 
after 2 hr. at 
140°C., %■

i i c h 3 (CIL). CH:j 5.5 108.2
VI CH, (CH ,)3 c h 3 5.0 52.7
II c h 3 (CH 2)2 c h 3 1.0 77.8

IX c 6h 5 (CH2)2 c h 3 1.0 63.0
X I c 6h 6 (CH 2)3 c h 3 1.0 60.8
III c h 3 (CH 2)2 c 4h 9 1.0 19.5
VII c h 3 (CH 2)3 c 4h 9 1.0 4.6

X c 6h 6 (CH2)2 c 4h 9 1.0 14.9

* Values uncorrected for ammonia content of catalyst.
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Table IV. No catalyst more suitable than ammonium sulfate could be 
found for the polymerization reaction. Attempts to increase the solubility 
of the catalyst by the use of the sulfuric acid salts of aliphatic and aromatic 
amines failed to provide more effective materials. Although chlorotri- 
methylsilane and ammonium chloride have been reported to be effective in 
catalyzing the transamination reaction,7 these compounds failed to catalyze 
the polymerization reaction.

TABLE IV
Effect of Catalyst on the Rate of Amine Evolution from l,5-bis(methylamino)-2,4- 

ethylenehexamethyltrisilazane

Catalyst“
Amine evolved after 
2 hr. at 140°C., %

(NILbSO, 78
(CH3NH2)2-H2S<>4 80
(C2H6X H 2)2-H2S04 75
(C 6H„NH2)2-H 2S04 48
k h s c >4 67
NH4C1 11
(CH j)sSiCl 4
Xo catalyst 7

* Catalyst level : 1 wt.-%.

In most of the polymerization reactions, the monomers were dissolved 
in an equal volume of xylene. Although the reactions proceeded equally 
well in the absence of solvent, the solvent provided better temperature 
control. Pyridine, when used as a solvent was found to have a catalytic 
effect on the reaction (see Table VI). When the monomer was heated in 
boiling pyridine in the absence of any other catalyst, rapid ammonia evo
lution took place yielding a polymer with about the same degree of polymer
ization as when the same monomer was heated at the same temperature in 
xylene in the presence of ammonium sulfate. Boiling 4-picoline was as 
effective as pyridine, but tri-n-propylamine was ineffective.

Polymer Characterization

The polymers were characterized by elemental analyses, infrared spectra, 
and molecular weight. These data, together with the physical properties 
of the polymers, indicated that polymerization had occurred primarily 
through chain extension. The polymers derived from l,n-diamino-2,4- 
ethylenehexamethyltrisilazane (I) and l,5-diamino-2,4-(l,3-propylene)- 
hexamethyltrisilazane (V) were soluble in organic solvents and were tacky, 
somewhat elastic, low-melting solids or viscous liquids. The polymers from 
the methylamine derivatives were less soluble and were viscous oils or 
brittle solids. The polymerization of the aniline and butylamine deriva
tives gave only low molecular weight oils.

The results of analyses for elements, which arc shown in Table V, agree 
well with the calculated values, indicating that the molecular weights of the
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polymers were sufficiently high that the elemental content of the endgroups 
did not contribute significantly to the experimental values and that the 
polymerization had proceeded as postulated with no major contributing side 
reactions.

Additional evidence for a linear polymerization was obtained in a com
parison of the infrared spectra of the monomers and polymers. The spectra 
of the monomers were consistent with their structure. In general only 
slight changes in the spectra were observed after a monomer was converted 
to a polymer, and essentially the same bands were presented in the spectra 
of polymer samples as were obtained from the corresponding monomers. 
An exception was a strong absorption band at about 1180 cm.-1 found in 
several of the polymers, but absent in the monomers. The development of 
this band in the spectrum can be correlated with the formation of —SiMe2- 
NHSiMe2— groupings, absent in the monomers but present in the polymers. 
No such band was observed in the polymers containing the —SiMe2NMeSi- 
Me2— group.

Other changes were observed in the NH region. Monomers I and V 
exhibited the'two bands characteristic of primary amines in the 3500-3300 
cm.-1 region. The free secondary amino group was indicated by a single 
band in the same region of II and VI. Spectra of the polymers prepared 
from I and V contained only a single absorption band near 3500 cm.-1, 
reflecting the disappearance of the free amino group under polymerization 
conditions with the formation of the polysilazane structure. No bands 
were present in the NH region in the polymers prepared from II and VI. 
The infrared correlations are consistent with band assignments reported 
in the literature.8

Molecular Weight

The molecular weight of many of the polymers were too high to assess 
with much confidence by the usual ebullioscopic methods. In addition 
to considerable foaming in the boiling polymer solution, the sizes of the 
boiling point elevation increments were sufficiently small to introduce con
siderable error in the determinations. From the polymer of I, values above 
5000 were usually obtained, and the molecular weight was estimated to be 
in the neighborhood of 8000.

The relative degree of polymerizations of polymers prepared under 
various conditions could be compared, however, by the intrinsic viscosity 
of the polymer solutions in toluene. A polymer could be prepared from I 
with an intrinsic viscosity in toluene as high as 0.19. If the constants for 
the molecular weight-intrinsic viscosity relationship reported by Barry for 
siloxanes are used,9 a molecular weight of about 15,000 can be calculated. 
A polymer from V had an intrinsic viscosity of 0.09 in toluene.

On the basis of intrinsic viscosity determinations, it was found that a 
polymerization temperature of 140°C. gave the highest degree of poly
merization. Temperatures higher or lower than that value gave materials 
with lower intrinsic viscosities. The results of several experiments are 
reported in "Fable VI.
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TABLE VI
Intrinsic Viscosities of Experimental Polymer Solutions

Mono
mer

Temper
ature, °C.

Polymerization
solvent Catalyst hi Solvent

I 120 Xylene 1%  (NH4)2S04 0.13 Toluene
I 140 Xylene 1% (NH4),S04 0.17 Toluene
I 160 Xylene 1% (NH4)2S04 0.14 Toluene
I 180 Xylene 1% (NH4)2S04 0.11 T  oluene
I 120 Pyridine None 0.13 Toluene
I 140 4-Picoline None 0.11 Toluene
I 140 Tri-n-propylamine None 0.01 Toluene

Attempts to advance the polymerization of these polymers by various 
physical and chemical methods were in most trials unsuccessful. When the 
polymer from I was treated with small quantities of CuCh or water, the 
products exhibited a decrease in intrinsic viscosity. A sample of a polymer 
prepared from I having an intrinsic viscosity of 0.19 lost 7.5% of its weight 
after 19 hr. at 210°C. and a final intrinsic viscosity of 0.10 was observed. 
An exception was observed when a polymer based on II under the same 
heating conditions showed an increase in intrinsic viscosity from 0.05 to 0.13 
(in xylene).

EXPERIMENTAL

All amines were dried over KOH and distilled from sodium before use. 
Redistilled chlorosilanes were used.

Chlorosilane Intermediates

The method for preparing l,5-dichloro-2,4-ethylenehexamethyltrisil- 
azane, which followed the procedure described by Henglein,8 is typical of the 
preparation of compounds in this series. To a stirred, cooled mixture of 
134 g. (1.05 mole) of dichlorodimethylsilane and 400 ml. toluene at 10°C. 
was added 60 g. (1.0 mole) of ethylenediamine dissolved in 200 ml. toluene. 
After the addition was complete (1 hr.), the mixture was refluxed 2 hr. and 
filtered. Additional filtration was required after about half of the toluene 
was distilled off. Fractional distillation of the devolatilized filtrate gave 
73.6 g. (74% yield) of the product, boiling at 86 °C. at 0.3 mm. Hg, melting 
point 38 °C. The properties and analytical data for compounds in this 
series are given in Table I.

Aminosilane Monomers

In a typical experiment, dry gaseous ammonia was bubbled through a 
mixture of 20.0 g. (0.067 mole) l,5-dichloro-2,4-ethylenehexamethylcyclo- 
trisilazane in 350 ml. petroleum ether, which was cooled to 5°C. until the 
mixture was saturated with ammonia. When the product was warmed to 
50°C. and filtered, 6.4 g. (90%) of the ammonium chloride was collected. 
Evaporation of the filtrate and distillation through a short path apparatus 
at 0.3 mm. Hg gave l,5-diamino-2,4-ethylenehexamethyltrisilazane, boiling
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at 8fi°C., in yields of 30-04%. Properties and analyses are reported in 
Table II. 'The compound was also prepared by the addition of the cldoro- 
silane intermediate to a cooled solution of ammonia in petroleum ether.

The other aminosilane derivatives described in 'Table 11 were similarly 
prepared, but were purified by fractional distillation. 'The aniline deriva
tives were recrystallized from petroleum ether.

Polymerization Studies

The data in Tables III and IV (the percentage of amine evolved after 2 
hr. polymerization) were determined for methylamine derivatives with the 
use of a 15-ml. polymerization cell containing the monomer sample. The 
cell was immersed in a bath of boiling xylene and connected to a reflux con
denser. A nitrogen purge tube was extended through the condenser to 
about 15 cm. above the surface of the monomer sample and the flow of ni
trogen was adjusted to about 20 ml./min. The effluent nitrogen and amine 
from the polymerization cell were allowed to pass through an aliquot of 
0.1V H2SO4, which was titrated at the conclusion of the experiment to 
determine the total amine evolved.

Polymer Preparation and Characterization

Polymer samples were usually prepared by placing a 2.0 to 10.0 g. sample 
of the monomer dissolved in an equal volume of xylene in a 100-ml. thermo
well flask and adding the appropriate quantity of catalyst. The polymers 
used in elemental analyses, infrared spectra, and molecular weight deter
minations were catalyzed with 0.5-1.0% ammonium sulfate and heated at 
140°C. until ammonia or amine was no longer evolved. A slow stream of 
dry nitrogen was passed over the surface of the polymerizing mixture and 
the effluent gases were collected in a 0.1V H2SO4 trap and titrated from 
time to time to determine the quantity of amine that had evolved. The 
resulting polymer solution was treated with additional solvent, filtered, 
and devolatilized under reduced pressure with the sample being finally 
heated to 100 °C.

In a typical experiment, 8.5 g. of freshly distilled l,5-diamino-2,4-ethyl- 
enehexamethyltrisilazane, 0.5 g. ammonium sulfate, and 10 ml. of xylene, 
heated at 140 ± 5°C., ceased to evolve significant amounts of ammonia 
after 6 hr. The cooled polymer solution was treated with 10 ml. benzene, 
filtered, and the solvent was evaporated leaving 7.7 g. (07% yield) of a soft 
tacky material. The analyses for this and related polymers are given in 
Table V. In the polymerization of the monomers, 90-105% of the ex
pected amine was usually collected. The heating time for the polymers 
from V, II, and IX were 9, 19, and 19 hr., respectively.

This research was supported by the United States Army under Contract DA-23-072- 
ORD-1687 and monitored by Rock Island Arsenal, Rock Island, Illinois.
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Résumé

On a préparé le 1.5-diamino-2,4-éthylène-hexaméthyltrisilazané et des composés an
alogues par traitement des intermédiaires chlorosilaniques correspondants avec de 
l’ammoniac ou une amine. Lorsqu’on chauffe ces monomères en solution dans le xylène 
à 140°C en presence de sulfate d’ammonium, obtient des polymères linéaires silicone- 
azote ayant des poids moléculaires d’environ 7.500 a 15.000. Les analyses élémentaires, 
les spectres infrarouges et les propriétés physiques des polymères confirment la structure 
proposée et le mode de polymérisation.

Zusammenfassung

l,5-Diamino-2,4-äthylenhexamethyltrisilazan und verwandte Verbindungen wurden 
durch Behandlung der entsprechenden Chlorsilane mit Ammoniak oder einem Amin 
dargestellt. Beim Erhitzen dieser Monomeren in Xylollösung in Gegenwart von Am
monsulfat auf 140°C wurden lineare Silizium-Stickstoffpolymere mit Molekulargewich
ten von 7500 bis 15000 erhalten. Die vorgeschlagene Struktur und der angenommene 
Reaktionsweg werden durch Elementaranalyse, Infrarotspektren und die physikalischen 
Eigenschaften der Polymeren gestützt.
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Crosslinking and Degradation in y-Irradiated 
Poly-n-alkyl Acrylates

W. BURLANT, J. HINSCH, and C. TAYLOR, Scientific Laboratory, Ford 
M otor Com pany, Dearborn, M ichigan

Synopsis

Polymers of methyl, ethyl, »-butyl, re-octyl, and »-cetyl acrylate were y-irradiated 
in vacuo, and the effects of irradiation temperature ( —196 to 56°C.) on energy' yields for 
crosslinking and degradation estimated from gel fractions and swelling behavior of the 
gel. The extent of degradation is independent of polymer structure and reaction tem
perature, suggesting a molecular chain breaking process. Crosslinking, found to occur 
predominantly on the alkyd side chain, is independent of temperature above and below 
the polymer softening point, but is severalfold higher for irradiations above the softening 
point; these data seem to reflect the importance of segmental mobility' of radiation 
produced polymer radicals in the crosslinking step.

INTRODUCTION

Polymers exposed to high energy electrons or y-rays usually crosslink 
and/or degrade. While ionic and molecular processes explain some of the 
reported data, the most useful model postulates the radiation initiated 
formation of polymer free radicals capable of undergoing the competing 
reactions of crosslinking by bimolecular combination with another molecule 
or radical, chain cleavage by disproportionation, or H atom elimination to 
form an olefinic group with no accompanying change in polymer molecular 
weight. Consequently, one would expect radiation effects to be temper
ature sensitive since (1) the various competing reactions are temperature 
sensitive (2) the onset of segmental motion or chain mobility required for 
crosslink formation is marked in the region of the polymer glass transition 
T a and, for some polymers, at the crystallite melting point.

The role of temperature in polymer irradiations has been studied only 
briefly, and the contribution to radiation damage of segmental diffusion 
and competing reactions is not yet clear. In most cases, cross-linking 
systems (polyethylene,1“3 polyvinyl chloride,2 polydimethylsiloxane,4 rub
ber,6 polystyrene,6 p-substituted polystyrenes7) and those which degrade 
upon irradiation (polymethyl methacrylate,6 polyisobutylene8) behave 
similarly: both exhibit slight temperature sensitivity at low radiation 
temperatures and somewhat greater dependence, i.e., more crosslinking or 
more degradation, when irradiations are above the polymer T„. For some
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-̂substituted polystyrenes7 crossl il iking is observed below T„, but degrada
tion attributed to radical disproportionation predominates above this 
temperature; on the other hand, the copolymer of fluoroethylene and 
fluoropropylene degrades when irradiated at low temperatures, and cross
links above 7'„.9

The present paper describes in more detail than has previously been 
reported the temperature dependence of G c (the number of crosslinks pro- 
duced/100 e.v. absorbed) and Gd (the number of main chain bonds broken/ 
100 e.v. absorbed) when poly-?i-alkyl acrylates (I) are y-irradiated in vacuo. 
This series is a

-CH ~
1 CHS

c  =  o c 2h 6
1 R  = /1-C4IÎ9

0 //-( 'gl 117
1 //-Od Lï

R
I

convenient one to study because T„ (which is the same as the brittle point 
T b for the first four homologs) varies over a 100°C. range with a minimum 
change in chemical configuration. Furthermore, since the side chains of 
the cetyl homolog crystallize and melt at about 30°C., T g (around — 80°C.) 
and 7/ (33°C.) in this case are different enough10 so that the influence of 
each on crosslinking and degradation might be estimated.

APPROACH

Polyalkyl acrylates predominately crosslink when y-irradiated, so that 
an insoluble (gel) fraction forms; simultaneous degradation also occurs. 
Based on the statistics of crosslinking and degradation, and the assumptions 
of (1) an initial most probable molecular weight distribution, i.e., M w/ M n 
=  2 and {2) both bond-breaking and bond-making are independent, con
secutive events (from Table II, the constancy of G„, while G c varies, over 
a wide range of reaction conditions in the present study substantiates the 
reasonableness of this assumption), Charlesby11“ derives the following 
expression :

S  +  S   ̂ = ( l /q uUl) ( l /R )  +  Po/Q o (1)
where S  is the soluble fraction of the irradiated polymer, q0 is the fraction 
of monomer units crosslinked by the radiation, iti is the number-average 
degree of polymerization of the starting polymer, R  is the radiation dose 
(in megarad), and po is the fraction of monomer units degraded by the 
radiation. S  and R  can be measured in the laboratory. A plot of S  + 

versus l / R  should be a straight line with intercept po/qo and slope of 
1/qoHi. If either ut or q0 can be obtained, the absolute energy yields of 
crosslinking and degradation, Gc and Gd, then can be calculated according 
to eqs. (2) and (3) :
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C!r =>= 0.4S X W q j w ( - )

(7, = 0.96 X 1 0 »  (.3)
where w is the molecular weight of the monomer unit.

If as is commonly the case, the starting molecular weight distribution is 
wide, radiation-initiated cleavage of only a few bonds per molecule will 
randomize the distribution, so that the initial broad distribution can be 
replaced by a random one of the same initial number-average molecular 
weight.

Usually, one measures Ui to obtain the ratio po/qo in eq. (1), but this 
parameter could not be obtained for the high molecular weight, broad 
distribution, polyalkyl acrylates used. qa, however, can be estimated from 
swelling data: The average molecular weight between crosslinks of the 
whole system (sol plus gel) is given by:

M c =  (w /q 0) ( l /R )  (4)
The molecular weight between crosslinks of the gel portion alone M cs re
lated to M c, is :llb

M e/ M "  = (1 + S) (5)
Since M cg (therefore M c) can be obtained more or less conveniently from 
equilibrium swelling measurements on the isolated gel, q0 can be obtained 
from the slope of a plot of M c versus l /R .

The relation between Jli„ and equilibrium swelling,12

1 7  ff! fjl
x / 2  — .r‘/s 

_ln(l — x )  +  x  + /.xx-_

where p is polymer density in grams per cubic centimeter, v is the molal 
volume of the swelling solvent, in cubic centimeters/gram mole, x  =  
1/Uo, where Vo is the volume swelling ratio, and p is the polymer-solvent 
interaction coefficient, requires a value for the polymer-solvent interaction 
coefficient. While this is often obtained osmotically or cryoscopically, it 
can be estimated from the second virial coefficient A 2 derived from light
scattering data:13 the slope of a plot of K c /R gv s. C (when 6 =  0, and where 
these symbols have their usual light-scattering significances) gives 2 A 2, and

A* =  1 (V 2 -  m) / »

where d2 is the density of the pure solvent and V x is the molar volume of the 
solvent.

Crosslinking in Sol and Gel

Equation (2) describes the overall G (crosslinking) in both sol and gel 
phases; this value is independent of the gel fraction. However, because 
the higher molecular weight fragments are selectively incorporated in the 
gel, more crosslinks accumulate in the latter phase, and the fraction of total 
crosslinks formed which end up in the gel increases as the gel fraction
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increases.11 The sol fraction dependences of the quantities (?c(gel) and 
Gc(so\)— G values for crosslinks in the gel and sol separately—are given by

Gc(gel) = <?.(1 + S) (fi)
Gc(sol) = Ge(S) (7)

From Table II, it is seen that at a sol fraction of 0.40, for example, the 
number of crosslinks in the gel is about 3.5 times that in the sol. For 
present purposes, the overall G values for crosslinking are employed.

Errors

The irradiated polymer must warm up and swell in the extraction step, 
but the contribution to crosslinking and degradation of these experimental 
variables cannot be estimated. When comparing different polymers, the 
most significant source of error in accuracy in the derived G values is in 
estimation of n, where a variation in n of ± 0.01 introduces an error of 
± 10% in G. Since experimental errors in volume swelling ratios and 
sol fractions are each about 8%, final G values are considered accurate to 
about ±25%. The error in ACf-values, however, for a given polyacrylate 
is about ±15%.

EXPERIMENTAL

Monomers

n-Hexadecyl acrylate was synthesized by ester interchange from n - 
hexadecyl alcohol and ethyl acrylate, according to described procedures.14 
The product, obtained in 43% yield, boiled at 142-144°C./1 mm. Other 
monomers were commercially available.

Polymers

Monomers from which inhibitor was removed by washing with sodium 
hydroxide or sodium carbonate solution were polymerized in aqueous 
emulsion, with Lux soap and benzoyl peroxide according to the method 
reported14 for the n-octyl homolog, to conversions of about 80%. The 
polymers were purified by reprecipitation from suitable solvents. For the 
methyl and ethyl polymers, the solvents were acetone and the nonsolvents, 
heptane and methyl alcohol, respectively; for the higher homologs, benzene 
was the solvent, and methyl alcohol the nonsolvent. Polymers were 
dried at 1 mm. at 50°C. for 15 hr.

Anal, polyhexadecyl acrylate: Calcd. for (CigHsiA),,: C, 76.97%; H, 
12.22%; Found: C, 76.86%; H, 11.92%.

Interaction Coefficient, ¡i

Light-scattering measurements were made at 25 °C. with a Brice-Phoenix 
photometer with the 4360 A. blue line as the light source. Scattered in
tensities of benzene solutions filtered through ultra-fine sintered glass were
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measured at angles of 45°, 60°, 90°, 115°, and 135° to the primary beam 
for a series of five concentrations ranging from 0.003 g./ml. to 0.040 g./ml. 
Refractive index increments were determined on a Brice-Phoenix differ
ential refractometer. In general, the best Zimrn plots from K c /R e were 
obtained from values for angles above 45° and for concentrations less than 
0.010 g./ml. Table I, which summarizes the light-scattering data, lists  ̂
values obtained from Zimm plots and indicates the broad molecular weight 
distribution of the starting polymers.

Irradiations

Weighed polymer samples (0.5 ± 0.0002 g.) were sealed in air, or degassed 
in glass ampules and sealed in  vacuo. Most 7-irradiations (Co60) were 
performed at temperatures ranging from —195 to 56°C. Polyethyl 
acrylate and polybutyl acrylate spontaneously gelled at the latter tempera
ture, perhaps because of peroxides not removed in the purification steps, 
and were not irradiated above 33°C. A single dose rate of 5.0 X 105 
rad./hr. ( ± 5%) was employed; total doses ranged from 1.0 to 25.0 Mrad. 
It was assumed that a dose of 1.0 Mrad corresponds to the absorption of
62.5 X 1018e.v./g. of polymer.

TARLE I
Light-Scattering Data for Poly-n-Alkyl Acrylates“

n-Alkyl group
dn/dc, X 102, 

cm.3/g.
A*, X 10s, 

cm.3 g .“ 2 g.-mole

Molecular weight X  10 6

M w M„h

c h 3 2.21 0.8 0.49 4 .G —
C0H 5 2.87 1.6 0.49 7.4 2.0
c 4h 9 2.83 0.8 0.49 11.5 2.0
C8Hn 4.53 1.6 0.49 15.0 0.7
CJ6H33 4.98 0.5 0.49 22.2° 1.4

0 Solvent, benzene; temp., 25°; 4360 A. light.
b Since q0 can be obtained, the initial M n was estimated from u, using eq. (1). 
c Using 5460 A. as a check, M w was 20.0 X 106.

Sol Fractions and Swelling Measurements

The irradiated samples were placed in thimbles comprised of three 200- 
mesh copper or Monel screens. Soluble polymer was quantitatively 
removed by hot benzene in 150 hr. in a Soxhlet extractor; duplicate runs 
using benzene at room temperature afforded identical values for the gel 
fraction. The gel fraction was dried to constant weight, in vacuo, at 75°C. 
and the equilibrium volume swelling ratio V B obtained from weight swelling 
ratios in benzene at 25°C.

Infrared Absorption Spectra o f Polycetyl Acrylate

To explain some of the results obtained in this study, the effect of tem
perature on the degree of orientation in polycetyl acrylate was examined. 
This polymer strongly absorbs near 6.8 and 13.9 /r, assigned to methylene
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scissoring and rocking vibrations, respectively. The dipole moment 
changes of both modes are in the same direction relative to the side chain 
axis, and both appear to reflect the degree of polymer orientation. Thus, 
while other absorption intensities are temperature independent, these two 
are reduced on heating and reversibly reappear on cooling. At 60°C. maxi
mum decrease is observed after only a few minutes, but even at 55 °C. 
(about 20°C. above T b) for 20 min. the intensities are not yet reduced to 
the limiting value. Maintaining the polymer at 40°C. for 1 hr. changes 
the intensities slightly. The data imply the existence of order in polycetyl 
acrylate at temperatures above T b.

RESULTS AND DISCUSSION

Figure 1 describes the sol fraction-dose relationships from which Vo/qo 
was obtained according to eq. (1), and Figure 2 describes tire dependence 
of M c on l / R  for gel fractions from which g0 was calculated from (4) and
(5). Gc, (rd, Ge (sol), and G c (gel) then were calculated according to eqs. 
(l)-(3), (6), and (7). Table II summarizes the G values and irradiation 
conditions.

TABLE II
7 -Initiated Crosslinking and Degradation in Poly-a-alkyl Acrylates

ra-Alkyl group Tb, °C.* Vj<h Gc Gd Cr„( Sol )b <?c(gel)b
Irradiation 
temp., °C.

CHj0 0 — — — — — ---
C2H5 — 20'1 0.45 0.075 0.07 0.03 0.11 0, 33
c a u —45 0.28 0.21 0.12 0.085 0.30 33

0.40 0.11 0.0!) 0.045 0.16 -2 0
0.64 0.10 0.12 0.04 0. 14 - 8 0
0.70 0.07 0.10 0.03 0.10 -196

C8Hi7 -6 5 0.16 0.33 0. 1 1 0.13 0.46 33
0.26 0.33 0.17 0.13 0.46 -2 0
0.52 0.15 0.15 0.06 0.21 -196 , -8 0

C161I33 33 0.31 0.18 0. 11 0.07 0.26 43, 50
0.66 0.07 0.0!) 0.03 0.10 33
0.73 0.06 0 0!) 0.025 0.0!) - 2 0
0.87 0.06 0.10 0.02 0.08 -10 6 , - 8 0

8 Data of Rehberg and Fisher;15 Ta and Tb are identical for all but polycetyl acrylate, 
which has an estimated Ta of —80°C. 

b Calcd. for S =  0.40.
c Polymethyl acrylate did not gel at doses up to 25.0 Mrad above and below its 7',,. 
d Polyethyl acrylate did not gel when irradiated at or below its Th.

Degradation

While the ratio po/qu is sensitive to many factors, absolute energy yields 
for main chain degradation (Table II), seem to be independent of the degree 
of crosslinking, irradiation temperature, and chemical configuration of the 
monomer unit ; Gd =  0.12. These data indicate that main chain breaking 
is not (lie result oi competing reactions, and is not diffusion controlled.
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Fig. 1. Dependence of sol fraction on reciprocal radiation dose for polymers of (A ) 
ethyl, (B ) «-butyl, (C) «-octyl, and (D ) n-cetyl acrylate; irradiation temperature 
(0 )  56°C.; (□ ) 43°C.; (0 )3 3 °C .; (■)0°C.; (A) —20°C.; ( • ) -8 0 °C .; ( A ) -196°C . 
Departure from linearity at low doses is attributed to the initially broad molecular 
weight distribution which randomizes in the early stages of the irradiation.

It appears that degradation follows a radiation event involving energies 
much in excess of thermal energies.
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Fig. 2. M olecular weights betw een crosslinks of gel fractions as a function of reciprocal 
radiation dose for polym ers of ( .1)  ethyl, (B ) n-butyl, ( C )  n-octyl, and ( D )  n-cetyl 
acrylate; each point represents an average value obtained for several irradiation tem 
peratures above the polym er T b.

Iii support of this conclusion, it is found that Gd does not change for room 
temperature irradiations in the presence of oxygen (a radical scavenger) 
and for irradiations in vacuo at — 80°C. (to freeze the radicals) followed 
by exposure to oxygen at the same low temperature. In accord with these 
data, Shultz and Bovey16 find almost the identical energy yields for deg
radation (G = 0.16) for polymers of methyl, n-butyl, isobutyl, and tert- 
butyl acrylate electron-irradiated in air.

The combined results of Shultz and Bovey16 and the present work, sug
gesting the importance of a molecular chain breaking step, differ from the
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Fig. 3. D ependence of crosslinking efficiency on irradiation tem perature; figures in 
parentheses indicate the approxim ate tem perature a t which the break in G e occurs.

effects of temperature on radiation degradation in polyisobutylene8 and 
polymethyl methacrylate,6 where Gd increases about threefold over a 
200°C. range, and from the changeover in mechanism above and below Tg 
for the p-substituted polystyrenes7 and polyfluoroolefin9 mentioned earlier. 
The occurrence of competing radical reactions explains the reported data.

Crosslinking

Inspection of Gc values in Table II and Figure 3 reveals that (1) cross- 
linking efficiency is temperature independent below T6, and greater, but 
again independent of temperature above this transition; in the case of 
polybutyl acrylate, for which incomplete data are available, the radiation 
results indicate a Tb about 30°C. higher than the reported one 16 of —45°C.
(U) At a given temperature, crosslinking efficiency in the amorphous poly
mers increases as the length of the alkyl substituent increases. (3) Both 
above and below its Tb, Gc for polycetyl acrylate, where side chain crystal
linity occurs, is lower than expected on the basis of the behavior of the 
amorphous polymers, and is somewhere between the values for the butyl 
and ethyl homologs; within experimental error, Gc was the same for ir
radiations at 20° in vacuo and in the presence of oxygen.

These data are explained by assuming that under the relatively mild 
experimental conditions employed, crosslinking in vacuo occurs to the 
exclusion of competing reactions. Below Tb, when the polymer chains are 
rigid, radiation produced radicals either are generated in close proximity
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or migrate along the polymer chain to sites favorable for cross-linking,
i.e., where the carbon atoms of two chains are 3-4 A. apart. If oxygen is 
present, polymeric peroxy radicals also capable of crosslinking may be 
produced, although no attempt was made to identify peroxidic structures. 
Crosslinking in the “ locked” configuration thus is fixed by the geometry 
of the molecules in the glass, where a sufficient number of these positions 
exist to give the Gc noted for irradiations below the brittle point. It ap
pears that radical sites stable for at least a few seconds also are formed in 
the glass on atoms not quite close enough for bond formation to occur—10 
A. apart, for example. As the reaction temperature is raised to Tt„ the 
jump frequency of chain segments over a distance of several angstrom units 
increases sharply from essentially zero below Tb to an estimated 1 jump 
every few seconds at Tb;17 this extra mobility initiates production of a few 
more crosslinks. At the still higher temperatures employed in this study, 
or when the irradiated polymer is swollen with solvent in the extraction 
step, mobility and crosslinking may not increase because the presence of 
only a few crosslinks in the system greatly restricts segmental motion.

It is also concluded that crosslinking in the amorphous polymers both 
above and below Th occurs predominantly on the hydrocarbon side chain. 
Thus, polymethyl acrylate never gels under the present experimental 
conditions, polyethyl acrylate gels only at elevated temperatures, and the 
higher homologs, excepting polycetyl acrylate, are progressively more 
radiation sensitive.

The anomalously low Gc for the cetyl polymer below T,, is attributed to 
immobility of radiation produced polymer radicals, now in the side chain 
crystallites. Even for irradiations at temperatures 20° above T b, in the 
time scale of the present experiments, infrared spectra suggest sufficient 
order in the starting polymer so that radical motion may be limited. If 
a sample irradiated below T„ is annealed for several hours above its soften
ing point, no change in crosslinking efficiency is noted, indicating that 
trapped “ crosslinking radicals” in this polymer do not persist for long 
times. This behavior is different from that observed in high density poly
ethylene,1 which occludes radicals capable of subsequent crosslinking when 
the polymer is heated to its amorphous state.
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Résumé

Les polym ères de l ’acrylate  de m éthyle, d ’éthyle, de m-butyle, n-octyle et de a-cétyle 
ont été irradiés par rayons-gam m a sous vide; les effets de la tem pérature d ’irradiation 
( — 196 à 56°) sur les rendements énergétiques du point de vue du pontage et de la 
dégradation ont été estim és à partir des fractions de gel et du gonflement du polym ère 
et de la tem pérature de réaction, suggérant un processus de rupture par chaîne molé
culaire. Le pontage, qui a lieu principalem ent aux chaînons alcoyles latéraux, est 
indépendant de la tem pérature au-dessus et au-dessous du point de ramollissem ent du 
polym ère, mais il est plusieurs fois plus prononcé pour des irradiations effectuées audessus 
du point de ramollissem ent. Ces données sem blent montrer l ’im portance de la mobilité 
de segm ents des radicaux polym ériques produits par radiation dans l ’étape de pontage.

Zusammenfassung

Polym eres M ethyl-, Ä th yl, /i-Butyl-, /t-Octyl und M -Cetylacrylat wurde im Vakuum  
-¡-bestrahlt und der Einfluss der B estrahlungstem peratur ( — 196° bis 56°) auf die 
Energieausbeute für Vernetzung und A bbau aus der G elfraktion und dem Q uellungsver
halten des Gels bestim m t. D as A usm ass des Abbaus ist von Polym erstruktur und 
R eaktionstem peratur unabhängig, was auf einen Bruchprozess für die M olekülketten 
hinweist. Vernetzung, die vornehm lich an den A lkylseitenketten  eintritt, ist oberhalb 
und unterhalb des Polym ererweichungspunktes von der T em peratur unabhängig, 
erweist sich jedoch für B estrahlung oberhall) des Erweichungspunktes als einige M ale 
höher. Diese Ergebnisse lassen die Bedeutung der Segm entbeweglichkeit der strah- 
lungs-erzeugten Polym erradilode beim Vernetzungsschritt erkennen.
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Kinetics o f  the P hotopolym erization o f  Tetraethylene  

G lycol Dim ethacrylate in the B ulk  with the Use o f  

Desyl A ryl Sulfides as Photoinitiators

CONSTANTINE C. PETROPOULOS, The National Cash Register
Company, Dayton, Ohio

Synopsis

F ive  desyl aryl sulfides were prepared for use as photoinitiators in the determ ination 
of the bulk polym erization rates of tetraeth ylen e glycol dim ethacrylate a t 25°C . A s a 
first approxim ation, the initial rates were first-order w ith respect to  monomer and one 
half-order w ith respect to initiator. From  this, approxim ate initial overall rate  con
stants were determ ined. T h e data  indicate th a t resonance stabilization  of the dissoci
ated radical seem to affect the polym erization rate. Com plications arising from  the auto 
cata lytic  gel effect were discussed.

INTRODUCTION

It will be recalled that according to the simplest concept of free radical 
polymerization, initiator molecules (C) decompose to form free radicals 
(R) by a first-order law. Monomer (M) adds to a radical to form a new 
radical of similar activity, and many subsequent monomer molecules add 
by identical propagation steps, each first order in both monomer and radi
cals. Termination by either disproportionation or by combination in
volves two radicals. The steady-state treatment then loads to:

R„ =  -d [M ]/ d t  =  k2(,kdf/k3y -n  M][C]°-5 (1)

Subscripts 2 and 3 refer to the propagation and termination steps, respec
tively. The rate constant for the dissociation of the initiator is represented 
by k,i and the initiator efficiency is represented b y /, the fraction of the total 
initiator radical effective in initiating a chain. The product kdf  is some
times combined and is represented by kh the initiation rate constant. The 
constants in eq. (1 ) may be combined to give:

R v =  k [M ] [C ]0-5 (2)

where k represents the overall observed rate constant.

Effect of Conversion on the Overall Rate

The concentration of the initiator usually does not change much during 
the course of the polymerization. Hence, if the initiator efficiency is

69
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independent. of 1ho monomer concentration, first-order kinetics may lie 
expected for I he conversion of monomer to polymer. For example, the 
polymerization of styrene in toluene in the presence of benzoyl peroxide 
proceeds approximately as a, first-order reaction according to the results 
of Schulz and llusemann.' Likewise, the benzoyl peroxide-initiated poly
merization of d-sec-butyl a-chloroacrylate and vinyl 1-jS-phenylbntyrate in 
dioxaue are quite accurately first-order up to high conversion.2

It is also known that the polymerization of certain monomers in the bulk 
or in concentrated solutions is accompanied by a marked deviation from 
first-order kinetics in the direction of an increase in the reaction rate termed 
autoacceleration. This effect is particularly pronounced with the benzoyl 
peroxide-initiated polymerization of methyl methacrylate3 and with the 
photo-initiated polymerization of methyl methacrylate with benzoin or 
2,2'-azobisisobutyronitrile.4 It was shown that for the first 25% conver
sion, the rate was found to be first-order. The following equation was 
found to explain the results obtained to a first approximation:

Z - 7 , -  = A% % % )»% AI][C ]»% Ip (3)
dt

where [I] is the light intensity and subscripts 1, 2, and 3, refer to the ini
tiation, propagation, and termination rate constants, respectively.

At about 25% conversion a sharp increase in the rate is observed and 
simultaneously the average molecular weight of the polymer formed was 
observed to increase sharply. This increase in rate was attributed to the 
decrease in the termination rate constant. This is caused by an increase 
of viscosity of the medium at the gel point, where the large growing poly
mer radicals now become diffusion-controlled and cannot terminate as 
readily. The mobilities of the smaller monomer molecules however, have 
not as yet been affected.

Norrish and Smith,6 in their investigation into the effect of diluents on 
the polymerization of methyl methacrylate, found they influenced the 
inception of the autoacceleration of the reaction rate. Monomer solvents 
which also acted as good solvents for the polymer delayed or even prevented 
the onset of rate acceleration. On the other hand, polymer précipitants, 
induced an early and marked autoacceleration. Bamford and Jenkins6 
have reported a similar autoacceleration in both the thermally catalyzed 
and photosensitized bulk polymerization of acrylonitrile. In this case the 
polymer is insoluble in its own monomer. Moreover, both they and 
Thomas and Pellon7 have noted considerable deviation from the normal 
dependence of the rate of polymerization upon the square root of the 
initiator concentration. Such kinetic characteristics have been explained 
in terms of occlusion of free radicals by flocculated polymer. Under 
certain conditions, these occluded radicals become inaccessible to all but 
very small molecules. Biradical termination is hindered even at low de
grees of occlusion,
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Effect of Crosslinking on the Overall Rate

In the copolymerization of methyl methacrylate with ethylene glycol 
dimethacrylate, Hayden and Melville8 found that as the divinyl unit is 
increased, the inception of the autoacceleration rate occurs at an ever de
creasing conversion to a point, where the autoacceleration rate begins im
mediately. The polymerization also comes to a premature end before the 
monomer is completely exhausted.

At first, the viscosity of the solution increases rapidly causing the termi
nation step to become diffusion controlled, thereby, decreasing the termina
tion rate constant and increasing the overall rate. In the later stages, as 
the solution is transformed into a glass, both monomer and growing poly
mer radicals become immobilized causing the polymerization to end pre
maturely. The rate as noted by the other workers above also deviates 
from the normal square root dependence on the rate of initiation.

Because of the early inception of the autoaccelerated rate of these sys
tems containing a difunctional monomer or a medium which precipitates 
the polymer, it is difficult to determine the initial rate. Also the range in 
which the rate obtained agrees with eq. (2) becomes ever so short.

In the work to be reported in this paper, the same difficulty arises. Here 
the photopolymerization of tetraethylene glycol dimethacrylate (TEGD) 
in the bulk at 25°C. was studied. Desyl aryl sulfides were used as ini
tiators. Because of the difficulty in determining the initial rate and the 
short range in which the rates follow eq. (2), it is hoped that correlation 
with eq. (2) can be obtained at least at the very start of the polymerization 
as a first approximation. From this, it is hoped that the relative rates of 
polymerization of this monomer initiated by a few desyl aryl sulfides can be 
approximated. The purpose of this work is directed toward this end.

EXPERIMENTAL

Materials

The tetraethylene glycol dimethacrylate monomer was obtained from 
The Borden Company and used without further purification. The density 
of the monomer, <lf is 1.0740.

Synthesis

The desyl aryl sulfide initiators were prepared in this laboratory. They 
are listed with their physical properties in Table I.

Desyl phenyl sulfide was prepared by the method of Schonberg and 
Islander9 by reacting desyl chloride with thiophenol in alcoholic sodium 
ethoxide.

The other desyl aryl sulfides were prepared in the following manner.
Sodium methoxide (0.0080 mole) and the arylthiol compound (0.0086 

mole) in 25 ml. of toluene were stirred vigorously with a magnetic stirrer 
while under reflux for 1 hr. Then 15 ml. of the solvent was stripped to
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T A B L E  I 

O
C 6H a— C—  C H — S — A r

JL

Ar
A bb revi

ation M .P ., °C .
M .P .

(reported), °C . R em arks

Phenyl D P S 8 0 .5 -8 1 .5 81 (83-84)“ Structure in agreem ent w ith  I.R .
o-Tolyl O T D S 1 1 1 - 1 1 2 115 b Structure in agreem ent w ith I.R .
p-T olyl P T D S 91-92 79b Structure in agreem ent w ith  I.R .
p-Anisyl P A D S 70-77 Structure in agreem ent w ith  I.R . 

calculated: C , 75.4; H , 5.4; 
S, 9.6; found C, 75.0; H, 5.5; 
S, 9.5.

/3-Naphthyl N D S 125-126 Structure in agreem ent w ith I.R . 
calculated: C, 81.3; H, 5 .1; 
S, 9.0; found C , 81.0; H, 5.1; 
S, 9.2.

0 D ata  of Schònberg and Islander.9 
b D a ta  of Schònberg et a l .11

remove most of the methanol formed in the reaction. Desyl chloride 
(0.0086 mole) in 15 ml. of toluene was added to the mixture and the system 
was refluxed for 3 hr. The toluene solution was then extracted with two 
20-ml. portions of water. The aqueous portions were combined and ex
tracted once with fresh toluene. The organic layers were combined, dried 
with anhydrous calcium chloride, and the solvent stripped. The residue 
was then recrystallized from ligroin (b.p. 66-75°C.) or n-hexane.

In the preparation of /1-naphthyl desyl sulfide some fl-naphthyl disulfide 
was also obtained due to the air oxidation of the sodium salt of the thio- 
naphthol. This was separated from the desyl sulfide derivative by frac
tional recrystallization from ethanol. The disulfide separates first. The 
/3-naphthyldesyl sulfide was recovered from the filtrate and recrystallized 
from ligroin (b.p. 66-75°C.).

Discussion of Experimental Method

The rate at which a polymerization reaction occurs can be followed in 
several ways. The usual methods involve following the change in some 
physical property of the system, i.e., volume, viscosity, etc. However, the 
present system (tetraethylene glycol dimethacrylate) presents difficulties 
of such a nature that these methods cannot be used, or are very difficult to 
use, since upon polymerization, a crosslinked gel is formed very quickly. 
This rapid gel formation and rapid insolubilization of the polymer quickly 
renders the dilatometric or viscometric methods difficult to use, therefore, 
the gravimetric procedure was used for following the polymerization.

It was found that under the experimental conditions employed, the 
polymerization of TEGD alone (no initiator) was negligible over the time
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F i g .L  L o g-lo g  plot of R n  vs. [C ]: (D P S ) initiated w ith desyl phenyl sulfide; (O T D S ), 
initiated w ith o-tolyl desyl sulfide; (P T D S )  initiated w ith p-tolyl desyl sulfide; (P A D S ) 
initiated with p-anis.yl desyl sulfide; (N D S ) in itiated w ith /3-naphthyl desyl sulfide. 
A ll lines drawn w ith a theoretical slope of 0.5.

interval studied. Only 0-2%  polymer was formed after 6 min. of exposure 
and an average of (0.3%) polymer was obtained after a 1-min. exposure.

The light source employed for exposure was a Gates mercury arc lamp 
at a distance of 13 cm. from the sample. The voltage drop across the lamp 
was measured at V2-hr. intervals throughout the working day and was 
found to be constant. Therefore, it was assumed that at a given distance 
and at a fixed spot under the shutter, the intensity of the light source 
remained constant.

After initial equilibrium has been reached, it was found that the temper
ature rise due to the light source at a given distance, at a given spot under 
the shutter was about 0.5°C. for a 30-sec. exposure and about 1°C. for a
1-min. exposure. It was assumed that a temperature variance of 1°C. 
could be neglected; the samples were nevertheless, thermostated at 2o°C. 
before exposure.

The synchronized shutter employed enabled the exposure time to be 
controlled to within 0.2 sec.

Polymerization Procedure

The solutions of the various desyl aryl sulfide initiators and monomer 
were prepared by weighing the components shortly before use. The reac
tion vessel used was a 30 ml. beaker containing a pad made up of two pieces 
of filter paper, about 2 cm.2, fastened together on one edge. A 100 mg. 
sample of monomer solution was weighed on the filter pad in a tared reaction
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Fig. 2. P lo t of h ’ m  vs. [C' ]°5: (D P S ) initiated w ith desyl phenyl sulfide; (O T D S ) 
in itiated  with o-tolyl desyl sulfide; (P T D S )  in itiated w ith p-tolyl desyl sulfide; (P A D S ) 
initiated with p-anis3‘l desyl sulfide; (N D S ) in itiated with /3-naphthyl desyl sulfide.

vessel. By this method all of the monomer-initiator solution was retained 
within the area of the pad. The reaction vessel was placed in a constant 
temperature bath at 25°C.

After temperature equilibrium was reached, the reaction vessel was 
removed from the constant temperature bath and placed at a defined 
position under the shutter. After exposure to a Gates mercury lamp at a 
distance of about 13 cm., 2 ml. of a cold n-hexane solution was added and 
the reaction vessel was placed in an ice bath. The hexane was removed 
with a medicine dropper having a finely drawn capillary tip. The washing- 
procedure was repeated twice with 3 ml. portions of cold n-hexane. The 
reaction vessel was dried on the outside, placed in a vacuum oven at ap
proximately 100°C. for I hr. and allowed to stand at room temperature



TETRAETIIYLEJNE GLYCOL DJMETHACRYLATE 75

lor about 1 hr. before weighing. A blank correction of 0..'! mg. was 
applied.

RESULTS AND DISCUSSION

Table I gives a list of the desyl aryl sulfides and their physical properties 
that were used as photoinitiators for studying the rates of photopolymeriza
tion of tetraethylene glycol dimethacrylate (TEGD) at 25°C.

Tables II-Y1 show the initial rates of polymerization with respect to in
itiator concentration. The ratio R PJ  [C]°-5 in the last column of these tables 
is fairly constant implying a square root relationship of initial rates to initia
tor concentration. In Figure 1, a log-log plot of the initial rate versus the 
initiator concentration yields a straight line. A line drawn with a theo
retical slope of 0.5 appears to be in good agreement with the points. A 
plot of the initial rate against the square root of the initiator concentration 
therefore, should give a straight line. This is shown in Figure 2. The 
straight line drawn appears to be in good agreement with the points. Since 
tire line passes through the origin, thermal polymerization (if any) may be 
neglected.

T A B L E  II
In itial R ates of Photopolym erization of T E G D  w ith D P S  at 25°C .

Initiator,
w t.-%

In itial rate  w eight In itiator eonen. 
fraction/sec. lip, [C], mole/1. [C]»-5 W [ C ] » - 5

2.0 0.0067 0.706 0.265 0.025
I .0 0.0050 0.035:1 0 .188 0.027
0 .5 0.0032 0 .0 177 0 .133 0.024
0. 1 0.0014 0.0035 0.0504 0.023

T A B L E  III
Initial R ates of Photopolym erization of T E G D w ith O T I)S  a t 25°C .

Initiator,
w t.-%

In itial rate w eight In itiator conen. 
fraction/sec. Rp, [C], mole/1. [C]°-5 Ap„/[C1°-6

2.0 0.031 0.0674 0.259 0 .12

1 .0 0.022 0.0337 0.184 0 .12

0 .5 0 .0 17  0.016!) 0 .130 0 .1 3

0. 1 0.0062 0.00337 0.0581 0 .11

T A B L E  I Y
Initial R ates of Photopolym erization of T E G D  w ith  P T D S a t 25°C .

Initiator,
w t.-%

In itial rate w eight In itiator concn. 
fraction/sec. lip, [C], mole/1. [Cl»-5 W [ C ] ° - 5

2.0 0.025 0.0674 0.259 0.097

1.0 0.018 0.0337 0.184 0.097

0 .5 0.013 0.0169 0 .130 0 .10

0. 1 0.0055 0.00337 0.0581 0.095
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T A B L E  V
Initial R ates of Photopolym erization of T E G D  w ith P A D S  at 25°C .

Initiator,
w t.-%

Initial rate weight 
fraction/sec. R p „

Initiator conen. 
[C], mole/1. [C]»-5 A W IC ]»-5

2.0 0.033 0.0642 0.253 0 .13
1.0 0.020 0.0321 0 .170 0 .15
0 .5 0 .0 17 0 .0 161 0 .12 7 0 .13

T A B L E  V I
In itial R ates of Photopolym erization of T E G D  w ith N D S  a t 25 °C.

Initiator,
w t.-%

In itial rate w eight 
fraction/sec. R p „

Initiator concn. 
[C], mole/1. [C]°-5 R v J l  C]»-5

2.0 0.033 0.0606 0.246 0 .14
1.0 0.025 0.0303 0 .174 0 .14
0 .5 0 .0 17 0.0152 0 .123 0 .14

The following equation describes the data:

RPo =  slope [C]0-5 (4)

where RPo is the initial rate in weight fraction per second. If it can be 
assumed that the initial rate is first-order with respect to monomer for a 
first approximation, and the light intensity remains constant, eq. (4) con
verts t o :

RP, =  kF°m[C]°-* (5)

where F°m is the initial weight fraction of the monomer (initially equal to 1), 
k is the overall rate constant in (liter/mole)0-6 per second. If eq. (5) is 
multiplied by the ratio d/M where d is the density of the monomer in grams 
per liter and M  is the molecular weight of the monomer, eq. (5) then be
comes equivalent to eq. (2) derived from theory which gives the rate of 
disappearance of the monomer in moles per liter per second.

Figure 3 shows the rate curve obtained for the conversion to polymer 
with time. The dotted line represents the theoretical first order curve. 
This is in agreement with the experimental curve up to about 5% conversion 
indicating that the first order assumption is reasonable for the initial rates 
as a first approximation.

Due to the early inception of the autoaccelerated rate, it was difficult to 
determine the initial rate accurately. However, from the data of Hayden 
and Melville,8 it was shown that the initial rate of copolymerization of 
methyl methacrylate with ethylene glycol dimethacrylate at 22.5°C. was
3.4, 3.8, and 4.2%/hr. for 0.005, 0.05, and 0.22 mole fraction of the divinyl 
monomer, respectively. As the mole fraction of the divinyl monomer was 
increased, the inception of the accelerated rate occurred earlier. The value
4.2 represents the initial rate where the inception of the accelerated rate 
was practically instantaneous. The value for the initial rate for the poly
merization of pure methyl methacrylate at 22.5°C. was given as 3.5%/hr.
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Fig. 3. Polym erization of tetraethylene glycol d im etharrylate in itiated b y  2 %  
desyl phenyl sulfide at 25°C . D otted  line is the theoretical first-order curve calculated 
from the initial slope.

It appears reasonable in this work, therefore, to assume that the initial 
rates obtained experimentally do not differ too much from their actual 
values so that a first approximation can be obtained. For the benzoyl 
peroxide initiated copolymerization of methyl methacrylate and ethylene 
glycol dimethacrylate, Gordon and Roe10 have shown that the initial rate 
varies with the square root of the initiator concentration before gelation 
sets in (about 2% conversion).

Another difficulty encountered, in addition to possible random errors, is 
the trapping of the monomer by the formation of a gel especially at higher 
conversions. This is evident from the scattering of points shown in Figures 
3 and 4. This is probably caused by a continuation of polymerization by 
the trapped monomers and radicals in the gel during the drying process in 
the experimental rate determinations. As can be seen from Figure 3, at 
about 35% conversion, two different curves can be drawn to connect the 
experimental points. In this work, an attempt was made only to correlate 
the initial rates and as can be seen from Figure 3, the initial portion of the
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curve is well defined. This is also true for other curves not shown here. 
Discussion here, however, does show the complications arising from the gel 
effect.

CONCLUSION
The data indicate that the rates for initial polymerization (up to about 

5% conversion) follow the rate law given by eq. (5) or (2). This indicates 
initially that upon irradiation with ultraviolet light, the initiator decom
poses into radicals in a rate determining step, and a fast addition of these 
radicals to the monomer then initiates the chain. Termination proceeds 
through a bi-molecular process.

Evidence that these desyl aryl sulfides do dissociate into radicals upon 
irradiation, is given by Schonberg11 and his co-workers, they proposed the 
following scheme :

O O
! hu II

C 6H 6— C — OH— S— Ar -» ArS- +  C 6H 5C — C H — C 6H 5
I

c gh 5

These workers were able to isolate didesyl. In the cases in which Ar 
was phenyl, o-tolyl, m-tolyl, and p-tolyl, no thiophenol could be separated. 
However, in the case in which Ar was benzoyl, they succeeded in iso
lating both didesyl and dibenzoyl disulfide.

Since the monomer used with each of the desyl aryl sulfide initiators was 
the same in each case, the addition and termination reactions should also 
be the same.

It can be assumed that the propagation and termination rates in each 
case initially do not change significantly, the difference in the initial overall 
rates might be attributed to the relative rates of dissociation of the ini
tiators.

It is not known whether the aryl tliio radical, or the desyl radical, or both, 
are responsible for the initiation. From Table VII, the differences in the 
overall rate constants of desyl phenyl sulfide and the other substituted 
desyl aryl sulfides seem to indicate that resonance stabilization of the dis
sociated aryl thio radical might be important in increasing the rate of 
dissociation of the initiator.

T A B L E  V II
T h e O verall R a te  C on stan t for the Photopolym erization of T E G D  w ith Various 

D esyla ry l Sulfides a t 25°C.

Initiator
O verall rate constant 

k  X  102, (liter/m ole)0-6/sec.‘

D P S 2 .6
O T D S 18.0
P T D S !M>
P A D S 11.0
N D S 14.0
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Fig. 4. Polym erization  of tetraethylene glycol d im ethacrylate initiated by  2 %  o-tolyl
desyl sulfide at 25 °C.

It is interesting to note that the rate of polymerization initiated by the.
o-tolyl derivative is slightly faster than that of the p-tolyl derivative. The 
effect of resonance stabilization should be the same in both derivatives. 
There may be a further enhancement of the dissociation rate of the ortho 
derivative due to steric factors. However, this difference is too small to 
come to any conclusions. It was just mentioned as a point of interest.

T h e author is indebted to the m anagem ent of T he N ational C ash  R egister C om p an y of 
D ayton , Ohio, for permission to publish these results and to  the members of these labo
ratories for discussion and assistance. T he author wishes to thank M r. T . H oover, who 
first developed the technique used here for following the rates and M r. J. C artm ell for 
his valu able  assistance in the experim ental determ inations. T he author also wishes to 
express his gratitude to the A ir Force, C on tract N o. A F  33(616)-5510 under whose spon
sorship the initiators were synthesized, and the Office of N aval Research, C on tract No. 
2S48(00) under whose sponsorship the polym erization studies were carried out.
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Résumé

On a préparé cinq sulfures désyl-acryliques comme photo-initiateurs dans la déterm i
nation des vitesses de polym érisation en masse du dim éthacrylate de tétraéthylène-glycol 
à 25°C . E n  première approxim ation les vitesses initiales sont d ’ordre un en ce qui con
cerne le monomère et d ’un ordre un-demi en ce qui concerne l ’initiateur. A  partir de 
ceci, on a déterm iné des constantes approxim atives de vitesses globales initiales. Les 
données indiquent que la stabilisation du radical dissocié p ar résonance semble affecter la 
vitesse de polym érisation. D es com plications provenant de l ’effet de gel auto-cataly
tique ont été discutées.

Zusammenfassung

F ü n f D esylarylsulfide wurden zur Verw endung als Photosensibilisatoren bei der 
Bestim m ung der Polym erisationsgeschw indigkeit von T etraäth ylenglykold im ethacrylat 
bei 25 °C  dargestellt. In erster N äherung w ar die A nfangsgeschw indigkeit von erster 
Ordnung in bezug auf das M onom ere und von  der Ordnung ein halb in bezug auf den 
Starter. D araus wurden angenäherte B rutto-Anfangsgeschw indigkeitskonstanten 
bestim m t. D ie Ergebnisse zeigen, dass die Resonanzstabilisierung des dissoziierten 
R adikals auf die Polym erisationsgeschw indigkeit Einfluss zu besitzen scheint. K om 
plikationen durch den autokatalytischen G eleffekt werden diskutiert.
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Photolysis o f  Cellulose in a V acuum  with 2 5 3 7  A . Light

JOSEPH H. FLYNN and WILLIAM L. MORROW, Polymer 
Chemistry Section, National Bureau of Standards, Washington, D. C.

Synopsis

C otton  sliver, cotton Enters, periodate-chlorite-oxidized cellulose, and several re
generated celluloses were photolyzed b y  2537 A . u ltravio let ligh t in a vacuum  a t 40°C. 
T h e changes in quantum  H elds of hydrogen, carbon monoxide, carbon dioxide, hydro
carbons, aldehyde groups, carboxyl groups, and chain scissions w ith  respect to  quanta 
of ligh t absorbed and in itial functional group concentration indicated th at photolysis of 
alcohol groups p lays a dom inant role in the com plex of interdependent prim ary and sec
ondary reactions takin g place. Periodate-chlorite-oxidized cellulose is m uch more sus
ceptible to photochem ical degradation than is unoxidized cellulose. N eutralization  with 
v ery  dilute sodium  hydroxide solution reduced the quantum  yields of the oxycellulose 
to  values sim ilar to  those obtained w ith  the unoxidized m aterial.

I. INTRODUCTION

Although the effects of ultraviolet light on cellulose have been a subject 
of investigation for many years, a detailed study of the stoichiometry and 
kinetics of the several reactions taking place upon irradiation has been 
attempted only recently.

The results from the irradiation of dried purified cotton sheets in a 
vacuum at 40°C. with monochromatic 2537 A. ultraviolet light were de
scribed in previous papers.1-3 The rates of evolution of gaseous products 
as well as changes in degree of polymerization (D.P.) and carbonyl and 
carboxyl groups were obtained as a function of einsteins (Nhv) of adsorbed 
radiation. The initial quantum yields were 10-2 for hydrogen and 10~3 
for carbon monoxide plus carbon dioxide. A mechanism was proposed in 
which the alcohol groups were photolyzed to carbonyl groups with the 
liberation of hydrogen. Hydrogen had not been previously reported as a 
product, and alcohols were not believed to absorb at this wavelength.

In this paper, further speculation about the nature of the photochemical 
processes is based on analysis of the changes in the amounts and rates 
of formation of products that result from variation of the initial functional 
group content of the cellulose.

II. EXPERIMENTAL 

Preparation of Cellulose Sheets
The cellulose was hand beaten and formed into sheets in the manner de

scribed in a previous paper.3 The cellulose used in many of these experi-
81
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meats was acetate-grade cotton linters with an approximate degree of 
polymerization of 1700 (14.14% nitrogen content in ethyl acetate) and a 
Gaussian chain length distribution. These linters are further described as 
sample 8 by Timell.4'5

The periodate-chlorite-oxidized cellulose was prepared by soaking 
the cotton linters in 0.02oA  ̂ periodic acid solution at 2o°C. for 2 hr., fol
lowed by treatment with 2%, acidic NaCICb solution for 72 hr. and thorough 
washing with dilute acid and distilled water. Na+ was introduced by wash
ing with dilute NaOH solution. The alkali was removed by washing with 
distilled water.

The regenerated celluloses were prepared by dissolving cotton linters 
in cuprammonium solution or concentrated phosphoric acid. The cellulose 
was precipitated by dilution, and washed.

Irradiation of Cellulose
The irradiation apparatus was essentially the same as that described in 

a previous publication except for one detail. Gases were removed as they 
were produced through a Dry Ice trap and diffusion pump into a chamber 
of measured volume. The irradiation chamber was maintained at a pres
sure of less than 5 X 1CD5 mm. Hg to minimize reaction between the 
product gases and the substrate.

Analysis of Products
The pressures of the evolved gases were measured in most cases by a 

McLeod gauge. Irregularities in the rate at higher pressures reported 
previously1 were found to be the result of small explosions of the gaseous 
products initiated by a discharge gauge. Use of this gauge was dis
continued.

Samples of gas were removed from time to time, and their composition 
determined by mass spectrometric analysis.

Irradiated samples were stored in air for several months and subse
quently analyzed for changes in cuprammonium viscosity and carboxyl 
and aldehyde group content. These methods of analysis as well as methods 
of measurement of the intensity of absorbed radiation and other experi
mental details have been described in a previous publication.3

Chain scissions were calculated from change in viscosity-average D.P. 
from an equation whose derivation assumes an initial random molecular 
weight distribution and Lambert’s law attenuation of the radiation by the 
absorbing media.2 The absorption coefficient was assumed to be constant. 
This approximation is probably valid only at low einsteins of absorbed 
light.

III. RESULTS AND DISCUSSION
The initial degrees of polymerization and the initial concentrations of the 

various functional groups (in equivalents/anhydroglucose unit) for the 
different types of celluloses used in these experiments are given in Table I.
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The aldehyde (hemiacetal) and carboxyl groups are ordinarily present in 
concentrations a thousandfold smaller than the predominant functional 
groups, the primary and secondary alcohol groups, and the acetal or glu- 
cosidic linkages. The reducing groups in unmodified cellulose occur pre
dominantly at the chain ends. However, they and the carboxyl groups 
may also occur at the 2, 3, and 6 carbon atoms in the anhydroglucose rings.

Tables II and III and Figure 1 present average or typical results of about 
forty experiments condensed into quantum yields as a function of total 
einsteins absorbed, Nhv, where N  is Avogadro’s number, h is Planck’s con
stant, and v is the frequency of the 2537 A. light.3 The intensity of light 
at the surface of the cellulose sheets was calculated to be 9.02 X 10~9 
Nhv/cm.2 sec. for most of these experiments. Intensities of 6.49 and 
13.4 X 10~9 Nhv/cm.2 sec. were also employed for several of the experi
ments.

The quantum yields, of gaseous products for the several varieties of 
cellulose are listed in Table II.

In Table III, the average quantum yields of chain scissions, gaseous 
products, and changes in carboxyl and aldehyde group content for celluloses 
irradiated with 1.50 Nhv/anhydroglucose unit of 2537 A. light at 40°C. are 
given. The quantum yields of chain scission and functional groups in 
Table III must be interpreted with the fact in mind that the cellulose 
may have been modified extensively by post-irradiation oxidation and by 
reaction of free radical and labile groups with the reagents used in the analy
sis.

Average values for the cumulative quantum yields of the various products 
for purified cotton sliver are plotted as a function of einsteins absorbed 
(ATu'/anhydroglucose unit) in Figure 1.

A number of inferences may be drawn from the data presented in Figure 
1 and Tables II and III.

The close stoichiometric correlation between quantum yields of hydrogen 
and aldehyde is again demonstrated. For 3.2 .Y/iy'anhydroglucose unit 
of radiation, about 0.015 mole of hydrogen and equivalents of aldehyde are 
formed. This is far too great a quantity to be explained by photolysis of 
carboxyl or aldehyde groups initially present in the molecule. The only 
plausible source of this quantity of aldehyde and hydrogen is the photo- 
reduction of alcohol groups as was suggested in a previous article.3 An 
analysis of the possible mechanisms for this reaction is postponed until 
pertinent data in a subsequent article are presented.6

A comparison of the initial concentrations of aldehyde and carboxyl 
groups in the various celluloses in Table I with the quantum yields of CO 
and C 02 in Table III may be made. A sixfold increase in initial aldehyde 
groups results in only a twofold increase in quantum yield of carbon monox
ide evolution. A thirtyfold increase in initial carboxyl groups gives only 
a threefold increase in carbon dioxide quantum yield. Thus, it appears 
that photolysis of aldehyde and carboxyl groups can be only partially 
responsible for the evolution of CO and C 02.
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F ig. 1. Q uantum  yields <t> as a  function of einsteins absorbed (iVTir/anhydroglucose 
unit) for the products from  the irradiation of cellulose (cotton  linters) in a vacuu m  a t
40°C. w ith  2357 A. ligh t: (O ) aldehyde; (□ )  chain scission; (A ) carb oxyl; (------ )
hydrogen; (----) C O ; (------ ) C 0 2.

Beélik7 finds glucose (six carbon atoms) and arabinose (five carbon atoms) 
reducing units in equal amounts among the oligosaccharides formed during 
the irradiation of cellulose. The loss of the 1 carbon atom of an anhydro- 
glucose unit in the form of CO or C 02 during chain fracture would explain 
the presence of these reducing units as well as the stoichiometric correla
tion of CO and C 02 evolution with chain scission rather than with initial 
carboxyl and aldehyde group concentration.

Beélik7 has suggested that the absorption of ultraviolet light leading to 
the primary photochemical reaction takes place mainly at the glucosidic 
linkages which absorb weakly at 2660 A. Such absorption might be re
sponsible for much of the chain scission that occurs during and following 
photolysis.

Photolysis of Oxycellulose

Periodic acid specifically oxidizes adjacent secondary alcohol groups to 
form aldehydes. Subsequent oxidation with chlorite converts the 2 and 
3 carbon atoms of the anhydroglucose unit into carboxyl groups. Data in
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Table I indicate that about 1% of the secondary alcohol groups were thus 
affected.

The tying-up of the carboxyl groups with Na+ resulted in the reduction of 
the quantum yield to a value near that for unoxidized cellulose. If the 
augmentation of the C 02 yield upon irradiation may be attributed to photo
decarboxylation, then it may be estimated that carboxyl groups contribute 
no more than 5-10% of the quantum yield of C 02 in the irradiation of 
unoxidized cellulose. However, the increase in C 02 yield in oxycellulose 
is not nearly large enough to account for the carboxyl group destruction. 
The yields of aldelryde, chain scission, and hydrogen and CO evolution are 
likewise increased, indicating an overall decreased photochemical stability 
of the oxidized cellulose.

Mass spectrometric analysis of the volatile gases indicates that one and 
three carbon atom hydrocarbons are present. Decarboxylation of the 
2 and 3 positions followed by chain scission would result in three-carbon 
atom (C4— C5— Ce) and one-carbon atom (Ci) fragments. The mechanism 
by which these fragments could become completely hydrogenated is, to 
say the least, obscure.

The Na+-washed cellulose does not give hydrocarbons upon irradiation.
This experiment clearly reveals the deleterious effects of free acid groups 

upon the photochemical stability of cellulosic materials. Oxidation renders 
cellulose much less stable to pyrolysis8 as well as adding to its photochemical 
instability. More fragmentation of the anhydroglucose rings and less 
tar are obtained8 when cotton cellulose oxidized with N 02 is pvrolyzed. 
Carboxyl groups, therefore, contribute to both the thermal and photo
chemical instability of cellulosic materials.

Photolysis of Regenerated Cellulose
The irradiation of cuprammonium-regenerated cellulose resulted in low 

quantum yields in all categories. This may result from the presence of 
small amounts of water and unremoved copper ion.

The phosphoric-acid-regenerated cellulose, on the other hand, gave 
quantum yields higher than did its parent cellulose.

It appears that the differences in quantum yields among cotton sliver, 
cotton linters, and the regenerated celluloses are due to variations in physi
cal properties rather than to variations in chemical constitution. Water 
vapor has been found to inhibit the photolysis at these wavelengths.9 
Therefore, water retentivity may be added to other properties such as 
amorphousness and molecular weight as possible sources of quantum 
yield variation.

References
1. F lyn n, J. H ., J .  P h y s .  C h e m . ,  60 ,1332 (1956).
2. F lyn n, J. H ., J .  P o l y m e r  S c i . ,  27 ,8 3  (1958).
3. F lyn n, J. H ., W . K . W ilson, and W . L. M orrow , J .  R e s .  N a t l .  B u r .  S t d . ,  60, 229 

(1958).



PIIOTOLYSJS OF CELLULOSE 8 9

4. T im ell, T . ,  S v e n s k  P a p p e r s t i d n . ,  5 8 ,234(1955).
5. B ennett, C . F ., and T . Tim ell, S v e n s k  P a p p e r s t i d n . ,  59, 73 ( 1950).
6. F lyn n, J. H ., and W . L . M orrow , J . P o l y m e r  S c i . ,  A2, 91 ( 1964).
7. Beélik, A ., and J. Iv. H am ilton, D a s  P a p i e r .  13, 77 (1959).
S. M adorsky, S. L ., V . E . H art, and S. Straus, J .  R e s .  N a t l .  B a r .  S t d . ,  60, 343 (1958).
9. Laim er, H. F ., and W . K . W ilson, J .  A m .  C h e m .  S o c . ,  7 1 ,  958 (1949).

Résumé

On a  photolyse, à  la  lumière u ltravio lette  à 2537 A  sour vide à 40°C, des linters de 
coton, de la cellulose oxydée au periodate et chlorite, et diverses celluloses régénérées. 
Les changem ents des rendem ents quantiques d ’hydrogène, de CO , de C 0 2, d ’hydrocar
bures, de groupem ents aldéhydiques et earboxyliques et les cassures de chaînes com
parées aux qu an ta de lumière absorbés et la concentration des groupem ents fonctionnels 
au début indiquaient que la photolyse des groupes joue un rôle prim ordial dans l ’ensemble 
de réactions prim aires et secondaires qui sont liées en tr’elles. L a  cellulose oxydée au 
periodate e t chlorite est beaucoup plus sensible à la  dégradation photochim ique que la 
cellulose non-oxydée. L a  neutralisation avec une solution très diluée de soude caustique 
réduit les rendem ents quantiques de l ’oxycellulose à des valeurs sem blables à celles 
obtenues avec le m atériel non-oxydé.

Zusammenfassung

B aum w oll-Sliver, B aum w oll-Linters, perjodat-chlorit-oxydierte  Cellulose und ver
schiedene regenerierte Cellulosen wurden m it u ltraviolettem  L ich t von 2537 A  im 
V akuum  bei 40°C photolysiert. D ie  A bh än gigkeit der Q uantenausbeute an W asser
stoff, K ohlenm onoxyd, K ohlendioxyd, Kohlenwasserstoffen, A ldehydgruppen, K a rb o x yl- 
gruppen und K ettenspaltungen von  der Zahl der absorbierten L ichtquanten  und der 
A usgangskonzentration der funktionellen G ruppen ziegte, dass die Photolyse der 
Alkoholgruppen eine beherrschende R olle im K om plex der stattfindenden, ineinander- 
greifenden Prim är- und Sekundärreaktionen spielt. Perjodat-chlorit-oxydierte  C ellu 
lose ist gegen photochem ischen A bbau viel em pfindlicher als n ichtoxydierte Cellulose. 
N eutralisation m it sehr verdünntem  N atrium h ydroxyd  setzte die Q uantenausbeute bei 
der O xycellulose auf ähnliche W erte wie beim  niehtoxydierten M aterial herab.

Received October 15, 1962 
Revised December 7, 1962



J O U R N A L  O F  P O L Y M E R  S C I E N C E : P A R I ' A V O L . 2, P P . 91-10 3 (1964)

Effects o f  Deuteration and Tem perature upon the 

Photolysis o f  Cellulose in a V acuum  

with 2 5 3 7  A . Light

JOSEPH H. FLYNN and WILLIAM L. MORROW, Polymer Chemistry 
Section, National Bureau of Standards, Washington, D. C.

Synopsis

The effects of the exchange of deuterium for hydrogen in the hydroxyl groups on the 
composition of products and the kinetics of their formation during the irradiation of 
cellulose by 2537 A. in a vacuum at 77, 313, and 365°K. are described. About 50-70% 
of the total hydrogen evolved was HI). Little D 2 was formed. Total HD evolution 
was independent of temperature. Disproportionation, rather than atom abstraction or 
atom combination, was likely to be the dominant mechanism of hydrogen production. 
Much of the aldehyde group formation takes place during the photolysis and probably 
results directly from secondary photolysis or disproportionation of radicals. H», CO, 
and C()2 evolutions increase with temperature and result from both functional group 
photolysis and radical depropagation. Chain scission and carboxyl group formation 
take place to a large extent during the post-irradiative oxidation of long-lived oxygen- 
containing radicals.

I. INTRODUCTION

The stoichiometry and kinetics of the photolysis of cellulose and chemi
cally modified celluloses with 2.537 A. ultraviolet light in a vacuum have 
been investigated recently.1-4 The dominant reaction was the photolysis 
of alcohol groups resulting in the liberation of hydrogen and the formation 
of aldehyde groups on the cellulose chain.

The hydrogen in the hydroxyl groups of cellulose can be replaced by 
deuterium by exchange with heavy water.5 About 60% of the hydroxyl 
hydrogens in cotton linters are exchangeable by deuterium. The acces
sibility of regenerated celluloses is somewhat higher—around 80%.

This investigation was undertaken to determine what effect these 
deuterium atoms would have upon the composition of the irradiation 
products and the kinetics of their formation at 77, 313, and 365°K.

II. EXPERIMENTAL

The preparation and the irradiation of the cellulose sheets in a vacuum 
at constant temperature with 2537 A. ultraviolet light of measured in
tensity, and the measurement and analysis of evolved gases, chain scissions.

9 1
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carboxyl groups, and aldehyde groups are described in previous papers.3'4
Temperatures of 40 and 92°C. were maintained by circulating water 

from a constant temperature bath through the cold finger around which the 
cellulose sheet was wrapped. The cold finger was maintained at — 196°C. 
by directly siphoning liquid nitrogen into it.

The deuterium exchange was accomplished by introducing the heavy 
water vapor (99.5% D20 ) to the dried cellulose sheet in the evacuated 
irradiation apparatus. The sample was then dried under vacuum at 
95°C. for one day. This cycle was repeated (about ten times) until no 
more exchange was observed. The deuterium content of the recovered 
water was measured by comparing its vapor pressure to that of pure water 
with a sensitive differential mercury manometer.

All photolyses described in this paper were performed at an intensity 
of 9.62 X 10~9 Ar/ir/cm .2 sec. upon well characterized acetate-grade cotton 
linters4 or modifications of them. The pressure in the vessel during 
irradiation was maintained at less than 5 X 10~6 mm. Hg. The volatile 
products passed through a Dry Ice trap and diffusion pump into evacuated 
storage vessels where their pressure and volume were measured and 
samples withdrawn for analysis.

T A B L E  II
M ole Percentages of IL , H U , anil D« in T o ta l E volved  H ydrogen

Tem p.,
°C.

Einsteins 
absorbed, 

N h v / t m -  

hydrt »glucose 
unit

M ole-%  of 
to tal hydrogen1*

Cellulose sample H , H D d 2 D /H

C otton  linters — 196 0 .0 0 -0 .05 27. 1
(39.9)

72 .1
(40.5)

0.8
(13 .0 )

0.584

C otton  linters +  40 0 .0 0 -1.0 3 ~ 4 0
(48)

~ 5 9
(43)

~ 1

(9)

0.44

C otton  linters 92 0 .0 0 -0 .48 30.4
(4 1.0 )

08.3
(45.8)

1 .3
(12 .6 )

0.550

Regenerated cotton 
linters

40 0 .0 0 -1 .5 5 4 3 .7
(5 1 .2 )

55.8
(40.7)

0 .5
(8 .1)

0.397

Periodate-chlorite- 
oxidized cotton 
linters

40 0 .0 0 -1.2 0 5 1 .4
(57 .0 )

4 8 .1
(37.0 )

0 .5
(6 .0 )

0.325

a Values in parentheses calculated assum ing the random  com bination of H and D 
from a pool of com position given b y  the D /H  ratio.

III. RESULTS AND DISCUSSION

Results from the mass spectrometric analysis of gaseous products 
from the irradiation of various heavy-water-exchanged celluloses are given 
in Table I. Table II contains the percentages of H2, HD, and D2 in the 
total evolved hydrogen and the total deuterium to hydrogen ratio of 
these products.
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F ig. 1. M oles of gaseous products as a function of einsteins absorbed, 9.62 X  10 -s 
N h v / c m . *  sec., 2537 A . light, h eavy water-exchanged celluloses: (.4) to tal hydrogen at 
— 196 °C .; (.4 ')  to ta l hydrogen a t + 4 0 ° C .;  ( .4 " )  total hydrogen at + 9 2 ° 0 .;  ( S )  CO 
at — 19 6 °0 .; ( « ')  C O  a t + 4 ( )° C .; { l i " )  CO at + 9 2 ° C .;  (O ') C O . at 4 0 °C .; ( C ” ) 

C O . at + 9 2 ° C .;  ( D " )  H ydrocarbons at + 9 2 ° C . (X o  ( 1( )2 evolved at — 196°C .; no 
hydrocarbons at — 196°C . and 40°C .)

Without at once becoming involved with the details of possible reaction 
mechanisms, one can draw several inferences from the FL 111) JL distribu
tions as to the types of reactions taking place.

The values calculated for random combination of Id and D from pools 
of the experimental D/H ratios in Table II give values ten times as great 
as the experimental values for %D2. Therefore, hydrogen and deuterium 
atom combination may be ruled out as a mechanism for H», HD, and LL 
production.

A purely random abstraction mechanism does not lit the data any 
better. If 07% of the hydroxyl hydrogens are exchanged by deuterium
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F ig. 2. M oles of C O  evolved as a  function of einsteins absorbed, 9.62 X  10 “ 9 N h -  

i</cm.2 sec., 2537 A . u ltraviolet light: (A ) cellulose a t 9 2°C .; (B ) h eavy  water-ex
changed cellulose a t 9 2°C .; (C ) cellulose a t — 196°C .; (D ) h eavy water-exchanged 
cellulose a t — 196°C.

atoms and the resulting average [(VIDOFOIl) (01))2L is pliotolyzed to 
give D and H atoms at a 2/1 ratio and these abstract randomly from a 
pool of 8H and 2D, then values of 26.7% H2, 60.0% HD, 13.3% D2, and 
D /H  =  0.734 are obtained which do not fit the data in Table II. Two 
possible cases that will fit the data are evident. (1) Hydrogen and deute
rium atoms are split from the hydroxyls, and these atoms abstract or 
disproportionate only hydrogen from the substrate to form H2 and HD.
(2) Only H atoms are formed and these abstract or disproportionate 
D and H atoms from the substrate to form HD and H2. The relative 
merits of these cases will be discussed later.

The effect of temperature on the evolution of gaseous products may 
be observed in Figure 1 for the irradiation of deuterium-exchanged cotton
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linters. The temperature coefficients for CO and C 02 evolution are much 
larger than those for hydrogen evolution. Tor CO evolution, the tempera
ture coefficient calculated for initial rates, is about 6 kcal./mole in the 
40-92°C. range and 0.2 kcal./mole for —196 to +40°C. The temperature 
coefficient for C 02 evolution is also about 5.5 kcal./mole in the 40-92°C. 
range.

If there exists a direct primary or secondary photochemical reaction 
of zero activation energy which is responsible for part of these gases, 
then the remainder will have a temperature coefficient greater than the 
values given above. If the rate of CO evolution at — 196°C. is subtracted 
from the rates of 40 and 92°C. to compensate for this component from 
the nonthermal process, the temperature coefficient for the remaining 
CO evolution is 8 kcal./mole.

In Figures 2 and 3, the moles of carbon monoxide and hydrogen, re
spectively, are plotted as a function of einsteins absorbed for deuterium- 
exchanged and nonexchanged cellulose at 196° and +  92°C. In both cases 
gases are evolved from the deuterium-exchanged sample at a slightly 
lower rate.

In Table III, the average quantum yields of chain scissions, gaseous 
products, and changes in aldehyde and carboxyl group content are listed 
for the various cellulose samples at —196, +40, and +92°C. for 1.50 
A/ir/anhydroglucose unit.

It also may be noted in Table III that although the yields of CO and C 02 
evolved increase tenfold and fivefold, respectively, overthe —196 to +92°C. 
temperature range, the number of chain scissions and the changes in 
carboxyl group content remain approximately constant. Chain fracture 
and change in carboxyl are rather insensitive to einsteins absorbed and 
do not extrapolate to the origin for zero Nhv. This can be observed in 
Figure 4.

The decrease in quantum yield of hydrogen at 92°C. compared to that 
at 40°C. is matched by a similar decrease in aldehyde group yield, again 
pointing to the interrelation of these products. However, the much 
greater decrease in yield of the aldehyde groups than in the yield of hydro
gen at 92°C. suggests the thermal deactivation of the precursor of the 
aldehyde at these temperatures.

Although it was necessary to postulate photolysis of alcohol groups 
to explain tire large amounts of aldehyde groups produced and the quantity 
of hydrogen evolved/-4 evidence for the photolysis of simple alcohols 
by 2537 A. light has appeared only recently. (Sullivan and Koski6 have 
identified a number of radicals from the ESR spectra of solid methanol 
irradiated with 2537 A. light at 77 °Iv.) The D /H  ratio decreases with 
increasing einsteins absorbed as this photolysis is inhibited and side 
reactions producing hydrogen become more prominent. From the prev
alence of deuterium in the hydrocarbons evolved during the irradiation, 
it appears that some of the hydrogen and deuterium, either in the atomic 
or molecular state, must be consumed or exchanged in the reduction
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Fig. 3. Moles of total hydrogen evolved as a function of einsteins absorbed, 9.62 X 
10-9 N/ir/cm.2 sec., 2537 A. ultraviolet light: (A ) cellulose at 92°C.; (B ) heavy water- 
exchanged cellulose at 92°C.; (C) cellulose at — 196°C.; (Z>) heavy water-exchanged 
cellulose at —196 °C.

reactions through which these hydrocarbons are formed. Unfortunately, 
the amounts of IDO, HDO, and D 20  evolved are not easily obtainable. 
Also, any water formed might exchange with the alcohol groups of the 
substrate despite the low pressures at which the irradiation was performed.

Hydrogen-deuterium exchange should take place to a greater extent 
in the less crystalline, more accessible, regenerated celluloses. Their low 
D /H  values in Table II are in contradiction to this. However, changes in 
the physical modifications of the cellulose have a large effect on the stoichi
ometry of the products.4

Although there is a considerable variation from sheet to sheet, the values 
for A "  (hydrogen evolution at 92°C.) in Figure 1 lie below the envelope 
of the hydrogen evolution curves at 40°C. It appears that at this tern-
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perature more of the evolved hydrogen is consumed in the reduction of 
intermediate species. This inference is supported by the increase in 
deuterated hydrocarbons among the products.

Table IV contains the quantum yields of the hydrogen isomers from 
irradiation of cotton linters at the three temperatures. It is noted that 
there is little variation of yield of H D with temperature. The change in 
total hydrogen yield with temperatures is almost entirely due to changes in 
H2 production. This constancy of H D yield demonstrates that the 
enhancement of quantum yield of hydrogen with temperature does not 
involve hydroxyl hydrogen. As the irradiation proceeds, the D /H  ratio 
decreases as the photolysis of alcohol groups is inhibited and side reactions 
producing hydrogen become more important.

TABLE IV
Quantum Yields of Hydrogen Isomers from the Irradiation of Cotton Linters with 

2537 A. Light at -1 9 6 , +40, and +92°C.

Temp., °C.

Quantum yield, moles/.YAx

Total hydrogen Ho HD d 2

-1 9 6 0.0032,S 0.000,SO 0.00236 0.00003
+  40 0.00503 0.0020 0.0030 0.00005
+  92 0.00419 0.00127 0.00286 0.00005

Much of the increase in the quantum yields of hydrogen for regenerated 
cellulose and oxycellulose can be attributed to H2 rather than HD and D 2.

Therefore, the dominant photolytic reaction may occur at the primary 
alcohol on the C6 atom of the anhydroglucose unit and/or at the two 
secondary alcohol groups on the C2 and C:i carbon atoms.

If the primary alcohol is photolyzed, several dissociative reactions are 
possible:

H

H— C •

C—O +  -OH (la )
/'I \

If
Itv

11— C"— OH -*  H— C— Oil
! | +  -H

5C— () c — o
/ I  \. .1

H II
H

H— C—( ) ■

C— O +  II
/ I

H

(ib)

( lc )

In the irradiation of solid methanol at 77°K. with 2537 A., CH:i and CHO 
radicals are identified in the ESR spectra, and alter the decay of CH3
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Fig. 4. Number of chain scissions and change in carboxyl group content as a function 
of einsteins absorbed: (O) equivalents of COOH formed; (O) number of chain scissions 
( X  103/anhydroglucose unit).

considerable CH2OH is found to be present.6 Sullivan and Koski7 suggest 
that CHO is produced by secondary photolysis of the CII2OH radical. 
This speculation is based on the experiments of Alger et al.,8 in which 
ESIt spectra of methanol, produced by electron bombardment, were 
modified by ultraviolet and visible light.

Of these three reactions, (la) may be eliminated from consideration, 
as most of the deuterium would end up as HOD and D 20  rather than HD 
and D 2. Also, in the reducing atmosphere obviously present in these 
experiments, it is difficult to see how aldehyde might be formed.

The formation of an alkoxy radical eq. (lc ), is possible, although it is 
less favored from energetic considerations and a probable fragmentation 
product— formaldehyde— has not been isolated. The CH30  radical is 
found only upon irradiation of methanol with 1840 A .; if it is formed 
by 2537 A., light it must be immediately photolyzed to CHO.7

The radical in eq. (lb ) has been identified in y-irradiated sugars.9 
Further photolysis could conceivably result in an aldehyde group and 
deuterium production in the heavy-water-treated cellulose.

In a similar manner, photolysis of the secondary alcohol group on the C2 
atom might result in reactions of the type shown in eqs. (2).
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Equation (2a) may be eliminated for the same reasons as (la ). The 
radicals in eqs. (2b) and (2c) would react further to form aldehyde and, if

H
I

H —C—OH

^ / T ° \
\ / C\HO h

0 \ 1 1 /> c— C 2I I
H OH

IL ■ ¿ A
' A

h v

•OH

H
I

H -C -O HI
.C -O .

H\ / l H  A  A  
v A H0 h  A  V  \ ; _ i /  H

H •
H

H -C -O H
1

/C - O
H\ / h  \  / ° \  +  -H

\ Â H O  A
0 A - /  HI I

H OH 

H
H -C -O H

I
C—O

H\ / h  \  A  + -H
N / C\H° H / C\V  \ i  1 /  nhxc - cI I

H O

(2a)

(2b)

(2c)

bond scission occurs between Ch and Co carbon atoms, chain scission and 
C (1)0 2 evolution are possible. (Here the superscript on the carbon atom 
refers to the former position in the anhydroglucose ring.)

If the secondary alcohol on the number three carbon atom is photolyzed, 
again aldehyde formation, chain scission, and C (4,0  evolution could occur.

The greater yield of CO and C 0 2 at 92°C. could result from the thermal 
fragmentation of such radicals in the two and three positions. Tertiary 
alkoxy radicals split thermally to form ketones plus the longest chain alkyl 
radical.10

The absence of an appreciable temperature coefficient for hydrogen 
evolution vitiates possible mechanisms involving abstraction of hydrogen 
by hydrogen atoms. Such a process would have an activation energy of 
the order of 10 kcal./mole. A  much more energetically favorable reaction 
is the formation of molecular hydrogen by disproportionation between a 
hydrogen atom and either the radicals formed in eqs. (lb ) or (2b), or the 
radicals formed in eqs. (lc ) or (2c), with concurrent carbonyl group forma
tion. Although the lack of appreciable D 2 suggests that both (b) and (c) 
type radicals are not simultaneously produced, the isotopic composition 
of the evolved hydrogen does not allow a selection between the two types of 
radicals.
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If the hydrogen atom disproportionate* with the same radical formed 
by its dissociation, the net result is indistinguishable from a simple mo
lecular mechanism, i.e.,

H
\  /  h” \

C —  0 = 0  +  HD(FL)

OJ)(H)

It is quite possible that highly absorptive radical species, rather than the 
carbonyl groups, are responsible for the parabolic decay in the rate of 
hydrogen evolution.3 The alkyl radicals would be quite short-lived, 
except possibly at 77°K. The evolution of hydrocarbons upon heating 
the low temperature-irradiated cellulose may be due to reaction of these 
radicals. The radical species that survives at room temperature and is 
responsible for the post-irradiation oxidation is undoubtedly a less reactive 
oxygen-containing one. Unlike the complicated KKR spectra with the 
y-irradiated cellulose, cellulose irradiated with 2.537 A. light has a simple 
spectrum suggesting a single radical species.11

Although direct photolysis of the glucosidic linkages is possible,12 
evidence indicates that much of the chain scission takes place post-irradia- 
tively and very slowly in the presence of oxygen. Long-lived oxyradicals 
on the C2 or C3 atoms could result in this D.P. decay.

The elimination of C (1,0 2 and C f4)0  would result in chain scission and 
equal amounts of arabinose (5 carbon atom) and glucose (6 carbon atom) 
reducing units, as found among the oligosaccharides extracted from 
irradiated cellulose.12 The thermally activated enhancement of CO and 
COo yields at 40 and 92°C. are probably due to fragmentation of radical 
species. The low temperature yields of these gases can be ascribed mainly 
to secondary photolysis of carbonyl, carboxyl and radical groups. In 
either case, the concurrent formation of aldehyde could occur. The 
gradual increase of CO yield with einsteins of absorbed radiation suggests 
that carbonyl groups are formed during the irradiation rather than 
afterward.

The amounts of chain scission and carboxyl group formation after 
storage in air are insensitive to both temperature (Table III) and Nhv 
(Fig. 4). The curves in Figure 4 suggest that a steady state of radicals is 
set up even at low doses, which is responsible for the post-irradiation chain 
scissions. This would be counterbalanced to some extent by a greater 
number of chain scissions during the irradiation. It is difficult to visualize 
the production of carboxyl except in the presence of oxygen.

The greater quantum yields of chain scission for deuterium-exchanged 
celluloses probably result from higher radical concentrations due to the 
lower reactivity of deuterium-containing radicals.
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Copolymerization of Styrene. I. Copolymerization 
with Styrene Derivatives Containing Nitrile 

Groups in the Side-Chain*

MOSHE KREISEL, f  URI G ARBATSK I, and D A V ID  H. KOHN,
Department of Chemistry, Technion-Israel Institute of Technology, Haifa,

Israel

Synopsis
Styrene was copolymerized in bulk with cinnamonitrile, benzylidenemalononitrile, 

ethyl benzylidenecyanoaeetate, and atroponitrile at 80°C. up to low conversions. The 
usual reaction scheme of copolymerization fitted only the pair styrene-atroponitrile. 
The kinetic scheme of the other three pairs fitted the scheme proposed by Barb, taking 
into account the effect of the penultimate unit.

INTRODUCTION

Styrene is one of the most important monomers for the production of 
vinyl plastics. Generally these styrene-based plastics can be divided into 
two groups: general-purpose homopolystyrene on one hand, and the 
modified polystyrenes, copolymers with various other vinyl monomers, 
on the other hand. The purpose of these modifications is to improve the 
mechanical properties of the general-purpose polystyrene, such as its low 
impact strength and low heat-distortion temperature.

Of the various vinyl comonomers tested, especially the copolymer of 
styrene with acrylonitrile has found wide use.

Consequently, the behavior of other nitriles as comonomers with styrene 
has been investigated. Emerson1 claims, that copolymers of improved 
strength particularly at elevated temperatures are obtained by polymer
izing styrene with a comonomer, of the general formula:

where X  is a hydrogen or alkoxy group and R  is a cyano or ester group.
Later, Borrows et al.2 reported their study on the effect of similar comono

mers with styrene.

* Taken in part from a thesis submitted by Moshe Kreisel to the Department of 
Chemistry, Technion-Israel Institute of Technology, Haifa, in partial fulfillment of the 
degree of M.Sc.

t  Present address: Chemicals and Phosphates Ltd., Haifa, Israel.
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The present paper deals with a detailed investigation regarding the co- 
polymerization of styrene with four comonomers having at least one cyano 
group in the side-chain.

EXPERIMENTAL

Materials and Preparation o f Monomers

Styrene. Commercial Eastman product was purified by washing with 
aqueous sodium hydroxide, drying, and subsequently distilling at reduced 
pressure. The distillate was preserved at Dry Ice temperature until used.

Cinnamonitrile. This was prepared in 03%  yield, according to Plant 
and Ritter8 by dehydration of cinnamaldoximc with acetic anhydride 
(b.p. 153-157°C./37 mm.; nf] =  1.5970). From the refractive index, 
it is obvious that a mixture of the isomers was obtained. The material 
was redistilled shortly before use.

Benzylidenemalononitrile. Benzylidenemalononitrile was prepared in 
90%  yield by the method of Corson and Stoughton4 by condensing benz- 
aldehyde with malononitrile in tot-amyl alcohol in the presence of piperidine 
as catalyst. The product melted at 83-84°C. (Corson and Stoughton 
reported m.p. 83.5 84°C.).

Ethyl Benzylidenecyanoacetate. This monomer was similarly prepared 
in 80%  yield from equivalent quantities of benzaldehyde and ethyl cyano- 
acetate in a small quantity of ethanol as diluent and in the presence of 
piperidine as catalyst. The ester melted at 51 °C. as reported by Fiquet.5

Atroponitrile. This was prepared by the methods of Walker6 and 
Stewart et al.7 by condensing paraformaldehyde and benzyl cyanide in 
methanol with sodium methylate as catalyst at 55°C. The crude product 
was flash-distilled without the aid of an inhibitor at b.p. 80-90°C ./2  mm. 
and the pure product obtained in 25% yield. Because of the tendency of 
the product to polymerize, the distillation was carried out with maximum 
exclusion of light. The product was used immediately thereafter, and all 
the handling before polymerization carried out at below 5°C.

Benzoyl Peroxide. Eastman pure grade was used without further 
purification.

Copolymerization

Pyrex tubes with a bulb at the lower end and a constriction near the 
upper end were used for polymerization.

After introduction and weighing of the monomers and the catalyst, the 
mixture in the bulb was frozen in a Dry Ice-acetone mixture, the tube 
evacuated down to 2 mm., flushed twice with nitrogen, and the tube sealed 
under reduced nitrogen pressure.8

Reaction mixtures consisted of 10-g. portions of monomers with catalyst 
(0.2% by weight) added.

The sealed reaction tubes were heated at a fixed polymerization tem
perature of 80 ±  0.5°C.
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Tito proper lime of polymerization, i.e., the time necessary to poly
merize 1 -8°y of the mixture, was found hv trial and error.

After the polymerization, the reaction tubes were cooled to room tem
perature and opened. The products were repeatedly precipitated by 
methanol from dilute solutions of methyl ethyl ketone.

The purified products were dried in a vacuum oven at 50°C. to constant- 
weight. The composition of the copolymers was determined by micro
analysis of nitrogen content.

Viscosity Measurements

The molecular weights were estimated from the viscosities of toluene 
solutions of the copolymers, measured in an Ubbelohde-type viscometer 
mounted in a fixed metal rack.9 Precautions against the introduction of 
dust or any solid particles were taken as described by Streeter and Boyer.10 
The measurements were carried out at 2d ±  0.01 °C.

Melting Ranges

The melting ranges of the various copolymers were measured under 
atmospheric pressure, in capillaries, with a temperature rise of about 
l°C ./3  sec.

The melting ranges, as recorded, are between the temperatures when the 
first visible changes of the samples occurred and—as the higher limits—the 
temperatures when the materials became transparent, but not necessarily 
liquid.

RESULTS AND DISCUSSION

The results of the various copolymerizations are summarized in Tables 
I IV.

Discussion o f Results

First attempts to calculate the reactivity ratios rj and r2 in the usual 
manner12 gave reasonable results for the pair styrene-atroponitrile only.

Atroponitrile adds easily to itself and copolymerization proceeds at a 
fair rate, as with 1,1-disubstituted vinyls generally. In Figure 1, m-> is 
plotted against ,I/2, fitting a curve calculated from the simple equation:

nix _  M\ 1’iMi +  M i . ,
I II  o 21/o l''2 -1 / f +  .1 /1

for ?’i =  0.02 and r2 =  0.7, where styrene is M\. These values were deter
mined by a graphical method (Fig. 2), using the linear form of eq. (1):

r2 = M i

M ,
m-2

_m  i
1 (2)

The copolymerization of styrene with cinnamonitrile (I), benzylidene- 
malononitrile (II), or ethyl benzylidenecyanoacetate (III), was first in-
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Fig. I. Cupolymerization of styrene (Mi)  with atroponitrile (M 2). Curve calculated 
from eq. ( 1 ) for ri = 0.02 and r2 = (1.7.

vestigated by Borrows ot al.2 They found, that one has to assume a kinetic 
effect of the penultimate unit13'14 for the pair styrene- benzylidenemalono- 
nitrile.

Now, a more detailed investigation shows, that this effect appears in all 
three pairs.

Plotting t'i against r2, according to eq. (2), yielded widely scattered 
lines, centering around negative values of r->, thus indicating the inadequacy 
of this simple kinetic model.

Hence it was tried to evaluate the results according to the improved 
scheme proposed by Alerz et al.,15 taking into consideration the monomer 
unit in the position penultimate to the active center of the growing polymer. 
They developed for such a case the following equation:

rfil/,
i/il/.

»h
I >'iil i /M 2 ri +  ff/i \

+  m , VdTT +  i / J

J S2.I/ 2  /!'•/M 2 +  M 1 \
" Ju  \ : . ! / : /

(3)m2
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Fig. 2. Copolymerization of styrene (Mi)  with atroponitrile (M«). Determination of a 
and r< by using eq. (2). a  = 0.02; a  = 0.7.

where

i'i — kni/km 

V‘2 — Â 222/̂ 221 

1'\ ~  />'21l/A'212 

V'/ =  kl‘22/ ̂ -121

where the subscripts of the k values denote (from left to right) the pen
ultimate unit, the ultimate unit, and the newly adding monomer, re
spectively.

However, as none of the three comonomers investigated polymerize by 
themselves, r2 =  r2' =  0, and eq. (3) reduces to:

i ' i  T T  ( i 'l i ' l / 1 +  i l / 2) 
in 1 71/ 2
— =  1 +  -----------------------------
in» 1'i'Mi -f- i l / 2

Following Barb’s notation:14 Mi/Mi =  x  and mi/nu =  
can be written as:

(-1)

n, this equation

(5)H  — 1 — »'/¿'(I +  l \ X ) / { \  +  fi'.C)
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Fig. 3. Copolymerization of styrene (Mi) with cinnamonitrile (Ma). Determination of 
ri and r /  by using eq. (6). n  =  2.2; n '  =  3.2.

or

n  =  [(»  -  l ) / x 2](l /n O  +  (n -  2)/x (6)

Accordingly, results were used to calculate n  and r/ by eq. (6) (Figs. 
3, 4, and 5).

In Figures 6, 7, and 8, m2 is plotted against M 2. The curves in these 
figures are calculated according to eq. (4), using tq and r /  values as obtained 
in Figures 3, 4, and 5.

The ri and r/ values for benzylidenemalononitrile are similar to those 
reported by Borrows et al.,2 i.e., n  =  0.1 and r /  =  1.44 as compared with 
ri =  0.125 and r /  =  1.25 in this work.

In the case of cinnamonitrile, no effect of the penultimate unit was re
ported by Borrows et ah, whereas for ethyl benzylidenecyanoacetate no 
reactivity ratios are given.
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Fig. 4. Copolymerization of styrene (Mi)  with benzvlideneinalononitrile (Me). Deter
mination of ri and r\ by using eq. (6). ri =  0.12b; r/  = 1.25.

A more extensive discussion on this point will be given further on.
The dependence of rates of polymerization and intrinsic viscosities on 

the composition of the various copolymer pairs may be summarized as 
follows.

(1) Styrene-ciimamonitrile: Both intrinsic viscosity and rate of poly
merization decrease with increasing comonomer content in the copolymer.

(2) Styrene-benzylidenemalononitrile: The intrinsic viscosity de
creases slightly, whereas the rate of polymerization increases with rising 
comonomer content.

(3) Styrene-ethyl benzylidenecyanoacetate: The intrinsic viscosity first 
decreases with increasing comonomer content, going through a minimum 
at in2 =  0.338. At higher comonomer concentrations, the effect is reversed. 
The rate of copolymerization, on the other hand, rises at the lower co
monomer concentrations, showing a maximum at approximately the com
position of the above minimum. With further increase of the comonomer 
concentration, the rate decreases.

(4) Styrene-atroponitrile: No general picture can be drawn.
These findings are generally in accordance with those of Borrows et al.,2 

save for a serious discrepancy for ethyl benzylidenecyanoacetate.
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Fig. 5. Copolymerization of styrene (Mi)  with ethyl benzylidenecyanoac.etate (M 2).
Determination of n and r/ by using eq. (6). r 1 = 0.3; r /  = 1.3.

This difference may be explained by the fact that Borrows worked up to 
relatively high conversions (14-25% ), but only up to 0.2 mole-fraction of 
il/2 in the monomer mixture.

For the interpretation of results, it may be assumed at first, that the 
known relationship rj-molecular weight for styrene;11

b ] =  4.57 X  1 0 -h l/0-6« (7)

is not seriously altered on introducing chain-substituted styrene comono
mers— at least when working at low proportions of v u : mi.

Now, molecular weight, as expressed in terms of average chain length, 
is in its most general form the ratio between the sums of propagation to 
termination rates.

The relative rate of growth is essentially a function of the sum of propa
gation rates, which in turn is determined12 by the following two main



COPOLYMERIZATION OP STYRENE 115

Fig. 6. Copolymerization of styrene (Mi)  with cinnamonitrile (Mo). Curve calculated 
from eq. (4) for ri = 2.2 and r /  = 3.2.

Fig. 7. Copolymerization of styrene (Mi)  with benzylidenemalononitrile (Ms). Curve 
calculated from eq. (4) for n =  0.125 and r/  = 1.25.

factors: (1) differences in resonance stabilization and (2) differences in
polarity between the two monomers.

The first factor may be neglected, due to the structural similarity between 
styrene and its derivatives.

The second factor arises by the introduction of strongly negative dipoles. 
Accordingly, relative rates of propagation for copolymerization may be 
arranged as follows:

Av (St +  I) <  (St +  III) <  (St T- 11)
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Fig. 8. Copolymerization of styrene (M, )  with ethyl benzylidenecyanoacetate (M .) 
Curve calculated from eq. (4) for n =  0.3 and r /  = .1.3.

where St denotes styrene and I, II, and III are the afore-mentioned co
monomers.

On the other hand, the rate of termination is depressed with increasing 
number of substituent dipole groups as well as by increasing bulkiness. 
As a result, relative rates of termination may be written as follows:

k t: (St +  I) >  (St +  II) >  (St +  III)

The empirical overall sequence for the average degree of polymerization is 
therefore:

(St T  I) <C (St -f- II) ^ (St T  III)

Melting Ranges

The melting ranges of these three copolymers are higher than those of 
polystyrene, which effect can be ascribed to the presence of dipole groups 
as well as to the bulkiness of the substituents on the side-chain.

Effect o f the Penultimate Unit

Barb14 and Ham 16 were the first to evaluate their experimental results 
by taking into account an effect of the penultimate unit in copolymerization 
by free radicals and to propose a general explanation for it. Now, with 
more practical examples available, a discussion on this subject seems to be 
indicated.

From the monomer pairs exhibiting such an effect it seems that a strong 
influence of the penultimate group exists whenever one monomer is strongly 
polar and the other one practically nonpolar. These monomers shall be 
called here P and N, respectively.
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When the P type monomer does not polymerize by itself, giving r2 =  
r2' =  0, the number of parameters is reduced to two, and thus the calcu
lations are easier to handle. In such a case, and also at low >-2 values, 
only the ratios and r/  of the enlarged scheme are left.

Now the effect indicates a diminished activity of the monomer P toward 
a free radical having P as its penultimate unit. Consequently

& N N N  , fcpN N
n  =  ------- <  n  =  -—

K N N P ftP N P

Ham16 proposed the use of the ratio ?T /ri as a measure of the relative 
repelling tendencies of polar monomers. One may assume that the rate 
of a neutral N adding to the chain should be hardly affected by the pen
ultimate unit

and thus

¿ N N N  —  f c p N N

T\  Ä p N N / f c p N P  ^  & N N P  ^  

/cnnn/^ nnp ftpNP
1

On the basis of these assumptions, Ham’s ratio rff/Vi may serve as a single 
quantitative expression for the effect of the penultimate unit.

In Table V  known data are compiled, thus allowing a comparison of 
magnitude of this ratio for various monomer pairs. The sequence of pairs 
in this table enables a further comparison between monomers having various 
substituent groups towards a common comonomer.

Although this repulsive effect is largely due to the polarity of the mole
cules, no simple relationship between this effect and the polarity of the 
molecules as expressed by the dipole moment of the monomer could be 
deduced.

Extreme examples, as fumaronitrile-styrene (n =  0; n'/ri =  14.3) versus 
acrylonitrile-styrene (p =  3.97; rff/Vi =  1.5), emphasize this fact.

Consequently, other factors have to be considered, such as the group 
moments of the substituents, their size, number, and place in the monomer, 
and the extent of orientation within the growing chain.
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Résumé

Le styrène a été copolymérisé en masse avec le nitrile einnamique (I), avec le 
nitrile benzylidène-malonique (II), avec le benzvlidene-cyanoacétate d’éthyle (III) et 
avec I’atroponitrile (IV ) à 80°C à faibles taux de conversion. Le schéma usuel de réaction 
de copolymérisation n’est vérifié que dans la paire styrène avec (IV). Le schéma 
cinétique des trois autres paires vérifie le schéma proposé par Barb, tenant compte de 
l’effet exercé par l’unité pénultième.

Zusammenfassung

Styrol wurde in Substanz mit Cmnamonitril(I), Benzylidenmalonitril(II), Äthyl- 
benzylidencyanoacetat(III) und Atropanitril(IV) bei 80°C zu niedrigem Umsatz 
copolymerisiert. Nur das Paar Styrol— (IV) entsprach dem üblichen Copolymer
isationsreaktionsschema. Die anderen drei Paare entsprachen dem von Barb vor
geschlagenen Schema, das den Einfluss der vorletzten Gruppe berücksichtigt.

Received February 1, 1963



JOURNAL OK POLYMER SCIENCE: PART A VOL. 2, PP. 123-130 (1064)

Mean Square Length of Random Polypeptide Chains 
and the Length of Protein Fibers

W. G. C R EW TH E R , Division of Protein Chemistry, C.S.I.R.O., Wool 
Research Laboratories, Parkville N2 (Melbourne), Victoria, Australia

Synopsis

Application of statistical mechanical theory gives the expression r2 = 27.9re — 20.3 
relating the mean square end-to-end length, r2, of a random polypeptide chain in the 
trans-form and n, the number of amino acid residues in the chain. The corresponding 
expressions for the cis and nonplanar forms are r 2 = 8.fin — 0.8 and r 2 =  15.5n — 4.S. 
respectively. The first of these equations has been used to obtain an expression for the 
fractional decrease in length of a crosslinked, aligned a-helical structure when it is 
converted to the random coil form. The assumptions made are that the crosslinkages 
undergo little lateral displacement and that the volume remains constant. The ex
pression so obtained is l/U =  {23.7n — 17.3 — [10y/la/l — 7] 2} n where 
I is the supercontracted length of the polypeptide fiber, f0 is its original length and n is 
the number of amino acid residues between crosslinkages.

Eyring1 has used the statistical mechanical theory to obtain an expression 
for the mean square length of a simple hydrocarbon chain in terms of the 
bond length, and bond angle, and the number of bonds in each chain. 
Wall2 has obtained an identical expression by a related procedure and ex
tended the theory to derive expressions for the mean square lengths of poly
mers of isoprene in the trans, cis, and random forms.

In obtaining a similar expression for the mean square length of random 
polypeptide chains greater complexity is encountered because, in addition 
to the planarity of the peptide group with its trans arrangement, there are 
three bond lengths and bond angles to consider. Haly and Feughelman,3 
having shown that supercontracted wool fibers behave as elastomers, 
applied the Eyring expression to calculate the frequency of crosslinking 
from the extent of supercontraction. For this purpose they used a simple 
model in which each amino acid residue was represented by a single link 
equal in length to the distance between the a-carbon atoms, with an angle 
of 110° between successive linkages, and assuming symmetrical rotation 
around each link.

This paper provides a more exact expression for the mean square dis
tance between the ends of a random polypeptide chain. The expression is 
applicable to chains containing relatively few amino-acid residues and is 
considered in relation to the contraction which takes place when a highly

123
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crosslinked fibrous protein in the «-helical conformation is converted to an 
elastomer.

The Mean Square End-to-End Length o f a Polypeptide Chain

Eyring1 has considered the bonds comprising a paraffin chain molecule 
to be vectors h, L, 13, etc. (Fig. 1), each of which can rotate freely around 
the adjacent bond at a constant angle of inclination, d, so that the vector 
joining the ends of the chain,

r =  h +  12 +  L +  • ■ • +  U

and

r2 =  L2 +  L2 +  ■ • • +  21,1» +  2I0I3 +  . ■ ■ +  2LL ~t~ 2LL

+  ■ • • +  21JB

Since all positions of 14 at an angle d to 13 are equally probable, the mean of 
14 for each position of 13 is a vector of magnitude 1 cos 6 in the direction of
13. The vector 13, in a similar manner, can assume with equal probability 
all positions at an angle 6 to 1> and this also applies to the mean of vector 14 
with respect to 13. The mean value of 13 with respect to 1> is then / cos d in 
the direction of L and the mean value of 14 with respect to !■> becomes l 
cos2 6 in the direction of L, and so on. It follows that the mean scalar 
products of L and 12, L and 13, and h and 14 are l2 cos 6, l2 cos2 6, and /2 cos3 6, 
respectively, and that for h and l„ is l2 cos(re-1)0. Hence

r2 =  nP +  2(n — 1 )P  cos 6 +  2 (n — 2)P cos2 6 +  . . .  +  2/2 cos1" ' 11 6 (1)

The validity of this procedure can be demonstrated trigonometrically. 
Thus it can be shown that in a three-dimensional chain consisting of links 
a,b,c, etc. at angles A,B,C  etc. to each other the distance, r, between the 
ends of the chain is given by

r2 = a2 +  62 +  c2 +  d2 +  . . .  +  2ab cos A  +  2be cos B  +  . . .
+  2ac cos A  cos B  +  2bd cos B  cos C +  . . .  +  2an cos A  cos B  cos C . ..

COS iV — (/l +  f i  +  / 3 +  . . .  +  f  (n—x>) (2)
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where ]\, / 2, etc., are functions all terms of which are multiples of the sines 
or cosines of the angles of rotation of b around a, c around b, d around c, etc. 
These angles are indicated by a, ¡3, etc., in Figure 1. The mean of r2 is 
then equal to the sum of the invariant term of eq. (2) minus the mean 
values of /i, / 2, etc. Since these means are obtained by substituting the 
mean values of sin a cos a sin ¡3 cos (3, etc., in these functions and as sin a, 
cos a, etc., all have mean values of zero, /i, / 2, etc., are also zero. For a 
chain with equal bond lengths and angles, therefore, we obtain the Eyring 
expression [eq. (1)].

We consider now a polypeptide chain A B O D E . . .  (Fig. 2) with vectors 
F, F, 13, etc. joining adjacent a-carbon atoms and making angles of co and 6  

with the Ca— C and N— C„ bonds, respectively. Each of these vectors 
can rotate around two of their constituent bonds, AB and CD for F, DE 
and FG for F, and so on. Hence if we fix F, 12 will lie on the surface of a cone 
with axis DE, and DE will in turn lie on the surface of a cone with axis 
CDO. Angle GD E is co, angle EDO is 7 , the bond angle at the a-carbon 
atom. Since the amide group is planar,4 the bond FG is at an angle 
(8 — co) to DE and rotates around it. For each position of I2, 1 3  can assume 
with equal probability all positions at an angle co to GH and GH in turn 
can assume with equal probability all positions at an angle 7  to FG. Then 
the mean of I3 for each position of I2 has a magnitude l cos co cos 7  in the 
direction FG and since FG is inclined to F at a constant angle, 6, the scalar 
product of 12 and F is /2 cos co cos 7  cos 9. Similarly for each position of 
li, FG can assume with equal probability all positions at an angle (9 — co) 
to DE which in turn can assume with equal probability all positions at an 
angle 7  to CDO. The scalar product of F and 13 is therefore V- cos co cos2 7  

cos (9 — co), cos 9 and by a like procedure that of F and F is l2 cos co cos3 7  

cos2 (6 — co) cos 9 and so on. Hence

r2 = (F +  F  +  • • • +  In)2
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and

r- =  nP +  21° cos co cos 7  cos 6 [(« — 1) +  (n — 2) cos 7  cos (9 — «)

+  (n — 3) cos2 7  cos2 (d — o)) +  . . .  +  cos (" ~ 2>7  cos (("~ 2>) (g — w)]

I 2  cos o) cos 7  cos 6 [ 1  — cos(" “ 1) 7  cos("~ 1) (9 — co)]l
=  nP < 1 + --------------------------------------------- --------- 7---------------------->

1 1  — cos 7  cos (9 — 0)) I

2P cos co cos 7  cos 6 
[1 — cos 7  cos (9 — co) ]2

¡ 1  - cos( , ,_ , , 7 Cos(b_ 1) (0 - m)

n (cos ' 1 7  cos" (9 -0 ) ) ) }
(3)

The bond lengths and bond angles along the polypeptide chain vary 
with the amino-acid residues comprising the chain; mean values must 
therefore be used. Corey and Pauling4 give the following mean dimensions 
for the planar amide group: Ca— C 1, 1.53 A .; C— N, 1.32 A .; X — C, 1.47 A .; 
bond angles at C„, 110°; at C, 114°; and at X, 123°. Bamford, Elliott, 
and Hanby5 suggest that 1210  may be a better value for the bond angle at X, 
but as this is not certain the values of Corey and Pauling have been adhered 
to. The corresponding values of I, 6, 7 , and co are then 3.80 A., 22°17/, 
70°, and 13°17', respectively. Substituting the appropriate values in 
eq. (3) and neglecting terms involving high powers of cos 7  we obtain

r- =  27.9n -  20.3 (4)

The approximations involved are negligible for values of n greater than 3. 
A similar expression is obtained by Wall’s2 procedure.

The cis form of the amide group can be treated in a similar manner. 
The general expression obtained differs from that in cq. (3) only in the 
substitution of (9 +  co) for (6 — to); different numerical values for / (2.75 A.), 
9 (62°33'), and co ((>0°27') must also be used. The expression for r2 then 
becomes

r  =  8.G n — 0.S

If on the other hand, the planar character of the amide group were 
destroyed, each bond could rotate freely around adjacent bonds. The 
general expression would then be

r2 =  n(a- +  b- +  c") +  2 n(a- cos a cos ¡3 cos 7

+  b'2 cos a cos p cos 7  +  c 2 cos a cos (3 cos 7  +  nh cos a

+  be cos p +  ac cos 7  +  ah cos (3 cos 7  +  be cos a cos 7

+  ac cos a cos p) /  ( 1  — cos a cos p cos 7 ) — 2  (a2 cos a cos p cos 7

+  b- cos a cos p cos 7  +  c- cos a cos p cos 7  +  ab cos2 a cos p cos 7

+  be cos a cos2 p cos 7  +  ac cos2 a cos2 p cos 7  +  ab cos p cos 7

+  be cos «  cos 7  -f- w  cos 7 ) / (  1 — cos a COS p cos y ) 2
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where a, b, and c are the lengths of the three bonds constituting the amide 
group and a, fl, and y  are the corresponding angles formed with the ad
jacent bonds when the bonds are produced. High powers of cos a, cos /S, 
and cos y  have been neglected in this expression. On making the ap
propriate substitutions we have

r- =  15.5?i — 4.8

The cis and nonplanar forms of polypeptide chains in particular would be 
expected to behave in a nonideal fashion because many possible positions 
of the chains would not permit free rotation round adjacent bonds. The 
values of d, y, and «  are such that little error is incurred by the approxi
mation used by Haly and Feughelman3 for the trans form. However a 
large error would be incurred if the cis form were treated in a similar manner.

Application to Fibrous Proteins with the «-Helical Conformation

If a fibrous protein consisting of aligned «-helices, crosslinked at intervals, 
is converted to an elastomer, the root-mean-square lengths of the sections 
of polypeptide chain between crosslinkages are related to the number of 
residues between cross-linkages by eq. (4) if the chains are not restricted in 
other ways. Unless extensive solvation took place, the chains would co
here due to interatomic attractive forces, temporary hydrogen bonds, and 
the so-called “ hydrophobic bonds.”  This would prevent randomization 
of the directions of the vectors joining adjacent crosslinkages along each 
chain, i.e., holes would not occur in large numbers.

The presence of crosslinkages imposes a further restriction on both 
lateral and longitudinal movement of the ends of the chain sections. Since 
each crosslinkage is connected to four sections of polypeptide chain any 
deviation of one of these chains from its mean length involves similar 
deviations of the other three chains from their respective mean lengths. 
The probability of such a deviation is the product of the probabilities for 
the four chains, and consequently, although the mean length of the chain 
sections is unaltered, the deviation from the mean would be greatly de
creased by incorporation of the chain sections in a crosslinked structure. 
Similarly the crosslinkages tend to move at right angles to the fiber axis 
in all directions with equal probability. This can occur only if the random 
lateral movements of the atoms and random changes in length of the four 
sections of chain are simultaneously favorable. In general, therefore the 
ends of the chain Sections will not deviate very greatly from their mean 
positions. We may therefore equate the fractional decrease in length of a 
polypeptide chain when it changes from the «-helical conformation to a 
random coil with the fractional decrease in the length of the protein fiber 
providing suitable corrections are made for nonalignment ol chain sections 
due to changes in the diameter of the fiber during contraction.

Flory,6 in dealing with the similar problems relating to synthetic poly
mers, has considered the total swelling of the fiber and made suitable 
corrections. However, many fibrous proteins have a complex histological
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structure, both cellular and subcellular. Consequently although isolated 
cells contract in much the same manner as the original fiber, swelling meas
urements on the fibers can give values which have no relation to the state of 
those portions of the fiber which originally occurred as aligned crystalline 
material. Under these circumstances the best correction that can be 
made is to assume that the volume of the crystalline portions of the fiber 
does not change during contraction and to correct for the disalignment of 
the ends of the sections of chain which results from the consequent increase 
in diameter of the fiber during contraction. Furthermore if, in the original 
fiber, the »-helices are aligned parallel to the fiber axis the crosslinkages, 
though sufficiently long to connect the perimeters of the adjacent helices, 
will not span the distance between the centers of the helices. Consequently, 
when a highly crosslinked fiber becomes elastomeric, the lines joining the 
ends of the sections of polypeptide chain between crosslinkages will be 
inclined to the axis of the fiber. To permit this the contraction of the 
fiber must be greater than that of the individual sections of polypeptide 
chain.

If the »-carbon atoms and an »-helix are projected on a cross section at 
right angles to the axis of the helix, the radius of the circle inscribing these 
points is approximately 2.35 A. If the a-carbon atoms bearing cross- 
linkages are distributed around this circle is a random fashion, and the 
chord subtending an angle d at the center represents the displacement of 
one end of a section of polypeptide chain, the mean value of this displace
ment will be

/ '
(2 X  2.352 -  2 X  2.352 cos 0)v

dd =  3.0 A.

In addition, if the volume does not change, the diameter of the fibrillar 
unit in the fiber will increase by a factor where l0 is the original
length and l the contracted length of the fiber; if the distance between the 
centers of adjacent helices in the original fibers is 10 A., one end of each 
polypeptide will be displaced by a mean distance of 10 [(k/l) — 1] A. 
because of the lateral swelling. Taking both effects into account, the 
mean lateral displacement of one end of each chain section will be approxi
mately 3 +  10 [(Zo/Z)1/2 — 1] A. The projection on the fiber axis of the 
line joining the ends of the chain section will then have a mean length of 
{c2(27.9n -  20.3) -  [10(Z0/Z)'/2 -  7]2} 1/2 A., where c =
The meridional repeat distance per amino acid residue for an »-helical 
structure as determined by x-ray diffraction is normally close to 1.5 A .4 
We may therefore write

l/lo =  {C 2(27.9n -  20.3) -  [10(Z0/Z)V2 -  7 ]2) ,/!/1 .5n (5)

For a random chain in which there is no restriction on bond angle the 
relationship between the mean and the root mean square is :6

Rn =  (SRn2/‘3ir) 1/2 =  0.92 (/¿„2) 1A
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Kuhn7 has shown that a similar relationship holds for a chain molecule 
with fixed bond angles provided that the chains are sufficiently long to 
give a Gaussian distribution of chain lengths. For short chains C would be 
larger or smaller whan 0.92 according as the mean deviation from the mean 
was greater or less than that for a Gaussian distribution. Substitution in 
eq. (5) gives

l/lo =  {23.7n -  17.3 -  [10(Z0/ 0 V! -  7]2} ,/2/1 .5 n (6)

The curve in Figure 3 relates l/U to n. It is noteworthy that when the 
value of n for an a-helical structure falls to a value of about 9 the conversion 
of the aligned helical structure to an elastomer would cause practically no

Fig. 3. Relationship between fractional length of a contracted polypeptide fiber and the 
number of residues between crosslinkages according to eq. (0).

change in length of the fiber. The expression in eq. (6) is only valid for 
structures in which the crosslinkages are evenly distributed along the chains. 
If the distribution were random an appropriate correction would be neces
sary.

The expression takes no account of residual attractive forces between 
the chains, of additional swelling due to solvation of the protein or of 
decreased contraction due to steric effects of the side-chain groups or of the 
main chains themselves. In due course an ideal solvent may be found in 
which these effects cancel each other out. Alternatively, the expression 
should prove useful for comparing extents of crosslinking in protein fibers. 
The expression has been applied to the supercontraction of keratin fibers.8
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Résumé

Une application de la théorie de mécanique statistique donne l ’expression r2 =  27.9 n  —
20.3 reliant r 2 le carré moyen de la distance entre extrémités d ’une chaîne statistique de 
polypeptide dans la forme “ tra n s”  et n  le nombre de groupes résiduaires amino-acides 
dans la chaîne. Les expressions correspondantes pour les formes “ c i s ”  et non-planaire 
sont respectivement r 2 =  8.6'», — 0.8 e t r 2 =  15.5n  — 4.8. La première de ces équations 
a été employée pour obtenir une expression de la diminution partielle de longueur de la 
structure «-hélicoïdale pontée lorsqu’elle est transformée en une pelote statistique. Les 
hypothèses faites sont d ’une part que les pontages subissent un léger déplacement 
latéral et d ’ autre part que le volume reste constant. L ’expression ainsi obtenue 
s’exprime par: l/U, =  ¡23.7™ — 17.3 — [10a/ Î J l  — 7 ]2} 1/ !/1.5™ où l est la longueur 
supercontractée de la fibre de polypeptide et la est sa longueur initiale et n  est le nombre 
de groupes amino-acides restant entre les pontages.

Zusammenfassung
Anwendung der statistisch mechanischen Theorie liefert die Beziehung r2 =  27,9» —

20.3 zwischen dem mittleren End-zu-End-Abstandsquadrat, r2, einer statistischen Poly
peptidkette in der irans-Form und n, der Zahl der Aminosäure reste in der Kette. Die 
entsprechenden Ausdrücke für die cis . und nicht-ebenem Formen sind r2 =  8 .6 »  — 0,8 
bzw. r 2 =  15,5n  — 4,8. Die erste dieser Gleichungen wurde zur Gewinnung eines Aus
druckes für die relative Längenabnahme einer vernetzten, ausgerichteten a-Helixstruktur 
bei der Umwandlung in die Form eines statistischen Knäuels verwendent. Dabei wird 
die Annhame gemacht, dass die Vernetzungsstellen nur eine geringe seitliche Verschie
bung erfahren und dass das Volumen konstant bleibt. Es wird der Ausdruck l/U 
=  ¡23,7™ — 17,3 — [ I0 y / u / l  — 7 ]2} ‘/ ' / l , 5 »  erhalten, wo l die Länge der superkontra
hierten Polypeptidfaser, U die ursprüngliche Länge und n  die Anzahl der Aminosäure
reste zwischen zwei Vernetzungsstellen ist.
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Crosslinkages in Wool Fibers and Their Relationship 
to the Two-Stage Supercontraction of Wool Fibers 

in Solutions of LiBr

W. G. CREWTHER, Division of Protein Chemistry, C.S.I.R.O., 
Wool Research Laboratories, Parkville N2 (Melbourne), Victoria, Australia

Synopsis
Rupture of a large proportion of the disulfide bonds of wool by reduction and methyla- 

tion has no effect on the extent of total supercontraction in solutions of LiBr at 98.5°C. 
Reduction and methylation of the disulfide bonds increases the extent of the first stage 
and decreases the extent of the second stage of supercontraction. N o two-stage phenom
enon is then observed at the normal extent of the first stage of supercontraction. The 
relationship between the extent of the first stage of supercontraetion and the content of 
residual disulfide bonds is that predicted b jr the statistical mechanical theory for a 
structure containing acid-labile crosslinkages at equal intervals of about 35 residues and 
disulfide crosslinkages at equal intervals of about 20 residues along the «-helices of the 
aligned structures. This is compared with the half-cystine content of the low sulfur 
protein fraction of the wool; approximately 1 residue in 18. Conversion of the disulfide 
bonds of wool into — SCH2C1LS—  crosslinkages causes a decrease in the extent of the 
second stage and total supercontraction but does not affect the extent of the first stage. 
The relationship between the extent of total supercontraetion, and the content of dithio- 
ethylene crosslinkages is almost identical with that observed for the first stage and disul
fide content in S-methyl wool samples. The disulfide and sulfydryl contents of wool are 
not altered by  supercontraetion at pH  6. It is concluded that the first stage of super
contraction of wool fibers in solutions of LiBr is due to the conversion of aligned «-helices 
into an elastomeric form, the extent of the first stage being restricted by disulfide and 
acid-labile crosslinkages. Further contratcion occurs during the second stage as a 
result of sulfydryl-disulfide interchange reactions which eliminate the restrictive in
fluence of the disulfide bonds. The final extent of supercontraetion is limited b y  acid- 
labile crosslinkages.

INTRODUCTION
Several model structures have been proposed to account for the two-stage 

supercontraetion of wool fibers in solutions of LiBr, first observed by Haly 
and Feughelman.1 This phenomenon, consisting of rapid contraction by 
an amount characteristic of the fiber followed by a slower second contrac
tion process, occurs with other animal fibers2 and under different contrac
tion conditions.3

Elod and Zahn4 have shown that after supercontraetion in solutions of 
phenol, wool has the properties of a rubber, and Haly and Feughelman1 re
ported a similar finding for wool supercontracted in solutions of LiBr once 
the first stage of supercontraetion was complete. On the basis of these
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data they suggested that the first stage results from the rupture of weak 
hydrogen bonds between aligned polypeptide chains which then become 
elastomeric. The second stage was attributed to the rupture of stronger 
hydrogen bonds permitting further contraction which they believed to be 
finally limited by disulfide crosslinkages. Haly, Feughelman, aud Griffith5 
later suggested that the stronger hydrogen bonds may involve tyrosine 
residues, but no unequivocal evidence for this could be obtained.6

The observation that Corriedale wool fibers supercontract by more than 
70% in 4M  LiBr/liV HC1, as compared with about 40% in solutions of LiBr 
at pH 6, led Crewther and Dowling3 to suggest that acid-labile bonds, rather 
than disulfide bonds, are responsible for limiting the extent, of supercontrac
tion in neutral solutions of LiBr at 98.5°C. Crewther and Dowling3 also 
found that the initial contraction in Oil/ Lil containing LV HC1 was fol
lowed by elongation of the fiber which subsequently again contracted; this 
was interpreted in terms of two contractile structures in the fiber. From a 
comparison of the elastic moduli of wool fibers which had been supercon- 
tracted to the end of the first and second stages, respectively, Feughelman 
and Haly7 concluded that these structures consist of “ zones”  of two types 
alternating along the microfibrils. This “ series-zone” model was proposed 
to replace their earlier model.

Crewther and Dowling8 have recently reported preliminary data showing 
that the extent of supercontraction of wool fibers in solutions of LiBr at 
98.5°C. is not limited by disulfide crosslinkages in the wool. Two hypothe
ses were considered to explain this fact: (/) that the contractile structures 
in wool are not crosslinked by disulfide bonds; {2) that disulfide bonds 
crosslinking polypeptide chains are broken and re-formed by a chain reaction 
such as sulfydry 1-disulfide interchange.9'10

The first of these alternatives was accepted, largely on the basis of 
the effects of iodination on the supercontraction of ¡S'-mcthyl wool. 
A model for the contractile structures of wool was proposed in which the 
cystine residues, which appear to be present in all major wool proteins, were 
grouped in a band of noncontractile material between two contractile zones 
in the microfibrils having differing thermostabilities in LiBr solutions. 
The additional data now available regarding iodination and its effects on 
supercontraction11'12 make it necessary to reconsider the original two alter
natives and critically examine the model. The experiments described are 
concerned largely with the properties of wool fibers in which the disulfide 
bonds have been converted to (8-methyl groups or —SCH2CH2S—  cross- 
linkages. Some of these results have already been reported in preliminary 
communications.8 ■13

MATERIALS AND METHODS
Two samples of Lincoln 36’s wool, designated A and B, were used. Wool A 

was identical with that used by Lindley14 in his experiments on the elastic 
properties of modified fibers. Wool B was from a single fleece (No. MW 
114). The wool, in each case, was cleaned by extraction three times with
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cold light petroleum (b.p. 55-70°C.), mice with cold ethanol, and several 
times with cold distilled water.

LiBr and ethylene dibromide were B.D.H. laboratory reagent, methyl 
iodide was Merck, pure chemical, other reagents were B.D.H. Analar re
agent. Thioglycollic acid was freshly distilled before use. The reduction 
and alkylation of the disulfide bonds of wool were carried out following the 
general procedure of Lindley.14 In experiments with repeated reduction 
and methylation, 5 g. of wool was gently shaken for 24 hr. at 20°C. with 150 
ml. of 0.54/ thioglycollic acid adjusted to pH 5.0 with NaOH. The wool 
was washed with 150-ml. aliquots of distilled water, ethanol, and again with 
water, then shaken under similar conditions with 150 ml., 0.14/ Na^HPCh 
containing 4 ml. of methyl iodide. This process of reduction and alkylation 
was repeated from one to four times. Wool A was used for these experi
ments.

In a similar series of experiments with wool B, 1,0-g. samples of wool were 
gently shaken for 18 hr. at 28°C. with 200-ml. aliquots of thioglycollate at 
pH 5.0 having concentrations varying from 0.005 to 1.04/. The wool was 
washed thoroughly in 200-ml. aliquots of water, ethanol, and again in water 
as above, then gently shaken with 1.0 ml. of methyl iodide or ethylene di
bromide in 50 ml. 0.14/ Xa2HP()4. The pH of the solutions fell from about
9.0 to 8.2 during alkylation. With both treatments the wool was washed 
alternately with ethanol and water six times to remove excess alkylating 
reagent. For each washing the wool remaided in the solvent for about 1 hr. 
Finally the wool was allowed to stand for 48 hr. in a large volume of distilled 
water and air-dried.

Disulfide and sulfydryl contents of the reduced and alkylated wools were 
determined by the methods of Leach.15 The wool samples were shaken with 
the MeHgl reagent for 24 hr. at 20°C. in each analysis. In order to ensure 
that traces of residual alkylating agents were not affecting the analyses, 
these were repeated after the wool samples had been again washed several 
times in ethanol and water and redried. The results were unchanged. 
For a few samples the method of Shinohara16 was also used for cystine 
analyses. Single fibers, mounted as for the normal supercontraction experi
ments and reduced and alkylated in aliquots of the same solutions as those 
used for the bulk samples, did not change in length. For convenience wool 
which was reduced and methylated will be referred to as S-methyl wool.

Unless otherwise specified, the solutions of LiBr used in supercontraction 
experiments were freed of Br2 by the addition of traces of Xa2S20 3.17 The 
changes in length of mounted wool fibers with time of immersion in the 
solution of LiBr were followed by the method already described.3 For the 
purpose of this investigation the extent of total contraction is defined as the 
supercontraction in unbuffered 84/ LiBr at 98.5°C. after the contraction 
had remained constant for 20 min. The extent of the first stage of super
contraction is arbitrarily defined as the supercontraction after treatment for 
18 hr. in unbuffered 84/ LiBr at 20 °C. The rate curves for supercontrac
tion of untreated or reduced and methylated fibers (Fig. 5) show that after
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this period the rate of supommtraction is insufficient, to cause significant, 
errors.

RESULTS
a. Disulfide and Sulfydryl Contents of Modified Wool

Table I lists the (SS +  SH) and SH contents of wool samples reduced 
in thioglycollate at pH 5 and treated with methyl iodide one to five times.

TA B L E  I
Disulfide and Sulfydryl Contents of Lincoln W ool (A ) After Repeated Reduction and

Méthylation“

Sample no.
Number of 
treatments

(SS +  SH), 
/miole/g.

(SH),
/nnole/g.

(SS),
^mole/g.

Extent of
supercontraction, %

First stageb Totalb

1 0 443 24 419 20.4 42.2
2 1 148 16 132 33.0 42 .0
3 2 94 21 73 38.1 42.4
4 3 69 18 51 40.9 41.9
5 5 39 11 28 41.4 41.9

“ Determinations by  the method of Leach.15 
b Mean values for six fibers.

TA B L E  II
Disulfide, Sulfydryl, and Dithioethylene Contents of Lincoln W ool (B ) after Reduction 

and Alkylation under Various Conditions“

Sample
no.

Thioglycollate 
concn. (pH  5), 

M
Alkylating

agent
(SS +  SH), 

jumole/g.
(SH ), (SS), (SCH 2CH 2S), 

uinole/g. /xmole/g. /mnole/g.b

6 Untreated — 409 20 389 ---- -

7 Nil CH:,I 404 11 393 —
8 Nil C,.H,Br, 409 IS 391 —
9 0.015 CH:,I 397 19 378 —

10 0.05 CH:,I 320 21 299 —
11. 0 .10 CTLI 261 IS 243 —
12 0.15 C H J 249 2 1 228 —
13 0.25 CH;,I 168 14 154 —
14 0.50 C H J 138 22 116 —
15 0.50 C H J 122 13 109 —
16 0.75 C H J 108 24 84 —
17 1.0 C H J 96 33 63 —
IS 0.015 C 2H 4Br2 421 21 400 0
19 0.05 C 2H 4Br2 390 32 358 25
20 0.15 C 2H 4Br2 367 45 322 55
21 0.25 C 2H 4B 1-. 307 25 285 105
22 0.50 C 2H 4Br2 208 45 163 214
23 0.50 C JL B r, 232 30 202 182
24 0.75 C 2H 4Br2 204 32 172 2 1 1

25 1.0 C 4H 4Br2 192 44 148 229

“ Mean values of three determinations by  the method of Leach.15 
b By difference.
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Table IT reports (SS +  SH) and SH contents together with 
the derived values for SS contents in the series of wool samples treated 
with various concentrations of thioglycollate at pH 5 and subsequently 
reacted with methyl iodide or ethylene dibromide. With fibers alkylated 
with the latter reagent the content of —SCI LCH2S— crosslinkages was as
sumed to be [SS +  SH]0 -  [SS +  SH]F +  >/2 ([SH]F -  
[SH]0) where the subscripts 0 and F refer to the original and final values, 
respectively. The elimination of air bubbles and dissolved oxygen affects 
the extent of reduction to a considerable extent and is probably the chief 
cause of variations between otherwise identical treatments in samples 14 
and 15, 22 and 23.

Disulfide and sulfydryl determinations were also carried out on samples 
of Corriedale 56’s wool before and after supercontraction for 15 min. at 
98.5°C. in QM LiBr, 0.14/ sodium succinate at pH 6.0 (Table III).

T A B L E  III
Effect of Supercontraction on the Sulfydryl and Disulfide Contents of W ool Fibers“

(SS +  SH) content, /miole/g.

W ool sample umole/g. Shinohara16 Leach15

Entreated 24.4 483 483
Supercontracted 21.8 475 486

“ Corriedale 56’ s wool supercontracted at 98.5°C. for 14 min. in 6M  LiBr at pH 6.0. 
The values are the means for two determinations.

b. Preliminary Test of the Earlier Model

If the suggestion8 that wool contains two disulfide-free contractile units 
were correct, the rupture of disulfide bonds should not affect greatly the 
relative rates and extents of the two stages of supercontraction. If, on 
the other hand, sulfydryl-disulfide interchange is involved, major changes 
would result from this modification of the wool.

Untreated fibers (A) and »S-methyl wool fibers (sample 2, Table I) were 
allowed to supercontract at 20°C. in a series of solutions of LiBr having 
concentrations ranging from 2.66 to 8.1/. The extent of contraction of 
each fiber was determined as a function of time of contraction over a total 
period of three days. In each solution most of the contraction occurred 
in the first few hours, and by the end of the three-day period the rate of 
contraction was negligible. Figure 1 shows that the change in slope which 
occurs near 20% contraction with untreated fibers is completely eliminated 
by reduction and méthylation. With »8-methyl wool no. 2 a similar change 
in slope occurs at about 32% contraction.

c. Effect of Reduction and Méthylation on the Extent of First Stage and
Total Supercontraction

Table I lists the disulfide content, the extent of the first stage, and the 
extent of total supercontraction for fibers which had been reduced and
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Fig. 1. Relationship between extent of supercontraction of Lincoln wool (A ) after 
3 days at 20°C. and concentration of LiBr: (• )  untreated fibers; ( X )  reduced and 
methylated fibers (no. 2).

Fig. 2. Effects of repeated reduction and méthylation on the extent of supercon- 
contrac.tion of wool fibers (A ) in 63 f LiBr at pH 6.1, 98.5°C .: (• )  untreated fibers; 
( X )  fibers reduced and methylated once (no. 2 ); ( +  ) fibers reduced and methylated 
three times (no. 4 ); (A ) fibers reduced and methylated five times (no. 5).
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Fig. 3. Effects of repeated reduction and methylation on the extent of supereontraetion 
of wool fibers (A ) in 4M  L iB r/L V  HC1 at 98.5°C .: (• )  untreated fibers; ( X )  fibers 
reduced and methylated once (no. 2); (A ) fibres reduced and methylated three times 
(no. 4).

methylated up to five times. Figures 2 and 3 show the effects of multiple 
reduction and methylation treatments on the rate curves for supercontrac
tion in 6M  LiBr at pH 6.1 and in 4M  LiBr/liV HC1, both at 98.5°C. 
Although the rate of supercontraction increased progressively as disulfide 
bonds were converted to <S-methyl groups (Figs. 2 and 3), there was no 
change in the extent of complete contraction even with 94% of the disulfide 
bonds broken. Once complete contraction was achieved at pH 6, the fibers 
remained at constant length for at least 30 min. The results were less 
definite in the acid solutions, as the slow contraction under these conditions 
made it difficult to decide whether or not contraction had ceased, but it is 
apparent that no large change occurred (Fig. 3). On the other hand, the 
extent of the first stage of supercontraction was increased by rupturing 
the disulfide bonds (Table I). This effect is reflected in the appearance of 
shelves in the rate curves for supercontraction of reduced and methylated 
fibers (Fig. 2) at extents of contraction much greater than is usual for 
untreated fibers.

Wool samples which were methylated after reduction with various con
centrations of thioglycollate at pH 5 provided the data in Figure 4. This 
figure includes data for a wool sample having a disulfide content of 28 g 
mole/g., which was reduced with 4M  thioglycollate and methylated, then 
again reduced with 4M  mercaptoethanol and again methylated. Each
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Fifi- 4- Relationships between ( X ) extent of first stage of supercontraction and residual 
disulfide content of reduced and methylated wool fibers and (• ) between total super- 
contraction and content of (— SCH2CH2S— ) crosslinkages. The theoretical relation
ship is shown by the entire line. The points refer to wool (B ).

point on the curve represents mean values for three determinations of 
disulfide content and for 12 determinations of extent of the first stage. 
In order to determine the position of the extremities of the curve with 
considerable certainty, eight determinations of the disulfide content of 
untreated fibers were carried out, and 20 measurements were made of the 
extent of total and first stage supercontraction of untreated fibers. The 
broken straight line shown in Figure 4 connects the mean values represent
ing these data. Data published in a preliminary communication10 were 
for single disulfide determinations and six determinations of the extent of 
first stage for each sample.

d. Relationship Between Content of — SGH2CH2S— Crosslinkages and 
the Extent of First Stage and Total Supercontraction

Rate curves for the supercontraction at 20°C. of fibers which had been 
reduced and crosslinked with ethylene dibromide (sample 22, Fig. 5) show 
that the extent of the first stage of supercontraction was not affected by 
this treatment. In addition the second stage of supercontraction at 
98.5°C. was retarded and the extent of total supercontraction was de
creased. This is illustrated in Figure 4. There is a striking coincidence 
between the curve relating first stage of supercontraction and disulfide 
content of »Si-methyl wool fibers and that relating — 8CH2CH2S— con-
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Fig. 5. Rate curves for the supercontraetion in unbuffered 8 3 / LiBr at 20°C. of (• )  
untreated fibers of wool (B ); ( X )  reduced and methylated fibers, sample no. 13; and 
( + )  reduced and crosslinked fibers, sample no. 22.

Fig. 6. Effect of treating wool fillers (B ) with methyl iodide in 0.1 M  ISfeHPOi on the 
rate of supercontraction in 63/ LiBr at pH 6.4: (• )  untreated; ( X )  treated.
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tent and the extent of total contraction for the crosslinked fibers. Re
peated reduction in 1.0A/ thioglycollate at pH 5 followed by treatment with 
ethylene dibromide did not increase the content of — SCH2CH2S— cross- 
linkages. As a result, no data are at present available concerning the be
havior of fibers in which more than 60% of the disulfide bonds have been 
replaced by more stable crosslinkages.

e. Effects of Alkylation Without Previous Reduction

Table II shows that treatment of wool fibers with methyl iodide or ethyl
ene dibromide without previous reduction had little effect on the disulfide 
content but caused a small decrease in the sulfydryl content. When those 
fibers were allowed to supercontract in 8M  LiBr at 98.5 or at 20°C. the 
extents of the first stage and complete contraction were unaltered by the 
alkylating treatment. However, there was some retardation of the second 
stage of supercontraction at 98.5°C. in 4Ai LiBr at pH 8 or in 6M  LiBr at 
pH 6.4 (Fig. 6).

DISCUSSION 

a. General Considerations

The importance of disulfide bonds in the supercontraction of keratinous 
fibers has already received considerable attention. Observations that hot 
solutions of reagents such as NaHS03,18 Xa2S,19 Xa2S20 4,20 and peracetic 
acid21 cause extensive supercontraction gave rise to the view that disulfide 
bonds must be broken before supercontraction can take place. However, 
observations by Elod and Zahn22’23 and Alexander21 that solutions of form- 
amide, phenols, or LiBr, can bring about supercontraction of keratin 
fibers without change in the disulfide content led to the view that reagents 
which directly or indirectly rupture hydrogen bonds may cause super
contraction without rupturing disulfide bonds. This was further supported 
by Beauregard, Brown, and Harris,24 who reported that reduction of wool 
and simultaneous crosslinking with ethylene dibromide did not affect the 
extent of supercontraction in LiBr solutions whereas supercontraction in 
boiling solutions of bisulfite was almost completely prevented by this 
treatment.

Figure 4 appears to be directly contradictory to the results reported by 
Beauregard, Brown, and Harris.24 However, the solutions of LiBr used 
by the earlier workers were apparently not freed from Br2. Consequently 
contraction in LiBr solutions (pH about 5) ceased at the end of the first 
stage of supercontraction17'1» when the fibers had shortened by some 13%. 
The first stage is unaltered in extent by reduction and crosslinking (Fig. 5), 
and it is not retarded by this treatment if concentrated solutions of LiBr 
are used. The conclusions of Beauregard, Brown, and Harris were there
fore correct if applied only to the first stage of supercontraction; they do 
not apply to complete contraction in solutions of LiBr.

For the same reason, Alexander’s21 work with supercontraction in solu
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tions of LiBr, including the effect of supercontraction on the disulfide 
content, was confined to the first stage. Table III shows that if disulfide 
bonds are ruptured during complete supercontraction in solutions of LiBr 
they either re-form, or the number broken is an insignificant fraction of the 
total disulfide.

On the other hand, the observation8 that reduction and methylation of a 
major fraction of the disulfide bonds does not affect the extent of total 
supercontraction (Fig. 2) demonstrates that disulfide bonds are not re
sponsible for limiting total supercontraction;* however, acid-labile bonds3 
impose such a limitation (cf. Figs. 2 and 3).

Roberts, Mandelkern, and Flory28 have shown that the length of syn
thetic polymer fibers in the elastomeric state is approximately propor
tional to n'/2, where n is the number of freely rotating links in the polymer 
chain between crosslinkages inserted while the polymer fiber is fully ex
tended. Hence, since supercontracted wool is elastomeric,1 and the di
sulfide bonds do not limit contraction though remaining unchanged in 
number, either the portions of the fiber responsible for supercontraction 
do not contain disulfide bonds or disulfide bonds in the contractile struc
tures are broken and re-formed during supercontraction.8

The results of Figure 1 show that the difference in rate of contraction 
during the first and second stages of supercontraction is not due to dif
ferences in thermostability of two disulfide-free contractile units in the 
fiber. Furthermore, the increase in extent of the first stage of supercon
traction with decrease in disulfide content of the fibers, and the decrease 
in total supercontraction when —SCH2CH2S— bonds replace disulfide 
bonds (Fig. 2 and Table IV) provide convincing evidence that disulfide 
bonds occur in the contractile portions of the fiber and limit the first stage 
of supercontraction.

On the other hand, evidence is accumulating that the rate of supercon
traction, particularly in the second stage, is limited by an interchange 
reaction between sulfydryl and disulfide groups. Burley9 has shown that 
reaction of the sulfydryl groups of wool with iV-ethylmaleimide decreases 
the rate of supercontraction in solutions of phenol, and Crewther and 
Dowling10 have made a similar observation for supercontraction in solu-

* This general conclusion can be drawn only if two requirements are satisfied. ( I )  
Sufficient disulfide bonds must be ruptured to ensure that disulfide bonds in the aligned 
structures of the fiber have been broken. In the present experiments up to 94%  of the 
disulfide bonds of wool were broken (Table I). ( 2 )  Under conditions known to give
total contraction of untreated wool fibers (811/ LiBr at temperatures near 100°C.) the 
modified fibers must contract to a length which remains constant for a considerable 
period of time. N o conclusion can be drawn if solution of protein within the fiber 
leads to elongation immediately following contraction, since the maximum extent of 
supercontraction is then determined by  the relative rates of two opposing reactions . 3 ' 1 4 ' 26 

The reduced and methylated fibers used in these experiments satisfy both requirements 
(Fig. 2). Reduced fibers, 8 fibers oxidized with peracetic acid , 11 or reduced and carboxy- 
methylated fibers, which elongate rapidly immediately after contraction at 98.5°C ., 
are unsuitable. This may reflect differences in the solubilities of the corresponding pro
tein derivatives . 26 27
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T A B L E  IV
Qualitative Effects of Reduction and Alkylation on the Supercontraction of Lincoln

W ool Fibers

T  reat ment

Effects on extent of supercontraction

First stage Complete Second stage

Reduction and
methylation Increased Unchanged Decreased

Reduction and
crosslinking Unchanged Decreased Decreased

tions of LiBr. Retardation of the second stage of supercontraction by 
free Br2 in the LiBr,10 or by iodination,5'11 nitration,29 or treatment with 
dilute peracetic acid11 find a ready explanation in terms of the interchange 
reaction.

In addition, tire present paper shows that methylation of sulfydryl groups 
of wool causes a retardation of the second stage of supercontraction (Fig. 
6) and that methylation following reduction also emphasizes the two- 
stage effect provided there is a net decrease in sulfpdryl content as a result 
of the treatment (Fig. 2). The conversion of disulfide bonds to —SCH2- 
CHoS— linkages also retards the second stage of supercontraction30 as 
would be expected if sulfydryl-disulfide interchange is the rate-limiting 
process in this stage. There can be no reasonable doubt, therefore, that 
the second stage of supercontraction at pH values near neutrality is the 
result of an interchange reaction between sulfydryl and disulfide groups.

Figure 4 is remarkable for tile close correspondence between the results 
relating disulfide content and first stage for the reduced and methylated 
fibers and those relating dithioethylenc crosslinkages and total contraction 
in the crosslinked fibers. It would be extraordinary if this were merely 
coincidence. These results would be predicted from the conclusions arrived 
at above only if the disulfide bonds in the aligned structures of the fibers 
were reduced by approximately the same fractional amount as those in 
the non-aligned structures. Also, it would be necessary for the ethylene 
dibromide to act almost quantitatively as a bifunctional reagent rather 
than as a monofunctional reagent. Gillespie and Springell31 have, in fact, 
shown that the fractional reduction of disulfide bonds in the low sulfur 
proteins of wool approximates that in the high sulfur proteins.

b. Model for (he Aligned Structures of Wool

From the foregoing discussion it is obvious that the previous model 
proposed by Crewther and Dowling8 for the aligned structures of wool was 
incorrect. The model proposed for the matrix of the fiber may still be 
essentially correct. It is now possible to propose a much simpler model 
which accounts for the available data. This model consists of polypeptide 
chains in the form of a-helicos, in parallel or near-parallel alignment, and 
crosslinked at intervals with disulfide and acid-labile bonds. Evidence
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is presented elsewhere that these acid-labile bonds are covalent.30 During 
the first stage of supercontraction this aligned structure is converted to 
an elastomer, the extent of contraction being limited by the covalent cross- 
linkages (disulfide and acid-labile). The second stage of supercontraction 
consists in further randomization of the polypeptide chains facilitated by 
interchange reactions between the disulfide crosslinkages and groups such 
as —SH, —S_ , —S+, or —S', depending on the pH and other conditions. 
In boiling solutions of LiBr containing HC1 more extensive supercontrac
tion occurs as a result of hydrolysis of the acid-labile crosslinkages.

The elastomeric character of the fiber,1 the disappearance of the x-ray 
pattern,32 and the accessibility of the amide hydrogen atoms for exchange 
with deuterium,7 once the first stage of supercontraction is complete, are 
all necessary consequences of the model.

c. Quantitative Aspects of the Model
Because of the elastomeric properties of supercontracted wool fibers,1-4 

they can be considered in terms of the theories developed for random poly
mers. From the expression for the mean end-to-end length of a random 
polypeptide chain eq. (1) is obtained :33

l/lo =  {23.7n -  17.3 -  [10(7o/Z)1/2 -  7]*}1' ,/1.5n (1)

where h> is the original length of the fiber with the aligned proteins in the 
form of «-helices, l is the length of the fiber after supercontraction, and n 
is the number of amino-acid residues between crosslinkages.

By substitution of the appropriate values of l/lu for the first, stage and 
total supercontraction in eq. (1) (0.794 and 0.530, respectively) we obtain 
for n the values 15 and 35, respectively. The calculated value for the 
number of amino-acid residues between the acid-labile crosslinkages is 
therefore 35, and the corresponding value for the number of residues be
tween disulfide crosslinkages is 27.

It is not yet certain which of the soluble proteins of wool is derived from 
the aligned crystalline portions of the fiber, but the evidence strongly favors 
the low sulfur proteins. Amino-acid analysis of this protein fraction from 
Lincoln B, gave a value of 1 half-cystine residue in about 18 amino-acid 
residues,34 which is in as good agreement with the calculated values as 
can be expected.

If values of 35 and 27 are taken to be the correct values of n for the acid- 
labile and disulfide crosslinkages, respectively, and if we assume that di
sulfides in all structures are equally reactive with reducing agents and that 
the crosslinkages are spaced evenly along the chains in all samples, the 
expected extent of the first stage of supercontraction is related to the 
residual disulfide content by the unbroken curve in Figure 4, which fits 
the data more closely than the straight line, also shown. The assumption 
of even spacing of crosslinkages is certainly unwarranted for the reduced 
and methylated fibers and probably also for the untreated fibers. For a 
certain mean value of a, the extent of supercontraction would be increased
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BONDS

ACID LABILE i 
BONDS

11 9 20 6 14

----1------------- 1—i----

20 1

Fig. 7. Diagrammatic arrangement of disulfide and acid-labile bonds along a poly
peptide chain. Disulfide bonds are at equal intervals of 20 residues, acid-labile bonds 
at equal intervals of 3o residues. Numerals indicate the number of residues in sections 
of free chain.

with increasing irregularity in the arrangement of crosslinkages along the 
chains. It follows that if the bonds are irregularly arranged in the un
treated fiber, the value of n for the disulfide bonds will be less than 27.

If, for example, the acid-labile bonds repeat along the peptide chains 
at equal intervals of 35 residues and if the disulfide bonds also repeat at 
equal intervals, the calculated value for the first stage of supercontraction 
would most nearly approach the experimental value (20.6%) if there were 
1 half-cystine residue in 20 residues arranged as shown in Figure 7. The 
calculated extent of the first stage for this model is 19.6%. The theoretical 
curve relating residLial disulfide content and extent of the first stage of 
contraction (Fig. 4) would not be noticeably affected by using this model in 
place of one having equally spaced crosslinkages.

d. Other Models

Although Feughelman and Haly35 have confirmed some of the data on 
which Crewther and Dowling13 based the model discussed in this paper and 
consider that the model does not conflict with the available information, 
they prefer a model consisting of zones of two types alternating along the 
fiber, the “ series-zone” model. Originally these zones were considered to 
exist in the microfibrils;7 more recently,35 the matrix has been considered 
as a possible location. The “ X  zones”  were considered to contract during 
the first stage of contraction and the “ Y zones” during the second stage, 
the lengths of the two zones being in the same ratio as the extents of con
traction in the two stage's.

In order to account for the disappearance of the x'-ray diffraction pat
tern32 and for the complete deuteration of the peptide imino groups7 once 
the first stage of supercontraction is complete, Feughelman and Haly35 
postulate the presence of bonds which are stable to concentrated LiBr 
solutions but which “ melt”  when the temperature is raised, so giving rise 
to the second stage of supercontraction. They suggest that in solutions 
of LiBr at room temperature these bonds hold the Y zones in their original 
dimensions alt hough the «-helices are disrupted.

Figures 1, 4, and 5 show that the effects of these “ melting bonds” dis
appear when the disulfide bonds are removed. Hence the most convincing 
model would be one in which the melting bonds are disulfide groups, the 
process of melting consisting of the interchange reaction. The effects of
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temperature on the rate of the second stage of supercontraction are con
sistent with this view. With the Lincoln wool used in these experiments 
almost complete contraction is obtained in 48 hr. at 45°C., and even at 
20°C. the rate is measurable (Fig. 5).

If the zones were situated in the microfibrils, sufficient crosslinks would 
be needed in the Y  zones to prevent contraction during the first stage. 
For the random coil form of the polypeptide to have about the same length 
as the a-helical form one crosslink would be required about every 9 resi
dues.33 A structure in which the disulfide bonds were restricted to the 
Y  zones in which they occurred every ninth residue and with lengths of 
the two zones in the same ratio as the extents of the two stages of contrac
tion7 (about 1:1.3) would, in fact, give a mean cystine content consistent 
with the low sulfur protein fraction of wool. However the other basic 
requirement for this model to be satisfactory—that the elastic moduli of 
the X  and Y  zones in the contracted form are approximately equal7—would 
not apply for two elastomers having such a major difference in extent of 
crosslinking. The model is therefore untenable.

If, on the other hand the zones were considered to exist in the matrix, a sim
ilar problem arises; the Y zones having been set by the interchange reaction 
in a shorter form would resist extension as effectively as they resisted con
traction. Hence a major difference would be expected in the elastic moduli 
of the two zones. In addition, the following stipulations would be neces
sary : that the microfibrils are firmly attached to the matrix by bonds which 
are stable to concentrated LiBr solutions but not disulfide in nature (or 
that such bonds occur in the Y  zones which are then attached to the micro
fibrils by disulfide bonds); that the considerable cystine content of the low 
sulfur proteins of the fiber is restricted to noncontractile sections of the 
microfibrils; that rupture of disulfide bonds by reduction occurs prefer
entially at the extremities of the Y  zones; and that although the Y  zones 
are sufficiently rigid in the LiBr solutions to prevent contraction they are 
much weaker than the microfibrils when the fibers are immersed in water.36

Only the original data on which Crewther and Dowling3 first postulated 
the existence of two contractile units appears at first sight to be more 
easily explained by the “ series-zone” model. This observation, that Cor- 
riedale fibers heated in 64/ L i l / lN  HC1 contract, elongate, and again con
tract, is evidence of two structures only if the first contraction corresponds 
with that of the first stage of supercontraction. Recent experiments30 
show that the fibers had contracted to an extent greater than the first stage 
of contraction before elongation intervened under these conditions. The 
elongation is probably due to osmotic swelling due to solution of protein and 
consequent imbibition of water. This explanation was proposed pre- 
viously3 for elongation to lengths greater than the original following con
traction. Haly and Swanepoel37 have made similar proposals.

It is therefore difficult to reconcile the “ series-zone” model with experi
mental fact, whereas the model presented here is both simple and com
patible with experimental data.
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Résumé

La rupture d ’une grande partie des liens disulfures de la laine, par réduction et méthyla
tion n ’a pas d ’effet sur le degré de supercontraction totale dans des solutions de LiBr à 
98.5°. La réduction et la méthylation des liens disulfures augmentent le degré de la 
première étape et diminuent le degré de la seconde étape de supercontraction. On 
n ’observe pas de phénomène en deux étapes à un degré normal du premier stade de super
contraction. La relation entre le degré du premier stade de supercontraction et le taux 
de liens disulfures résiduels est celle prévue par la théorie de la mécanique statistique pour 
une structure renfermant des pontages labiles aux acides situés à des intervalles égaux 
d ’environ 35 liens résiduels et des pontages disulfures à des intervalles égaux à environ 20 
liens résiduels le long des hélices-alpha des structures alignées. Ceci est comparé aux 
taux en demi-cystine de la fraction protéinique faible en soufre de la laine: environ 1
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lien résiduel sur IS. La conversion des liens disulfures de la laine en ramification 
— SCHoCLLS—  occasionne une diminution du degré du second stade de la supercontrac
tion totale mais n ’affecte pas le degré du premier. La relation entre le degré de super
contraction tot ale et le taux de ramifications dithioéthylènes est à peu près identique à 
celle observée pour le premier stade et la teneur en disulture dans des échantillons de laine 
S-méthylée. Le taux de disulfure et de sulphydryle de la laine n ’est pas altéré par la 
supercontraction à pH  Ci. On en conclut que le premier stade de supercontraction des 
fibres de laine dans des solutions de LiBr est dû à la conversion des hélices-alpha alignées 
en une forme élastomère, le degré de ce premier stade étant limité par les pontages disul
fures et les pontages labiles aux acides. La contraction ultérieure a lieu pendant 
la seconde étape comme étant le résultat des réactions d ’échange sulphydryle-di- 
sulfurc (pii éliminent l ’ influence limitative des liens disulfures. Le degré final de 
supercontraction est limité par des pontages labiles aux acides.

Zusammenfassung

Die Spaltung eines grossen Teils der Disulfidbindungen in Wolle durch Reduktion und 
Methylierung hat auf das Ausmass der gesamten Superkontraktion in LiBr-Lösungen bei 
98,5°C keinen Einfuss. Reduktion und Methylierung der Disulfidbindungen erhöht das 
Ausmass der ersten Stufe der Superkontraktion und setzt das der zweiten Stufe herab. 
Es wird dann beim normalen Ausmass der ersten Stufe der Superkontraktion kein Zwei- 
Stufen-Phänomen beobachtet. Die Beziehung zwischen dem Ausmass der ersten Super
kontraktionsstufe und dem Gehalt an restlichen Disulfidbindungen entspricht dem von 
der statistisch-mechanischen Theorie für eine Struktur mit säureempfindlichen Vernetz 
zungen im gleichmässigen Abstand von etwa 35 Resten und mit Disulfidvernetzungen 
im gleichmässigen Abstand von etwa 20 Resten entlang der «-H elix der ausgerichteten 
Struktur geforderten. Das wird mit dem Halb-Cystingehalt der schwefelarmen Protein
fraktion der Wolle, etwa 1 Rest auf 18, verglichen. Umwandlung der Disulfidbindungen 
der Wolle in — SCLLCILS—  Vernetzungen verursacht eine Abnahme des Ausmasses 
der zweiten Stufe und der totalen Superkontraktion, lässt aber das Ausmass der ersten 
Stufe unbeeinflusst. Die Beziehung zwischen dem Ausmass der totalen Superkontrak
tion und dem Gehalt an Dithioäthylenvernetzungen ist fast mit der zwischen erster 
Stufe und Disulfidgehalt bei S-M ethylwolle-Proben beobachteten identisch. Der 
Disuliid- und Sulfhydrylgeha.lt von W olle wird durch Superkontraktion bei pH  (i nicht 
geändert. Man kom m t zu dem Schluss, dass die erste Superkontraktionsstufe von W oll- 
fasern in LiBr-Lösungen auf die Umwandlung ausgerichteter «-H elices in eine elastomere 
Form zurückzuführen ist; das Ausmass der ersten Stufe ist durch Disuliid und säure
empfindliche Vernetzungen begrenzt. Weitere Kontraktion in der zweiten Stufe; erfolgt 
durch Sulfhydryl-Disulfid-Austauschreaktionen, welche den beschränkenden Einfluss 
der Disulfidbindungen eliminieren. Das Gesamtausmass der Superkontraktion ist 
durch säureempfindliche Vernetzungen begrenzt.
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Covalent Acid-Labile Crosslinkages in Wool

W. G. CREWTHER, Division of Protein Chemistry, C.S.I.R.O., Wool Re
search Laboratories Parkville, N2 (Melbourne), Victoria, Australia

Synopsis

The extent of the first stage of supercontraction of wool fibers in 8M  LiBr (20°C .) was 
unaltered by  the incorporation of 1N  HC1 in the solutions, whereas the extent of total 
supercontraction (98.5°C .) was greatly increased by  the presence of HC1 in the LiBr 
solutions. Likewise, with reduced and methylated wool, the relationship between the 
extent of the first stage of supercontraction and the content of residual disulfide was not 
affected by the presence of HC1 in the solutions. When reduced and methylated wool 
fibers containing few residual disulfide groups were allowed to supercontract in solutions 
containing 8Af LiBr and varying concentrations of HC1, the fibers contracted rapidly 
until the extent of total supercontraction in neutral solutions was approached. The 
rate then changed suddenly and became directly proportional to the concentration of 
acid in the solutions. Extensive supercontraction was observed also in alkaline solu
tions of LiBr if carboxyl groups of the reduced and methylated fibers were first ethylated 
to decrease the solubility of the wool proteins. Cortical cells, which were prepared by 
digesting reduced and methylated wool with crude trypsin, resembled whole wool in 
their behavior. It was concluded that wool contains covalent crosslinkages which are 
hydrolyzed by acids and alkalies. Evidence is presented that these bonds are stabilized 
by  disulfide crosslinkages. The possibility that disulfide interchange takes place during 
supercontraction in solutions of L iB r-H C l is discussed.

INTRODUCTION

Crewther and Dowling1 have shown that the extent of supercontraction 
of wool fibers in solutions of LiBr at 98.5°C. is dependent on the hydrogen 
ion concentration of the solutions. In near-neutral solutions of LiBr at 
this temperature Corriedale fibers contract by about 40%; in 4M  LiBr 
containing IN  HC1 the contraction exceeds 70%. It is significant that the 
only other treatment reported to give supercontraction of comparable 
extent2 involved oxidation of the wool v ith C102 followed by boiling in dilute 
acid solutions; the wool contracted by 62%.

Three general hypotheses can be considered to account for the greater 
extent of supercontraction which is observed when HC1 is incorporated in 
the LiBr solutions.

(1) The presence of acid causes polypeptide chains containing a given 
number of residues to assume a shorter end-to-end length than they do in 
LiBr solutions containing no acid.

(2) Supercontraction in neutral solutions of LiBr is limited by histological 
components of the fiber other than the contractile structures, such as inter-
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Fig. 1. Supercoritraction of ethylated S-methyl wool fibers (B ) in alkaline solutions of
LiBr.

complete. Similar effects have been recorded with alkaline solutions of 
phenol.7 As solution of the wool proteins is greatly enhanced by the in
crease in negative charge which results from increasing the pH,8 the masking 
of carboxyl groups by ethylation presented a possible means of preventing 
solution. »S'-Methyl Lincoln wool (no. 17) was treated for 25 daysat28°C. 
with anhydrous ethanol containing sufficient concentrated HC1 to make 
the solution O.lil/ in HC1. After correction for the S-methyl content, the 
wool contained (155 /zequiv. ethyoxyl/g. (total carboxyl content 1682 
jumole/g., Table 111). With 6M  LiBr at pH 6 or AM LiBr at pH 8-8.5 
this modification of the wool caused a marked decrease in the rate of super
contraction.9 If as Crewther and Dowling10 have suggested, the effect of 
LiBr solutions on fibrous proteins is due at least in part to increasing net 
negative charge resulting from preferential anion adsorption, this effect of 
ethylation could be due to the marked decrease in the number of negative 
charges on the proteins; consequently higher concentrations of LiBr might 
be expected to overcome the effect. Accordingly, the ethylated S-methyl 
wool was allowed to contract at 98.5°C. in 8M LiBr containing NaOH in 
concentrations ranging from 5 X 10-4 to 1 X 10~2M. Figure 1 compares 
the rate curves with those obtained using 4il/ LiBr containing 0.1M NaoBAb 
and 8M  LiBr containing no added alkali. The retardation of contraction 
in 4M  LiBr at about 30% contraction did not occur in 8M  LiBr, and the 
extent of contraction in M I LiBr was increased by the incorporation of 
alkali in the LiBr solutions.



152 W. G. CREWTIIER

b. Supercontraction of Cortical Cells

A sample of >S'-methyl wool no. 17 was treated for 3 hr. at 40°C. in a 5% 
solution of crude trypsin (Difco 1:250) at pH 8 using a liquor ratio of 
100:1. After thorough washing, the residues readily disintegrated when 
rubbed with a flattened rod on the bottom of a beaker containing water. 
The cell suspension was decanted from the larger debris and a heavy sus
pension of cells prepared after further washing. Aliquots of the suspension 
were then added to solutions of LiBr at 40°C. to give final concentrations of 
7M  LiBr and of 7.1/ LiBr/l.V HC1. Drops from the original suspension

TA B L E  I
Supercontraction of Cortical Cells

Tim e of treatment 
at 40°C., min.

Extent of supercontraction, %

Cort ical cells“ W hole fibersb

7M  LiBr 7M  L iB r /1 A' HC1 7M  LiBr 7M  L iB r/lA r HC1

45 44 .7 56.2 42.2 49.5
90 49.3 60.4 42 .2 54.2

120 4S.2 62.2 42.2 55.8

• Means of thirty cells. 
b Means for two fibers.

and from the LiBr solutions taken at intervals of time were cooled, ex
amined microscopically, and the length of 30 individual cells measured by 
means of an eye-piece scale. From the mean values the extents of super
contraction could be calculated. The results are listed in Table I. In this 
experiment supercontraction in the acid solution was not taken to comple
tion.

c. Rate Curves for Supercontraction in Salt Solutions Containing Acid

Lincoln wool fibers (A, no. 1, — SS— content 419 /tmole/g.), were allowed 
to supercontract in Gil/ L iI/lA r HC1 at 98.5°C. and their lengths measured 
at intervals of time. Figure 2 shows that the fibers contracted rapidly by 
about 40% then, after a period during which the length remained almost 
constant, contraction recommenced and continued until the total contrac
tion exceeded 70%. Curves are also provided for ¿»-methyl wool samples 
2 and 4, containing 132 and 51 Mmole disulfide/g., respectively.4 With 
these fibers, contraction was more rapid at all levels, but the initial rapid 
contraction was not greatly increased in extent. On the other hand, with 
untreated fibers contracting in 4M  LiBr/lW  HC1, there is an easily ob
served change in rate at about 20% contraction but no similar change in 
rate near 40% contraction (Fig. 2). The extent of total supercontraction 
of untreated Lincoln fibers from fleece A, in unacidified 8.1/ LiBr, was 42%.
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Fig. 2. Supercontraction of Lincoln wool fibers (A ) and S-methyl wool fibers (A ) at 
98.5°C .: (• )  untreated fibers, 6 1 / L il /l .Y  HC1; ( +  ) reduced and methylated fibers, 
6.1/ L il /L Y  HC1; (A ) fibers three times reduced and methylated, 6M  L il /l .Y  HC1; 
( X ) untreated fibers, 4M  L iB r/l.V  HC1.

d. Rate of Supercontraction of Modified Fibers in 4M LiBr/LV HC1

Three samples of wool were modified as described by Lindley11 as follows: 
(1) reduced 24 hr. in 0.5.1/ thioglycollate at pH 5 and treated with methyl 
iodide in 0.1 il/ Na2H P04; (2) reduced as above and treated with ethylene 
dibromide in O.lili Na2H P04; (3) treated as in (2) then reduced again 
24 hr. in O.oM  thioglycollate at pH 11 and again treated with ethylene 
dibromide. The disulfide contents of these fibers are listed in Table II. 
Figure 3 shows rate curves for the supercontraction of these fibers at 98.5°C. 
in AM LiBr/lvV HC1 and in AM LiBr at pH 8.2. The pPI of the solutions

T A B L E  II
Disulfide +  Sulfydryl Contents of Lincoln W ool (A ) After Reduction and Alkylation“

(SS +  SH),
No. Alkylating agent jumole/g.

1 None 425
2 M ethyl iodide 174
3 Ethylene dibromide 20S
4 As 3, reduced pH 11, alkylated 80

ethylene dibromide.

» The wool was reduced at 20°C. with 0 .54/ thioglycollate at pH 5.0 before alkylation.
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TIME (MIN)
Fig. 3. Supercontraction of modified wool fibers (A ) at 98.5°C. (------- ) in 4M  LiBr

at pH  8.2 and (- - )  in 4M  L iB r/l.V  HC1: (• )  untreated fibers; ( X )  once reduced and 
crosslinked fibers; ( +  ) twice reduced and crosslinked fibers; (A ) reduced and methyl
ated fiber.

had little effect on the relative initial rates of contraction of the three 
modified fibers (Fig. 3). However, with prolonged treatment of each type 
of fiber the final extent of contraction in 4ili LiBr/liV HC1 was much 
greater than in 471/ LiBr at pH 8.2. The rates of supercontraction of the 
untreated fibers at pH 8.2 and in liV HC1 differed greatly (Fig. 3).

e. Extent of the First Stage of Supercontraction in Acid Solutions of LiBr

The rate curves of Figure 4 illustrate the effect of residual disulfide content 
on the supercontraction of S-methyl fibers in 8M  LiBr/LV HC1 at 20°C. 
Untreated wool fibers containing about 400 gmole disulfide/g. contracted 
by about 20% (mean of 8 fibers, 20.6%) over a period of a few hours, then 
contracted no further in the ensuing 3 days. With decreasing disulfide 
content the rate and extent of the first stage of supercontraction increased. 
Figure 5 shows that the relationship between the extent of the first stage 
and the disulfide content of these fibers was identical with that observed 
previously for supercontraction of fibers from the same wool sample in 8M 
LiBr containing no acid (pH ca. 5).4

Although the curves in Figure 4 all show a sharp transition from the first 
stage to a negligible or very small rate in the second stage of supercontrac
tion, the rate of this slow process varied considerably over the range of modi-
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Fig. 4. Rate curves for the supercontraction of S-methyl wool fibers (B ) at 20°C. in 
84 / L iB r/lA ’ HC1. Numerals on the curves indicate residual disulphide contents in 
Minole/g.

Fig. 5. Relationship between the extent of first stage supercontraction and the 
residual disulfide content of S-methyl wool fibers (B ) in 8 4 / L iB r /lA  HC1. The curve 
indicates the corresponding relationship obtained using 8 4 / LiBr containing no acid.4
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fied fibers. Untreated fibers did not contract at a measurable rate at 20°C. 
once the first stage was complete; fibers containing only 63 ^mole 
disulfide/g. contracted during the second stage by about 0.5%/hr. for sev
eral hours, the rate then decreasing slowly as contraction proceeded.

f. Effect of Acid Concentration on Rate of Supercontraction

aS-Methyl wool fibers from sample no. 17 were allowed to supercontract 
at 40°C. in solutions of 8M LiBr containing HC1 varying in concentration

Fig. 6. Rate curves for supercontraction at 40°C. of S-methyl wool (no. 17) in 8M  LiBr 
containing HC1. The acid concentrations are indicated.

Fig. 7. Relationship between the acid concentration and rate of supercontraction of 
S-methyl wool (no. 17) in 8M  L iB r/H C l at 40°C. after completion of first stage. Inset 
is a tenfold magnification of the curve near the origin.
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from 0.00231V to 2.3iV. The first stage of contraction was complete 
in a few minutes (Fig. 6) at about 42% contraction; a slower contraction 
then ensued, the rate of which depended on the concentration of acid 
used. Figure 7 shows that there was a good rectilinear relationship be
tween this rate and the acid concentration over the v hole range of acid con
centrations. With solutions containing low concentrations of HC1 the 
rate was constant within experimental error for several hours; with the 
three highest concentrations it wras necessary to take the slope of a tangent 
to the curve at a point corresponding with completion of the first stage of 
contraction (42%) as a measure of rate. In addition there were marked 
differences in the rates of the first stage of contraction (Fig. 6), the minimum 
rate being observed with 0.0461V HC1.

g. Effect of Residual Disulfide Bonds on Stability of the Acid-Labile
Crosslinkages

Untreated fibers and S-methyl fibers (no. 17) were mounted in the usual 
manner but using a tube fitted at the base with a side-tube through which

TIME (MIN)
Fig. 8. Effect of residual disulfide content on the rate of supercontraction of wool 

fibers (B ) in 8M  L iB r/H C l. Arrows indicate the time at which 8 M  LiBr at 98.5°C. 
was replaced by  8M  L iB r/H C l at 40°C .: (• )  untreated fibers, 0.115iV HC1; (O) S -  
methyl fibers (no. 17), 0.115A HC1; ( +  ) S-methyl fibers (no. 17), 0.51V HC1; ( X )  
¿(-methyl fibers (no. 17), O.otV HC1, not pretreated 8M  LiBr.
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the LiBr solution could be removed by suction. The fibers were then su- 
percontracted almost completely at 98.5°C. in 8M  LiBr containing no acid. 
The LiBr solution was then sucked off, the fibers quickly rinsed at 40° C. 
with 8M  LiBr containing 0.5 or 0.115N HC1, and the rinsing solutions im
mediately replaced with an aliquot of the same solution at 40°C. This 
temperature was chosen because the rates of contraction could be meas
ured conveniently under these conditions. Figure 8 shows that untreated 
fibers contracted very slowly if at all in the LiBr/HCl solutions, whereas 
»8-methyl fibers with few remaining disulfide bonds contracted at rates com
parable with those recorded in Figures 6 and 7.

In other experiments at a final temperature of 98.5°C. the rates of con
traction of the (S-metliyl wool fibers were correspondingly greater, whereas 
with untreated fibers, supercontracted by 42% before immersing the fiber 
in the acid solution, there was an increase to 46% contraction within 2 
min. followed by elongation to 42% contraction and a subsequent very slow 
contraction.

DISCUSSION

a. Peptide Chain Configuration

In acid solution a random polypeptide chain would be expected to be
have as a positively charged polyelectrolyte. As the net charge increased, 
the protein would tend to extend isotropically in the manner observed with 
synthetic polyelectrolytes12 and also with the residues from extracted 
wool.13 Hence side-chain ionization does not provide a satisfactory ex
planation for the increase in supercontraction when HC1 is incorporated 
in the LiBr solutions bringing about contraction. Furthermore, this sug
gestion cannot explain the results in Figure 7.

However, reaction of protons with the main chains could cause a de
crease in the mean end-to-end length of random peptide chains in two ways: 
(1) extensive protonation of the amido nitrogen atoms would eliminate the 
double-bond character of the adjacent C— N bond so converting a high 
proportion of the trans amide groups to the nonplanar form; (2) the for
mation of a few such nonplanar amide groups could catalyze the conversion 
of planar amide groups from the trans to the cis form.

The expression for the mean square end-to-end length of a trans peptide 
chain is 27.9n — 20.3, where n is the number of residues in the chain.3 
The corresponding expressions for the nonplanar and cis forms are 15.5« —
4.8 and 8.6« — 0.8, respectively.3 Hence conversion of the trans form to 
the cis or nonplanar forms would result in length decreases of about 45% 
and 25% respectively. The observed decrease in contracted length of 
both Lincoln and Corriedale fibers due to the presence of acid in the LiBr 
solutions, about 50%, is in reasonable agreement with a trans-cis conver
sion. Apart from the lack of reasonable agreement between the calculated 
and observed length changes, the conversion of a large proportion of the 
planar amide groups to the nonplanar form can be rejected as an explana
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tion for the shortening of the polypeptide chains on the same ground as 
other hypotheses based on ionization of a major proportion of one type of 
group in the protein (see below).

The trans-cis transformation, on the other hand, would involve ioniza
tion of only a small fraction of the amide groups and so cannot be rejected 
on the basis of Figures 4, 6, and 7. However, four reasons can be listed 
for rejecting this suggestion. (I) Alkaline solutions of LiBr like acid 
solutions, cause more extensive contraction of the fibers than near-neutral 
solutions (Fig. 1) provided solution of the proteins is prevented. Alkaline 
conditions would be expected to lessen any tendency to form nonplanar 
amide groups and so to stabilize the trans form of the peptide linkage; hence 
extensive supercontraction in alkaline solutions would not be expected 
from the trans-cis hypothesis. (2) There is no apparent reason why disul
fide crosslinkages should retard amide ionization or the resultant trans-cis 
conversion (Figs. 4 and 8). (3) X-ray diffraction, dipole, and infrared
studies of several synthetic peptides have shown that the peptide linkage is 
planar and in the trans configuration. The evidence, which is reviewed by 
Corey and Pauling14 indicates that the trans form is more stable than the 
cis form by some 2 kcal./mole. The only recorded exception to this ap
pears to be poly-L-proline,15 which is believed to undergo a reversible 
trans-cis transformation catalyzed by strong acids. However, in aqueous 
solution the trans form predominates, and the cis form is obtained only by 
decreasing the polarity of the solvent; it appears to be stabilized by the 
formation of a right-handed helix. (4) There is no evidence that peptides 
obtained by acid hydrolysis of proteins differ from peptides with the same 
sequence obtained by synthetic processes or enzymatic hydrolysis.

Attempts to obtain further direct evidence regarding this possibility by 
infrared spectroscopy or polarimetry proved unsuccessful. Sections of 
horse hair giving infrared spectra were no longer amenable after treatment 
with LiBr/HCl solutions while the insolubility of the various low sulfur 
wool protein derivatives in 8M  LiBr containing HC1 precluded polarimet- 
ric experiments.

b. Histological Effects
There is also good reason to reject the proposal that the effect of acid in 

the LiBr solutions results from an attack on histological structures in the 
fiber other than the aligned material within the cortical cells. Table II 
shows that cortical cells from N-methyl wool contracted more extensively 
in 7M  LiBr/liV FIC1 than in 7M  LiBr, the differences being comparable 
with those observed with whole fibers. As cortical cells prepared in this 
manner are largely free from cell walls,16 we may conclude that the struc
ture modified by the acid lies within the cell. This does not prove that 
histological structures have no influence on the extent of supercontraction. 
Cortical cells usually contract further than the fibers from which they arc; 
prepared and although this is due chiefly to preferential separation of cells 
from the ortho-cortex there may be other effects also.
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c. Acid-Labile Bonds

The third alternative, that acid-labile crosslinkages in the contractile 
structures of the fiber arc ruptured by the acid, provides the most reason
able explanation for the results. Some conclusions can be drawn concern
ing the chemical nature of these crosslinkages. The supercontraction of 
wool fibers in neutral solutions of LiBr takes place in two stages,17 the 
fibers being elastomeric once the first stage is complete. Evidence has 
been presented elsewhere418 that the first stage of supercontraction result
ing from the conversion of an orderly array of a-helices to an elastomer is 
limited in extent by disulfide crosslinkages. During the second stage of 
supercontraction sulfydryl-disulfide interchange permits further randomi
zation of the chains and hence, further contraction. This accounts for 
the observation1’4 that the extent of total supercontraction is almost com
pletely independent of the disulfide content of the fibers.

With S-methyl wool fibers containing very few disulfide bonds the acid- 
labile bonds are chiefly responsible for limiting the extent of the first stage 
of supercontraction in near-neutral solution whereas both disulfide and 
acid-labile bonds limit the extent of supercontraction in untreated fibers. 
Consequently the rupture of acid-labile bonds before or during the first 
stage of supercontraction would alter the relationship between the extent of 
the first stage of contraction and the disulfide content. If the contractile 
structures of the fiber consist of aligned polypeptide chains crosslinked by 
both disulfide and acid-labile crosslinkages,4'18 the rupture of acid-labile 
crosslinkages before or during the first stage of supercontraction would 
cause an increase in the extent of the first stage of contraction with both 
untreated and (S-methyl fibers, though quantitatively the effects would 
differ.

As ionic interactions would be eliminated as soon as the acid penetrated 
the fiber, major changes in the extent of the first stage of contraction would 
be expected when acid was incorporated in the LiBr solutions if the acid- 
labile bonds were ionic in nature. Figure 5 shows that the relationships 
between extent of the first stage of supercontraction and disulfide content 
in acid and neutral solutions of LiBr were identical. This indicates that 
the acid-labile bonds are covalent. The rate curves for supercontraction 
of reduced and crosslinked fibers (Fig. 3) and (S-methyl fibers (Fig. 4) 
in LiBr/HCl solutions provide confirmatory evidence of their covalent 
nature. Thus the extent of the first stage of contraction for the cross
linked fiber is independent of the presence of acid in the LiBr solutions even 
at 98.5°C. (Fig. 3). On the other hand, (S-methyl fibers with small di
sulfide contents continued to contract slowly after the first stage of super
contraction was complete (Fig. 4). This suggests that the acid is re
sponsible for an additional time-dependent reaction in these fibers. Further 
evidence that the reaction with acid is dependent on time and acid con
centration is provided by the effects of acid concentration on the super
contraction rate curves (Fig. 6). Figure 7 shows that the rate of the con
traction caused by the incorporation of HC1 in the LiBr solution is directly
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proportional to the acid concentration over a wide range of concentrations. 
The acid therefore has a catalytic effect such as occurs in acid hydrolysis 
of amides, esters, etc.

Furthermore, by estimating the numbers of residual acid-labile bonds 
in the £-methyl wool at different times of contraction using the expression 
developed for a random polypeptide structure3’4 it can be shown that the 
points relating time and In L, where L is the number of residual acid- 
labile bonds per unit weight of contractile material, fall near a straight 
line. Hence the hydrolysis as measured by extent of contraction ap
proximates to a first-order reaction. This result, together with the recti
linear relationship between acid concentration and rate (Fig. 7), means that 
the effect of acid on the length of the fiber is triggered by the rupture of 
a single acid-labile bond.

The minimum observed for the rate of the initial contraction of S- 
rnethyl wool in 8M  LiBr containing 0.0454/ HC1 (Fig. 6) may well be due to 
preferential adsorption of anions10 with consequent lowering of the iso
electric point of the wool proteins. It is apparent that the rate of the 
initial contraction to about 40% has no relationship with the rate of sub
sequent contraction.

d. Reactivity of Acid-Labile Covalent Crosslinkages
Figures 4 and 8 show that once the first stage of supercontraction in solu

tions of LiBr-HCl is complete, the rate of the ensuing contraction depends 
partly on the disulfide content of the fibers; the presence of large numbers 
of disulfide crosslinkages hinders the hydrolysis of the acid-labile cross- 
linkages even though the fiber is in the elastomeric state. Preliminary su
percontraction of the fibers in near-neutral LiBr solutions has little effect 
on the rate of subsequent contraction in LiBr-HCl solutions (Fig. 8). 
The effect is therefore not attributable to the formation or presence of 
ordered structures in the fiber.

The stabilization by disulfide bonds is to be expected in terms of the 
explanation provided for the two stages of supercontraction of wool fi
bers.4'18 During the second stage of supercontraction, sulfydryl-disulfide 
interchange permits the polypeptide chains to assume more probable forms 
and so contraction proceeds. At the same time the positions of the disul
fide crosslinkages are changed and when contraction is complete the di
sulfide bonds would be arranged in the manner expected if they had been 
inserted in the fiber after contraction had proceeded to the limit imposed 
by the acid-labile bonds. If now the acid-labile crosslinkages were slowly 
hydrolyzed, the disulfide bonds would again begin to limit contraction. 
In addition they would lessen very considerably the strain on the acid- 
labile crosslinkages due to thermal vibration of the chains. Consequently 
rupture of disulfide bonds by converting them to ¿’-methyl groups would 
be expected to accelerate hydrolysis of acid-labile crosslinkages. A 
similar argument applies to fibers which have undergone only the first 
stage of supercontraction (Fig. 4). This stabilization by disulfide bonds
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suggests that the disulfide bonds and the acid-labile covalent bonds form 
crosslinkages in the same network.

e. Chemical Nature and Location of the Acid-Labile Bonds
There is at present no direct evidence regarding the chemical nature of 

the acid-labile bonds. The observation that almost complete conversion 
of the disulfide bonds of Lincoln wool to ¿»-methyl groups has no significant 
effect on the extent of total supercontraction4'19 eliminates the possibility 
that the large supercontraction in acid solutions is due to acid catalysis 
of disulfide interchange. Furthermore, random hydrolysis of peptide 
linkages is not responsible for the effect, since pretreatment of wool fibers 
with HC1 solutions under widely different conditions did not increase the 
extent of supercontraction in LiBr solutions at pH 6 or at pH 8.2.20 For 
this and other reasons it seems unlikely that the HC1 is increasing the ex
tent of contraction by rupturing main-chain peptide linkages. This sug
gests that the wool fiber contains crosslinkages, other than disulfides, 
which are hydrolyzed by acids or alkalies. These crosslinkages probably 
occur between the aligned polypeptide chains constituting the contractile 
structures of the fiber.

Recently it has been suggested that collagen contains both ester21 and 
amide22 crosslinkages formed by linking the side-chains of aspartic and/or 
glutamic acid residues with either hydroxyl groups of hydroxyproline, ser
ine or threonine side chains or with the amino groups of lysine residues. 
In wool, ester crosslinkages are more probable than amide crosslinkages, 
since the lysine residues can be recovered almost quantitatively as the 
e-iV-DNP derivative23 and the basic side-chain groups can be accounted 
for quantitatively by the uptake of anionic dyes.24 On the other hand, 
not all of the acidic side-chain groups of wool can be esterified by treatment 
with anhydrous ethanol/HCl.25

From supercontraction data it has been calculated4 that Lincoln wool 
contains some three acid-labile crosslinkages for every four disulfide 
crosslinkages in the aligned structures of the fiber. If we assume that these 
structures are formed from the low sulfur proteins, which constitute about 
60% of the fiber and contain approximately 400 ¿uncle half-cystine/g.,26 
there would be approximately 200 ¿¿mole disulfide/g. and hence about 150 
¿¿mole of acid-labile crosslinkages/g. of low sulfur protein. If the high 
sulfur proteins do not contain similar crosslinkages the content of acid- 
labile crosslinkages in the whole fiber would be about 90 ¿¿rnole/g.

Amino-acid analyses,27 titration data,28 and measurements of isoelectric 
points are not sufficiently accurate to disprove or suggest the presence of 
90 ¿¿mole of ester groups in a total of 1682 acidic, 1708 basic (Table III), 
and about 60 acetyl groups29/g. of wool. On the other hand, as esters 
are generally more susceptible to alkaline than to acid hydrolysis, the ob
servation that ethylated wool supercontracts in 8M LiBr containing 1 
X 10~3M NaOH by more than 60% (Fig. 1) favors the view that esters 
are present; acid at an equal concentration in 8M  LiBr has no comparable
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TABLE III
Basic and Acidic Amino Acid Content of Lincoln Wool (B) (24 hr. Hydrolyzatefi

Amino acid

Basic amino acids Acidic amino acids

%  Total N Mmole/g. %j Total N Mmole/g.

Lysine 2.23 X 2 271
Arginine 5.00 X 4 607
Amide 6.84 830
Aspartic acid 5.07 615
Glutamic acid 8.79 1067
Total .14.07 1708 13.86 1682

a Amide was estimated by the method of Leach and Parkhill.39 Histidine/3 content 
was 0.53% of total N, nitrogen content, 16.99%.

effect on the rate of supercontraction at levels of contraction exceeding 
50%.

The stabilization of the acid-labile bonds by disulfide bonds (Fig. 8) 
suggests that disulfide and acid-labile covalent bonds occur in closely re
lated positions within the aligned structures of the fiber. On the other 
hand the ready extraction of wool proteins in reagents which rupture disul
fide disulfide bonds under conditions which would not be expected to rup
ture the acid-labile bonds26'30 suggests that disulfide bonds occur in sites 
from which acid-labile bonds are absent. For example, in the model for 
the microfibril purposed by Fraser, MacRae, and Rogers,31 restriction of 
acid-labile bonds to linkages between the two or three peptide chains form
ing the protofibrils would permit extraction of double or triple chain mole
cules once sufficient of the disulfide bonds connecting the protofibrils had 
been broken. If these soluble protein molecules have a molecular weight of 
about 60,00032 and a half-cystine content of about 400 ¿umole/g., we would 
expect some 12 disulfide and 9 acid-labile bonds per molecule. Rupture 
of up to eight of these acid-labile bonds could give rise to more than 500 
molecular species with identical amino-acid compositions and molecular 
weights. This may contribute to the spectrum of protein species observed 
by Thompson and O’Donnell26 during chromatography of the low sulfur 
proteins of wool on DEAE-cellulose.

f. Mechanisms Associated with Different Stages o f Supercontraction in 
Solutions o f LiBr Containing Acid

Since the extent of the first stage of supercontraction in LiBr/HCl solu
tions is equal to that obtained in near-neutral solution and is limited by 
disulfide bonds (Fig. 5), it is almost certainly caused by the disordering of 
aligned polypeptide chains.4-17 There is evidence that sulfydryl-disulfide 
interchange, which affects the rate of the first stage19 and is responsible 
for the second stage of supercontraction4 in near-neutral solutions does not 
occur to an appreciable extent in acid solutions: reaction of the sulfy- 
dryl groups of the fibers with W-ethylmaleimide,33 oxidation with perace
tic acid or iodine,19-34 and the presence of free bromine in the solutions
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of LiBr,33 which retard the second stage of contraction at pH 6, have no 
retarding effect on the supercontraction in acid and in some instances ac
celerate the contraction slightly. Figure 3 shows that fibers in which the 
disulfide bonds have been largely converted to S-methyl or —SCH2CH2S— 
groups contract in solutions of LiBr at a rate which is unaffected by the 
presence of HC1. Untreated fibers, on the other hand, contract much 
more slowly in the acid solutions than in neutral solutions of LiBr, pre
sumably because sulfydryl-disulfide interchange does not proceed at an 
appreciable rate in solutions containing acid.35 This relationship between 
sulfydryl-disulfide interchange and the rate, but not the extent, of the 
first stage of supercontraction has been explained already19 in terms of 
a plastic matrix, parallel with the microfibrils, the viscosity of the matrix 
being determined in part by sulfydryl-disulfide interchange reactions.

However, Figure 2 shows that the rate curve for the supercontraction 
of Lincoln fibers in 6M  Lil containing IN  HC1 has a pronounced shelf 
corresponding approximately with the extent of total contraction in neutral 
LiBr solutions (42%). Since the helix-random coil transition occurs even 
more readily in solutions of Lil than in solutions of LiBr,36 it seems probable 
that the Lil also accelerates either acid-catalyzed disulfide interchange or 
the hydrolysis of acid-labile bonds. In this way the change in rate which 
occurs at about 20% contraction in 4M  LiBr/UV HC1 (Fig. 2) could be 
obscured. The rate curves for S-methyl fibers in 6M  L il/liV  HC1 show 
a relatively small increase in the level of the initial rapid contraction but 
an acceleration of the ensuing contraction. This suggests that in solutions 
of Lil the initial contraction of about 40% included randomization of chains 
together with disulfide interchange. The observation that the extent 
of total supercontraction in 4M  LiBr/LV HC1 at 98.5°C. is not appreciably 
altered by converting disulfide groups to »S-methyl groups4'19 also suggests 
that disulfide interchange occurs in LiBr-HCl solutions. The hydrolysis 
of acid-labile crosslinkages would then give rise to a third stage of contrac
tion though all three processes may take place simultaneously to some 
extent.

It is generally considered that disulfide interchange takes place in acid 
solutions only when high concentrations of acid are used.35 However, if 
as Benesch and Benesch37 suggest, this reaction takes place by interchange 
between disulfide groups and —S+ formed by the reaction

H+ +  —SS—  ^  — S+ +  — SH

the concentration of —S+, and hence the rate of interchange should be 
approximately proportional to the hydrogen ion activity. However, this 
may be affected by the presence of other ions,35 and in addition the reac
tivity of disulfide groups in proteins can be greatly increased by converting 
the ordered structure to a random coil. This has been demonstrated 
for the reaction of the disulfide bonds of wool with alkali.38 Hence di
sulfide interchange may contribute in an important manner to supercon
traction in solutions of LiBr containing acid.
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CONCLUSION

The evidence suggests that wool contains covalent crosslinkages other 
than disulfide bonds. The process of supercontraction in solutions of 
LiBr containing HC1 appears to consist primarily of the conversion of an 
ordered aligned structure to an elastomer, followed by further randomi
zation of the polypeptide chains made possible by disulfide interchange 
and the hydrolysis of these covalent crosslinkages.
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A Scattered-Light Study of Linear Polyethylenes

CARL J. STACY and RAYMOND L. ARNETT, Research and Development 
Department, Phillips Petroleum Company, Bartlesville, Oklahoma

Synopsis

A  scattered-light photometer particularly adapted to high temperature work has been 
designed and constructed. Among the desirable features are constant monitoring of the 
primary beam, placement of photodetectors outside the heated zone, output proportional 
to ratio of outputs of matched detectors, thus to Rayleigh’s ratio, insensitivity of output 
readings to light absorption by the solution, temperature control from room temperature 
to 150°C. The geometrical factors affecting output readings have been analyzed and the 
instrument calibrated using several standards. Techniques developed for hot solution 
clarification and the measurement with good precision of weight-average molecular 
weights of ethylene polymers are described. The results for several typical unbranched 
Marlex polyethylenes are given covering the range 80,000-170,000. Depending on the 
polymer, the ratio weight-average to number-average varies from 10 to 16 for whole 
polymer. The «-average molecular weights estimated from the mean-square molecular 
radii are used to estimate M J M w ratios.

I. INTRODUCTION

Light-scattering techniques are now widely used in the determination 
of weight-average molecular weights of high polymers,1 and a number of 
applications to polyethylenes of various types have been reported.2-16 
One notes that the precision for these applications usually falls short of that 
generally obtainable from the technique. This lack of precision is probably 
a result of working above room temperature both in the preparation of 
clarified solutions and in instrumentation.

Weight-average molecular weights of polyethylene are useful alone 
for a partial characterization of the polymer and, in conjunction with 
number-average molecular weights from other techniques, give an indica
tion of distribution breadth. Light-scattering data, including second 
virial coefficients and mean square molecular radii, are valuable in polymer 
structure studies. The value of these parameters is sometimes limited 
by the precision of the data. Indeed it is often a major problem in light
scattering work even at room temperature to obtain sufficiently dust-free 
solutions, and to develop proper instruments for the precision desired. 
We felt however that that level of precision obtainable at room temperature 
should alse be possible at polyethylene solution temperatures. The objec
tive of this work was development of techniques to obtain such precision 
with polytehylene solutions.

167
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II. EXPERIMENTAL 

Instrumentation

The scattered-light photometer used for this work was developed in our 
laboratory. A block diagram of the equipment is shown in Figure 1. 
The various optical elements are numbered one through eighteen, and the 
electrical elements are labeled as to function.

The light source (1) is an air-cooled high pressure mercury lamp, BH-6, 
manufactured by the General Electric Company. The light assembly 
is mounted in an aluminum box through which air is drawn to be vented 
outside of the laboratory. A Fiberglas liner reduces air jet noise.

Light passes through a hole in the side of the box and thence through 
an interference filter (2). Wavelengths of 4050, 4358, 5460, or 5780 A. 
can be isolated by interchangeable filters at this position. An achromatic 
lens (3) focuses an image of the source at the position of the circular 
limiting aperture (6). Apertures (4) and (6) together determine the total 
flux in the primary beam. A Polaroid disc may be placed in the beam at 
position (5) when desired.

An achromatic lens (8) focuses an image of aperture (6) at the center of the 
cell. Apertures (7 ), ( 9 ) ,  ( 1 0 ) ,  and ( 1 1 )  placed in the light path minimize 
stray light pickup. To avoid introduction of sti’ay light by scattering from 
an aperture surface, ( 1 0 )  and ( 1 1 )  are nonlimiting. All optical elements 
(1) through (8) are mounted on a rigid optical bench, and are enclosed in 
tubing coated with flat black.

A cylindrical, light-scattering cell of the Witnauer type16 is cemented 
with an epoxy resin to a ring with guide pins which optically align the 
cell on a cell table at the center of a light-tight, cylindrical chamber. 
The chamber serves as an electrically heated air bath with regulated heat 
input to maintain the cell temperature constant up to 150°C.

The primary beam, after passing through the cell and out of the cell

Fig. 1. Block diagram of the light-scattering instrument.
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chamber, encounters an attenuator, which reduces the intensity to ap
proximately the same level as that in the scattered beam. Similar matched 
light detectors can then be used.

This attenuator consists of two elements (16) and (17), each containing 
two optical glass wedges with a wedge angle of 10°. The wedges are 
so positioned that only the front surface reflection passes through the 
system; the remainder is eventually absorbed. In element (16) the two 
front faces are parallel and each set at the polarizing angle, 33°, to the optic 
axis. This assembly is permanently positioned around the beam axis 
at an angle of 45° from either the vertically or horizontally polarized 
component of the beam so that it attenuates both equally. The output 
beam from (16) is thus totally polarized perpendicular to the incident 
plane of this element. Element (17) is of similar design, but with the front 
wedge faces set at 45° to the optic axis. The incident plane of (17) is at 
90° to that of (16) to give maximum attenuation.

The overall attenuation factor was calculated to be 8.13 X 10- 7  for 
unpolarized incident light. Further attenuation, though not normally 
necessary, is available by use of one of three neutral filters (18). This 
arrangement furnishes light to the face of the primary beam photomultiplier 
which is always polarized in the same direction no matter what the state 
of polarization of the primary beam. Effects caused by photomultiplier 
response to polarization are thus eliminated.

Light scattered from the cell is picked up by a periscope and reflected 
out of the hot cell compartment. The periscope consists of prisms (12), 
(14), and (15), and lens (13) which collimates the light to the detector. 
The solution can be kept at elevated temperature while the photomultipliers 
are isolated from heat at all times. The periscope can be rotated about the 
cell axis by a motor driven gear train. The angular position of the periscope 
is read directly from a Veeder counter.

The electronic circuit consists of two similar light detectors, a ratio 
circuit, and servo loop which drives an indicator dial and recorder circuit. 
The detectors are end-on photomultiplier tubes, RCA type 6217, with the 
outputs coupled to Ri and R 2 through cathode follower circuits to give a 
stable, low impedance output. This type photomultiplier was chosen 
for its relatively constant response with wavelength.

The 120-cycle modulation of the light allows use of alternating current 
circuits, and eliminates dark current of the photomultipliers. Ri and R 2 

are matched, precision potentiometer circuits calibrated to 0 .0 1 %  full 
scale. The servo circuitry was designed to operate R 2 with zero signal at
T. Cathode followers are also used in coupling to T because of their stability. 
Provisions were made to switch Ri to accept the output voltage of the 
scattered-beam detector as does R 2; a control balances the circuit so that 
the R 2 dial comes to the same reading as the Ri dial. Thus when Ri is 
switched to the scattered-beam detector the ratio R2/R i is proportional to 
the ratio of scattered light to transmitted light and thus to Rayleigh’s 
ratio. Ri is normally operated at full scale ( 1 .0 0 0 0 ).
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This instrument not only compensates for light source fluctuations 
as do other instruments using ratio circuits1 7  but also eliminates beam 
attenuation errors as do the Brice-type instruments using the same length 
light path for scattered and transmitted light. 18

Performance and Calibration
The reading of this photometer is proportional to Rayleigh’s ratio but 

since the detector views the scattering volume through a lens composed of 
polymer solution the proportionality constant depends upon the refractive 
index of the solution. Hermans and Levinson1 9  analyzed this dependence, 
which we call/(w), and found that it depends upon whether the detector 
sees past the edges of the scattering volume. When it does not, they found
f(n) =  1 / n 2.

The detector in our photometer does see past the edges of the scattering 
volume and also differs in other geometrical aspects from the cases discussed 
by Hermans and Levinson. The mathematical approach of these authors 
has been applied to the case where the scattered-beam detector sees past 
the edges of a cylindrical primary beam; it was found that

f(n) = l/n[n(d2 — do) +  do +  t(n/ng — 1)]

where d2 is the distance from the center of the scattering volume to the 
farther of the two aperture stops which define the field of view of the 
detector, d0 is the distance of the outside cell wall from the scattering 
volume, t is the thickness of the cell wall, and nt is the refractive index of 
the cell wall. The analysis which gives the above result also reveals that, 
for a given angular resolution, the maximum signal is obtained when the 
area of the farther aperture stop (defining the scattered beam) is twice 
that of the nearer for the case where the scattered-beam detector sees past 
the edges of the primary beam; they should be the same size for the case 
examined by Hermans and Levinson.

The scattering volume was found to be proportional to 1/sin 9, both 
by calculation and by measurements with fluorescein solutions. Angular 
measurements of scattering from toluene, using vertically polarized light in 
the primary beam, confirmed this and also indicated a low level of stray 
light over the angular range 30-150°; these limitations are imposed by the 
cell.

Calibration was made at 4358 and 5460 A., using the Cornell standard 
polystyrene.* The value of apparent turbidity for a 0.5 g./lOO ml. 
solution was taken as 1.36 X 10- 6  cm . - 1  for 5460 A. This is an average of 
several published values. 20 The calibration constant determined by this 
procedure was checked by measurements of Rayleigh’s ratio for both ben
zene and toluene (Phillips Research grade) after distillation directly into the 
cell using an all-glass still. The averages of literature values20 used for 
our work are 16.6 X 10~ 6 cm . “ 1  for benzene and 19.8 X 10~ 6 cm . “ 1 for

* Furnished through the courtesy of P. Debye. A summary of values of Rayleigh’s 
ratio of the standard polystyrene is given by Carpenter and Krigbaum.20
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toluene, both values for 1500 A. Periodic cheeks of the calibration show 
satisfactory instrument stability.

Specific Refractive Increment

An alternative to direct experimental measurement of the quantity 
dn/dc was found informative. Carr and Zimm2 1  and others have approxi
mated bn/be by

bn/be = (n' — n)/d'

where n is refractive index of solvent, and n1 and d' are refractive index and 
density of polymer, respectively. We also use this relation. Measure
ments of n and d over a temperature range were smoothed for temperature 
by noting that (n — 1  )/d for 1 -chloronaphthalene is essentially tempera
ture-independent, values being 0.56256 at 4358 A. and 0.53415 at 5460 A. 
For the polymer n' and d' are not directly measurable. Li et al. 2 2  describe a
method of correlating these physical properties with alkyl chain length for 
liquid n-alkvl compounds, in which n „  at 5890 A. and both at 25°C. 
were found for the limit at high chain length. Here we assume that real 
polyethylene chains correspond to this limit and borrow their correlation 
methods for use at other temperatures and wavelengths. The quantity 
da, for liquid state has previously been correlated with temperature, by 
one of us (RLA) according to the expression

da, =  0.86379 -  0.0005126« 

where t is in degrees Centigrade.
To calculate n', values of n at the desired wavelengths are available2 3 - 2 5  

for C7, C9, Cn, C13, C 1 4 , C 1 5 , and Ci6 at 20, 25, and 30°C. Data at higher 
temperatures are limited; however, measurements have been reported 
for Ci6 and C 36 over the range 80-100°C.26 Li et al. 2 2 found the equation

R — Ro T  dTN

to correlate data for alkanes and 1-alkenes, where R is the Lo rent z-Lorenz 
molal refraction, and N  is the number of carbon atoms in the alkyl chain. 
As N  approaches infinity, the Li relation for molal volume V approaches

V — Vo T  avN

and
(R/V)a, =  (n2«, -  l ) / ( n 2ro +  2) = ar/av

For present purposes aT was calculated at 80 and-100°C. from data for 
Cie and C36 and for 20-30°C. from data for Ct-C 16. The constant nv was 
obtained from

av =  14.026/dco

’̂alues of n' calculated from ar/a„ are listed in Table I. Alternative 
routes to n' are possible, for instance, extrapolation of n for /¿-paraffins to 
the desired temperatures and then to l/N =  0. Curvature was encountered
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TABLE I
Specific Refractive Increment Values for Polyethylene in 1-Chloronaphthalene

t, °c. n'(4.358 A.) ò n /à c  (4358 A.) n '  (5460 A.) ò n /ò c  (5460 A.)

20 1.48681) 0.2170 1.47866 0.1874
25 1.48622 0.2162 1.47743 0.1868
30 1.48467 0.2160 1.47601 0.1865
80 1.46604 0.2170 1.45790 0.1873

100 1.45979 0.2158 1.45183 0.1861

in the latter plot, but n' values so obtained were in agreement with those 
given. Values of dn/dc from (n' — n)/d are given in the table for various 
temperatures. Though polyethylene is insoluble over most of this range, 
the small temperature dependence enables easy extrapolation of the results 
to any range desired. A plot of dn/dc versus t appears in Figure 2, along 
with several measurements that have been reported and recently sum
marized by Billmeyer.27 With one exception, agreement between the 
present approach and the measured values above 100°C. is satisfactory. 
We have chosen to use the value 0.191 cc./g. (at 125°C., X =  5460 A.) to 
facilitate comparison with most of the molecular weight data that have 
appeared in the literature.

Fig. 2. Comparison of values of specific refractive increment of polyethylene in 1- 
chloronaphthalene: (O) calculated; (□) literature values.27

One also obtains, from the above, values of dn/dc for 4358 A. as a func
tion of temperature. Also, it is a means for estimating dn/dc for poly
ethylene for other solvents and temperatures; for instance, we calculate 
0.0955 for n-decane at 115°C. which is in agreement with the value 0.095 
experimentally measured by Billmeyer.27 As expected, calculations 
show dn/dc to fall off rapidly with increasing chain length in the paraffins 
(at 100°C., 5460 A., dn/dc =  0.112 for C8, 0.100 for C,, 0.092 for C10, 
and 0.041 for C16).
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Materials

The solvent, 1-chloronaphthalene (Eastman, white label), was purified 
by passage through a column of silica gel which had been activated by 
heating to 175°C. for several hours. This procedure removed traces of 
moisture which seriously interfered in preliminary attempts at clarifica
tion. In addition some colored contaminants are removed by the column. 
Only polyethylene samples showing no extraneous infrared bands were 
used and representative sampling of pelleted material was insured by 
reducing particle size in a Wiley mill.

Solution Clarification

We prefer to use filtration for clarification of linear polyethylene solu
tions. The commercially available type H A Millipore filters yield clean

Fig. 3. Filtration apparatus for filling light-scattering cells.
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solutions. A filter apparatus constructed for use of these filters at elevated 
temperatures is shown in Figure 3.

In a typical run about 100 ml. of 1-chloronaphthalene is recycled through 
the filter at room temperature until free of motes, using a filter pad that 
had been pre-extracted at elevated temperature. Two cells are cleaned in 
this manner. A 30-ml. portion is retained in one cell for measurement of 
solvent scattering, and the cells covered and placed in an oven at 125°C. 
The remaining solvent is used to prepare a solution at 125°C. of 0.01 g./ml. 
protected by a nitrogen atmosphere.

The heater is placed over the filter assembly, and the whole heated to 
125°C. while maintaining slight nitrogen pressure in the top chamber. 
As soon as solution is complete, the hot pre-cleaned cell is placed under the 
assembly and the hot solution poured into the top chamber. By means of 
low nitrogen pressure, the sample is filtered directly into the clean cell. 
The cell is covered immediately and replaced in the oven.

The cell containing solvent is allowed to come to temperature equilibrium 
at 125°C. in the photometer before taking measurements. Output dial 
readings are made over the angular range 30-140° at ten-degree intervals, 
using unpolarized light.

The desired concentrations are obtained by adding increasing portions of 
stock solution to the solvent-containing cell. The cell and contents are 
quickly weighed to 0.1 g. after each addition. These measurements are 
repeated at each concentration, each time allowing for temperature equi
librium. From knowledge of cell weight, solvent weight, and each increment 
weight, concentrations may be calculated to one per cent. Checks of the 
last concentration by polymer recovery have shown that this procedure is 
satisfactory and that loss of polymer on the filter is negligibly low.

Repeat measurements on solutions held at 125°C. up to 96 hr. gave no 
serious changes in scattering level, showing that little degradation occurs 
during a run in spite of some contact with air. Infrared examination of 
several samples of recovered polymer revealed no significant spectral 
changes.

III. RESULTS

With unpolarized light in the primary beam, the quantity R{0,c)/ 
(1 +  cos20) is related to the thermodynamic and optical properties of the 
polymer in solution. The instrument output dial readings M  are converted 
to Rayleigh’s ratio R(6,c) by
R(0,c)/( 1 +  cos20) =  K ' [fin) ] - 1 [M (0,c) (solution)

— M (6) (solvent) ] sin0/(l +  cos20)
Here K ' is the calibration constant, c is the concentration of the polymer 
solution, and d is the angle the scattered beam makes with the primary 
beam. The quantity [/(n) ]_1 is given very approximately by

[ /O ) ] - 1 =  n(17.2n +  2.16) 
for the cylindrical cell in our instrument.
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Fig. 4. Angular dependence plots for a Marlex polyethylene.

In treating our data to obtain weight-average molecular weights, the 
intercept in a conventional Zimm plot was found to lack precision as a 
result of curvature in the concentration dependence of K c(l +  cos20)/ 
R(d,c); K  =  27r2n0'2X_Wo_1(dn/dc)2, n0 being the refractive index of the 
solvent and No Avogadro’s number. However, the angular dependence of 
Kc{ 1 +  cos2d)/R(6,c) was linear; a typical plot of this quantity versus 
sin2(0/2) is displayed in Figure 4. An infrequent slight drop-off at low 
angles is attributed to trace dust contamination.

In order to account for the observed concentration dependence (for 
maximum polymer concentrations of about 0.02 g./ml. in early work and 
currently, with greater instrument sensitivity, below 0.01 g./ml.), we are 
obligated to use an equation of the form

7vc(l +  cos20) 
R{6,c)

1

Mw
1

- P Á 6 )
+  2T2c +  £ (0 )c2

In this, P z{6) is the 2 -average “ particle scattering factor,” I’2 (neglecting a 
possible slight angular dependence), is the second virial coefficient in the 
virial expansion of osmotic pressure t

t / c =  (RT/M)( 1 +  r 2c +  r 3c2 +  . . .)

and B(ß) is the coefficient of c2 given by Zimm.28 Important to us here is 
the fact that B(0) approaches 31/ as a limit when d approaches zero; T3 
is the third virial coefficient. Thus for 0 = 0, the concentration dependence 
should be given by

2Kc/R(0,c) =  (1/11?.) (1 +  2r2c +  3 r3c2)
It was found for linear polyethylene in 1-chloronaphthalene that the square 
roots of the intercepts of the curves from plots as in Figure 4 form straight 
lines when plotted against concentration, as in Figure 5. Such plots are 
often successfully applied to osmotic pressure data,29 showing F3 ^  T22/4 ; 
linearity in the present case implies that r 3 is approximately equal to 
IY/3.
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Fig. 5. Concentration dependence plot for a Marlex polyethylene.

The slopes of the angular dependence lines in Figure 4 do not vary with 
concentration. This slope gives the 2 -average of the mean-square dis
tance of each mass unit from the center of gravity of the molecule, which is 
calculated by means of the usual expression

— 3A2 initial slope"
z 16 t2u2 _ intercept

The square root of this quantity is hereafter designated by s.

TARLE II
Light-Scattering Results for Several Polyethylenes

Polymer M w X 10“ 3
Precision of

M w& s, A M J M nb 5.10s2/M „

1 92 A 400 11.4 9
2 82 A 370 10.1 9
3 101 B 390 11.4 8
4 88 A 410 10.5 10
5 104 B 330 10.7 5
6 118 A 435 10.6 8
7 122 A 400 11.6 7
8 133 A 440 11.4 7
9 165 B 460 12.4 7

10
Fractions

122 B 430 15.7 8

A 8.3 C 200 3.0 25
B 39.0 C 245 4.3 7
C 94.0 B 375 5.7 8
D 167.0 B 450 6.4 6
E 196.0 B 510 6.0 7

* Estimated standard deviation of M w: (A) 3 % ;  (B) 6% ; (C) 9%. 
b Number-average molecular weights from Arnett, Smith, and Buell.30
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Some representative results are summarized in Table II. Precision of 
M w, estimated on an individual basis, varied considerably because of the 
state of development of the technique at the time each individual run was 
made. In the extrapolation to zero angle, the low and essentially linear 
angular dependence resulted in good precision, and the above treatment of 
the concentration dependence gave satisfactory precision in the concentra
tion extrapolation. In the table, M w values are classified A, B, or C, where 
standard deviations are estimated to be not more than 3, 6, or 9% of the 
value, respectively. The standard deviation of s is estimated as about 
25 A for values of s near 400 A . These estimates were made from experience 
and do not imply a complete statistical analysis in each case. The results 
compare favorably with the better data in the literature for which the high- 
temperature problems of polyethylene work are absent.

IV. DISCUSSION

Our values of M w are lower than those that have been reported (values 
in excess of 1 X 106 have appeared) for branched polyethylene.2-4’7’11’14 
A “ microgel”  component which has caused clarification trouble with 
branched polyethylenes4’14 was absent in the polymers that we studied. 
Our M w values are comparable with those reported by others for linear 
polyethylenes of similar intrinsic viscosity.6’6'8’9’16 Correlations with 
intrinsic viscosity and with melt index were made using these data. The 
observation scatter is comparable to that usually found for such cor
relations, and values of the determined parameters are similar. Specifi
cally, for viscosity measurements made at 130°C. on tetrahydronaphthalene 
solutions of whole polymer we find the constants in

M  =  3.78 X 10-4 M J-7i

satisfactorily correlate all the molecular weight observations we have made, 
a part of which are listed in Table II.

The ratio Mw/Mnt where M n is the number-average molecular weight, is 
frequently given as a measure of the breadth of the molecular weight 
distribution of high polymers. Few instances of absolute measurements of 
both averages on the. same linear polyethylene samples have been reported. 
Ebullioscopic measurements of these materials are reported elsewhere;30 
the values of M n reported there are used to calculate the Mw/Mn ratios 
given in column 5 of Table II. The values of Mw/Mn for these poly
ethylenes are higher than those for other linear polymers (e.g., polystyrene). 
This is true even for the fractions included, though values here are much 
lower. Thus the suggestion of Raman and Hermans10 that Mw/Mn is 
“ normal,”  (meaning less than about three) for linear polyethylenes in
cluding Marlex polyethylenes must be rejected.

The quantity s can be used to approximate M z if certain assumptions 
are made, and M z/Mw provides another index of distribution breadth. 
Hoeve31 has most recently calculated the effect of hindrances to rotation on 
the conformation of linear polymethylene chains. The relationship

M t =  5.01s2
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is obtained from the results of his calculations for a temperature of 125°C. 
This would be expected to be applicable only for systems with no chain 
branching and no solvent effect on configuration. The former has been 
established for Marlex polyethylene.32 Preliminary results of work now 
in progress in our laboratory, including both viscosity and light-scattering 
work in a 0-solvent, indicate that the latter effect is not large. Relative 
values, at least, should be significant. Values of 5.10s2/Mw so calculated 
are given in column 6 in Table II.

Mr. E. C. Miller designed and constructed the mechanico-optical parts of our instru
ment and Mr. E. J. Marak undertook the same tasks for the electronic circuitry. Prof.
P. Debye kindly supplied us with a sample of the Cornell Standard polystyrene.
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Résumé

On a imaginé et construit un photomètre spécialement adapté pour mesurer la lumière 
diffusée lors de travaux à température élevée. Cet appareil se caractérise surtout par 
une focalisation constante du faisceau primaire, l’emplacement des photodétecteurs situés 
en dehors de la zone chauffée, le signal de sortie proportionnel au rapport des signaux des 
détecteurs appariés, donc au rapport de Raleigh, l’indépendance des lectures vis-à-vis de 
l’absorption de la lumière par la solution, le contrôle de la température à partir de la 
température de chambre jusque 150°C. Les facteurs géométriques pouvant affecter les 
lectures ont été analysés et l’instrument a été calibré au moyen de plusieurs étalons. On 
décrit les techniques employées pour clarifier les solutions à chaud et pour mesurer avec 
une bonne précision les poids moléculaires moyens en poids de polymères d’éthylène. 
Les résultats obtenus pour plusieurs polyéthylènes Marlex non ramifiés sont donnés pour 
un domaine allant de 80.000 à 170.000. Suivant le polymère, le rapport de la moyenne 
en poids à la moyenne en nombre varie de 10 à 16 pour le polymère entier. Les poids 
moléculaires moyens z estimés à partir du carré moyen du rayon moléculaire ont été 
employés pour estimer les rapports M J M W.

Zusammenfassung

Ein besondere für Hochtemperaturuntersuchungen geeignetes Streulichtphotometer 
wurde entworfen und gebaut. Zu den erwünschten Eigenschaften gehören konstante 
Kontrolle des Primärstrahls, Anbringung der Photodetektoren ausserhalb der Erhit
zungszone, Anzeige proportional zum Verhältnis der Anzeigeablesung abgeglichener 
Detektoren, daher zum Rayleigh-Quotienten, Unempfindlichkeit der Anzeigenablesung 
gegen Lichtabsorption in der Lösung, Temperatureinstellung von Raumtemperatur bis 
150°C. Eine Analyse der für die Anzeigenablesung wichtigen geometrischen Faktoren 
wird durchgeführt und das Instrument mit einigen Standards kalibriert. Verfahren zur 
Klärung heisser Lösungen werden entwickelt und die Bestimmung des Gewichtsmittels 
des Molekulargewichts von Äthylenpolymeren mit guter Genauigkeit wird beschrieben. 
Ergebnisse für mehrere typische unverzweigte Marlex-Polyäthylene im Bereich von
80,000 bis 170,000 werden mitgeteilt. Das Verhältnis Gewichtsmittel zu Zahlenmittel 
liegt für unfraktionierte Polymere zwischen 10 und 16. Das aus dem mittleren Quadrat 
des Molekülradius bestimmte Z-Mittel des Molekulargewichts wird zur Berechnung des 
Verhältnisses M J M W verwendet.

Received April 17, 1902 
Revised October 10, 1962



JOURNAL OF POLYMER SCIENCE: PART A VOL. 2, PP. 181-201 (1964)

Low Temperature Solution Polycondensation of 
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Synopsis

A simple process is described for the preparation of condensation polymers from di
amines and diacid halides, which comprises reacting equivalents of the intermediates at 
about room temperature in an inert solvent together with an acceptor for the b3f-prod- 
uct acid. This first paper of a series discusses the formation of polyamides from piper
azines and aliphatic and aromatic diacid chlorides. Examples are poly(sebacvl piper
azine) and poly(terephthaloyl dimethylpiperazine). Such variables are discussed as 
types of acid acceptors, solvents, reactant balance, interfering reactions, and the 
mechanism of the reaction. Some of the polymers are described briefly in terms of melt 
temperature, solubility, and molecular weight-viscosity relationships.

INTRODUCTION

This and succeeding papers will describe a remarkably simple process 
for the formation of high molecular weight condensation polymers from 
diamines at normal temperatures in the presence of organic solvents. 
The method is designated broadly “ solution polycondensation” although 
the process encompasses systems in which the reactants and polymer stay 
dissolved as well as systems in which the reactants are not all dissolved 
at the start and a great many from which the polymer precipitates.

The method comprises simply bringing together fast-reacting intermedi
ates in an inert liquid medium and providing for the removal of acidic 
by-products by means of basic additives (acid acceptors). Solution 
polycondensation can be used to prepare many classes of polymers such 
as polyamides, polysulfonamides, polyureas, polyurethanes, and poly
phenyl esters. Copolymers and block copolymers may be prepared by 
proper admixing of the reactants.

Recent papers from this laboratory1̂ 6 have described low temperature 
polycondensation methods which employ two immiscible liquid phases, 
one of which is usually water. This interfacial polycondensation method 
is broadly useful. However, water causes rapid hydrolysis of some acid 
halides and thereby interferes with slow polycondensation reactions; 
the use of water-insoluble diamines requires special procedures ; and water- 
miscible solvents, such as acetone, arc not useful. Solution polycondensa
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tion not only provides an additional method of making polymers from di
amines, hut complements the interfacial polycondensation procedure and 
provides a new degree of freedom in polymer making. It also sheds new 
light on the mechanism of low temperature polyoondensations.

In this paper tire method will be illustrated in detail with only one type 
of polymer, the polyamides formed from piperazine and diaeid halides, and 
in particular, with the polymer from iraras-2,5-dimethylpiperazine and ter- 
ephthaloyl chloride, as in (1).

The code, 2,5-DMePip-T polyamide, is used throughout the text to des
ignate the polymer from the tra?is isomer.

LITERATURE

There are many references in the patent literature to the formation of 
polymers at temperatures below about 100°C. from diacid halides or diiso- 
cyanates and complementary reactants, such as diamines, glycols, and bis- 
phenols in the presence of organic solvents. While most of these prepara
tions undoubtedly formed polymers of some sort, there is often no clear 
evidence in the form of viscosity numbers or other data to show that high 
polymers were obtained.

The patents of Carothers6 point out that diacid halides and diamines 
may be reacted in a solvent such as benzene to give a polyamide, but heat 
is suggested as a finishing step. Berchet7 describes polysulfonamides pre
pared in organic solvents. Low viscosity numbers are reported. Various 
British, German, and French patents8“ 11 claim polyamides, polyureas, and 
polysulfonamides without satisfying descriptions of the products. Wol
fram, Toy, and Chaney12 prepared polyamides having low intrinsic viscosi
ties by reaction of tetra-O-galactaroyl dichloride with piperazine and ethyl- 
enediamine in benzene or chloroform.

The preparation of polycarbonates from bisphenols and phosgene in 
pyridine or pyridine with inert diluents has recently been described by 
Schnell18 and by Fox and Goldberg.14 These are truly high polymers.
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Conix16 lias prepart'd poly(phenyl esters) with high molecular weight in a 
similar way. Acid halide reactions with diols differ from reactions with 
diamines in that the glycol or bisphenol does not compete with the acid 
acceptor for by-product acid. Dyer and Bartels16 have clearly character
ized a group of polyurethanes made in bulk and in organic solvents from 
diisocyanates and glycols, although the polymers made in solvent systems 
had rather low molecular weights. Recently, Lyman17 has reported pro
cedures for obtaining high molecular weight polyurethanes from aromatic 
diisocyanates and ethylene glycol in a solvent. Since no by-product is 
evolved in the isocyanate addition reactions, they are less complex than 
acid halide reactions.

The literature contains reports of a variety of other polycondensation 
reactions carried out in solution at low temperature. Some of these are 
aromatic diamines with phosgene;18 sodium glyeolate and succinyl chlo
ride;19 glycols with aliphatic diacids;211 diamines with diesters;21 glycols 
with diacid chlorides;22 glycols with dianliydrides;23 bisepoxides with 
diamines;24 a dinitrile with a diol and dry hydrogen chloride to yield a 
polyimino ether;26 hydrochlorides of amino acid chlorides26 or thiophenyl 
ester hydrochlorides27 of peptides with a solvent and a tertiary amine.

EXPERIMENTAL

Materials

Piperazine and methyl-substituted piperazines may be obtained from 
several commercial sources. They may be purified by distillation or in 
some cases by crystallization from acetone or methyl ethyl ketone. 
Anhydrous piperazine was made by treatment of the hexahydrate with 
alkali followed by azeotropic distillation of remaining water with benzene. 
Melting points and boiling points are given in Table I.

The m-2,5-dimethylpiperazine was obtained with a 98% content of cis 
isomer by fractional crystallization in bulk followed by distillation. 2,3,-
5,6-Tetramethylpiperazine is known to occur in five stereoisomers.28 
The mixture obtained from the Jefferson Chemical Co., Houston, Texas, 
was separated into two fractions, which were the a- and /3-isomers.

TABLE I

M.P., °C. B.P.,°C.

Piperazine 108 145. 5
2-Methylpiperazine 65-60 156. 0
«s-2,5-Dimethylpiperazine 17-18 165. 5
¿rans-2,5-Dimethylpiperazine 118 162,.0
cf«-2,6-Dimethylpiperazine 114 162. 0
2,2,5,5-Tetramethylpiperazine 83-84 174--175
a-2,3,5,6-Tetramethy lpi perazine 45 177--178
/3-2,3,5,6-Tetramethy lpiperazine <0 183. 0
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Most piperazines are quite hygroscopic and discolor in air and light. 
ir<ms-2,5-Dimethylpiperazine is excellent for study because in the pure 
state it does not form carbonates in the air, is not especially hygroscopic, 
and does not discolor for long periods of time in clear bottles. Neverthe
less, excessive exposure to moist air and light should be avoided to assure 
continued reproducibility of results.

Terephthaloyl chloride (m.p. 81.2°C.) was purchased and also prepared 
from the acid and thionyl chloride with dimethylformamide as the catalyst. 
It was purified by crystallization from hot concentrated solution in dry 
hexane. Incomplete solubility of the acid chloride in hexane or other 
solvents indicates hydrolysis to acid and a need for a repurification. The 
acid chloride was placed under dry nitrogen in two-ounce bottles having 
polyethylene-lined caps, sealed with Scotch electrical tape (Minnesota 
Mining and Manufacturing Co.) and stored in a desiccator or dry box.

The tertiary amines were reagent grade chemicals which were distilled 
through a spinning-band column or a 10-in. helices-packed column to free 
them from water and primary or secondary amine. They were stored 
in amber bottles which were flushed with dry nitrogen after use. This 
precaution is not always necessary, but will prolong the useful life of the 
sample.

Most of the solvents were subjected to simple distillation. Chloroform 
was A.C.S. reagent grade which was freed of alcohol stabilizer by washing 
three times with an equal volume of water. It was first dried with calcium 
chloride and then stored over a mixture of equal parts of potassium car
bonate and calcium chloride in a dark bottle. Washed chloroform which 
was well dried in the preliminary step was stable for several weeks. De
composing chloroform yields hydrogen chloride and phosgene. These may 
be detected by moist litmus paper in the vapors or by the immediate de
velopment of turbidity upon the addition of a drop of ethylenediamine.

Polymer Preparation

The high rate of formation of 2,5-DMePip-T polyamide (from trans-
2,5-dimethylpiperazine and terephthaloyl chloride) in solution is shown in 
Figure 1. Procedure A was used with magnetic stirring and temperature 
controlling baths. In as little time as 15 sec., which was required for mixing 
and addition of a precipitant, a high yield of polymer having high molecular 
weight was formed. Thereafter, there wras a slight increase in molecular 
weight for several minutes. Figure 2 shows that there was an increase in 
both yield and molecular weight when the temperature was lowered. 
This effect is ascribed to a lowering of the rate of side reactions in relation 
to the rate of polymerization. Except for these specific experiments, the 
polycondensation reactions were started at 25°C. or below.

The order of mixing, that is, diamine to acid chloride or acid chloride to 
diamine, was not critical when mixing was fast and equivalents of reactants 
were used. The addition of acid chloride to diamine is preferred ordinarily 
because the acid chloride solution is then not exposed to humid air in the
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M 1 1 — --------------------1--------------------1------------

f ' 0

(TEMPERATURE ca. 30°C. )

1 1 1 1 1 ____________1___________ 1_______Lu  I I I ;______________________ I________________________l _
0 1 5  10 15

TIME,  MINUTES

Fig. 1. Extent of polymerization vs. time for 2,5-DMePip-T polyamide prepared in
chloroform.

Fig. 2. Variation of extent of polymerization and yield with temperature of preparation 
in chloroform for 2,5-DMePip-T polyamide.

reaction vessel. Further, the system is less sensitive to excess diamine and 
this order of addition provides such a situation throughout the pouring 
step. Whenever precipitation of the polymer was expected, the reaction 
mixture was stirred rapidly in a blender (procedure B).

We have not found any marked sensitivity of the degree of polymeriza
tion to the reactant concentrations or the volume ratio of the solutions. 
The preferred concentration range is between about 1 and 8 g. of reactants/ 
100 ml. of solvent. Lower concentrations are uneconomical and introduce 
larger amounts of solvent impurities. Higher concentrations may yield 
unstirrable masses and the heat of reaction is more difficult to control 
when the reactants are mixed rapidly.

The following examples are given as illustrative of variations in the tech
nique of solution polycondensation. Other variations and some limitations 
will be apparent from the accompanying discussion and the tables and 
figures. Although all the examples employ a solvent rinse to introduce 
traces of the second reactant, such a step may have little or no value when 
the polymer precipitates rapidly from solution in a nonswollen state.

Table II presents some typical results of the preparation of several piper
azine polyamides and a few properties of the polymers.

A. 2,5-DMePip-T Polyamide in Chloroform with Triethylamine. 
£rems-2,5-Dimethylpiperazine (2.28 g.) and 5.6 ml. of pure triethylamine
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were dissolved in 100 ml. of chloroform in a 500-ml. Erlenmcycr flask. To 
this mixture was added a solution of 4.06 g. of terephthaloyl chloride in 80 
ml. of chloroform with swirling. More chloroform (20 ml.) was used to 
rinse in the residues of terephthaloyl chloride at once. The mixture re
mained clear, but the temperature rose quickly from 25 to 42°C. and there 
was an increase in solution viscosity. The solution could be dry-cast on 
glass to produce self-supporting films, which were strong and flexible if 
washed free of salt with water just before they were dry.

After 5 min. the product was coagulated by pouring the solution into hex
ane with stirring. A fibrous precipitate was obtained as well as crystals 
of triethylamine hydrochloride. The precipitate was washed well with 
water and finally with acetone. After drying at 100°C. a 92% yield of 
polymer was obtained which had an inherent viscosity of 3.1 fo¡„h = 
(In TjreO/c determined in m-cresol at 30°C.; c =  0.5 g./lOO ml. solution]. 
Viscosities were determined in m-cresol in all the work reported unless 
otherwise stated.

When the solution from the polymerization was held at room tempera
ture for several hours, it formed a gel-like mass. The precipitated or iso
lated polymer was only swollen in chloroform but was readily soluble in 
stronger solvents.

As an alternative to the above procedure with better control of reaction 
conditions, the polycondensation mixture was cooled with an ice bath and 
stirred with a magnetic stirrer. This is applicable to systems in which no 
heavy precipitates form.

B. 2,5-DM ePip-T Polyamide in Benzene with Triethylamine. A quart- 
size home blender was used in this experiment and for all other polymeriza
tion systems which yielded precipitates of polymer quickly. The jar and 
stirrer bearing were dried and the bearing sealed and lubricated with 
an inert substance, such as Celvacene medium vacuum grease (Dis
tillation Products Industries). The top was covered with aluminum foil and 
over this was placed the plastic cap. A wide powder funnel was inserted 
through a 3/ 4-in. hole in the center of the cap and foil.

The diamine and acceptor, as in procedure A, were dissolved in 100 ml. 
of benzene in the blender jar. The terephthaloyl chloride (4.06 g.) in 90 
ml. of benzene was added rapidly through the funnel while the stirrer was 
simultaneously speeded up by means of a rheostat. Traces of acid chloride 
were rinsed in at once with 10 ml. of benzene. A precipitate formed im
mediately and stirring was continued at moderate speed for five minutes. 
The mixture was diluted with an equal volume of hexane and the precipitate 
collected and washed as before. Medium-pore fritted glass funnels were 
used for polymer collection in order to avoid contamination by paper 
fibers.

The white powder, obtained in 90% yield, had an inherent viscosity of
1.21.

C. 2,5-DM ePip-T Polyamide in Chloroform with Excess Diamine as the 
Acid Acceptor, tram-2,5-1)irnethy lpi perazine (4.56 g .; 0.04 mole) was



POLYCONDENSATION OF PIPERAZINE POLYAMIDES 189

TABLE III
Endgroups and Molecular Weights of 2,5-DMePip-T Polyamide 

Prepared under Various Conditions

Pro
cedure

Ratio of 
diamine 
to acid 
chloride

Yield"
% V i n h b M b

Endgroups 
X 106/g.

Calcd.
DP°

M n

COOH NH Calcd. Found

D 4.00 85 0.26 0.27 2 780 2 240 2 ,560d
3.00 94 0.64 0.70 7 304 3 370 6,400d
2.50 99 1.35 1.6 8 68 5 610 26,300d
2.22 99 2.47 3.1 14 33 10 1,220 42,600d
2.10 96 3.5 21 2,560 49,000
2.04 98 4.3 51 6,200 62,000
2.02 97 4.9 101 12,300 71,000
2.00 98 6.0 CO CO 90,000
2.00 97 8.5 CO CO 140,000
1.96 97 2.3 99 12,100 30,000
1.93 90 1.55 56 6,800 19,000
1.82 85 0.45 21 2,560 4 ,600d
1.S2 100 0.30 0.32 650 0 21 2,560 3,100
1.65 83 0.26 0.27 10.4 1,270 2 ,500d
1.64 98 0.21 0.22 1000 0 10.1 1,230 2 ,000d
1.50 80 0.22 0.23 7 850 2,100
1.33 98 0.12 0.12 1500 0 5 610 1 ,350d
1.00 77 0.14 0.15 3 370 1,300

Be 1.00 76 1.25 104 18 CO CO 16,400d
Bf 1.00 76 0.67 266 67 CO CO 6,000d
Bs 6.48 9 + 4 10 CO CO 143,000d

3.30 4.5 18 13 CO CO 64,500d

“ Based on the diamine for reactant ratios from 1 to 2 and on diacid chloride for ratios
from 2 to 4.

b Determined in sym-tetrachloroethane-phenol (40:60 by weight) at 30°C., c =
0.5 g./100 ml.

c Degree of polymerization =

moles of bifunctional reactants exclusive of any excess 
moles of endgrouper

+  1

In this calculation for a system employing diamine as the acid acceptor, a balanced 
system comprises one mole of each reactant and one mole of diamine acceptor. Di
acid chloride or diamine in excess of this ratio is considered to be monofunctional end- 
grouper. When excess acid chloride is present, one-half the diamine forms polymer and 
one-half is acceptor. With excess diamine over the 2:1 ratio, all of the acid chloride is 
assumed to react with equivalent diamine and by-product hydrogen chloride is assumed 
to form diamine dihydrochloride rather than monohydrochloride or react with chain- 
ends. One repeat unit has a DP of 2.

d Values from endgroups; the remaining values are from the viscosity—molecular 
weight relationship (Fig. 5).

0 In methyl ethyl ketone.
f In hexane-chloroform, SO:20 by volume.
* Interfacial polycondensation in dichloromethane.32
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TABLE IV
Formation of ‘2,5-DMePip-T Polyamide from 

Unequal Quantities of Reactants

Diamine/diacid 
chloride ratio Acceptor

Yield,
% hi'

95/100 Diamine* 88 1.1
100/95 Diamine 99 3.2
95/100 Triethylamineb 81 1.4

100/95 Triethylamine 87 3.1

a Procedure D.
b Procedure B in chloroform with 2 moles tertiary amine /mole diamine. 
c In tetrachloroethane-phenol (40:60 by wt.) at 30°C.

dissolved in 100 ml. of chloroform in a blender. To this was added a solu
tion of 4.06 g. (0.02 mole) of terephthaloyl chloride in 80 ml. of chloroform. 
More chloroform (20 ml.) was used to rinse in the last of the acid chloride. 
A thick gelatinous precipitate formed at once but the mixture became fluid 
with stirring. This precipitate was shown later to be the dimethylpipera- 
zine dihydrochloride.

Stirring was continued 5 min., hexane (350 ml.) was added, and the 
precipitates were collected and washed as in A.

The granular product (92% yield) had an inherent viscosity of 2.89.

DIAMINE TO ACID CHLORIDE MOLE RATIO

Fig. 3. Variation in extent of polymerization with reactant ratio for the preparation of 
2,5-DMePip-T polyamide in chloroform.
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D. 2,5-DM ePip-T Polyamide in Chloroform, Excess Diamine, Slow 
Addition. Terephthaloyl chloride (4.06 g. ; 0.02 mole) was dissolved in 150 
ml. of chloroform in a 500 ml. flask equipped for fast stirring. A solution of 
irans-2,5-dimethylpiperazine (4.456 g. ; 0.0390 mole) in 98 ml. of chloro
form was added dropvvise over a period of 45 min. A precipitate of diamine 
dihydrochloride formed as the diamine was added. Chloroform (40 ml.) 
was used to rinse the dropping funnel. A 75-ml. sample of the mixture was 
removed for a viscosity determination; the inherent viscosity was 1.61.

A solution of 0.20 g. of the dimethylpiperazine in 50 ml. of chloroform 
was then added over a period of 30 min. During this time the dispersion 
of diamine salt became very viscous. The polymer was precipitated in a 
fibrous form in hexane. The inherent viscosity was 5.79 and the total 
yield was 89%.

The experiments on molecular weight versus reactant ratio, reported in 
Tables III and IV and Figure 3 were carried out in this way. The initial 
volume of chloroform was always 150 ml. and contained either 0.02 mole of 
terephthaloyl chloride or 0.04 mole of 2,5-dimethylpiperazine. The volume 
of solution in the graduated dropping funnel was proportional to the amount 
of added reactant (0.201/ in acid chloride or 0.40M in diamine). The 
temperature of the flask was kept at 25°C. When acid chloride was added 
to diamine, there was no precipitate until the mole ratio of diamine to di
acid chloride was near to three. Thereafter the addition of diacid chloride 
caused a corresponding precipitation of diamine dihydrochloride.

The polymers were precipitated in hexane and washed thoroughly in 
water to remove salt. The samples prepared with excess acid chloride 
were also washed well with acetone. This caused only slight fractionation 
when used as a secondary wash.

E. 2,5-DM ePip-T Polyamide in Chloroform with Calcium Hydroxide.
trans-2,5-Dimethylpiperazine (2.28 g.) was dissolved in 100 ml. of chloro
form in a blender and 5.92 g. (0.08 mole) of reagent-grade, powdered calcium 
hydroxide was added. To this was added over a period of 5 min. with mod
erate stirring, 4.06 g. of terephthaloyl chloride in 100 ml. of chloroform. 
Stirring was continued for 10 min. and the mixture allowed to stand for 15 
min. more. At no time was there any appearance of the gelatinous diamine 
dihydrochloride. The soluble monohydrochloride is presumed to be a likely 
intermediate in the reaction. High-speed stirring and shorter reaction 
times can be used.

A portion of the mixture was filtered and yielded a clear solution from 
which very tough, transparent film was cast.

The remainder of the mixture was diluted with acetone and the pre
cipitate was collected and washed. Washing with 2% aqueous hydrogen 
chloride was included to assure removal of calcium hydroxide. The overall 
yield was 95% and the inherent viscosity was 3.14. Viscosities up to 5.0 
have been obtained.

F. 2,5-DMePip-10 Polyamide in Hexane with Triethylamine. Sebacyl 
chloride (4.28 ml.) was dissolved in 125 ml. of n-hexane in a blender. A
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solution of 2.28 g. of £rans-2,5-dimethylpiperazine and 5.7 ml. of triethyl- 
amine in 175 ml. of hexane was added with rapid stirring. Hexane (25 ml.) 
was used to rinse in the last of the diamine. Both the polymer and salt by
product precipitated at once. The mixture was stirred for 5 min. and 
then filtered. There was practically no dissolved solid or oil in the filtrate.

The granular product took on a chewing-gum consistency when wet 
with water and was, therefore, washed by kneading and working under 
flowing water. The dry polymer was a flexible, clear mass, which became 
plastic above 100°C. The yield was 95% and the inherent viscosity was
1.60.

The similar preparation in chloroform produced a stable solution of 
polymer which had an inherent viscosity of 1.90.

G. 2,5-DM ePip-T/2,5-DM ePip-10 Ordered Copolyamide. An unbal
anced reaction mixture (mixture A) was made from 1.03 g. (0.009 mole) of 
¿rans-2,5-dimethylpiperazine and 2.78 ml. of triethylamine in 50 ml. of di- 
chloromethane to which was added 2.02 g. (0.010 mole) of terephthaloyl 
chloride in 50 ml. of solvent plus a 10 ml. rinse. A second mixture (B) was 
made in a similar way containing 1.25 g. (0.011 mole) of ira«s-2,5-dimethyl- 
piperazine 2.78 ml. of triethylamine, and 2.41 ml. (0.010 mole) of sebacyl 
chloride.

The two unbalanced polymerization mixtures were allowed to stand 
five minutes. A and B were then mixed. No precipitation occurred 
after 15 min. The product was precipitated with cyclohexane and washed. 
The yield of polymer was 71% (3.72 g.) and the inherent viscosity was
1.18. The polymer was not made gummy by water and did not melt or 
soften below 350°C. This type of polymerization procedure leads to 
the formation of a polymer with a nonstatistical distribution of monomer 
units.

H. 2,6-DM ePip-10/T Alternating Copolymers. cis-2,6-D imethylpiper- 
azine is hindered sterically toward acylation at one end. That the hin
drance is considerably greater toward terephthaloyl chloride then sebacyl 
chloride was shown by a large difference in the times required to prepare the 
homopolymers by procedure E.

cis-2,6-Dimethylpiperazine (1.14 g .; 0.01 mole) and 4.0 g. of calcium 
hydroxide, and 30 ml. of dichloromcthane were placed in a 125 ml. Erlen- 
meyer flask. The suspension was stirred with a rotating magnet and 
cooled in ice water. Terephthaloyl chloride (1.015 g .; 0.005 mole) in 30 
ml. of solvent was added and the mixture was stirred 15 min. Then sebacyl 
chloride (1.07 ml.) was added dropwise and the reaction continued for 
30 min. The polymer was isolated by precipitation with hexane and then 
the gum was washed by kneading in running water. The dry polymer was 
dissolved in formic acid and reprecipitated with water and washed; yield, 
93%; inherent viscosity 1.10.

Alternatively, the calcium hydroxide may be first neutralized with 
aqueous acid or formic acid.

I. 2,5-DM ePip-2 Polyamide. ¿ra/is-2,5-Dimethylpiperazinc (8.86 g.)
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was dissolved in 100 ml. of chloroform in a blender and to this was added 
with rapid stirring a solution of 2.55 ml. (1.493 g./ml.) of oxalyl chloride in 
66 ml. of chloroform. A precipitate of diamine dihydrochloride and poly
mer formed at once. The stirring was continued five minutes and 150 ml. 
of water was added to dissolve the salt. The mixture was filtered and the 
polymer was washed with water and 50% aqueous acetone. The yield of 
white polymer was 76% and the inherent viscosity 1.55.

Clear, tough films were cast from solutions of this polymer in 1,2-dichloro- 
ethane/99% formic acid (70/30 by volume).

J. Pip-T Polyamide; Use o f a Solvent Reactive Toward Diamine. An
hydrous piperazine (1.72 g.) and 5.6 ml. of triethylamine were dissolved in 
30 ml. of chloroform in a blender. A solution of 4.06 g. terephthaloyl chlo
ride in 150 ml. of 1,1,2,2-tetrachloroethane was added with rapid stirring. 
More solvent (20 ml.) was used for a rinse. A soft, but not gelatinous, pre
cipitate formed at once. Stirring was continued 10 min., the mixture was 
diluted with an equal volume of hexane, and the polymer and salt were col
lected and washed.

The polymer was obtained in 88% yield and had an inherent viscosity 
of 1.11 (in concentrated LI2SO4).

K. 2,5-DM ePip-T Polyamide; Use o f a Solvent Reactive Toward Acid 
Chloride. Terephthaloyl chloride (2.03 g.) was dissolved in 50 ml. of chlo
roform in a blender. To this solution was added a solution of 2.28 g. 
£ran$-2,5-dimethylpiperazine in a mixture of 40 g. 2,6-di-terf-butyl-4-methyl- 
phenol and 50 ml. of chloroform. A soft precipitate of diamine salt formed. 
The mixture was stirred for 5 min. A small portion was set aside and there 
was no indication of polymer precipitation after 3 days.

The remaining solution was diluted with acetone and the product 
thoroughly washed. The polymer had an inherent viscosity of 1.77 and 
the yield was 87%.

L. 2,5-DM ePip-T Polyamide; Adding Solvents to Solid Reactants.
irans-2,5-Dimethylpiperazine (4.56 g.) and 4.06 g. of terephthaloyl chloride 
were finely ground together in a mortar without excessive pressure. The 
mixture was placed in a blender, the blender blades were started, and 150 
ml. of chloroform was added quickly. A precipitate of diamine salt formed 
in a viscous polymer solution. After 5 min. the product was isolated as be
fore. The yield was 96% and the inherent viscosity 3.60.

M . 2,5-DM ePip-T Polyamide; Starting with Diamine Salt, t r a n s -2 ,5 -  
Dimethylpiperazine dihydrochloride was prepared by the addition of dry 
hydrogen chloride to the diamine in chloroform. The dry salt partly sub
limed but did not melt up to 380°C. The solubility in chloroform was 
0.008 g./lOO ml. at 25°C. The salt contained 38.1% chlorine (calculated 
value for dihydrochloride, 37.9% Cl).

The diamine dihydrochloride (1.87 g .; 0.01 mole) and 5.6 ml. of tri
ethylamine were placed in a flask in 50 ml. of chloroform. The salt dis
solved. A solution of 2.03 g. terephthaloyl chloride in 50 ml. of chloroform 
was added, the mixture was allowed to stand eight minutes, and the product
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was isolated as in A. The yield of polymer was 99% with an inherent 
viscosity of 1.32. Polymers having high molecular weight are obtained 
by this procedure only with strong acid acceptors and solvents which give 
complete solution of the starting materials.

In a second experiment 3.74 g. (0.02 mole) of irans-2,5-dimethylpiper- 
azine dihydrochloride and 2.28 g. (0.02 mole) of the dimethylpiperazine 
were mixed in 70 ml. of chloroform in a flask. All but a small residue of 
the salt dissolved. The mixture was cooled to about 15°C. and 2.03 g. 
of terephthaloyl chloride in 30 ml. of chloroform was added with stirring 
in 2 min. Diamine dihydrochloride precipitated at once. Because the 
mixture became very viscous more chloroform (50 ml.) was added and 
stirring was continued 30 min. The tough, fibrous product, isolated as 
before, had an inherent viscosity of 5.95; yield 96%.

N. Experiment for a Lecture or Classroom Demonstration. Several of 
the preceding experiments can be adapted for use as a demonstration of fast 
polycondensation. The one below combines the elements of several.

frcms-2,5-Dimethylpiperazine (2.28 g.) and triethylamine (5.5 ml.) 
are dissolved in 100 ml. of chloroform in a 500-ml. Erlenmeyer flask. To 
this is added a solution of 4.06 g. of terephthaloyl chloride in 50 ml. of 
chloroform. There will be evolution of heat and possibly slight foaming. 
The solution should remain clear and show some increase in viscosity in
1-2 min. The presence of polymer may be shown by evaporating some 
of the solution on a glass plate to deposit a film or by pouring some of the 
solution into a 100-ml. graduate or a beaker containing hexane. Long 
strings of polymer and powdery salt will form.

The following refinements and simplifications can be used: A few grains 
of an acid-base indicator, such as bromcresol green, may be added to the 
amine solution. The solution will be blue and will turn yellow or colorless 
when the diacid chloride is added. The color change will not occur if an 
excess of amines is present. One or both of the solid reactants may be 
placed in the flask and the chloroform-triethylamine mixture added. The 
indicator could be added to the chloroform. The amines could be dissolved 
in chloroform and solid acid chloride added. In the two latter methods, 
unwashed chloroform may be used since there is little chance for inter
ference by the alcohol. If the solutions are cooled, polymer with higher 
molecular weight will be formed and the solutions may be more con
centrated (not over about 8%). This will permit a clearer observation of 
the viscosity increase.

As a matter of safety as well as to obtain polymer with high molecular 
weight, all solutions should be made up just prior to their use.

DISCUSSION

Probably the major reasons why the solution polycondensation method 
has not been applied broadly more successfully are (1) failure to recognize 
the important role of the solvent in forming high polymer, (2) the use of acid
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acceptors too low in base strength, and (3) a preconceived notion that 
equivalence of reactants is difficult to achieve except by special methods. 
The recent papers on polyphenyl carbonates16 and esters17 have pointed 
out the desirability of using a polymer solvent. In the following sections, 
the important variables and the polymerization mechanism will be dis
cussed and compared with those for interfacial polycondensation.

The important requirements for a successful solution polycondensation 
are : (1 ) A high-yield, moderately fast reaction ; (2) an adequate solvent ; 
(.3) an adequate acid acceptor; (4) purity of solvent and reactants; (5) 
freedom from side reactions. Most useful systems possess these qualities in 
varying degrees. To some extent a lack in one respect may be overcome 
by high performance in another direction.

Reaction Rate and Mixing Factors

Solution polycondensation employs the same reactions as used in inter
facial polycondensation and so similar reaction rates are involved. This 
means that the fastest reactions have rates of the order of 102-106 1./mole- 
sec. Polycondensations involving such reaction rates may be completed 
in a few minutes at room temperature. Acylations of piperazines with 
not more than one methyl substituent adjacent to each nitrogen fall in 
this class. While the high reaction rate provides some advantages, much 
slower reactions will yield polymers with high molecular weight and fast 
reactions may be carried out slowly (procedures D, E, and H). Piper
azines with two or more methyl substituents adjacent to one or both nitro
gens are acylated slowly relative to the rates for the less substituted 
group.29'30

Both interfacial polycondensations and solution polycondensations, 
in the faster rate range, show unusual insensitivity to nonequivalence of 
reactants in comparison with melt polycondensations. The interfacial 
polycondensation process is characterized by the following features, several 
of which contribute to this insensitivity: (1) fast reacting intermediates 
are used; (2) the reaction is irreversible at the reaction temperature;
(3) the interface provides for tire regulated flow of one reactant into an 
established higher concentration of the second reactant ; (4) reaction takes 
place essentially as fast as contact of complementary reactants occurs;
(5) the growing polymer is in solution or highly swollen during all or most 
of the polymerization reaction; (6‘) the aqueous phase provides for the 
removal of by-product acid from the polymerization zone.8'4

Fast solution polycondensations have most of the features of interfacial 
polycondensation. Items 1, 2, 4, and 5 are identical in both systems. 
Item 6 is taken care of by a precipitation of salt or by the withholding 
action of an acceptor. The liquid-liquid interface (item 3) performs a 
major role in the attainment of reactant balance in many interfacial poly
condensation reactions. Yet the success of solution polycondensation 
shows that the interfacial boundary, while helpful as a regulating device, 
is not essential for the formation of polymers with high molecular weight.
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There must remain then some other factor which provides insensitivity 
to nonequivalence of reactants in a single-phase system.

Part of the answer is that the rate of polymerization is often faster than 
the rate of mixing even in the absence of an interfacial boundary. In the 
solution polymerization system there are presumed to be temporary 
interfaces or zones within which polymerization is proceeding independently 
of any potential effect of the ratio of the two reactants in the system as a 
whole. Thus, even a single drop of acid chloride solution in a large volume 
of diamine solution reacts rapidly with the immediately surrounding di
amine before the droplet is dispersed. This leads to oligomers and polymer 
with higher molecular weight than would be obtained from a random re
action at the known reactant ratio. Further dropwise addition of one 
reactant continues this effect because each successive drop goes into a large 
system which consists in part of active polymer with a higher than random 
degree of polymerization. Eventually as the system approaches equiva
lence and the concentration of reactive groups is reduced, there is a greater 
chance of wide distribution of the increment of added reactant and the 
occurrence of random reaction.

The effect of this control of the polycondensation rate by mixing and 
diffusion is shown in Table III and Figure 3. The preparations represented 
by the solid lines in Figure 3 were carried out by procedure D with diamine 
as the acceptor. The points to the left of the peak were obtained by slow 
addition of diamine to acid chloride and those on the right by addition 
of acid chloride to diamine. The dotted lines show approximately the 
intrinsic viscosities which should be obtained at the various reactant ratios 
from a slow reaction or a reaction involving an equilibrium among the 
various molecular species as in the usual melt polyamidation. Calculated 
molecular weights for a number of reactant ratios are given in Table III 
and compared to some of the experimental results. The system is less 
sensitive to excess diamine than diacid chloride, but a lower maximum 
molecular weight was attained by the addition of acid chloride to diamine. 
The difference in sensitivity is due to the behavior of diamine as an ac
ceptor, which is explained in a later section.

The foregoing discussion has been based on data for a procedure in which 
excess diamine was the acid acceptor. The following tabulation shows 
that similar results are obtained with a tertiary amine acceptor (see Table
IV).

Another aspect of rapid local polymerization is that the direct synthesis 
of simple oligomers (I) cannot be carried out even in dilute solutions with 
rapid stirring.
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Point A in Figure 3 represents the reactant ratio at which this compound 
might be obtained and point B would be that for the complementary 
derivative.

Although the 2,5-DMePip-T polyamide preparation is insensitive to an 
imbalance of reactants, it responds to a careful balancing of reactants 
when the polymer is dissolved or highly swollen and interfering side re
actions are absent. The peaks in Figure 3 were obtained by slow dropwise 
addition of one reactant. Since the polycondensation is not reversible 
and the reactants are consumed essentially as fast as added, passing beyond 
the equivalence point to left or right does not decrease the degree of poly
merization. The major portion of the reactants can be combined rapidly 
with little decrease in the ultimate molecular weight.

When two solutions of reactants are combined rapidly and stirred in a 
blender, the degree of polymerization is more sensitive to reactant ratio, 
as shown by the dashed line in Figure 3. As before in spite of apparent 
thorough mixing, the system is inhomogeneous for a short time and a 
local higher degree of polymerization results than calculated from the ratio 
of reactants.

The insensitivity of fast solution polycondensations to balance, while 
adequate and most useful, is not as great as for interfacial polycondensa
tions. The latter not only perform well because of the high reaction rate, 
but have the introduction of the last of the aqueous reactant controlled 
by diffusion across the liquid interface. This is similar to the dropwise 
addition of one reactant which was so effective in the experiments shown 
in Figure 3. For comparison, the stirred solution polycondensations of
2,5-DMePip-T polyamide without dropwise addition have yielded polymers 
with inherent viscosities of 3-4, while interfacial polycondensation reactions 
with the same reagents yielded polymers with inherent viscosities of 5-10.

Function o f the Solvent

The solvent performs several functions: (1) dissolves the intermediates 
and provides for their mixing and contact; (2) dissolves or swells the grow
ing polymer so that a reaction is maintained ; (3) carries the acid acceptor 
and may affect the removal of by-product salts ; (4) may affect the reaction 
rate, by polarity; (5) absorbs heat of reaction.

The intermediates ordinarily are dissolved in an inert solvent before the 
polymerization is started. A diamine may start as an insoluble salt and 
be caused to dissolve because of reaction with an acid acceptor (procedure 
M). The only conditions under which the reactants may be undissolved 
at the start or incompletely soluble are that solution takes place extremely 
rapidly or the polymer remains dissolved or swollen until all of the re
actants have dissolved and been consumed (procedure L ).

A primary requisite for high polymer formation in all solution poly
condensations is that the solvent must dissolve or swell the polymer 
sufficiently to permit completion of the polymerization. Tins point is
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enlarged upon in the section on metastable polymer solutions and in the 
following papers.

The selection of the organic solvent for interfacial polycondensation 
reactions was recognized as having a relation to the degree of polymeriza
tion.3'4 For instance, in the preparation of poly(hexamethylene sebac- 
amide) (polyamide 610) increasing molecular weights were obtained 
with solvents in the order cyclohexane, carbon tetrachloride, chloroform. 
However, all of these solvents produced polyamide 610 with an inherent 
viscosity number of at least one. In a solution polycondensation system 
only chloroform would yield polyamide 610 with a viscosity number in this 
range. Solution polycondensation requires a stronger polymer-solvent 
interaction yet the order of effectiveness for a series of solvents is the same. 
For polymers prepared from diamines the adequacy of the solvent may not 
be determined entirely by the need for polymer solubility or swelling. The 
combination of solvent, diamine, and acid acceptor must be such that di
amine needed in the polycondensation is not precipitated as a salt with 
low solubility. Some of these effects are illustrated by the experiments 
on acid acceptors.

The range of solvents useful for solution polycondensation is extended 
to include many water-miscible solvents such as acetone, acetonitrile, 
and dioxane. Pyridine can be used for the preparation of poly(phenyl 
esters).16'16

Solvent polarity is known to affect the rate of reactions which produce 
polar products.31 It affects the degree of polymerization in the prepara
tion of polyamides from secondary diamines. Examples are given in a 
following paper.

Metastable Polymer Solutions

The solution polycondensation of 2,5-DMePip-T polyamide in chloro
form and certain other halogenated hydrocarbons leads to metastable or 
supersaturated polymer solutions. They have the normal dilute solution 
viscosity characteristics of a polymer dissolved in a poor solvent (Fig. 4). 
The intrinsic viscosity numbers are far below the values obtained by re
dissolving the polymer in m-cresol (for example, 0.87 compared to 1.35). 
The stability of these solutions decreases with increasing concentration 
and varies with the solvent.

The 2,5-DMePip-T polyamide solution for which plot A of Figure 4 
was obtained, showed little change in viscometer flow time over a period 
of 5 hr. at a concentration of 3.6 g./lOO ml., although some turbidity ap
peared earlier. The more dilute solutions made from the original prepara
tion gelled at times inversely proportional to their concentration. The 
most dilute solution (0.1 g./lOO ml.) required seven days for the appearance 
of floes. No polymer agglomeration was observed by light scattering 
prior to visible precipitation.

The solution stability in several solvents decreased in the order chloro
form, dichloromethane, 1,1,2-trichloroethane, 1,2-dic hloroethane, In the
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c, g. /100 ml.
Fig. 4. Dilute solution viscosity behavior of metastable solutions of 2,5-DMePip-T 

polyamide prepared in chloroform: (A), ( B )  polymerization mixtures in chloroform at 
25°C.; (C )  polymer isolated from (A) and dissolved in m-cresol at 30°C.

last liquid, precipitation appeared to occur at once although the precipitate 
was translucent and pasty. It is suggested that in all solution and inter
facial polycondensations a supersaturated polymer solution results, but 
that only in the more stable systems is observation of the effect possible. 
Quite stable supersaturated solutions of poly(sebacyl piperazine) have 
been prepared by the interfacial polymerization procedure in 1,2-dichloro- 
ethane.8'4

2,5-DMePip-T and Pip-10 polyamide precipitates formed slowly as 
above or rapidly by the addition of a poor solvent were not crystalline 
as first formed but became crystalline when washed with water. (There 
is the possibility of trace crystallinity not detectable in an x-ray pattern.) 
Similar behavior has been reported for the products of interfacial poly
merization. Nevertheless, precipitation from the metastable solutions 
has a degree of reproducibility and responds to concentration and shearing- 
effects in the ways expected from a crystallization process.

Acid Acceptors

Amine acid-acceptors will be treated broadly in the following paper. 
The present discussion will cover only the use of excess diamine and in
organic bases.

Excess Diamine. Piperazine and irans-2,5-dimethylpiperazine are un
usual, though not necessarily unique, in that solution polycondensation will 
proceed to high molecular weight in certain solvents in the presence of an ex
cess of diamine as the acid acceptor. The highest molecular weight is ob
tained at the ratio of two moles of diamine to one of diacid chloride regard
less of the order of addition of the two solutions (Fig. 3). Polymers with 
low molecular weight are obtained when the polymer precipitates rapidly. 
The peculiarities which make possible the use of the two piperazines as acid
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acceptors without interference with polymer formation are the solubilities 
of the diamine salts and the base-strength relationships of all of the amine 
species.

The unusual behavior of the polycondensation reaction is most apparent 
when diacid chloride solution is gradually added to diamine solution (right 
of Fig. 3) with stirring. In chloroform, dichloromethane, and 1,1,2- 
trichloroethane, frans-2,5-dimethylpiperazine monohydrochloride is readily 
soluble, whereas the dihydrochloride is quite insoluble. Therefore, during 
the preparation of 2,5-DMePip-T polyamide by the procedure described 
above, precipitation of diamine dihydrochloride does not begin until a 
ratio of one mole of diacid chloride to three moles of diamine is reached. 
The polymer isolated at this point in 94% yield has a molecular weight 
(M n) of 6400. Ninety-eight per cent of the chain ends bear amine groups.

An explanation of the behavior of the polycondensation system re
quires a restatement of several characteristics of the amide-forming re
actions: (1) acylation rate and proton affinity of the amine groups are 
presumed to be proportional to their base strengths; (2) amine hydro
chlorides or protonated amines are not acylated by acid chlorides; (3) 
the rate of reaction between acid chloride and amine is high but the rate 
of removal of the proton or hydrogen chloride from the protonated amide 
in the presence of base is still higher.

where

kjj k k reactant mixing
The strongest base present in the early period of the polycondensation 

procedure under discussion is free diamine. The base strength measured 
in water is 100 times that of the monobenzoylated diamine and over 10,000 
times that of the diamine monohydrochloride (Table V). During poly
merization, free diamine is the acid acceptor as long as it is available and 
it becomes the weakly basic soluble, monohydrochloride. Acylation takes 
place with free diamine and monoacylated diamine as well. If diamine
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monohydrochloride should be acylated, the base forming the salt site 
becomes weakened and the hydrogen chloride will transfer to diamine. 
The effective withdrawal of two-thirds of the excess diamine from the 
reaction by formation of the monohydrochloride and the additional effect 
of a high reaction rate leads to the high degree of polymerization observed.

TABLE V
Base Strengths of Piperazines and A-Alkyl Ethylenediamines

Amine
p/va in H20  

at 25°C.

E ‘ A. 
Ethyl 

acetate

rav.‘
Aceto
nitrile

Piperazine 9.81 103 65
1-Benzoylpiperazine 7.78 (275) 210
Piperazine monoion 5.57 (430) (380)
2-Methylpiperazineb 9.90
2-Methylpiperazine monoion 5.46
iraras-2,5-Dimethylpiperazine 9.69 148 85
l-Benzoyl-fra?is-2,5-dimethylpiperazine 7.5 (300) (240)
fraris-2,5-Dimethylpiperazine monoion 5.25 347 (400)
cfs-2,6-Dimethylpiperazineb 9.86
cis-2,6-Dimethylpiperazine monoion 5.40
N ,N  '-Dimethylethylenediamine0 10.29
N ,N  '-Dimethylethylenediamine monoion 7.47
N , N  '-Diethylethylenediamine 10.46
N ,N  '-Diethylethylenediamine monoion 7.70

a See Hall.33 Parentheses indicate estimated values. 
b Data of Keyworth.34
0 Basolo et al.35 present a study of this diamine and those following.

The discussion thus far has contained no formal acknowledgment of 
the existence of equilibria between the various amine species and the 
hydrogen chloride content of the system. No doubt these equilibria 
exist even though the balance in favor of certain products may be ex
ceedingly high. As an example, diamine monohydrochloride must remain 
in equilibrium with small amounts of diamine and dissolved dihydro
chloride. The latter in turn would be in a solution equilibrium with 
precipitated salt.

An observation relating to equilibria in the first stage of the polymeriza
tion is that momentary turbidity appears if several drops of acid chloride 
solution are added rapidly to the clear diamine solution. Diamine di
hydrochloride precipitates because the 1:3 ratio of acid chloride to diamine 
is exceeded in a small region. Mixing brings more diamine into the region 
to form the soluble monohydrochloride.

At the 1:3 reactant ratio, when essentially all of the diamine has been 
either acylated at least once or has formed monohydrochloride, the strongest 
base would appear to be the polymer chain end. One would expect the 
chain ends to be protonated next and cease to react. However, only a 
small amount of free diamine (less than 1% of the unacylated diamine) in
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equilibrium with the diamine salt need be present to more than equal the 
number of amine ends on the polymer. Such an equilibrium would pro
vide a small fraction of strongly basic diamine for acylation and acceptor 
action throughout the remainder of the polymerization.

As more acid chloride is added to the mixture, the average molecular 
weight of the polymers continues to rise and polymerization is accompanied 
by a concurrent precipitation of diamine dihydrochloride. The dihydro- 
cliloride must be so insoluble and the system so sensitive to the least excess 
of hydrogen chloride over that required to form monohydrochloride from 
the nonacylated diamine that the dihydrochloride precipitates nearly 
quantitatively as the reaction proceeds. The results indicate a rapid 
transfer of protons or hydrogen chloride away from amide groups and 
monoacylated diamine, and the consequent existence of a high proportion 
of unprotonated amine ends on oligomers and the polymer chains. The 
probable participation of small equilibrium amounts of the strongly basic 
diamine throughout this stage of the polycondensation is postulated.

Tire second experiment under procedure M in which four moles of di
amine monohydrochloride and one mole of diacid chloride yielded a poly
mer with high molecular weight confirms the suggested mode of reaction. 
At the start there was a small amount (about 1%) of dihydrochloride which 
would not dissolve. A corresponding amount of diamine then was present 
in solution. The experiment shows that the amine ends on the oligomers 
must be cleared of protons quantitatively for otherwise much more than 
the desired equivalent of diamine would combine with the diacid chloride 
and high polymer would not result. The experiment also demonstrates 
that polycondensation could proceed from the point of a 1:3 reactant ratio 
with the formation of polymer with high molecular weight without in
corporation of the initially formed polymer. However, in view of the 
presumption of unblocked amine ends, the initial oligomers and polymer 
must be built upon and coupled randomly while entirely new chains are 
also forming.

When diamine is added slowly to excess diacid chloride (left of Fig. 3), 
diamine dihydrochloride appears to precipitate at once. Since the ac
ceptor action is faster than amide formation, no more than one-half of the 
amine groups can be acylated. The polymerization must proceed locally 
by the mechanism just outlined. Even with the diminishing amount of 
amine to serve as the acid acceptor the oligomer ends are not blocked by 
protons for the final polymer chains end predominantly with carboxyl 
groups. The experimental curve to the left of Figure 3, rather than that 
on the right, represents the effect of a high reaction rate on the relation 
of observed molecular weights to those calculated from the reactant ratio. 
Other experiments in the absence of salt effects confirm this conclusion.

The use of an excess of a piperazine as the acceptor works best in those 
solvents from which the dihydrochloride is rapidly and completely crystal
lized (Table VI) and in which the monohydrochloride is soluble. Poly
condensation reactions in carbon tetrachloride, benzene, acetone, dioxane
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TABLE VI
Preparedion of Polymers with Diamine ns the Acid Acceptor

Polymer

Mole
ratio

diamine/
acid

chloride'1 Solvent
Yield,

% b *71 nh Remarks

Pip-10 2 Chloroform 81 0.96 Polymer 
soln.; salt 
ppt.

Pip-T 2 Chloroform 50 0.40 Polymer and 
salt ppt.

2-MePip-10 2 Dichloromethane — Salt separates 
as oil

«s-2,6-DMePip-10 2 Dichloromethane --- - — Salt separates 
as oil

frans-2,5-DMePip-10 i Chloroform 16 0.49 Polymer 
soln.; salt 
PPt-

2 Chloroform 100 1 .90 Polymer 
soln.; salt 
ppt.

3° Chloroform 80 0.53 No ppt.
2 Dichloromethane 58 1.34 Salt ppt.
2 Acetone 61 1.11 Polymer ppt.
2 Benzene 67 0.23 Oil
3 Benzene 64 0.46 Polymer in 

soln.
2 Hexane 68 0.45 All materials 

ppt.
3 Hexane 88 0.56 All materials 

ppt.
cts-2,5-D MePip-T 2 Chloroform

“
Salt was a 

gum
l.rans-2 ,5 -T ) M ePi p-T i Chloroform 41 0.66 Some ppt.

2 Chloroform 91 3.10 Salt ppt.
2 Dichloromethane 89 1.93 Salt ppt.
2 1,1,2-T richloroethane 91 2.65 Salt ppt.
2 Tetramethylene sul- 

fone-chloroform 
(85:15 by vol.)

71 1.15 Salt ppt.

2,2,5,5-TeMePip-10 2 Dichloromethane Salt was 
partly an 
oil

2 Chloroform Salt very 
slowly 
ppt’d.

a Acid chloride solution added to diamine as in procedure B. 
b Yield is based on diaeid chloride. 
c Procedure D.
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and nitrobenzene give trcms-2,5-dimethylpiperazine salt which is a mixture 
of mono- and dihydrochlorides. A system from which pure diamine mono
hydrochloride precipitates could yield high polymer from a 1 to 3 ratio of 
diacid chloride to diamine. Hexane is such a solvent. A high yield of 
trans-2,5-DMePip-10 polyamide with an inherent viscosity of 0.56 was 
obtained in hexane upon fast addition of diacid chloride to diamine in a 
1:3 ratio (Table V I). However, there was only a slight gain in molecular 
weight over a similar preparation in chloroform from which no precipitation 
occurred. The full potential of the hexane system was not attained since 
with triethylamine as the acceptor, a 99% yield of polymer with an inherent 
viscosity of 1.60 was produced.

Diamines other than piperazines which might have similar base strength 
and salt solubility relationships are the alkylated ethylenediamines (Table
V ). These have not been carefully evaluated in solution polycondensation 
systems, but several tests with A^V'-diethylethylenediamine indicated 
that the dihydrochloride did not precipitate completely in some solvents. 
Ethylenediamine does not form a monohydrochloride soluble in halo- 
genated hydrocarbons.

Inorganic Bases. Inorganic bases, such as the finely divided calcium 
and magnesium oxides or hydroxides, may be used as acceptors if the form
ing polymer remains dissolved or highly swollen (Procedures E and H). 
Because most inorganic bases are insoluble in the organic media, these ac
ceptors are slow to function. As much as 20 min. to several hours may be 
required for completion of the reaction. An excess of the base is advan
tageous in order to provide more surface for reaction.

Since the polycondensation reaction is usually fast, polymerization 
in the presence of an insoluble acceptor takes place to a large extent with 
the diamine acting as an intermediary acceptor. The inorganic base must 
then regenerate diamine from its salt. In order for this exchange to occur 
there must exist a slight solubility or dissociation of the diamine salts. 
Furthermore, the inorganic base will function best if its chloride is slightly 
soluble and a fresh interface of base is continually exposed. The slow 
introduction of diamine into the reaction by means of the interaction of a 
soluble diamine salt with inorganic base can be used as a route to careful 
balancing of the two polymer-forming reactants. This procedure was 
found to be the best route to polymers from the more hindered and slowly- 
reacting piperazines (Table II).

Interfering Factors

Although solution polycondensations are easily and quickly performed, 
several causes and conditions may lead to the formation of polymer with 
lower molecular weight than is desired. The following discussion applies 
broadly to this process and not just to the few polymers reported in the 
present paper.

Solvent Reactivity. The solvent should not react rapidly with amines or 
acid halides. That is, it should not react during the time necessary to carry
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out the polymerization. Solvents which react with amines are acids and ac
tive halides such as acetic acid or si/m-tetrachloroethane. Solvents which 
react with acid halides are water, alcohols, phenols, amines, etc. What con
stitutes inertness will depend in part upon the reactivity of the polymer in
termediates. Some solvent interference can be overcome by minimizing 
the contact between the reactant and the solvent.

Procedures I and J illustrate the use of a second diluent for one reactant 
when the principal solvent interferes in the reaction. An alternative pro
cedure is to add a solid or liquid reactant directly to a stirred solution of the 
complementary reactants. Both reactants may be added to stirred solvent 
and, if they are solids, they may be mixed or ground together and added 
to solvent or the solvent may be added to them (procedure K ).

Impurities. The fast, low temperature polycondensation reactions are 
surprisingly tolerant of impurities but this tolerance varies considerably 
with the circumstances. The purity of the reactants and solvents must be 
higher than for the interfacial polycondensation method. This is because in 
a single phase system all of the materials are in the polymerization area.

Nonreactive impurities in the solvent are harmless except insofar as they 
may depress the solubility of the polymer. Nonreactive impurities in the 
intermediates cause an incorrect measure of the reactants. The resulting 
imbalance is most serious as the reaction rate becomes low.

Reactive impurities in solvents are such substances as water, alcohols, 
acids, and phosgene. Solvents should be distilled and dry. Many A.C.S. 
reagent-grade solvents and some other grades are acceptable as sold. 
The variable importance of solvent impurities is shown by the effect of the 
alcohol stabilizer in chloroform on two polymerizations. 2,5-DMePip-T 
polyamide, prepared in unwashed chloroform, had an inherent viscosity 
of 2.1 whereas 2,5-DMePip-10 polyamide had an inherent viscosity of 
only 0.3. The sebacyl chloride reacts much faster with the alcohol than 
terephthaloyl chloride in a preliminary contact.

Active impurities in the intermediates are substances which react with 
the complementary reactant. If moisture gets into the diacid chloride, 
both diacid and monoacid-monochloride may form. The diacid and hydro
gen chloride are not wholly inert impurities for they may take away acid 
acceptor or diamine as salt. The monochloride is a chain terminator. 
The diamine may contain carbonate, water, or monofunctional impurities 
from its synthesis while the acid chloride may also contain hydrogen 
chloride, thionyl chloride or phosphorous halides or monoacid halides from 
an impure acid. The seriousness of their presence will depend on the 
relative reaction rates of impurities and reactants. For instance, diiso- 
propylamine can be used as an acceptor for 2,5-DMePip-T polyamide 
preparation, but would interfere in the reaction of terephthaloyl chloride 
and a bis-phenolate, which is a much slower polycondensation.

The only completely satisfactory test of purity is the formation of high 
polymer. Enough basic polycondensations have now been explored so 
that such a test is readily made.
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Amine Acid Acceptors. Secondary and tertiary amines, used as acid ac
ceptors, introduce several interfering reactions. These are dealt with in a 
following paper.

Diacylation. Diacylation of one amine group cannot occur with the 
secondary diamines, but does sometimes occur with primary diamines. 
This leads to branched and network polymers. This side reaction was also 
found in interfacial polycondensation.32

Polymer Precipitation. Polymer precipitation is a physical interference 
rather than a chemical reaction, yet it produces a limitation of molecular 
weight. This must be considered in analyzing the difficulties in making a 
polymer. The topic is covered under reactivity of polymer precipitates 
and choice of solvents in following papers.

Molecular Weight Characteristics

No fractionation of polymers made by solution condensation has been 
carried out except for the occasional separation of a low molecular weight 
fraction from the main fraction of high molecular weight polymer. There 
has been no indication of abnormality in solution behavior or physical 
properties.

Fig. 5. Intrinsic viscosity in tetrachloroethane-phenol vs. molecular weight for 2,5-
DMePip-T polyamide.

Linear plots of i}sv/c versus c over a wide range of values were obtained 
for dilute solutions of 2,5-DMePip-T polyamide in s?/m-tetrachloroethane- 
phenol (40:60 by weight) at 30°C. The plots have an average Huggins 
k' constant of 0.38. The number-average molecular weights (M n from
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endgroups on whole polymers) versus intrinsic viscosity [»7] form a linear 
log-log plot (Fig. 5). This plot fits the equation

[77] =  2.96 X 10-4M re0-87

M n values for polymers made in several ways and by interfacial poly- 
condensation do not deviate greatly or in any consistent way from this 
line.

A limited number of values for the weight-average molecular weight 
(Mw) by light scattering yielded the equation

[77] =  1.69 X 10 “ 4 M „ 0-85

and a ratio of Mw/M „  of 2.3 for polymers made by a stirred interfacial 
polycondensation process in dichloromethane. The ratio indicates a 
slightly broader than random molecular weight distribution. This is to 
be expected from a system in which the polymer is precipitated at an early 
stage of the preparation.3'4'32 A single-phase system in which the polymer 
remains dissolved should yield a random distribution. This point has 
not been established experimentally with 2,5-DMePip-T polyamide. 
Schnell,15 however, has reported that polycarbonates made in solution 
have a random distribution while those which precipitate yield a distribu
tion curve with two peaks.

Exceptionally high molecular weights have been obtained for 2,5- 
DMePip-T polyamide (M n up to 400,000) by slow addition of one reactant 
to the other, as discussed earlier. Such a high degree of polymerization 
is not readily obtained with most condensation polymers nor does it appear 
to be necessary for the achievement of a normal range of physical prop
erties.

Endgroup and molecular weight determinations were carried out by Vernis Good, 
Miss Jean Schilit, and Dr. K. Van Holde.
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Résumé
Un procédé simple a été décrit pour la préparation de polymeres de condensation â 

partir de diamines et d’halogénures de diacides; il comprend la réaction d’équivalents â 
température de chambre environ, dans un solvent inerte, avec un accepteur pour le 
sous-produit acide. Cette première publication discute le formation de polyamides de 
pipérazines et de chlorures d'acides aliphatiques et aromatiques. Ces exemples sont les 
polysébacoyle-pipérazines et les polytéréphtaloyle-diméthylpipérazines. L’etude des 
types d’accepteurs d’acides, des solvants, de l’équilibre de la réaction, des réactions 
compétitives et du mécanisme de la réaction a été discutée. Quelques uns de ces poly
meres ont été décrits brièvement en termes de température de fusion, de solubilité et de 
relations entre les poids moléculaires et leurs viscosités.

Zusammenfassung
Ein einfacher Prozess zur Darstellung von Kondensationspolymeren aus Diaminen 

und Halogeniden zweibasischer Säuren wird beschrieben; er besteht in der Reaktion äqui
valenter Mengen der Zwischenprodukte ungefähr bei Raumtemperatur in einem inerten 
Lösungsmittel zusammen mit einem Acceptor für die als Nebenprodukt entstehende 
Säure. In der ersten Mitteilung der Reihe wird die Bildung von Polyamiden aus 
Piperazinen und aliphatischen und aromatischen Dicarbonsäurechloriden behandelt. 
Beispiele bilden Poly(sebazvlpiperazin) und Poly(terephthaloyldimethylpiperazin). 
Im einzelnen werden verschiedene Säureaceeptoren, Lösungsmittel, Mengenverhältnis 
der Reaktionsteilnehmer, störende Reaktionen und der Reaktionsmechanismus be
handelt. Einige Polymere werden kurz in bezug auf Schmelztemperatur, Löslichkeit 
und Viskositäts-Molekulargewic.htsbeziehung beschrieben.

Received October 10,1962
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Amine Acid-Acceptors for the Preparation of 
Piperazine Polyamides by Low-Temperature 

Solution Polycondensation

PAUL W. MORGAN and STEPHANIE L. KWOLEK, Pioneering 
Research Division, Textile Fibers Department, E. I. du Pont de Nemours & 

Company, Inc., Wilmington, Delaware

Synopsis

Polyamides from 2,5-dimethylpiperazine and terephthaltyl and sebacyl chlorides, 
having high molecular weight, were prepared in a single solvent system in the presence of 
various amine acceptors. Strongly basic, hindered secondary amines were fair acceptors, 
but tertiary amines were preferred. The tertiary amines performed well when the pA'„ 
in water was equal to or greater than the pK a of the amine group on the end of a polymer 
chain. The polycondensations were affected adversely by acid chloride-tertiary amine 
reactions, by precipitation of diamine salts, and under some conditions by precipitation 
of polymer.

The preceding paper1 described the preparation of polyamides with 
high molecular weight from piperazines and aliphatic or aromatic diacid 
chlorides in a single liquid medium. A surprising discovery was that in some 
polymerization systems the acid acceptor could be a mole of excess diamine 
for every two moles of by-product hydrogen chloride. In this paper, we 
will discuss the use of tertiary amines of varying base strength as acid 
acceptors.

EXPERIMENTAL

The materials, methods of purification, and polycondensation procedures 
were those described in the preceding paper.1 For the most part, the 
polymers were made with high speed stirring by Procedure B, although 
Procedure A was also used when no precipitation of polymer was expected.

Inherent viscosities ^¡„h = (In ?7rei)/c)] were determined in m-cresolat 
30°C. with c = 0.5 g./100 ml. solution.

DISCUSSION

A requisite for polycondensation at low temperatures of a diamine and 
diacid halide is that the by-product acid be removed from the reaction site, 
for amine salts do not react. The acceptor need not be a basic substance, 
but must retain the by-product acid in some way while the reaction pro-
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ceeds. In the case of piperazine polyamides the acceptor may be a tertiary 
or hindered secondary amine, an inorganic base or excess diamine.

Secondary Amine Acceptors

The use of excess piperazine as the acid acceptor is a special case and has 
been discussed.1 Monofunctional secondary amines, such as diethylamine, 
piperidine, and M-ethylaniline, were useless because of their rapid reaction 
with the acid halides. In order to be useful, a secondary amine acceptor 
must be sterically hindered to acylation but not to protons. The results 
with several operable examples, such as diisopropylaminc and 2,2,6,6- 
tetramethylpiperidine, are given in Table I. The experiments show 
somewhat greater interference with aliphatic than with aromatic acid 
chlorides.

The fact that 2,6-dimethylpiperidine is a fair acceptor for the preparation 
of 2,5-DMePip-T polyamide (from 2,o-trans-dimethy[piperazine and 
terephthaloyl chloride) indicates that the reaction of acid chloride with
2,6-dimethylpiperazine and 2,3,5,6-tetramethylpiperazine would be hin
dered. The preparation of polyamides with high molecular weight from 
these piperazines by solution polycondensation is difficult as has been 
pointed out in the preceding paper. Secondary amines are much less 
effective acceptors with the highly hindered piperazines.

Tertiary Amine Acceptors

A wide range of tertiary amines are useful as acceptors in solution 
preparations of polyamides from sterically unhindered piperazines (Table
II ). There are base strength and solubility effects and side reactions which 
impose some limitations. We will consider first systems in which the 
polymer remains in solution.

Base Strength Requirements. The base strength of the acceptor must 
be above a certain range in order to obtain a polymer having high molecular 
weight.* For 2,5-DMePip-T polyamide in chloroform, this was a pK a 
in water >  7.0 and for 2,5-DMePip-10 polyamide (sebacamide) >  7.4; 
the pK a in water is used here as a measure of basicity. The work of Hall2 
has shown that the relative base strengths of amines in organic solvents 
as determined by millivoltage readings are in the same order as pK a values. 
Ei/, values in ethyl acetate and acetonitrile are included in the table, and 
either scale could be used for our purposes. The base strengths of the 
useful acceptors about equal or exceed the base strength of the mono- 
acylated diamine (pK a 7.5 for monobenzoyl-2,5-dimethylpiperazine) or, 
in other words, the polymer chain end.

This relationship holds only when the polymer-forming reaction rate is 
high and the polymer does not precipitate rapidly. For example, the 
soluble poly(sebacyl piperazine) was prepared in dichloromethane in 93%

* “High molecular weight” is used to indicate arbitrarily a polymer with an inherent 
viscosity number of at least 0.0 and a yield above 75%.
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yield with an inherent viscosity of 1.46 when A,iV-dimethyl-m-toluidine 
was the acceptor. Poly(terephthaloyl piperazine), which precipitated 
rapidly, was obtained in very low molecular weight. Likewise prepara
tions with cts-2,6-dimethylpiperazine and 2,2,5,5-tetramethvlpiperazine 
were unsatisfactory, although the base strengths of all the piperazines do 
not differ greatly.

Although relative base strength is a factor in the behavior of the accep
tor, it is believed that the coincidence of pK a values of the polymer chain 
end and the weakest useful acceptor is fortuitous. Hall’s data, for instance, 
indicates that if the p/Ya (H20) scale is to be used for the order of basicities 
in organic solvents, then the relative position of amines having hetero 
substituents near the amine function (morpholines, piperazines and related 
compounds) should be adjusted upward by about one pK a unit. This only 
increases tire difference in base strength of the polymer chain end and 
the weakest useful acceptor. The definition of the latter is arbitrary. 
For the acceptors listed in Table II the suggested adjustment of pK a 
values would shift the position of A-ethyl- and A-methylmorpholines up 
the scale but would not transpose their position relative to the other 
acceptors. A-allyl-morpholine would be placed above the toluidines. 
This latter change can be justified on all points except for the low viscosity 
number of the 2,5-DMePip-10 polyamide.

Reaction Equilibria. A successful polymerization in the yresence of a 
tertiary amine acceptor must result from the right relationship between
several competing processes:

Acid chloride +  diamine -► amide hydrochloride (1)

Amide hydrochloride ;=± amide +  HC1 (2)

Diamine +  HC1 diamine monohydrochloride (.3)

Diamine monohydrochloride +  HC1 diamine dihydrochloride (4) 

Acceptor +  HC1 acceptor salt (5)

Diamine salts +  acceptor ;=± diamine +  acceptor salt (6)

Acid chloride +  tertiary amine ^  complex cleavage products (7)

Reactions (2)-(6) are equilibria, whereas (1) and the final step of (7) are 
irreversible. In order for the polycondensation reaction to yield a product 
with high molecular weight, the second step of reaction (7) must be slow 
in relation to (1). If we assume for the present that the system remains 
homogeneous as it does for DMePip-T polyamide in chloroform, then 
amine ends on the polymer, diamine, and tertiary amine will all be in 
equilibrium with the protons at a given point. The proportion of each 
which is protonated presumably will be determined by their relative base 
strengths and concentrations. Ionization equilibria will be a secondary 
matter.

As acylation proceeds there will be more protons and less amine groups
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and free tertiary amino molecules. In spite of the apparent increasing 
unfavorable condition, many reactions proceed to near completion in less 
than a minute. For this to occur, the rate of proton transfer must be 
high. As the base strength of the acceptor is decreased, presumably the 
equilibrium becomes less favorable for maintaining the diamine and amine 
ends on the polymer in an unprotonated state, which is needed for acyla
tion. A point is reached in the scale of acceptor base strengths below 
which only polymers with low molecular weight are formed.

A consideration of the data shows that the decline in molecular weight 
is not entirely abrupt, although there is a sharp drop below an inherent 
viscosity of one. The break occurs at a slightly higher base strength for 
sebacamide than for terephthalamide. The difference is ascribed to the 
higher relative rate of the interfering side reactions with aliphatic acid 
halide comap red to aromatic acid halide.

Failure of the acceptor to withhold protons from diamine or amine 
groups on the polymer to an extent which could have a major effect on 
molecular weight would not necessarily cause a large decrease in yield. 
The actual yields were variable. The losses up to 15-20% are mechanical 
and are due to incomplete polymer precipitation and adhesion to reaction 
vessels, loss of fine material on and through the filter, etc. The high 
yields at the highest molecular weights are probably due to greater tough
ness of the polymer precipitate. In the presence of the weaker acceptors, 
diamine salt precipitated. Even though the salt has a finite solubility, 
the equilibrium with these acceptors is so unfavorable that polycondensa
tion proceeded poorly. Only a 45% yield of DMePip-10 polyamide was 
obtained with pyridine as the acceptor.

Loss of part of the diamine as a precipitate permits another interference, 
the interaction of acid chloride with acceptor, which is discussed in a later 
section. The presence of this side reaction is often shown by the formation 
of a yellow or orange coloration (Table II). The color may be formed 
only temporarily when acid chloride is added rapidly to a reaction mixture 
Similarly, the addition of more than a small excess of tertiary amine accep
tor reduces the molecular weight of the resulting polymer. If an unfavor
able side reaction were not present, an excess of a weak acceptor could 
be added to extend the range of operable base strengths by the mass effect 
on proton equilibrium [reactions (2)—(6) ]. Possibly this could be done 
by the use of acceptors which were hindered toward acid chloride, but 
not to protons.

Preparations with Precipitation o f Polymer. The foregoing discussion 
has considered for the most part a system in which the polymers were solu
ble. Precipitation of the polymer by a poor solvent in the presence of a 
strong acceptor restricts the molecular weight, as will be brought out in de
tail in following papers. The combination of a poor solvent and a weakly 
basic acceptor provides a situation even less favorable to polymer formation. 
In other words, as weaker acceptors are used, the range of useful solvents is 
reduced. This is illustrated in Table III.
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TABLE III
Comparison of 2,5-DMePip-T Polyamide Preparation in Systems with Varying Solvent

and Acceptor Strengths

Acceptor

Solvent

Triethylamine Methylmorpholine

V i nil Yield, % r j inh Yield, %

Chloroform 4.2 90 1.96 100
1,2-Dichloroethane 2.50 70 0.45 82
Methyl ethyl ketone 1.25 76 0.82 80
Benzene 1.11 90 0.35 90

The weak acceptor may function poorly in a poor solvent for at least 
two reasons. First, the equilibria of eqs. (5) and (6) are presumably less 
to the right for a weakly basic acceptor than a strongly basic one. There
fore, more time is needed for completion of a polymerization in the former 
case. A poor solvent causes polymer precipitation too soon. The second 
difficulty has to do with diamine salt solubility and was observed with 
dichloroethane. When triethylamine was used, there was a momentary 
turbidity which cleared before the polymer solution gelled. With methyl- 
morpholine the initial fine precipitate remained. This precipitate is 
diamine dihydrochloride. Independent tests showed that once the diamine 
salt had crystallized many of the weak acceptors would not cause it to 
redissolve even though they would perform well in a polymerization in 
chloroform. The combination of weak acceptor and poorer solvent (for 
both polymer and diamine salt) permits crystallization of diamine salt.

Side Reactions with Tertiary Amines. Contact between the tertiary 
amine acceptor and the acid halide or certain solvents must be avoided to 
prevent several possible side reactions. In the usual preparative method 
wherein diacid halide is added to a solution of diamine and acceptor, no dif
ficulty is experienced if the polycondensation reaction is fast. As the poly
condensation reaction becomes slower, then there is greater interference 
from side reactions. As a result, the use of tertiary amine acceptors in 
acylations of the most hindered piperazines is restricted. Interaction of the 
acid chloride and tertiary amine is often indicated by a coloration of the 
polymerization mixture (Table II) and should be noted as a sign of possible 
difficulty with the preparation.

The formation of ketenes and ketene dimers from acid chlorides and 
tertiary amines is a well known reaction.3’4 When applied to dibasic 
acid chloride, diketenes form and then dimerize and form polymers. 

~vRCH2COC1 +  R '3N -> '~vR CH =C=0 +  R '3NHC1 
2~ v R C H = C = 0  -> -vRCILC = C— R—

I Io —c = o

Frazer and Shivers5 have used this reaction as the first step in the synthesis 
of a,co-dicarboxylic acids having high molecular weight.
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If one adds triethylamine to a chloroform solution of sebacyl chloride 
(in a 2 to 1 mole ratio and following procedure A of reference 1), allows the 
orange-brown mixture to stand 1 min., then adds a solution of equivalent 
trcros-2,5-dimethylpiperazine, an insoluble polymer results. The poly- 
keto acids have low solubility and would no doubt reduce the solubility 
of polymers in which they occurred. However, the insolubility of the
2,5-DMePip-10 polyamide in strong solvents such as ?n-cresol suggests 
that crosslinking has occurred through reaction of the ketene dimer with 
diamine.

~RCH,C=C— R-------b HN
I I  V
0—c = o

N~

H
I

-RCH2—C—C— R—

0  C— N  ^N-

0

Ketene formation cannot occur with aromatic acid halides, but contact 
with tertiary amine is harmful and polymers with low molecular weight 
result. For example, when terephthaloyl chloride was substituted for 
sebacyl chloride in the procedure above, a polymer with an inherent viscos
ity of 0.30 was obtained. The literature indicates that the initial reaction 
between an acid halide and a tertiary amine in all cases is formation of an 
addition compound. If there is moisture present, an anhydride group 
might form. In a swollen or water-sensitive polymer, this would be a 
hydrolytically weak link. Another possible reaction is the formation of 
a monoamide group and an alkyl halide.

O  C 1 9  - |  o

Il I® ||
R— C—N— R 3 J ->• R— C— NR'2 +  R Cl

This reaction is known to occur in fair yield at high temperature6“ 8 and, 
therefore, should take place to some extent at room temperature. In a 
polymerization system this would be a chain-terminating reaction. The 
analogous interactions of tertiary amines with chloroformâtes9“ 12 and 
sulfonyl chlorides13 are faster reactions and consequently give greater 
interference. The alkyl halide may react with another mole of tertiary 
amine to form a quaternary ammonium salt.

Fortunately, these side reactions are slow relative to the rate of polymer 
formation from unhindered primary and secondary diamines. Therefore, 
high polymers with essentially uniform structure are formed if conditions 
promoting the side reactions are avoided.

Tertiary amines, as well as other amines, react with many halogenated 
hydrocarbons, such as chloroform14'16 and carbon tetrachloride.16 These 
are not ordinarily rapid reactions and do not cause any difficulty in ordinary 
laboratory procedures. They could cause interference and present a 
hazard if solutions were stored or made up in large quantities. Copper 
is a catalyst for the reaction of piperidine with carbon tetrachloride.17

R-

O
A - Cl +  R '3N
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CC14 4- 2 N-CC13 +
o

NHoCl

Bromoaliphatic hydrocarbons,15 benzyl halides, and similarly reactive 
solvents should not be used as polymerization media.

Our thanks are expressed to Dr. H. K. Hall, Jr. for helpful discussions, data on base 
strengths, and samples of methyl-substituted piperidines.
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Des polyamides à poids moléculaire élevé de la 2,5-diméthylpipérazine et des chlorures 
de téréphtaloyle et et sébacoyle ont été préparés dans un seul système de solvant en 
présence de divers accepteurs aminés. Les animes secondaires stériquement encombrées 
et fortement basiques sont de bons accepteurs, mais on leur a préféré les amines tertiaires. 
Les amines tertiaires conviennent si leur pK a dans l’eau est égal ou supérieur au pK a du 
groupe amine terminal de la chaîne polymérique. Les polycondensations sont limitées 
par des réactions entre les chlorures acides et les amines tertiaires, par la précipitation de 
sels de diamine et, sous certaines conditions, par la précipitation du polymère.

Hochmolekulare Polyamide aus 2,5-Dimetlrylpiperazin und Terephthaloyl- und 
Sebazylehlorid wurden in einem System mit einem Lösungsmittel und verschiedenen 
Aminacceptoren dargestellt. Starke basische, sterisch gehinderte, sekundäre Amine 
waren gut als Acceptoren brauchbar, es wurden aber tertiäre Amine bevorzugt. Die 
tertiären Amine waren gut brauchbar, wenn das pK a in Wasser gleich odor grösser als 
das pK a der Aminogruppe am Ende einer Polymerkette war. Die Polykondensation 
wurde durch Reaktionen zwischen Säurechlorid und tertiärem Amin, durch Ausfällung 
der Diaminsalze und unter gewissen Bedingungen durch Ausfällung des Polymeren 
ungünstigt beeinflusst.
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Electron Spin Resonance of Irradiated Solution- 
Crystallized Polyethylene*

R. SALOVEY and W. A. YAGER, Bell Telephone, Laboratories, 
Incorporated, Murray Hill, New Jersey

Synopsis
If films containing oriented lamellae of solution crystallized polyethylene are rotated 

in the external magnetic field, marked anisotropy in electron spin resonance is noted. 
When the magnetic field is perpendicular to the chains the spectrum consists of ten 
lines with a hyperfine component separation of 15 gauss. When the magnetic field is 
parallel to the chains, the spectrum is a sextet with a splitting of 34 gauss. These 
splittings are in fairly good agreement with the studies of McConnell et al. on irradiated 
malonic acid single crystals. The high resolution and stability of electron spin resonance 
spectra of irradiated polyethylene crystallized from solution suggest greater perfection 
of crystalline order than in elongated fibers. Moreover, the results on solution crys
tallized polyethylene indicate that the alkyl radicals are formed at random in the 
crystalline matrix.

INTRODUCTION

The predominant radical formed on exposure of polyethylene to ionizing 
radiation is the alkyl radical produced by carbon-hydrogen bond scis
sion:1 •—OH..—CH— CH2— . Such radicals are relatively short-lived and 
probably combine rapidly to form crosslinks.2'3 However, it is possible to 
trap the alkyl radicals at low temperatures4 or in a highly crystalline ma
trix6 and observe a characteristic six line spectrum in electron spin resonance. 
These spectra evidence a splitting of approximately 30 gauss and an in
tensity ratio corresponding to equal interaction of the magnetic moments of 
five protons with that of the unpaired electron.6 Studying polyethylene 
oriented by stretching, several workers5,7 have observed an anisotropy in 
the electron spin resonance spectrum of the irradiated polymer.

A simple model of the alkyl radical is assumed in which the proton at
tached to the “ radical” carbon atom is at right angles to the molecular 
chain axis. This proton produces the anisotropic interaction with the 
unpaired electron.

We have noted the changes in splitting on rotating a stretched fiber 
(elongated about 20 times at 0.2 in./min. in air at 70°C.) of polyethylene 
from a position normal to one parallel to the external magnetic field.

* Paper presented at the 142nd meeting of the American Chemical Society, Atlantic 
City, New Jersey, September 1962.
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When the field is perpendicular to the fiber axis, we observe a ten-line 
spectrum; when the field is parallel, we observe a sextet. AVe have ex
amined this anisotropy by studying the electron spin resonance spectra of 
oriented “ mats”  and films of solution crystallized polyethylene prepara
tions9 on rotation in the external magnetic field.

EXPERIMENTAL

1. Materials

Solution-crystallized polyethylene (Marlex G000 series, Type 50) was 
prepared by dissolving the polymer at a concentration of 0.4 g./l. in 
refluxing xylene, thermostating the resultant solution at 70 °C. or at 85°C., 
and allowing the polymer to crystallize. The resultant suspension of 
crystals is either compacted to a thin film on filtration or allowed to settle 
to form a thick mat.

2. Irradiation

Two general irradiation techniques were used. In one case, samples of 
solution crystallized polyethylene were placed in Pyrex tubes and sealed 
in vacuo. The tubes were irradiated in a beam of 1 m.e.v. electrons from 
a Â an de Graaff generator to about 20 Mrads. with the tube placed on pow
dered dry ice and an empty part of the tube shielded. Following the 
irradiation, the tubes were inverted into a Dewar flask of liquid nitrogen and 
the samples shaken into the previously shielded portion of the tube to avoid 
any signal from radicals trapped in the glass.

Alternately, small squares of solution crystallized polyethylene (film 
or mat) were placed on powdered dry ice and irradiated to about 20 Mrads. 
Following irradiation the samples were placed in cold Pyrex tubes and 
stored in liquid nitrogen in a Dewar flask. In all cases, the dose rate was 
about 5 Mrads./min.11

3. Low-Angle X-Ray Diffraction

X-ray diffraction of solution-crystallized preparations have been pre
viously reported.11 Dried films or mats were mounted in a collimated 
beam of x-rays and a periodicity of about 100 A. measured. The orienta
tion of the mass of crystals was estimated from the diffraction pattern.

4. Electron Spin Resonance

Electron spin resonance spectra were obtained at various temperatures 
between —196 °C. and 25°C. for the samples in evacuated Pyrex tubes and 
at 25°C. for the samples in open Pyrex tubes using a Varian EPR spectrom
eter. We studied the spectra on varying the angle between the applied 
magnetic field and the surface of the mat or film of solution crystallized 
preparations by rotating the sample holder.
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RESULTS AND DISCUSSION

Dilute solution-crystallized preparations of polyethylene consist of 
large (-~10 ¿u) lamellae, about 100 A. thick, in which the molecular chains 
are normal to and fold regularly in the lamellar surfaces.9 Marked ani
sotropy in spin resonance was noted for polyethylene crystallized at 70°C., 
whereas 85°C. preparations showed slight anisotropy. These results 
correlated well with low-angle x-ray diffraction: 70°C. preparations 
revealing three orders of meridional arcs corresponding to regularly oriented 
layers of 100 A. thick lamellae, while 85°C. preparations wrere not well 
oriented. We shall confine further discussion to such oriented prepara
tions crystallized at 70°C.

Fig. 1. Electron spin resonance spectrum of irradiated solution— crystallized poly
ethylene. Magnetic field normal to chains.

It will be recalled that the spectrum of the alkyl radical in unoriented 
polyethylene is a sextet with a splitting of about 30 gauss.6 If the polymer 
chains are oriented by stretching before irradiation, the spin resonance spec
tra depends on the orientation of the molecular axis to the external ap
plied magnetic field. If the chains are parallel to the field, the ordinary 
sextet is obtained. When the chain axis is perpendicular to the field, a 
ten-line electron spin resonance spectrum with a spacing of about 14 
gauss is recorded.7

We have observed that if a mat or film of solution crystallized poly
ethylene is mounted so that the magnetic field is always normal to the 
chains, the resultant spectrum consists of ten lines (Fig. 1). However, if 
the single crystal preparation is rotated, the spectrum changes from ten 
lines when the chains are perpendicular to the magnetic field to the sextet
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Fig. 2. Electron spin resonance spectrum of irradiated solution—crystallized poly
ethylene. Magnetic field parallel to chains.

when the chains arc parallel to the field (Fig. 2). The hyperfine component 
separation is 15 gauss for the ten-line spectrum and 34 gauss for the sextet. 
These results are completely consistent with the fiber studies.5-7 It is 
important to note that most of the polymer chain is normal to the lamellar 
or film surface, with segments of 80 carbon atoms between folds containing 
about 5 carbons.

These results are in fairly good agreement with McConnell7-8 who found 
comparable splittings of 16 and 32.5 gauss on rotation of irradiated malonic 
acid single crystals in the magnetic field.

Electron spin resonance spectra of irradiated samples in evacuated tubes 
at —196°C. and in air at 25 °C. were almost identical in shape, although 
more efficient trapping occurred at the lower temperature.

From these results, we infer that the alkyl radicals reside primarily in 
the molecular chains normal to the lamellar surfaces or are at least ran
domly distributed between “ straight portions”  and folds (since most of 
the polymer is in the straight chain, the effect of radicals in the fold being 
negligible). It might be argued that the decay of radicals in the folds—- 
to form crosslinks—is preferential, thereby removing and obscuring any 
possible preponderance of radicals formed at such sites. However, spin 
resonance studies using crystalline preparations in which interlamellar 
crosslinking is suppressed,11 as well as irradiated samples kept at very low 
temperatures in vacuo (where decay is suppressed), indicate the “ usual” 
orientation effects. Thus, it appears that radicals are not formed over
whelmingly in the folds or in disoriented defects as may have been pre
viously implied.2

Oxygen diffusion into irradiated polyethylene may be observed by the 
appearance of an asymmetric single line at the center of the electron spin
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resonance spectrum. This presumably indicates the peroxy radical re
sulting from oxygen attack on the alkyl.- We noted that the absorption 
intensity of the peroxy radical increased much more rapidly during measure
ments in air on irradiated highly elongated polyethylene fibers than on 
solution crystallized preparations. Apparently, oxygen penetrates more 
rapidly into the elongated fiber than into solution crystallized material. 
Also, the alkyl spectra from irradiated solution crystallized material are 
more sharply resolved than analogous spectra on stretched fibers. We 
believe that both enhanced resolution and slower oxygen penetration 
reflect greater perfection of packing and orientation in the solution crystal
lized preparations.

No evidence of radicals other than the alkyl (and peroxy) is apparent, 
at least until the electron spin resonance signal has decayed considerably. 
Therefore, radicals produced by chain scission do not appear to be im
portant in the irradiation of these materials. This result supports the sug
gestion that intramolecular crosslinking rather than enhanced scission 
accounts for the suppression of gelation in certain irradiated single crystal 
preparations.11

Some comments may be in order concerning the line width which is 
approximately 10 gauss (full width at half maximum) in either the six- or 
ten-line spectrum. Calculations by one of us (W. A. Y.) have shown that 
if the spin density on the central carbon atom is less than unity (about 0.8), 
the line width is largely insensitive to orientation. That is, when the 
molecular chains are parallel to the magnetic field, the field is always at 
right angles to the C—H bond of interest. However, when the chains 
are normal to the field, the C— H bond direction is randomly distributed 
with respect to the field. Then, the observed spectrum should result 
from the superposition of lines corresponding to all possible directions of 
the C—H bond in the magnetic field and considerable line broadening 
should characterize the ten-line spectrum. However, if the spin density 
is only about 0.8 such broadening is reduced.

CONCLUSIONS

If films containing oriented lamellae of solution crystallized polyethylene 
are rotated in the external magnetic field, marked anisotropy in electron 
spin resonance is noted. When the magnetic field is perpendicular to the 
chains the spectrum consists of ten lines with a hyperfine component separa
tion of 15 gauss. When the magnetic field is parallel to the chains, the 
spectrum is a sextet with a splitting of 34 gauss. These splittings are in 
fairly good agreement with the studies of McConnell et al.8 on irradiated 
malonic acid single crystals.

The high resolution and stability of electron spin resonance spectra of 
irradiated polyethylene crystallized from solution suggest greater perfec
tion of crystalline order than in elongated fibers. Moreover, the results on 
solution crystallized polyethylene indicate that the alkyl radicals are 
formed at random in the crystalline matrix.
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Résumé

Quand on laisse tourner dans un champ magnétique extérieur des films contenant des 
lamelles de polyéthylène cristallisé en solution, on observe une anisotropie nette de la 
résonance du spin électronique. Quand le champ magnétique est perpendiculaire aux 
chaînes polymériques, le spectre est constitué de dix lignes avec une séparation très 
fine de 15 gauss. Quand le champ magnétique est parallèle aux chaînes, le spectre est 
un sextet avec une séparation de 34 gauss. Ces séparations sont en bon accord avec 
les études de McConnell et collaborateurs sur des monocristaux de l’acide malonique. 
La haute résolution et la stabilité des spectres de résonance du spin électronique du 
polyéthylène irradié, cristallisé en solution, suggèrent que la orientation est plus par
faite que pour les fibres étirées. En plus, les résultats obtenus avec le polyéthylène 
cristallisé en solution, indiquent que les radicaux alcoyles sont formés statistiquement 
dans la matrice cristalline.

Zusammenfassung

Bei der Rotation von Filmen mit orientierten Lamellen aus lösungs-kristallisiertem 
Polyäthylen im äusseren Magnetfeld tritt eine ausgeprägte Anisotropie der Elektron
spinresonanz auf. Im Magnetfeld senkrecht zu den Ketten besteht das Spektrum aus 
zehn Linien mit einem Abstand der Hyperfeinkomponenten von 15 Gauss. Im Mag
netfeld parallel zu den Ketten ist das Spektrum ein Sextett mit einer Aufspaltung von 
34 Gauss. Diese Aufspaltung stimmt recht gut mit den Ergebnissen von McConnell 
et al. an bestrahlten Malonsäureeinkristallen überein. Die hohe Auflösung und die 
Stabilität der Elektronspinresonanzspektren von bestrahltem, lösungskristallisiertem 
Polyäthylen spricht für vollkommenere Ausbildung der kristallinen Ordnung als in 
gedehnten Fasern. Ausserdem zeigen die Ergebnisse an lösungskristallisiertem Poly
äthylen, dass 'die Alkyl-radikale unregelmässig in der Kristallmatrix gebildet werden.
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Effect of Copper on the Autoxidation of Cellulose 
Suspended in Sodium Hydroxide Solution

R. I. C. MICHIE, Textile Chemistry Department, and S. M. NEALE, 
Chemistry Department, The Manchester College of Science and Technology,

Manchester, England

Synopsis
A kinetic study has been made of the depolymerization of cotton cellulose immersed 

in aerated solutions of sodium hydroxide and in solutions of sodium hydroxide containing 
dissolved copper. In absence of (added) copper the reaction rate is proportional to the 
thermodynamie molal activity of the sodium hydroxide over the concentration range 
2-14A. Addition of copper causes an increase in the rate but to an extent which de
pends on the alkali concentration; with constant copper concentration and wdth in
creasing alkali concentration the rate now passes through a maximum at approximately 
6V sodium hydroxide. The decrease in rate above 6N  alkali has been ascribed to the 
increasing importance of oxygen solubility and of diffusion which become rate deter
mining factors at the higher alkali concentrations. In 4A sodium hydroxide and at low 
copper concentration diffusion is taken to be unimportant; under these conditions the 
rate is proportional to the concentration of copper in the solution external to the cellulose 
but is relatively insensitive to the total amount of copper absorbed by the cellulose. 
However, it has previously been shown that the overall absorption of copper is probably 
due to contributions from two different sorbing sites in the cellulose anhydroglucose unit. 
The rate is found to be approximately proportional to the calculated extent of absorption 
by the site postulated to form the less stable complex with copper. There is some indi
cation that copper bound in this latter position is responsible for the catalytic depoly
merization.

INTRODUCTION

The interaction of cellulose with copper under alkaline conditions is of 
considerable importance in the field of cellulose chemistry. Broadly, the 
process can be considered in two aspects, namely, chemical combination 
between cellulose and copper, upon which the solvent action of cuprarn- 
monium depends, and chemical degradation of cellulose, generally ascribed 
to autoxidation. The former has been the subject of extensive investiga
tions of which reviews have been given by Heuser1 and Reeves.2 Cellulose 
autoxidation under the influence of alkali and copper has also aroused 
considerable interest, but knowledge of the reaction is somewhat un
satisfactory. Davidson,3 and later Hooker, Ritter, and MacLaren4 
observed the autoxidation of alkali-impregnated cellulose to be catalyzed 
by addition of copper to the system. On the other hand, Lottermoser and 
Wultsch5 found copper to have no catalytic action, while Sihtola and

225



226 R. I. C. MICHIE AND S. M. NEALE

Bostròm6 claimed that copper actually decreased the rate of autoxidation 
of alkali cellulose. Huseman and Weber7-* made the interesting suggestion 
that the terminal aldehyde groups in the cellulose chain can be oxidized to 
carboxylic acid by boiling the cellulose with an alkaline copper sulfate 
solution and that no marked degradation was incurred as a result of the 
treatment. This might be taken as evidence that oxygen is essential for 
the degradation reaction.

The ready reaction between oxygen and cellulose dissolved in cupram- 
monium, observed in 1891 by Prud’homme,9 has stimulated considerable 
interest over the last six decades, since it detracts considerably from the 
value of cuprammonium as a solvent for cellulose. The reaction is cata
lyzed by light10-11 or may be largely inhibited by the addition of suitable 
reducing agents, such as cuprous chloride,12-13 pyrogallol,14 or metallic 
copper15 or of other more easily oxidizable carbohydrates.16 Kalb and von 
Falkenhausen17 investigated the permanganate oxidation of cellulose 
dissolved in cuprammonium. Their results suggested a conversion of 
the primary alcohol groups to carboxylic acid, which also appears to be one 
of the main features of the aerobic oxidation of cellulose in cuprammo
nium.18-19

Copper salts dissolve in aqueous solutions of alkali metal hydroxides 
to give deep blue solutions, similar in appearance to cuprammonium. 
Scholder20 proposed that in such alkaline conditions the copper exists as 
the anion Cu(OH) “  which seems quite reasonable in view of the known 
tendency for copper to coordinate with four electron-donating groups.21 
Cellulose reacts with alkaline solutions of copper to form an insoluble 
complex known as sodium cupricellulose or Normann’s compound, the 
constitution of which has been the subject of a recent investigation by Da
vidson and Spedding.22 The insolubility of sodium cupricellulose offers 
the advantage of allowing direct determination of the amount of copper 
bound to the cellulose, which information is required to establish the ki
netic dependence of the degradation reaction on copper concentration. In 
the present work a kinetic study has been made of the depolymerization 
of cotton cellulose immersed in aerated solutions of sodium hydroxide, 
with and without the addition of copper sulfate. The system is not strictly 
homogeneous, but approximates more closely to homogeneity than do the 
conditions obtained in earlier investigations, where the cellulose was im
pregnated with rather than suspended in the alkaline solution.

EXPERIMENTAL
Materials

The cotton was scoured, bleached Egyptian yarn, of intrinsic viscosity 
8.22 dl./g. in cuprammonium hydroxide solution. To facilitate dispersion 
in the reaction media, the yarn was cut by hand to a staple of 1-2 mm. 
The sodium hydroxide solutions were made up quantitatively from rea
gent-grade pellets and the composition checked by titration: it was not 
considered necessary to remove traces of carbonate. The copper sulfate
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solution was made up quantitatively from Analar pentahydrate crystals 
and the concentration checked by analysis. The cuprammonium solvent 
was supplied by James Woolley, Sons and Company Ltd. to the B.C.I.R.A. 
standard specification.23

Apparatus

The reactions were carried out at 40 ±  0.05°C. in tall form beakers fitted 
with rubber bungs. A stream of air was generated with a water pump- 
aspirator assembly, passed through 30% aqueous potassium hydroxide to 
remove C 02, and allowed to bubble through the contents of the beakers to 
provide agitation and a constant supply of oxygen. The air stream left 
each beaker through a water cooled condenser, which was sufficient to 
prevent significant loss of water vapor during an experimental run.

Procedure

The appropriate quantity of 0.1M copper sulfate solution plus water to 
50 ml. was added to 250 ml. of the aerated sodium hydroxide solution. 
After the reattainment of thermal equilibrium, 0.300 g. of standardized 
cotton (dry weight 0.279 g.) was added, and the reaction allowed to proceed. 
At the end of the allotted period the cotton was filtered from the solution 
by use of a sintered glass filter of porosity No. 3: the solution was subse
quently analyzed for copper content. The cotton w'as washed with water 
followed by one per cent acetic acid solution to remove the copper and fi
nally copious amounts of water to remove the acid. Drying was effected 
in vacuo over phosphorus pentoxide.

The volume contraction on mixing the sodium hydroxide solution with 
water (approximately 2% at the highest concentration) was assumed to be 
without significant effect on the liquor-to-fiber ratio, but was taken into 
account in computing the final alkali concentration in each case.

Determination o f  Copper

Analysis for copper was carried out by the standard procedure24 of elec
trodeposition on a rotating platinum cathode, from acid solution, the so
dium hydroxide having first been neutralized with 5N  sulfuric acid. The 
method was found to be satisfactory in presence of up to 90 g./l. sodium 
sulfate, and control determinations at the various alkali concentrations 
gave results in good agreement with the values calculated from the amount 
of copper added. An attempt was also made to determine the sorption 
directly by extracting the copper from the alkali-free cupricellulose and 
titrating iodometrically: however, the results obtained by this method were 
less consistent and always indicated lower sorptions than those obtained 
by estimating the copper left in the external solution.

Determination o f Intrinsic Viscosity and Degree o f  Polymerization

The cuprammonium viscosities of the oxidized specimens were deter
mined by a method similar to that suggested by Howlett and Belward,14
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in which the degrading action of small amounts of oxygen is prevented by 
the addition of pyrogallol to the solution. The specimens were conditioned 
at 72% R. H. over a saturated aqueous solution of potassium nitrate and 
ammonium chloride.26 An amount equivalent to 0.125 g. dry cellulose 
was then transferred to a 1-oz. bottle and 25 ml. cuprammonium added, 
followed by three drops of 50% pyrogallol solution. The bottle was closed 
with a rubber stopper and the whole shaken until dissolution was complete. 
The viscosity was determined in a B.C.I.R.A. X-type efflux viscometer23 
at 20°C., the solution being poured into the viscometer at the top. In the 
course of the investigation over thirty control measurements were made on 
the original cotton with a maximum variation (i.e., range) of 6%. Com
parison of the pyrogallol method with the more time-consuming standard 
procedure23 in the case of two bleached cottons gave results which differed 
from each other by less than 2%.

Conversion of viscosity at 0.5% solution to intrinsic viscosity [??] was 
effected using the data of Calvert and Clibbens.26 The fluidity of the 
cuprammonium solvent was taken to be 73 poise-1. Number-average de
grees of polymerization (P) were calculated from the relationship:27

[v ] =  0.0135P0'81 

Calculation o f  Reaction Rate

The total number of bonds between repeating units in any specimen of 
polymer is given by n[  1 — (1 IP)] ,  where n is the total number of units and 
P  the number-average degree of polymerization. In a reaction involving- 
bond scission, the decrease in the number of bonds on passing from P n 
to P t is given by n [(l/ P t) — (1 /P 0)]. The ratio of this quantity to the 
original total number of molecules n/Po then gives the number of scissions 
per original molecule, which is here designated S. Thus »S = (P0/Pt) — 1.

RESULTS

I. Reaction in Absence o f  Added Copper

The variation with time of the number scissions per original molecule 
S is shown in Figure 1. At each alkali concentration the rate of chain scis
sion becomes constant after approximately 1 hr. The resulting straight 
lines do not extrapolate through the origin but give positive intercepts on 
the S axis increasing with alkali concentration, apparently to a maximum 
of 0.1 scissions per molecule. A similar effect was found by Schulz and 
Mertes28 in an investigation of the action of oxygen on alkali-impregnated 
cellulose and was ascribed by them to the presence of weak links in the cel
lulose molecule. From their data it appears that the weak links occur to 
the extent of approximately one per 10,000 bonds while the present data 
indicate a figure of approximately half this value. In either case, the 
incidence of weak links is less than that observed in the acid hydrolysis of 
cellulose29 and is probably of doubtful significance.

The subsequent steady rate of reaction increases continuously with in-
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TIM E (h o u rs )

Fig. i. Reaction in alkali alone: scissions per original molecule as a function of time and
alkali concentration.

creasing alkali concentration. This contrasts with the effect observed in 
the case of alkali-impregnated cellulose3'30 where the fiber-to-liquor ratio 
is very much higher than that employed here and where the rate passes 
through a maximum in the region of 10-12 N  sodium hydroxide. In fact, 
over the range studied, the rate increases roughly as the fourth power of the 
alkali concentration, which might be taken to indicate a fourth order reac-



230 R. I. C. MICHIE AND S. M. NEALE

Fig. 2. Variation of reaction rate with the activity of the sodium hydroxide.

tion with respect to the sodium hydroxide. However, at such high con
centration of electrolyte the activity becomes much higher than the con
centration, as shown by the data31 in Table I. In Figure 2 the reaction 
rate is plotted against the molal activity of the sodium hydroxide: the 
resulting plot is a straight line and indicates a direct proportionality be
tween these two quantities, showing that the reaction is of the first order 
with respect to alkali activity.

Bell32 has observed that the rate of oxygen uptake by alkali-impregnated 
jute cellulose depends on the weight of alkali present in the fiber rather than 
on the concentration of the solution used in the impregnation, which at

TABLE I
Reaction Rate and Solute Activity in Sodium Hydroxide Solutions

Normality 
of NaOH Molality of NaOH

Molal activity 
of NaOH

Reaction rate, 
S/hr.

1.99 2.00 1.41 0.002
3.97 4.00 3.58 0.008
6.75 6.96 10.70 0.015
9.67 10.36 33.5 0.065

11.51 12.68 63.3 0.134
14.2 16.4 156 0.310
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first sight appears to conflict with the present results. The explanation 
for this behavior probably lies in the fact that with the solution-to-fiber 
ratios employed in Bell’s work, the number of hydroxyls available for salt 
formation would be of the same order as the number of hydroxyl ions 
present. Thus the combination of a weak acid (cellulose) and its sodium 
salt would result in a buffer system so that for a given percentage of alkali 
in the fiber the equilibrium hydroxyl ion concentration might well be rela
tively insensitive to changes in the volume of water present, i.e., to the con
centration of alkali used in impregnation. Such being the case, the equi
librium alkali concentration would be effectively governed by the weight of 
alkali present rather than by the concentration of the original solution.

2. Reaction in Presence o f  Copper

a. Influence o f  Copper Concentration. The results of varying the copper 
concentration at a constant alkali concentration of 3.97N  are shown in 
Figure 3 (jS-time curves) and Figure 4 (absorption-time curves). As in 
the previous case, the rate of reaction becomes constant after a period of 
approximately 1 hr.; in the early stages, however, the curve is convex to 
the time axis, indicating an induction period rather than the presence of 
weak links as observed by Schulz33 in the reaction between oxygen and cel
lulose in presence of cuprammonium hydroxide solution. Unfortunately, 
the present evidence regarding the absence of weak links is not entirely satis
factory, since the equilibrium copper absorption is barely attained in 1 hr.;

Fig. 3. Reaction in presence of 3.971V alkali and copper: scissions per original molecule 
as a function of time and copper concentration.
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T I M E  ( h o u r s )

Fig. 4. Preferential absorption of copper by cellulose from 3.971V NaOH.
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MOLES Cu per glucose unit

Fig. 6. Variation of reaction rate with equilibrium (external) copper concentration and 
with equilibrium copper uptake.

if the rate of depolymerization is connected with the extent of absorbed 
copper, the presence of weak links might well be masked by the relatively 
low copper uptake in the early stages of the process.

The relationship between reaction rate and the total copper present, 
shown in Figure 5, indicates an approximate proportionality between these 
two. However, it seems improbable that the overall copper content would 
determine the rate since the copper is present in at least two forms, namely, 
that in solution and that absorbed by the cellulose. In Figure 6 the reac
tion rate is related to the concentration of copper in solution and in the cel
lulose. From the rate-concentration curves it appears that the reaction 
is catalyzed by the copper in solution rather than by the absorbed copper, 
since at lower concentrations the rate is relatively insensitive to the extent



234 R. I. C. MIC! HE AND S. M. NEALE

of absorbed copper but is proportional to the concentration in solution. 
However, an alternative explanation is possible, as will be shown in the 
discussion.

b. Influence o f Alkali Concentration. The effect of varying the alkali 
concentration at constant total copper content of 16.7 millimoles/1. is 
shown in Figure 7 (S-time curves) and Figure 8 (absorption-time curves). 
Again, a brief induction period is followed by a steady reaction rate, but 
in presence of copper the rate does not increase continuously with alkali 
concentration, passing instead through a maximum at approximately 6 N

Fig. 7. Reaction in presence of alkali and 16.7 mmoles/1. copper: scissions per original 
molecule as a function of time and alkali concentration: ( X ) 1.99/V NaOH; (O) 3.971V 
NaOH; (• ) 6.751V NaOH; (□ ) 9.671V NaOH; (A) 14.161V NaOH.

sodium hydroxide. It seems probable that the decrease in rate above this 
critical concentration is due to the decreasing solubility of oxygen in the 
solution34-36 and possibly to the incidence of diffusion effects. The reac
tion rates are therefore of doubtful significance p e r  s e  but, nevertheless, 
have some bearing on the results obtained at lower alkali concentration: 
specifically, if diffusion becomes the rate-controlling factor only at alkali 
concentrations above Q N  it seems reasonable to conclude that the experi
ments carried out in 4./V sodium hydroxide have yielded authentic reaction 
rates.
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Fig. 8 . Preferential absorption of copper by cellulose from NaOH solutions containing 
16.7 mmoles/1. copper: (O) 3.97.V NaOH; (• ) 6.75.V NaOH; (□ ) 9.67N  NaOH; 
(A) 14.16A' NaOH.

DISCUSSION

The uptake of copper by cellulose from caustic alkaline solution has been 
studied in some detail by Davidson and Spedding.22 Their results did 
not conform to the Langmuir adsorption isotherm, which might be taken 
to indicate that the uptake is not due to any simple combination between 
copper and cellulose. It has in fact been shown87 that their sorption data 
can be accounted for quantitatively on the assumption that two different 
sites in the cellulose anhydroglucose unit can combine with copper, one 
site forming a more stable complex than the other. The foregoing data 
were obtained by Davidson and Spedding at a different temperature from 
that used in the present investigation and indicate slightly different ab
sorptions. However, if it is assumed that for a given copper concentration 
the distribution of copper between the two sites is the same at both tem
peratures, the extent of sorption by each site can be calculated in the present 
system; relevant data are given in Table II. In Figure 9 the reaction 
rate is plotted against the calculated sorptions by site I (more stable com 
plex) and by site II (less stable complex). It emerges that the rate is very 
insensitive to small sorptions by site I but is approximately proportional
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A T O M S  C u / G L U C O S E  U N f T  ( S I T E  i f )

Fig. 9. Reaction rate related to the extent of sorption calculated for the two postulated 
sorbing sites in the cellulose anhydroglucose unit.

to the extent of uptake by site II over the whole concentration range 
studied.

The rate of depolymerization of cellulose suspended in sodium cuprate 
solution thus varies directly with the external copper concentration (cf. 
Fig. 6) and the extent of uptake by the (postulated) weaker sorbing site. 
One of these two species presumably acts as the catalyst but there is in
sufficient evidence to establish which one is active. It may nevertheless

TABLE II
Copper Uptake by Cellulose from 3.97AT Sodium Hydroxide and Reaction Rate

External Atoms Cu absorbed per glucose unit
Cu concn., ---------------------------------------------------------------- Reaction rate,
mmoles/l. Total Site I Site II S/hr.

13.5 0.524 0.381 0.143 1.70
(13.6 0.505 0.367 0.138 1.51)

5.74 0.436 0.344 0.092 1.03
1.34 0.343 0.312 0.031 0 .21
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be of significance that in a preliminary experiment carried out at the highest 
copper content (Table II), the extent of copper uptake was, for some un
explained reason, lower than the value subsequently established; the rate 
of reaction was also lower, as shown by Figure 9, and this might be taken 
as evidence that at least part of the absorbed copper is responsible for the 
catalysis. In addition, the small but significant increase in rate in the first 
hour (Fig. 3) would be explained if the active species were absorbed, since 
the extent of absorption increases considerably in this period.
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Résumé

On a fait une étude cinétique de la dépolymérisation de la cellulose de coton immergée 
dans des solutions aérées d ’hydroxyde de sodium et dans des solutions d ’hydroxyde de 
sodium contenant du cuivre dissous. En absence de cuivre, la vitesse de réaction est 
proportionnelle à l’activité thermodynamique exprimée en molalité de l ’hydroxyde de 
sodium dans le domaine de concentrations de 2N à 14Ar. L ’addition de cuivre provoque 
une augmentation de la vitesse dans une mesure qui dépend de la concentration en alcali: 
en présence d ’une concentration constante de cuivre et une concentration croissante 
d’alcali, la vitesse passe par un maximum vers les 6N  d ’hydroxyde de sodium. La 
diminution de la vitesse au delà de 6N  d ’alcali est incriminée à l ’augmentation de la 
solubilité de l’oxygène et de la diffusion qui deviennent des facteurs déterminant aux 
concentrations plus élevées en alcali. Dans Phydroxyde de sodium 4Ar et à basse 
concentration de cuivre, la diffusion est sans importance: sous ces conditions la vitesse
est proportionnelle à la concentration en cuivre en dehors de la cellulose, mais est en 
rapport avec la quantité totale de cuivre absorbée par la cellulose. Cependant, on a 
démontré précédemment que l’absorption totale du cuivre est probablement due à 
l’effet de différents endroits absorbants sur l’unité d ’anhydroglucose de la cellulose. On 
trouve que la vitesse est approximativement proportionnelle à l ’augmentation calculée de 
l’absorption par les endroits qui sont postulés former le complexe le moins stable avec le 
cuivre. Il est des indications que le cuivre fixé de cette dernière manière est responsable 
de la dépolymérisation catalytique.

Zusammenfassung

Eine kinetische Untersuchung der Depolymerisation von Baumwollzellulose unter 
lufthaltiger Natriumhydroxydlösung und Natriumhydroxydlösung mit gelöstem 
Kupfer wurde durchgeführt. In Abwesenheit von (zugesetztem) Kupfer ist die Reak
tionsgeschwindigkeit der thermodynamischen, molalen Aktivität von Natriumhydroxyd 
im Bereich von 2N bis 14N  proportional. Zusatz von Kupfer verursacht eine Gesch
windigkeitszunahme, deren Ausmass aber von der Alkalikonzentration abhängt: bei
konstanter Kupferkonzentration geht nun die Geschwindigkeit bei steigender Alkali
konzentration bei etwa 6N Natriumhydroxyd durch ein Maximum. Die Geschwindig
keitsabnahme oberhalb 6Ar Alkali wurde auf die zunehmende Bedeutung der Sauer
stofflöslichkeit und der Diffusion zurückgeführt, die bei den höheren Alkalikonzentra
tionen geschwindigkeitsbestimmend werden. In 4N Natriumhydroxyd und bei nie
driger Kupferkonzentration scheint die Diffusion keine Bedeutung zu besitzen: unter
diesen Bedingungen ist die Geschwindigkeit der Kupferkonzentration in der äusseren 
Lösung proportional, ist aber verhältnissmässig unempfindlich gegen die von der Cellu
lose absorbierte Gesamtmenge an Kupfer. Es wurde jedoch früher gezeight, dass die 
Gesamtabsorption von Kupfer wahrscheinlich durch Beiträge von zwei verschiedenen 
Sorptionsstellen im Cellulose-Anhydroglukosebaustein zustande kommt. Die Gesch
windigkeit ist etwa dem für die Bildung des weniger stabilen Kupferkomplexes berech
neten Absorptionsausmass proportional. Es bestehen gewisse Hinweise dafür, dass das 
in dieser Weise gebundene Kupfer für die katalytische Depolymerisation verantwortlich 
ist.

Received October 25, 1962



JOURNAL OF POLYMER SCIENCE: PART A VOL. 2. PP. 239-252 (1964)

Main-Chain Degradation and Thermal Stabilization of 
Polyoxymethylene by Ionizing Radiation

SADAO TO RIK A I, C e n tr a l  R e s e a r c h  L a b o r a to r ie s ,

T o ijo  R a y o n  C o m p a n y ,  L td .,  O tsu , S h ig a , J a p a n

Synopsis

Polyoxymethylene dihydrate was irradiated in vacuum and in air at room temperature 
by 7 -rays from Co60, and the change of its thermal stability was examined. The log
arithm of viscosity number decreased linearly with the logarithm of dose both in vacuum 
and in air. The decomposition curve of irradiated polyoxymethylene in vacuum at 
200°C. can be divided into two components. The percentage of stable polymer of the 
irradiated polyoxymethylene dihydrate increased with decreasing solution viscosity, 
attained a value of 80-95%, and was expressed approximately as function of 77/ 77». 
In case of irradiation in air, the stabilization was often invalidated by oxygen. The 
after-effects of irradiation on the stabilization could not be detected under the irradiation 
conditions examined in the present study. In decomposition in vacuum at 250°C., the 
irradiated polyoxymethydene dihydrate showed a curve of three components. It seems 
certain that the irradiated polyoxymethylene dihydrate consists mainly of three kinds of 
polymer differing in their thermal stabilities. The most stable polymer comprises about 
one-fourth of total stable polymer. These facts might be explicable with the formation 
of formyloxy and methoxy endgroups by the disproportionation reaction of radicals 
produced primarily by main chain scissions. The inclusion of stable polymer before 
irradiation was noted in the case of the polyoxymethydene produced in the post-poly 
merization of irradiated solid formaldehyde.

INTRODUCTION

Ionizing radiation induces various phenomena, such as ionizations or 
excitations of chemical bonds of polymers, which result in crosslinking, 
main-chain scissions, changes of side groups, trapped free radicals, and so on. 
In the case of polyoxymethylene, all these effects of irradiation may bring 
about changes in its thermal stability to some extent.

Delrin undergoes mainly degradation under irradiation, and no increase 
in solution viscosity or gelation is observed.1 I11 an ideal case where 
there occur only main-chain scissions, radicals primarily produced by 
main-chain scissions might disappear mainly by the reactions of recombina
tion and disproportionation. Then, the decrease in degree of polymeriza
tion of polyoxymethylene would be directly related to the formation of 
formyloxy and methoxy endgroups produced by the disproportionation 
reaction.

On the other hand, the thermal decomposition of polyoxymethylene in
239
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vacuum starts from the polymer ends, and main-chain scissions hardly 
occur under 270°C .2

The present paper is devoted to a study of the change in thermal stability 
of polyoxymethylene dihydrate when subjected to y-rays from a Co® 
source. It was found that irradiated polyoxymethylene dihydrate con
sisted of three kinds of polymer of differing thermal stabilities. The rela
tions between the decrease of solution viscosity and the formation of ther
mally stable polymer were examined.

MATERIALS AND METHODS 

Polyoxymethylene

Polyoxymethylene dihydrate was obtained in the polymerization of 
formaldehyde by introducing substantially anhydrous monomer into 
stirred w-heptane containing dimethylformamide as initiator.

Another sort of polyoxymethylene of extremely high viscosity was also 
prepared by the post-polymerization of irradiated solid formaldehyde.3

Irradiation

Polyoxymethylene was irradiated both in vacuum and in air at 20°C. 
and at a dose rate of 0.125 M r/hr. by y-rays from Co60.

In vacuum irradiation, polymer was irradiated with the other vacant 
end of the ampule immersed in liquid nitrogen, as shown in Figure 1 (I). 
This irradiation method was necessary, because the stabilization of poly
oxymethylene dihydrate was often invalidated without trapping out the 
evolved gases, especially on long exposure to y-rays.

• 10 mm Hg

(I)

Fig. 1. Apparatus for (I) irradiation and (II) decomposition.

Thermal Decomposition

Thermal decomposition of polyoxymethylene was carried out in vacuum 
(~ 1 0 -6 mm. Hg) at 200 and 250°C. The experimental apparatus is 
shown in Figure 1 (II). About 30 mg. of polymer was put into a glass
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vessel which was connected to a quartz spring balance. After evacuation 
of air from the sample for 1 hr. at -~10“ 5 mm. Hg, heated salt was poured 
into the bath just before tire measurement. About 6-8 min. was required 
for the polymer to attain a temperature of 200 or 250°C. The decrease of 
weight of the sample was measured by use of a quartz spring and a cath- 
etometer.

Solution Viscosity

The polymer was dissolved in p-chlorophenol containing 2%  a-pinene 
and maintained at 110°C. for 1 hr.; the viscosity number riSP/ c, was then 
measured at 60°C. and at a concentration of 0.5 ±  0.001 g. polymer/100 cc. 
solvent by use of an Ostwald viscometer.

Other Measurements

Infrared spectra, gas chromatograms, and electron spin resonance 
spectra were also examined. Infrared spectra were measured as films 
obtained by pressing polymer powder with 8-10 ton /cm .2 for 16 hr.

RESULTS

Thermal Stabilization

Figure 2 shows plots of the decomposition of irradiated polyoxymethylene 
dihydrate in vacuum at 200°G. Decomposition of unirradiated poly
oxymethylene dihydrate follows approximately a linear relation between 
logarithmic polymer residue and decomposition time. Then,

— d [\ n  m ( t ) ] / d t  =  /q (1)

where m  is polymer residue and t decomposition time. The coefficient /q 
is estimated to be 0.18-0.22 min.“ 1.

On the other hand, each decomposition curve for irradiated polyoxy-

100 
80 
60

40
£
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» 20 <ucr
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Fig. 2. Decomposition of irradiated polyoxymethylene dihydrate in vacuum at 200°C. 
Initial viscosity number 770 = 2.49.

0  10 20 30 40 50 60
T i m e  ( M i n )
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methylene can be divided into two components and expressed approxi
mately as follows:

m  =  mb +  m 'i

— d [In m \ ( l )  ]/d t =  k \  (2)

— d [In in'2(0 ]/dt =  fc'2

where m \  is concentration of unstable polymer and m '?  of stable polymer. 
The concentration of stable polymer m '2 in irradiated polyoxymetliylene 
increases with radiation dose. Although the values of k \  from the results 
in Figure 2 are not so accurate, these values are approximately equal to 
k h while k \  «  0.0002-0.0007 m in .-1.

Relation between Decrease o f Solution Viscosity and Formation o f  Stable
Polymer

The logarithm of solution viscosity of polyoxymetliylene decreases ap
proximately linearly with the logarithm of dose under irradiation in vacuum 
at room temperature, as shown in Figure 3.1

Figure 4 shows plots of stable polymer m '2 versus radiation dose. The 
concentration of stable polymer m \  attains a value of 80-95% . The initial 
viscosity number of the sample is higher, so the stabilization rate is larger. 
It is also noticeable that the polyoxymetliylene polymerized from irradiated 
solid formaldehyde has in itself 31 or 41%  of stable polymer before being- 
subjected to irradiation.

Fig. 3. Decrease of viscosity number of polyoxymetliylene dihydrate by irradiation in 
vacuum: (• ) ij0 = 2.49; (O) rj0 = 0.97; ( X ) 170 = 0.49; (■, □) polymer obtained
from solid-state irradiation of formaldehyde.
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Fig. 4. Formation of stable polymer by irradiation in vacuum (decomposition in 
vacuum at 200°C.): (• } jj0 = 2.49; (O) 770 = 0.97; (X )  vo = 0.49; (■, □) polymer 
obtained from solid-state irradiation of formaldehyde.

Fig. 5. Relation between decrease of viscosity number and formation of stable polymer 
(decomposition in vacuum at 200°C.): (• ) jj0 = 2.49; (O) 770 = 0.97; ( X ) vo =  0.49;
(■, □) polymer obtained from solid-state irradiation of formaldehyde.

From the results in Figures 3 and 4, the relation between the formation of 
stable polymer and the decrease of solution viscosity of polymer can be 
obtained. Figure 5 shows plots of stable polymer versus the logarithm of 
viscosity number. As the curves run parallel to each other, the stable 
polymer is a function of 77/ 770.

S =  / ( 77/ 770) =  f ( P / P o ) (3)
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Here we denote stable polymer as S ( =  mb), viscosity number as y, and 
number-average degree of polymerization as P ,  where the relationship that 
y  cc P ° is assumed. Corrections, however, should be made for polymer 
which includes stable polymer before irradiation. The solution viscosity of 
the polyoxymethylene obtained from irradiated solid formaldehyde can be 
estimated by extrapolating the curves to their initial stable polymer con
tents, i.e., 31 and 41%, respectively. Thus, viscosity numbers of 5-6, 
which were correlated to values in p-chlorophenol solution, were obtained.

After-Effect o f Irradiation on Stabilization

The ESR spectrum of polyoxymethylene irradiated in vacuum at room 
temperature could not easily be assigned to the three kinds of polymer 
radicals. The spectrum changed into a doublet after a while both in 
vacuum and in air. Recently it was reported that radicals produced by 
main-chain scissions were detected on irradiation at low temperatures and 
these radicals decayed rapidly even at fairly low temperatures, while 
dehydrogenated radicals existed longer.4

No significant after-effect of irradiation on stabilization was observed in 
air or in vacuum at room temperature, as shown in Table I.

TABLE I
After-Effect of Irradiation in Vacuum on Stabilization“

Polymer stable in decomposition in 
vacuum at 200°C., %

Dose, Mr
Exposure time after 

irradiation, hr.
Exposure in vacuum 

at room temp.
Exposure in air 
at room temp.

5.3 0 67 —

24 65 67
48 68 66

2500 67 68
0.34 0 15 —

24 17 16
48 15 16

2500 16 15

“ Initial polymer jj0 = 2.45.

Irradiation in Air

The stabilized polymer which had been irradiated in vacuum and con
tained 72% of stable polymer at 200°C. was again irradiated in air at room 
temperature. As Figure 6 shows, the content of stable polymer decreased 
with additional dose in air, though the decomposition coefficient k \  or fc'2 
never changed so explicitly. Several kinds of polyoxymethylene dihydrate 
were irradiated directly in air; some were stabilized up to 15-30 per cent of 
stable polymer content, and others could not be stabilized at all. It was 
admitted, however, that k \  or k ' 2 did not change so explicitly in air irradia
tion, whether stable polymer was formed or not.
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Fig. 6. Changes of thermal stability by irradiation in air at room temperature at a dose 
rate of 0.125 Mr/hr. (decomposition in vacuum at 200°C.).

No significant difference in the rates of viscosity decrease between vacuum 
and air irradiation at room temperature was observed.

Decomposition at 250° C.

Decomposition of the irradiated polyoxymethylene which contained 
about 90% of stable polymer (m '2) was carried out in vacuum at 250°C. 
As shown in Figure 7, three components appeared in the relation of the 
logarithm of polymer residue versus decomposition time. The decomposi
tion of irradiated polyoxymethylene at 250°C. can be expressed approxi- 
matley as follows:

m  =  m "  i +  m "-2 +  m"3
— [In m"i(i) ]/ d t =  k " i
— d[ln m " i { t ) ]/ d t  =  k '\  (4)
— d[ln m"2(i) ]/d t =  k " t

Fig. 7. Decomposition of polyoxymethylene in vacuum at 250°C.: (1, unirradiated
polyoxymethylene dihydrate, vo ±  2.49; (2) polyoxymethylene dihydrate receiving 
10 Mr irradiation, initial 170 = 2.49; (3) polymer obtained from solid-state irradiation of 
formaldehyde receiving 1.3 Mr irradiation.
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The value m '\  +  m"3 (75-80%  from Figure 7) is close to the value of 
m '2, but apparent deviation is obvious between these values. However, it 
is interesting that the value of wi"3 (25% is almost equal to one-fourth 
of m \ . In Figure 7, k " 2 ~  0.055-0.060 min.-1 for the polymer polymerized 
by dimethylformamide as initiator and k "2 ~  0.010-0.012 min.-1 for the 
polymer polymerized from irradiated solid formaldehyde, and k'\ ~  0.3-
0.4 min.-1, k "z  «  0.0002-0.0005 min.-1 for both kinds of polymer.

Thermal Decomposition o f  Mixtures o f  Various Kinds o f Polyoxymethvlene

In decomposition of irradiated polyoxymethylene, intrudes a problem 
whether a mixture of various kinds of polyoxymethylene differing in their

T i m e  ( M i n . )

Fig. 8. Decomposition in vacuum at 200°C. of mixtures of various kinds of polyoxy
methylene: (1) irradiated polyoxymethylene dihydrate; (2) polyoxymethylene di
hydrate; (3) polyoxymethylene diacetate; (4) 25% dihydrate +  75% irradiated; 
(5) 50% dihydrate +  50% irradiated; ifi) 75% dihydrate +  25% irradiated; (7) 50% 
dihydrate +  25% diacetate +  25% irradiated.

Fig. 9. Decomposition in vacuum at 250°C. of mixtures of various kinds of polyoxy
methylene: (7) irradiated polyoxymethylene dihydrate; {2) polyoxymethylene
dihydrate; (3) polyoxymethylene diacetate; (4) 20% dihydrate +  80% irradiated; 
(5) 20% diacetate +  80% irradiated; (6 ) 40% diacetate +  60% irradiated.
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thermal stabilities shows independent decomposition of its constituents or 
interacted one. Mixtures of irradiated polyoxymethylene with poly- 
oxymethylene dihydrate as unstable polymer or with polyoxymethylene 
diacetate as stable polymer were decomposed in vacuum at 200 and at 
250°C. The percentages of stable polymer were compared with their 
initial mixing ratios.

Figures 8 and 9 show the results of decomposition at 200°C. and 250°C., 
respectively. The stable polymer in decomposition at 200°C., and 
the most stable polymer in decomposition at 250°C., m " i are confirmed to 
be almost independent of the presence of stable or unstable polymer.

DISCUSSION

Polymer Reactions under Vacuum Irradiation

The following four kinds of radicals should be produced primarily by 
vacuum irradiation of polyoxymethylene.

(A) Side-chain fracture:
H
I

— O— C -
I

H

(B) Main-chain fracture :

-C -
I

H

H
I

-0 — C -
I

H

-0—  +  H-

-O-

H

-C -
I

H

H
!

-o— c -
I

H

H H

-0- •C— 0 — C— O-
I I

H H

Various reactions can be derived from the combinations of radicals stated 
above. Considering the dehydrogenation by FF in the neighborhood of the 
primary radicals in (A), and the difficulty of diffusion of polymer radicals in 
the solid state, the following reactions (C) -  (I) might be considered.

(C) Recombination of radicals in (A)
(D) Combination of 2H •

(E) Combination of 2 (— 0 — C— 0 — ) crosslinking

H

(F) Recombination of radicals in (B)
(G) Disproportionation of radicals in (B) —*■ methoxy and formyloxy 

endgroups
H

(FT) Combination of H • and (— 0 — C • ) -► methoxy endgroup

H
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H

(I) Combination of H • and (—O— C— 0  •) -► hydroxy endgroup

H

Furthermore, reactions of one radical, such as decompositions from 
the radicals in (B), main-chain scissions from the polymer radical in (A) 
[here we also included the reactions between derived radicals from (A) 
or (B) and initial radicals in (A) or (B) ] might be considered. Although 
various reactions might be conjectured also in this case, the formation of 
any endgroups other than hydroxy, methoxy, and formyloxy seems to 
be quite small.

Methoxy and formyloxy endgroups, however, could not be detected 
clearly in the infrared spectra of polyoxymethylene irradiated up to 200 
Mr. However, gases liberated from Delrin under irradiation were re
ported to include various molecules having these endgroups, such as meth
anol, methyl formate, dimethyl ether, and dimethoxymethane, in addition to 
other gases such as hydrogen, carbon dioxide, carbon monoxide, formalde
hyde, and methane.1

Although the definite reactions under irradiation cannot be decided at 
present hydroxy, formyloxy, and methoxy endgroups should be mainly 
produced by main-chain fractures under irradiation.

On the other hand, the crosslinking reaction (E) must be less than a half 
of total main-chain fractures, as long as no gelation is observed.

Thermal Decomposition

It is well known that polyoxymethylene dimethyl ether is stable in 
vacuum up to 250°C. as well as polyoxymethylene diacetate. On the 
other hand, the thermal stability of polyoxymethylene diformate has not 
been reported. Qualitatively, however, polyoxymethylene diformate 
seems to have a thermal stability lower than that of polyoxymethylene 
diacetate and higher than that of polyoxymethylene dihydrate. The 
thermal stability of polyoxymethylene dihydrate can be shown directly in 
the results of the preceding section. There, the most unstable part of the 
three components of irradiated polyoxymethylene always exhibits the same 
decomposition rate as that of the initial polyoxymethylene dihydrate. 
This indicates that the most unstable component of irradiated polyoxy
methylene is the polymer that has at least one hydroxy endgroup.

It is very difficult to consider the contribution of crosslinking to thermal 
stabilization. However, there may exist some contribution of crosslinks in 
such a case where two crosslink points in an unstable polymer chain are 
linked with stable polymer chains.

Assuming that the stabilization of polyoxymethylene dihydrate under 
irradiation is due both to main-chain fractures and crosslinkings, numerical 
expressions of stabilization can be deduced as follows. Here, it is assumed
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that crosslinking points are equal to stable main-chain fractures, as far as 
the contribution to stabilization is concerned.

L(jV +  2Q) -  3 Q (P /P 0)

where P is the number-average degree of polymerization, P 0 is the initial 
number-average degree of polymerization, S  is the stable polymer (or 
stabilized polymer) content, R  is the irradiation dose, N  is the number of 
polymer ends produced per unit dose and per unit main chain, n f is the 
number of i-type polymer ends produced per unit dose and per unit main 
chain ( ^ 2  n t =  N ) ,  and Q  is the number of branches produced per unit

total
dose and per unit main chain. The assumptions for the above formula
tions are, (a )  proportionality of crosslinkings and all kinds of fractures to 
dose and (b ) random combinations of kinds of endgroups or crosslinking 
points, and the same distribution of degree of polymerization with respects 
to a combination of kinds of endgroups or crosslinking points. Assumption 
b is valid in case of high dose. Then, for P / P 0- +  0 ( R  -*■ ®>),

<S — [( £  » , +  2Q )/(N  +  2Q)]S (6)
stable

In case that the crosslinking is not produced under irradiation or is in
effective for stabilization (in case of stabilization only by main-chain 
scissions),

S  = [ Z  riiP0R /(2  +  N P 0R ) ] 2
stable

=  ( Z V A O M i  -  C P / W (7)
stable

Particularly, for P / P a — 0 (R  -*■ «>),

S —  ( E  nJNY (8)
stable

If there were no thermally stable fractures ( 2  n t =  0), the conversion to
stable

stable polymer by irradiation could not exceed 25% , from eq. (6), for 
experimentally N >  2Q .b (Any usual molecular weight distribution 
approaches very closely to a most probable distribution after random 
scissions, and the critical condition for gelation for this distribution is that 
jV =  2Q.) This does not agree with the fact that the stable polymer 
reaches a level of 80-95%.

1 +  Vs (AT -  Q )P 0R  

7 E  rii +  2Q \ P 0R~
V stable /

-  2  +  ( N  +  2 Q ) P 0R  _ 

E  b  +  2 Q
stable
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Fig. 10. Stabilization by main-chain fractures. Stable polymer formation with de
crease of 77/ 770: (* ,0 , X ) experimental results (from Fig. 5), polymer stable in vacuum
at 200°C.; (—) theoretical curves from eq. (6 ) for a =  1; (----- ) theoretical curves
from eq. (6 ) for a =  0.5. Figures on the curves show the values of stable rn/N.

In case of stabilization only by main-chain fractures, the experimental 
results in Figure 5 can be compared with the calculated values from eq. (6) 
under the assumption that 77 «  P a. In Figure 10 are plotted the experi
mental results and the theoretical curves of various values of X  ntN/. The

stable
experimental stabilization percentages with decrease of 77/770 show smaller 
values than those of the theoretical curves at the initial stage. This, 
however, seems due to the theoretical defect that the assumption b was 
made. Although the value of X  nJN must be estimated only from the

stable
saturation values of stabilization, the stabilization by main-chain fractures 
seems numerically supported.

The following assumptions seem probable.

N  =  Z n ,  =  n ( — OH) +  n(OCOH) +  n(— OCH,) (9)
total

Thus the order of increasing thermal stabilities is
0  K

/ '  I
— OH <  — O— C < —  O— C— H

I
H H

From the obtained values of m \  and v i"3 and the assumption above, the 
ratios of the number of /t y p e  endgroups to the total sum of endgroups, 
nJN can be calculated by using eq. (8). In Table II are shown the values
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of m \  and m " 3 for polyoxymethylene stabilized up to the saturation value 
and the calculated values of n t/ N  from them. It is evident that the 
concentrations of formyloxy and methoxy endgroups formed are almost the 
same and take values near 50%. The difference between the fractions of 
formyloxy and methoxy endgroups is very small; also, the fraction of 
hydroxy endgroups is equally small.

TABLE II
Constituents of the Polyoxymethylene Stabilized up to Saturation Value

I, %• II, %b
Experimental Results

Stable part (polymer stable on decomposition at 
200°C.) 90 93

Most stable part (polymer most stable on decom
position at 250°C.) 26 27

Calculation of kinds of endgroups 
Hydroxy 5 4
F ormyloxy 44 44
Methoxy 51 52

a 10 Mr-irradiated polyoxymethylene dihydrate, initial viscosity 2.49. 
b 1.3 Mr-irradiated polyoxymethylene polymerized from irradiated solid formaldehyde.

It seems that the disproportionation reaction, (G ) , in the case of the 
two-radical mechanism, mainly constitutes the stabilization and the 
degradation of polyoxymethylene under ionizing radiation in vacuum.

From the discussion above, other kinds of acetal resins might also be 
stabilized by irradiation in vacuum by the same principle.

And we hope that the results obtained in this paper will provide some 
experimental controls in the study of the changes of thermal stability of 
polyoxymethylene by block-graft copolymerization or by scavenging 
polymer radicals, under or after irradiation.

The author is greatly indebted to Dr. H. Kobayashi and Dr. E. Mukoyama for their 
interest and suggestions for this study. He is also indebted to Mr. M. Higuehi, Mr. T. 
Ichimura, and Mr. S. Saito for the collaborations in the experiments.
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Résumé

On a étudié le changement de stabilité thermique du polyoxyméthylène— dihydraté 
irradié, sous vide et à l’air, à température de chambre, à l’aide de rayons-gamma du Co60. 
Le logarithme de l’indice viscosimétrique diminue linéairement en fonction du logarithme 
de l’intensité et ce tant sous vide qu’à l’air. La courbe de décomposition du polyoxy
méthylène irradié sous vide à 200°C, peut être subdivisée en deux composantes. Le 
pourcentage de polymère stable de polyoxyméthylène dihydraté irradié augmente lorsque 
la viscosité de la solution diminue, il peut atteindre de 80 à 95% et s’exprime approxi
mativement comme fonction de 77/ 770. Lors de l’irradiation à l’air, la stabilisation est 
cependant souvent diminuée par l’oxygène. Les effets ultérieurs de l’irradiation sur la 
stabilisation ne peuvent être mis en évidence dans les conditions d’irradiation que nous 
étudions dans cette communication. Lors de la décomposition sous vide à 250°C, le 
polyoxyméthylène-dihydraté présente une courbe à 3 composantes. Il semble certain 
que le polyoxyméthylène-dihydraté irradié soit composé dès le départ de 3 sortes de poly
mères qui diffèrent par leur stabilité thermique. Le polymère le plus stable forme à peu 
près le quart du pourcentage total en polymère stable. Ces phénomènes peuvent trouver 
une explication dans la formation de groupes terminaux formyloxy et méthoxy lors de la 
réaction de disproportionnement des radicaux produits par les scissions de la chaîne 
primaire. On a observé qu’il y avait du polymère stable avant l’ irradiation lorsque le 
polyoxyméthylène dihydraté était produit par post-polymérisation du formaldéhyde 
irradié à l’état solide.

Zusammenfassung

Polyoxymethylendihydrat wurde im Vakuum und unter Luft bei Raumtemperatur 
mit 7 -Strahlen von Co-00 bestrahlt und die Veränderung seiner thermischen Stabilität 
untersucht. Log (Viskositätszahl) nahm mit log (Dosis) sowohl in Vakuum als auch 
unter Luft linear ab. Die Zersetzungskurve von bestrahltem Polyoxymethylen im 
Vakuum bei 200°C kann in zwei Komponenten zerlegt werden. Der Prozentgehalt des 
bestrahlten Polyoxymethylendihydrates an stabilen Polymeren nahm mit fallender 
Lösungsviskosität zu, erreichte bis zu 80-95% und liess sich angenähert als Funktion von 
77/170 darstellen. Im Falle der Bestrahlung unter Luft wurde die Stabilisierung oft durch 
Sauerstoff beeinträchtigt. Bestrahlungs-Nacheffekte für die Stabilisierung konnten 
unter den hier angewendeten Bestrahlungsbedingungen nicht nachgewiesen werden. 
Bei der Zersetzung im Vakuum bei 250°C zeigte das bestrahlte Polyoxymethylendihydrat 
eine Kurve für drei Komponenten. Es scheint sicher zu sein, dass das bestrahlte Poly
oxymethylen in der Hauptsache aus drei Polymerarten von verschiedener thermischer 
Stabilität besteht. Der Prozentgehalt an hochgradig stabilem Polymeren beträgt etwa 
ein Viertel des totalen Prozentgehaltes an stabilem Polymeren. Diese Tatsachen können 
durch die Bildung von Formyloxy- und Methoxyendgruppen durch Disproportionierung 
der bei der Hauptkettenspaltung entstandenen Primär-radikale erklärt werden. Die 
Inklusion von stabilem Polymeren vor der Bestrahlung wurde im Falle des bei der Nach
polymerisation von im festen Zustand bestrahlten Formaldehyd gebildeten Polyoxy- 
methylens festgestellt.
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Studies on Structure and Properties of Aromatic 
Polyamides. II. Structural Elucidation of 

Poly(m-xylylene Adipamide)*
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Synopsis

X-ray diffraction and infrared spectra of poly(m-xylylene adipamide) were investi
gated. On the basis of x-ray diffraction studies, the twisted form of molecular model 
for the polymer structure of poly(??i-xylylene adipamide) was proposed which shows the 
calculated value of 15.2 A. to be an identity period consistent with the observed value 
from x-ray diffraction. The assignment of infrared absorption bands were made with 
the aid of polarization measurements combined with the techniques of deuteration and 
iodine treatment of the polymer. It was established on the experimental evidences 
that the band at 725 cm.-1 is assigned to the amide V vibration. The intense bands 
at 1639, 1545, and 1266 c m r 1 are ascribed to the amide I, II, and III vibrations, respec
tively. A tentative assignment of the amide VI and VII was also made. The infrared 
spectra show that the observed dichroism of the amide characteristic bands of the 
highly oriented specimen is much lower than that of aliphatic polyamides. This is 
also consistent with the proposed twisted model for the polymer structure of poly(m- 
xylylene adipamide).

INTRODUCTION

The infrared spectra of polyamides reported to date have been limited 
to aliphatic polyamides.1-7 Various features of the vibrational assign
ment of aromatic polyamides, especially in the lower frequency region, 
remain to be solved. Kinoshita8 has studied the crystal structures of a 
series of aliphatic polyamides by x-ray methods. As to the crystal struc
tures of aromatic polyamides, however, only the x-ray diffraction studies 
on molecular packing of polyamide made from p-xylylenediamine and sebacic 
acid were recently reported by Vogelsong,9 who proposed a crystal struc
ture possessing a preferred orientation of about 5° off the fiber axis.

In this paper w e  wish to report in detail the structural elucidation of 
poly(m-xylylene adipamide) by x-ray diffraction and infrared spectroscopic

* Presented in part at the 12th Annual Meeting of the Chemical Society of Japan, 
Kyoto University, April 3 (1959).

f Present address: Department of Chemistry, University of Arizona, Tucson,
Arizona.

I Present address, Central Research Laboratories, Toyo Rayon Co., Ltd., Ishi- 
yama, Otsu, Japan.
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studies. Ou the basis of the x-ray crystallographic evidence, we postulate 
a sterically twisted form of molecular model for the structure of poly(m- 
xylylene adipamide) which shows a calculated value of 15.2 A. as an 
identity period as being consistent with observed value of x-ray diffraction.

Deuteration of the polyamide by treatment with heavy water proved to 
be useful for the assignment of the amide characteristic vibrations.10 
Iodine is known to interact with polyamides by forming a charge-transfer 
type complex with the amide C = 0  groups,7’ 11 thereby causing a con
siderable change in the absorption bands of amide characteristic vibrations.7 
These two techniques have been successfully applied to poly(m-xylylene 
adipamide) as an aid in interpreting the infrared spectrum of this polymer.

EXPERIMENTAL

Samples

Poly(m-xylylene adipamide) was obtained by the polycondensation of 
purified m-xylylene diamine and adipic acid as described in the previous 
paper.12

Thin films of the polymer were prepared directly from the molten sample. 
Films cast from formic acid solution were also investigated. They were 
quenched, elongated, and then annealed at a temperature ca. 20°C. 
below the melting point.

Deuteration of the polymer films was carried out under vacuum at 
80°C ./10 -4 mm. Hg in the presence of heavy water vapor by using the simi
lar apparatus described by Tadokoro et al.13 After repeated processes of 
deuterium exchange reaction with heavy water vapor, the films were deu- 
terated to a considerable extent. Almost completely deuterated films have 
been prepared by contact with heavy water vapor for 1 hr. at a temperature 
just below the melting point of the polymer. Iodine treatment of the 
polymer was carried out by immersing the film into a 20% aqueous solu
tion of potassium iodide containing 5%  of iodine for 5-20 hr.

X-Ray Diffraction

X-ray diffraction patterns of the filaments were obtained using nickel- 
filtered copper K a  radiation. For qualitative studies, flat-plate cameras 
were used. A cylindrical camera (radius, 30.0 mm.) was used to obtain 
as many of the diffraction spots as possible for the determination of both 
the fiber identity period and the unit cell.

Infrared Absorption Measurement

The infrared spectra in the region 4000-300 cm .-1 were recorded with a 
Perkin-Elmer Model 21 spectrophotometer (with sodium chloride optics) 
and a Japan Spectroscopic Model DS-402G spectrophotometer (with 
grating optics). Polarization measurements on oriented specimens were 
made in the 4000-600 cm .-1 region by using a silver chloride polarizer.
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RESULTS AND DISCUSSION

X-Ray Diffraction Measurement and Structural Elucidation o f po!y(m -
Xylylene Adipamide)

The x-ray diffraction patterns of undrawn and drawn filaments are 
shown in Figures 1 and 2, respectively. It can be seen from the crystalline 
pattern that the crystallization occurs immediately after melt-spinning. 
It is reasonably presumed that aromatic nuclei along the polymer chain 
effects the easy crystallization of polyamide in the orindary melt-spinning 
condition.

Fig. 1. X-ray diffraction pattern of undrawn filament of poly(ra-xylylene adipamide).

Fig. 2. X-ray diffraction pattern of elongated filament of poly(?i?-xylylene adipamide)
drawn along the fiber axis.

Fig. 3. X-raj diffraction pattern of annealed filament of poly( m-xylylene adipamide)
drawn along the fiber axis.
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The drawn fibers were further crystallized by annealing under nitrogen 
at about 187°C./10 min. Figure 3 shows the x-ray diffraction pattern of 
heat-treated filament obtained with a cylindrical camera.

Qualitative estimation of layer line spacings for poly(m-xylylene adip- 
amide) indicated that one chemical unit is involved in the crystallographic 
repeat along the fiber axis. The observed fiber identity period was found 
to be 15.2 A., and the following triclinic unit cell has been found by recipro
cal lattice methods to account for the diffraction spots: (projected unit 
cell base)

a' =  5.10 A.

b' =  4.70 A.

y' =  69°36'

The density calculated for this unit cell, assuming one chain molecule 
passes through it, is 1.20 g ./cc., while the measured density of the drawn 
fibers is 1.22 g./cc. This is not entirely satisfactory in view of the fact 
that measured densities of crystalline polymers are usually lower than the 
calculated ones. At present, however, we can only ascribe it to a kind of 
density anomaly such as that found in some of the synthetic polypeptides."

As to the planar molecular configuration of poly(»i-xylylene adipamide), 
the types of possible structures (I), (II), and (III) in Figure 4 can be taken 
into consideration. Thus the fiber identity period is calculated on the basis 
of normally accepted bond length and bond angle values15'16 for each struc
ture to afford the results of 32.0 A. (I), 29.4 A. (II), and 27.0 A. (III).
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Fig. 5. The molecular conformations of poly(m-xylylene adipamide).

Fig. 6. The twisted molecular model of poly(m-xylylene adipamide).

respectively, as shown in Figure 4. Since these values do not agree with 
the observed fiber identity period, another molecular model should be 
introduced.

It should be noted that all the calculated values are about twice the ob
served one, and these molecular models have planar structures. A  struc
ture is therefore proposed for poly(wt-xylylene adipamide) in which the 
molecule is twisted from the planar structure by an internal rotation angle 
of about 30° at each of the six cai’bon atoms, so that, contrary to the case 
of the planar models, only one chemical unit is required to complete the 
fiber identity period as shown in Figure 5. Figure 6 shows the twisted 
model, for which the fiber identity period is calculated to be 15.2-4 A. 
The proposed molecular model is in full accord with the features of the x- 
ray diffraction patterns. Although no attempt has been made to locate 
atoms in the unit cell by consideration of the relative intensities of the re
flections, it seems very likely that the molecules are linked by complete 
hydrogen bonds to form sheets, which are packed together with reasonable 
van der Waals distances between them.

Infrared Absorption Spectrum

The infrared spectra of poly(m-xylylene adipamide) films prepared di
rectly from the molten polymer which were quenched and annealed are 
shown in Figure 7. The film cast from formic acid solution gave the spec
trum essentially identical with that of the annealed film. One of the char-
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W a v e  n u m b e r ,  c m '

Fig. 7. Infrared spectra of unoriented poly(m-xylylene adipamide): (------ ) quenched
film; (—) annealed film.

Fig. 8. Infrared spectrum of stretched and annealed poly(j)i-xjdylene adipamide):
(------ ) electric vector perpendicular to stretching direction; (—) electric vector parallel
to stretching direction.

acteristic features of the spectrum of this polymer is that the number of 
bands whose intensity varies with the crystallinity of the specimen is quite 
large as compared with ordinary aliphatic polyamides. This would indi
cate that not only rotational isomerism occurs at the polymethylene chain, 
but rotations involving bonds near the benzene ring may not be negligible. 
There must be some intermolecular interactions in the crystalline regions, 
because the bands at ca. 790 cm .-1 and 900 cm .-1 are sensitive to the 
change in the crystallinity of specimen, and they are assigned with confi
dence to the C— H out-of-plane deformation modes of meta-substituted 
benzene ring.17

Poly(m-xylylene adipamide) exhibits several prominent bands which are 
known from the detailed analyses of the spectra of simple monosubstituted 
amides18-19 to be characteristic of the tra n s  — CONH—  group. The intense 
band at 1639 cm .“ 1 is assigned to the amide I vibration which mainly in
volves the C = 0  stretching mode, and the bands at 1545 cm .-1 and 1266 
cm .-1, respectively, are assigned to the amide II and III vibrations which
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correspond to the coupled XT— II in-plane deformation and C—-N stretching 
modes. The band at 3297 cm .-1 is assigned to the N— H stretching mode 
and the weak band at 3074 cm .-1 to the first overtone of the amide II 
vibration.1 Although in the case of simple monosubstituted amides the

4000 3500 3000 2500 2000 1800 1600 1400 1200 1000 800 600 400
W a v e  n u mb e r  , cm"'

Pig. 9. Infrared spectrum of highly deuterated poly(w-xylylene adipamide).

W a  v e  n u m b e r ,  c m  '

Fig. 10. Infrared spectrum of oriented and deuterated polyfwi-xylylene adipamide):
(------ ) electric vector perpendicular to stretching direction; (—) electric vector parallel
to stretching direction.

W a v e  n u m b e r ,  cm'^

Fig. 11. Infrared spectrum of iodine-treated polyfnt-xylylene adipamide).
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Infrared Absorption Bands of Polyfw-xylylene adipamidep
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Wave
number,

cm.-1 Intensityb Dichroism0 Phase1* Assignment,

3297 VS a N— H stretch.
3074 m cr 2 X Amide II
3032 w sh O’
3022 vw sh ? C— H stretch, (aromatic)
3005 vw sh ?
2944
2925

m sh 
s

O'
O' ■ CH2 antisym. stretch.

2865 m O' CH2 sym. stretch.
1639 vs O' Amide I : C = 0  stretch.
1611
1593

m
w

O’
O' ■ Ring stretch

1545 vs 7T Amide II: N— H in-plane bend. -j~ c
stretch.

1493 w 7r Ring in-plane deform.
1460 m sh O’
1447 s O' CH2 bend.
1423 s O'
1382 m 7T C
1378 vw sh 7T
1360 vw sh 7T A
1351 m 7r C
1335 vw sh 7T CH-> twist, and wag.
1310 vw sh 7T
1300 w 7T
1292 vw sh 7T
1277 s 7T
1266 s TV c ■ Amide III: N— H in-plane bend. +  c
1260 s TV A stretch.
1240 m sh TV
1215
1206

vw sh 
in

TV
TV ■ C— H in-plane deform, (aromatic)

1156
1147

w
w

TV

TV

A
C ■ C— H in-plane deform, (aromatic)

(continued)

bands at about 3300 cm .-1 and 3100 cm .-1 are considered to be due to the 
Fermi resonance between the fundamental N — H stretching and the first 
overtone of the amide II vibration,20 it is not yet certain whether the spec
trum of the complex polymer might be explained in the same way. The 
polarized infrared spectrum of stretched and oriented crystalline specimen 
is shown in Figure 8. Although the specimen is highly oriented, the 
observed dichroism of the amide chracteristic bands are much lower than 
those of aliphatic polyamides. This may indicate that the transition 
moments of these vibrations are inclined to the orthogonal directions of the 
chain axis to a considerable extent because of the twisted configuration of 
the molecule.
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TA B L E  I (co n tin u ed )

W ave
uumbei 7

cm .-1 Intensity b Dichroism0 Phase' Assignment

1091 w cr
1083 vw sh cr
1062

■ Skeletal stretch.1033 m 7T C
1002 vw sh cr
993 vw  sh a

908 w ? c C— H out-of-plane deform.
894 w cr

0
(m-substitution)

794 m <T c C— H out-of-plane deform.
787 m a A (m-substitution)
765 m  sh cr

752 m a
£  | CH j rock.738 m a

725 m s h cr C Amide V : N— H out-of-plane bend.
705
684

s
w  sh

a

cr
c

°
Ring out-of-plane deform.

600 w 7T
590 w cr C ■ Amide V I : C = 0  out-of-plane bend.
581 w -

573
566

w
w

— A
C > Ring in-plane deform.

500
490

w
w

— c
A > Ring in-plane deform.

430 vw — Ring out-of-plane deform.
365 w — C
336 vw — c - Amide V II: CO— N H  torsion
310 w — A

a Other unassigned bands: 3405 cm. ', vw sh , <x\ 3215 cm .“ 1, vw sh , a ; 1655 cm .-1,
s sh, <r; 1563 cm. h s sh, w; 1528 cm. 1 s sh , ir] 1508 cm .-1, w  sh, ir; 1194 cm .-1, vw
sh} 7r; 1172 cm .” 1, vw sh, ir', 1131 cm. ', vw  sh, ?; 1122 cm .-1, vw, sh, <r; 984 cm .-1 ,
vw, sh, ?; 938 cm. ', vw, a] 912 cm. 1, w, t ; 870 cm .-1, vw, ? ;  828 cm .-1, vw sh , ? ;
674 cm -1, vw sh, ?; 516 cm .-1, vw sh 462 cm .-1, vw sh, — .

b s = strong, m =  medium, w  = weak, sh  =  shoulder, v =  very.
0 TT = parallel, <r =  perpendicular.
d C  =  crystalline, A  — amorphous.

The amide V  mode which is primarily due to the N— H out-of-plane de
formation vibration is the most sensitive to the crystalline form and the 
crystallinity of the specimen among all the amide characteristic vibrations. 
In the case of aliphatic polyamides it has been established that the amide V 
band appears at around 690 cm .-1 for the a crystalline form and at around 
720 cm .-1 for the y  crystalline form.6 The intensity of amide V band of 
poly(e-capramide), (nylon 6) has been found to vary with the crystallinity 
of the specimen.21

In the spectrum of poly(m-xylylene adipamide), many strong bands 
cluster around the region where amide V is expected to appear. By the
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deuteration of flip sped men, however, much of the difficulfy in the assign
ment of this vibration would be eliminated. The infrared spectrum of a 
highly deuterated polyfm-xylylene adipamide) is shown in Figure 9, and 
the polarized spectrum of an oriented specimen of the deuterated polymer is 
illustrated in Figure 10. In these spectra the weak band originally ob
served at 725 cm .-1 has completely disappeared, and therefore this band is 
to be assigned to the amide V vibration. The bands with peaks at 526 
cm .-1 and 517 cm .“ 1 which failed to occur in the original spectrum should 
correspond to the amide V ' band. This is primarily due to the N — D 
out-of-plane deformation vibration. The amide I I ' and III ' bands which 
correspond respectively to the C— N stretching and the N— D in-plane 
deformation modes appear at 1450 cm .“ 1 and at 977 cm .“ 1. Contrary 
to the case of aliphatic polyamides, the amide I I I ' band shows a slight 
perpendicular dichroism. This would be another indication of a twisted 
configuration of the poly(m-xylylene adipamide) molecule. The new 
intense bands at 2440 cm .“ 1 and at 2410 cm .“ 1 are considered to be due to 
the Fermi resonance between the N — D stretching vibration and combina
tion amide I I ' +  amide III '.

The assignment of the amide V vibration was further confirmed by the 
iodine treatment of the polymer. When iodine is absorbed by a polyamide, 
it is considered to form a charge-transfer type complex with the amide 
C = 0  groups, thus rendering a considerable portion of the N — H groups 
free from hydrogen bonding.7 Indeed, the effect of the iodine treatment 
on the infrared spectrum of typical aliphatic polyamides turns out to be 
the increase of the N — H stretching frequency by ca. 60 cm .-1 and the 
disappearance of amide V band.7 Moreover the new intense band appears 
at around 570 cm .” 1 which may correspond to the out-of-plane deformation 
vibration of free N — H group.21 B y the iodine treatment of poly(m- 
xylylene adipamide), the band at 725 cm .-1 which was assigned from deu- 
teration studies to the amide V band disappears. Furthermore, the similar 
spectral changes to those of aliphatic polyamides were observed in other 
amide characteristic bands as illustrated in Figure 11. Those facts indi
cate the correctness of our assignment of the amide V vibration.

B y analogy with the case of poly(e-capramide)7 and other aliphatic 
polyamides,21 the weak band at 590 cm .” 1 may be assigned to amide VI, 
which corresponds to the C = 0  out-of-plane deformation vibration.18'19 
The amide V II band, which is expected to appear in the 400 ~  200 cm .” 1 
region, involves the torsional mode around the CO— NH bond and its 
frequency is quite sensitive to the conformation of polyamide chains.22 
In the case of aliphatic polyamides, the comparatively strong band ap
pearing in the 350-300 cm .“ 1 region is most reasonably assigned to the 
amide V II, because its frequency has been found to change systematically 
with the crystalline form and consequently with the chain conformation of 
the polymer.21 Poly (m-xylylene adipamide) shows two “ crystalline” 
bands at 365 cm .“ 1 and at 336 cm .“ 1 and an “ amorphous”  band at 310 
cm .“ 1. Although it is hard to give complete assignment of these bands
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owing to their complicated nature, we may at least relate them to the amide 
V II mode. As to the amide IV band, which corresponds to the 0 = C — N 
bending vibration,18’19 no definite assignment can yet be made. Other 
absorption bands were tentatively assigned to the vibrations of the methyl
ene chain or of the benzene ring. More detailed studies of skeletal de
formation modes would be required before the spectrum in the lower fre
quency region can be satisfactorily interpreted.

The vibrational frequencies observed in the spectra of poly(m-xylylene 
adipamide) and the deuterated poly(m-xylylene adipamide) are summarized 
in Tables I and II, respectively, together with the assignment.

The infrared experimental results suggest that this polymer molecule 
takes a sterically twisted conformation along the fiber axis which is also 
supported by x-ray diffraction analysis.

The author takes pleasure in acknowledging the support and interest of Dr. H. 
Kobayashi, the Director of Research Department and Dr. M . Watanabe. Sincere 
thanks are also due to Dr. Y . Kinoshita and Dr. A. M iyake for their stimulating dis
cussions.
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Résumé

On a étudié la diffraction aux rayons-X  et le spectre infrarouge du polyadipamide de 
m"xylylfene- Se basant sur des études de diffraction aux rayons-X, on a proposé la 
forme torsionnnéede modèle moléculaire pour la structure polymérique du polyadipamide
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de m-xylylène; la valeur calculée de 15.2 A. pour la période d ’ identité est compatible 
avec la valeur observée par diffraction-X. L ’attribution des bandes d ’absorption 
infarouge a été faite à l ’aide de mesures de polarisation combinées à des techniques de 
deutération et un traitement du polymère à l’ iode. Les résultats expérimentaux démon
trent clairement que la bande à 725 cm -1 doit etre attribuée à la vibration V  de l ’amide. 
Les bandes intenses à 1039, 1545 et 1266 cm “ 1 sont attribuées respectivement aux 
vibrations I, II et III  de l ’amide. On a essayé également une attribution de l ’amide 
VI et V II. Les spectres infra-rouges montrent que le dichroïsme observé des bandes 
caractéristiques de l ’amide de substances fortement orientées est beaucoup plus faible 
que celui des polyamides aliphatiques. Ceci est aussi en concordance avec le modèle 
torsionné proposé pour la structure polymérique du polyadipamide de m-xylylène.

Zusammenfassung

Das Röntgendiagramm und Infrarorspektrum von Poly-m-xylylenadipamid wurden 
untersucht. Auf Grund von Röntgenbeugungsmessungen wurde die verdrehte Form 
des Molekülmodells für die Polymerstruktur von Poly-m-xylylenadipamid vorgeschla
gen, die einen berechneten W ert von 15,2 A. als Identitätsperiode in Übereinstimmung 
mit dem beobachteten Röntgenbeugungswert ergibt. Die Zuordnung der Infrarotabsorp
tionsbanden wurde mit Hilfe von Polarisationsmessungen in Kombination mit Deuter
ierung und Jodbehandlung des Polymeren, durchgeführt. Die experimentellen Befunde 
lassen eine Zuordnung der Bande bei 725 cm -1 zur Amid-V-schwingung als gesichert 
erscheinen. Die starken Banden bei 1639, 1545 und 1266 cm -1 werden den Arnid-I- 
-II-  bzw. -III-sehwingungen zugeschrieben. Eine vorläufige Zuordnung von Am id- 
V I- und -V II wurde ebenfalls durchgeführt. Die Infrarotspektren zeigen, dass der 
beobachtete Dichroismus der charakteristischen Amidbanden der hochorientierten 
Probe viel geringer als der der aliphatischen Polyamide ist. Das steht auch mit dem 
vorgeschlagenen, verdrehten Modell für die Polymerstruktur von Poly-m-xylylenadi- 
pamid in Übereinstimmung.
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Polymers Containing the
2,5-Diphenylthiazolo [5 ,4-d] thiazole Moiety * f

CHARLES J. FOX, Research Laboratories, Eastman Kodak 
Company, Rochester, New York

Synopsis

Polycarbonates, alternating copolycarbonates, and polyesters were prepared from 
bisphenols containing the 2,5-diphenylthiazolo[ 5,4-d] thiazole moiety. The bisphenols 
used were 2,.5-bis(4-hydroxyphenyl)thiazolo[5,4-d] thiazole, 2,5-bis-(3-hydroxyphenyl)- 
t.hiazolo[5,4-d]thiazole, and 2 ,5 -bis(4 -hydroxy- 3 -m ethoxyphenyl)thiazoIo[5,4 -d ]th ia 
zole. The relative degrees of crystallinity for these polymers were determined and are 
discussed in relation to some of the physical properties. The degree of crystallinity 
observed for the polycarbonates varied from low to high, depending on the position of 
substitution in the phenyl rings. The alternating copolycarbonates with neopentyl 
glycol were all of a low' degree of crystallinity and increased solubility. The polyadipates 
and polysebacates prepared were of a relatively high degree of crystallinity in spite of 
the flexibility permitted by the aliphatic diacid linkage. The solubilities of these 
polyesters were appreciable, even though the crystallinity was high.

INTRODUCTION

A recent study of the reaction of dithiooxamide with aromatic aldehydes1 
has clarified the structure of the main product as 2,5-diarylthiazolo- 
[5,4-d]thiazole:*

The structure of this product was previously interpreted by Ephraim2 as

N  /S.
^ - A r '

S N

In this paper the [o,4-d]notation will be omitted for brevity. The avail
ability of the 2,5-bishydroxyphenylthiazolothiazoles offers a means of 
obtaining polymers containing this moiety by the well-established pro-

* Alternate nomenclature: 2,5-diaryl-l,4-dithia-3,6-diaza-l,4-dihydropentalene. 
f  Communication No. 2306 from the Kodak Research Laboratories.

267
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cedure of interfacial polymerization.3 This technique permits the prep
aration of polycarbonates by employing phosgene:

Alternating copolycarbonates are 
mates of alkyl glycols:

O
II

+ Cl-C-Cl

prepared by employing bischlorofor-

+ ClCOOCH2RCH2OCOCl----*

N^S,
O 0

/, «. II II' V ococh2rch2oc-

Polyesters are obtained by employing diacid chlorides :

The polycarbonates5 and polyesters1 of bisphenols previously described 
have been those in which the two phenylene groups in the bisphenol were 
separated by an alkyl group. An exception to this was the polyadipate 
of 4,4'-dihydroxybiphenyl.5 The polymers described in the present paper 
were prepared from bisphenols in which the phenyl groups are separated 
by two fused five-membered rings. This grouping imparts rigidity and 
linearity to the polymer chain at this point. This also introduces entirely 
different requirements for crystallization than were previously encountered 
for bisphenol polymers. Some of the physical properties were examined 
for polymers in which the 2,5-diphenylthiazolothiazole unit was maintained 
constant while the position of the polymer linkage on the phenyl rings and 
the structure of the diacid component employed were varied.

EXPERIMENTAL 

I. Bisphenols

A general procedure for the preparation of substituted 2,5-diphenylthia- 
zolothiazoles has been described in the literature.1 This procedure was
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used in the present work to prepare the previously described 2,5-bis(4- 
hydroxyphenyl)thiazolothiazole and the 2,5-bis(3-hydroxyphenyl)thia- 
zolothiazole. The observed melting point for the 3-hydroxyphenyl deriv
ative was 344-346°C. (lit. value1 328-332°C.). Difficulty was encoun
tered in obtaining an appreciable quantity of the 2,5-bis(2-hydroxy-phenyl)- 
thiazolothiazole. No attempts were made to prepare polymers of this 
derivative.

A  new compound, 2,5-bis(4-hydroxy-3-methoxyphenyl)thiazolothiazole, 
was prepared by this procedure as follows: A mixture of 20 g. (0.166 mole) 
of dithiooxamide, 100 g. (0.66 mole) of vanillin (4-hydroxy-3-methoxy- 
benzaldehyde), and 30 g. of phenol was heated to 220 °C. The mixture 
was stirred as soon as it was sufficiently molten. Heating was continued 
for 30 min. after solution was completed and water began to distill. The 
mixture was allowed to cool, but not to solidify, and was diluted with 200 
ml. of ethanol. The solid product which separated was recrystallized from 
cyclohexanone. The yield was 12 g. (19% of the theoretical), m.p. 264- 
265 °C.

Anal. Calcd. for CtsHuCLNjSj: 0 ,5 6 .0 % ; H, 3 .6% ; N, 7 .2% ; S, 16.6%. Found: 
0 ,5 6 .5 % ; H, 3 .7% ; N ,7 .2 % ; S, 15.9%.

II. Bischloroformates

The bischloroformates of ethylene glycol and neopentyl glycol were pre
pared by dissolving the glycol in an excess of liquid phosgene and permit
ting the excess of phosgene to distill slowly from the mixture.6 Remaining 
traces of phosgene were removed by bubbling dry nitrogen through the 
solution and finally evacuating the vessel containing the bischloroformate 
residue.

III. Polycarbonates

The polycarbonates or alternating copolycarbonates were prepared by 
the interfacial polycondensation technique.3’6 The alternating copoly
carbonate of 2,5-bis(4-hydroxy-3-methoxyphenyl)thiazolothiazole and 
neopentyl glycol was prepared by first dissolving 1.93 g. (0.005 mole) of
2,5-bis(4-hydroxy-3-methoxyphenyl)thiazolothiazole in a solution of 0.45
g. (0.011 mole) of sodium hydroxide in 50 ml. of water. Five drops of 
tri-n-butylamine and 25 ml. of 1,1,2,2-tetrachloroethane were added, and 
the resulting two-phase mixture was stirred vigorously at room tempera
ture. A  solution of 1.15 g. (0.005 mole) of neopentyl glycol bischloro
formate in 50 ml. of tetrachloroethane was added in one portion to the 
stirred mixture and stirring was continued for 30 min. The resulting 
emulsion was broken by acidification with acetic acid. The tetrachloro
ethane layer was separated, washed with water, and dried over calcium 
chloride. The light-yellow, fibrous product was obtained quantitatively 
by precipitation from tetrachloroethane solution into ethyl alcohol.
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On small-scale runs (0.005 mole), methylene chloride was also a suitable 
solvent for the preparation of this polymer. On a larger scale (0.05 mole), 
the polymer separated from solution in the methylene chloride during the 
polymerization.

When the polycarbonate of 2,5-bis(4-hydroxy-3-methoxyphenyl)thia- 
zolothiazole was prepared by this procedure, the polymer separated quant
itatively from the mixture during the polymerization. The solid was 
separated by filtration, washed, and dried.

All of the polymers were prepared by this procedure and are described in 
Tables I and II.

TA B L E  II
Elemental Analyses of Polymers Described in Table I

Formula

Caled. 07 1 /O Found, %

c H N S C H X s
I 58.0 2 .3 8 .0 18.1 58.5 2 .4 7 .6 14.0

II 55.2 3 .5 6.1 14.0 53.8 2 .9 6.1 13.3
III 57.2 3 .7 5 .8 13.3 55.7 4 .3 5 .3 9 .9
IV 58.0 2 .3 8 .0 18.1 55.6 2 .8 7.S 16.7
V 57.3 3 .7 5 .8 13.3 55.1 4 .4 4 .7 10.1

VI 55.2 2 .9 6 .8 15.5 55.2 3 .2 6 .9 15.1
V II 55.3 4.1 5.2 11.S 55.1 4 .0 5 .3 10.8

V III 58.8 2 .9 6.9 15.7 55.5 3 .6 5 .5 12.8
IX 60.0 3 .7 6 .4 14.7 59.5 4 .2 5 .3 12.5

X 61.2 5 .1 5.1 11.5 60.6 5 .0 4 .4 9 .9

IV. Physical Data

The melting points of the polymers were determined by microscopic 
examination of a sample on a hot stage.

The relative degree of crystallinity for each of the polymers was deter
mined by a visual examination of the x-ray diffraction pattern. When a 
polymer showed little or no crystallinity, attempts were made to cause it 
to crystallize by soaking it in acetone. This is noted in Table I in the 
column describing the relative degree of crystallinity.

The solubility of each of the polymers was determined in a series of 
solvents with decreasing solvent power in the order 50% phenol-chloro
benzene >  hexamethylphosphoramide >  tetrachloroethane >  methylene 
chloride. The polymers were insoluble in the solvents in the series lower 
than the one listed in Table I.

The logarithmic viscosity number7 (In -qTi,\/C) was determined for a 
0.25% solution of each of the soluble polymers in the designated solvent. 
These results are recorded in Table I.

RESULTS AND DISCUSSION

The physical and analytical data for the polycarbonates, alternating 
copolycarbonates, and polyesters which were prepared arc presented in
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Tables I and II. In carrying out the polymerizations, no effort was made 
to study the degree of polymerization in relation to the experimental con
ditions. The limited solubility of some of the polymeric products in the 
organic solvent may have prevented their building up to high molecular 
weight polymers. This was possibly true for polymer IV, which was not 
fibrous and was too insoluble to permit a viscosity measurement. How
ever, this was not necessarily a limiting factor, since polymers I, VI, and 
V III precipitated from the mixture during polymerization and were un
doubtedly of high molecular weight, as evidenced by the tough, fibrous 
appearance of the product. These polymers were also too insoluble to 
permit a viscosity measurement. The viscosity measurements for the 
soluble polymers showed them to be of appreciable molecular weight.

The variables responsible for crystallinity or noncrystallinity in poly
mers were discussed in relation to the packing efficiency of the polymer 
chain by Bunn.8 The occasion to compare the crystallinity of polymers 
containing bisphenols with variations in structure does not often occur 
because of the low degree of crystallinity and high solubility generally 
encountered with bisphenol polycarbonates and polyesters.4’5 A  discus
sion of the properties of polymers containing the 2,5-diphenylthiazolo- 
thiazole moiety requires consideration of the steric requirements. The 
thiazolothiazole moiety is planar and, together with the phenyl groups in 
the 2,5-position, forms a linear, nonflexible molecule. Efficient packing 
of polymer chains containing this moiety would be expected as a conse
quence of this rigidity and linearity.

Polycarbonates

It was not surprising to find that the polycarbonate (IV) of 2,5-bis(4- 
hydroxyphenyl)thiazolothiazole was highly crystalline and insoluble, 
owing to the effective packing imposed by the 2,5-diphenylthiazolothia- 
zole moiety and maintained by the polycarbonate linkage in the para 
position. This is analogous to the crystalline polycarbonate of 4,4'- 
dihydroxydiphenylmethanc,4 which would be expected to have much less 
rigidity than this example.

It would be reasonable to expect the packing efficiency and hence the 
crystallinity of the polymer chain to be diminished by changing the steric 
requirements of the molecule. This could be readily accomplished by 
either changing the position of substitution on the phenyl ring (i.e., from 
para to meta or by changing the structure of the diacid component joining 
the bisphenols to an irregular or bulky group. Thus, the high crystal
linity of the insoluble polymer IV  was reduced (A ) by introducing a meth- 
oxy group in the meta positions while maintaining the carbonate linkages 
in the para positions so that the resulting polymer VI was found to have 
intermediate crystallinity and solubility in hot hexamethylphosphoramide; 
and (B) was reduced even further by changing the carbonate linkages 
from the para position to the meta position so that polymer I was found to
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have low crystallinity even after acetone treatment, although solubility 
was still limited to hot hexamethylphosphoramide.

Alternating Copolycarbonates

The relationship of the structure of the diacid component to solubility 
and crystallinity was also investigated. Several examples of alternating 
copolycarbonates were obtained by allowing the bischloroformate of a 
glycol to react with one of the bishydroxyphenylthiazolothiazole com 
pounds. This approach ensured regular alternation of the glycol and the 
bisphenol, since the acid chloride was entirely restricted to the glycol 
segment.

High crystallinity was observed for polymer II, obtained from ethylene 
glycol bischloroformate and 2,5-bis(3-hydroxyphenyl)thiazolothiazole, 
even though the carbonate linkages are in the meta positions. This poly
mer was initially soluble in tetrachloroethane, but gradually became in
soluble in the solid form. In contrast to this result, low crystallinity was 
observed when the bischloroformate of the bulky neopentyl glycol replaced 
ethylene glycol as in each of polymers III, V, and VII, even when the car
bonate linkage was in para positions (polymer V). The solubility was in
creased so that in each of these examples methylene chloride was a suitable 
solvent.

Polyesters

Polyesters of dicarboxylic acids and bisphenols may also be highly crys
talline, depending on the structures of both the bisphenol and the diacid. 
Whereas the polyterephthalates described by Levine and Temins were 
crystalline, the polyesters of aliphatic diacids were noncrystalline.6 Ex
ceptions to this have involved bisphenols with either no central carbon 
atom or with only a methylene group between the phenyl rings. Thus, a 
relatively high degree of crystallinity was observed for the polyadipates 
of 4,4,-dihydroxybiphenyl and 4,4'-dihydroxydiphenylmethane.

The polyadipate (IX ) of 2,5-bis(4-hydroxy-3-methoxyphenyl)tliia- 
zolothiazolc was also found to be highly crystalline after treatment with 
acetone. This is in contrast to the corresponding polysuccinate (VIII), 
which remained at a low to medium degree of crystallinity even after treat
ment with acetone. Surprisingly, a high degree of crystallinity was ob
served for the corresponding sebacate (X ). It is interesting that the meth- 
oxy group in the m.eta position was not effective in appreciably reducing 
the crystallinity of the adipate and the sebacate. This is in contrast to 
the polycarbonate (VI) which had an intermediate degree of crystallinity. 
Polymers IX  and X  were soluble in spite of their high crystallinity, and 
this may result from the influence of the methoxy groups in the meta posi
tions.

The author wishes to express his appreciation to Mr. L. E. Contois for determining 
the relative crystallinity of the polymers by  means of the x-ray diffraction patterns, 
and to Mr. J. J. Saturno for determining the melting points.
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Résumé

On a préparé des polyearbonates, des copolyearbonates alternants et des polyesters 
à partir de bisphénols contenant le groupe 2,5-diphénylthiazolo-[5,4-d]-thiazolique. 
Les bisphénols employés étaient le 2,5-bis(4-hvdroxyphényl)thiazolo[5,4-d]thiazol, 2,5- 
bis(3-hydroxyphényl)t.hiazolo [5,4-d] thiazol, 2,5-bis(4-hydroxy-3-méthoxyphényl)thia- 
zolo [5,4-d] thiazol. Les degrés de cristallinité de ces polymères ont été déterminés et 
sont discutés en relation avec quelques propriétés physiques. Les degrés de cristal
linité observés pour le polyearbonates varient depuis des valeurs très basses jusqu’à des 
valeurs élevées, en fonction de la position des substituants dans le noyan phényle. Les 
copolyearbonates alternants avec le glycol néopentylique étaient tours peu cristallins et 
de solubilité plus élevée. Les polyadipates et polysébaeates obtenus avaient une 
cristallinité relativement élevée en dépit de la flexibilité due au lien aliphatique diacide. 
Les solubilités de ces polyesters étaient appréciables malgré le taux de cristallinité 
élevée.

Zusammenfassung

Polykarbonate, alternierende Copolykarbonate und Polyester wurden aus Bis
phenolen mit dem Diphenylthiazolo-[5,4-d]-thiazolrest dargestellt. Die verwendeten 
Bisphenole waren 2,5-Bis-(4-hydroxyphenyl)-thiazolo-[5,4-d]-thiazol, 2,5-Bis-(3-hy- 
droxyphenvd)-thiazolo-[5,4-d]-thiazol und 2,5-Bis-(4-hydroxy-3-methoxyphenyl)-thi- 
azolo-[5,4-d]-thiazol. Der relative Kristallinitätsgrad dieser Polymeren wurde be
stimmt und in seinen Beziehungen zu einigen physikalischen Eigenschaften diskutiert. 
Der Kristallinitätsgrad der Polykarbonate stieg in Abhängigkeit von der Stellung der 
Substituenten in den Phenylringen von niedrigen zu hohen Werten an. Die alter
nierenden Copolykarbonate mit Neopentylglykol besassen alle einen niedrigen Kristal
linitätsgrad und erhöhte Löslichkeit. Die dargestellten Polyadipate und Polysebacate 
lagen trotz der durch die aliphatische Dicarbonsäure ermöglichten Biegsamkeit bezüg
lich des Kristallinitätsgrades relativ hoch. Die Löslichkeit dieser Polyester war unge
achtet der hohen Kristallinität beträchtlich.
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Chain Entanglements and Elastic Behavior of 
Polybutadiene Networks

G E R A R D  KRAUS and G. A. M O CZYGEM BA, Phillips 
Petroleum Company, Bartlesville, Oklahoma

Synopsis

The role of chain entanglements in determining the stress-strain properties of poiy- 
butadiene networks has been investigated. The number of entanglements was varied 
by changing the primary molecular weight and chemical crosslink concentration. N et
works essentially free of entanglements were prepared by  endgroup coupling of carboxy- 
terminated polybutadiene of 5500 molecular weight. Conventional sulfur or peroxide 
vulcanizates obeyed the M oonev-R ivlin stress-strain relation, the constant C2 which 
represents the deviation from simple kinetic theory diminishing with the time allowed 
for approaching elastic equilibrium. The constant G  was found to increase with both 
the total physical crosslinking and the entanglement contribution to this quantity. 
The endgroup vulcanizates obeyed the simple kinetic theory of rubber elasticity and 
approached elastic equilibrium much more rapidly than sulfur or peroxide vulcanizates. 
The evidence presented suggests that the apparent deviation of elastomeric vulcanizates 
from the kinetic theory of rubber elasticity resulting in the appearance of the M ooney- 
Rivlin C 2 term in the stress-strain relation arises from  a slow relaxation process involving 
the entanglement crosslinks.

I. INTRODUCTION

It is well established that, in addition to chemical crosslinks, physical 
chain entanglements contribute to the building of such polymeric networks 
as vulcanized rubber. The latter are not only of importance in questions 
of vulcanization stoichiometry, where they must be carefully distinguished 
from true chemical crosslinks, but undoubtedly contribute also to the 
physical properties of the vulcanizate. While the effect of entanglements 
on the rheological properties of linear polymers has received considerable 
attention in the literature, very little has been said regarding their influence 
on the physical properties of vulcanized rubbers, despite the fact that the 
effects of various types of chemical crosslinks have been studied in con
siderable detail. In the present paper we examine the effects of entangle
ments on the stress-strain relation of amorphous polybutadienes.

II. THEORETICAL BACKGROUND

The kinetic theory of rubber elasticity leads to the well-known equilib
rium stress-strain relationship1

F/A — vRT{a — a _?),
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The number of entanglement crosslinks introduced in a random cross- 
linking process as distinguished from chemical crosslinkages is subject 
to some control by the primary molecular weight, as shown by eq. (3). 
However, we shall not make quantitative use of this equation in the present 
study, since we do not wish to make the conclusions dependent on the 
particular entanglement function chosen. Instead we note that for pri
mary molecular weights of the order of 106 the free chain end term must be 
of the order of 10"5 moles/cc. If we are able to prepare a series of vul- 
canizates, all with v — 10-4 moles/cc. for widely different combinations of 
sulfur and primary molecular weights, we can be confident of achieving 
different ratios of entanglements to crosslinks, as the chemical crosslink 
concentration will be at least approximately proportional to the sulfur 
added.8 Another highly effective way to greatly reduce the entanglement 
crosslinking is to build up the network from low molecular weight poly
mers with reactive endgroups. If a polymer whose molecular weight is 
less than the critical entanglement spacing molecular weight (M e) is vul
canized through the endgroups, the resulting network should be relatively 
free of entanglements. In the present work we have examined polybuta
diene networks of both types. W e shall show that the reduction in the 
amount of entanglement crosslinking in a network indeed leads to greatly 
diminished values of C2 and to more rapid attainment of elastic equilib
rium.

III. EXPERIMENTAL 

A. Polymers

The polybutadienes used for preparation of randomly crosslinked net
works were prepared by initiation with n-butyllithium. Their weight- 
average molecular weights were determined from their intrinsic viscosities 
in toluene at 25°C., a calibration against light-scattering molecular weights 
developed by Stacy and Gregg10 being used:

h ] =  1.56 X  10“ 4il?w0-78

Number-average molecular weights were estimated from initiator levels 
after correction for initiator destroyed by impurities in the polymeriza
tion system. In all cases close agreement resulted between M n and M w, 
illustrating the extreme narrowness of the molecular weight distribution. 
The microstructure of these polymers is approximately: cis 40% , Irans 
50%, vinyl 10%.

Carboxy-terminated polybutadiene used in the preparation of end- 
linked vulcanizates was a semicommercial product of Phillips Petroleum 
Company sold under the trade name Butarez CTL. This polymer has a 
molecular weight of approximately 5500 and a carboxy content of 1.66%. 
The double bond configuration of this rubber is cis 31%, trans 43%,
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and vinyl 26%. This polymer has been described in earlier publications 
from these laboratories.11,12

B. Preparation o f Vulcanizates

Conventional crosslinked networks were prepared by sulfur vulcaniza
tion, the following recipe being used: polymer, 100 parts; zinc oxide, 
3 phr; stearic acid, 2 phr; Resin 731 (disproportionated rosin acid), 3 phr; 
Flexamine [mixture of diarylamine-ketone reaction product (65%) and 
A^A'-diphenyl-p-phenylenediamine (35% )], 1 phr; Santocure (jV-cyclo- 
hexylbenzothiazole sulfenamide), 1.2 phr; sulfur, variable. All batches 
were mixed on a cool two-roll mill to avoid degradation. Slabs were 
cured for 45 min. at 153°C., this time having been established as sufficient 
for the attainment of level cure.

Limited data were obtained on peroxide vulcanizates. Di-Cup 40 C 
(40% dicumyl peroxide on an inert support) was used as the crosslinking 
agent at the 0.4 and 0.8%  levels. The polymer used for the peroxide 
vulcanizates had a primary molecular weight of M w =  210,000.

Endlinked networks were prepared by incorporating the coupling agent, 
hexa [l-(2-methyl)azirdinyl ]triphosphaterazine (Interchemical Corpora
tion), on a roll mill and curing for various lengths of time at 122°C. be
tween aluminum foil. These vulcanizates continue to post-cure at room 
temperature for several days. Accordingly, measurements were taken 
on these vulcanizates after 1, 3, and 4 weeks, respectively. Little difference 
was noted between the 3- and 4-week samples.

C. Stress-Extension Measurements

All measurements were taken at 25°C. on a table model Instron tester. 
Two procedures were used to arrive at the “ equilibrium”  stress-strain 
curve. In the first, a 15-min. period as allowed for relaxation at each 
elongation, and points were taken in increasing order of extension ratio. 
In the second procedure, the samples were stretched to the desired 
extension ratio on a rack and allowed to relax in the dark under vacuum 
for 10 hr., after which they were transferred to the preset jaws of the 
Instron for determination of the stress. Special clamps were used which 
allowed the transfer to be made in 2-3 sec. No disturbance of the elastic 
equilibrium could be detected due to the transfer. This technique was 
used not only to save instrument time, but principally to guard against 
degradation during the prolonged relaxation periods. In the discussions 
following, results obtained by the two procedures are referred to as 15-min. 
and 10-hr. data, respectively.

D. Swelling Determinations

Equilibrium swelling measurements were conducted in «-heptane as 
described previously.8,13
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IY. RESULTS AND DISCUSSION 

A. Sulfur Vulcaniza tes

An attempt was made to prepare vulcanizates of equal network chain 
density from rubbers of widely different molecular weights by controlling 
the number of chemical crosslinks, i.e., by adjustment of the sulfur in the 
formulation. In this manner we hoped to obtain two sets of networks of 
different proportion of chemical to entanglement crosslinkages at two levels 
of total physical crosslinking. As may be seen from the data of Table 1 
and Figures 1 and 2 (Ci and v, are both measures of physical crosslinking) / 
this was accomplished only to a fair degree. In general, the adjustment in 
sulfur concentration was not drastic enough to overcome the large effect of 
the primary molecular weight differences. Nevertheless, in view of the 
discussion in Section II of this report, it is clear that a significant spread 
in crosslink-to-entanglement ratio must have been achieved.

Figure 1 shows the stress-strain curves obtained by allowing only 15 
min. to attain elastic equilibrium, a procedure similar to those frequently 
used in the literature.4 Figure 2 shows the result of allowing 10 hr. for 
attainment of equilibrium. Both sets of data follow eq. (2); however, 
both Ci and particularly C2 are seen to change (Table I). The value of 
C2 decreases consistently with the additional time allowed for attainment 
of equilibrium. Since the physical relaxation of stress in vulcanized rub
bers is approximately linear with the logarithm of time,9 it would be im
practical to prolong the measurement in an attempt to eliminate C2 al
together (see also Fig. 6). We merely note at this point that the relaxa
tion processes at hand lead to a reduction in the value of the parameter 
C2.

We next inquire into the possible relationship between C2 and entangle
ment crosslinks. In each set of data, A to D  and E to H, the entangle-

TA B LE  I
Results on Sulfur Vulcanizates

Vul
can
ízate

M n
X

1(U3

M w
X

10“ 3
[S],
phr Vr

A 70 83 2.72 0.364
B 125 13S 2.25 0.388
C 11)0 205 1.98 0.392
D 288 290 1.75 0.397

E 70 83 1.35 0.248
F 125 138 0.92 0 .264
G 196 205 0.68 0.243
H 288 290 0.50 0.292

15-min.
10 hr. values

values
(A
X

10“ 6,
dynes/

cm .2

c ,
X

10 " 6, 
dynes/ 

cm .2

Cf
x io-6,
dynes/

cm .2

C ,
x io~6,
dynes/

cm .2

2.7 4.85 3 .0 3 .4
3.25 6 .4 3 .3 5 .3
3.45 6 .8 4 .1 4 .5
3 .6 6.95 3 .8 5 .4

1.35 2.75 1.5 1.8
1.35 5.1 1.6 3 .0
1.75 4 .8 1.4 4 .2
2.05 5 .9 1.8 5 .3
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ment. crosslinking should increase as we proceed downward in the table. 
The value of C« likewise increases (with two slight irregularities). < 'om 
parison at equal primary molecular weight (A-TC, IV F, etc.) leads to the 
same result. At the higher sulfur levels more entanglements become iso
lated between crosslinks to become elastically active so that both chemical

Fig. 1. Stress-strain data for sulfur vulcanizates (15-min. data).

Fis- 2- Stress-strain data for sulfur vulcanizates (10-hr. data).
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Fig. 3. Dependence of (\  on crosslinking and entanglements.

Fig. 4. Stress-strain data for vulcanizates from blends of high and low molecular weight
polymers (10-hr. data).

and entanglement crosslinking increase. Indeed, C2 is found to increase 
also. However, C2 is evidently not a simple function of the entangle- 
ment-to-crosslink ratio, but appears to increase with total crosslinking as 
well. The latter effect is well known in natural rubber vulcanizates 
where frequently C2~C\. A  plot of C2 against C?/[S], a variable which 
gives recognition to both total and entanglement crosslinking, yields a 
reasonably good correlation (Fig. 3). The 10-hr. data were used in the 
construction of this figure; a similar relation is obtained with the 15-min- 
data.
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Included in Figure 3 are data on networks from two blends designed to 
test the effect of polydispersity in molecular weight. Over the relatively 
narrow range of molecular weight distribution encountered here there 
appears to be no complication from this variable. The stress-strain curves 
for these blends are shown in Figure 4, numerical data are presented in 
Table II.

TA B L E  II
Sulfur Vulcanizates from Blends

Vul- M n M w C, X  10 ' C , X  10 A
canizate x io- <bX

3 [S], phr vr dynes/cm 2 dynes/cm .2

I 125a 218 0.75 0.204 1.1= 1.9”
J 125a 218 2.25 0.375 2 .9 4 .8
K 125b 161 0.75 0.260 1.6 4.1
L 125b 161 2.25 0.395 3.55 5 .9

a Blend data: Wi = 0.44, M „,, =  70,000, M Wi =  83,000; W-2 =  0.56, M n, =  325,000,
M m =  325,000.

b Blend data: Wi = 0.82, M ni =  110,000, M WI = 125,000; Wz

CCOII M , „  =  325,000,
M y* =  325,000.

e Data throughout are 10-hr. values.

B. Endgroup Vulcanizates

The entanglement spacing molecular weight for n-butyllithium poly
merized polybutadiene has been estimated at fiOOO.8 This result has been 
confirmed by the location of the break in the bulk viscosity-molecular 
weight relation.14 It would not be expected that the slight difference in 
the microstructure of Butarez CTL (see Experimental Section) would 
cause this value to be greatly different. With a molecular weight of 5500 
for this polymer, networks built up by endgroup coupling should, therefore, 
be relatively free from chain entanglements. The networks are unique in 
other respects. They will possess network chains of relatively uniform 
length and, if an attempt is made to obtain different “ states of cure,”  the 
network can differ only in the amounts of sol and free chain ends, while 
the network chain length will be confined to integral multiples of the 
primary molecular weight. Also, with a hexafunctional coupling agent, 
such as used in the present study, crosslinks of different functionality will 
coexist in the network. Because of polymerization reactions of the 
aziridinyl groups,15’ 16 functionalities in excess of 6 will be possible. These 
side reactions also explain why the tightest networks are obtained at 
substantial excess quantities of coupling agent.

Figure 5 shows typical equilibrium stress-strain curves for these vul- 
canizates; a summary of all the data is given in Table III. It is con
spicuous that these networks obey the simple kinetic theory eq. (1); even 
15-min. determinations give only a small C2 term. Attainment of elastic 
equilibrium in these networks is quite rapid. A  comparison of stress 
relaxation in typical sulfur and aziridinyl/carboxy endgroup vulcanizates
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I/«

Fig. 5. Stress-strain behavior of endgroup vulcanizates (15-inin. data). Plots 6  and 7 
are displaced upward by one unit.

Fig. 6. Stress relaxation of typical random and endgroup vulcanizates at 25°C., a  =
1.6G7.

is shown in Figure 6. To demonstrate that the slow relaxation of sulfur 
vulcanizates is not a consequence of crosslink scission, a peroxide vul
canízate has been included for comparison. It is seen that the latter 
network, in which the chemical crosslinks are carbon-carbon bonds, behaves 
exactly as the sulfur vulcanízate. For this particular vulcanízate, which was 
prepared with 0.8%  Di-Cup 40 C, (\ =  2.7 X 10“ dynes/cm .2 and C2 
=  4.0 X  106 dynes/'cm2. Similar results were obtained with the less 
highly crosslinked peroxide vulcanízate.

The endgroup vulcanizates contain very little sol and appear to ap
proach a limit of C\ -  4.8 X  10° dynes/cm .2, corresponding to =  1.0 X
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TA B LE  III
Results on Endgroup Vulcanizates

M ole ratio 
Vul- aziridinyl :

eanizate carboxyl

Post-
Cure time cure

at time
122°C., at 25°C., 

min. weeks vr

C,
Sol X  IO“ 6, 

frac- dynes/ 
tion cm .8

C,
X  IO"6, 
dynes/ 

cm .2

la
lb
le
2a
2b
2e
3a
3b
:ìc,
4a
4b
4c
O i l

5b
5c
6a
(ib
6c
7a
7b
7c

1.1 
1.1 
1.1 
1.1 
1.1 
1 1 
1 . 1 
1 .1 
1 . 1
1.5 
I .5
1.5
1.5
1.5
1 .5
2 
2 
2 
2 
2 
2

30
30
30
60
60
60

120
120
120
30
30
30
60
60
60
30
30
30
60
60
60

0.251 —
0.271 —
0.276 0.112 
0.298 —
0.312 —
0 309 
0.305 
0.315 
0.311 
0.328 
0.351 
0.348 
0.331 
0.350 
0.34S 
0.331 
0.348 
0.349 
0.339 
0.347 
0.344

0.056

0.066

0.032

0.032

0.037

0.041

1.40
1.75 
1.90“
2.85 
3.07 
3.13»
2.85
3.05 
3.33»
3.75 
4.80 
4.65» 
3.90 
4.65 
4,75» 
4 .10  
4.45 
4.45» 
4 .0
4 .5  
4.6»

0
0
0»
0
0
0»
0
0
0»
0
0
0.08»
0
0
0.25»
0
0
0.55“
0
0
0 .6 0 '

15-min. values; all others are 10-hr. values.

Fig. 7. Elastic behavior vs. swelling equilibrium in «-heptane.
to Flory-Rehner equation.

Solid lines represent fits
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10~4 moles/cc. or M e =  4700, in satisfactory agreement with the molec
ular weight of the parent polymer. The elastic constant O', shows the 
expected good correlation with the equilibrium inverse swelling ratio vT 
(Fig. 7). The solid line is drawn according to the Flory-Rehner theory 
of swelling17 with a constant value of the solvent interaction parameter 
(n =  0.538):

Ci =  vRT =  - R T [In (1 -  vr) +  vr +  ixvT*\/Vs [vr'h - ( 2 vT/f)] (4)

The average functionality of the crosslinks ( /)  has been rather arbitrarily 
chosen at 4. The calculation, however, is not sensitive to small varia
tions in / .  The sulfur vulcanizates require choice of a concentration- 
dependent n, a condition not uncommon in elastomeric networks.18 The 
concentration dependence is not caused by sulfuration of butadiene 
units, as the sulfur concentration does not increase regularly with vr in 
the present series (see Tables I and II). While the differences in p for the 
two types of networks is undoubtedly due in part to the different micro
structure of the polymer chains, the reason for the constancy of a in the 
endgroup vulcanizates as contrasted to its concentration dependence in 
random networks is not clear.
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Résumé

On a étudié le rôle de l ’enchevêtrement, des chaînes dans la détermination des propriétés 
à la traction de réseaux de polybutadiène. On a varié le taux d ’enchevêtrement en 
changeant le poids moléculaire primaire et la concentration en points chimiques. On a 
préparé des réseaux essentiellement exempts en enchevêtrement en couplant les groupes 
terminaux de polybutadiène de poids moléculaire de 5.500 terminés par des groupes 
carboxyles. Des vulcanisais conventionnellement formés par sulfuration ou peroxy
dation, obéissaient à la relation de la force de tension de M ooney-R ivlin, la constante C?
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qui représente la déviation par rapport à la théorie cinétique simple, diminuent avec le 
temps pour se rapprocher de l ’équilibre élastique. Il a été trouvé que la constante Ci 
augmente à la fois avec le pontage physique total et la contribution d ’enchevêtrement à 
cette quantité. Les groupes terminaux des vulcanisais obéissaient à la théorie cinétique 
simple de l ’élasticité du caoutchouc et approchaient plus rapidement de l ’équilibre 
élastique que les vulcanisais sulfurés ou peroxydés. L ’évidence présentée suggère que 
les déviations apparentes des vulcanisais élastomériques par rapport à la théorie ciné
tique de l ’élasticité du caoutchouc, qui se traduisent par l ’apparition du terme C i de 
M ooney-Rivlin dans la relation de force de tension, résultent d ’un processus de rélaxation 
lente incluant les ponts d ’enchevêtrement.

Zusammenfassung

Die Rolle von Kettenverschlingungen bei der Bestimmung der Spannungs-Dehnungs- 
Eigenschaften von Polybutadiennetzwerken wurde untersucht. Die Zahl der Versch
lingungen wurde durch Änderung des Primärmolekulargewichts und der chemischen 
Vernetzungskonzentration variiert. Praktisch verschlingungsfreie Netzwerke wurden 
durch Kupplung von Polybutadienen mit Karboxy-Endgruppen vom Molekulargewicht 
5500 dargestellt. Konventionelle Schwefel- oder Peroxydvulkanisate befolgten die 
Mooney-Rivlin-Spannungs-Dehnungsbeziehung, wobei die für die Abweichung von der 
einfachen kinetischen Theorie charakteristische Konstante Ci mit der zur Einstellung 
des elastischen Gleichgewichts zur Verfügung stehenden Zeit abnahm. Die Konstante 
C i stieg sowohl mit der gesamten physikalischen Vernetzung, als auch mit dem Versch
lingungsbeitrag zu dieser Grösse an. Die Endgruppenvulkanisate gehorchten der 
einfachen kinetischen Theorie der Kautschukelastizität und erreichten den elastischen 
Gleichgewichtszustan viel rascher als Schwefel- oder Peroxydvulkanisate. Die ange
führten Ergebnisse sprechen dafür, dass die Abweichungen elastomerer Vulkanisate von 
der kinetischen Theorie der Kautschukelastizität, die zum Auftreten des M ooney-Rivlin- 
Terms C2 in der Spannungs-Dehnungsbeziehung führen, durch einen langsamen, auf den 
Verschlingungsvernetzungen beruhenden Relaxationsprozess bedingt sind.

Received November 1, 1962
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Monte-Carlo Calculations of the Dimensions of Coiling 
Type Polymers in Solutions of Finite Concentration

SY D N E Y  BLUESTONE and M ARJO RIE J. VOLD, Department of 
Chemistry, University of Southern California, Los A ngeles, California

Synopsis

The mean end-to-end distances for linear polymers of 101 segments has been computed 
for nonintersecting random walks on a five-choice cubic lattice on which a second chain 
is also present, as a function of the distance between the two chains (i.e., polymer con
centration). The polymer dimensions appear to decrease with concentration, linearly 
at first and then more slowly. The results compare favorably with experiment and 
with some ot the approximate analytic theories and poorly with others.

This paper presents the results of Monte-Carlo calculations of the mean 
end-to-end distance of flexible linear polymers of 101 segments “ generated” 
by taking nonintersecting random walks on a five-choice simple cubic lattice 
starting at varying distances from a similar preformed chain of the same 
length, thus simulating the effect of concentration. This general procedure 
for studying the coiling of flexible linear polymers was developed extensively 
by Wall and colleagues.1 Recently some of the results have been validated 
by a totally independent computer simulation procedure by Verdier and 
Stockmayer.2 However, it has not previously been applied to solutions of 
finite concentration.

The effect of concentration has been investigated analytically by several 
workers3“ 5 using a technique developed by Zimm.6 The work leads to an 
expression of the form :

A 2 =  (Noßn2/2M2)h(Z) (1)

Z  =  (3/27r(Ro2» V2/3n2 (2)

where A 2 is the osmotic second virial coefficient, No is Avogadro’s number, 
fi is the binary cluster integral and, for the particular lattice model used 
in this work has the value unity, n the number of segments in the polymer 
molecule, M  its molecular weight, (Ro'2) the mean square end-to- end distance 
in the random walk approximation to chain statistics and h(Z) is a func
tion, known only for small Z, which is unity at Z  =  0 and decreases as Z 
increases. Good reviews of this and related work are given by Stockmayer3 
and by Casassa.7 Additional analytical theoretical work has been done by 
Yamakawa,8 Fixman,9“ 11 and by Grimley.12 Fixman’s work has been

289
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fairly successful in predicting the osmotic behavior of moderately concen
trated solutions. Grimley developed the mean radius of gyration as a 
power series in the concentration and calculated the coefficient of the linear 
term explicitly, enabling direct comparison with our work at low concentra
tion.

Intuitively one would expect the occupancy of lattice sites by the first 
chain to restrict the growth of the second even when no segment-segment 
interaction energy at finite separation is postulated. It is this purely 
geometric effect which has been calculated although the increase in the 
number of segment-segment nearest neighbors was also counted to facilitate 
subsequent use of the data.

Notable progress has also been made by Debye and colleagues13 in the 
use of light scattering near the critical solution temperature as a measure 
of the radius of gyration. Simha and Zakin14 have used the viscosity of 
solutions of moderate concentration to estimate the mean separation at 
which polymer coils begin to overlap. A  theoretical treatment of molecular 
sizes at finite concentration has likewise been given by Krigbaum in an 
appendix to a paper by Kawai and Saito.15 The latter attribute the in
crease t]Sp/c at low concentrations to expansion of the coil but the measure
ments at such concentrations are very difficult and the results correspond
ingly uncertain. The work of Krigbaum leads to a stronger dependence of 
a on concentration than does that of Kawai and Saito.

a 2 =  (R2}/(Ro2) (3)

(R 2) is the mean square displacement length (end-to-end distance) and (Ro2) 
its value for random walk statistics neglecting any excluded volume 
effects. Some comparisons with our work can be effected and are generally 
encouraging although hampered by the low chain lengths to which our 
work is presently restricted.

COMPUTATIONS

A procedure was devised based on that of Wall and Erpenbeck16 and 
tested for validity on a group of 250 isolated chains (zero concentration) 
by comparison with the works of Wall and Erpenbeck16 and Wall and 
Mazur.1 The general procedure is to select at random the coordinates of 
the (n +  l)th  segment from among the five available when the segments are 
located on a simple cubic lattice. (The backward sixth step would make 
the (n +  l)th  and (n — l)th  segment coincide and is hence forbidden. 
Using a five-choice lattice makes four segment-segment bond angles 90° 
and one 180° which is physically unreal. However, Wall and colleagues 
and also Verdier and Stockmayer2 have shown that the results are insensi
tive to the type of three-dimensional lattice used.)

A  given “ walk”  (partially grown chain) is abandoned as soon as the (n 
+  l)th  step coincides with any of the previous n. To overcome the serious 
inefficiency (attrition) resulting from this necessity, Wall and Erpenbeck,16
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noting that most attrition resulted from small closed loops, generated many 
s step chains (s varied in the range 15-40) and used several of these a fixed 
number of times (p) to generate long chains. A  given chain was discarded 
entirely when overlap occurred. We used 17-step nonintersecting blocks 
but discarded only the current block when overlap occurred. New 17- 
step blocks, except the first in some cases, were used for each chain. This 
procedure is faster than that of Wall and Erpenbeck but does lead to a 
bias in that tightly coiled blocks are preferentially retained. We assume 
that this bias cancels out in calculating the ratios of mean dimensions at 
different concentrations.

The choice of step among the six possibilities was made by changing the 
x, y, or 2  coordinate by ±  1 according to the value of a pseudo-random 
integer between one and six generated by means of a recursion formula 
described by Rotenberg17 and adapted to the word length of our H800 
computer and tested for randomness by the chi-square test on several series 
of numbers generated. Whenever the backward step was chosen it was 
ignored and an alternative choice made.

Initially the chain was begun at the origin and the test sequence for inter
sections consisted in direct comparison of the coordinates tentatively 
selected for the (n +  l)th  segment with those of each of the n previous 
segments. Later a much faster technique was developed. A  50 X 52 
two-dimensional matrix was set up representing the probable limits of 
the x and y coordinates with a single bit telling the 2  coordinate by its 
location in the 48 bit H800 word (54 bits but 56 are used for internal 
checking). Then when a given point was tentatively selected as the 
(n +  l)th  it could be examined for prior occurrence in a single short se
quence of operations. If the point is unoccupied, the memory cell of the 
computer corresponding to its x  and y coordinates will have a zero in the 
corresponding 2  bit. This situation can be readily tested by means of the 
Boolean AN D  operation by use of a suitably constructed test word. A  
very similar procedure tests each of the four nonbonded nearest neighbors 
of each point after the whole chain has grown. This convenient program
ming device limits the length of chain that can be grown (although a series 
of matrices could be set up) first by the number of bits available per word 
and then by the size of the computer’s memory.

Results for Isolated Chains

Figure 1 shows average values of R 2/n weighted according to the pro
cedure of Wall and Mazur.1

(R2)/n =  Y  Ni(R2)in~l exp { —ie/kT}/ Y  N t exp { — ie/kT] (4) 
i=0 i —0

R is the end-to-end distance for n steps (n +  1 lattice points), N t is the 
number of chains having a mean square end-to-end distance (R2)t and a 
total of i nearest nonbonded neighbors ranging from zero to a maximum of
j . The effective segment-segment interaction energy is e/kT in multiples
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of kT  ranging from —0.25 to +0.25. The run consisted of 225 chains, all 
of which reached 101 links or 102 lattice points in 6 blocks of 17 steps.

Despite the fluctuations to be expected for such a small sample it is 
apparent that the results are in qualitative accord with those of Wall and 
Mazur.1 They found that segment-segment attraction just balanced the 
excluded volume effect to give a theta point at t/kT =  —0.50 for the four- 
choice cubic lattice, we find the identical effect at t/kT =  —0.25 for the 
five-choice cubic lattice. At t/kT =  0 our results give a linear log-log 
plot for n >  33 whose slope is 1.24. Wall and Erpenbeck16 report 1.18

NUMBER OF LINKS n

Fig. 1. Mean chain dimensions as a function of chain length and segment-segment 
interaction energy (e). Values of e/k T :  ( A ) —0.25; ( B )  — 0.10; (C )  0.0; ( D )  + 0 .10 ; 
( E )  0.25.

for three-dimensional lattices, but Stockmayer3 finds 1.20 fits their data 
equally well. However our entire curves are ca. 10% low in the absolute 
value of (R2). For example, we find (R 2)/n =  2.11 at n =  50 and t/kT =  0, 
while the value (read from a figure) given by Wall, Hiller, and Atchison18 
is 2.3. Our statistical bias does not, of course, affect the first 17-segment 
block, and (R2)/n for this n does not lie on the curves of Figure 1, but 
instead agrees exactly with the results of Wall et al.18 We consider that 
these results validate our computer technique.
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Procedure for the Two-Chain Problem

The general procedure employed was to store the coordinates of all 
occupied lattice points of some one previously generated isolated chain in 
the computer’s memory. A  second chain of the same length (102 lattice 
points) was then generated in 6 blocks of 17 points each with the first point 
located a given distance away from the center of mass of chain 1. In all 
1545 successful chains were generated. When a growing chain intersected 
itself all steps of the current block were discarded as before but when the 
second chain intersected the first it was discarded entirely.

The attrition rate for this latter process depends on the initial separation 
between the center of mass of chain 1 and the initial lattice point of chain
2. It averaged 44%  at 4.4 lattice unit lengths, 35%  at a distance of 8 .4-
9.5 and 10% at 13.5 lattice units. The root-mean-square gyration radius 
of 50 isolated chains was 6.4 lattice units. Most (> 70% ) of the initial 
separations were in the range 8.4-9.5.

Several different means of selecting chain 1 were used as well as several 
initial separations. Since no systematic differences were detected all 
runs were combined. In some cases a single chain 1 having nearly average 
properties was used to generate about 100 chains 2 at various starting 
distances. In one run 450 chains 1 were generated and each used to gener
ate one chain 2. The computer output comprised the values of R 2/n 
for the second chain, its total number of nonbonded nearest neighbors (from 
either chain), and the separation 5 of the centers of mass for the two chains.

In general the separation of the mean centers of mass showed a dispersion 
of values with a pronounced tendency for the second chain to drift away 
from the first as it grew. As the separation of the centers of mass increases 
one would expect to find the mean dimensions of chain 2 approach those for 
isolated chains. Instead they began to exceed those for isolated chains as 
soon as the separation became of the order of 2.5 times the radius of gyra
tion of an isolated chain. W e believe that this anomaly arises from the 
fact that all of the chains 2 showing it arose from chains that began close 
together and subsequently grew mostly in the direction away from chain 1. 
At smaller separations the distances between centers of mass and between 
initial lattice points of chain 2 and the centers of mass of chain 1 were 
comparable.

Results for the Two-Chain Problem

Values obtained for (R 2)/n and 8 are summarized in Table I. Values 
of R2/n for all 8 given by the indicated 8 ±  0.5 have been averaged. The 
number of chains in each interval varied from 19 to 133 and is given in 
the table. Also given are the expansion factors a and y.

y 2 =  ( R 2) / ( R 2)>=o (5)

The value of (/?2}p = 0 is taken from our own work on isolated chains. The 
value of (/to2) needed to compute a is taken from that at our theta point
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T A B L E  I
M ean Chain D im ensions as a Function of Chain Separation

Separation of 
centers of mass 

6 (lattice  units)“ N o. of points

Expansion and 
compression ratiosb

M ean square 
displacem ent 

length/segm ent
{.R 2) / na 7

5 .5 19 0.966 0.790 1.560
6 .5 33 1.0 27 0.839 1.7 6 1
7 .5 57 1.070 0.872 1.902
8 .5 66 1.040 0.850 1.809
9 .5 97 1.0 53 0.860 1.8 5 1

10 .5 111 1.062 0.874 1.886
1 1 .5 130 1 .10 5 0.903 2.041
12 .5 125 1 .1 4 5 0.936 2.190
13 .5 133 1.13 0 0.926 2.14 3
14 .5 103 2.78 7
1 5 .5 105 1 .17 0 0.948 2.246
16 .5 81 1.200 0.982 2.4 13
1 7 .5 75 2.870
18 .5 59 2.891
19 .5 33 2.869
20.5 43 3.706

CO 275 1.225 1.000 2.500

“ S is the mean separation of the centers of mass for all 5 ±  0.5 lattice unit regardless 
of the location of the center of mass of the preform ed chain or the starting point of the 
second.

b a 2 = (7?2)/(/?o2) where -fiV is the mean displacem ent length a t the th eta  point. A ll 
points are for n =  101 links, y 2 =  (/?2) / ( f l2) j  = Values are calculated from 
( R 2) / n  b u t values of a  >  1.225 or -y >  1.000 have been disregarded. See text.

(e/kT =  —0.25) in the effort to cancel out the statistical bias previously 
noted.

DISCUSSION

Segment Distribution for Isolated Chain Molecules
Debye and Bueche20 have presented a distribution of segments about the 

center of mass which can be well approximated by the Gaussian form:

P  = (.3/2tR*)'*' n exp {(3 /2 f i /2)r2} (6)

where p is the segment density (number per unit volume) at a distance r 
from the center of mass. Rg is the radius of gyration of the polymer mole
cule. It is easy to calculate from eq. (6) the fraction of total segments ex
pected in a given interval of r-. The results were compared with the seg
ment distribution of some 5000+ segments for a short run of 50 isolated 
chains whose mean radius of gyration was 6.4 lattice units. The experi
mental density is lower than that calculated at small r and much larger, 
percentagewise, at larger r. In order to exhibit the effect clearly the re
sults have been plotted on a semilogarithmic scale in Figure 2. The
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Fig. 2. D istribution  of chain segm ents w ith respect to  the center of mass of isolated 
chains. R 't  is the mean squared radius of gyration  of the 50 chains of 101 links each. 
( A ) M onte-C arlo calculation; (B ) Gaussian distribution.

physical meaning of the result is that polymer molecules will begin to 
interact with each other at lower concentrations than the Gaussian distri
bution would predict. The compression as calculated in this paper is one 
result of such interaction.

Concentration Dependence of the Compression
Before the raw data of Table I can be transformed into graphs of the 

expansion factor a or the compression factor y as functions of polymer con
centration it is necessary to establish a correspondence between the mean 
distances between centers of mass of the molecular pairs of the Table I 
and the effective concentration. The simplest (and most naive) way of 
accomplishing this end is to assign a volume of 1/53 to each polymer mole-
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Fig. 3. T he effect of polym er concentration on mean chain dimension. ( R 2) / ( ( R 2) ) „  =  o 
for 101 link chains. R 2 is the mean square end-to-end distance.

cule. Alternatively, for each preassigned concentration p ,  each value of 
the separation of the centers of mass has a calculable frequency of occur
rence, and the mean compression (y) or expansion factor (a) can be found 
as a function of the concentration from the data of Table I by using the 
relation adapted from the treatment of Chandrasekar:19

/o ” a(5)4xp52 exp { — i/3irp83}d8 . .
S P S :  47rp52exp { — i/3TpS3}dd

where all symbols have been previously defined. The integrations can be 
carried out graphically (since the integrands fall to virtually zero at not too 
great 8) or analytically (by representing a (8) or y(8) by an empirical 
formula).

The values of a and y listed in Table I apply strictly to one member of a 
pair, the other member of which still retains the configuration of an isolated 
chain. Presumably, if the fixed chain had been allowed to “ wiggle” after 
the manner employed by Verdier and Stockmayer2 the observed effects on 
the mean dimensions would have been divided equally between the two 
members of each pair and one should employ the relations:

a(8) =  (ao +  acal0)/2  (8a)

7 (a) = (1 +  Tonic)/2  (8b)

where a(8) and y (8) are those to be used in eq. (7) and its analogy for 
7 (p) and acaie and 7oaio are the values occurring in Table I. The alterna
tive, since neither procedure is fully justifiable, is to use the unmodified 
values from Table I directly. None of the qualitative features of the re
sults are altered whichever the choice. Quantitative agreement with the 
approximate analytical treatment of others is slightly improved by the
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more elaborate calculation. The most striking difference in the two 
procedures is in the numerical values of the concentration. Because of 
the coincidence that the polymer chains contain 101 links the concentra
tion unit of Figure 3 (n2p, where n is the number of links and p the number 
of polymer molecules per unit volume) is nearly equal to the volume per 
cent polymer. For the smallest values of 8 this reaches values which seem 
inordinately high. In comparing results with previous analytical treat
ments we have used both procedures, giving the results of the simpler one 
in the figures but including the salient numerical comparisons for both in 
the text.

Grimley12 gives a calculation for the mean square radius of gyration as 
a power series in the polymer concentration. If the radius of gyration and 
end-to-end distance remain proportional to each other this result, including 
only the linear term, can be written

1 — 7 2 =  Kn2p (9)

where y  is the compression factor, ((fl2)/(722)p = o)1/2, n is the number of 
links, p is the number of polymer molecules per unit volume (one unit cube 
of the lattice), and K  is a constant having the value

K  =  (2/3 7t) i/!M 2(5T2/5M ) (10)

M  is the molecular weight of the polymer, and A 2 the osmotic second virial 
coefficient expressed in suitable units. A 2 cannot be calculated from eq. 
(1) for this case, since the function h(Z) is known only for small Z (<( ~  
0.15) whereas Z =  1.57 according to the defining eq. (2) and 0.72 accord
ing to the approximate relation (11).

a5 -  a3 =  1.28Z (11)

However, by making use of the empirical relation

A 2 =  c'M ~x (12)

where c' and X are constants and of eq. (1) remembering that p =  N0c/M
where c is concentration in grams/unit volume one finds

1 -  72 =  0.23\h(Z)n2p (9a)

Figure 3 is plot of n2p versus the compression factor (1 — 72) for values 
of 7 taken directly from Table I. The curve is linear up to a value of n2p 

with a slope corresponding to \h{Z) =  0.13. The more sophisticated 
calculation described above is qualitatively similar but assigns a value 
of w2p of 1.5 to the region where departure from linearity becomes con
spicuous and gives a value of \h(Z) =  0.33. The value of h{Z) is unknown 
for this model system, but it is probably somewhat less than unity. The 
corresponding X values in the range of those observed experimentally, 
for example by Flory and Krigbaum.21

The compression effect has been determined directly for two well frac
tionated samples of polystyrene in cyclohexane with aggregation numbers
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of 9.6 X IO3 and 2.7 X IO4 by Debye, Chu, Coil, and Woermann13 from 
the concentration dependence of the dissymmetry of light scattering. They 
found that the radius of gyration decreased rapidly at first and then more 
slowly with increasing concentration with overall decreases of factors of
2.6 and 3.2 near the critical solution temperature. Since a is known to 
vary exponentially with aggregation number, at least for lattice models, 
it seems at least interesting to assume the same type of variation for y, 
again with a proportionality of end-to-end distance and radius of gyration, 
and make the long extrapolation to find a limiting y  of 0.95 for an aggrega 
tion number of 102 for polystyrene in cyclohexane. This is rather higher 
than the largest value from Table I (0.79) or the limiting value (0.87) 
at high concentrations calculated from eq. (7) written for y(p). However, 
the value for a given polymer-solvent pair depends on the intermolecular 
potential, whereas we have taken only geometrical effects into account. 
Considering this factor as well as the length of the extrapolation, the com
parison seems fairly close.

Fixman’s calculation10 of the effect of concentration on polymer dimen
sions uses an interaction potential of the form

V(R) =  kT(4:/Vir)Ao exp { - £ B 2} (13)

where R is the separation of centers of mass of two polymer molecules and
T 0 and B are constants. The expansion factor a is calculated as a function 
of To by using a dimensionless concentration variable v' defined by

v' =  7r3V ~ 3Ap (14)

/S' =  9.61/(B0>2

For our system with (Bo)2 = 166.5 in lattice units squared v' =  404p. The 
problem in comparing our results with Fixman’s is in selecting an appro
priate T 0. He finds

To = 7.18 a0~3Z (15)

which is equivalent to

To = 5.63(a02 -  1) (16)

if equation (11) holds, which, however, appears not to be the case as pre
viously discussed. With this uncertainty T 0 may be taken anywhere 
between 6.4 and 2.8. Neither affords a perfect comparison, since the inter
molecular potential corresponding to our purely geometric segment- 
segment interaction will not be represented exactly by eq. (13). We 
prefer to use the lower value since this choice brings the two sets of results 
into coincidence at infinite dilution.

As can be seen in Figure 4, the Monte-Carlo calculations for a show it 
decreasing more rapidly with increasing concentration than does the Fix- 
man calculation. The Monte-Carlo values then begin to level off while 
the calculated values of Fixman are still decreasing almost linearly. That
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CONCENTRATION ( 0

F ig. 4. T h e effect of polym er concentration on the chain expansion factor a .  T h e unit 
of concentration is given b y  0.189 { R o 2) 3 / 2 p ,  where p  is the num ber of m olecules/unit vol
ume and (So2) is the mean squared end-to-end distance at infinite dilution. (A )  M onte- 
C arlo calculations; ( B )  results of F ixm an  for interm olecular potential param eter, A  =  
2.8.

leveling off should occur at high concentrations has been predicted by Fix- 
man10 and also by Krigbaum.16 That the concentration at which the 
effect is observed should be smaller for short chains than for long ones is 
reasonable since the high segment density limits the decrease in a. If a 
sufficiently economical Monte-Carlo procedure can be devised, it would be 
interesting to see whether the marked divergence between numerical and 
analytical results, which is only insignificantly changed by use of eqs.
(7) and (8a), would decrease for longer chains.

Segment-Segment Interactions

For isolated chains the mean number of nearest neighbor interactions 
per segment is given in Table II. After an initial increase this number 
remains nearly constant. We would expect a further decrease with in
creasing chain length corresponding to the diminishing segment density 
tor any coil whose linear dimensions are proportional to more than the 
Vs power of the number of segments. Only about 20% of the 101 link 
chains pick up one or more additional nearest neighbors when grown in 
the vicinity of a preformed chain. This suggests that little mutual penetra
tion occurs. The compressed chains are those that succeed in coiling them
selves quite efficiently in the space allotted to them averaged together with 
those that happen to grow in a direction away from the preformed chain 
and are but little affected by it. That the compression which occurs for 
polymer molecules in good solvents does not involve much actual chain 
entanglement has been demonstrated for polystyrene in benzene at 25 °C. 
by Gill and Toggenburger22 using a method based on strain birefringence.
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They find only 2-3 actual "junctions” per molecule at concentrations of
11-14 g./lOO cc. for polystyrene with a viscosity-average molecular weight 
near 106 or an aggregation number near 104. Although our result, ca.
0.2 junctions/molecule, is based on too few data for real validity, it dif
fers from that of Gill and Toggenburger in the expected direction of less 
mutual penetration for shorter chains of higher segment density.

T A B L E  II
Segm ent-Segm ent Interactions for Isolated Chains

N um ber of links N earest neighbors per link

33 0 .173
50 0 .187
67 0 .19 1
84 0 .199

101 0 .19 7

T he authors are grateful to the N ational Science Foundation for a grant, G19507, in 
support of this and other work. W e acknow ledge also the help of the C om puter Sciences 
Laboratory of the U n iversity  of Southern C alifornia w ith its H800 com puter furnished 
by the M inneapolis-H oneywell C o., and its able programm er, M r. Laszlo Engelm an.

References

1. W all, F . T ., and J. M azur, A n n .  N .  Y .  A c a d .  S c i . ,  89, 608 (1961). References 
to earlier w ork are given.

2. Verdier, P . H ., and W . H. Stockm ayer, J .  C h e m .  P h y s . ,  36, 227 (1962).
3. Stockm ayer, W . H ., M a k r o m o l .  C h e m . ,  35 ,54 (1960 ).
4. K u ra ta , M ., and H . Y am ak aw a, J .  C h e m .  P h y s . ,  29, 311 ( 1958).
5. A lbrecht, H. C ., J .  C h e m .  P h y s . ,  27, 1002 (1957).
6. Zim m, B . H ., J .  C h e m .  P h y s . ,  14 ,16 4  (1946).
7. Casassa, E . F ., A n n .  R e v s .  P h y s .  C h e m . ,  1 1 ,  477 (1960).
8. Y am akaw a, H ., J .  C h e m .  P h y s . ,  34, 1360 (1960).
9. Fixm an, M ., J .  C h e m .  P h y s . ,  33, 370 (1960).

10. Fixm an, M ., A n n .  N .  Y .  A c a d .  S c i . ,  89, 657 (1961).
11. Fixm an, M ., J .  P o l y m e r  S c i . ,  47, 91 (1960).
12. Grim ley, T . B ., T r a n s .  F a r a d a y  S o c . ,  5 7 ,19 7 4  (1961).
13. D ebye, P ., B . Chu, and D . W oerm ann, J .  C h e m .  P h y s . ,  36,1803 (1962); P . D ebye,

H. Coil, and D . W oerm ann, i b i d . ,  3 3 ,174 6(1960 ).
14. Simha, R ., and J. L. Zakin, J .  C h e m .  P h y s . ,  3 3 ,17 9 1  (1960).
15. K aw ai, T ., and K . Saito (w ith  appendix b y  W . R . Krigbaum ), J .  P o l y m e r  S c i . ,  26, 

2 13 (1957).
16. W all, F . T ., and J. J. Erpenbeck, J . C h e m .  P h y s . ,  30, 634 (1959).
17. Rotenberg, A ., J .  Assoc. C o m p .  M a c h . ,  7 ,7 5  (1960).
18. W all, F . T ., L. H. Hiller, and W . F . Atchison, J .  A s s o c .  C o m p .  M a c h . . ,  2 3 ,9 13 , 2314 

(1955).
19. Chandrasekar, S., R e v .  M o d .  P h y s . ,  15 , 86 (1943).
20. D ebye, P ., and F . Bueche, J .  C h e m .  P h y s . ,  20, 1337 (1952).
21. K rigbaum , W . R ., and P. J. F lory, J .  Am . C h e m .  S o c . ,  7 5 ,1 7 7 5  (1953).
22. G ill, S. G ., and R . Toggenburger, J. P o l y m e r  S c i . ,  60, S69 (1962).



D I M E N S I O N S  O F  C O I L I N G  T Y P E  P O L Y M E R S 3 0 1

Résumé
On a calculé les distances m oyennes term inales de polym ères à 101 segm ents, subissant 

des m ouvem ents statistiques, sans s’entrecroiser, dans un réseau cubique à cinq degrés de 
liberté, dans lequel se trouve une seconde chaîne en fonction de la distance entre les deux 
chaînes (c.à.d. concentration en polym ères). Les dimensions du polym ère décroissent 
en fonction de la  concentration, linéairem ent d ’abord, plus lentem ent ensuite. Les 
résultats concordent avec l ’expérience e t avec certaines théories analytiques approchées 
mais m édiocrem ent avec les autres.

Zusammenfassung
D ie m ittleren End-zu-End-A bstände für lineare Polym ere aus 101 Segm enten wurde 

für nicht kreuzenden Irrflug in einem  kubischen G itter m it fü n f Auswahlm öglichkeiten, 
in den auch eine zw eite K e tte  vorhanden ist, als F unktion  des Abstandes zwischen den 
beiden K etten  (d.h. der Polym erkonzentration) berechnet. D ie Polym erdim ensionen 
scheinen m it der K onzentration  zuerst linear und dann langsam er abzunehm en. D ie 
Ergebnisse zeigen gute Übereinstim m ung m it dem  Experim ent und m it einigen a n a lyt
ischen theoretischen Näherungsausdrücken, m it anderen jedoch eine recht schlechte.

Received November 2, 1962
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Synopsis
T h e physical nature of the volum e correction, C v used in the determ ination of turbid

ity  b y  light-scattering measurem ents a t 90° is reviewed, and errors and lim itations in 
earlier form ulations are pointed out. Form ulations are given for three cases; viz., (I) 
when the height of the incident beam  is w ithin the central scattering volum e, V c ; (II)  
when the field of view  of the detector is com pletely w ithin the beam ; ( II I)  the inter
mediate case when the vertical edges of the beam are in the excess volum e, F e. T he 
volum e correction is calculated for several geom etries.

A number of correction factors must be considered in the determination 
of the absolute intensity of light scattering from pure liquids and solutions. 
Among these, the volume correction, Cv, arises because of the variation in 
the total volume of liquid that is seen by the detector as the refractive index 
of the liquid changes, and because not all of the elements of volume which 
are seen scatter through cones of equal solid angle. Several workers1-8 
have formulated this correction, each giving different formulas and geo
metrical constructions. Errors or unnecessary limitations appear in all of 
these formulations. We will attempt here to clarify this situation by out 
lining the physical problem, reviewing the errors and limitations in the 
earlier work, deriving formulations applicable under various conditions, and 
applying the newly derived formulations to the geometries corresponding 
to several instruments. These considerations apply to scattering at 90° 
and for rectangular or semioctagonal cells.

A. The Physical Problem
The geometry, considerably exaggerated in order to clarify the various 

relations, is shown in Figure 1, where the symbolism of Carpenter and 
Krigbaum6'7 has been retained as much as possible. This is the view of the 
perpendicular plane along the 90° axis. The parallel incident beam of the 
height h' and width w enters the cell of half-width U in the direction perpen
dicular to the plane of the drawing. The dimensions of the rectangular

* T his w ork has been supported b y  the U .S. A tom ic E n ergy Com m ission, C o n tract 
N o. A T(30-1)-1801.

3 0 3
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Fig. 1. Side view  of the scattered beam . Incident beam  height h' and width w, half- 
width of cell U , apertures heights hi1 and hi' and widths hi and h3. Case II (see text) a p 
plies to  this geom etry.

apertures in front of the detector are hi and h\ and hi and h'2. The non- 
primed quantities throughout this paper correspond to the dimensions in the 
scattering plane, and prime quantities to those perpendicular to the scatter
ing plane, the latter being shown in Figure 1. In the central region, VI, all 
elements of volume subtend essentially the same solid angle, fi, through an 
aperture of dimensions hi X h'2. However, as one moves out of this region, 
the solid angle subtended decreases until the edge of the field of view is 
reached. It is assumed that the scattered intensity per unit volume in each 
of the two regions of excess volume, F,., is, on the average, half that in the 
central region. The volume correction, Cw, corrects the signal actually 
received to that which would be obtained by scattering through solid angle, 
il, from the region of volume V = hi X h\ X w. This region, V, is some
what more extensive than Fc (compare Fig. 1). Accordingly, if both Fc 
and Fe are completely illuminated,

C\ =  F /(F 0 +  Fe) ( 1)

Several comments are now in order regarding the geometry. Both Carr 
and Zimm12 and Carpenter and Krigbaum6'7 place aperture hi X h\ 
directly on the cell wall. However, the geometry depicted in Figure 1 is 
more general, and the relations to be derived will reduce properly whenever 
aperture hi X W  is at the cell wall, i.e., when l3 =  0.

Some of the workers1'2’5-7 have treated only the case where the height 
of the incident beam, as determined by h', is completely within the central 
region, Fc, and for which the vertical dimension to be considered is simply 
h'. For this case, the planar geometry in the horizontal scattering plane



C A L I B R A T I O N  O F  L I G H T - S C A T T E R I N G  I N S T R U M E N T S 3 0 5

(perpendicular to that shown in Fig. 1) is sufficient to describe the problem. 
Cv is then usually defined so that it corrects to the volume V = hi X h' 
X w. However, it is possible (a) for the detector’s field of view to be com
pletely within the height of the incident beam, or (b) for the edge of the 
incident beam to be in the region of excess volume, Ve. In such cases the 
volume correction must be treated accordingly.

Earlier workers,1_3'6'8 neglecting refraction at the cell boundary, con
sidered that V0 was determined by aperture hi X h\ and was therefore equal 
to V. Carpenter and Ivrigbaum6'7 have correctly designated the central 
region, Vc, as shown in Figure 1 by the trapezoidal cross-hatched area.

B. Earlier Formulations

Dezeli69 has pointed out that the formula given by Carr and Zimm1-2 
which is used most frequently is incorrect and should be

Cv =  1 — [U(hi +  he)/1q]/[2nhi +  h(hi +  hi) flu] (2)

by the notation of Figure 1. The error arises on page 33 of Carr’s thesis,1 
where the formulation of the fractional correction is given as Fe/ (F  +  
2Fe) instead of Vef  (V  +  Ve). Sedlacek4 has also given eq. (2) but without

Fig. 2. T he top (upper) and side view s of the scattered beam  of a standard model 
Brice-Phoenix light-scattering photom eter w ith  standard apertures and cell of inside di
mensions 40 X  40 mm. T h e draw ing is to scale for refractive index of the m edium  in the 
cell n  = 1.52. Sym bols correspond to  the same quantities as in F ig. 1. C ase I I I  

applies.
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comment. It should be pointed out that this equation was originally 
derived only for the case where the aperture hi X h\ is at the cell wall, and 
cannot be applied when this is not the case. In addition to the above error, 
Carr and Zimm’s treatment uses F = hi X h' X w for the central region 
rather than Fc. Also, it is limited to the case where the height of the beam 
is completely within the central region, F0. Furthermore, the unnecessary 
assumption is made that the angle a in Figure 1 is sufficiently small so that 
tan a =  a. A similar assumption is made regarding the angle ¡3.

Maron and Lou’s5 equation for Cv is incorrect because they neglected 
the factor of one-half in the region of the excess volume, as already pointed 
out by Carpenter and Krigbaum.6’7 They also limited their treatment to 
the case where the height of the beam is within the central region. In 
their geometry the two apertures hi X  h\ and /i2 X h\ are of equal dimen
sions, so that for this case the region Fc =  hi X h\ X  w and the region V = 
hi X h' X w, assuming that h' <  h'i.

Kerker, Lee, and Chou8 consider the case where the view of the detector 
is completely within the beam. They do take the factor of one-half into 
consideration. However, they too use F, rather than Fc, for the central 
region and also make the small angle approximation for tan a and tan /?.

Carpenter and Krigbaum6’7 use the same geometry as Carr and Zimm,
i.e., their treatment is limited to the case where the aperture hi X h\ is 
at the cell wall. Also, in their case, the vertical dimension of the beam is 
completely within the central region. Within these limitations their 
formulas are correct. However, in Figure 2 of their paper,7 hs and hi are 
drawn incorrectly. We point this out since this can cause confusion if one 
tries to verify the formulas directly from their drawing. This error also 
appears in Carpenter’s thesis.6

C. The New Formulations of Cv

Case I: h' h\. In this case the height of the incident beam, h', is 
completely within the central region, Fc, and eq. (3) applies:

Cv = [2V (A s +  hi)](h’i/h') (3)

where

hz =  hi +  (/12 +  hi)k/l0 +  2li/(n2{ 1 +  [2lo/(h-2 +  /q)]2} — 1) ^ (4)

and

hi = hi -  (ht -  hOh/lo -  2U/(n*{l +  [2k/(h — Ai)J2} - l ) ‘/! (5)

(see Appendix for derivation of h3 and hi), n is the refractive index of the 
medium in the cell. The second term in eqs. (4) and (5) goes to zero when
ever the first aperture is at the cell wall (l3 =  0) and eqs. (4) and (5) then 
reduce to the corresponding ones given by Carpenter and Krigbaum. The 
corrected volume, V, is hi X w X h\. If the corrected volume, F = hi X
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h' X w, as defined by Carpenter and Krigbaum, then one obtains their 
formula

Cv — 2hi/ (hi T- hi) (3a)

Case II: h’ ^ h’3. In this case the field of view of the detector is com
pletely within the beam, and the geometry of Figure 1 applies directly. 
Accordingly,

Cv = [h j.5(/i3 +  hi) ] [h'i/.5(h'z +  h'i)} (6)

= 4:hih'i/(Ji3 +  hi) {h'i +  h'i)

where hs and hi or h\ and h\ are given by eqs. (4) and (5) (corresponding 
primed quantities being used for h'3 and h'i). The corrected volume is 
again hi X w  X h\.

Case III: h\ ^ h' ^ h\. In this case radiation reaches the detector 
from only part of the excess region (Fig. 2). Accordingly, the dimension 
0.5{h'i +  h\) must be replaced by the smaller dimension h'i +  {h' — h'i)f. 
In this case, the term {h' — h'i) is multiplied by a factor / ,  which has a 
value between V2 and 1 rather than a value of 1/t as in case II. This is 
the factor which corrects for the reduced solid angle subtended through 
aperture h2 X h'2 in the excess volume, Ve. Accordingly,

Cv =  [2hx/{h +  hi)]{h\/[h'i +  {W -  h'i)f] ! (7)

Then, when h' =  h 'i,f  =  1 and when h' =  h'3, f  =  1/i, reducing eq. (7) to 
eqs. (3) and (6), respectively (cases I and II). For intermediate values of 
h', corresponding to case III,

Cv =  [2h/%  +  hi) ]h\ / } h\ +  0.5{h’ -  h'i) [1 +  {W  -  h')/{W -  hi') ]}
(8)

where hi, h'i, hi, and h\ are calculated by means of eqs. (4) and (5). Here 
it is assumed that the scattering intensity per unit volume decreases linearly 
as one moves through region Ve. The corrected volume is now hi X w 
X h'i.

A few words of comment are in order regarding the geometry depicted 
in Figure 2 as an illustration for case III. This geometry corresponds to 
that of a standard model of the Brice-Phoenix light-scattering photometer3 
(Phoenix Precision Instrument Company, Philadelphia, Pa.) with standard 
apertures and square or semioctagonal cells of inside dimensions 40 X 40 
mm. The picture is drawn to scale for refractive index of the medium in 
the cell ii =  1.52 (benzene). The limiting rays in the vertical plane, defin
ing the central region Vc, cross over before reaching the illuminated volume 
in the cell. This leads, algebraically, to a negative value for h'i [from eq.
(5)] and the question arises whether the equations developed for case III 
are applicable to this geometry. Simple geometrical considerations show 
that the equations for case III apply when the absolute value of h\ is used.
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D. Applications
We have been able to obtain sufficiently detailed information to calculate 

Cv for only three instruments, viz., two commercial photometers: Brice- 
Phoenix3 and Oster-Aminco10 (American Instrument Company, Silver 
Spring, Md.), and the instrument described by Carr and Zimm.1'2 Brice’s 
method3 for obtaining absolute intensities with the Brice-Phoenix instru
ment eliminates the necessity for the volume correction [compare eqs. (13),
(18), and (19) in Brice’s paper3]. This is true regardless of the fact that 
Brice’s formulation for the volume correction [eq. (6) in reference 3] is 
not correct (compare case III above). However, when the Brice-Phoenix 
instrument is calibrated by comparison of the scattering of the medium 
under investigation with that of a medium of different refractive index but 
of known turbidity, the relative volume correction, C v (the ratio of Cv 
for two media of different refractive indices) is significant and should not

T A B L E  I
Dimensions of Several L ight-Scattering Instrum ents and the Corresponding Volum e

Corrections

Brice-Phoenix
photom eter

-------------------------------  Oster-
Standard R educed Am inco 

Dimensions, cm. apertures apertures photom eter

w 1.20 0.40 0.8 0.8
h ' 1 .5 0 0 .75 0.8 0.8
hi 0.30 0.30 0 .15 0.949 0 .817
h 'i 0.60 0.30 0.28
h i 0 .65 0.30 0 .15 0.8 0.8
h 'i 2.00 0.30 0.28
u 5.50 1.5 0 5.62 7 .5 6
V  0 5 .35 1 .5 0
lz 1 .3 5 0 .55 0 0
l 'z 1.5 0 0 .55
u 2.22 1 .4 5 2 .8 0.86

Case applicable III II I II I» 1»
C v> benzene 0.387 0.438 0.500 0.783

(0 .771)° (0.8 11)°
Cv, w ater 0.362 0 .418 0.479 0.762

(0.756)° (0.791)°
C ' v  (benzene/water) 1.070 1.048 1.043 1.0 27

(1.0 2 1)° (1 .1 0 5  )d (1.025)°
Cv, butanone 0.925

(0.930)'
C 'v (benzene-horn 0.846

cell/butanone- (0.873)°
square cell)

C arr-Zim m “

Horn cell Square cell

a C arr’s th esis1 (p. 41, T ables 8 and 9). 
b C alculated from  eq. (3a).
• C alculated b y  means of the “ uncorrected” Carr-Zim m  equation. 
d G iven by D ezelic.9
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be neglected. This is illustrated in Table I for refractive indices cor
responding to water and benzene. Even when the geometry of Brice- 
Phoenix instrument is changed in such a way that case II applies (i.e., by 
reducing both apertures hx X h\ and h2 X h'2 to the size of 3 X 3 mm.) 
C'v amounts still to about 5% for the benzene-water combination (Table I).

Furthermore, the value of Cv and C"v depends upon the formulation used. 
Using the Carr and Zimm equation as originally presented1'2 we obtain 
C'v = 1.02 for benzene-water when the standard Brice-Phoenix dimensions 
are used. The “ corrected” Carr-Zimm equation [eq. (2) of this paper] 
leads to C 'v =  1.04 for the same case whereas the correct expression, eq.
(8), gives C'v =  1.07. Similar results are obtained for the Oster-Aminco 
instrument; e.g., Dezelic9 reported a value of C 'v = 1.105 for benzene- 
water using the equation given by Kerker et. al.8 which compares with 
our newly calculated value of 1.04 [eq. (8)]. It is worthwhile mentioning 
that, contrary to some claims in the literature,9'11 the field of view of the 
detector in the Oster-Aminco photometer does not appear to be completely 
within the height of the incident beam. This is true for any receiving 
nosepiece normally supplied by the manufacturer.

Case I applies, at least, to some of the instrumental arrangements de
scribed by Carr and Zimm.1'2 In Carr’s thesis,1 sufficiently detailed in
formation is given for consideration of the possible influence of the form of 
the volume correction on the value of the Rayleigh ratio, R 90, of pure liquids. 
He determined R90 of several liquids, using a cell equipped with Rayleigh 
horns at the exit and back faces, by comparison with a standard polysty- 
rene-butanone solution contained in a square cell. Rg0 of this latter solu
tion was, in turn, determined by use of a reflecting diffusor. When eq. (3) 
of our paper is applied to the relevant geometries and refractive indices, 
the value of the correction, C'v, corresponding to the case of benzene in the 
horn cell relative to butanone in the square cell, becomes lower by about 
3% than the value calculated from the “ uncorrected” Carr and Zimm 
equation, i.e., 0.846 instead of 0.873 (reference 1, page 41). This leads to 
a correspondingly lower value of Ago of benzene. Moreover, there is a 
computational error (page 41, Table 8 ; for polystyrene-butanone solution 
in the horn cell; Cv =  0.799 rather than 0.835) which could lead to an even 
smaller Ago value for the polystyrene-butanone solution which served as 
a secondary standard. All this indicates that the Carr and Zimm values 
for Rg0 of benzene are too high bringing their results more into line with 
those that we have recently suggested12 as more likely. Dezelic’s results 
for A go of benzene and toluene and turbidity of standard polystyrenes in 
toluene (reference 9, Table III and IV) should also be lower by about 6% , 
in accordance with the calculations of C"v for Oster-Aminco photometer 
discussed above.

Finally, we would like to make a comment on the results of Carpenter 
and Krigbaum6'7 for A 90 of benzene and toluene and for the turbidity of 
Cornell polystyrene in toluene. The values they obtained for a wavelength 
of 436 mu are the highest among all reported values (compare Tables V,
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VI, and IX  of the previous report12). On the other hand, their values for 
546 m¡1, with the exception of Rm of toluene, occupy a considerably lower 
position among the results of other workers. We suggest that this is due 
to the experimental method used. According to Carpenter’s thesis6 (p. 
67-68), the absolute measurements were performed with unpolarized 
incident light, and a polaroid analyzer was used in front of the photomulti
plier tube. The total amount of light scattered was determined by adding 
the horizontal and vertical components. Since polaroid sheets never 
achieve a 100%  polarization, particularly in the blue region of the spec
trum,13 the total amount of light received by the detector in Carpenter’s 
experiments is certainly larger than the sum of the horizontal and vertical 
components, and the discrepancy should be greater for 436 npi than for 546 
m/i. Consideration of this effect would place their Rm values closer to 
those we have suggested.12

Appendix

Equations (4) and (5) are obtained from a construction identical to that 
of Figure 1, except that the corresponding (unprimed) quantities in the 
horizontal scattering plane are used (primed quantities being used for h's
and h'i).

hz — hi 2p 2q (9)
where

q =  l/i(hi +  hi)(l-s/lo) (10)

p = U tan j8
= % [(l/s in 2̂ ) - 1%  

= U/[(n2/sin2«) —1]‘/2 (11)
and

sin a =  1 /i{hi +  hi)/ [/o2 +  1 /i(h‘2 +  /ii)2] ^ (12)
Similarly,

hi = hi — 2 r — 2s (13)
where

"5 II 1 (14)
s =  U tan S 

= li/ [(1/sin2 5) — 1 ]‘/2 
= Z4/[(ra2/sin2 7) —1]1/2 (15)

and

sin y — — hi)/[Id2 +  1/ 4(hf — h/)2]^2 (16)
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Résumé
L a  nature physique de la correction de volum e CL, utilisée lors de la  déterm ination 

de la turbidité par des mesures de diffusion lumineuse à 90°, a été revue e t on a pu relever 
certaines erreurs et restrictions dans les form ules utilisées antérieurem ent. On donne 
des form ules pour les trois cas suivants: (I)  lorsque la hauteur du rayon incident se
situe au centre du volum e diffusant V c; ( I I )  lorsque le cham p de vue du détecteur est 
situé entièrem ent à  l ’ intérieur du faisceau; ( I I I )  ce cas interm édiaire où les bords verti
caux du rayon sont dans le volum e excédent V e . On a calculé la correction de volum e 
pour différentes géométries.

Zusammenfassung
E in  Ü berblick über die physikalische N a tu r der bei der T rübigkeitsbestim m ung durch 

Lichtstreuungsm essungen bei 90° benützten Volum skorrektur, C v, wird gegeben und 
Irrtüm er sowie die Grenzen früherer Form ulierungen werden aufgezeigt. Form eln 
werden für drei F älle  angegeben, näm lich (I) die Höhe des einfallenden Strahles liegt 
innerhalb des zentralen Streuvolum ens, V „ ,  (II)  das Gesichtsfeld des D etektors liegt 
vollständig innerhalb des Strahles und ( II I)  der dazwischenliegende F all, dass sich die 
vertikalen K an ten  des Strahls im Ü berschussvolum en, F e, befinden. D ie Volum s
korrektur wird für verschiedene geom etrische Bedingungen berechnet.
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Synopsis
T h e present studies were designed to secure inform ation about the effect of molecular 

weight and its distribution on the hot-stretch ability  (defined as m axim um  hot draw  
ratio possible w ithout breakage under given condition) of the coagulated gel obtained 
b y  extruding a concentrated solution of polyacrylonitrile  dissolved in 70 %  nitric acid 
into dilute nitric acid solution. A fter washing, the coagulated threads thus obtained 
were stretched at 100-140°C . In  the case of fractionated polyacrylonitrile, the results 
obtained under the above conditions showed a m axim um  hot-stretchability  a t M  =  

80,000. Below  this point, hot-stretchability was lowered w ith decrease of m olecular 
weight. For polym ers having a m olecular w eight larger than this value, it  was also 
depressed as m olecular w eight increased and approached a certain value. F or whole 
polym ers, hot-stretchability distribution curves obtained from m olecular w eight distri
bution curves b y  substituting m olecular w eight w ith  corresponding hot-stretch ability  
were studied. I t  was found th at the m axim um  stretchability  of a whole polym er was 
the w eight average value of those of its constituent polym er species. T he effect of 
molecular w eight of the polym er on the m echanical properties of fibers and their fine struc
ture was investigated b y  means of tensile and x-ray measurement.

INTRODUCTION
Many investigations have been made of the effect of molecular weight and 

its distribution on the physical properties of polymers in solid state and in 
solution. On the other hand, despite the industrial importance, relatively 
little has been published about the effect of molecular weight and molecular 
weight distribution on the maximum draw ratio of polymer gel. For poly
acrylonitrile, only qualitative results were reported by Ham1 and Hunyer.2

In a study of the mechanical properties of fibers, analysis of the spinning 
process (coagulation of spinning solution and hot-stretching of coagulated 
thread) is of great importance, especially hot-stretchability (defined as 
maximum hot draw ratio possible without filament breakage under specified 
conditions) of coagulated gel is very important because it directly influences 
the mechanical properties of fibers. Ideally, perhaps, interpretation of a 
given property of a fiber should proceed from consideration of the contribu
tion of each molecular species to that property, the final result being ob
tained by summing the contributions from all species present.

3 1 3



3 1 4 K O B A Y A S H I ,  S A S A G U R I ,  F U J I S A K I ,  A M A N O

All the wet spinning processes have in common the extrusion of a concen
trated polymer solution through a spinneret orifice into a solution capable 
of coagulating the polymer. According to our unpublished results, the 
molecular weight of a polymer has little effect on the coagulation behavior, 
provided the temperature of coagulation bath is low and the viscosity of the 
polymer solution is constant. On the other hand, hot-stretchability of the 
coagulated thread is greatly affected by molecular weight and its 
distribution.

EXPERIMENTAL 

1. Materials

Acrylonitrile monomer was obtained from Monsanto Chemical Co. and 
distilled at atmospheric pressure. Polymerization was carried out in water 
suspension with a,a'-azobisisobutyronitrile (AIBN). /3-Mercaptoethanol 
(/3-EtSH) was used for the control of molecular weight. Polyacrylonitrile 
polymerized with organic catalyst by suspension polymerization is known 
to have a fairly narrow molecular weight distribution compared with that 
obtained in aqueous phase with redox catalysts.3

Polymerization conditions are listed in Table I, along with molecular 
weights and distribution indexes, Mm/Mn. Viscosity-average molecular 
weights were obtained from viscosity measurements of dilute polymer solu
tions in dimethylformamide at 35°C.; the calculations were based on eq.
(I ):4

[j?J = 2.78 X 10-4M»-76 (1)

Weight-average and number-average molecular weights of the polymer 
samples were calculated from their molecular weight distribution curves. 
Accordingly, the reliability of these values will depend on the accuracy of 
the molecular weight distribution curves. To confirm the reliability of this 
method, light-scattering and diffusion-intrinsic viscosity methods were used 
to obtain two different average molecular weights for sample A-5. Accord
ing to the results of these measurements, the weight-average molecular 
weight was 168,000, and the average molecular weight obtained from diffu
sion-intrinsic viscosity method4 was 50,000. It is known that the average 
of molecular weights obtained by the measurements of diffusion and 
intrinsic viscosity approximates the number-average molecular weight.4 
According to these results, the weight-average molecular weight of 142,000 
and the number-average molecular weight of 46,300 calculated from the 
molecular weight distribution curves are considered reasonable.

Dimethylformamide used for the determinations of intrinsic viscosities 
was obtained from Nitto Chemical Co. and distilled at a pressure of 10 mm. 
Hg. The middle fraction, (df 0.9443-0.9444), was used: the refractive 
index and viscosity of this fraction agreed with values quoted by du Pont5 
for pure dimethylformamide. Dimethyl sulfoxide, used for fractionation,
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was obtained from Stephan Chemical Co. It was distilled at a pressure of 
10 mm. Hg. The middle fraction was used.

2. Determination of Molecular Weight Distribution

Various methods have been proposed for the fractionation of polyacrylo
nitrile.6“ 11 In the case of a polymer which may crystallize, it is desirable to 
adopt fractionation conditions which allow the precipitate to separate as a 
totally amorphous liquid. We have recently found that, by using a suit-

Kig. 1. M olecular weight distribution curves of polyacrylonitrile  samples A -l and A-G.

Fig. 2. M olecular weight distribution curves of polyacrylonitrile  sam ples A-2 and A -7.
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M * icr4
Fig. 3. M olecular w eight distribution curves of polyacrylonitrile  samples A-3 and A-8.

Fig. 4. M olecular w eight distribution curves of polyacrylonitrile  samples A-4 and A-5.

able initial polymer concentration, dimethyl sulfoxide-toluene, a solvent- 
precipitant system, is superior to other systems.11 Samples were separated 
into 17-22 primary fractions. Fractionation was carried out at 35°C. 
Toluene was added through a capillary tube to the well stirred solution of 
polymer in dimethyl sulfoxide until the mixture became cloudy. The 
precipitate (gel) was dissolved by raising the temperature of the bath by a 
few degrees, and then allowed to reprecipitate by lowering the bath temper
ature to 35°C. The precipitate was separated by decantation or centrifu
gation, dissolved in dimethylformamide, and isolated in water. The frac
tions separated by the above method were washed several times with ethyl 
alcohol and then dried under vacuum at 50°C. to constant weight. The 
procedure was repeated for the isolation of the remaining polymer. In the 
case of the samples with high average molecular weights, especially samples 
A-5, A-7, and A-8, the high molecular weight fractions were obtained by 
refractionation method. Molecular weight distribution curves obtained
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by the above method are given in Figures 1-4. As shown in these figures, 
the molecular weight distribution curves of samples A-2, A-6, and A-7 show 
two peaks in distribution. Especially the peak appearing in the high 
molecular weight region is pretty sharp, which cannot be explained by the 
general kinetic theory of polymerization. As pointed out previously,10 
however, these peaks are based on the nature of the polymer samples, and 
not on the peculiarities of the fractionation method. This fact may indi
cate some special phenomena occurred in suspension polymerization in 
water.

3. Spinning Experiments
The spinning solutions were prepared with 70% nitric acid which con

tains less than 0.0003% of nitrous acid.
Polyacrylonitrile was dissolved to give a viscosity of 1000 poises at 0°C. 

unless otherwise specified. The spinning apparatus used in this experiment 
is shown schematically in Figure 5. After deaeration and filtration, the

F ig. 5. W et spinning process of polyacrylonitrile.

solution was passed through a conduit (1) and was extruded into the cold 
coagulating bath through a spinneret (2) to form a multifilamentary coagu
lated thread. The temperature of the spinning solution, the coagulant 
liquid, and dilute aqueous nitric acid solution as between — 2°C. and 0°C. 
In this coagulation process, the thread was allowed to shrink 20-33%. 
The coagulated thread was wound around a guide roller (3) which was 
positioned in the coagulating bath (4). The coagulated thread in gel state 
was then wound around a guide roller, (A) and led to a washing bath, (5). 
The washing bath was at room temperature. During passage through the 
bath, the thread was washed until it was substantially free of nitric acid. 
These water-swollen filaments, after leaving the washing bath, were led into 
a stretching bath (6) and were stretched between two rollers, (B) and (C). 
Generally hot water at 100°C. was used in the stretch bath, but in some 
cases, saturated steam at 100-140°C. was used instead of hot water. 
Linear velocity of extrusion of the spinning solution through the nozzle was 
at 6.3 or 7.5 m./min. Roller A was driven at a constant surface speed of 5 
m./min.

4. X-Ray Diffraction Measurements
X-ray scattering intensities were measured with a Shimadzu diffrac

tometer by use of a Geiger counter and CuKa radiation. Monochromatiza- 
tion is achieved by means of balanced filters (Ni and Co films). The
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Fig. 0. Schem atic azim uthal in tensity  curve. Am orphous and background scatterings
are not shown.

orientation factor 0  was obtained from an azimuthal intensity curve along 
the 5.27 A. arc according to eq. (2):

0  =  [(180 -  pin)/180] [Ai/(A1 +  A ,)] X 100 (2)

where <pin is the integral breadth of the part, Si, Ai is the area of this part, 
and A •> is that of S?, as shown in Figure 6. An estimation of crystallite size 
D was made from an integral breadth /3 of the 5.27 A. reflection by the use 
of eq. (3)

D =  X/0? cos e) (3)

Where X is the wavelength and 6 is the Bragg angle for the 5.27 A. reflection. 
Per cent crystallinity was calculated on the practically unoriented state 
from the ratio of integrated intensities of the 5.27 A. reflection to total 
scattering of the sample over a range of 26 from 13° to 23°.

RESULTS AND DISCUSSION
According to the results in Table II, the hot-stretchability of the coagu

lated thread (water-swollen filaments) changes with the concentration of 
aqueous nitric acid solution in the coagulation bath, shrinkage of the thread 
in the coagulation process, and the molecular weight of the polymer. As a 
matter of course, the nitric acid concentration in the solvent, the tempera
tures of the coagulation bath and the stretching bath, and the viscosity of 
the spinning solution are also important for hot-stretchability, and they 
were arranged to be constant in present experiments. Hot-stretchabilities 
at 100°C. of gelled threads coagulated in 30% and 36% nitric acid were 
plotted against the viscosity-average molecular weight in Figure 7. This 
shows a maximum at M v = 80,000.

A similar experiment was carried out on fractionated polyacrylonitrile. 
As is clear from Figure 8, the results were similar to those from unfraction
ated polymers, but there is a sharper peak at M  =  80,000, and above and 
below this critical value, hot-stretchability decreases rapidly. Here, effects 
of other factors on hot-stretchability should be apparent, but it seems that 
the characteristic dependency of hot-stretchability on molecular weight 
might not be affected even if other factors (coagulation temperature, nitric
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T A B L E  II
T h e Effects of Spinning Conditions on H ot-Stretchability*

Linear 
velocity  

of extrusion, 
m./min.

C oagulating 
bath  concn. 
(H N O ,), %

H ot-stretchability

A -l A-2 A-3 A-4 A-5 A-6 A-7 A-8

7 . 5b 3 7 .5 4.0 12.0 1 1 .4 1 1 .8 — 8.8 9 .6 —

l 1 36.0 — 1 1 .8 10.8 1 1 .3 10.2 8 .4 9 .3 7 .8
! ( 3 4 .5 — 11 .4 10 .6 10.7 9 .8 7 .8 9 .0 7.4
< < 33.0 — 1 1 .0 10.6 10.2 9 .3 7 .4 8.8 7 .0
< C 31 .5 — 10 .7 9 .7 10.0 9 .0 7 .2 8 .6 6 .7
l t 30.0 — 10.6 9 .7 9 .6 8 .5 6.8 8 .2 6 .4
u 28 .5 — — — — 8 .2 — — —

6 .3 C 3 7 .5 - 1 1 .4 1 1 .2 1 1 .4 — — — —
a 36.0 — 10.9 10.4 10.8 9 .6 — — —
u 3 4 .5 — 10.9 10 .2 10.2 9.0 — - - •
e i 33.0 — 10 .5 9 .8 10 0 9 .4 — — —
11 3 1 .5 — 10 .3 9 .4 8.8 8 .2 — — —
U 30.0 — 9 .3 9 .3 8.8 8 .4 - - — —

“ Spinning conditions: viscosity  of spinning solution, 1000 poises a t 0 °C . ; tem perature 
of coagulating bath , 0 °C .; speed of the first roller (roller A  in Fig. 5), 5 m ./m in. 

b Shrinkage of gel in coagulating process was 33.3% .
° Shrinkage of gel in coagulating process was 20.6% .

acid concentration in coagulation bath, and viscosity of spinning solution) 
were changed.

It is presumed that the hot-stretchability of the coagulated thread of an 
unfractionated polymer would be describable by a certain average value of 
its constituent polymer species. In order to clarify such a presumed effect 
of molecular weight on stretching of gel, several polymers (samples A -l,

M ,  » ICE4
Fig. 7. E ffect of molecular w eight on m axim um  draw  ratio a t 100°C .: (A )  36 w t.-%  

nitric acid was used as the coagulant; ( B )  30 w t.-%  nitric acid was used as the coagulant. 
Spinning conditions: viscosity  of spinning solution, 1000 poises a t 0 °C .; linear velocity  
of extrusion of spinning solution through the nozzle, 7.5 m ./m in.; tem perature of 
coagulating bath, 0 °C .; tem perature of hot-stretching bath, 100°C.
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Fig. 8. Relationship between maximum draw  ratio and m olecular weight of p o ly
acrylonitrile fractions. Spinning conditions: viscosity  of spinning solution, 1000 poises 
a t 0 ° C .; linear velo city  of extrusion of spinning solution through the nozzle, 7.5 m ./m in .; 
N itric  acid concentration in coagulating bath, 33, w t.-% ; tem perature of coagulating 
bath, 0 °C .; tem perature of hot-stretching bath, 100°C.

Fig. 9. M olecular w eight distribution curves obtained for polyacrylonitrile sample M -l.

A-4, A-5, A-6, and A-7) used above were mixed to give a certain average 
molecular weight and molecular weight distribution. Their molecular 
weight distribution curves are shown in Figures 9-15 and their average 
molecular weight and other characteristic values in Table III. These 
mixed polymers were spun under the stated conditions. The results ob
tained are indicated in Table IV. It seemed that hot-stretchability of 
coagulated thread of a polymer decreases with broadening of molecular 
weight distribution. From polymer series M l to M-4, which have approxi
mately the same weight-average molecular weight but different distribution 
indices (Mw/Mn) over the range from 2.88 to 3.85, we can observe the effect 
of molecular weight distribution on hot-stretchability. For polymer series
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Fig. 13. M olecular w eight distribution curves obtained for polyacrylonitrile  sam ple M-2.

F ig . 11 . M olecular w eight distribution  curves obtained for polyacrylonitrile  sample M -3.

F i g .  1 2 . M o le c u la r  w e ig h t  d i s t r ib u t io n  c u r v e s  o b t a in e d  f o r  p o l y a c r y l o n i t r i l e  s a m p le  M - 4 .
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F ig. 13. M olecular w eight distribution curves obtained for polyacrylonitrile  sample M -5.

Fig. 14. M olecular w eight distribution curves obtained for polyacrylonitrile  sam ple M -6.

F i g .  1 5 . M o le c u la r  w e ig h t  d i s t r i b u t i o n  c u r v e s  o b t a in e d  f o r  p o l y a c r y l o n i t r i l e  s a m p le  M - 7 .
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T A B L E  III
Preparation of M ixed Polym ers

M ixed samples

M -l M -2 M-3 M-4 M -5 M-6 M -7

M ixing ratio, w t.-%  
A -l 58 40 27 16
A-4 — 36 62 84 — — —
A-5 42 24 11 — — — —

A-6 — — — — 75 50 25
A-7 — — — — 25 50 75

M „ 86,000 84,400 83,900 81,500 — — —

calc.)“ 86,200 85,000 85,800 88,400 71,70 0 97,600 124,000

■ "̂«(calc.)8 21,400 25,000 29,100 30,700 23,700 26,900 42,300
M J M n 3.85 3.33 2.95 2.88 3.03 3.62 2.92

a W eight-average and num ber-average molecular weights were calculated from  m olec
ular weight distribution curves.

T A B L E  IV
T h e Effects of Spinning Conditions on H ot-Stretehability  of M ixed Polym ers*

Linear
velocity

of
extrusion
m ./m in.

C oagulating 
bath  concn.
(H N O ,), %

H ot-stretchability

M -l M-2 M-3 M -4 M -5 M-6 M -7

7 . 5 h 3 7 .5 — — 10.6 — 9 .2 9 .2 9 .5
36.0 — 9 .2 10.0 10 .6 8 .7 9.0 9.3

( l 3 4 .5 7 .5 8 .3 9.0 9 .2 8 .2 S .7 9 .2
11 33.0 6 .7 7 .8 8.8 9 .0 7 .8 8.2 8 .8
“ 3 1 .5 5 .9 7 .2 8 .6 8.9 7 ,4 7 .6 8.4
l < 30.0 5 .0 6.4 8 .5 8.8 7 .0 7 .0 8.2
“ 28 .5 — 6 .2 — 8 .3 — — —

6 .3 “ 3 7 .5 — — 10 .1 — — —

“ 36.0 — 8.6 9 .6 10.0 _ _ — —
3 4 .5 5 .8 8 .3 9 .0 8.9 — — —

“ 33.0 5 .4 7 .4 8 .5 8.8 — — —
“ 3 1 .5 4 .9 6 .8 7 .9 8 .4 — — —
U 30.0 4 .5 6 .4 7 .2 8.0 — — —
(l 28 .5 — 5 .6 — 7 .2 — —

» Spinning conditions: viscosity  of spinning solution, 1000 poises a t 0 ° C .; tem perature 
of coagulating bath, 0 ° C .; Speed of first roller (roller A  in F ig. 5), 5 m ./m in. 

b Shrinkage of gel in coagulation process was 33.3% .
0 Shrinkage of gel in coagulating process was 20.6% .

M-5 to M-7, which have different average molecular weights and different 
molecular weight distributions, it is difficult to estimate the effect of molecu
lar weight and molecular weight distribution separately.

We tried to generalize the effect of these two factors, molecular weight 
and its distribution. The relationship between molecular weight M  and
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hot-stretchability S of coagulated thread is shown in Figure 8; hot-stretch- 
ability of coagulated thread can be described as a function of molecular 
weight having a maximum at M  =  80,000.

5 =  KM ) (4)

In the molecular weight distribution curve of a given polymer sample, the
amount IF of a polymer species of molecular weight M, is predicted by eq.
(5):

W = g (M) (5)

Using the two equations (4) and (5), we can write,

W =  F (N) (6)

F ig. 1G. Relationship betw een m axim um  hot-stretchabilities and < s > w for various 
uni'raetionated polyacrylonitrile  samples.

Accordingly, molecular weight M t in the molecular weight distribution 
curve is replaced by corresponding hot-stretchability, Sf, obtained in 
Figure 8, thus changing the plots to the distribution curve of hot-stretch
ability. We tried to calculate the weight-average value of hot-stretch
ability of a polymer sample from the distribution curve of hot-stretchability 
obtained above.

(S)w =  VSiWi/VWi (7)

where W t is the weight of a polymer species having hot-stretchability of St. 
According to this general theory, hot-stretchabilities of mixed polymer 
series M -l to M-7 were calculated and compared with the maximum hot- 
stretchabilities observed for the same polymer samples. As shown in 
Figure 16, there is a remarkable agreement of the results calculated by the 
proposed procedure with those observed.

We will discuss the results qualitatively. Hot-stretching acts on the 
polymer chains to be orientated with intermolecular friction force. Many 
weaker junctions in the gel structure would be broken with less energy 
giving some resisting force to stretching operation, thus causing the orienta-
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Fig. 17. Relationship betw een draw ing force and draw ratio  of coagulated thread a t 
60, 80, and 100°C. M olecular weights of sam ples: ( O )  239,000; ( X )  82,000; ( A )  
30,500.

tion of the polymer chains. The density of the polymer chain in gel is 
much higher than that in ordinary solution, and the chains are entangled 
with each other, many of them being bonded with secondary force. The 
bondings between polymer chains will develop to such an extent that we can 
hardly distinguish individual polymer chains, and this structure plays an 
important role in hot-stretching of the coagulated thread. Therefore, it is 
expected that the force necessary for the deformation of the network struc
ture in stretching process is almost independent on the molecular weight of 
the polymer. This conclusion may be sustained by the results as shown in 
Figure 17. That is, the stretching force did not depend upon molecular 
weight.

The shorter polymer chains, however, could be stretched better than 
longer ones because the ratio of end-to-end distance of a fully stretched 
polymer chain to that of an unstretched polymer chain becomes smaller 
with the decrease in molecular weight, and the decrease in molecular weight 
causes the lowering of the maximum hot stretchability. On the other hand, 
the longer the polymer chain is, the more probable that it passes through 
two or more strong junctions which cannot be broken by hot-stretching at 
the temperature stated above. As it is difficult to stretch beyond the 
shortest chain length among many polymer chains connecting two strong 
junctions, hot-stretchability of coagulated threads may decrease with the 
increase in molecular weight.

Furthermore, we investigated the stretching behavior of coagulated 
thread at higher temperatures. Results are summarized in Table V. In 
Figure 18, the maximum hot-stretchabilities of coagulated threads are 
plotted against stretching temperatures and molecular weight of polymers. 
Some interesting results are pointed out. For polyacrylonitrile of lower 
molecular weight, hot-stretchability of the coagulated thread is not im
proved by increasing the stretching temperature or decreasing the viscosity
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T A B L E  V
T he E ffect of Tem perature on H ot-S tretch ab ility“

Polym er Vis- 
concen- cos-
tration ity,

Sam- in spinning a t
pie solution, 0 °C .,
no. M „  g./100 cc. poises

A-9 40,000 27 170 5 .6 5 .6 5.0 2.8 —

34 400 5 .8 5 .6 4 .8 3 .2 —
38 1050 5 .1 5 .3 4 .5 4 .1 3 .4
40 2200 4 .8 3 .6 3 .4

A -10 126,000 10 54 1 1 .4 13 .5 17 .0 — —

16 440 10 .4 1 1 .4 13 .4 16 .8 2 1 .0
19 990 9.0 10 .3 1 1 .2 15 .0 18 .8
23 1850 8 .6 9.8 10.8 1 1 .0 15 .0

A - l l 218,000 12 1020 7 .8 8 .4 9.0 10 .4 12 .4

A -12 264,000 6 130 8 .6 10 .6 12 .6 14 .4 16 .2
8 510 7 .0 8 .6 9 .4 10 .6 12 .2

10 930 6.8 7 .6 8 .4 9 .2 10 .6
11 2200 4 .6 5 .8 7 .2 8.0 9.0

a Spinning conditions: linear velo city  of extrusion of spinning solution through the 
nozzle, 6.3 m ./m in.; H N ()3 in coagulating bath, 32 w t.-% ; tem perature of coagulating 
bath, 0 °C .; Speed of first roller (roller A  in Fig. 5): 5 m ./m in. Shrinkage of gel in 
coagulating process was 20.6% .

M x ! C"4
F ig. 18. E ffect of m olecular w eight on hot-stretchability  a t high tem perature. Spinning 

solutions of v iscosity  of about 1000 poises were used (see T ab le  V ).

H ot-stretchability

for various stretching tem peratures 
100°C. 110 °C . 120 °C . 130°C. 140°C.
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Fig. 19. X -ra y  diffraction pattern  of gelled fiber w ith C u K a  radiation monochrom atized
b y  L iF  crystal.

(by decreasing polymer concentration) of the spinning solution. It may be 
concluded that we cannot expect high hot-stretchability for polymers of 
low molecular weight. For the other polymers, hot-stretchability was 
increased with rising temperature or with lowering viscosity (decreasing 
polymer concentration) of spinning solution. It should be noted that hot- 
stretchability at high temperatures also depended markedly upon molecular 
weight. Also, hot-stretchability shows a maximum value at a certain 
molecular weight. This molecular weight may not differ appreciably from
80,000, which was noted above to be the maximum stretchability in the case 
of 100°C.-stretching, although this is not very sure because we have in
sufficient data. From this fact, it is assumed that the junctions are very 
strong even at high temperature. Increase in hot-stretchability with 
temperature is due to flow of polymer chains.

It was concluded before that in coagulated threads, there are many 
strong junctions which cannot be broken by stretching at 140°C. Poly
acrylonitrile solution in 70% nitric acid was extruded into dilute nitric acid 
at 0°C. and washed completely with water. Swollen threads thus obtained 
were investigated by x-ray diffraction. As shown in Figure 19, the coagu
lated thread was crystallized to some extent, even in the gelled state. No 
crystallite orientation was observed for these gelled threads. The fact that 
spherulites arise in film prepared from polyacrylonitrile solution has been 
reported,12 and it is believed that in the spherulite, polymer chains are 
folded. It would be interesting to study the polymer chain configuration 
in the crystallite in the gelled state; however, the answer cannot be derived 
from this experiment. In our case, whether or not polymer chains are 
folded at first in the gelled state cannot be determined, because folded poly 
mer chains are probably stretched in the early stages of drawing.

Crystallinity, crystallite orientation, and size of the stretched fibers were 
measured by x-ray diffraction. The three kinds of polymers listed in Table 
I were spun under the stated conditions and then dried. The data are listed
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in Table VI, which shows values of hot draw ratio, molecular weight, and 
tensile strength. A  few interesting phenomena can be found. Crystal
linity does not depend upon hot draw ratio and crystallite size was only 
slightly changed, whereas both are independent of the molecular weight. 
This means that in polyacrylonitrile, the strong secondary bondings be
tween functional groups are so much dominant in crystallization process 
that other factors, molecular weight or stretching of polymer chains and so 
on, are not so concerned. Also, crystallites grown in gelled state are too 
small to be broken up more by drawing. It has been observed, however, in 
polyacrylonitrile that well grown crystallites, if heat-treated, are destroyed 
with elongation as is the case for other polymers.

The relationship between draw ratio and crystallite orientation was 
obtained in connection with molecular weight. Sample A -l, which has a 
weight-average molecular weight of 30,000, is easily oriented, even on 
stretching only X  2, to a high degree of crystallite orientation of 57%. On 
the other hand, sample A-8, which has a high weight average molecular 
weight of 239,000, only shows a degree of crystallite orientation of 47.6% 
after 600% elongation. It was stated before that the maximum hot- 
stretchability became smaller with decrease in molecular weight. The fact

T A B L E  V I
T h e E ffect of M olecular W eight on the Fine Structure of Fibers

Sam 
ple
no. M v

H ot-draw
ratio“

Orien
tation,

%

C rystal
size,
A.

C rys
tallinity,

07
/ o

Tensile
strength

(dry),
g./den.

A -l 30,500 1 17 .3 4 5 .7 4 5 .2 0 .5 1
2 5 7 .6 4 3 .5 46.8 1 .3 5
3 5 6 .5 38.8 43.9 —
4 5 2 .5 39.8 46.7 —

A-3 86,000 1 1 5 .4 4 2 .1 4 7.3 0 .70
2 33.2 39.7 44.8 1 .4 4
3 4 1.6 40.4 4 3 .7 1.9 3
4 50 .2 38.8 4 5 .5 2.80
5 59.2 3 9 .1 4 5.3 3.08
6 67.0 3 7 .5 4 5.3 4 .10
7 66.5 38.3 46.8 4 .5 5
8 6 7 .3 3 7 .5 48.8 5.02

A-8 239,000 1 6.9 4 3 .1 4 6 .5 0.37
2 17 .1 42.9 42.0 1 .3 7
3 19 .6 37 .8 4 5.6 1 .86
4 2 7 .2 38.8 4 3.2 2.44
5 3 7 .7 39.8 4 3.2 2 .5 1

6 39.2 3 7 .5 46.6 3.22

7 4 7.6 3 9 .7 4 4.2 —

»Spinning conditions: v iscosity  of spinning solution, 1000 poises a t  0 °C .; linear 
velocity  of extrusion of spinning solution through the nozzle, 7.5 m ./m in. (shrinkage 
of gel in coagulating process was 33 .3% ; nitric acid concentration in coagulating bath, 
32. w t.-% ; tem perature of coagulating bath , 0 °C .; tem perature of hot-stretching bath, 

100°C.
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i

CRYSTALLITE ORIENTATION FACTOR (%)

Fig. 20. Relationship betw een dry tensile strength and crystallite  orientation factor for 
various sam ples: ( # ) A - 1 ;  ( 0 ) A - 3 ;  ( A )  A-8.

was mainly derived from the chain length of polymer molecules, and it is 
probable that the shorter the molecular chain, the smaller the ratio of end- 
to-end distance of stretched polymer chain to that of a coiled polymer chain 
will become. Now supposing that maximum hot draw ratio depends on the 
chain length of the polymer molecules, then orientation of the polymer 
chain at constant draw ratio must be increased in inverse proportion to the 
length of the molecular chain. This conclusion is supported by the results 
in Table VI. Tensile strengths are plotted in Figure 20 at different crystal
lite orientation factors, measured by x-ray, on the polymers with molecular 
weights of 30,000, 86,000, and 239,000. A fiber of higher molecular weight 
has a higher tensile strength than a fiber of lower molecular weight having 
the same degree of crystallite orientation. This result suggests the possi
bility of getting a fiber of higher strength by improving the molecular 
orientation or increasing the molecular weight of the polymer.

A noteworthy phenomenon here is this: the tensile strength of sample 
A-3 increased despite the unchanged degree of orientation of crystallites 
when the stretch ratio was greater than six, which is shown in Figure 20. 
Then, it is supposed that tensile strength is not only affected by crystallite 
orientation but by molecular orientation in the amorphous portion. When 
we take the information about orientation of polymer chains in the amor
phous region (obtained from dichroism measurements) into consideration, 
it is easily understood that the degree of molecular orientation in the amor
phous region becomes larger as crystallite orientation does in crystalline 
region. However, it was observed at the same time that hot-stretching 
beyond a certain ratio increased the degree of orientation of polymer chains 
in amorphous regions but not the orientation of crystallites. These results 
are to be discussed in another report, but it was confirmed that the results 
stated above on sample A-3 in Figure 20 is due to the fact that the degree of
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orientation of polymer chains in the amorphous region increases even after 
the orientation of crystallites stopped increasing.
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Résumé
Le but de cette étude a  été d ’obtenir des inform ations sur l ’effet des poids m oléculaires 

et leur distribution sur l ’étirem ent (tau x  d ’étirage m axim um ) des gels obtenus par ex
trusion de solutions concentrées de polyacrylonitrile  dans l ’acide nitrique à  70 %  et 
coagulation par une solution diluée d ’acide nitrique. Les fils coagulés ont été lavés et 
étirés dans l ’eau chaude (ou vapeur saturante). A vec le polyacrylonitrile  fractionné on 
a m ontré un m axim um  d ’étirem ent à  M  = 80.000. Au-dessous de cette valeur, l ’étire
m ent décroit avec une dim inution de poids m oléculaire; au-dessus, elle dim inue avec une 
augm entation de poids moléculaire et tend vers une certaine valeur. A ve c  des polym ères 
polydispersés, des courbes de distribution d ’étirem ent obtenus en rem plaçant le poids 
moléculaire par l ’étirem ent correspondant, one été examinées. On a trouvé que l ’étire
m ent m axim um  d ’un polym ère polydispersé représente la m oyenne en poids de celles des 
espèces des polym ères constituant. L ’effet du poids m oléculaire sur les propriétés 
mécaniques des fibres et leur structure fine a été étudié à  l ’ aide de rayons-X .

Zusammenfassung
D as Ziel dieser U ntersuchung w ar die Bestim m ung des Einflusses des M olekular

gewichts und seiner V erteilung auf die B erstreckbarkeit von Gelen, die durch A us
pressen einer konzentrierten Lösung von Polyacryln itril in 70 % -ger Salpetersäure in ein 
F ällbad von verdünnter Salpetersäure erhalten wurden. D ie koagulierten Fäden 
wurden gewaschen und dann in heissem W asser (oder N assdam pf) verstreckt. B ei 
fraktioniertem  P o lyacry ln itril wurde unter diesen Bedingungen ein M axim um  in der 
Verstreckbarkeit bei M  =  80.000 gefunden. U nterhalb dieses W ertes wurde die 
V erstreckbarkeit m it abnehm enden M olekulargew icht kleiner; oberhalb desselben 
strebte sie m it steigendem  M olekulargew icht einem bestim m ten W erte zu. An p oly
dispersen Polym eren wurden Verstreckbarkeitsverteilungskurven, die aus den M ole
kulargew ichtsverteilungskurven durch E rsatz des M olekulargew ichts durch die ent
sprechende V erstreckbarkeit erhalten wurden, studiert. E s wurde festgestellt, dass die 
m axim ale Verstreckbarkeit durch den G ew ichtsm ittelw ert der K om ponenten gegeben ist. 
D er Einfluss des M olekulargew ichtes auf die mechanischen Eigenschaften der Fasern 
und ihre Feinstruktur wurde röntgenographisch untersucht.

Received November 5,1962
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Diffusion and Sorption of Vapors in 
Ethylene-Propylene Copolymers.

I. Equilibrium Sorption*

H. K . FRENSDORFF, Elastomer Chemicals Department, E. I. du Pont 
de Nemours & Co., Inc., Wilmington, Delaware

Synopsis

Equilibrium  sorption of cyclohexane, n-hexane, carbon tetrachloride, ra-pentane, ben
zene, trichlorotrifluoroethane, and m ethylene chloride in ethylene-propylene copoly
mers at 10°, 23°, and 40°C. has been measured. These penetrants range from  m ost sol
uble to least, in the order given. T he propylene content of the copolym er has v ery  little  
effect on equilibrium  sorption, and the heats of dilution are sm all. T h e concentration 
dependence of the results is discussed in term s of the Flory-H uggins equation. C o rre la 
tion between sorption and solubility param eter is considered.

Introduction

Investigations of the equilibria between organic vapors and rubbery 
polymers have been confined to a limited number of systems. Among the 
more comprehensive studies of this kind are those of Prager et al.1 on the 
sorption of aliphatic hydrocarbons in polyisobutylene, those of Gee et al.2 
on the benzene-natural rubber equilibrium, and those of Tager and co
workers3 on the equilibrium between benzene and butadiene-styrene as 
well as butadiene-acrylonitrile copolymers. The recent development of 
ethylene-propylene copolymers has made available a new series of non
crystalline rubbery polymers whose sorption properties are of interest. The 
present paper is concerned with equilibrium sorption measurements of 
these copolymers, while the second paper of this series will treat of their 
diffusion properties.

The equilibrium between polymer and solvent vapor is customarily 
expressed in terms of the Flory-Huggins equation:4

In ai/vi =  v2 +  xiw* (1)

where ax is the activity of the solvent vapor, Vi the volume fraction of 
solvent, y2 =  1 — v\ the volume fraction of polymer, and xi the polym er- 
solvent interaction parameter, which is related to the heat of mixing for the 
system. For some systems the parameter xi is essentially constant over 
the entire composition range, e.g. rubber-benzene2 and polyisobutylene-

* C ontribution  N o. 120 from the Elastom er C hem icals D epartm ent.
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aliphatic hydrocarbons;1 for others it may rise or fall with increasing sol
vent content.4 For low solvent concentrations eq. 1 can be approximated 
by neglecting the Vi2 term :

In ai/vi =  Ci — C2vi (2)

if Ci =  1 +  xi and C2 =  1 +  2Xi (3)

The parameter xi is low, usually below 0.5, for liquids in which the poly
mer is soluble, and high for liquids which do not dissolve the polymer.4 A 
quantitative relation has been given by Scott and Magat :5

X! =  Xis +  K [V i(«i -  hY]/RT  (4)

where xis> the reciprocal of the coordination number, is usually taken to 
be about 0.25, Vi is the molar volume of the liquid solvent, <5i and 52 are the 
solubility parameters6 of the solvent and the polymer respectively, R and 
T have their usual significance, and K  is an empirical constant relating to 
the polarity of the components.

The interaction parameter xi can also be determined from swelling 
measurements on crosslinked elastomers, the results being in fair agreement 
with those on vapor sorption.4 Such measurements have been reported, 
for instance) by Scott and Magat,6 who applied eq. (4) to their results and 
found the constant K  to be unity for natural rubber and polychloroprene, 
and between 2 and 3 for the more polar Buna N. Shvarts,7 in a very 
extensive study of the swelling of crosslinked rubbers, employed a graphical 
method of determining K  and 52. He found it necessary to employ several 
values of K  for each elastomer examined, each value applying to a different 
group of solvents. For example, the results observed with natural rubber 
and 115 different solvents required five separate values of K . Obviously, 
the predictive capacity of eq. (4) is considerably impaired by these findings.

Experimental

The gravimetric sorption-diffusion apparatus was based on that of 
Prager and Long.8 It employed a quartz helix balance, the extension of 
which was read with a Gaertner microscope-slide cathe tome ter. The 
entire apparatus was kept in a constant-temperature room (± 1 °C .) , while 
the part of the sorption tube containing the polymer sample was surrounded 
by a water bath controlled to better than 0.05°C. Pressures were measured 
by means of a Wallace and Tiernan Model FA-135 precision mercurial 
manometer. A Welch Duo-Seal pump, Model 1402 VE, which reduced 
the pressure of inert gas in the system to below 10~3 mm. Hg, was used.

The ethylene-propylene copolymer samples were prepared in perchloro- 
ethylene with a vanadium oxychloride-triisobutyl aluminum catalyst. 
They were essentially noncrystalline, high molecular weight (viscosity- 
average M W  above 100,000), rubbery polymers. An infrared method 
based on the 8.7 ¡i absorption band was used for determining the propylene 
content of the samples. It was calibrated by means of samples made with



E T H Y L E N E - P R O P Y L E N E  C O P O L Y M E R S .  I 335

Fig. 1. T yp ica l sorption results plotted according to eq. (2): (O) ascending pressure;
( • )  descending pressure.

ethylene-C14, of which the ethylene content had been determined by radio 
assay. The propylene content was in every instance expressed in mole 
per cent. The films for sorption measurements were hot-pressed between 
aluminum plates to a thickness of 0.07-0.12 mm. A typical sample size 
was 15 by 30 mm., which corresponds to a weight of 30-40 mg. The sam
ples were suspended from the quartz springs by means of 40-gauge copper 
wire.

The solvents used were of the best grade available, usually analytical 
reagent grade. Except for benzene, which was purified twice by partial 
freezing, they were used as received but stored over a desiccant. The 
measured vapor pressures of the solvents were within 1% of the literature 
values.

The sorption measurements were carried out by incremental addition 
and subtraction of solvent vapor from a small bulb in which the carefully 
degassed liquid was stored. Equilibrium was assumed to have been at
tained when the sample weight changed by less than 0.003 mg. in 10 min. 
T his required from 15 min. to more than 1 hr., depending on sample thick
ness, temperature, vapor pressure, and solvent.

The volume fraction of solvent at equilibrium was calculated on the 
assumption that sorption is accompanied by negligible change in total 
volume. This is the commonly accepted procedure, and Gee2 has shown 
by direct measurements that the volume change on mixing for natural
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V O L U M E  F R A C T I O N  O F  S O L V E N T ,  v ,

Fig. 2. Interaction param eter xi for sorption of vapors in 51 m ole-%  propylene
copolym er a t 23°C .

rubber-benzene is indeed negligible. The vapor activity a\ was taken to 
be the ratio of the measured pressure to the vapor pressure of the pure 
solvent at the temperature of the measurement, since nonideality correc
tions are very small for the low pressures employed. Because of the very 
high sensitivity of the quartz helix balance, the uncertainty of the volume 
fraction of solvent was very small (0.1% or less). Consequently, the 
pressure measurement constituted the major source of error. This was 
particularly so at the lowest pressures, where the uncertainty in the meas
ured pressure (estimated at 0.1-0.2 mm. Hg) represented as much as 1-3%  
of the total, corresponding to an error of 0.01-0.03 in In a\. X o doubt 
this accounts for the scatter seen in Figures 1 and 2 at the lowest volume 
fractions of solvent.

Results and Discussion

Plots of the sorption results according to eq. (2) were quite close to linear 
for the range of vapor pressures covered, namely up to Oi =  0.75 at 10 and 
23°C. and up to ai =  0.45 at 40°C. Two typical plots are shown in Figure
1. Accordingly, the results in Table I are given in terms of the constants 
Ci and C2 of eq. (2). This equation may be regarded as an empirical one 
when the conditions represented by eq. (3) are not met.
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T A B L E  I
Sorption in 5 1-M o le-%  Propylene Copolym er 

[Expressed in term s of the constants in eq. (2)]

10°C. 23 °C. 40°C.

C i  c . ( \  e 2 C i  c 2

C yclohexane 1 .1 7 1.3
/¿-Hexane 1 .25 1 .5 1 .2 5 1 .4 1 .2 7 2.0
Carbon tetrachloride 1.29 1 .4 1 .29 1 .5 1 .2 7 1 .8
/¡-Pentane 1.3 6 1 .6
Benzene 1.68 2 .1 1.66 2 .3 1.60 2 .6
1 ,1 ,2-Tri chloro- ], 2,2-tri fluoro-

ethane 1.83 2 .7 1.79 2 .7 1 .7 3 3 .0
M ethylene chloride 2.30 4 .8 2.23 4 .6 2 .12 5 .1

The interaction parameter xi of the Flory-Huggins equation can be 
derived either from the original data or from the constants in Table I by 
means of the equation

xi =  [Ci -  o (C 2 +  1 )]/(1  -  2»0 -  1 (o)

where, as in eq. (2), the iq2 term has been neglected. The dependence of 
Xi on Vi at 23°C. is illustrated by the plots of Figure 2. It falls with in
creasing vi for the poorer solvents but is independent of concentration for 
the better ones. Table I summarizes all the measurements. The value 
of xi is independent of ¡q if (C2 — 1) is approximately equal to 2(C'i — 1), 
when, according to eq. (5), xi reduces to Ci — 1. Thus the better solvents 
have a constant value of xi at 10 and 23°C., but even for these xi decreases 
somewhat with rising solvent content at 40°C., where

C2 -  1 >  2 (Ci -  1) (6)

As mentioned in the Introduction, cases of both constant and varying xi 
have been reported previously.14 The instances of nonconstant xi indicate 
that the assumptions made in the derivation of the Flory-Huggins equation 
are not completely adequate for these cases.

The constants in Table I show comparatively little change with temper
ature for the interval covered. This is a consequence of the low heat of 
dilution commonly observed in systems of this type.2’4 The heat of dilu
tion, defined as the change in heat content on transferring one mole of 
solvent from the pure liquid to an infinite quantity of polymer-solvent 
mixture of the specified composition, is given by4

AIli =  - R T 2(8 In a.i/5T)P,Vl (7)

which, on combination with eq. (2), gives

A Hi =  - R T 2[5Ci/5T -  Vi{8C2/8T)] (8)

Because of the small temperature effect, the heats of dilution cannot be 
determined with very great accuracy, but approximate values, determined
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X, -0.18

Fig. 3. Correlation between interaction param eter and solubility param eter plotted
according to eq. (9).

which were calculated from its published properties.11 The values of xi 
were those of Figure 2, while xis was taken to be 0.18 rather than the more 
usual value of 0.2-0.25, in order to accommodate the low xi observed for 
cyclohexane (0.18).

Four of the seven points in Figure 3 lie on a pretty good straight line. 
Not enough different solvents were examined to decide whether it was 
possible to represent all the data by means of several straight lines with the 
same intercept, the rather arbitrary procedure used by Shvarts. All that 
can be said is that there is qualitative agreement with eq. (4), i.e., that in 
general, solvents with solubility parameters closer to that of the polymer 
are sorbed more strongly, which is really the only conclusion which can 
be drawn from the extensive data of Shvarts. The intercept of the line 
in Figure 3 indicates that the solubility parameter of the 51 m ole-% co
polymer is 8.1, in reasonable agreement with the estimate of 7.8 (Table
III). The slope, on the other hand, corresponds to a value of K  =  2.7, to 
be compared, for instance, with values of 2.1-2.7 used by Scott and Magat5 
for Buna N and 0.4-4.1 derived from the data of Shvarts7 for natural 
rubber.
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Résumé

On a mesuré l ’équilibre d'absorption du cyclohexane, de l ’hexane-re, du benzène, du 
trichlorotrifluoroéthane et du chlorure de m éthylène dans des copolym ères éthylèn e- 
propylène à 10°, 23° et 40°C. Ces agents de pénétration deviennent, su ivan t l ’ordre 
établi ci-dessus, de moins en moins solubles dans le copolym ère. L a  quantité de propy- 
lène dans le copolym ère a un très p e tit effet sur l ’équilibre d 'absorption et les chaleurs 
de dilution sont faibles. L a  dépendance de la concentration sur les résultats est discutée 
en se basant sur l ’équation de F lory-H uggins. On a aussi considéré la corrélation entre 
l ’absorption et le param ètre de solubilité.

Zusammenfassung

D ie Gleichgew ichtssorption von C yclohexan, w-Hexan, Tetrachlorkohlenstoff, n -  

Pentan, Benzol, T richlortrifluoräthan und M ethylenchlorid in Ä th ylen -P rop ylen cop oly
meren wurde bei 10°, 23° und 40°C gemessen. Diese Stoffe werden in der angegebenen 
Reihenfolge in zunehm endem  M ass weniger im Copolym eren löslich. D er P rop yl
engehalt des Copolym eren h at auf die Gleichgew ichtssorption wenig Einfluss und die 
Verdünnungswärm en sind klein. D ie Ergebnisse werden in bezug auf die K onzen tra
tionsabhängigkeit auf Grundlage der Flory-H uggins-G leichung diskutiert. Eine 
K orrelation  zwischen Sorptions- und Löslichkeitsparam etern wird erörtert.

Received September 10, 1962
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Diffusion and Sorption of Vapors in 
Ethylene-Propylene Copolymers. II. Diffusion*

H. K. FRENSDORFF, Elastomer Chemicals Department, E. I. du Pont de 
Nemours & Co., Inc., Wilmington, Delaware

Synopsis

T he diffusion rates of m ethylene chloride, benzene, n-pentane, n-hexane, and cyclohex
ane in a copolym er of 51 m ole-%  propylene and 49%  ethylene a t 23°C. and penetrant 
concentrations of up to  10 v o l.-%  have been measured, as have the rates of benzene 
diffusion in copolym ers containing 3 1-10 0 %  propylene units a t 10, 23, and 40°C. 
Integral diffusion coefficients were calculated from the initial diffusion rates; differential 
diffusion coefficients from the final rates. Com parison ot the tw o types of diffusion co
efficients leads to  the conclusion th at their concentration dependence flattens out at the 
very  lowest penetrant concentrations. T he diffusion coefficients fall and the activation  
energies rise as the propylene content of the copolym ers increases. D iffusion in low- 
propylene copolym ers occurs at rates com parable to  those in natural rubber, while the 
rates in atactic polypropylene are slower b y  about an order of 1 m agnitude. E ven  so, the 
latter are about 10 tim es faster than in polyisobutylene.

Introduction

The previous paper of this series1 dealt with the sorption of vapors in 
ethylene-propylene copolymers, while the present one is concerned with 
their diffusion properties. Diffusion of gases and vapors in polymers has 
been studied extensively, a comprehensive review having been made by 
Barrer.2 Whereas the diffusion coefficients for permanent gases in poly
mers are essentially concentration-independent, largely because of the low 
solubility of gases, those for vapors and liquids have been found to vary 
strongly with concentration. Moreover, diffusion coefficients for vapors 
in polymers below their glass-transition temperatures are often time-depend
ent as well as concentration-dependent.2 Consequently, the results of 
diffusion measurements on polymers above their glass-transition tempera
ture, which do not ordinarily show this non-Fickian behavior, provide more 
easily interpreted information.

Of the polymers which are elastomeric, i.e., above their glass-transition 
temperature, at room temperature, only natural rubber and polyisobu
tylene have been subjected to extensive vapor diffusion measurements, the 
former by Flayes and Park,3 Aitken and Barrer,4 and Barrer and Fergus- 
son,6 the latter by Prager and Long,6 Blyholder and Prager,7 and Pollard.8 
Thus, the present study of another room-temperature elastomer appeared

* Contribution N o. 122 from the Elastom er Chem icals D epartm ent.
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worthwhile. Among the diffusion studies of polymers which become rub
bery somewhat above room temperature are those made by Kokes et al.6 on 
polyvinyl acetate, Barrer et al.10 and Vanderkooi et al.11 on ethyl cellu
lose, and Zhurkov and Ryskin12 on various vinyl polymers.

There are two basic methods of measuring diffusion coefficients: the 
time-lag method, in which steady-state diffusion is measured manometri- 
cally, and the sorption-desorption method, which is based on gravimetric 
measurements of the rate of approach to equilibrium. The former is 
particularly suitable for measurements of the diffusion of permanent gases, 
as in the extensive measurements of van Amerongen,18 but has also been 
used with the vapors of low-boiling liquids by Barrer and co-workers.4,5'10 
The following discussion is confined to the sorption-desorption method, 
which is especially appropriate to measurements of vapor diffusion.

The mathematics of diffusion and the methods of treating diffusion data 
have been thoroughly discussed by Crank.14 For systems in which the 
diffusion coefficient is a function of penetrant concentration, this involves 
the solution of Tick’s equation

SC/8t =  8/8x [D(C)8(C/8x) ] (1)

for the appropriate boundary conditions and concentration dependence. 
In eq. (1), C represents penetrant concentration, l time, x distance along 
the direction of diffusion, and D (C ) the differential diffusion coefficient. 
In some cases the concentration dependence of the diffusion coefficient has 
been repox’ted to be linear,3

D(C) =  D(0)(1 +  AC) (2)

and in others it was observed to have an exponential form,6,8

D(C) =  D(0) exp {S C } (3)

Analysis of diffusion results is not straightforward because eq. (1) in combi
nation with either eq. (2) or (3) cannot be solved explicitly for the boundary 
conditions involved in the usual gravimetric diffusion experiment, which 
consists of measuring the weight gain or loss with time of a thin polymer 
film, initially at uniform penetrant concentration, after a sudden change of 
solvent vapor pressure.

The two methods which have been used to analyze the data for systems 
with variable diffusion coefficients circumvent the intractability of the 
above equations by focussing attention on either the early stages or the 
final stages of the diffusion process, where limiting conditions make mathe
matical analysis simpler.

During the early stages of a diffusion experiment the concentration at the 
center of the film is nearly constant with time and distance. This situation 
approximates the case of initial diffusion into a semi-infinite medium, where 
the quantity of penetrant taken up is given b y14

M t/ M „  = 4 ( D t / a 2 7r)Va (4)
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Here M t is the total quantity of penetrant which has entered (or left) the 
film in time t, M „  is the corresponding quantity after infinite time, a is the 
film thickness, and D  the integral diffusion coefficient, which represents 
some kind of average diffusion coefficient for the penetrant concentration 
range involved. Accordingly, the first method of analyzing diffusion data 
consists of plotting M t against the square root of time and deriving the 
integral diffusion coefficient from the slope of the initial linear portion of 
the plot according to eq. (4).

Crank14 has discussed in detail the relationship between the differential 
and integral diffusion coefficients. For sorption runs (initial penetrant 
concentration zero) or desorption runs (final concentration zero) he gives 
the approximate relation

D  «  1/Co / 0C" D(C)  dC, (5)
where C0 is the equilibrium penetrant concentration. This equation is a 
better approximation, as Crank has shown, if D  is taken to be the mean of 
the integral diffusion coefficient obtained from a sorption run (D B) and a de
sorption run (Dd) at the same equilibrium pressures. This is the proce
dure commonly adopted by the workers using this first method.3’6'3,9

The second method of analyzing gravimetric diffusion data is based on 
the fact that the penetrant concentration, and hence the diffusion coeffi
cient, is nearly uniform throughout the film during the late stages of the 
diffusion experiment, when equilibrium has almost been reached. For 
this condition, i.e., constant diffusion coefficient, eq. (1) can be solved ex
plicitly,14 the relevant equation for long times being

[d In (Mo» -  M t)]/dt =  tr2D (C )/a 2 (6)

Accordingly, the second method of analyzing the data, which has been 
used by Zhurkov and Ryskin,12 consists of plotting In (M „ — Mi) against 
time and computing the differential diffusion coefficient from the slope of 
the final linear portion of the plot according to eq. (6). During a sorption 
run the final uniform penetrant concentration approaches Co; during a de
sorption run it approaches zero. Hence this treatment applied to sorption 
runs gives D(C0), while desorption runs yield D (0 ).

The advantage of the first method over the second is that the former 
employs the early measurements, which are known with greater precision 
than the late ones. Its disadvantage is that integral rather than differen
tial diffusion coefficients are obtained and that D(0) must be obtained by 
extrapolation. Since the usual experimental measurements provide the 
data for application of either method and their results complement each 
other, it was decided to apply both of them in the present work.

During the diffusion process the polymer swells. This change in di
mensions is equivalent to the occurrence of mass flow in addition to mo
lecular diffusion. Diffusion coefficients which have been corrected for mass 
flow are termed intrinsic diffusion coefficients and are given by3

£) =  D /(  1 — Vi)3
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where ih is the volume fraction of penetrant. Since the penetrant concen
trations were small in the present work, this correction would not affect the 
conclusions drawn and, consequently, has not been made.

Experimental

The gravimetric sorption-diffusion apparatus, like that of Prager and 
Long6 based on a quartz helix balance, is described in the first paper of 
this series.1 The ethylene-propylene copolymer samples were prepai'ed 
and analyzed as described previously.1 The sample of “ atactic”  polypro
pylene was prepared by extracting with boiling n-heptane a sample of 
polypropylene made with a titanium trichloride-triisobutyl aluminum 
catalyst, and then drying and re-extracting the soluble fraction (53%) with 
boiling ethyl ether. The ether-soluble fraction, about 27% of the initial 
material, was used for the diffusion measurements. It showed a slight 
amount of crystallinity, estimated to be of the order of 10% by its density 
and its infrared absorption at 10.0 ¡x.

Films for diffusion runs were prepared by solvent-casting on mercury. 
It was found that they shrank considerably on initial exposure to solvent 
vapors, their area decreasing by about 15%, owing apparently to the relief 
of strains introduced during casting. Consequently, the films were pre
exposed for several hours to a vapor pi’essure well above that to be used for 
the diffusion runs. After this, the area was remeasured, and the thickness 
was calculated from the area and the density of the polymer. A single 
film was used for a number of runs, but its thickness, redetermined oc
casionally, increased only little after the initial conditioning. Film thick
nesses of 0.1-0.4 mm. and sample weights of 60-150 mg. were used. The 
quartz helix had a sensitivity of about 0.75 mg./m m ., and its length was 
read to within 0.002 mm.

Sorption runs were started by sudden admission of the desired 
vapor pressure from the main manifold to the sample space, which 
had previously been pumped out thoroughly. Then time versus spring 
length measurements were taken until equilibrium was reached, which was 
assumed to have occurred when the rate of weight change had decreased to 
0.002 m g./lO  min. or less. The sample thickness was chosen such that 
equilibrium was attained in 40-120 min. Like that of Prager and Long,6 
the present apparatus included a large buffer volume (5 1.) so that the pres
sure of the vapor in the manifold would not change appreciably as sorption 
in the sample took place.

A  desorption run was started, immediately after sorption equilibrium 
had been reached, by shutting the stopcock between the main manifold and 
the sample space, condensing the vapor in the former by means of a liquid- 
nitrogen trap, quickly reopening the stopcock, and then recommencing 
time versus spring length readings. Attainment of desorption equilibrium 
usually took one and one-half to two times as long as establishment of 
sorption equilibrium.

Data from a typical run, plotted according to eqs. (4) and (6) are shown
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Pig. 1. T y p ica l p lot according to  eq. (4): re-pentane (equilibrium  volum e fraction 
0.0411) in 5 1 %  propylene copolym er a t 23°C . Sam ple: volum e 94.85 m m .3, thickness 
0.163 mm ., penetrant sorbed a t equilibrium  4.061 m m .3, pressure 71.5  mm. H g, spring 
sensitivity  0.7384m g./m m . Sorption: slope 0.150 m m ./sec.1'2, D „  10.0 X  10 _s cm .2/sec. 
D esorption: slope 0.123 m m ./sec.1'2, D d 6.7 X  10-8 cm .2/sec.

in Figures 1 and 2, respectively. The failure of the sorption line in Figure 
1 to go through the zero-time reading, which was observed in most runs, is 
probably caused partly by timing error and partly by a slight delay in es
tablishing the equilibrium solvent concentration at the surfaces of the sam
ple. Since this delay was small, amounting to 1 or 2 sec. for sorption and 
even less for desorption, its effect on the results was considered negligible. 
As Figures 1 and 2 show, the precision of the data is quite adequate. In 
some cases there was a little more scatter at the long-time end of the semi
log plots like Figure 2, owing to the greater relative error of the points near 
equilibrium. However, adequate lines could always be drawn by focussing 
attention on the points for intermediate times.

The diffusion coefficients obtained from the two types of runs by the two 
methods of analysis are defined as follows. Integral diffusion coefficients 
for sorption and desorption, respectively, designated D s and D d, were ob
tained by application of eq. (4) to the initial slopes of plots like Figure 1. 
The mean integral diffusion coefficient is defined as

D =  V *(5d +  D.) (7)

The differential diffusion coefficients obtained by application of eq. (6) to 
the final slopes of semilog plots like Figure 2 are designated D(C0) for sorp
tion runs and D {0) for desorption runs. The various diffusion coefficients



346 H .  K .  F R E N S D O R F F

Fig. 2. T y p ica l p lot according to eq. (6): data from  same run as F igure 1; h ,  =  

cathetom eter reading a t  tim e t ; h« — =  3.42 mm. D esorption plot offset 200 sec. to
right. Sorption: slope 4.05 X  10-3 sec .-1 , D(C*o) 10.9 X  10 -8 cm .2/sec. D esorption: 
slope 2 .11 X  10 -3 sec .-1 , D(0) 5.7 X  10-s cm .2/sec.

divided by the mean observed D (0) are designated relative diffusion coef
ficients.

Diffusion coefficients obtained with sample films of different thicknesses 
agreed satisfactorily. This is illustrated by the results for n-pentane in 
Figure 4, which shows the points obtained in four runs with a film 0.0307 
cm. thick and in six runs with another of 0.0169 cm. thickness. This agree
ment is taken as evidence that diffusion in these systems is Fickian.

Results and Discussion

Concentration Dependence of the Diffusion Coefficients

Figures 3, 4, and 5 illustrate the concentration dependence of the dif
fusion coefficients for the five penetrants studied. In order to make them 
comparable, all the diffusion coefficients are expressed in terms of the dif
fusion coefficient for zero penetrant concentration, D (0).

All five different diffusion coefficients, obtained as discussed above, are 
shown for methylene chloride in Figure 3. Qualitatively, the relations are as 
expected: D (0) is independent of concentration while D d, D, D e, and D(C0) 
are increasingly concentration-dependent. The points all lie on fairly 
straight lines, suggesting the linear concentration dependence of eq. (2)
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as observed, for instance, by Hayes and Park3 or Aitken and Barrer.4 How
ever, as the latter authors have pointed out, eqs. (2) and (3) become equiv
alent for very low concentrations, and indeed the data in Figure 3, as those 
in Figures 4 and 5, give fairly straight lines when plotted semilogarithmi-

0 0 .02  0 .04  0 .0 6  0 .0 8  0.10
C 0 (V O L U M E FRACTION OF PENETRAN T)

Fig. 3. Concentration dependence of diffusion coefficients for m ethylene chloride in 5 1 %  
propylene copolym er a t 23°C.

0  0.05  0.1 0  0 .05  0.1 0  0.05  0.1

C 0 (VOLU M E FRACTION OF P EN ET R A N T )

F ig. 4, C oncentration  dependence of diffusion coefficients for jj-pentane, n-hexane, 
and cyclohexane in 5 1 %  propylene copolym er a t 23°C .
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C 0 ( V O L U M E  FR A C T IO N  P E N E T R A N T )

Fig. 5. Concentration dependence of integral diffusion coefficients D  for benzene in 
various copolym ers a t 23°C . Num bers on curves are propylene contents of copolym ers 
in mole per cent.

cally, although the fit is not quite as good as on a linear scale. Hence, there 
is no real disagreement with the exponential concentration dependence of 
eq. (3) as reported, for instance, by Prager and Long6 as well as by Pollard.8

Regardless of the functional form of the concentration dependence, all 
the diffusion coefficients must become identical; i.e., the relative diffusion 
coefficients must approach unity, at zero penetrant concentration. As is 
apparent from the data in Figures 3-5, linear or semi logarithmic extrapo
lation to zero concentration of the integral diffusion coefficients and of 
D(Co) leads to values lower than D (0). Moreover, the four diffusion co
efficients generally extrapolate to different values at zero concentration.

This discrepancy can be resolved by assuming that the linear con
centration dependence of the diffusion coefficients does not persist to the 
very lowest concentrations but that it flattens out, and the plots have been 
drawn accordingly. A similar observation has been made by Zhurkov and 
Ryskin,12 who noted a flattening out of D(Ca) for the diffusion of methanol 
in polyvinyl acetate at a concentration of about 0.5%. However, most
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other workers2-10 have assumed the linear, or exponential, relationship be
tween D  and concentration to hold down to zero concentration and, indeed, 
have used it for obtaining D (0) by extrapolation. In the present work 
D(0) is obtained directly by the use of the final desorption rate, as discussed 
in the Introduction. The validity of this method needs to be demonstrated 
in order to show that the nonlinearity at the lowest concentrations is real.

Support for the present method is furnished by the fact that the meas
ured values of D (0) were always concentration-independent, as demon
strated by the data in Figures 3 and 4. Further supporting evidence can 
be adduced by calculating the expected desorption curves from eq. 1 in 
combination with an appropriate concentration dependence, as is done in 
the Appendix, where it is shown that semilogarithmic plots of the final de
sorption rates are linear over a wide enough range and that their slopes in
deed correspond to D (0).

Accordingly, it is concluded that the directly measured D {0) values are 
valid, that the concentration dependence of the diffusion coefficients 
does flatten out at the lowest concentrations, and that linear or exponential 
extrapolation of D  gives values of D (0) which are too low, by 10% or more, 
for ethylene-propylene copolymers. The published data do not exclude 
the possibility that a similar situation exists for the other rubbery polymers, 
because the curvature comes in at very low penetrant concentrations, say 
below 0.02 volume fraction, where measurements of the integral diffusion 
coefficient are difficult, imprecise, and hence rarely attempted.

The slopes of plots of D(C0) versus concentration should be twice those 
for D, to the approximation of eq. (5). This was found to be approxi
mately so, as illustrated in Figures 3 and 4.

Various theories have been suggested to explain the concentration de
pendence of the diffusion coefficients. Prager and Long6 mention both 
the “ loosening”  of the polymer structure by the penetrant molecules and 
the greater ease of hole formation because the polymer-penetrant interac
tions are weaker than those between polymer and polymer. Aitken and 
Barrer4 invoke the zone theory of diffusion. However, as Barrer2 has 
pointed out, there is at present no satisfactory quantitative theory for this 
concentration dependence.

Effect of Penetrant Size and Shape

It is implicit in the hole theory of diffusion15 that the activation energy 
for diffusion should rise and the diffusion coefficient should fall as the size of 
the penetrant molecule increases. This prediction has been borne out by 
the measurements of diffusion in polymers. While quantitative relations 
can be best established in studies which embrace a fairly wide range of 
penetrant molecular sizes as, for instance, in the studies of gas diffusion by 
van Amerongen,13 Prager and Long6 have discussed the effects of chain 
length and branching in C3 to C6 hydrocarbons. The penetrants used in 
the present study represent only a relatively narrow range of penetrant 
molecular size. Hence only qualitative correlation is possible.
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T A B L E  I
D iffusion in 5 1 %  Propylene Copolym er at 23°C .

P enetrant

Slope 
of D / D ( 0)

Approxim ate m olecular: , , „ , v s "
__ — ___ ________________  D(0) X  10s, (volum e
D im ens., A . V ol., A .3 cm .2/sec. fractio n )-1

M ethylene
chloride

3.6; 4.5; 6.4 104 12 .9 16

Benzene 3.6; 6.3; 7.0 159 6 .1 12
«-Pentane 3.9; 4.4; 8.4 144 5 .9 23
n-H exane 3.9; 4.4; 9.8 168 4 .1 18
C yclohexane 4.7; 6.3; 7.0 195 2 .1 9

T A B L E  II
D iffusion of Benzene in E thylen e-P ro p ylen e Copolym ers

Propylene in 
copolym er, T a, 

m ole-%  °C .

D ( 0) X  10«, cm .2/sec., at:
E  ,

10 °C . 14 °C . 23°C . 40°C. kcal, /mole

31 - 6 4 4 .4 10 .5 27 10 .6
51 - 4 9 2 .0 6 .1 18 .8 1 3 .1
72 - 3 5 0 .67 2 .3 8 .9 15 .2

100 - 1 9 0 .2 7 0 .64 4 .3 19 .8

The molecular dimensions given in Table I were estimated by measuring 
Courtauld molecular models of the respective penetrants in three mutually 
perpendicular directions, the volume being that of the rectangular parallele
piped corresponding to the three dimensions. Crude though this method 
may be, it ought to give a fair relative ranking of the molecular sizes in 
question. The results in Table I show the molecular volumes to fall into 
three groups: methylene chloride has the smallest and cyclohexane the 
largest volume, while the three others are intermediate. The diffusion co
efficients fall into about the same groupings. The comparison between 
pentane and hexane shows that not only molecular cross section matters, 
which is the same for these two species, but that the length also affects the 
diffusion rate.

The concentration dependence, as indicated in the last column of Table 
I, is based on the slopes of the linear portions of the curves in Figures 3, 4, 
and 5. It is of the same order as that reported by Prager and Long6 for 
aliphatic hydrocarbons in polyisobutylene (14-26 in weight units). It is 
worthy of note that the slope is considerably lower for the two cyclic com
pounds than for the three noncyclic ones.

Effect of Copolymer Composition

The existence of ethylene-propylene copolymers, which have become 
available only in recent years, permits a study of the effect of methyl 
groups, more or less randomly distributed along an essentially linear carbon
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- 2 0  0  2 0  4 0  6 0  8 0  100

T E M P E R A T U R E  ( ° C )

Fig. 6. Tem perature dependence of diffusion coefficient for benzene in various copolym ers.
Num bers on curves are propylene contents of copolym ers in mole per cent.

backbone, on diffusion properties and, hence, on the mobility of the poly
mer chains.

Results for four different copolymers at three different temperatures are 
summarized in Table II and illustrated in Figures 5 and 6. Measurements 
on copolymers of very low propylene content, which are usually crystalline 
and hence not directly comparable to the others, were omitted. The re
sults show how rapidly the diffusion coefficients for benzene, and presum
ably also for other vapors, decrease as the propylene content goes up. The 
temperature dependence of the diffusion coefficient and, accordingly, the 
apparent activation energy E a rise as the coefficients themselves fall, in 
accordance with the standard picture of activated diffusion.16 The points 
of Figure 6 are on almost straight lines, although there is some indication of 
downward curvature indicative of decreasing activation energy with rising 
temperature, which has been reported by a number of workers.2 8'13 The 
temperature range of the present work is not wide enough to permit a defi
nite conclusion in this regard.

Both the decrease in diffusion coefficient and the increase in activation 
energy imply that methyl side groups reduce the flexibility of the polymer 
chains, i.e., their ability to get out of the way of the diffusing species. This 
decrease in chain flexibility is in accordance with the rise of the glass-transi
tion temperatures with increasing propylene content, as shown by the sof
tening temperatures Ts in Table II. which were determined by Garrett16 on
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the samples actually used for the diffusion measurements. They are the 
temperatures where the very rapid drop in modulus takes place and they 
approximate dilatometrically measured glass-transition temperatures. 
Agreement between the Ts values in Table II and dilatometric glass-transi
tion temperatures of ethylene-propylene copolymers reported by Manaresi 
and Gianella17 is very satisfactory.

As is apparent from the plots in Figure 5, the concentration dependence 
of the diffusion coefficients for benzene becomes markedly stronger as the 
propylene content of the copolymer rises. This is perhaps to be expected, 
because of the increase in activation energy with propylene content.

Comparison with Other Polymers

It is of interest to compare the present results with those on other poly
mers. According to the data of Hayes and Park3 for diffusion of benzene in 
natural rubber, D(0) is about 14 X  10~8 cm .2/sec. at 25°C. and E a is about 
11 kcal./mole at that temperature, although the latter decreases appreci
ably as the temperature is raised. It is apparent, therefore, that diffusion 
in the low-propylene copolymer is at just about the same rate as in natural 
rubber.

Comparisons with polyisobutylene are provided by the results of Pollard,8 
who gives a D(0) of 0.47 X  10 8 for benzene in polyisobutylene at 40°C., 
and Prager and Long,6 who obtained 0.26 X  10~8for »-pentane in the same 
polymer at 35°C. Thus diffusion in polyisobutylene is one order of mag
nitude slower than in atactic polypropylene, and two orders lower than in 
low-propylene copolymer.

It appears from these comparisons that the mobility of a polyethylene 
chain with not too many pendent methyl groups on it— say, one for every 
six main-chain carbons or less— is comparable to that of the natural rubber 
chain. While the latter has more methyl groups (one for every four main- 
chain carbons), its over-all mobility is enhanced by the presence of the 
double bonds. Polyisobutylene, on the other hand, has two pendent meth
yls on every second carbon, which apparently reduce the ease of rotation 
about the main-chain axis to a much greater extent than the single methyl 
groups on every second carbon in polypropylene. It might be interesting 
to make comparable measurements on a hydrocarbon polymer with a 
methyl group attached to every chain carbon, e.g., polyethylidene, if such a 
material were available and were noncrystalline.

Appendix
It has been shown in the Introduction that diffusion with concentration- 

dependent diffusion coefficient will approximate the case of concentration- 
independent diffusion coefficient as equilibrium is approached; i.e., the 
final portion of a plot of In (M „  — M t) versus time will be linear. It is the 
purpose of this Appendix to demonstrate that this linear portion is long 
enough to be used in practice and that its slope for desorption does corre
spond to D(0).



E T H Y L E N E - P R O P Y L E N E  C O P O L Y M E R S .  I I 353

D ( 0 )  t / L 2

Fig. 7. C alcu lated desorption curves for concentration-dependent diffusion coefficient.
Num bers on curves are A '  in eq. (A2).

Crank14 gives a very comprehensive discussion of numerical methods for 
solving the diffusion equation for variable diffusion coefficient and also 
shows the results of a number of such calculations. However, the exam
ples given by him are not detailed enough in the long-time region to demon
strate our point. Accordingly, it was decided to calculate some appropriate 
cases. For the present purpose, the linear dependence of D(C) on C was 
chosen, but the results would be similar for exponential dependence as 
long as D (C q) were not too high a multiple of D (0).

The diffusion equation in its nondimensional form14 is

SC'/ST =  8/dXD['(ôC'/ÔX)] (A l)
where concentration C  is in units of equilibrium concentration Co, the dis
tance X  in units of half-thickness a/2, the time T in units of 4Z)(0)/a2, and 
the diffusion coefficient D ' in units of the zero-concentration diffusion co
efficient -D(O). In these units the linear concentration dependence of the 
diffusion coefficient becomes

D' =  D (0/D ( 0) =  1 +  A 'C ( A 2 )
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Numerical solution of eq. (Al )  for various values of the parameter A ' 
was accomplished by means of Lees's Implicit Difference M ethod18 on an 
IB M  7070 computer. The boundary conditions were those for desorption:

C' =  1 at T =  0 for - 1  A  < 1

and C ' =  0 at T >  0 for X  =  ± 1  (A3)

The fraction of penetrant M  t remaining in the sheet at T was computed 
by

M t =  /o 1 C' dX  (A4)

The results of this calculation are given in Figure 7. It can be seen that 
the slopes of the linear portions are all identical with that of the concentra
tion-independent curve (.A ' =  0) and correspond to the theoretical value 
according to eq. (6), i.e., — 7r2/4 . For our measurements D(C0) was al
ways below 5Z)(0), corresponding to A ' =  4, and generally below 3Z>(0), 
corresponding to A ' =  2 (see Figs. 3-5). As is apparent from the curves of 
Figure 7, for these values of A ' the curves are linear up to 10% of the initial 
quantity of penetrant in the sheet. Thus, the linear portion is more than 
adequate for obtaining a slope from measured data. This is illustrated by 
Figure 2 for an actual case in which D (C0)/D(0) is about 2, corresponding 
to A ' =  1. Here the linear portion starts at about 25% of the initial sol
vent content, in reasonable agreement with the calculated curve for Figure 
7.

It is concluded, in the light of these calculated results, that correct values 
of D (0 ) and D(Co) are obtained from the semilogarithmic plots of the raw 
diffusion data. The method may not be usable with systems of extremely 
strong concentration dependence, and it requires rather precise data for the 
final approach to diffusion equilibrium.

T he num erical calculations were undertaken b y  M r. John A. Beutler, Jr., and M iss 
Noelle Allison of the du P o n t Engineering Research Laboratory. Their assistance is 
hereby gratefully  acknowledged.

References
1. Frensdorff, H . K ., J .  P o l y m e r  S e i . ,  A2, 333 (1964).
2. B arrer, R . M ., J .  P h y s .  C h e m . ,  6 1, 178 (1957).
3. H ayes, M . J., and G . S. Park, T r a n s .  F a r a d a y  S o c . ,  5 1 , 1134 (1955); i b i d . ,  52, 

949 (1956).
4. A itken, A ., and R . M . Barrer, T r a n s .  F a r a d a y  S o c . ,  5 1 ,1 1 6  (1955).
5. Barrer, R . M ., and R . R . Fergusson, T r a n s .  F a r a d a y  S o c . ,  54, 989 (1958).
6. Prager, S., and F . A . Long, J .  A m .  C h e m .  S o c . ,  73 , 4072 (1951).
7. B lyholder, G ., and S. Prager, J . P h y s .  C h e m . ,  64,702 (1960).
8. Pollard, E . G ., Thesis, Cornell U niversity, 1956.
9. K okes, R . J., F . A . Long, and J. L. H oard, J .  C h e m .  P h y s . ,  2 0 ,1 7 1 1  (1952).

10. Barrer, R . M ., J. A . Barrie, and J. Slater, J .  P o l y m e r  S e i . ,  27, 177 ( 1958).
11. Vanderkooi, W . N ., M . W . Long, and R . A. M ock, J .  P o l y m e r  S e i . ,  56, 57 (1962).
12. Zhurkov, S. N ., and G . Y a . R yskin , Z h .  T e k h n .  F i z . ,  24, 797 (1954); R yskin , G . 

Y a ., Z h .  T e k h n .  F i z . ,  25,458 (1955).



E T H Y L E N E - P R O P Y L E N E  C O P O L Y M E R S .  I I 355

13. van Am erongen, G . J., J .  A p p l .  P h y s . ,  17 , 972 (1946); J .  P o l y m e r  S e i . ,  5 , 3Ü7 
(1950).

14. C rank, J., T h e  M a t h e m a t i c s  o f  D i f f u s i o n ,  Oxford U niv., 1956.
15. G lasstone, S., K . J. Laidler, and H. E yring, T h e  T h e o r y  o f  R a t e  P r o c e s s e s ,  M cG raw - 

Hill, N ew  Y o rk , 1941.
16. G arrett, R . R ., in preparation.
17. M anaresi, P., and V . Gianella, J .  A p p l .  P o l y m e r  S e i . ,  4, 251 (1960).
18. Lees, M ., J .  S o c .  I n d .  A p p l .  M a t h . ,  7 ,1 6 7  (1959).

Résumé

On a mesuré les vitesses de diffusion du chlorure de m éthyle, du benzène, du ra-pentane, 
du ra-hexane et du cyclohexane dans un copolym ère de 5 1 %  en moles de propylène et 
4 9 %  d ’éthylène à 23° et les concentrations de diffusant allan t jusque 10 %  (volum e). 
D e même les vitesses de diffusion du benzène dans des copolym ères contenant 31 à  100%  
de propylène ont été  mesurées à 10°, 23° e t à 40°C . On a calculé les coefficients in
tégraux de diffusion à  partir des vitesses de diffusion initiales, et les coefficients différen
tiels de diffusion à partir des vitesses finales. L a  com paraison des deux types de co
efficients de diffusion mène à la conclusion que leur dépendance de la  concentration se 
résorbe aux plus faibles concentrations. Les coefficients de diffusion dim inuent e t les 
énergies d ’activation  augm entent quand le taux de propylène augm ente dans le co
polym ère. L a  diffusion dans les copolym ères, contenant peu de propylène, se fa it  à 
une vitesse com parable à celle dans le caoutchouc naturel; par contre, la  vitesse dans le 
polypropylène atactique est plus lente d ’environ un ordre de grandeur. Néanm oins elle 
est environ dix fois plus rapide que dans le polyisobutylène.

Zusammenfassung

D ie  D iffusionsgeschw indigkeit von  M ethylenchlorid, Benzol, n-Pentan, n-H exan und 
C yclohexan  in einem Propylen  (51 M o l% )-Ä th y le n  (49 M ol% )-C op olym eren  wurde bei 
23°C  und bei Konzentrationen des diffundierenden Stoffes bis hinauf zu 10 V o lu m %  
ebenso wie die G eschw indigkeit der Benzol-diffusion in Copolym eren m it 31 bis 100%  
Propylenbausteinen bei 10°, 23° und 40°C gemessen. A us der Anfangsdiffusions
geschw indigkeit wurden integrale Diffusionskoeffizienten berechnet, aus der E n d 
geschw indigkeit differentielle D iffusionskoeffizienten. E in  Vergleich der beiden T ypen  
von  Diffusionskoeffizienten führt zu dem Schluss, dass ihre Konzentrationsabhängigkeit bei 
den allerniedrigsten K onzentrationen abflacht. M it zunehm endem  Propylengehalt des 
Copolym eren fallen die Diffusionskoeffizienten ab und die A ktivierungsenergie nim m t 
zu. D ie G eschw indigkeit der D iffusion in Copolym eren m it niedrigem Propylengehalt 
ist derjenigen in N atu rkautschu k vergleichbar, während die G eschw indigkeit in a ta k 
tischem  P olypropylen  um  etw a eine Grössenordnung niedriger ist. D ie  letztere ist 
aber imm er noch lOmal rascher als in Polyisobutylen.

Received September 10, 1962
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Emulsion Polymerization of Vinyl Monomers by 
Transition Metal Compounds

R IC H A R D  S. B E R G E R  and E. A. YO U N G M AN , Shell Development 
Company, Emeryville Research Center, Emeryville, California

Synopsis

A  num ber of transition m etal ions and complexes of the typ e  which effect th e stereo
specific polym erization  of butadiene in aqueous emulsion catalyze the polym erization of 
other v in y l monomers as well. In contrast to  experience w ith  butadiene, the structure 
of a ll products was ty p ica l of free-radical propagation reactions. T h e catalysis w as 
som ewhat selective, a given transition m etal com pound being a ctive  for some mono
mers b u t not for others. A  m echanism  in volvin g coordinate complex form ation between 
cata lyst and monomer, generation of a free-radical in itiator b y  redox reaction w ithin 
the complex, and noncoordinated free-radical propagation is postulated. Copolym er
ization studies support such a m echanism ; copolym er com positions were alw ays typ ical 
of free-radical catalysis, even when th e cata lyst w as active in hom opolym erization of 
only one mem ber of the monomer pair. B utadiene polym erizations using m any of the 
same cata lysts clearly proceed b y  different, litt le  understood mechanisms. A ttem pted 
copolym erizations w ith  butadiene gave only polybutadiene; the comonomers had no 
effect on polym er m icrostructure b u t generally reduced polym erization rate.

INTRODUCTION

Important additions to the vast array of stereospecific polymerization 
systems have been made rather recently with the discoveries that good 
control over the steric course of certain poly additions could be obtained 
in water or other highly polar media. In simultaneous but independent 
communications Luttinger1 and Wilkinson et al. 2 reported the stereospecific 
trans-polymerization of acetylene by various Group V III compounds 
combined with hydridic reducing agents. Luttinger used alcohol, water, 
or other polar solvents, while the Wilkinson group employed tetrahydro- 
furan. Reinhart et al. 3 effected the highly specific trans-1,4-polymerization 
of butadiene in water using rhodium salts. The great potential value of 
relatively simple Group V III compounds in stereospecific polymerizations 
carried out in water was most forcefully demonstrated by the work in 
these laboratories by Canale et al. 4 Polybutadienes of high a s -1,4-, 
/raws-1,4- or 1,2 microstructure, depending upon the transition metal 
compound employed as catalyst, were obtained in aqueous emulsion.

It was of obvious interest to determine if the new catalysts could effect 
the stereospecific polymerization of typical vinyl monomers other than 
butadiene and to gather evidence bearing on the polymerization mechanism.

357
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There have been no reports in the scientific literature of studies along these 
lines. However, in the first report of their brilliant discovery and de
velopment of processes for the catalytic conversion of olefins to carbonyl 
compounds by means of platinum metal compounds in water, Smidt et 
al. 5 mention but do not elaborate upon the formation of resins from olefins 
and especially from vinyl and allyl compounds when glacial acetic acid 
is the solvent at higher temperatures and long reaction times. Also, since 
the completion of our work, two patents of interest appeared. In the 
first of these a number of monomers were oligomerized in alcohol using 
Group V III metal chlorides as catalyst .6 In the second, the polymeriza
tion of acrylonitrile by VOCl3 combined with an alkali metal borohydride 
at a pH below 2 in water was described .7 None of these cases provides any 
indication of stereospecificity in the addition reaction.

As in the superficially analogous Ziegler systems, stereoregulating 
catalysts all appear to have the capacity to form coordination complexes 
with monomer. A  logical starting point for this study was therefore the 
use of an effective butadiene catalyst known to form a coordinate complex 
with a monomer of interest. Kharasch8 first prepared and isolated a 
palladium chloride-styrene complex (C8H 8PdCl2) 2, by displacing ben- 
zonitrile from (CeHsCN^PdCL. His analyses gave values for palladium 
which were somewhat low. He attributed the low palladium content to 
the presence of polystyrene. Palladium chloride did indeed polymerize 
styrene readily in aqueous emulsion. Many other transition metal com
pounds and some other monomers were then tested. Finally, copolymeri
zation was employed to elucidate the nature of propagation.

EXPERIMENTAL

Materials

Monomers were commercial materials, fractionally distilled to remove 
impurities and inhibitors. The purified monomers were stored under 
nitrogen in a refrigerator. Transition metal halides were generally com
mercial samples used as received. Distilled water was deoxygenated by 
refluxing while passing a stream of oxygen-free nitrogen through the 
liquid. Polymerizations were carried out in 250-cc. brown hydrogen 
peroxide bottles with rubber serum caps over which metal screw caps were 
fitted. The bottles were flushed with nitrogen; solid catalysts were added 
followed by additional flushing. Five flushing and evacuating cycles 
were usually employed. Water (40 ml.), a solution of the emulsifier 
(usually 1.5 g. sodium hexadecylbenzene sulfonate, Nacconol NRSF, Al
lied Chemical and Dye Corp., National Aniline Division) in 10 ml. water 
and monomer or monomers were then injected by syringe through a hole in 
the metal cap and through the serum cap. Bottles in metal cages were 
tumbled end over end in a thermostated bath. Polymers were recovered 
by pouring the reaction mixtures into methanol. Polymers were charac
terized by intrinsic viscosity determinations, infrared and/or ultraviolet
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spectra and, in some cases, by solubility in appropriate solvents, and elemen
tal analyses. Usually an attempt was made to induce crystallization by 
heating the polymer in the presence of poor solvents.

RESULTS

Styrene

A selected few of the many metal ion-ligand combinations tested for 
polymerization of styrene are shown in Table I. Control experiments

T A B L E  I
T ransition  M eta l Com plex C ata ly sts for Polym erization of Styrene

Styrene/
A m t. catalyst, cata lyst mole

C ata ly st mmole ratio T im e, hr. Tem p., °C. Y ie ld , %

P d C l2 • 2H 20 0.25 400 17 50 24
PdCl» • 2H 20 0.10 1,000 16 70 79
P d C l2 ■ 2H .0 0 .25 \

400 17 50 1
p-Benzoquinone 0 .25/
Pd(pyridine)2C l2 0 .10 1,000 41 50 92

P d C l2 • 2H 20  
o-Phenylenodiamine

0 .10 /
0 .10 /

1,000 17 50 95

P d C l2 ■ 2H 20 0 .10
o-Phenylenediam ine 0 .10 / 1,000 64 50 4

Benzoquinone 0 .10
P d C l2 • 2H 20 0.101

1,000 41 50 56
K C N 0.10
P d C l2 • 2 C 6H 5C N 0.20 400 16 50 51

N  a2P d C l4 o.iolV 1,000/ 41 50 31

(N H 4)2P d C ]4 0.10/ 1,000 Jr 41 50 46

P d C l2 • 2H 20  
(C 6H 5)3P

0 .10
0 .20 '

l
Í

1,000/ 
500J

; 41 50 34

H2P t C l6-6H 20 0.06 8,350 17 50 82

H2P t C l6-6H ,0 o.os 1,250 88 25 82

P tC l2 0.7-1 135 65 50 20

P tC l2-2 (C 6H 5)3P 0.50 200 64 50 61

T1C13 1 .6 62 89 50 33

R hCls • 3H 20 1.0 100 89 50 trace

R h C l3-3H 20 1.0 / 100/

(C 6h 5)3p 4 .0 / 400/ 64 50 5

involving water, emulsifier, and styrene gave no polymer. Polymer 
molecular weights were quite high (intrinsic viscosities of 3-5 d l./g .) suggest
ing few propagating species. In t-he case of palladium catalysts the poly
mers were grey, presumably due to palladium metal. Reduction to metal 
is expected on the basis of work by Smidt et. al. :6

O
II

P d C l, +  H ,0  +  C 6H 6C H = C H , ^  P d  +  2H C1 +  C 6H 5C — C H 3
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Small quantities of acetophonone could be detected in these polymeriza
tions. It is not certain that metallic palladium results exclusively from 
this side reaction or whether it also forms as a step in polymerization 
(e.g., termination).

When cyanide ion was present in the reaction mixture along with PdCl2 

an enhancement in activity was noted when the C N /P d  ratio was less than
4. In these cases there was less reduction to metallic Pd (as judged by 
color of the polymer; at C N /P d  =  4, the polymer was white rather than 
grey).

Polymerizations were inhibited by p-benzoquinone and by small quan
tities of oxygen. Other compounds tested but found to be inactive in
clude RhCb • 3H20 , CeCl3, CrCl3, IrCl3, M nCl2, N i(CN ) 2 and R uC13. Addi
tion of hydridic reducing agents converted RhCl3 -3H20  and R uC13 to 
moderately active catalysts.

Methyl Methacrylate

Some similarities and some notable differences in reactivity of styrene 
and methyl methacrylate toward particular catalysts were observed (Table 
II). In general, methyl methacrylate was less reactive than styrene. RhCl3-- 
3H20 , however, showed moderate activity for methyl methacrylate but 
was inactive for styrene polymerization. With TiC l3 the situation was 
reversed, styrene being polymerized but methacrylate not. Pyridine 
did not enhance the reactivity of PdCl2 toward this monomer (in contrast 
to styrene) but cyanide ion did.

T A B L E  II
Transition M etal Com plex C a ta ly sts  for Polym erization  of M eth yl M ethacrylate  at

50°C.

C ata ly st
A m t. catalyst, 

mmole
M onom er/catalyst

mole ratio T im e, hr. Y ield , %

P d C l2-2H 20 1.0 90 53 29
P d C l2 ■ 2H 20 1  o\ 90 Ì 53 31
Pyridine 2 .0 / 45J
P d C l2-2H 20 0 .5 180 42 87
o-Phenylenediam ine 0 .5
P d C l2 • 2H 20 1.0 ) 90Ì 41 76
K C N 2.0 / 45 J
P d C l2 • 2CeH6C N 0 .5 180 41 44
H 2P tC l6-6 H ,0 0.24 360 40 43
R h C V 3 H 20 1 .0 90 89 25

In the few experiments made, isopropyl methacrylate behaved about 
the same as the methyl ester.

The intrinsic viscosities of the methyl methacrylate polymers ranged 
from about 0.3 to 4.0 d l./g . with most samples having [77] >  1.0. The 
infrared spectra were identical to that of atactic poly-(methyl methac
rylate).
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Other Monomers

A  brie f su rvey  o f  the a p p lica b ility  o f  several transition  m etal cata lysts 
to  o th er v in y l m on om ers was m ade. N on e o f  the experim ents was very  
successfu l in term s o f ca ta lyst efficiency.

A cry lon itrile  fa iled  to  po lym erize  under con d ition s  successfu l for  styrene 
and  m eth y l m eth acry la te  w ith  R h C l3-3 H 20  or P d C l2 -2 H 20  w ith  added
o-phenylenediam ine. O n ly  HgPtCU • (iH 20  show ed a slight a ctiv ity .

A cro le in , a lthough  a v e ry  reactive  m on om er, w as n ot po lym erized  b y  
R h C l3-3 H 20 .  T h is  ca ta lyst is v ery  effective  fo r  the stereospecific p o ly 
m erization  o f butadiene.

A  num ber o f ca ta lysts  were tested  w ith  v in y l acetate  and v in y l ch loride ; 
none y ie lded  solid  po lym er, a lthou gh  m on om er w as n ot recoverab le  from  
the tests em p loy in g  R h C l3 o r  H 2P tC l6 and v in y l ch loride. T h e  nature o f 
the low  m olecu lar w eigh t p rod u cts  (n ot p recip ita ted  b y  m ethan ol) was not 
determ ined.

Copolymerizations with Butadiene

In  an a ttem p t to  relate the established stereospecific  butadiene p o ly 
m erizations to  th e  present studies, cop o lym eriza tion s  were carried ou t. 
C opolym eriza tion s  o f  butadiene w ith  m ethy l m ethacry la te , styrene, 
acrolein , and acry lon itrile  were a ttem p ted  em p loy in g  R h C l3 a n d /o r  P d C l2. 
B oth  o f these cata lysts are e ffective  and qu ite  selective in p olym erization  
o f bu tad ien e, the form er y ie ld in g  a v e ry  h igh irans-1,4 structure while 
the latter gives a p rod u ct h igh  in the 1,2 form . C opo lym eriza tion  did 
n ot take p lace. T h e  com on om ers  had  no e ffect u p on  the m icrostructure 
o f  the p o lybu tad ien es p rod u ced , a lthou gh  their presence in the reaction  
m ixture reduced  the rate o f  bu tad ien e h om op oly m eriza tion  (T a b le  III).

TABLE IV
Copolymerizations of Styrene and Methyl Methacrylate at 50°C.

Catalyst
Monomer charge, 
S /M M A by wt. Conversion, %

Polymer analyses

Styrene, wt.-%a MMA, w t.-% b

(CeHsCOO), 50/50 28 47 53
PdCls-2H20 50/50 25 N.A.' 52
PdCl2- 2H20> 50/50 14 58 48
PdCl2-2H20 69/31 23 64 38
PdCl2 • 2H20 29/71 22 37 68
H2PtCl6-6H20 50/50 26 46 53
RhCL• 3H20 50/50 3 N.A. 50
RhCl3 • 3H20 50/50 1 N.A. 51
PdCl2-2C6H5CN 50/50 19 N.A 51
Pd(py)2Cl2 50/50 5 N.A. 46
TiCl.i 50/50 S N.A. 50

a From ultraviolet spectra, intensity at 270 m^. 
b From infrared spectra, intensity at 5.75 n.
0 N.A. =  not analyzed.
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Other Copolymerizations

O ther cop o lym eriza tion s  were carried  o u t in  search o f  ev iden ce  bearing 
on  the m echan ism  o f  p rop agation . T h e  sty ren e -m eth y l m eth acry la te  
pair w as stud ied  m ost, b u t a cry lon itr ile -sty ren e  and  acry lon itrile -m eth y l 
m ethacry la te  w ere also exam ined  briefly . F or  the sty ren e -m eth y l m eth 
acry la te  pair, ca ta lysts  a ctive  in  the h om op olym eriza tion  o f  b o th  m onom ers 
(P d C l2, H 2P tC l6) , a ctiv e  o n ly  for  styren e (T iC l3), or  a ctive  o n ly  for  m eth y l 
m ethacry la te  (R h C l3) w ere tested. In  the o th er cases, the ca ta lyst 
(H 2P tC l6) w as w eak ly  active  fo r  acry lon itrile  and  qu ite a ctiv e  fo r  the 
com on om ers styren e and m eth y l m eth acry la te . R esu lts  are presented  in 
T a b les  I V  and  V .

TABLE V
Copolymei izations Involving Acrylonitrile

Wt. Amt.
monomers, catalyst, Time, Temp.,

Monomers g. Catalyst mmole hr. °C. Result“

Acrylonitrile
Styrene

o
 o

00 o’ H2PtCl6- 6H-.0 1.2 88 4.4 g. polymer, 28.2% 
acrylonitrile units

8 .o'!

found. Calc, for 
free radical copoly
mer, 29.2%.

Acrylonitrile 3.5 g. polymer 24.2%
Methyl H2PtCV 6H20 1.1 88 50 acrylonitrile units

methacrylate 9.6J found. Calc, for
free radical copoly
mer, 26.8%.

* Copolymer composition calculated from nitrogen analyses.

DISCUSSION

A  n um ber o f tran sition  m etal ions an d  com plexes w ere fou n d  to  ca ta lyze  
the p o lym eriza tion  o f styrene, m eth y l m ethacry la te  and oth er v in y l 
m on om ers in  aqueous em ulsion . T hese cata lysts, prin cipa lly  in vo lv in g  
P d , P t, R h , R u , or T i, were som ew h at specific in their a b ility  to  p rom ote  
p o lym eriza tion  o f  the various m onom ers. S en sitiv ity  to  oxy g en  and  ty p i
ca l free-radica l in h ib itors and  lack  o f  d etectab le  stereoregu larity  in  the 
p rod u cts  suggested  th at po lym eriza tion  was occu rrin g  b y  a free-radica l 
m echanism . A  free-radica l p rop a ga tion  m echan ism  is clearly  established 
b y  the cop o lym eriza tion s  o f  s ty re n e -m e th y l m eth acry la te , a cry lo n itr ile - 
styrene, and a cry lo n itr ile -m e th y l m ethacry la te . In  all o f  the cases 
stud ied  the com p osition  o f the p rod u cts  agreed w ell w ith  th at exp ected  for  
classical free-radica l p olym erization s.

T h e  cop o lym eriza tion s  o f  styrene w ith  m eth y l m eth acry la te  em p lo y 
ing T iC l3 and R h C l3-3H 20  are particu larly  en lightening. T iC l3 in itiated  
the h om op oly m eriza tion  o f styren e b u t n ot m eth y l m ethacry la te  whilg
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R h C l3-3H 20  p o lym erized  m eth y l m eth acry la te  b u t n ot styrene. E a ch  was 
e ffective  in cop o ly m eriza tion  o f th is m on om er pair, g iv in g  cop o lym ers  o f  
iden tica l com p osition .

T h e  se lectiv ity  o f  certa in  cata lysts  fo r  certa in  m onom ers, the sen sitiv ity  
to  oxygen  and  oth er radica l in h ib itors (in  the instance w here th is was 
stu d ied ) and results o f  the cop o lym eriza tion  experim ents m ay  be  a cco m m o 
dated  b y  p ostu latin g  th at polym eriza tion  takes p lace  w h e n : (1) com p lex
form s betw een  m on om er and tran sition  m etal species, and  (2) redox  re
a ction  takes p lace  w ith in  the com p lex  to  generate a free-radical species 
w h ich  escapes to  p ropagate  polym erization .

C om p lex  form a tion  appears to  be  a necessary b u t insufficient requisite 
fo r  p o lym eriza tion  a ctiv ity . T h u s P d C l2 is k n ow n  to  fo rm  com plexes 
w ith  b o th  styrene and acry lon itrile , y e t  on ly  styrene is h om op olym erized  b y  
th is ca ta lyst. A p p a ren tly  the required gen eration  o f  radicals occu rs on ly  
w ith in  the s ty re n e -P d C l2 com p lex .

H 2P tC l6 is ex trem ely  a ctive  fo r  styrene p o lym eriza tion  bu t on ly  w eak ly  
active  fo r  acry lon itrile . T h e  cop o ly m eriza tion  rate fo r  th is pair is betw een  
the rates for  h om op olym eriza tion . T h is  find ing  m a y  be rationalized  w ith in  
the fram ew ork  o f  ou r p ostu la ted  m echan ism  b y  assum ing th at a cry lo 
nitrile com plexes m ost readily  and stron g ly  w hile the styrene H 2P tC l6 
com p lex  m ost efficiently  prod u ces radicals. T h e  presence o f a cry lon itrile  
thus reduces the rate o f  in itia tion ; on ce  in itia ted , the tw o m onom ers enter 
the grow in g  chain  as exp ected  in a free-radica l copolym eriza tion .

S tereospecific po lym eriza tion  o f bu tad ien e b y  m an y  o f  these sam e tran
sition  m etal ca ta lysts  clearly  proceeds b y  a d ifferent, little  u n derstood  
m echanism  (or  m echan ism s). A ttem p ted  copolym eriza tion s  o f  butadiene 
w ith  o th er  v in y l m on om ers gave no cop o ly m er  even  w hen  the transition  
m etal com p ou n d  ca ta lyzed  h om op olym eriza tion  o f each  m onom er. 
In d eed , on ly  po lyb u ta d ien e  w as ob ta in ed . T h e  polybu tad ien es  had  the 
m icrostru ctu re th at w ou ld  h a v e  been  obta in ed  in the absence o f  the co m o n 
om er; in m ost cases the p o lym eriza tion  rate  was reduced , how ever. T hese 
studies cast little  new  light u p on  the unique p o lym erizab ility  o f  butadiene 
b y  tran sition  m etal ca ta lysts  in aqu eous em ulsion . W e can  on ly  ech o 
w hat has a lready  been  stated  in or  can  be in ferred from  the published 
reports, nam ely, th a t the bu tad ien e  p o lym eriza tion s h ave n o  con ven tion a l 
free-radica l character and th at a coord in ated  p rop a ga tion  takes place. 
In  sharp con trast, the v in y l m on om ers studied  in th is w ork  u ndergo free- 
radical po lym eriza tion  in itiated  b y  a redox  reaction  w hich  apparen tly  
occu rs w ith in  a m o n o m e r-ca ta ly s t  com plex . T h e  com on om er appears to  
com p ete  e ffective ly  w ith  bu tad ien e in  coord in ate  com plex  form a tion  as 
ev id en ced  b y  its a b ility  to  reduce the rate o f  po lyb u ta d ien e  fo rm a tion ; 
y e t  the com on om er is n ot p o lym erized . E lu cid a tion  o f these and oth er 
features o f  the p o lym eriza tion s aw aits fu rth er study.

We wish to express our thanks to Dr. A. J. Canale for his early interest in exploring 
this area of polymerization catalysis and for many stimulating discussions.
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Résumé

Un certain nombre de complexes et ions de métaux de transition qui polymérise 
stéréospécifiquement le butadiène en émulsion dans l’eau, catalyse également la poly
mérisation d’autres monomères vinyliques. Contrastant avec les résultats obtenus dans 
le cas du butadiène, la structure de tous les produits répondent typiquement à une réac
tion de propagation par radicaux libres. La catalyse s’avère assez sélective, un composé 
métallique de transition donné étant actif pour certains monomères mais pas pour d’autres. 
On imagine un mécanisme comportant la formation d’un complexe de coordination entre 
le catalyseur et le monomère ainsi que la formation d’un initiateur radicalaire par 
réaction d’oxydo-réduction entre le complexe et le radical libre non coordonné. Les 
études de copolymérisation corroborent un tel mécanisme; la composition des copoly
mères est toujours caractéristique d’une catalyse radicalaire, même lorsque le catalyseur 
n’est actif en homopolymérisation que pour l’un des deux monomères. La polymérisa
tion du butadiène par plusieurs de ces catalyseurs s’effectue incontestablement par divers 
mécanismes peu expliqués à ce jour. Les essais de copolymérisation du butadiène 
donnent seulement du polybutadiène; les comonomères n’ont pas d’effet sur la micro
structure mais généralement réduisent la vitesse de polymérisation.

Zusammenfassung

Eine Anzahl von Übergangsmetallionen und -komplexen vom gleichen Typ, wie sie die 
stereospezifische Polymerisation von Butadien in wässriger Emulsion bewirken, kataly
sieren auch die Polymerisation anderer Vinylmonomerer. Im Gegensatz zu den Erfah
rungen an Butadien war die Struktur aller Produkte typisch lür eine radikalische Wachs
tumsreaktion. Die Katalyse war selektiv in dem Sinne, dass eine gegebene Übergangs
metallverbindung für gewisse Monomere wirksam, für andere aber unwirksam war. 
Ein Mechanismus mit Bildung eines koordinativen Komplexes zwischen Katalysator 
und Monomerem, Erzeugung eines Radikalstarters durch Redoxreaktion innerhalb des 
Komplexes und nichtkoordinativem radikalischen Wachstum wird aufgestellt. Copoly
merisationsversuche bestätigen diesen Mechanismus; die Copolymerzusammensetzung 
entsprach immer einem Radikalmechanismus, auch wenn der Katalysator nur bei der 
Homopolymerisation eines der beiden Monomeren wirksam war. Bei Verwendung vieler 
dieser Katalysatoren verläuft die Butadienpolymerisation offenbar nach anderen, noch 
nicht aufgeklärten Mechanismen. Bei Copolymerisationsversuchen mit Butadien wurde 
lediglich Polybutadien erhalten; die Comonomeren hatten keinen Einfluss auf die 
Mikrostruktur der Polymeren, setzten aber im allgemeinen die Polymerisationsgesch
windigkeit herab.

R ece iv e d  O ctob er  22, 1962 
R ev ised  January  22, 1963
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Cationic Polymerization of 3-Methylbutene-l.
I. Polymerizations at Moderately Low Temperatures

J. P . K E N N E D Y , L . S. M I N C K L E R , J R ., and R . M . T H O M A S ,
Chemicals Research Division, Esso Research and Engineering Company,

Linden, New Jersey

Synopsis

The cationic polymerization of 3-methylbutene-l was investigated with the use of 
aluminum chloride and aluminum bromide initiators in the temperature range of —62 
to — 102°C. Polymerizations are homogeneous in the presence of pentane, and above 
— 50°C. in methyl chloride. However, the polymer tends to precipitate below — 50°C. 
in methyl chloride. The molecular weight of poly-3-methylbutene-l increases with de
creasing temperatures at the same conversion level. Significantly, the molecular weights 
increase with conversion and seem to reach their maximum at high conversions. Higher 
molecular weights were obtained in n-pentane-alkyl chloride mixtures than in methyl 
chloride solution alone. The molecular weights are independent of catalyst concen
trations in the range investigated (31.8-7.97 X  10"4 mole/1. AlBr3 and 57.6-28.8 X ID-4 
mole/1. A1C13). The rate of homogeneous polymerization with aluminum bromide in 
propane solvent wras studied. The rate is first order in monomer concentration and 
catalyst concentration and the rate constant is 0.610 l./mole sec. The apparent acti
vation energy calculated from the Arrhenius plot is 6.57 kcal./mole. In methyl bromide 
the rate of polymerization increases significantly (effect of the dielectric constant). 
In toluene the molecular weight as well as the rate is strongly depressed indicating the 
preponderance of a chain breaking mechanism involving this solvent.

INTRODUCTION

3 -M e th y lb u te n e -l (or isoprop y leth ylen e  or  isoam ylene) has been  little 
studied  as a m on om er in ca tion ic  polym erization s. In  1927 N orris and 
J o u b e rt1 fou n d  that 3 -m eth y lb u ten e-l po lym erized  to  form  dim ers in the 
presence o f  7 0 %  H 2S 0 4 a fter 25 d ays at room  tem perature. L ow er con 
centrations o f  acid  fa iled  to  p rod u ce  polym er. H igher acid  con cen tration s 
gave trim ers and h igh oligom ers a fter 6 days. In  1934 D u tch  w ork ers2 
reported  th at 3 -m eth y lb u ten e -l reacts slow ly  at — 8 0 °C . w ith  alum inum  
ch loride to  g ive  a v iscou s substance. A lso , 3 -m eth y lb u ten e -l w as used as a 
raw m aterial fo r  m aking a p o lym er gasoline (h ydrogen ated  dim ers) w ith  
solid  p h osph oric a c id .3 W e b b 4 m entioned  the p o lym erizab ility  o f  3- 
m ethylbutene-1  w ith  boron  trifluoride. P o ly -3 -m e th y lb u te n e -l w as d is
closed  in a paten t b y  T h om a s and  R eyn o ld s  in 1945.6 T hese  authors 
p olym erized  3 -m e th y lb u te n e -l w ith  a solu tion  o f a lu m in um  ch loride in

367
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eth y l ch loride at — 7 8 °C . T h e  p rod u ct th ey  obta in ed  w as a colorless, 
am orphous, tou gh , sem i-solid  m aterial w ith  rather low  m olecu lar w eight.

In  the course o f  ou r fundam ental studies on  ca tion ic  polym erization s, a 
system atic in vestigation  o f  the Lew is acid -in itiated  p o lym eriza tion  o f  3- 
m ethylbutene-1  w as undertaken . T h is resulted in  the synthesis o f a 
crystalline m od ifica tion  o f  p o ly -3 -m e th y l-b u te n e -l at low  tem perature 
levels w h ich  has already been  rep orted .6

In  this paper w e report k inetic results obta in ed  w ith  the 3 -m eth ylbu ten e-
1-L e w is  acid  system  in variou s solvents at tem peratures o f  — 102°C . and 
above . P articu larly , we investigated  A lB r3 and A1C13 as e lectrophilic 
catalysts in propane, carbon  disulfide, and m ethyl ch loride diluents. 
In vestigation s at still low er tem peratures (to  — 150°C .) have also been 
carried  ou t and w ill be  reported .

EXPERIMENTAL 

1. Materials Used

A lu m in u m  ch loride, anhydrous sublim ed, Fisher certified reagent 
was used w ith ou t further purification .

A lu m in u m  brom ide  w as anhydrous Fisher certified reagent. T h e 
chem ical is sh ipped in sealed vials and it is a lm ost com plete ly  colorless; 
a fa in t ye llow  tinge is caused b y  brom ine w hich  is form ed  b y  d ecom position  
in the presence o f  traces o f  m oisture. N o  iron  im purities (e .g ., F eB r3) 
cou ld  be  detected . In  som e cases the m aterial w as redistilled before use, 
bu t reprodu cib le  results were obta in ed  w ith ou t this purification .

3 -M eth y lb u ten e -l gas (C .P . grade, T h e  M a th eson  C om p a n y ) was 
scru bbed  w ith  barium  oxide before  condensing in the d ry  b ox . Gas 
chrom atograph ic analysis on  a 2,5-hexadiene co lu m n  indicated  the fo llow in g  
com p osition : 3 -m eth y lb u ten e-l 99.78 w t .-% , propane 0 .18 w t .-% , butene 
0.01  w t .-% , h igher than C 6 h yd rocarbon s 0 .02  w t .-% . F igure 1 show s the 
density o f  liqu id  3 -m eth y lb u ten e-l at various tem peratures. T h e  m on om er 
w hich was used in larger-scale experim ents was a P hillips pure grade. 
I t  was passed th rou gh  tow ers filled w ith  an hydrou s calcium  ch loride and 
barium  oxide. V apor-phase  ch rom atograph y  show ed the fo llow in g  com 
p osition : 3 -m eth y lb u ten e -l 99.97 w t .-% , isoprene 0.019 w t .-% , 2 -m eth yl- 
butene-2  0.007 w t .-% , pentene-1 0.001 w t .-% .

C arbon  disulfide (reagent grade, M ath eson , C olem an  & B ell C om p an y ) 
was stored  over  m olecu lar sieves. B efore  use the m aterial w as filtered and 
chilled to  D r y  Ice  tem perature and cold -filtered  to  freeze ou t adven titiou s 
foreign  sulfides or  d issolved  sulfur. G as ch rom atograph ic analysis show ed 
the presence o f  tw o  unidentified  trace im purities.

P ropane (instrum ent grade, T h e  M ath eson  C om p a n y ) w as used w ith ou t 
further purification . I t  w as led  in to the d ry  b o x  and condensed  at — 78°C - 
G as ch rom atograph y  w ith  a 50-ft. 2 ,5-hexadiene colu m n  at 0 °C . indicated
99.9 w t .-%  propane and traces o f  ethane, isobutane, and n-butane.
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n -Pentane (P hillips C om p an y , 99 +  % )  w as k ep t over  m olecu lar sieves 
(5A ) and distilled before  use. G as ch rom atograph ic analysis ind icated  the 
fo llow in g  com p osition : n -pentane 97.9 w t .-% , isopentane 1.2 w t .-% ,
2 ,2-dim e th y  lbutane 0.7 w t .-% , 2 -m eth ylpentane 0.1 w t .-% , 3 -m eth yl- 
pentane 0.1  w t .-% , and traces o f  isobutane, n -butane, unsaturated C 5, 
and n-hexane.

Fig. 1. Density of liquid 3-methylbutene-l.

M eth y l ch loride (T h e M a th eson  C om p a n y ) was passed through  scrub
bers con ta in ing  an hydrou s ca lciu m  ch loride, 9 6 -9 8 %  sulfuric acid, and 
sod iu m  h yd rox id e  flakes in larger-scale experim ents, w hile it w as scrubbed  
with m olecu lar sieves and bariu m  oxide fo r  sm all-scale runs in the d ry  box.

M eth y l brom ide  (T h e M ath eson  C om p an y , 9 9 .5 %  pu rity ) was used 
w ithout further purification . T h e  chem ical w as distilled in to  the d ry  box . 
G as ch rom atograph ic analysis ind icated  the presence o f  0.5 w t .-%  m ethy l 
ch loride and traces o f  C O 2.

2. Procedures

Catalyst Preparation. A lu m in u m  ch loride solutions were prepared  b y  
adding  the salt to  m eth y l ch loride, refluxing for  15 m in ., and filtering. 
T h e  con cen tration  o f the solu tion  w as determ ined b y  titra tion .7 A lum inum  
brom ide cata lyst solutions were prepared b y  crushing a subm erged sealed 
vial o f  100 g. a lum inum  brom ide  under 200 m l. o f  ca rb on  disulfide. T h is 
ca ta lyst stock  solu tion  was diluted w ith  desired am ounts o f  carbon  d i
sulfide ju st before  each experim ent.
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Experimental Technique. A ll m anipu lations and experim ents w ith  
A lB r3 and som e w ith  A1C13 w ere carried ou t in a d ry  b o x  under n itrogen  
atm osphere. G eneral equ ipm ent w as described  earlier .8 T h e  average 
m oisture con ten t in the atm osphere was a b ou t 50 ppm . A  ty p ica l p o ly 
m erization  experim ent was carried ou t as fo llow s. T h e  reactor w as 
subm erged in  the coo lin g  b a th  filled w ith  a h y d roca rb on  h eat exchange 
fluid. T h e  precoo led  solven t (usually propane) and m on om er w ere in tro 
du ced  in to  the flask and  th erm oequ ilibrated  fo r  a b ou t 2 0 -3 0  m in. T h e  
to ta l vo lu m e o f m on om er and diluent w as usually 300 m l., and m on om er 
con cen tration  w as 1 m o le /1 . A t  zero tim e, 10 m l. o f  p recoo led  cata lyst 
solu tion  o f suitable con cen tra tion  was in trodu ced  in to  the v igorou sly  
stirred m ixture. P o lym eriza tion  started im m ediately . A t  su itable tim e 
intervals 10-m l. a liquots w ere w ith draw n  from  the h om ogen eou s reaction  
m ixture w ith  a p recooled  p ip et and the sam ple quenched  in  co ld  m ethanol. 
T h e  w ithdraw ing o f sam ples started as soon  as it w as possible after ca ta lyst 
in trodu ction . T em peratu re fluctuations were less th an  ± 1 .0 ° C . during 
the experim ent. T h e  sam ples were precip ita ted  w ith  m ethanol and dried 
at 6 0 °C . in vacuo. L arger-scale experim ents w ith  alum inum  ch loride 
cata lyst were carried ou t in  a stirred three-liter brass reactor (to  insure 
better heat transfer) w ith  a glass cover under n itrogen  atm osphere. T h e 
reactor w as subm erged in  liqu id  ethylene at its bo ilin g  p o in t ( — 102°C .). 
Sam pling w as accom plish ed  b y  ap p lica tion  o f n itrogen  pressure on  the 
system  and co llectin g  an  a liqu ot fro m  the sam pling tube. A  typ ica l 
charge was as fo llow s : 155 m l. 3 -m eth y lb u ten e -l, 2303 m l. n -pentane, and 
1022 m l. alum inum  ch loride cata lyst so lu tion  (0.0198 m oles/1. m ethyl 
ch loride). T h is reaction  w as h om ogen eous. W h en  the pentane was 
replaced b y  m ethy l ch loride the reaction  w as h om ogen eous a b ove  — 50°C ., 
while at low er tem peratures the p o ly m er precip ita ted  from  the solution . 
T h e  cata lyst w as added  last, at zero tim e. W h ere it w as desirable to  use 
various cata lyst con cen tration s suitable ad justm ents were m ade to  m ain
tain  the sam e solven t system . F or rate studies, 200-m l. sam ples were 
taken  in  a chilled graduate at specified tim e intervals and quenched  im 
m ediately  in  an excess o f  isopropan ol. T h e  po lym er was w ashed w ith 
fresh isop rop an ol and dried  under vacu um . T h e  p o ly -3 -m eth y lb u ten e -l 
ob ta in ed  th rou gh  ca tion ic  p o lym eriza tion  is a colorless, am orphous, som e
w hat ru b b ery  m aterial. I t  is soluble in h ydrocarbon s, carbon  disulfide, 
carbon  tetrach loride, and  ethers, bu t is insoluble in  a lcoh ol and acetone. 
Its  secon d -order transition  p oin t is in  the range — 25 to  — 15°C .

Molecular Weights. In h erent viscosities o f u n fraction ated  p olym er 
sam ples in d iisobutylen e solu tion  (1 m g . / l  m l.) at 2 0 ° C . 9 were determ ined. 
E n d -grou p  unsaturation  was established b y  the iod in e -m ercu ric  acetate  
m e th o d . 10'11 In dependen t vapor-ph ase osm om eter determ inations and  end- 
group  analyses as w ell as solu tion  v iscos ity  studies (for  approxim ate w eight- 
average m olecular w eights) w ere carried  ou t on  selected sam ples. T hese 
results in d icated  th at the range o f inherent v iscosities (0 .2 - 0 .6 ) ob ta in ed  in 
these studies corresponds to  5 ,000 -70 ,000  num ber-average and 2 0 ,0 0 0 -
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120,000 w eight-average m olecu lar weights. S ince the m olecu lar w eights 
are g iven  in units o f inherent viscosities, on ly  qu a lita tive m olecu lar w eight 
con clu sion s (trends) can  be m ade.

RESULTS

1. Molecular Weight Studies

Effect o f  Temperature. T h e  e ffect o f  tem perature on the m olecu lar 
w eights o f p o ly -3 -m e th y lb u te n e -l is show n in F igure 2. In  this series o f 
experim ents 10 m l. o f 0.0329 m ole/1 . A lB r3 in C S 2 was added  to  300 m l. 
o f 1.0 m ole/1 . 3 -m eth y lb u ten e -l in  propane a t — 62, — 69, — 78, — 85, 
and  — 9 0 °C . F inal ca ta lyst con cen tra tion  w as 10.6 X  10 -4  m ole/1. 
A t  various tim e intervals appropria te  sam ples were w ithdraw n and the 
con version  and  the v iscosities determ ined.

Fig. 2. The effect of temperature on the molecular weight of poly-3-methylbutene-l ob
tained with AlBr:1 catalyst.

T h e  results o f  a sim ilar larger-scale series o f  runs (see experim ental part) 
in w h ich  A lC F  was used as ca ta lyst are show n  in F igure 3. D eta iled  experi
m ental con d ition s are show n in the legend to  F igure 3.

A p p a ren tly  the m olecu lar w eights increase w ith  decreasing tem perature 
at iden tica l con version  levels in every  system  investigated . T h e  fa ct  th at 
m olecu lar w eights increase as tem peratures decrease is well established in 
m ost ca tion ic  and  an ion ic system s. A pp aren tly , the a ctiv a tion  energy o f 
chain  breaking or term inating is higher th an  th at fo r  propagation , so th at 
th ey  can  be  “ frozen  o u t1’ a t low er tem peratures. P o lym eriza tion  was qu ite
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slow  w ith  A lB r3 at — 9 0 °C . so th at on ly  a few  data  poin ts were co llected  
and  these a t low  conversions.

T h e  fa ct  that the m olecu lar w eights increase w ith  con version  and  seem  
to  reach  their m axim um  at h igh  con version s is significant. S low ly  in 
creasing m olecu lar w eights are qu ite  unusual in v in y l ty p e  polym erizations. 
B o th  in  free radica l or  ion ic  m echanism s the final m olecu lar w eights are 
reached w ith in  v e ry  short periods o f  tim e. W h en  a liquots o f  reaction  
m ixtures are analyzed  as a fu n ction  o f tim e one u sually  finds u nreacted  
m onom ers and h igh polym ers. In term ediate  species (o ligom ers) are 
absent, excep t in  “ liv in g ”  p o ly m ers12 w ith  carban ion  propagatin g  centers. 
O ur system , how ever, can not be a true “ liv in g ”  p o lym er because th e  [ M ] /  
[C ] ratio  does n ot seem  to  a ffect p rod u ct m olecu lar w eight in  the expected  
fashion.

Fig. 3. The effect of temperature on the molecular weight of poly-3-methylbutene-l 
obtained with AlCh catalyst. At temperatures of —102, —87, and —48°C.: catalyst 
concentration was 28.8 X 10-4 moles /L, monomer concentration 0.416 moles/L, com
position of the diluent: 70 vol.-%  n-pentane +  30 vol.-%  methyl chloride. At -8 3 °C .,
catalyst concentration was 138 X 10~4 moles/1., monomer concentration 1.8 moles/1., 
At —65°C., catalyst concentration was 29 X 10-4 moles/1,, monomer concentration 
1.94 moles/1. At —42°C., catalyst concentration was 31 X 10-4 moles/1., monomer con
centration, 0.91 moles/1. The diluent was pure methyl chloride in the runs at —83, 
— 65, and —42°C.

P erhaps the increase in  m olecu lar w eigh t w ith  con version  can  be ex
plained as fo llow s: A s the con cen tra tion  o f m on om er decreases th rou gh 
ou t a run, the lifetim e o f the carbon iu m  ions

'vwCH2— CH +

CH3 c h 3
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will increase and hence the rearrangem ent to  the m ore stable ion

CH3
I

~'CH ,CH ,C +
'I
CH;,

will be favored . I f  the latter ion  tends to  undergo chain  transfer w ith  
m on om er less readily  than the form er, the m olecu lar w eight w ill increase as 
observed .

T h e  e ffect o f  pentane in the A1C13 runs is n otew orth y . Increased 
m olecular w eights were obta in ed  from  polym erization s in the presence o f 
this h yd roca rb on  as com pared  to  results from  runs con du cted  in the absence 
o f th is solven t. T h is  e ffect becom es even  m ore significant considering 
th at the m on om er con cen tration s in the runs w ith pentane were 2 -5  tim es 
low er than  those w ith ou t pentane. D ifferences in ca ta lyst con cen tration s 
can not be in vok ed  to  explain  the ph enom enon  because it has been show n 
(see b e low ) th at differences in  ca ta lyst con cen tration  d o  n ot a ffect the 
molecular' w eight. It  should  be poin ted  ou t th at in runs w ith  pure m ethyl 
ch loride the p o lym er tends to  precip ita te  ou t o f  solu tion  ( “ quasihetero- 
geneous”  p o lym eriza tion ) be low  abou t — 5 0 °C . N onetheless, lim ited 
propagation  in the precip itated  or sw ollen phase is n ot believed  to  a ccou n t 
for  decreased m olecu lar w eights. It is show n in Figure 3 through  co m 
parison o f runs at —42 and — 4 8 °C . th at n -pentane greatly  increases 
m olecu lar w eight even  th ou gh  p recip ita tion  o f po lym er is n ot in volved . 
One possible explanation  for  increased m olecu lar w eights in the presence 
o f  pentane cou ld  be the suppression  o f solven t transfer in vo lv in g  m ethy l 
chloride.

Effect o f Catalyst Concentration. T h e  influence o f ca ta lyst con cen tra 
tion on m olecu lar w eigh t w as investigated  w ith  the use o f  A lB r3 and A1C13 
cata lysts. A lB r3 (10 m l.) in carbon  disulfide solu tions o f  vary in g  strength  
w as in trod u ced  in to  300 m l. o f 1.0 mole/1. 3 -m eth y lb u ten e -l m ixtures w ith  
propane at — 78°C . Sam pling tech n iqu e w as sim ilar to  that used pre
v iou sly . F igures 4 and  5 show  the findings for  A IB r3 and A1C13 system s, 
respectively . E xperim ental details used w ith  the A1C13 ca ta lyst are g iven  
in the legend o f F igure 5.

A p p a ren tly  in these system s the m olecu lar w eights are independent 
o f ca ta lyst con cen tration . U nchanged  m olecu lar w eights obta in ed  w ith  
various ca ta lyst con cen tration s in d icate  u nim olecular term ination . T h e  
m olecu lar w eight-increasing effect o f pentane is apparent w hen  A1C13 is 
used in th is representation  (F ig . 5 ). A lso  as poin ted  ou t before , m olecu lar 
weights increase w ith  conversion . T h e  m olecu lar w eight curve obta in ed  
with A lB r3 in propane and  th at w ith  A1C13 in m ethy l ch loride are parallel 
to  each  oth er (from  a b ou t 10%  con version ) and  show  a vertica l d isp lace
m ent in fa v or  o f  the A1C13 system . Increased m olecu lar w eights cou ld  be 
due to  differences in the ca ta lyst (A1C13 vs. A lB r3), the solven t (C H 3C1 
vs. C 3H 8), or m on om er con cen tration s (1 vs. 1.67 m ole /1 .). Increased
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Fig. 4. The effect of AlBr3 concentration on the molecular weight of poly-3-methyl- 
butene-1 at — 78°C.: (■ ) 31.8 X 1CK4 mole/1.; (A) 15.8 X  10~4 mole/1.; (• ) 10.6 X 
10_4mole/l.; ( +  ) 7.97 X 10 “ 4 mole/1.

Fig. 5. The effect of A1C13 concentration on the molecular weight of poly-3-methyl- 
butene-1 at — 102°C. in methyl chloride +  n-pentane, monomer concentration 0.416 
moles/1., diluent composed of 70 vol.-%  n-pentane +  30 vol.-%  methyl chloride: cat. 
(A) 28.8 X  10-4 mole/1.,; (• ) 43.3 X  10“ 4 mole/1.; (■ ) 57.6 X  10-4 mole/1.; in methyl 
chloride: monomer concentration 1.67 mole/1.; (O) 290 X 10~4 mole/1., (T) 230 X 10~4 
mole/1., (O) 160 X 10~4 mole/1. The broken line is the AlBr3 curve of Fig. 4,
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m on om er con cen tration s are expected  to  increase m olecu lar w eight. 
W h eth er or n ot the cata lyst a n d /o r  the so lven t have add ition a l influence 
can n ot be con fid en tly  decided  from  availab le in form ation .

T h e  shape o f the m olecu lar w eight cu rves deserves com m ent. N on e 
o f these curves (F igs. 2 -5 )  can  be sm ooth ly  extrapolated  b ack  to  zero, and 
there alw ays appears to  be a d istin ct break  at low  con version  levels. It 
w ould  appear th at such a d istin ct break  indicates a change in m echanism ,
e.g., a fter a short upsurge in the m olecu lar w eight a lesser rate o f  grow th  
takes over. One w a y  o f explaining this s ituation  w ou ld  be to  assum e the 
creation  o f a m olecu lar w eight “ p o iso n ”  w h ich  a fter a certain  a m ou n t o f 
grow th  w ou ld  interfere w ith  p rop agation . H ow ever, rate data  (see be low ) 
d o  n ot corrobora te  this hypothesis. T h e  rates are reprodu cib le  straight

lines (F ig . 6 ) and d o  n ot in d icate  an y  retardation  (co n ca v ity  tow ard  
the ord in ate) w h ich  w ou ld  be expected  to  occu r  in the presence o f  a poison .

T h e  ph enom enon  can be easily  explained  b y  assum ing changes in the 
m olecular w eigh t d istribution . T h e  v iscosity -average  m olecu lar w eights 
{M i) w h ich  w e are m easuring are, ju st as the w eight-average m olecular 
weights {M w), stron g ly  sensitive to  lon g  chains. A t  the first instance o f  the 
polym erization  som e statistica l am ou n t o f the ca ta lyst in itiates a certain  
num ber o f chains and the carbon iu m  ion  grow s to  a certain  length . T h e  
m olecular w eigh t d istribu tion  is fa irly  sharp at this po in t. A s p o lym eriza 
tion  progresses, the chains grow , term inate, and in itiate new  chains. 
T h u s the M„ w ill increase som ew hat, b u t the m ain change is the broaden in g  
o f the M„ d istribution . F rom  rate m easurem ents we k n ow  th at p rop aga 
tion  proceeds sm ooth ly  until h igh  con version  levels are reached.
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2. Rate Studies

T h e rate o f  the h om ogen eous p o lym eriza tion  o f 3 -m eth y lb u ten e-l 
w ith A lB r3 ca ta lyst in  propane so lven t was studied  in  detail. T h e  cata lyst 
was d issolved  in carbon  disulfide vehicle. P recoo led  cata lyst solutions 
were in trodu ced  in to  stirred m o n om er-so lv en t m ixtures under various ex
perim ental con d ition s, and  the rate o f  p o lym eriza tion  was determ in ed  b y  
w eight m easurem ents on  sam ples w ith draw n  from  the reaction  m ixture.

Fig. 7. Arrhenius plot of the 3-methylbutene-l-propane-AlBr3-carbon disulfide
system.

First it was established th at the rate w as first-order in m onom er. S u b
sequently , the influence o f  tem perature on  the rate w as investigated . 
T hus, in a series o f  experim ents, 10 m l. o f  0.0329 m ole/1 . A lB r3 in C S 2 was 
added  to  300 ml. o f  1.0 m ole/1 . m on om er so lu tion  at various tem peratures. 
F igure 6 show s the rate data  obta in ed  in this system . A b o v e  — 6 0 °C . the 
reaction  was to o  fast to  be fo llow ed , w hereas at — 9 0 °C . and be low  th e  rate 
becam e to o  slow . T h e first-order (or apparent) rate constants were ca lcu 
lated, and  an A rrhen iu s-type p lo t was con stru cted  (F ig. 7 ), T h e apparent
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activa tion  energy ca lcu lated  from  th is p lo t is 6.57 k ca l./m o le . T h e  value 
obta in ed  at — 9 0 °C . greatly  deviates from  the linear p ortion  o f  the p lot. 
I t  is possible th at som e u ndeterm ined  ph ysica l fa ctor  (com p lica tion  due to  
in solub ility  at low  tem peratures, or  freezing ou t o f  C S 2) is responsible for  
this dev ia tion , rather than  a true change in the m echanism . A  second 
possib ility  is th a t th e  a ctiv a tion  energy o f in itia tion  is h igh en ough  so th at 
this process becom es rate-determ in in g  a t low  tem peratures.

Fig. 8. Influence of catalyst concentration on polymerization of 3-methylbutene-l in
propane at —78°C.

In  another series o f  experim ents, the influence o f  ca ta lyst con cen tra tion  
on  the rate o f  po lym eriza tion  has been  investigated . A lB r3 ca ta lyst so lu 
tions (10 m l.) o f various con cen tration s were added  to  300 ml. o f  1.0 m ole/1.
3 -m eth y lb u ten e -l in  propane d iluent at — 7 8 °C . In  F igure 8  the first- 
order rate con stan t ki fo r  m on om er disappearance is p lo tted  against cata lyst 
con cen tration .

F rom  these experim ents the true, overa ll rate con stan t can  be  obta in ed  
in the fo llow in g  m anner.

A ssum ing th at

- d [ M ] /d <  =  U [M ] [C ]

i.e., the reaction  is first order in m on om er and in  ca ta lyst and  th at [C ] is 
con stan t during an experim ent under steady-state  con d itions, we can  w rite

— d i n  [M ]/dt =  k0 [C ]



B y  in tegration  w e obta in

In [M ] =  — fc0[C ]i +  C onst.

at l =  0 , C onst. =  In [Mo].
T h u s In [M ] /[M o ]  =  -  k0 [ C R  
and since

In [ M ] / [ M 0] =  - h t
T herefore

/vl =  kg [C ]

T hus, the p lo t o f  k\ versus [C] should be a straight line w hose slope is kg. 
T h a t this is indeed the case was fou n d  experim entally  over a w ide cata lyst 
con cen tration  range (5 -4 0  X  104 m ole /1 .) (F igure 8 ). O n this basis the 
true overall rate con stan t o f  the system  was ca lcu lated  as 0.610 1./m o le -  
sec.

T h e  fa ct th a t the curve deviates from  linearity  at higher ca ta lyst co n 
centrations can  be explained  b y  loca l m on om er depletion . A t  h igh A lB r 3 
con cen tration s the m on om er is apparen tly  consum ed faster than  it is re
plenished, w h ich  decreases the rate o f  polym erization . A n oth er possible 
explanation  cou ld  be th at at h igh ca ta lyst con cen tration s the coca ta lyst 
(p robab ly  traces o f w ater) con cen tra tion  becom es rate-determ ining, i.e. 
the effective  ca ta lyst con cen tra tion  is less than  the A lB r3 a ctu a lly  in tro 
du ced  because o f la ck  o f coca ta lyst. I t  should be poin ted  ou t th at the 
curve does n ot go  throu gh  the origin. T h is  dev ia tion  cou ld  be used as a 
m easure o f the level o f  im purities present. T hu s, the con cen tra tion  o f 
ca ta lyst-con su m in g  “ po ison s”  in this system  is equ iva len t to  5 X  10~ 4 
m oles/1. A lB r3.
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3. Influence o f Dielectric Constant

T h e influence o f solven ts w ith  higher d ie lectric  con stan ts on  the rate o f 
po lym erization  w as investigated . S ign ificantly , it was fou n d  th at w hen 
A lB r3 was d issolved  in m ethy l brom id e  w hose d ielectric con stan t is 14.86 
at — 7 8 °C ., the rates becam e to o  fast to  fo llow  in the sam e cata lyst co n 
centration  range as those studied in propane, i.e., a b ove  10.3 X  10~ 4 
m ole/1. the rate was to o  fast to  fo llow , w hereas below  1.98 X  10~ 4 m ole/1 . 
A lB r3 it was to o  slow  fo r  con ven ien t investigation .

T h e  rate-increasing role o f m ethyl brom ide w as independently  confirm ed. 
In  one experim ent, 135 ml. precooled  m ethy l brom ide  was in trodu ced  in to  
a 3 -m e th y lb u te n e -l/ca rb o n  disulfide system  (1 m ole/1. m on om er in 310 
ml. tota l vo lu m e) in w hich  polym erization  progressed at a m easurable rate 
at — 100°C . (ca ta lyst con cen tra tion  was 0.051 m oles/1. in 310 m l.). Im 
m ediately  a fter the a d d ition  o f this chem ical the tem perature rose rap id ly  
to — 9 0 °C ., and  a d istin ct ye llow  co lor  developed  in d icatin g  an abu ndan ce 
o f carbon iu m  ions. F our m inutes later, 10 0 %  con version  was reached and 
the reactor was filled w ith  je lly lik e polym er.

E xperim ents in toluene as basic d iluen t show ed th at b o th  rate o f p o ly 
m erization  and m olecu lar w eights were depressed as com pared  w ith  those
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Fig. 9. Rate of polymerization of 3-methylbutene-l with AlBr3 in toluene at —78°C.

obta in ed  in propane under sim ilar experim ental cond itions. T h e  isolated 
polym ers were h ea vy  oils, w hereas in propane tou gh  masses were obta in ed  
(m onom er con cen tra tion  1.0  m o le /1. o f  toluene, final ca ta lyst con cen tration  
4.84 X  10 -2  m ole/1 . A lB r3 in C S 2, tem perature — 7 8 °C .)  On the basis 
o f F igure 9, the first-order rate con stan t is 1.725 X  10 -4  s e c .“ 1. T h e 
last p o in t in F igure 9 falls off the first-order p lot, ind icatin g  th at the rate 
cou ld  have slow ed dow n . U n fortu n ately , no m ore experim ental po in ts  
are availab le in  th is range. In  ca lcu latin g  the first-order rate con stan t 
we d isregarded th is value.

T hese results are n o t surprising, since it is k n ow n  that toluene is an  effec
tive  chain  transfer agent in electroph ilic  po lym eriza tion s . 13-16 A pp aren tly , 
chain  breaking (p rob a b ly  b y  solven t transfer) n o t on ly  depresses the chain  
length  b u t also retards the rate. Such low  m olecu lar w eights indicate th at 
the b a s ic ity  o f  the m on om er is on ly  little  h igher th an  th at o f  toluene. 
I f  to luene were m ore basic tow ard  A lB r3 th an  the m onom er, n o  p olym eriza 
tion  cou ld  have taken  place. Isobu ten e, on  the o th er hand, polym erizes 
readily  to  h igh m olecu lar w eigh t p rod u cts  in  the sam e solven t, ind icatin g  
that there is a large difference betw een  the basicities o f  these m onom ers.

The authors are indebted to Dr. F. P. Baldwin for helpful criticism and to Dr. I. H. 
Billick for stimulating discussions in the course of this work. Mr. J. Hrabinski’s skillful 
assistance is gratefully acknowledged.
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Résumé
On a étudié entre — 62° et — 102°C la polymérisation cationique du 3 méthyl-butène-1, 

en employant comme initiateurs le chlorure d’aluminium et le bromure d ’aluminium. 
Les polymérisations sont homogènes en présence de pentane et également au-dessus de 
— 50 °C en présence du chlorure de méthyle. Par contre le poRmère a tendance de 
précipiter en-dessous de 50°C dans le chlorure de méthyle. Pour le même degré de 
conversion le poids moléculaire du poly(3-méthyl-butène-l ) augmente quand la tem
pérature diminue. Il est significatif que les poids moléculaires augmentent avec le 
degré de conversion et ils semblent atteindre leur maximum aux conversions élevées. 
On a obtenu des poids moléculaires plus hauts dans des mélanges de chlorure d ’alcoyle et 
n-pentane qu’en solution dans le chlorure de méthyle seul. Les poids moléculaires sont 
indépendants des concentrations du catalyseur dans le domaine étudié (31.8 à 7.97 X 
10~4 mole/1. AlBrs et 57.6 à 28.8 X  10~1 mole/1. A1CL). On a étudié la vitesse de 
polymérisation homogène en présence du bromure d ’aluminium en solution dans le 
propane. La vitesse est de 0.610 1. m ole"1 sec"1. L ’énergie d ’activation apparante, 
calculée à partir de l ’équation d ’Arrhénius est 6.57 kcal/mole. La vitesse de polymérisa
tion augmente d’une manière significative dans le bromure de méthyle (effet de la con
stante diélectrique). Dans le toluène le poids moléculaire aussi bien que la vitesse sont 
fortement diminuées. Ceci indique la prépondérance du mécanisme de rupture de 
chaîne impliquant ce solvant.

Zusammenfassung
Die kationische Polymerisation von 3-Meth\dbuten-l mit Aluminium-chlorid und 

Aluminiumbromid wurde im Bereich von —62 bis — 102°C untersucht. Die Polymer
isation verläuft in Gegenwart von Pentan und oberhalb — 50°C in Methylchlorid homo
gen. Llnterhalb —50° neigt das Polymere in Methylchlorid zum Ausfallen. Das 
Molekulargewicht von Poly-3-methylbuten-l nimmt bei gleichem Umsatz mit fallender 
Temperatur zu. Das Molekulargewicht zeigt eine charakteristische Zunahme mit dem 
Umsatz und scheint bei hohem Umsatz ein Maximum zu erreichen. In ra-Pentan- 
Alkylchlorid-Gemischen wurden höhere Molekulargewichte erhalten als in Methyl
chloridlösung allein. Die Molekulargewichte sind im untersuchten Bereich (31,8 bis 
7,97 X 10“ 4 Mol/1 AlBr3 und 57,6 bis 28,8 X 10"4 Mol/1 A1CL) von der Katalysator
konzentration unabhängig. Die Geschwindigkeit der homogenen Polymerisation mit 
Aluminiumbromid in Propan als Lösungsmittel wurde untersucht. Die Geschwindig
keit ist von erster Ordnung in bezug auf Monomer- und Katalysatorkonzentration und 
die Geschwindigkeitskonstante beträgt 0,601 1 M ol"1 sek"1. Aus dem Arrheniusdia- 
gramm berechnet sieh die scheinbare Aktivierungsenergie zu 6,57 kcal/Mol. In Methyl
bromid nimmt die Polymerisationsgeschwindigkeit in charakteristischer Weise zu (Ein
fluss der Dielektrizitätskonstanten). In Toluol werden Molekulargewicht und Gesch
windigkeit stark herabgesetzt, was auf das Vorherrschen eines Kettenabbruchsmecha- 
nismus bei diesem Lösungsmittel hinweist.

R eceived  Septem ber 2 1 , 1962 
R evised  O ctober 22, 1962
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Cationic Polymerizations of 3-Methylbutene-l.
II. Polymerizations at Extremely Low Temperatures

J. P . K E N N E D Y ,  Chemicals Research Division, Esso Research and 
Engineering Company, Linden, New Jersey

Synopsis
The cationic polymerization of 3-methylbutene-l has been studied at extremely low 

temperatures e.g., — 130°C-. and below. Practically no polymerization occurs, even at 
high catalyst concentrations, and the system lies “ dormant”  at — 150°C. The molecular 
weight-conversion curve obtained with AlCL is a straight line which can be extrapolated 
through the origin. The slope of this line is determined by monomer concentrations. 
Higher molecular weights are obtained at the same conversion with higher monomer 
concentrations. With boron trifluoride catalyst, the linear part of the curve does not 
extrapolate back through the origin. Product molecular weights were higher in ethyl 
chloride than in pentene with BF3 at the same conversion level at — 130°C.

Introduction

I n  th e  first p a p e r  o f  th is  series  w e  d is cu sse d  th e  k in e t ic s  o f  th e  c a t io n ic  
p o ly m e r iz a t io n  o f  3 -m e t h y lb u t e n e - l  a t  te m p e ra tu re s  ra n g in g  fr o m  — 50 to
— 1 0 0 ° C . , 1 w h e re  r u b b e r y  a n d  a m o r p h o u s  p o ly m e r s  are o b ta in e d . A t
— 1 3 0 °C . o r  lo w e r , c r y s ta llin e  p r o d u c t s  are  f o r m e d . 2 I n  a  fu r th e r  p u b lic a 
t io n  w e  d e s cr ib e d  th e  x -r a y  c h a r a c te r iz a t io n  o f  t w o  c ry s ta llin e  m o d if ic a 
t io n s  (a  a n d  ¡3 fo r m s ) o f  c a t io n ic a lly  o b ta in e d  p o ly -3 -m e t h y lb u t e n e - l . 3 

A t  th is  t im e  w e  p re se n t  k in e t ic  e x p e r im e n ts  o n  c ry s ta llin e  p o ly -3 -m e t h y l-  
b u te n e -1  in  th e  te m p e r a tu r e  ra n g e  fr o m  — 100 to  — 1 5 0 °C .

Experimental

T h e  o r ig in  a n d  p u r ity  o f  m o s t  o f  th e  m a te r ia ls  u s e d  in  th is  s tu d y  h a s  b e e n  
d e s c r ib e d . 1' 3 G e n e ra l e x p e r im e n ta l a n d  p o ly m e r iz a t io n  te ch n iq u e s  w ere  
id e n t ic a l t o  th o s e  u sed  e a r lie r . 1 T h e  p r e p a r a t io n  o f  a lu m in u m  c h lo r id e  
c a ta ly s t  w a s  r e p o r te d . 3 B o r o n  tr iflu o r id e  c a ta ly s t  s o lu t io n s  w ere  p re p a re d  
b y  sa tu ra t in g  e th y l  ch lo r id e  o r  n -p e n ta n e  w ith  th e  g a s  a t  — 7 8 ° C . a n d  p r e 
c o o lin g  t o  e x p e r im e n ta l te m p e ra tu re s  (u s u a lly  — 1 3 0 ° C . ) .

N o  c o m p lic a t io n s  w e re  e n c o u n te r e d  w h e n  b o r o n  t r i f lu o r id e -e t h y l  c h lo 
r id e  so lu t io n s  w e re  c o o le d  d o w n  to  — 1 3 0 °C ., b u t  p h a se  s e p a r a t io n  o c c u r r e d  
in  p e n ta n e  a t  a b o u t  — 1 2 0 °C . W h e n  so lid  b o r o n  tr iflu o r id e  w a s  a d d e d  to  
p e n ta n e  (a t  — 1 4 0 ° C .) ,  a  s n o w -w h ite , h e a v y  su sp e n s io n  w a s  o b ta in e d . 
W h e n  th is  s lu rry  w a rm e d  u p , th e  b o r o n  tr iflu o r id e  m e lte d  (m .p . — 1 2 7 ° C .) ,  
a n d  c o l le c te d  in  a  se p a ra te  h e a v y  liq u id  p h a se  b e lo w  th e  h y d r o c a r b o n . 
O n  h e a t in g , th is  lo w e r  p h a se  s ta r te d  to  b o il  u n d e r  th e  su r fa ce  o f  th e  q u ie s 
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c e n t  p e n ta n e  la y e r  a n d  o n  c o n t in u e d  h e a t in g  it  b o ile d  o f f  u n t il c o m p le te ly  
d isa p p e a re d . S im ila r ly , w h e n  a  p e n ta n e  s o lu t io n  o f  b o r o n  tr iflu o r id e , 
w h ic h  w a s  sa tu ra te d  a t — 7 8 ° C .,  w a s  c o o le d  d o w n  it  b e c a m e  m ilk y  a t 
a ro u n d  — 1 2 7 °C . B e lo w  — 1 3 0 °C . th e  b o r o n  tr iflu o r id e  fro z e  o u t  a n d  b e 
ca m e  a  c o n t in u o u s  so lid  p h a se  w h ich  c lu n g  t o  th e  w a lls  o f  th e  co n ta in e r . 
I n  o r d e r  to  m a in ta in  o u r  p r e c h o s e n  te m p e ra tu re  le v e l o f  — 1 3 0 °C . w e  a d d e d  
th e  h e te ro g e n e o u s  B F 3 c a ta ly s t  su sp e n s io n  ( — 125 to  — 1 2 7 ° C .)  t o  th e  
r e a c t io n  m ix tu re  s tirred  a t  — 1 3 0 °C . B e ca u se  o f  th e  v o la t i l i t y  o f  b o r o n  
tr iflu o r id e , its  c o n c e n tr a t io n s  are ill d e fin e d  a n d  are n o t  sp ec ified .

Results and Discussion

T h e  e ffe c t  o f  te m p e ra tu re  o n  co n v e r s io n s  a n d  m o le cu la r  w e ig h ts  o f  
c ry s ta llin e  p o ly -3 -m e t h y lb u t e n e - l  h a s  b e e n  in v e s t ig a te d . I n  a  ty p ic a l  
e x p e r im e n t , p r e c o o le d  A lC U  c a ta ly s t  in  e th y l ch lo r id e  s o lv e n t  w a s  a d d e d  
t o  3 -m e t h y lb u t e n e - l  s tirred  a t — 1 3 0 °C . T h e  w ith d r a w in g  o f  a liq u o ts  w as 
s ta r te d  as s o o n  as fe a s ib le . A fte r  sa m p les  in d ic a te d  th a t  th e  r e a c t io n  w a s  
p ro g re ss in g  s m o o t h ly  (5 5  m in . a fte r  c a ta ly s t  in t r o d u c t io n )  th e  te m p e ra tu re  
w a s  s u d d e n ly  d r o p p e d  to  — 1 5 0 °C . b y  in tr o d u c in g  liq u id  n itro g e n  in to  th e  
r e a c to r  a n d  lo w e r in g  th e  th e r m o c o n tr o l . T h e  te m p e ra tu re  w a s  m a in ta in e d  
a t  th is  le v e l fo r  th e  n e x t  145 m in ., a n d  sa m p lin g  w a s  c o n t in u e d  p e r io d ic a lly . 
A ft e r  a to t a l  o f  2 0 0  m in . th e  te m p e r a tu r e  w a s  q u ic k ly  ra ised  to  — 1 3 0 °C ., 
w h ere  i t  w a s  m a in ta in e d  fo r  a n o th e r  95  m in . F in a lly , th e  te m p e ra tu re
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Fig. 1. Conversion vs. time of 3-methylbutene-l polymerization at extremely low
temperatures.
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Fig. 2. Molecular weights vs. time of 3-methylbutene-l polymerization at extremely low
temperatures.

w a s  ra ised  t o  — 1 0 0 °C ., a n d  a fte r  100 m in . m o re  o f  s tirr in g  a t  th is  le v e l, 
th e  e x p e r im e n t  w a s  te rm in a te d .

F ig u re s  1 a n d  2  s h o w  th e  ch a n g e s  o f  m o le cu la r  w e ig h ts  a n d  c o n v e r s io n s  
as a  fu n c t io n  o f  t im e . C o n v e r s io n s  s ta rt  t o  in crea se  e x p o n e n t ia lly  a t 
— 1 3 0 °C . u n t il th e  te m p e ra tu re  is d r o p p e d  t o  — 1 5 0 °C . R e m a r k a b ly , 
p o ly m e r iz a t io n  is  s lo w e d  d o w n  tr e m e n d o u s ly  w ith in  th is  2 0 ° C . in te rv a l. 
C o n v e r s io n s  in cre a se  o n ly  f r o m  5 .9 %  to  a b o u t  6 .2 %  o v e r  a  p e r io d  o f  145 
m in . a t  — 1 5 0 °C . A s  s o o n  as th e  te m p e r a tu r e  is ra ised  b a c k  to  — 1 3 0 °C . 
th e  ra te  p ic k s  u p  e x a c t ly  w h e re  it  w a s  in te r r u p te d  b y  d r o p p in g  th e  te m 
p e ra tu re . I f  th e  (a lm o s t )  h o r iz o n ta l s e c t io n  a t  — 1 5 0 °C . is c u t  o u t  fr o m  
F ig u re  1, th e  c u r v e  c o n t in u e s  e x p o n e n t ia lly  (e x c e p t  fo r  th e  0 .3 %  c o n v e r 
s io n  in cre a se ) as i f  th e re  w a s  n o t  a  q u ie s c e n t  p e r io d . C ry s ta llin e  p o ly m e r  
is fo r m e d  d u r in g  th is  p a r t  o f  th e  e x p e r im e n t . W h e n  th e  te m p e ra tu re  is 
ra ised  to  — 1 0 0 °C ., th e  p o ly m e r iz a t io n  s u d d e n ly  “ ta k e s  o f f ”  a n d  ra p id ly  
re a ch es  1 0 0 %  c o n v e r s io n . A g a in , it  is re m a rk a b le  th a t  a re la t iv e ly  sm a ll 
te m p e r a tu r e  in cre a se  ( fr o m  — 130 to  — 1 0 0 ° C .)  ca n  in d u ce  su ch  a  la rge  ra te  
e ffe c t . R u b b e r y ,  a m o r p h o u s  p r o d u c ts  w ere  o b ta in e d  a t  th is  te m p e ra tu re  
le v e l. C o n v e r s io n s  w ere  a lw a y s  r e la t iv e ly  lo w  a t  — 1 3 0 °C ., a n d  e v e n  th e  
h ig h e s t  c a ta ly s t  c o n c e n tr a t io n s  b r o u g h t  th e  r e a c t io n  t o  a  m a x im u m  o f  
2 5 %  c o m p le t io n . A t  th ese  c a ta ly s t  c o n c e n tr a t io n s  a n d  a t h ig h e r  t e m 
p e ra tu re s , e .g ., a t  — 1 0 0 ° C ., 1 0 0 %  co n v e r s io n s  w e re  o b ta in e d .

T h e  m o le cu la r  w e ig h t  p a tte r n  e sse n tia lly  fo l lo w s  th a t  o f  c o n v e r s io n  
(F ig . 2 ) .  I n it ia lly , m o le cu la r  w e ig h t  rises e x p o n e n t ia lly  a t  — 1 3 0 °C ., b u t
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Fig. 3. Molecular weight vs. conversion (combination of Figs. 1 and 2) of 3-methyl- 
butene-1 polymerization at extremely low temperatures.

le v e ls  o f f  a n d  rem a in s  u n ch a n g e d  w h e n  th e  te m p e ra tu re  is d r o p p e d  to
— 1 5 0 °C . P r a c t ic a l ly  n o  p o ly m e r iz a t io n  ta k e s  p la c e  a t th is  v e r y  lo w  te m 
p e ra tu re . H o w e v e r , th e  p r o p a g a t in g  a b il it y  o f  th e  ch a in s  is n o t  d e s tr o y e d , 
t h e y  o n ly  lie  d o r m a n t ; w h e n  th e  te m p e ra tu re  is ra ised  to  — 1 3 0 °C . g r o w th  
p ick s  u p  a g a in . N o  su d d e n  in cre a se  in  m o le c u la r  w e ig h ts  o c c u r s  w h e n  th e  
te m p e ra tu re  is in cre a se d  to  — 1 0 0 °C . T h e  fa c t  th a t  c o n v e r s io n s  rise 
q u ic k ly  fr o m  9 t o  ~ 9 0 %  w ith o u t  a  s im u lta n e o u s  rise in  m o le cu la r  
w e ig h ts  in d ica te s  th a t  n ew  in it ia t io n  o c c u r r e d  a n d  d o r m a n t  c a ta ly s t  o r  
c a t a ly s t -m o n o m e r  co m p le x e s  s u d d e n ly  s ta rt  t o  g r o w . W e  h a v e  n o  
e v id e n c e  o f  b r a n c h in g  w h ic h  w o u ld  a lso  a c c o u n t  fo r  th e se  fa c ts .

T h e  m o le cu la r  w e ig h t  a n d  c o n v e r s io n  c u r v e s  are  c o m b in e d  in  F ig u re  3, 
w h ere  w e  p lo t te d  ch a n g e s  in  m o le cu la r  w e ig h ts  as a  fu n c t io n  o f  c o n v e r s io n  
a t  v a r io u s  te m p e ra tu re s . T h e  first s tra ig h t lin e  d e scr ib e s  th e  s itu a t io n  
u n til th e  p o in t  w h e n  th e  te m p e ra tu re  w a s  ra ised  to  — 1 0 0 °C . T h e
— 1 5 0 °C . in te rv a l a p p e a rs  as a  s in g le  p o in t  o n  th e  c u r v e  in d ic a t in g  th a t  th e  
re a c t io n  “ f r o z e ”  a t th is  te m p e ra tu re . T h e  r e s u m p tio n  o f  p o ly m e r iz a t io n  
is in d ic a te d  b y  fo u r  e x p e r im e n ta l v a lu e s  o b ta in e d  in  th e  s e c o n d  — 1 3 0 °C . 
ran ge . T h e  s lo p e  d ecre a se s  s ig n ifica n t ly  w h e n  th e  te m p e ra tu re  is ra ised  to
— 1 0 0 °C ., b u t  th e  c u r v e  rem a in s  lin ear. T h e  tw o  p a r ts  o f  th e  c u r v e  are 
co n n e c te d  w ith  a  b r o k e n  lin e  w h ich  c o r r e s p o n d s  w ith  th e  b r o k e n  line in  
F ig u re  1 in d ic a t in g  a  w a rm in g  u p  ra n g e  o f  — 130 to  — 1 0 0 °C .

I t  is im p o r ta n t  th a t  c ry s ta llin e  p o ly m e r  ( a  m o d if ic a t io n )  w a s  fo r m e d  
d u r in g  th e  re la t iv e ly  s lo w  p o ly m e r iz a t io n  p e r io d  a t — 1 3 0 °C ., w h erea s
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Fig. 4. Plots of conversions and molecular weights vs. time in the 3-methylbutene-l- 
aluminum chloride-ethyl chloride system at — 130°C.

a m o rp h o u s  m a te r ia l w a s  o b ta in e d  w h e n  th e  ra te  in cre a se d  m a n y  fo ld  a t 
- 1 0 0 ° C .

I n  a n o th e r  series o f  e x p e r im e n t , fre sh  c a ta ly s t  s o lu t io n  w as in tr o d u c e d  
in to  a  s m o o t h ly  p r o g re ss in g  p o ly m e r iz a t io n  a t  — 1 3 0 °C . a n d  c o n c u r r e n t  
ch a n g e s  in  c o n v e r s io n  a n d  m o le c u la r  w e ig h t  w e re  d e te rm in e d . F ig u re  4 
sh o w s  th e  fin d in g s . T h e  fresh  c a ta ly s t  w a s  a d d e d  a fte r  25 5  m in . o f  s t ir 
r in g  a t  — 1 3 0 °C . C o n v e rs io n s , w h ic h  u n t il  th is  p o in t  p ro g re sse d  s te a d ily  
to  1 7 % , ju m p e d  to  3 4 % .  T h e  m o le cu la r  w e ig h ts , w h ic h  a lso  in cre a se d  
a lm o s t  lin e a r ly , h o w e v e r , ra p id ly  d e cre a s e d  u n t il a m in im u m  w a s re a ch e d . 
A fte r  th is  s u d d e n  d ip , th e  m o le cu la r  w e ig h ts  s ta r te d  to  rise  a g a in . T h e  
s e c o n d  in crea se  w a s  e sse n tia lly  p a ra lle l t o  th a t  e x p e r ie n ce d  b e fo r e  fresh  
c a ta ly s t  s o lu t io n  w a s  in tr o d u c e d .

T h is  s itu a t io n  c a n  b e  e x p la in e d  b y  th e  fa c t  th a t  fre sh  c a ta ly s t  in t r o d u c 
t io n  m e a n s  fre sh  in it ia t io n . N e w ly  fo r m e d  sh o r t  ch a in s  te m p o r a r i ly  
d ep ress  a v e ra g e  m o le c u la r  w e ig h t  u n t il th ese  u n its  g r o w  s u ffic ie n t ly  t o  
c o m p e n s a te  fo r  th e  a v e ra g e  re d u c in g  e f fe c t  o f  sh o r t  ch a in s . A s  s o o n  as th e  
n e w  ch a in s  re a ch  a ce r ta in  le n g th  th e  m o le c u la r  w e ig h t  c u rv e  tu rn s  u p w a rd  
a g a in . S ig n if ica n t ly , th e  first p a r t  o f  th e  m o le c u la r  w e ig h t  as w e ll as th e  
c o n v e r s io n  cu r v e s  (p r io r  t o  fre sh  c a ta ly s t  in t r o d u c t io n )  are  e sse n t ia lly  
p a ra lle l t o  th e  s e c o n d  p a r t  o f  th e  r e s p e c t iv e  cu rv e s .

F ig u re  5 sh o w s  th e  c o m b in e d  m o le c u la r  w e ig h t -c o n v e r s io n  cu r v e s  
(c o m b in a t io n  o f  th e  cu r v e s  in  F ig u re  4 ) .  T h e  p o in t  o f  fresh  c a ta ly s t  
in t r o d u c t io n  is in d ic a te d  b y  th e  a rro w . A g a in , th e  first a n d  th e  s e c o n d  
p a r ts  o f  th e  e x p e r im e n ta l cu r v e s  are e sse n t ia lly  p a ra lle l in d ic a t in g  id e n t i
c a l r e a c t io n  m e ch a n ism s  fo r  b o t h  in tr o d u c t io n s  o f  c a ta ly s t . S ig n ifica n tly , 
th e  e x tr a p o la te d  lin e  g o e s  th r o u g h  th e  o r ig in .
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Fig. 5. Molecular weights vs. conversion in the 3-methylbutene-l '.aluminum chloride- 
ethyl chloride system at —120 and — 130°C.

F ig u re  5 a lso  sh o w s  a m o le cu la r  w e ig h t -c o n v e r s io n  p lo t  o f  a n  e x p e r im e n t 
ca rr ie d  o u t  a t — 1 2 0 °C . T h e  o v e r a ll  p a tte r n  is  v is ib ly  id e n t ic a l t o  th a t  o f  
th e  e x p e r im e n t  a t  — 1 3 0 °C . A  s ig n ifica n t d iffe re n ce  lies  in  th e  fa c t  th a t  
th is  s tra ig h t lin e  d o e s  n o t  g o  th r o u g h  th e  o r ig in  o n  e x tr a p o la t io n  ( it  crosses  
th e  o r d in a te  a t a b o u t  a n  in h e re n t v is c o s i t y  o f  I .V . =  0 .1 ) . E a rlie r  m o le c 
u lar w e ig h t -c o n v e r s io n  cu r v e s  o b ta in e d  w ith  a  s im ila r  s y s te m  a t  — 7 8 ° C .1 
in d ica te  s o m e w h a t  c u r v e d  lin es  w h ic h  e x tr a p o la te  t o  th e  o r d in a te  a t e v e n  
h ig h e r  in h e re n t v is c o s i t y  v a lu e s  (a b o u t  0 .2 - 0 .3 ) .  T h is  in d ica te s  th e  
in flu e n ce  o f  te m p e ra tu re  o n  th e  m o le c u la r  w e ig h t  d is tr ib u t io n . T h e  
c o m m o n  fe a tu re s  o f  th e s e  e x p e r im e n ts  a t  — 1 3 0 °C . are  s tra ig h t m o le cu la r  
w e ig h t -c o n v e r s io n  cu r v e s  w h ic h  o n  e x tr a p o la t io n  g o  th r o u g h  th e  o r ig in  
(F ig s . 3 , 5 , a n d  6 ) .  I t  a p p e a rs  s ig n ifica n t th a t  th e se  cu rv e s  in d ic a te  
im m e d ia te  in it ia t io n  a fte r  c a ta ly s t  in t r o d u c t io n  fo l lo w e d  b y  s te a d y , 
u n in te rru p te d  p r o p a g a t io n . C h a in  tra n s fe r  a n d  te rm in a t io n  s tep s  are 
a p p a r e n t ly  n e g lig ib le  (a t  le a s t  a t lo w  c o n v e r s io n  le v e ls ) . T h e s e  fin d in g s  
se e m  t o  in d ic a te  a  “ l iv in g ”  p o ly m e r  w h e re  (a t  g iv e n  m o n o m e r  a n d  c a ta ly s t  
c o n c e n tr a t io n s )  g r o w th  is a  fu n c t io n  o f  t im e  o r  c o n v e r s io n  (a n d  t e m 
p e r a tu r e ). A  fo r t h c o m in g  p u b lic a t io n  w ill  d is cu ss  th is  a s p e c t  o f  th e  
p o ly m e r iz a t io n  a n d  th e  e f fe c t  o f  m o n o m e r  c o n c e n tr a t io n  o n  th e  ra te .
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Fig. 6. Molecular weight vs. %  conversion of various monomer concentrations at
—130°C.

A p p a r e n t ly  th is  is  a  s y s te m  w ith  r e la t iv e ly  s lo w  p r o p a g a t io n  a n d  o n e  in  
w h ich  ch a in  b r e a k in g  a n d  te r m in a t io n  r e a c t io n s  are  n e g lig ib le . L a c k  
o f  c h a in  b r e a k in g  a n d  te r m in a t io n  c o u ld  b e  d u e  to  th e  s ta b le  te r t ia r y  
c a r b o n iu m  io n  w h ic h  is th e  a c tu a l p r o p a g a t in g  sp ec ies . T h e  o r ig in a l 
s e c o n d a r y  c a r b o n iu m  io n  rea rra n g es  it se lf  t o  th e  m o re  s ta b le  te r t ia r y  o n e  
b e fo re  p r o p a g a t io n  c a n  ta k e  p la c e , 2 e .g .,

- C H 2— CHe ---------- * ^ C H 2— CH2
I I

CH(CH3)2 C(CH3)o
©

P r o b a b ly  th is  h y d r id e  s h ift  is e x tr e m e ly  r a p id  a n d  n o t  ra te -d e te rm in in g .
I t  s h o u ld  b e  e m p h a s iz e d  th a t  a t  h ig h e r  c o n v e r s io n s  th e  m o le c u la r  w e ig h t -  

c o n v e r s io n  c u r v e  d e v ia te s  f r o m  th a t  o f  a  s tra ig h t  lin e  a n d  c o n v e r g e s  t o  a 
m a x im u m . T h is  h a s  b e e n  s h o w n  a lr e a d y  a t  h ig h e r  te m p e r a tu r e s . 1 T h u s , 
th e  s tra ig h t m o le c u la r  w e ig h t -c o n v e r s io n  lin es re p re se n t o n ly  th e  in it ia l
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Fig. 7. Slopes of inherent viscosity-conversion curves vs. monomer concentration.

p a r t  o f  a n  o th e rw ise  f ir s t -o rd e r  c u r v e . A p p a r e n t ly , th e  lo w e r in g  o f  te m 
p era tu re  to  — 1 3 0 °C . d e cre a se s  th e  ra te  o f  p r o p a g a t io n  to  su ch  a n  e x te n t  
th a t  th is  s tr a ig h t  in itia l p o r t io n  o f  th e  to t a l  o v e r a ll  c u r v e  ca n  b e  s tu d ie d .

T h e  e f fe c t  o f  m o n o m e r  c o n c e n tr a t io n  o n  m o le cu la r  w e ig h t -c o n v e r s io n  
cu r v e s  h as b e e n  in v e s t ig a te d . I n  a  series  o f  e x p e r im e n ts , so lu t io n s  o f  
A IC I3 in  e th y l  ch lo r id e  w ere  a d d e d  to  m ix tu re s  c o n ta in in g  v a r io u s  c o n c e n tr a 
t io n s  o f  3 -m e t h y lb u t e n e - l  a n d  e th y l  ch lo r id e  a t — 1 3 0 °C . M o le c u la r  
w e ig h ts  a n d  co n v e r s io n s  w ere  d e te rm in e d  s im u lta n e o u s ly  in  sa m p les  w ith 
d ra w n  o v e r  a  p e r io d  o f  1 0 0 -3 0 0  m in u te s  a fte r  c a ta ly s t  in tr o d u c t io n . 
F ig u re  6  sh o w s  th e  resu lts . A ll  e x p e r im e n ts  w ith  A IC I3 in  e th y l  c h lo r id e  
s o lv e n t  a t  — 1 3 0 °C . re su lte d  in s tra ig h t m o le cu la r  w e ig h t -c o n v e r s io n  lin es 
w h ich  o n  e x tr a p o la t io n  cro sse d  th e  o r ig in . T h e  s lo p e s  o f  th ese  lin es , h o w 
e v e r , w ere  d if fe re n t  a n d  a p p a r e n t ly  d e p e n d e d  o n  m o n o m e r  co n c e n tr a t io n . 
T h e  m o n o m e r  c o n c e n tr a t io n s  (in  m o le /l i t e r )  e m p lo y e d  are  in d ic a te d  in  
F ig u re  6 . L in e  B  in  F ig u re  6  is id e n t ic a l t o  th a t  s h o w n  in  F ig u re  3 ; th e  
fiv e  v a lu e s  o b ta in e d  a t  — 1 5 0 °C . a re  e n c ir c le d . In d e e d , th e  s lo p e  o f  th e  
p lo t  g a v e  a  s tra ig h t  lin e  w h ich  a lso  c o u ld  b e  e x tr a p o la t e d  th ro u g h  th e  o r ig in . 
T h is  is s h o w n  in  F ig u re  7.

T h e  e x a c t  p h y s ic a l m e a n in g  o f  th is  p lo t  h as n o t  y e t  b e e n  d e r iv e d . H o w 
e v e r , q u a lit a t iv e ly  it  in d ica te s  th a t  th e  h ig h e r  th e  m o n o m e r  c o n c e n tr a 
t io n  th e  fa s te r  th e  b u ild  u p  o f  m o le c u la r  w e ig h ts  a t  th e  sa m e  c o n v e r s io n  
le v e l.

I n  a n o th e r  series o f  e x p e r im e n ts , 3 -m e t h y lb u t e n e - l  p o ly m e r iz a t io n s  
w ere  ca rr ie d  o u t  in  liq u id  v in y l  ch lo r id e  d ilu e n t  w ith  a lu m in u m  c h lo r id e -
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Fig. 8. Dependence of molecular weight on conversion of the 3-methylbutene-l-BF3 
system in various solvents at — 130°C.

e th y l  c h lo r id e  c a ta ly s t  a t  — 1 3 0 °C . P o ly m e r iz a t io n s  u n d e r  th e se  c o n d i
tio n s  w e re  g e n e ra lly  re ta rd e d , e .g ., th e  co n v e r s io n s  re m a in e d  b e lo w  5 %  
a fte r  30 0  m in . a n d  th e  in h e re n t v is c o s it ie s  n e v e r  e x ce e d e d  0 .4 . T h is  
f in d in g  is u n u su a l, s in ce  th e  c a t io n ic  p o ly m e r iz a t io n  o f  is o b u te n e  p r o c e e d s  
r e a d ily  in  v in y l  ch lo r id e  d ilu e n t , 4 e v e n  a t  — 1 8 5 ° C .5 A p p a r e n t ly  th e  
C H 2= C H C 1-A 1C 13 c o m p le x  is w e a k  e n o u g h  a g a in st  th e  s tr o n g  b a se  iso 
b u te n e , b u t  is t o o  s ta b le  t o  p o ly m e r iz e  e a s ily  th e  w e a k e r  b a se  3 -m e th y l-  
b u t e n e - 1 .

S im ila r  e x p e r im e n ts  w ere  c o n d u c t e d  w ith  B F 3 c a ta ly s t  in  e th y l  ch lo r id e  
a n d  n -p e n ta n e  s o lv e n ts . C a ta ly s t  s o lu t io n s  w ere  p re p a re d  b y  s a tu ra tin g  
th e  re s p e c t iv e  s o lv e n t . S o m e  o f  th e  resu lts  are  su m m a riz e d  in  F ig u re  8  

b y  p lo t t in g  m o le cu la r  w e ig h ts  a g a in s t  c o n v e r s io n  o b ta in e d  a t  — 1 3 0 °C . 
R e p r o d u c ib i l i t y  o f  th e  ru n s is s a t is fa c to r y  as in d ic a te d  b y  th e  t w o  ru n s 
in e t h y l  c h lo r id e . I t  sh o u ld  b e  p o in te d  o u t  th a t  th e  h ig h e r  o f  th e  tw o  
e th y l  ch lo r id e  cu r v e s  w a s o b ta in e d  in  a n  e x p e r im e n t  w h ich  w a s s ta r te d  a n d  
m a in ta in e d  a t  — 1 5 0 °C . fo r  180 m in . D u r in g  th is  t im e  in te r v a l a t  th is  
te m p e ra tu re  le v e l th e re  w a s  p r a c t ic a l ly  n o  p o ly m e r iz a t io n . W h e n  th e  
te m p e ra tu re  w a s  ra ised  r a p id ly  to  — 1 3 0 °C . p o ly m e r iz a t io n  s ta r te d  a n d  w a s  
fo l lo w e d  b y  c o n t in u o u s  sa m p lin g . T h e  c u r v e d  lin e  in  F ig u re  8  sh o w s  th e  
resu lts  o f  a n  e x p e r im e n t in  p e n ta n e . N o  p o ly m e r iz a t io n  o c c u r r e d  fo r  80  
m in . a t  — 1 3 0 °C . u s in g  as c a ta ly s t  100 m l. o f  n -p e n ta n e  s a tu ra te d  w ith  
B F 3a t  — 7 8 °C . W h e n  a n  a d d it io n a l  5 m l. o f  liq u id  (p u re ) B F 3 w a s  a d d e d  to  
th e  r e a c t io n  m ix tu re , p o ly m e r iz a t io n  s ta r te d . D iffe re n ce s  in  v is co s it ie s  
o b ta in e d  in  e t h y l  ch lo r id e  a n d  in  p e n ta n e  s o lv e n ts  a t  — 1 3 0 °C . are  s ig n ifi
c a n t , s in ce  c a ta ly s t  c o n c e n tr a t io n s  (w h ic h  w e re  ill d e fin e d  in  th e se  e x p e r i
m e n ts ) d o  n o t  a f fe c t  m o le c u la r  w e ig h ts . 1 A p p a r e n t ly  h ig h e r  m o le cu la r  
w e ig h t  p r o d u c t  is o b ta in e d  in  th e  s o lv e n t  w ith  th e  h ig h e r  d ie le c tr ic  c o n 
s ta n t .

T h e  ra te  o f  p o ly m e r iz a t io n  is  g r e a t ly  in cre a se d  w h e n  e th y l  c h lo r id e  is
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a d d e d  to  a  q u ie s c e n t  m o n o m e r -B F 3- p e n ta n e  m ix tu re  a t — 1 2 5 °C . S im ila r  
resu lts  h a v e  a lr e a d y  b e e n  r e p o r te d  fo r  th e  m o n o m e r -A lB r 3- c a r b o n  d isu l
fid e  s y s te m  a t  — 1 0 0 °C . t o  w h ic h  m e t h y l b r o m id e  w a s  a d d e d .1

I t  is a lso  s ig n ifica n t th a t  th e  lin ear p a r t  o f  th e  v is c o s ity -c o n v e r s io n  
c u rv e  d o e s  n o t  e x tr a p o la te  to  th e  o r ig in . A p p a r e n t ly , th e  first p h a se  o f  
th e  p o ly m e r iz a t io n  in v o lv e s  a  sh o rt  b u t  v ig o r o u s  b u ild -u p  in  m o le c u la r  
w e ig h ts  (a ro u n d  0 .1 5  in h e re n t v is c o s i t y  a t  — 1 3 0 ° C .) .  T h is  s itu a t io n  is 
v e r y  s im ila r  t o  th a t  o b s e r v e d  w ith  A1C13 a n d  A lB r 3 ca ta ly s ts  a t  h ig h er  
te m p e r a tu r e s .1 T h e  fa c t  th a t  th e  lin ea r  p a r t  o f  th e  m o le cu la r  w e ig h t -  
c o n v e r s io n  lin e  c a n n o t  b e  e x tr a p o la te d  b a c k  t o  ze ro  o r ig in , as is th e  ca se  
w ith  a lu m in u m  c h lo r id e - in it ia te d  p o ly m e r iz a t io n s  u n d e r  s im ila r  e x p e r i
m e n ta l c o n d it io n s , in d ic a te s  th e  p o s s ib le  e f fe c t  o f  th e  n a tu re  o f  th e  ca ta ly s ts  
o n  m o le cu la r  w e ig h t  d is t r ib u t io n .

I am deeply grateful to R. M. Thomas for constructive criticism during the course of 
this work.
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Résumé
On a étudi; la polymérisation du 3-méthvlbutène-l à des températures extrêmement 

basses, c ’est à dire, — 1.30°C et plus bas. On ne constate pratiquement pas de poly
mérisation, même ¡ras à des concentrations élevées en catalyseur et le système est “ dor
mant”  à — 150°C. Dans la cas du AICh le graphique poids moléculaire-conversion 
donne une droite qui peut être extrapolée par l ’origine. La pente de ces droites est 
déterminée par la concentration en monomère. Avec des concentrations en monomère 
plus élevées, on obtient à la même conversion des produits dont le poids moléculaire est 
plus élevé. Avec le BF3 comme catalyseur, la partie linéaire de la courbe ne passe pas 
par l ’origine en extrapolant. Avec ce même catalyseur, à — 130°C et à le même con
version, les poids moléculaires étaient plus élevés dans le chlorure d’éthyle que dans le 
pentène.

Zusammenfassung
Die kationische Polymerisation von 3-Methylbuten-l wurde bei extrem niedriger 

Temperatur, z.B. — 130°C und darunter untersucht. Auch bei hoher Katalysatorkon
zentration findet praktisch keine Polymerisation statt und das System befindet sich bei
— 150°C in einem Ruhezustand. Die mit A1CL erhaltene Molekulargewichts-Umsat
zkurve bildet eine Gerade, die zum Ursprung extrapoliert werden kann. Bei gleichem 
Gerade, die zum Ursprung extrapoliert werden kann. Bei gleichem Umsatz werden mit 
höherer Monomerkonzentration höhere Molekulargewichte erhalten. Mit Bortri- 
fluorid als Katalysator lässt sich der lineare Teil der Kurve nicht zum Ursprung zurück
extrapolieren. Das Molekulargewicht des Polymeren war beim gleichen Umsatz bei
— 130°C in Äthylchlorid höher als in Penten.

R ece ived  J a n u a ry  3, 1963 
R evised  J a n u a ry  18, 1963
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The Molecular Structure of Perfluorocarbon 
Polymers. II. Pyrolysis of Polytelrailuoi'oelhvlenc

J. C . S IE G L E , L. T . M U U S ,f  T U N G -P O  L I N ,t  and H . A . L A R S E N ,
P la s t i c s  D e p a r tm e n t ,  E .  I .  d u  P o n t  d e N e m o u r s  &  C o m p a n y ,  I n c . ,  D u  P o n t  

E x p e r im e n ta l  S ta t io n , W ilm in g to n ,  D e la w a r e

Synopsis

Vacuum pyrolysis of thin samples of polytetrafluoroethylene follows first-order ki
netics with monomer as the only important decomposition product in the temperature 
range 360-510°C. The rate constant for vacuum pyrolysis is independent of both the 
melt viscosity and the type of polymer and is characterized by an activation enthalpy 
of 83.0 kcal./mole and a frequency factor of 3 X 1019 sec.-1. The molecular weight is 
found to decrease during pyrolysis. A plausible reaction mechanism consistent with 
these facts involves random chain cleavage, depropagation with short kinetic chain 
length, and termination by disproportionation. For thick samples the rate of vacuum 
pyrolysis is controlled by diffusion of monomer. The course of pyrolysis is changed by 
the presence of monomer or gaseous pyrolysis products. Accumulation of monomer 
reduces the rate of pyrolysis as measured by the weight loss and results in formation of 
a waxy product consisting of low molecular weight fluorocarbons.

INTRODUCTION

H igh  therm al stab ility  com bin ed  w ith  extrem e chem ical inertness and 
so lven t resistance is a characteristic p rop erty  o f  poly tetra flu oroeth y len e . 
T h e  high therm al stab ility  is reflected  b y  a rate o f  pyro lysis  th a t is sm all 
com p ared  to  th at o f  oth er organ ic polym ers. T h e  p y ro ly tic  d ecom p osi
tion  in v a cu u m  o f p o ly tetra flu oroeth y len e  a b ov e  450 °C . has been  the su b 
je c t  o f  several papers . 1" 3 M o n o m e r  is the m a jor pyrolysis  p rod u ct im p ly 
ing th at d ep ropagation  is an  im p ortan t step in the reaction  m echanism  
whereas chain  transfer does n ot occu r  to  an appreciab le  extent. Several 
reaction  m echanism s were su ggested . 1" 3 H ow ever, an u n equ ivoca l assign
m ent o f  m echanism  is com p lica ted  b y  the fa ct th at con ven tion a l m ethods 
fo r  m olecu lar w eight determ in ation  are in applicable  to  p o ly tetra flu oro 
ethylene.

* Presented in part at the 130th National Meeting of the American Chemical Society, 
Atlantic City, N. J., Sept. 17, 1956. For the first paper in this series, see reference 6.

j  Present Address: Physical Chemistry Department, Aarhus University, Aarhus,
Denmark.

t Present Address: Mathematics Department, San Fernando State College, North- 
ridge, California.
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T h is paper presents fu rth er experim ental data, outlines the th erm o
d yn am ics o f  the pyrolysis , and suggests a p lausible reaction  m echanism .

EXPERIMENTAL 

Manometric Method

T h e  pressure o f  the gaseous pyrolysis  produ cts  from  th in  p o lym er film s 
w as m easured as a fu n ction  o f tim e at con stan t tem perature in  an apparatus 
sim ilar to  th at used b y  M a d orsk y  and co -w ork ers . 1-3 A  m u ltip ly ing  m a
n om eter was used to  determ ine the pressure generated b y  the gaseous p y ro ly 
sis prod u cts  in a ca librated  volu m e. W eigh t loss data  free from  the c o m 
plica tin g  e ffect o f  d iffusion  were obta in ed  b y  th is m eth od  w hich  requires 
on ly  sm all (3 0 -1 0 0  m g.) and th in  (5 0 -100  n) p o lym er sam ples.

TABLE I
Mass Spectrographic Analysis of the Gaseous Products from Vacuum Pyrolysis of 

50-100 /x Polytetrafluoroethylene Films at 510°C.

. Mole fraction
Conversion, -----------------------------------------------------------------------------------------------------

% CF, c 2f 4 c 2f 6 C3F6 C4F8 SiF4

0-20 0.001 0.972 None 0.0265 None None
50-60 0.0023 0.9695 None 0.0257 None 0.0023
85-90 0.0086 0.9397 None 0.0255 0.0073 0.017

T h e high m on om er con ten t o f  the gaseous degradation  produ cts (T ab le  
I) facilitates the con version  o f m an om etric readings in to w eight loss. A n  
insignificant error is in trodu ced  b y  assum ing th at tetra fluoroethylene is the 
on ly  pyrolysis  p rod u ct in vacu um .

Weighing Method

T h e w eight redu ction  during pyrolysis was determ ined  w ith  a sensitive 
tungsten  w ire spring balance (1 m m . extension  =  ca. 8 m g.) enclosed  in a 
va cu u m  system . T h e position  o f the low er end o f the spring was observed  
w ith a cath etom eter read to  0.01  m m . w ith  a filar m icrom eter eye piece. 
T h e  sam ple was p laced  in  the pyrolysis zone w here it was con ta in ed  in an 
alum inum  cu p  suspended from  the spring balance. C on stan t tem perature 
in the pyrolysis zone was m aintained b y  a closely  fitted  alum inum  b lock  
heated electrically  to  3 1 0 -5 1 0 °C .

T h e  w eighing m ethod  required a larger sam ple (500 -700  m g., 50 -1 0 0  (i) 
than  the m anom etric m ethod . E xcellen t agreem ent was obta ined  betw een  
the data  from  the tw o  m ethods when sam ple size in  the w eighing m ethod  
was k ept at a m inim um . It  was observed , h ow ever, th a t the use o f  a 
larger sam ple o f  th in  film  in the w eighing experim ent occasion a lly  resulted 
in a reaction  m echanism  th at w as con trolled  b y  diffusion. T h is change was 
p rob a b ly  caused b y  flow  o f th in  film  in to th ick er layers.
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Molecular Weight Measurements

M easurem ents o f  standard specific g ra v ity 4’5 b y  an infrared tech n iq u e6 
w ere m ade to  in d icate  changes o f  m olecular w eight caused b y  vacu u m  
pyrolysis at 4 8 0 °C . T h e relationship  betw een  standard specific g ra v ity  
and m olecu lar w eigh t is show n in  F igure 2 o f reference 5. C hanges o f  
m olecular w eight can  be fo llow ed  b y  this technique until the m olecu lar 
w eight has decreased to  abou t 8  X  106 (standard specific g ra v ity  o f  2 .27). 
F or sam ples o f low er m olecu lar w eight, the standard specific g ra v ity  ap 
proaches the crysta lline d en sity6 o f 2.30, and th is m eth od  breaks dow n .

Samples

W eigh t loss experim ents were m ade on  50 -1 0 0  m film s o f po ly tetra flu oro - 
ethylene (sam ples I - V )  w ith  m elt v iscosities at 380°C . in the range o f 109-  
1011 poises and standard specific gravities o f 2 .1 7 -2 .2 9  (T ab le  I I ) .  (T h is 
is the th ickness range used also for the therm al degradation  o f po lym eth y l 
m eth acry la te .7 M e lt  v iscosities were m easured w ith  a capillary  rheom eter 
sim ilar to  th at described  in A S T M  D -1238 -52T . T h e  ratio o f  the length  
o f the capillary  to  its d iam eter w as un ity . Shear stress was in the range
1 -4  X  106 d y n e s /c m .2.) M olecu lar w eights b y  standard specific g ra v ity  
were betw een  3 X  106 and 4 X  107. C hanges o f  m olecu lar w eight were 
m easured on  a 30 /x film  o f poly tetra flu oroeth y len e  (sam ple V I )  w h ich  had 
a standard specific g ra v ity  o f  2.21  and a m olecu lar w eight b y  standard 
specific g ra v ity  o f  9 X  106.

RESULTS 

Pyrolysis in Vacuum

T a b le  I  show s th e  com p osition  o f the gaseous degradation  prod u cts from  
v a cu u m  p yrolysis  o f  th in  film s o f poly tetra flu oroeth y len e . T h e  m on om er, 
tetra fluoroethylene, is b y  far the m a jor  com p on en t (9 4 -9 7  m o le -% ) . 
T h e com p osition  is the sam e at all conversions. T a b le  I is in g ood  agree
m ent w ith  previou s analyses . 1’8

T y p ica l curves for  the vacu u m  pyrolysis  are show n in F igure 1 for  sam ple 
I p yro lyzed  at three different tem peratures. T h e  data  at 450 and 5 1 0 °C . 
were obta ined  b y  the m an om etric m ethod , those at 4 8 0 °C . b o th  b y  the 
m an om etric and the w eighing m ethod . A ll w eight loss data  for  vacu u m  
pyrolysis  are listed  in T ab le  I I . T h e  first-order experim ental rate con stan t 
(fceipti) m a y  be  expressed w ith  h igh precision  b y

Aexpti =  3 X  1019 e x p { - 8 3 0 0 0 /R 7 1} se c . " 1 (1)

in close agreem ent w ith  the equ ation  o f M a d orsk y  and co -w ork ers1

/, exptl 4.7 X  1018 e x p j - 8 0 5 0 0 / Ä T j  sec . “ 1 (2)
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MINUTES

Fig. 1. Vacuum pyrolysis of 50-100 ¡i film of sample I: (O) manometric method 
(sample weight 30-100 mg.); (• ) weighing method (sample weight 500-700 mg.).

Effect o f Sample Thickness

F ig u re  2 d e m o n s tra te s  th e  e ffe c t  o f  sa m p le  th ick n e ss  o n  th e  ra te  c u rv e  fo r  
v a c u u m  p y ro ly s is . T h e  u p p e r m o s t  c u rv e  fo r  a 1.5 m m . sh ee t sh o w s  less 
r e d u c t io n  in  w e ig h t  w ith  t im e  th a n  th e  s tra ig h t line fo r  a  5 0 -1 0 0  ¡j. f i lm  o f  
th e  sa m e  p o ly m e r  (sa m p le  I , 4 8 0 ° C .) .  T h e  in itia l c o n c a v it y  to w a r d  th e  
t im e  ax is  o f  th e  c u r v e  fo r  th e  1.5 m m . sh ee t is in d ic a t iv e  o f  d if fu s io n -c o n - 
t r o l le d  re lease  o f  g a seou s  p y r o ly s is  p r o d u c ts . A  s te a d y  sta te  is r e a ch e d  in  
a b o u t  100 m in . A f t e r  th is  t im e , th e  1 .5  m m . sa m p le  c u rv e  b e c o m e s  lin ear 
a n d  p a ra lle l t o  th a t  fo r  th e  5 0 -1 0 0  ^ sa m p le  p y r o ly z e d  a t th e  sa m e te m 
p e ra tu re , s in ce  d iffu s io n  n o  lo n g e r  is ra te -c o n tr o llin g .

A  s im ila r  e ffe c t  o f  d iffu s io n  is d is p la y e d  b y  th e  s ig m o id a l c u rv e  fo r  th e  5 0 -  
100 n f ilm  fr o m  sa m p le  I I I  w h ich  h a s  a  v e r y  lo w  in it ia l m e lt  v is c o s i t y  (T a b le  
I I ) .  T h e  first p a r t  o f  th e  p y r o ly s is  c u rv e  fo l lo w s  o n e  o f  th e  lin ea r cu r v e s  
fo r  a  th in  film . A ft e r  a b o u t  180 m in ., sa m p le  I I I  flo w e d  in to  a  c o m p a c t  
m a ss  w ith  th e  e ffe c t  o f  m a k in g  th e  re lease  o f  g a seou s  p y r o ly s is  p r o d u c ts  
c o n tr o lle d  b y  d iffu s io n . A  s te a d y  s ta te  s u b s e q u e n t ly  is re a ch e d  in  a b o u t  
50 0  m in . w ith  th e  resu lt th a t  th e  p y r o ly s is  c u rv e  re tu rn s  t o  l in e a r ity  w ith  a 
s lo p e  id e n tica l t o  th a t  fo r  a  th in  film .

Pyrolysis in Presence o f Monomer and Gaseous Pyrolysis Products

F ig u re  3 c o m p a r e s  th e  resu lts  f r o m  e x p e r im e n ts  o n  5 0 -1 0 0  ¡j. film s  at 
4 8 0 °C . ca rr ie d  o u t  (a ) in  v a c u u m , ( b) u n d e r  a u to g e n o u s  p ressu re  re s tr ic te d
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Fig. 2. Vacuum pyrolysis at 480°C. of 1.5 mm. sheet of sample I, 50-100 ¡i film of sample 
I, and 50-100 n film of sample III.

Fig. 3. Pyrolysis at 480°C. of 50-100 m film of sample I in vacuum, under autogenous 
pressure, and under an initial monomer pressure.
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to  35 m m . H g  b y  a  m a n o s ta t , a n d  (c) u n d e r  a n  in itia l m o n o m e r  p ressu re  o f  
35 m m . H g  w ith  s u b se q u e n t lim ita t io n  o f  th e  p ressu re  t o  35 m m . H g . A s  
e x p e c te d , th e  w e ig h t  loss is less fo r  th ese  e x p e r im e n ts  th a n  fo r  th e  v a c u u m  
e x p e r im e n t. T h e  g a seou s  p y r o ly s is  p r o d u c ts  in  e x p e r im e n ts  u n d e r  a u to g e 
n o u s  p ressu re  h a v e  a  c o m p o s it io n  (a t  8 5 %  c o n v e rs io n , in  m o le  fr a c t io n s : 
C F 4 0 .0 0 9 ; C 2F 4 O .I5 7 ; C 3F 6 0 .1 2 5 ; C 3F 8 0 .2 6 4 ; h ig h e r  flu o r o c a r b o n s  0 .0 2 9 ; 
S iF 4 0 .10G ; C 0 2 0 .1 4 1 ; N 2 0 .1 5 5 ) w h ich  d iffe rs  f r o m  th a t  co n s is t in g  p r e 
d o m in a n t ly  o f  m o n o m e r  in  v a c u u m  p y ro ly s is . A  w h ite  p r o d u c t  w a s  
fo r m e d  w h e n  p o ly te t r a flu o r o e th y le n e  w a s p y r o ly z e d  in  th e  p re se n ce  o f  its  
g a seou s  d e c o m p o s it io n  p r o d u c ts . I n  a c c o r d  w ith  ea rlier  o b s e r v a t io n s ,9 
th is  p r o d u c t  is a w h ite  w a x y  m ix tu re  o f  flu o r o c a r b o n s  w h ich  m e lts  a t a b o u t  
2 5 0 °C . a n d  su b lim es  in  th e  te m p e ra tu re  ra n g e  3 0 0 -5 0 0 ° C . u n d e r  a tm o s 
p h e r ic  pressu re . T h e  m e lt in g  p o in t  su g g ests  a  ch a in  le n g th  b e tw e e n  fo r t y  
a n d  s ix ty  c a r b o n  a to m s .

Molecular Weight Changes

P y r o ly s is  in  v a c u u m  a t  48 0  °C . ca u se d  a  su b s ta n tia l r e d u c t io n  in  m o le c 
u lar w e ig h t, as sh o w n  in  F ig u re  4.

w

Fig. 4. Change of molecular weight during vacuum pyrolysis at 480°C. of sample
VI.

Polymerization

A  p y r o ly s is  e x p e r im e n t  w a s  ca rr ied  o u t  a t 3 8 0 °C . o n  a  5 0 -1 0 0  n f ilm  o f  
sa m p le  I  u n d e r  a  m o n o m e r  p ressu re  o f  8 0  m m . H g . T h e  p ressu re  w a s  k e p t  
co n s ta n t  b y  a d d in g  te tra flu o ro e th y le n e . A ft e r  7 0 0  hr. th e  sa m p les  g a in e d  
4 %  in  w eigh t.
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DISCUSSION

Thermodynamics

T h e  th e r m o d y n a m ic s  o f  th e  d e p o ly m e r iz a t io n  r e a c t io n  :

-  (C *F 4) b(1) -  C 2F 4 (g ) (3 )
n

m a y  b e  ca lcu la te d  w ith  th e  use o f  th e  fo l lo w in g  a v a ila b le  d a ta .
T h e  e n th a lp y , e n tr o p y , a n d  h e a t -c a p a c ity  o f  te tra flu o ro e th y le n e  in  th e  

id ea l g a seou s  s ta te  a t  1 a tm . p ressu re  h a v e  b e e n  ta b u la t e d  in  th e  te m p e r a 
tu re  ra n g e  5 0  -5 0 0 0 ° K .10

T h e  m o la r  h e a t  c a p a c it y  o f  th e  a m o r p h o u s  ( l iq u id )  p o ly te t r a f lu o r o -  
e th y le n e  is n o t  a v a ila b le , b u t  th a t  o f  th e  cry s ta llin e  p o ly m e r  h as b e e n  
d e te rm in e d  fo r  th e  te m p e ra tu re  ra n g e  4 0 - 1 2 0 ° C . ,n  a n d  is g iv e n  b y  th e  
e q u a tio n  :

Ct (s) =  15 .44  +  0 .0 2 5 0  T  c a l . /m o le -d e g . (4 )

w h ere  T  is th e  a b s o lu te  te m p e ra tu re  a n d  m o le  re fers  t o  C 2F 4- I t  seem s 
rea son a b le  to  a ssu m e th a t  th e  d iffe ren ces  in  sp e c if ic  h ea ts  b e tw e e n  th e  a m o r 
p h o u s  a n d  cry s ta llin e  s ta tes  o f  p o ly te t r a flu o r o e th y le n e  a n d  o f  p o ly tr i f lu o r o -  
c h lo r o e th y le n e  are  a p p r o x im a te ly  th e  sam e. D a t a  fo r  th e  la t te r  p o ly m e r  
are  a v a ila b le 12 a n d  w ere  c o m b in e d  w ith  eq . (4 ) t o  d e r iv e  th e  fo l lo w in g  e x 
p ress ion  fo r  th e  m o la r  h e a t  c a p a c it y  o f  a m o r p h o u s  p o ly te t r a flu o r o e th y le n e  
in  th e  te m p e ra tu re  ra n g e  4 0 -1 2 0  °C . :

C , ( l )  =  15 .39  +  0 .0 3 3 6  T  c a l . /m o le -d e g . (5 )

U se  o f  th is  e q u a t io n  o v e r  th e  w id e r  te m p e ra tu re  ra n g e  2 5 -5 0 0 ° C . is o f  
su ffic ien t a c c u r a c y  fo r  th e  p u rp o se  o f  th e  p re se n t d iscu ss ion , b e ca u se  th e  
free  e n e rg y  o f  d e p o ly m e r iz a t io n  (A F°d) o f  p o ly te t r a f lu o r o e th y le n e  is n o t  
se n s it iv e  to  th e  m a n n e r  o f  e x tra p o la t io n .

T h e  e n th a lp y  o f  d e p o ly m e r iz a t io n  o f  c ry s ta llin e  p o ly te t r a flu o r o e th y le n e  
in to  g a seou s  m o n o m e r  a t  1 a tm . p ressu re  is c a lcu la te d  t o  b e  4 1 .1 2  k c a l . /  
m o le  a t  2 5 ° C . o n  th e  b a sis  o f  re ce n t th e r m o c h e m ic a l d a t a .13-18 T h is  v a lu e , 
in  c o n tr a s t  t o  th o s e  su g g e s te d  e lse w h e re ,19' 20 is b a se d  o n  re a ctio n s  w ith  
c o m p le te ly  d e fin e d  e n d  p r o d u c ts . P u b lis h e d  v a lu es  fo r  th e  h e a t  o f  m e lt in g  
o f  th e  p o ly m e r  are  in  th e  ra n g e  8 4 0 -2 0 3 0  c a l . /m o le .19'21 T h e  b e s t  v a lu e  is 
p r o b a b ly  1370 c a l . /m o le  a t  th e  m e lt in g  p o in t  ( 3 2 7 ° C .) .22 T h is  v a lu e , 
t o g e th e r  w ith  eq s . (4 ) a n d  (5 ) , lea d s  t o  a  h e a t  o f  m e lt in g  o f  218  c a l . /m o le  
a t  2 5 ° C . T h e  e n th a lp y  (A H°d) o f  d e p o ly m e r iz a t io n  (re a c t io n  3 ) o f  a m o r 
p h o u s  p o ly m e r  is th e re fo re  2 0 .9 0  k c a l . /m o le  a t  2 5 °C . T h e  e n tr o p y  o f  
c ry s ta llin e  p o ly te t r a flu o r o e th y le n e  a t  4 0 ° C . is re p o r te d  to  b e  2 7 .3 7  e .u .23 
T h e  e n tr o p y  o f  a m o rp h o u s  p o ly m e r  a t  2 5 ° C . is th e re fo re  2 5 .9 6  e.u .

T h e  a b o v e  d a ta  fo r m  th e  b a s is  fo r  ca lc u la t in g  th e  th e r m o d y n a m ic  d a ta  
lis ted  in  T a b le  I I I .

T h e  ce ilin g  te m p e r a tu r e 24 o f  p o ly te t r a flu o r o e th y le n e  is 7 1 2 ° C ., as sh o w n  
in  T a b le  I I I .
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TABLE III
Thermodjmamics of Depolymerization

1 (C2F4)„(1)
n

c 2F4 (g)

Temperature,
°c .

Enthalpy 
A H°d,

keal./'mole

Entropy 
A S°d,

cal./mole-deg.

Free energy 
A F°d,

kcal./mole

Equilibrium C2F4 
pressure, 
mm. Hg

25 40.90 45.72 27.27 —

327 38.59 40.51 14.28 0.0048
360 38.25 39.95 12.96 0.0255
390 37.91 39.45 11.77 0.100
420 37.57 38.92 10.59 0.35
450 37.19 38.39 9.43 1.07
480 36.80 37.88 8.29 2.9
510 36.39 37.33 7.16 7.6
712 32.96 33.46 0 760

Kinetics

T h e  fo l lo w in g  e x p e r im e n ta l o b s e r v a t io n s  se rv e  t o  ch a ra c te r iz e  th e  re a c 
t io n  m e ch a n ism  fo r  p y r o ly s is  in  v a c u u m : (1) th e  p y r o ly s is  p r o d u c t  is 
e sse n tia lly  m o n o m e r ; (2) th e  ra te  o f  p y r o ly s is  is in d e p e n d e n t  o f  in itia l 
m o le cu la r  w e ig h t  as m ea su red  b y  s ta n d a rd  sp e c if ic  g r a v it y  o r  b y  m e lt  
v is c o s i t y ;  ($ ) th e  p y r o ly s is  fo l lo w s  fir s t-o rd e r  k in e tics  o v e r  th e  en tire  
c o n v e r s io n  ra n ge . I n  a d d it io n , th e  a v a ila b le  e x p e r im e n ta l e v id e n c e  
in d ica te s  th a t  th e  m o le cu la r  w e ig h t  d e crea ses  d u r in g  v a c u u m  p y r o ly s is , 
a n d  th a t  in  th e  te m p e ra tu re  ra n g e  4 5 0 - 5 1 0 °C . e n d g ro u p s  h a v e  n o  a p p a re n t  
e ffe c t  o n  th e  ra te  o f  p y r o ly s is . (T h e  ra te  o f  p y r o ly s is  o f  a n  e x p e r im e n ta l 
p o ly m e r  w h ich  s u p p o s e d ly  h a d  tr i f lu o r o m e th y l e n d g ro u p s  w a s  r e c e n t ly  
s h o w n  a lso  t o  fo l lo w  eq . (1 ) b y  B o y d .25)

A  p la u s ib le  re a c t io n  m e ch a n ism  th e re fo re  a p p e a rs  t o  b e  r a n d o m  in it ia 
t io n  fo l lo w e d  b y  d e p r o p a g a t io n  fo r  sh o r t  k in e tic  ch a in  le n g th  a n d  te rm in a 
t io n  b y  s e c o n d -o r d e r  d is p r o p o r t io n a t io n . (A  s im ila r  p o in t  o f  v ie w  w a s  
e x p ressed  b y  F r ie d m a n .26)

T h e  ra te  c o n s ta n t  fo r  th is  m e ch a n ism  m a y  b e  w r itte n  (see  A p p e n d ix )

&exPti =  (2m 0/do) V  2ka(ki/kiY/t (6)

w h ere  m0 is th e  m o le cu la r  w e ig h t  o f  m o n o m e r ; kd, /b(, a n d  lct a re  th e  ra te  
co n s ta n ts  fo r  d e p r o p a g a t io n , in it ia t io n , a n d  te rm in a t io n , r e s p e c t iv e ly , a n d  
do is th e  d e n s ity  o f  p o ly m e r . A t  4 8 0 ° C . th e  p o ly m e r  d e n s ity  is 1 .34  X  
1 0 3 g . / l . , 27 a n d  eq . (6 ) b e c o m e s

Awpti =  0.39 kiQcJk,)11' (7)

Activation Enthalpies

T h e  su g g e ste d  r e a c t io n  m e ch a n ism  is c o m p a t ib le  w ith  th e  a v a ila b le  
e x p e r im e n ta l e v id e n c e  o n  a c t iv a t io n  en erg ies . T h e  e n th a lp y  o f  d e p r o p a g a 
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t io n  a t  4 8 0 °C . is 3 6 .8  k c a l . /m o le  a c c o r d in g  to  T a b le  III. T h e  a c t iv a t io n  
e n th a lp y  fo r  p r o p a g a t io n  is p r o b a b ly  5 -9  k c a l . /m o l e .28 T h e  a c t iv a t io n  
e n th a lp y  fo r  d e p r o p a g a t io n  is th e re fo re  c lo se  t o  4 3 .8  k c a l . /m o le .

T h e  in it ia t io n  s te p  fo r  ra n d o m  c le a v a g e  is ru p tu re  o f  a  C — C  b o n d . 
T h e  e n th a lp y  o f  r e a c t io n  fo r  su ch  a  d is s o c ia t io n  is ca lcu la te d  f r o m  free  
ra d ica l th e r m o d y n a m ic s 29 to  b e  8 1 .6  k c a l . /m o le .  T h e  a c t iv a t io n  e n th a lp y  
fo r  r e c o m b in a t io n  o f  ra d ica ls  is u su a lly  c lo se  t o  z e r o ,30 h e n ce  th e  a c t iv a t io n  
e n th a lp y  fo r  in it ia t io n  is 8 1 .6  k c a l . /m o le .  S in ce  th e  e x p e r im e n ta l a c t iv a 
t io n  e n th a lp y  [eq. (1 ) ]  is 8 3 .0  k c a l . /m o le ,  th e  a c t iv a t io n  e n th a lp y  fo r  
te rm in a tio n  m a y  b e  e v a lu a te d  a c c o r d in g  t o  eq . (7 ) as fo l lo w s :

A H } =  2 (4 3 .8 -8 3 .0 )  +  8 1 .6  =  3 .2  k c a l . /m o le

T h is  v a lu e  fo r  A H }  is rea son a b le  sin ce  th e  te rm in a t io n  s te p  (d is p r o p o r t io n a 
t io n ) is a  th r e e -c e n te r  r e a c t io n  in  th e  e x o th e rm ic  d ir e c t io n  (A H t ~  — 57 
k c a l . /m o l e ) .29 T h e  a c t io n  e n th a lp y  fo r  th is  t y p e  o f  r e a c t io n  is u su a lly  
s m a ll.31

Frequency Factors

D e r iv a t io n  o f  a c c e p ta b le  v a lu e s  fo r  th e  k in e tic  ch a in  le n g th  (see  b e lo w ) 
m a k e s  it  n e ce ssa ry  to  a ssu m e th a t  th e  fr e q u e n c y  fa c t o r  fo r  tire in it ia t io n  
s te p  A t lies  a b o v e  th e  ran ge  (1 0 12 1 0 14 s e c . - 1 ) u su a lly  e x p e c te d  fo r  u n i- 
m o le cu la r  rea ctio n s . T h is  is a  re a so n a b le  a ssu m p tio n , s in ce  m a n y  sciss ion  
re a ctio n s  in v o lv in g  free  ra d ica ls  h a v e  fr e q u e n c y  fa c to r s  a b o v e  th is  r a n g e .32 
I t  is a ssu m ed  h ere th a t  .1 , is th e  sa m e  as th e  fr e q u e n c y  fa c t o r  fo r  th e  d e 
c o m p o s it io n  o f  e th a n e  in to  m e th y l ra d ica ls  (1 0 17-3) . 32

T h e  d e p r o p a g a t io n  re a c t io n , o n  th e  o th e r  h an d , is a ssu m ed  t o  b e  a  n o rm a l 
u n im o le cu la r  r e a c t io n  w ith  th e  fr e q u e n c y  fa c t o r  Ad =  1 0 13 as v e r if ie d  fo r  
th e  d e p r o p a g a t io n  s te p  in th e  p h o to d e g r a d a t io n  o f  p o ly m e t h y l m e th 
a c r y la t e .33

S in ce  lo g  rloxpti =  19 .5 , eq . (7 ) lea d s t o :

lo g  A , =  17 .3  +  2 (1 3 -1 9 .5 )  +  2 lo g  0 .3 9  =  3 .5  (8 )

T h is  v a lu e  fo r  A , g iv e s  k, =  2 .5  X  1 0 2 l . /m o le -s e c .  o f  3 6 0 °C . a n d  kt =  4 .0  
X  1 0 2 l . /m o le -s e c .  a t  5 1 0 ° C . T h e s e  ra tes  o f  te r m in a t io n  are  c lo s e ly  s im ilar  
t o  th o se  fo r  p o ly m e t h y l m e t h a c r y la te .33

Kinetic Chain Length

T h e  k in e tic  ch a in  le n g th  l fo r  d e p r o p a g a t io n  is re la ted  t o  w e ig h t loss  a n d  
ch a n g e  o f  m o le cu la r  w e ig h t. E q u a t io n s  (1 8 ), (2 0 ) , a n d  (2 3 ) o f  th e  A p 
p e n d ix  lea d  to

(M 0 -  M )  /M M 0 =  ( l /2 m 0l)ln(W 0/W )  (9 )

T h e  d a ta  o f  F ig u re  4  fit  th is  fu n c t io n a l ity  r e a so n a b ly  w ell. T h e  s lo p e  o f  
th e  lin e  in  F ig u re  4  in d ica te s  a  k in e tic  ch a in  le n g th  o f  720 . T h is  v a lu e  is 
c o n s id e r a b ly  sm a ller  th a n  th e  in itia l d eg ree  o f  p o ly m e r iz a t io n , w h ich  ra n g es  
fro m  3 X  103 t o  4  X  105 fo r  th e  sa m p les  u sed  in th is  s tu d y .
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T h e  k in e tic  ch a in  le n g th  ca n  a lso  b e  e x p ressed  in  te rm s  o f  in d iv id u a l r e a c 
t io n  ra te  co n s ta n ts  as g iv e n  b y  th e  ex p re ss io n  (see  A p p e n d ix )

lo g  l =  lo g  /fd - 'A lo g  k t- l/ 2lo g  k( +  1/ 2log(w io/2c/o) (10 )

S u b s t itu t io n  o f  th e  a b o v e  d iscu ssed  v a lu e s  o f  a c t iv a t io n  en th a lp ie s  a n d  
fr e q u e n c y  fa c to r s  fo r  e a ch  s te p  g iv e s  th e  fo l lo w in g  n u m e r ica l e x p re ss io n  fo r  
l:

lo g  l =  1 3 .0 -1 , / ( 3 . 5  +  17 .3 ) -  [4 3 .8 - ' A (3 .2  +  8 1 .6 ) ]1 0 s/4 .o 7 G 7 ’ +  l o g 0 .1 9 5

=  1.9 -  3 0 6 /T  (10a )

T h u s , l is 25 a t 3 6 0 °C . a n d  32 a t 5 1 0 ° C . I t  s h o u ld  b e  n o te d  th a t  th is  
m e th o d  o f  e s t im a tin g  k in e t ic  c h a in  le n g th  is v e r y  se n s it iv e  t o  sm a ll ch a n g e s  
in  th e  p a ra m e te rs  e n te r in g  in to  eq . (1 0 ) a n d  th e re fo re  t o  th e  d e ta ils  o f  th e  
a ssu m p tio n s  re g a rd in g  a c t iv a t io n  en th a lp ie s  a n d  fr e q u e n c y  fa c to rs . F o r  
th e  ca lcu la te d  v a lu e  o f  k in e tic  ch a in  le n g th  t o  e q u a l th e  e x p e r im e n ta l v a lu e  
o f  7 20  a t  4 8 0 ° C . it  is n e ce ssa ry  t o  assu m e a  v a lu e  o f  15 .94  fo r  lo g  A , if o th e r  
v a lu es  rem a in  u n ch a n g e d . I n  th is  in s ta n ce  lo g  A t w o u ld  e q u a l 2 .1 4  a n d  
eq . (1 0 ) w o u ld  b e c o m e :

lo g  l =  3 .2 6  -  3 0 6 / T  (1 0 b )

Steady-State Assumption

I n  th e  p r o p o s e d  m e ch a n ism , th e  s te a d y -s ta te  a ssu m p tio n  is v a lid  o n ly  
w h e n  kd/ k t «  1. T h e  a c t iv a t io n  en th a lp ie s  a n d  fr e q u e n c y  fa c to r s  d e r iv e d  
a b o v e  g iv e  kd/kt v a lu e s  o f  1 0 - 4 -4 a t 3 6 0 ° C . a n d  10~*-8 a t 5 1 0 ° C . ,  th u s  
ju s t i fy in g  th e  s te a d y -s ta te  a p p r o x im a t io n .

The authors wish to acknowledge the many helpful suggestions by Mr. W. M. 1). 
Bryant and llrs. C. A. Sperati and H. W. Starkweather, Jr. during the course of this 
work.

APPENDIX

F o r  th e  p r o p o s e d  r e a c t io n  m e ch a n ism , th e  ra te  o f  w e ig h t  loss, — d W / dt, 
is p r o p o r t io n a l t o  th e  ra te  o f  m o n o m e r  e v o lu t io n  w h ic h  in  tu rn  is th e  p r o d u c t  
o f  th e  ra te  c o n s ta n t , kd, fo r  d e p r o p a g a t io n  a n d  th e  to t a l  n u m b e r  o f  free  
ra d ica ls , R  (in  m o le s ) ,

- d W /d t =  makdR (1 1 )

w h e re  m 0 is th e  m o le cu la r  w e ig h t  o f  m o n o m e r .
T h e  to t a l  n u m b e r  o f  p o ly m e r  m o le cu le s , N  (in  m o le s ) , is ch a n g e d  d u r in g  

p y r o ly s is  b y  th e  p ro ce ss  o f  in it ia t io n  (b y  r a n d o m  c le a v a g e ) a n d  te rm in a t io n  
(b y  d is p r o p o r t io n a t io n )  a c c o r d in g  to  th e  fo l lo w in g  ra te  e q u a t io n  :

dN /dt =  - ktW /m o +  d0ktR 2/ W  (1 2 )

w h ere  kt a n d  kt are th e  ra te  co n s ta n ts  fo r  in it ia t io n  a n d  te rm in a t io n , 
r e s p e c t iv e ly ; dQ is th e  d e n s ity  o f  th e  sa m p le . T h e  q u a n t ity  (W /m 0) is 
th e  to t a l  n u m b e r  o f  m o n o m e r  u n its  in  th e  sa m p le  a n d  th e re fo re  is a p p r o x i
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m a te ly  th e  n u m b e r  o f  lin k s  w h ic h  m ig h t  b e  b r o k e n  d u r in g  p y ro ly s is . T h is  
d e fin it io n  o f  kt c o n s id e rs  th e  ra d ica ls  o f  d iffe re n t ch a in  le n g th  as sep a ra te  
e n tit ie s . H o w e v e r , in  o th e r  d e fin it io n s  o f  kt, ra d ica ls  m ig h t  b e  tr e a te d  as 
a  s in g le  e n t it y  a n d  th e  la s t  te rm s  in  b o t h  eq s . (1 2 ) a n d  (1 0 ) w o u ld  h a v e  an  
a d d it io n a l fa c t o r  o f  2. S in ce  th e  n u m b e r -a v e ra g e  m o le cu la r  w e ig h t  ( fo r  
c o n v e n ie n c e  w r it te n  h ere  as M ) is e q u a l t o  W /N ,  i t  fo l lo w s  th a t

(1 /M )  d M /d t  =  (:l /W )d W /d t  -  (M /W )d N /d t  (1 3 )

a n d

d M /d t =  -m < k dM R /W  +  ktM '/m 0 - d 0ktM 2R 2/ W 2 =  ktM '/m *

-  d,ktM { M  +  m0l)R2/ W 2 (14 )

w h ere

l =  kdR /(d ,k tR 2/W )  =  kdW /( d 0k,R) (1 5 )

is th e  a v e ra g e  k in e t ic  ch a in  le n g th . T h e  to t a l  n u m b e r  o f  free  ra d ica ls , R, 
is d e te rm in e d  b y  in tr o d u c in g  th e  a ssu m p tio n  o f  s te a d y  sta te , i.e ., dR /dt  =
0. S in ce

dR /dt =  2 k iW /m 0 — dQkt R 2/ W (1 6 )

a n d  th e re fo re

R =  [2fcj/(m „d o fc i) ] ’AlF (17 )

eq s . (1 1 ), (1 4 ) , a n d  (1 5 ) m a y  b e  re w r itte n  as

- d W /d t  =  kd [2m k i/(d 0kt)]'/ W (18 )

— d M /d t =  k tM (M /m  o +  21) (1 9 )

l =  (2 m c/ do) 1/!fcd/ (4/Cj/Ci)1/2 (20 )

T h e  k in e t ic  ch a in  le n g th  c o n s e q u e n t ly  is in d e p e n d e n t  o f  t im e , a n d  th e  
w e ig h t  lo ss  fo l lo w s  a  f irs t-o rd e r  e x p re ss io n  w ith

fcexpti = (2mo/doYAkd(ki/kty h (21)
E q u a t io n s  (2 0 ) a n d  (2 1 ) ca n  b e  c o m b in e d  to  g iv e

l =  fcexptl/2/Ci (2 2 )

T h is  tr e a tm e n t  is in v a lid  if  l is t o o  la rge , s in ce  th e  a ssu m p tio n  o f  a s te a d y  
sta te  w ill n o t  h o ld . O n  th e  o th e r  h a n d , fo r  l <K M /m 9, e q . (1 9 ) m a y  b e  
in te g ra te d  t o  g iv e  th e  w e ll-k n o w n  e q u a tio n

(1 /M )  -  ( 1 / i l fo )  =

w h ere  M 0 is th e  in itia l n u m b e r -a v e ra g e  m o le cu la r  w e ig h t.
T h e  d e r iv a t io n  g iv e n  a b o v e  is v a lid  reg a rd less  o f  th e  ty p e  o f  in itia l m o 

le cu la r  w e ig h t  d is tr ib u t io n . F o r  th e  sp e c ia l ca se  o f  th e  “ m o s t  p r o b a b le ”
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d is t r ib u t io n , eq s . (1 8 ), (1 9 ), a n d  (2 0 ) m a y  b e  d e r iv e d  a lso  fr o m  th e  p u b lic a 
t io n  b y  B o y d ,34 w h ich  in c lu d e s  a d d it io n a l k in e t ic  s ch em es  o f  gen era l in terest .
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Résumé

La pyrolyse sous vide de minces échantillons de polyéthylène tétrafluoré suit une 
cinétique de premier ordre avec production de monomère comme seul produit important 
de décomposition dans le domaine de 360 à 510°C. La constante de vitesse de la pyrolyse 
sous vide est indépendante et de la viscosité à l’état fondu et du type de polymère. Elle 
est caractérisée par une enthalpie d’activation de 83.0 kcal/mole et un facteur de fré
quence de 3 X 1019 sec-1. On a trouvé que le poids moléculaire diminue durant la 
pyrolyse. Un mécanisme de réaction plausible compatible avec ces faits suppose une 
scission de chaîne statistique, une dépropagation avec de courtes longueurs de chaînes 
cinétiques et une terminaison par disproportionnement. Pour des échantillons épais, 
la vitesse de pyrolyse sous vide est contrôlée par la diffusion du monomère. Le cours 
de la pyrolyse est modifié par la présence de monomère ou de produits gazeux de pyrolyse. 
L’accumulation de monomère diminue la vitesse de pyrolyse. Aile a été mesurée par le 
perte de poids et résulte de la formation de produit plastique fluorocarboné de bas poids 
moléculaire.

Zusammenfassung

Die Vakuumpyrolyse dünner Polytetrafluoräthylenproben folgt einer Kinetik erster 
Ordnung, wobei im Temperaturbereich von 360 bis 510° das Monomere das einzige 
wichtige Zersetzungsprodukt bildet. Die Geschwindigkeitskonstante der Vakuum
pyrolyse ist von Schmelzviskosität und Polymertypus unabhängig und durch eine Ak
tivierungsenthalpie von 83,0 keal/Mol und einen Frequenzfaktor von 3 X 1019 sek-1 
charakterisiert. Das Molekulargewicht nimmt während der Pyrolyse ab. Ein mit 
diesen Tatsachen in Übereinstimmung stehender plausibler Reaktionsmechanismus 
besteht aus statistischer Kettenspaltung, Monomerabspaltung mit kurzer kinetischer 
Kettenlänge und Kettenabbruch durch Disproportionierung. Bei dicken Proben wird 
die Geschwindigkeit der Vakuumpyrolyse durch die Diffusion des Monomeren bestimmt. 
Der Pyrolyseverlauf wird durch Anwesenheit von Monomerem oder gasförmigen Py- 
rolyseprdukten verändert. Ansammlung von Monomerem setzt die durch den Gewichts
verlust gemessene Pyrolysegeschwindigkeit herab und führt zur Bildung eines wachs
artigen, aus niedermolekularen Fluorkohlenstoffen bestehenden Produktes.

R e c e iv e d  N o v e m b e r  8 , 1962
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Cyclopolymerization of Diepoxides*
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University of Iowa, Iowa City, Iowa

Synopsis

The monomer 1,2,5,6-diepoxyhexane can be polymerized by a variety of catalysts to 
afford a polymer which has tetrahydropyran recurring units as a result of a cyclopoly- 
rnerization mechanism. A phosphorus pentafluoride-water catalyst system gives 
soluble polymer with inherent viscosities as high as 0.37. The polymerization rates, 
conversions, and polymer molecular weights are affected both by catalyst to monomer 
ratio and the amount of water present. A diethylzinc-water catalyst system gives a 
higher molecular weight polymer with very limited solubility, the soluble portion of 
which has an inherent viscosity of 0.45. In contrast, 1,2,4,5-diepoxypentane poly
merizes to a completely insoluble polymer in all catalyst systems employed. Samples 
of poly-l,2,5,6-diepoxyhexane prepared with the diethylzinc-water catalyst show a 
higher degree of crystallinity than those samples prepared with the phosphorus penta- 
fluoride-water catalyst, as demonstrated by x-ray patterns and differential thermal 
analyses.

INTRODUCTION

T h e  c y c lo p o ly m e r iz a t io n  o f  n o n c o n ju g a te d  d io le fin s  is w e ll k n o w n ,1 a n d  
th e  p o ly m e r iz a t io n  o f  ce r ta in  o th e r  d o u b ly  u n s a tu ra te d  m o n o m e r s  su ch  as
1 ,6 -h e p t a d iy n e 2 a n d  d iis o c y a n a t e s 3 h a s  b een  o b s e r v e d  to  p r o c e e d  b y  a  c y c l i c  
p r o p a g a t io n  m e ch a n ism . L itt le  a t te n t io n  h as b e e n  g iv e n , h o w e v e r , t o  th e  
p o s s ib ility  th a t  ce r ta in  o th e r  d ifu n c t io n a l m o le cu le s  m ig h t  su ffer  a  c y c lo 
p o ly m e r iz a t io n  r e a c t io n  b y  t y p ic a l  c o n d e n s a t io n  o r  r in g -o p e n in g  re a c t io n s  
in s te a d  o f  th e  u su a l v in y l - t y p e  p o ly m e r iz a t io n .

C e r ta in  d ie p o x id e  m o n o m e r s  w h ic h  c o u ld  b e  e x p e c te d  to  fo r m  fiv e - a n d  
s ix -m e m b e re d  r in g s  as a  resu lt o f  a  c y c l i c  p r o p a g a t io n  m e ch a n ism  a re  lo g i 
ca l c a n d id a te s  f o r  su ch  a  p o ly m e r iz a t io n . T h e  m o n o m e r s  1 ,2 ,5 ,6 -d ie p o x y -

C H -C H —(CH2)2—CH—CII2
V  V

I

CH —C H -C H -C H —CH2
\ /  V
0  0

II IV

* Presented in part at the Symposium on monomers and polymers from petroleum, 
sponsored jointly by the Petroleum and Polymer Divisions of the American Chemical
Society, St. Louis, Mo., March 1961.
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h e x a n e  ( I )  a n d  1 ,2 ,4 ,5 -d ie p o x y p e n ta n e  ( I I )  c o u ld  b e  e x p e c te d  t o  a ffo rd  
th e  te t r a h y d r o p y r a n  ( I I I )  a n d  te t r a h y d r o fu r a n  ( I Y )  re cu rr in g  u n its , re 
s p e c t iv e ly .

T h e  k n o w n  p o ly m e r iz a t io n  o f  o x ira n e s  b y  ce r ta in  c a t io n ic  a n d  a n io n ic  
c a ta ly s ts  t o  v e r y  h ig h  m o le c u la r  w e ig h t  p o ly e th e r s  fu rn ish es  a  w id e  ra n g e  o f  
c o n d it io n s  u n d e r  w h ich  th ese  d ie p o x id e s  ca n  b e  p o ly m e r iz e d . T h e  c a ta 
ly s ts  p h o s p h o r u s  p e n ta flu o r id e ,4'5 a lu m in u m  is o p r o p o x id e -z in c  c h lo r id e ,6 
a lu m in u m  a lk y ls  w ith  c o c a ta ly s ts ,7-10 a n d  z in c  a lk y ls  o n  su p p o r ts  o r  w ith  
c o c a t a ly s t s 11-13 are  p a r t ic u la r ly  e f fe c t iv e  f o r  th e  c o n v e r s io n  o f  o x ira n e s  to  
h ig h  m o le cu la r  w e ig h t  p o ly m e rs . T h e s e  ca ta ly s ts  p r o v id e  s y s te m s  fo r  
b o t h  h e te ro g e n e o u s  a n d  h o m o g e n e o u s  p o ly m e r iz a t io n  o f  th e  d ie p o x id e s .

EXPERIMENTAL

Monomers

T h e  tw o  d ie p o x id e  m o n o m e r s , 1 ,2 ,5 ,6 -d ie p o x y h e x a n e  ( I )  a n d  1 ,2 ,4 ,5 -d i
e p o x y p e n ta n e  ( I I )  w ere  p re p a re d  b y  e p o x id a t io n  o f  th e  re sp e c t iv e  d ien es ,
1 ,5 -h ex a d ien e  a n d  1 ,4 -p e n ta d ie n e ,14 w ith  p e r b e n z o ic  a c id  in  c o ld  c h lo r o fo r m . 
T h e  m o n o m e r , 3 ,4 -e p o x y t e t r a h y d r o fu r a n , w a s  p re p a re d  b y  tre a t in g  2 ,5 -  
d ih y d r o fu r a n  w ith  h y p o c h lo r o u s  a c id  a n d  th e n  re a c t in g  th e  resu ltin g  c h lo r o -  
h y d r in , 3 -c h lo r o -4 -h y d r o x y t e t r a h y d r o fu r a n , w ith  a q u e o u s  s o d iu m  h y d r o x 
id e  t o  o b ta in  th e  m o n o e p o x id e .15 A ft e r  in itia l d is t illa t io n  u n d e r  re d u ce d  
p ressu re , th e  th ree  m o n o m e r s  w e re  d r ie d  o v e r  a n h y d r o u s  ca lc iu m  su lfa te  
a n d  fre sh ly  d is t ille d  u n d e r  n itro g e n  th r o u g h  a  sp in n in g  b a n d  c o lu m n  at 
a tm o s p h e r ic  p ressu re  b e fo r e  ea ch  p o ly m e r iz a t io n  ru n . T h e  in fra re d  s p e c 
tra  (l iq u id  film ) o f  th e  t w o  d ie p o x id e  m o n o m e r s  e x h ib ite d  a b s o r p t io n  b a n d s  
a t 1258 a n d  83 5  c m . - 1 , ch a ra c te r is t ic  o f  th e  e p o x id e  m o ie t y .16 T h e  in 
fra re d  s p e c tru m  (liq u id  film ) o f  3 ,4 -e p o x y t e t r a h y d r o fu r a n  e x h ib ite d  a b 
s o r p t io n  b a n d s  a t 1076, 890 , 85 3 , a n d  81 5  c m . -1  w h ich  are a t t r ib u te d  to  
c y c l i c  e th er  g r o u p s .16

Catalysts and Solvents

T h e  c a ta ly s ts  a lu m in u m  is o p r o p o x id e 17 a n d  d ie t h y lz in c 16 w ere  s to re d  in 
t ig h t ly  sea led  g lass  co n ta in e rs  u n d e r  n itro g e n . T h e  tr i is o b u ty l  a lu m in u m  
p u rch a se d  f r o m  th e  H e rcu le s  P o w d e r  C o m p a n y  c o n ta in e d  o n  a n a ly s is  
1 3 .2 %  a lu m in u m  (c a lc u la te d  1 3 .6 % ) .  M a ll in c k r o d t  A R  g ra d e  z in c  c h lo 
r id e  (a n h y d r o u s ) w a s  g r o u n d  as fin e ly  as p o ss ib le  in a n  a g a te  m o r ta r  in  a n i
tro g e n -fille d  d r y  b o x  b e fo re  b e in g  u sed  in  th e  p o ly m e r iz a t io n  stu d ies . 
P h o s p h o r u s  p e n ta flu o r id e  w a s  o b ta in e d  fr o m  th e  th erm a l d e c o m p o s it io n  
(1 5 0 -T 6 0 ° C .)  o f  b e n z e n e d ia z o n iu m  h e x a flu o r o p h o s p h a te  (O z a r k -M a h o n - 
in g  C o .) ,  a n d  s w e p t  w ith  d r y  p u rified  n itro g e n  in to  th e  r e a c t io n  sy stem s. 
S ta n n ic  ch lo r id e  (J . T .  B a k e r , A R  g ra d e ) w a s  re flu x ed  o v e r  p h o s p h o ru s  
p e n to x id e , d is t ille d  u n d e r  re d u ce d  p ressu re , a n d  s to re d  in  a  g la ss -s to p p e re d  
b o t t le  u n d e r  n itro g e n . C o m m e r c ia l g ra d e  a c e ty la c e to n e  w a s  d r ie d  o v e r  
c a lc iu m  su lfa te  a n d  d ist illed .
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P u rifie d  n -h e p ta n e  w a s  re flu x ed  o v e r  so d iu m , d is t ille d , a n d  s to r e d  o v e r  
s o d iu m  r ib b o n . A ft e r  p u r if ic a t io n , th e  n itro b e n z e n e  w a s  d r ie d  o v e r  m a g 
n es iu m  su lfa te  a n d  d is t ille d  u n d e r  re d u c e d  p ressu re  b e fo r e  b e in g  u sed  in  th e  
p o ly m e r iz a t io n  stu d ies . T h e  h a lid e  s o lv e n ts , m e th y le n e  d ic h lo r id e  a n d  
e th y le n e  d ic h lo r id e , w ere  s to r e d  o v e r  p h o s p h o r u s  p e n to x id e  a n d  d is t illed  
th e r e fr o m  ju s t  b e fo r e  use.

Polymerization o f 1,2,5,6-Diepoxyhexane

Aluminum Isopropoxide-Zinc Chloride. In  tr ia l 1 (T a b le  I ) , th e  m o n o 
m e r  a n d  c a ta ly s t  w e re  w e ig h e d  in t o  a sea led , n itro g e n -f ille d  p o ly m e r iz a t io n  
tu b e . In  tr ia l 2, th e  m o n o m e r , s o lv e n t , a n d  c a ta ly s t  w e re  sea led  in  a 
1 0 0 -m l. s e ru m  b o t t le  w ith  a  s e r u m -ty p e  ru b b e r  s to p p e r . B o th  sy s te m s  
w e re  a g ita te d  in  th e r m o s t a t te d  b a th s  fo r  th e  d u r a t io n  o f  th e  p o ly m e r iz a 
t io n .

T h e  p o ly m e r s  w e re  iso la te d  b y  d is s o lv in g  th e  r e a c t io n  p r o d u c ts  in  b e n 
zen e, w a s h in g  th e  b e n z e n e  s o lu t io n s  w ith  w a te r , d r y in g  o v e r  a n h y d r o u s  
s o d iu m  su lfa te , filte r in g , a n d  p o u r in g  th e  c o n c e n tr a te d  b e n z e n e  s o lu tio n s  
in to  p e n ta n e  t o  p r e c ip ita te  th e  p o ly m e r s . T h e  p o ly m e r s  w e re  d r ie d  u n d er  
r e d u ce d  p ressu re .

Diethylzinc and Triisobutyl aluminum. In  a  n itro g e n -fille d  d r y  b o x , 
th e  s o lv e n t , ca ta ly s ts , w a te r  o r  ch e la t in g  a g e n t, a n d  a lu m in a  w e re  a d d e d

TABLE I
Polymerization of 1,2,5,6-Diepoxyhexane

Trial Catalyst“
Temp.,

°C.
Time,

hr. M b

Con
ver
sion,

% Solubility0

1 AIP-ZnCl2d 150 48 0.13 50 Viscous oil
2 AIP-ZnCl2d 80 480 — — Insoluble
3 ZnEt2-Al20 3e 25 48 — — Insoluble
4 ZnEt2-H 20  (1:1) 25 3 0.45 87 5%  soluble
5 ZnEt2-H 20  (1:1) 0 1 — 88 8%  soluble
6 ZnEt2-A A  (1:1) 25 168 — — Viscous oil
7 ZnEt2-AA -H 2G 

(1 :0 .5 :0 .5 )
25 144 — Viscous oil

8 Al(i-Bu)3 0 3 0.26 50 5%  soluble
9 Al(i-Bu)3-H 20  (1:1) 25 48 0.22 39 3%  soluble

10 A1(i-Bu)3-A A  (1:1) 25 168 •-- - — Viscous oil

a No solvent was used in trial 1 ; 20 ml. of heptane was employed for 2-10. With the 
exception of trials 1 and 2, 5.7 g. (0.05 mole) of monomer and 0.0025 mole of catalyst 
and cocatalyst were employed.

b Inherent viscosities were determined in a mixture of phenol and sj/m-tetrachloro- 
ethane (100:66 by weight) at concentration of 0.11-0.17 g./100 ml.

c Solubilities were determined in the same solvent as used for measuring [771]. The 
polymers were insoluble in chloroform.

d Aluminum isopropoxide, 0.066 g.; ZnCl2, 0.036 g.; monomer, 5.0 g.
'  Alumina, 2 0 g. (8-14 mesh) was activated at 600°C. for 20 hr.
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t o  100 -m l. seru m  b o tt le s . T h e  b o t t le s  w ere  c a p p e d  w ith  se r u m -ty p e  ru b b e r  
s to p p e rs  an d  liq u id  re a g en ts  w e re  tra n s fe rre d  to  th e  p o ly m e r iz a t io n  b o tt le s  
w ith  ca lib ra te d  h y p o d e r m ic  sy rin g es . T h e  d ie t h y lz in c -a lu m in a  c a ta ly s t  
(tria l 3, T a b le  I ) ,  w a s  first h e a te d  a t 8 0 °C . fo r  1 hr. a n d  a llo w e d  t o  c o m e  
to  ro o m  te m p e ra tu re  b e fo r e  a d d it io n  o f  m o n o m e r . A fte r  a llo w in g  th e  
b o t t le s  an d  c o n te n ts  t o  co m e  t o  th e  d e s ire d  p o ly m e r iz a t io n  te m p e ra tu re s  
(ice  b a th  o r  ro o m  te m p e r a tu r e ) , th e  m o n o m e r  w a s  m ea su red  o u t  and  a d d e d  
to  th e  sy s te m s  b y  in je c t io n  th r o u g h  th e  r u b b e r  s to p p e rs  w ith  a c a lib r a te d  
h y p o d e r m ic  sy r in g e .

P o ly m e r  r e c o v e r y  w a s  a ch ie v e d  b y  d e c o m p o s it io n  o f  th e  c a ta ly s t  w ith  
m e th a n o l a n d  r e m o v a l o f  th e  s o lv e n t  a n d  u n p o ly m e r iz e d  m o n o m e r  u n d e r  
re d u ce d  p ressu re . T h e  so lid  p o ly m e r ic  res id u es  w e re  w a sh e d  w ith  d ilu te  
su lfu r ic  a c id , w a te r , a n d  d r ie d  u n d e r  re d u ce d  p ressu re . T h e  y ie ld s , so lu  
b ilit ies , a n d  in h eren t v is co s it ie s  w ere  d e te rm in e d  o n  th e  resu ltin g  p o ly m e r s .

Phosphorus Pentafluoride. T h e  p o ly m e r iz a t io n s  w ith  P F 5 (T a b le  I I ) ,  
w ere  ru n  u n d e r  n itr o g e n  in  s id e -a rm e d  flask s  fitted  w ith  e b u lla to r  tu b e s . 
T h e  c a ta ly s t  w a s  s w e p t  w ith  d r y  p u rified  n itro g e n  in to  th e  re a ctio n  sy s tem s . 
I n  a ll sy s te m s  s tu d ie d , th e  s o lv e n t , m o n o m e r , a n d  w a te r  w ere  a d d e d  b e fo r e  
th e  d es ired  a m o u n t  o f  c a ta ly s t  w a s  b u b b le d  in  b e lo w  th e  su rfa ce  o f  th e  
so lu tio n s . P o ly m e r iz a t io n  w a s  a c h ie v e d  in  th e r m o s ta tte d  b a th s  w ith o u t  
a g ita t io n . W it h  th e  e x c e p t io n  o f  w a ter , liq u id  re a g e n ts  w e re  a d d e d  t o  th e  
sy s te m s  w ith  s ta n d a rd  ca lib ra te d  h y p o d e r m ic  sy r in g es . W a te r  w a s  tra n s 
fe rre d  t o  th e  sy s te m s  b y  u se  o f  p re c is io n  ca lib ra te d  H a m ilto n  m ic r o lit e r  
sy r in g es . I n  all ca ses  s tu d ie d , e x c e p t  tr ia ls  1 -3 , it  w a s  a ssu m ed  th a t  d e  
c o m p o s it io n  o f  a  g iv e n  m o la r  a m o u n t  o f  b e n z e n e d ia z o n iu m  h e x a flu o r o p h o s -

TABLE II
Polymerization of 1,2,5,6-Diepoxyhexane with PF5"

Trial Catalyst
Temp.,

°C.
Time,

hr. M b

Conver
sion,

% Solubility'

1 p f 5 -3 0 8 0.18 90 50%
2 p f 5 25 12 — 95 Dark, insoluble
3 p f 5 -7 5 3 — Low —
4 p f 5 -3 0 24 0.14 95 62%
5 p f 5 6 24 0.10 90 Dark, 100%
6 PF5-H 20  (1:1) - 3 0 24 0.18 98 100%,
7 PFo-TLO (1:1) - 1 0 24 0.19 90 100%
8 PFô-T H F  (1:1) - 3 0 24 — 98 100%

° With the exception of trial 5, where 20 ml. of nitrobenzene was used as a solvent, 
20 ml. of 1,2-dichloroethane was employed. Trials 1-3 contained 5.0 g. of monomer and 
the catalyst was fed into the system until foam appeared on the surface or a yellow 
color was detected in the solution. Trials 4-8 contained 5.7 g. (0.05 mole) of monomer, 
0.315 g. (0.0025 mole) of PFS based on the benzene diazonium hexafluorophosphate 
decomposed.

b Inherent viscosities were determined in chloroform at concentrations of 0.2-0.45 g. /  
100 ml.

0 In chloroform.
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p h a te  sa lt w o u ld  fu rn ish  th e  sa m e m o la r  a m o u n t  o f  p h o s p h o ru s  p e n ta flu o - 
r id e  t o  th e  r e a c t io n  sy stem s.

T h e  p o ly m e r iz a t io n  re a c t io n s  w e re  te rm in a te d  b y  a d d it io n  o f  m e th a n o l 
t o  d e c o m p o s e  th e  c a ta ly s t , a n d  th e  s o lv e n t  w a s  e v a p o r a te d  u n d e r  r e d u ce d  
p ressu re . T h e  resu ltin g  w h ite  p o ly m e r ic  res id u es  w ere  d is s o lv e d  in  c h lo r o 
fo r m  a t  r o o m  te m p e ra tu re . A fte r  filte r in g , th e  v o lu m e  o f  th e  so lu t io n s  
w ere  r e d u ce d  a n d  p o u r e d  in to  stirred  p e n ta n e  to  p r e c ip ita te  th e  p o ly m e rs . 
T h e  resu ltin g  p o ly m e r s  w ere  d r ie d  u n d e r  re d u ce d  pressu re.

T h e  e ffe c ts  o f  w a te r  o n  th e  p h o s p h o r u s  p e n ta flu o r id e  c a ta ly s t  w ere  in  
v e s t ig a te d  b y  v a r y in g  th e  w a te r  c o n te n t  in  se v e n  p o ly m e r iz a t io n  sy s te m s  
(T a b le  I I I )  w h ile  h o ld in g  th e  o th e r  r e a c t io n  v a r ia b le s  c o n s ta n t . A fte r  8 
h r ., 10 -m l. a liq u o ts  w ere  w ith d r a w n  fr o m  th e  sy s te m s  w h ic h  h a d  n o t  g e lled  
p r io r  t o  th a t  t im e  a n d  p ip e t t e d  in to  5 m l. o f  m e th a n o l t o  s to p  th e  re a c t io n . 
T h e  p o ly m e r s  w ere  iso la te d  to  d e te rm in e  th e  y ie ld s  a n d  in h eren t v is co s it ie s . 
P o ly m e r s  th a t  a p p e a re d  t o  g e l b e fo r e  8 h r. w e re  w o r k e d  u p  a t th e  t im e  o f  
g e la t io n .

T h e  e ffe c t  o f  P F 5 c o n c e n tr a t io n  w a s  a lso  s tu d ie d  (T a b le  I V ) .

TABLE III
Effects of Water on the Polymerization of 1,2,5,6-Diepoxyhexane with Phosphorus

Pentafluoride“

Trial
PF5:H 20  

(mole ratio)
Conversion 
(8 hr.), %»

hi]
(8 hr.)“

Gel time, 
hr.

1 1:0 43 0.100 24
2 1:0.25 59 0.168 20
3 1:0.5 83 0.179 11
4 1:1 94 0.184 8
5 1:1 .5 100 0.286 5
6 1:2 98 0.112 6
7 1:4 94 0.097 No gel

“ Solvent, methylene dichloride (25 ml.); temperature, — 10°C.; monomer, 5.7 g. 
(0.005 mole); PFS, 0.315 g. (0.0025 mole).

b Calculated on basis of total amount of monomer added.
c Inherent viscosities determined in a mixture of phenol and tetrachloroethane (100: 6G 

by weight) at concentrations of 0.25 g.,/100 ml.

TABLE IV
Effects of Phosphorus Pentafluoride Concentration on the Polymerization of 1,2,5,6-

Diepoxyhexane“

Trial
Monomer: PF 5: HA.) 

(mole ratio)
Time,

hr.
Conversion,

0/ M h

1 200:1:1 48 24 0.142
2 200:1:1.5 48 16 0.157
3 100:1:1 24 24 0.206
4 200:1:0 168 26 0.370

"Solvent, methylene chloride (25 ml.); temperature, — 10°C.; monomer, 5.7 g. 
(0.05 mole).

b Inherent viscosities determined in a mixture of phenol and tetrachloroethane 
(100:66 by weight) at concentrations of 0.25 g./lOO ml.
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Polymerization o f  1,2,4,5-Diepoxypentane and 3,4-Epoxytetrahydrofuran

P o ly m e r iz a t io n  o f  th ese  m o n o m e r s  (T a b le s  Y  a n d  VI) w a s  a c c o m p lis h e d  
as d e s cr ib e d  fo r  th e  p o ly m e r iz a t io n  o f  1 ,2 ,5 ,6 -d ie p o x y h e x a n e  w h ere  th e  
sa m e c a ta ly s ts  w ere  e m p lo y e d . T h e  p o ly m e r iz a t io n s  w ith  s ta n n ic  ch lo  
r id e  w ere  ca rr ied  o u t  in  se ru m  b o t t le s  u n d e r  n itr o g e n  a t  — 7 8 ° C .

TABLE V
Polymerization of 1,2,4,5-Diepoxypentane

Trial Catalyst“
Temp.,

°C.
Time,

hr. Solvent

Con
version,

% b '

1 PF6-H20  (1:1) -1 0 4 1,2-Dichloroethane 45
2 PF5-H20  (1:1) - 7 8 24 Methylene chloride 26
3 Al(i:-Bu)3-H20  (1:1) 0 1 Heptane 72
4 ZnEt2 • H2O (1*1) 25 3 Heptane 66
5 snCb -7 8 L Methylene chloride 84

“ Polymerizations were run in 25 ml. of solvent with 5.0 g. (0.05 mole) of monomer. 
Trials 1-1 contained 0.0025 mole of catalyst; trial 5 contained 1.38 g. (0.005 mole). 

b All polymers were white, insoluble, amorphous solids.

TABLE VI
Polymerization of 3,4-Epoxytetrahydrofuran

Trial Catalyst“
Temp.,

°C.
Time,

hr. Solvent

Con
version,

C 7  b
7 0

1 PF5-H20  (1:1) 25 2 Methylene chloride 98
2 A1(j-BuY H 20  (1:1) 25 3 Heptane 71
3 ZnEt2 • H20  (1:1 ) 25 3 Heptane 93
4 SnCLi -7 8 0 .5 Methylene chloride 81

“ Polymerizations were run in 25 ml. of solvent with 4.3 g. (0.05 mole) of monomer. 
Trials 1-3 contained 0.0025 mole of catalyst; trial 4 contained 1.38 g. (0.005 mole). 

b All polymers were white, insoluble, amorphous solids.

Molecular Weight Determination

A  n u m b e r -a v e r a g e  m o le cu la r  w e ig h t, 3800 , o f  a sa m p le  o f  p o ly -1 ,2 ,5 ,6 - 
d ie p o x y h e x a n e  (T a b le  II, tr ia l 6, [ĵ ] =  0 .1 8 ) w a s  o b ta in e d  o n  a  M e c h r o -  
la b  3 0 1 A  v a p o r  p ressu re  o s m o m e te r . A ll in h eren t v is co s it ie s  w ere  c a lc u 
la te d  b y  use o f  a  c o n c e n tr a t io n  sca le  in  g ra m s  o f  s o lu te  p e r  100 m l. s o lv e n t  
a t 25 °C .

Differential Thermal Analysis and X-Ray Diffraction

D iffe r e n t ia l th e rm a l a n a ly s e s 19 w ere  o b ta in e d  o n  fin e ly  g ro u n d  p o ly m e r  
sa m p le s  p a c k e d  in to  th e  th e r m o c o u p le  w ell. A lu m in a  w a s  e m p lo y e d  
as a  re fe re n ce  m a ter ia l, a n d  th e  a n a ly se s  w e re  ru n  u n d e r  d r y  n itro g e n  a t a 
h e a t in g  ra te  o f  6 ° C . /m in .
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P o w d e r  p a tte rn s  o n  f in e ly  g r o u n d  p o ly m e r  sa m p les  w ere  o b ta in e d  b y  use 
o f  c o p p e r  I ( a  ra d ia t io n .

Infrared Spectra

In fr a r e d  sp e c tr a  fo r  th e  p o ly - l ,2 ,5 ,6 -d ie p o x y h e x a n e  p o ly m e r s  p re p a re d  
w ith  b o t h  c a t io n ic  a n d  a n io n ic  c a ta ly s ts  w ere  o b ta in e d  as c h lo r o fo r m  so lu 
tion s , film s, a n d  p o ta s s iu m  b r o m id e  p e lle ts . T h e  sp e c tra  sh o w e d  a n  a b 
s o r p t io n  m a x im u m  a t  1094 c m . -1  (u n stra in e d  e th e r ). I n  a  fe w  p o ly m e r  
sa m p les , v e r y  w e a k  m a x im a  w e re  o b s e r v e d  a t  3500  (h y d r o x y l)  a n d  1258 
c m v 1 (o x ira n e ).

T h e  in fra re d  sp e c tr a  fo r  th e  m o d e l c o m p o u n d s  te t r a h y d r o p y r a n , te t -  
r a h y d ro fu ra n , a n d  d ie th y l c e llo s o lv e  w ere  o b ta in e d  as liq u id  film s. T h e  
e th e r  a b s o r p t io n  m a x im a  o c c u r r e d  in  th ese  c o m p o u n d s  a t  1095, 1075, 
a n d  1105 c m . - 1 , r e s p e c t iv e ly .

T h e  in fra re d  sp e c tr a  fo r  th e  p o ly - l ,2 ,4 ,5 -d ie p o x y p e n t a n e  a n d  p o ly -3 ,4 - 
e p o x y te t r a h y d r o fu r a n  p o ly m e r s  (N u jo l  a n d  p o ta ss iu m  b r o m id e  p e lle ts ) 
sh o w e d  a s tro n g , b r o a d  e th e r  a b s o r p t io n  m a x im a  a t 1105 c m . -1 .

RESULTS AND DISCUSSION 

Polymerization

T h e  m e ta l a lk y l -w a t e r  a n d  p h o s p h o ru s  p e n ta flu o r id e -w a te r  c a ta ly s ts  
are  b o t h  e f fe c t iv e  fo r  th e  c o n v e r s io n  o f  th e  d ie p o x id e s  to  p o ly m e r . I n  
th e  ca se  o f  1 ,2 ,5 ,6 -d ie p o x y h e x a n e , th e  d ie t h y l -z in c  w a te r  s y s te m  a ffo rd s  
th e  h ig h e s t  m o le cu la r  w e ig h t  p o ly m e r  (T a b le  I ) .  T h e  p o ly m e r  p r o d u c e d  
b y  th is  s y s te m  is la rg e ly  in so lu b le , b u t  is n o t  n e ce ssa r ily  cro ss lin k e d . T h e  
lim it  o f  s o lu b ility  o f  p o ly - l ,2 ,5 ,6 -d ie p o x y h e x a n e  in  c h lo r o fo r m  seem s to  
o c c u r  a t  a b o u t  a n  in h e re n t v is c o s ity  o f  0 .1 5 ; a b o v e  th is  a b e t te r  s o lv e n t  
m u st b e  e m p lo y e d . T h e  d if ficu lt  s o lu b ility  o f  th is  p o ly m e r  c a n  b e  a t t r ib 
u te d  to  its  s o m e w h a t  r ig id  s tru ctu re . T h e  p h o s p h o r u s  p e n ta f lu o r id e -  
w a te r  c a ta ly s t  sy s te m  a t th e  sa m e c a ta ly s t  c o n c e n tr a t io n  a ffo rd e d  c o m 
p le te ly  c h lo r o fo r m -s o lu b le  p o ly m e r  in  m o s t  o f  th e  tr ia ls  (T a b le  I I ) ,  b u t  th e  
v is c o s i t y  o f  th e  re su lt in g  p o ly m e r s  w a s a lw a y s  b e lo w  0 .1 8 .

W a te r  is a p p a r e n t ly  n e ce ssa ry  to  th e  p h o s p h o ru s  p e n ta flu o r id e  sy s te m  
(T a b le  I I I ) .  A n  in d u c t io n  p e r io d  w a s  n o t ic e d  w h e n  n o  w a te r  w a s  in te n 
t io n a l ly  a d d e d  to  th e  sy s te m . F u rth e r , th e  y ie ld s , m o le cu la r  w e ig h ts  (in 
h e re n t v is c o s it ie s ) , a n d  th e  ra tes  o f  th e  p o ly m e r iz a t io n s  are a ffe c te d  b y  th e  
a m o u n t  o f  w a te r . T h e  o p t im u m  ra tio  o f  p h o s p h o r u s  p e n ta flu o r id e  to  
w a te r  a p p e a rs  to  b e  1 :1 .5 ,  a lth o u g h  th is  assu m es th e  d e c o m p o s it io n  o f  
b e n z e n e -d ia z o n iu m  h e x a flu o r o p h o s p h a te  to  b e  q u a n t ita t iv e .

T h e  m o le  ra tio  o f  m o n o m e r  to  p h o s p h o r u s  p e n ta flu o r id e  w a s  c h a n g e d  
f r o m  2 0 :1  (T a b le  I I  a n d  I I I )  t o  2 0 0 :1  a n d  1 0 0 :1  (T a b le  I V )  in  o r d e r  to  
d e te rm in e  th e  e ffe c ts  o n  y ie ld , m o le cu la r  w e ig h t , a n d  p o ly m e r iz a t io n  ra tes. 
I n  gen era l, th e  lo w e r  c a ta ly s t  ra tio  a ffo rd s  h ig h e r  m o le cu la r  w e ig h t  p o ly 
m er, b u t  lo w e r  y ie ld s  a n d  a  s lo w e r  ra te . I t  a p p e a rs  th a t  o th e r  fa c t o r s  su ch
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as im p u r ity  c o n c e n tr a t io n s  a n d  e x tra n e o u s  w a te r  sh o w  a  la rge  e ffe c t  a t 
th is  lo w  c o n c e n tr a t io n , s in ce  th e  resu lts  are so m e w h a t  in co n s is te n t  w ith in  
th is  set.

T h e  p o ly m e r iz a t io n  o f  1 ,2 ,4 ,5 -d ie p o x y p e n ta n e  a n d  3 ,4 -e x p o x y t e t r a h y d r o -  
fu r a n  y ie ld e d  in so lu b le  p o ly m e r s  w ith  a ll c a ta ly s t  sy s te m s  tr ied . T h e  
m o n o m e r  3 ,4 -e p o x y t e t r a h y d r o fu r a n  w a s  p o ly m e r iz e d  in  a n  e f fo r t  t o  o b 
ta in  a  p o ly m e r  w h ich  w o u ld  b e  fo r m e d  b y  th e  se le c t iv e  o p e n in g  o f  th e  e p o x 
id e  r in g , le a v in g  th e  fu r a n  r in g  u n to u c h e d . S u ch  a p o ly m e r  w o u ld  serv e  
as a  m o d e l fo r  p o ly -1 ,2 ,4 ,5 -d ie p o x y p e n ta n e  ( I V )  fo r m e d  b y  c y c lo p o ly 
m e r iz a t io n , s in ce  it  a lso  c o n ta in s  th e  fu ra n  r in g .

I t  is v e r y  p r o b a b le  th a t  b o t h  th ese  p o ly m e r s  are  cro ss  lin k e d  a n d  n o t  
ju s t  d if f ic u lt ly  so lu b le  b e ca u se  o f  th e ir  r ig id  s tru ctu re s  a n d  h ig h  lin ea r m o 
le cu la r  w e ig h t . T h is  is e v id e n c e d  b y  th e  fa c ts  t h a t : ( ? )  e v e r y  c a ta ly s t  sy s 
tem , e v e n  th o s e  w h ich  g a v e  so lu b le , r e la t iv e ly  lo w  m o le cu la r  w e ig h t  p o ly -
1.2 .5 .6 -  d ie p o x y h e x a n e  ( I I I ) ,  a ffo r d e d  in so lu b le  p o ly -1 ,2 ,4 ,5 -d ie p o x y p e n 
ta n e  ( I V )  a n d  p o ly  3 ,4 -e p o x y t e t r a h y d r o fu r a n  a n d  (H) th e  in fra re d  sp e c tra  
o f  th ese  p o ly m e r s  sh o w e d  b r o a d  a b s o r p t io n  m a x im a  a t 1105 c m .“ 1 (o p e n  
c h a in  e th e r ). T h e  m o d e l c o m p o u n d s  te t r a h y d r o fu r a n , te t r a h y d r o p y r a n ,

* a n d  d ie th y l c e llo s o lv e  sh o w  m a x im a  a t 1075, 1095, a n d  1105 c m . -1 , r e sp e c 
t iv e ly .

S in ce  it  h as b e e n  d e m o n s tr a te d  th a t  te t r a h y d r o fu r a n  w ill fo r m  c o p o l y 
m ers w ith  p r o p y le n e  o x id e 20 a n d  th a t  a lk y le n e  o x id e s  are c o c a ta ly s ts  in 
th e  L e w is  a c id  p o ly m e r iz a t io n  o f  t e t r a h y d r o fu r a n ,21 it is n o t  su rp r is in g  th a t
3 ,4 -e p o x y t e t r a h y d r o fu r a n  w o u ld  p o ly m e r iz e  to  a ffo rd  c ro ss lin k e d  p o ly 
m ers.

S tru c tu re  I I I ,  c o n ta in in g  th e  te t r a h y d r o p y r a n  u n it  resu ltin g  fr o m  a c y c lo 
p o ly m e r iz a t io n , is  a ss ig n ed  t o  p o ly -1 ,2 ,5 ,6 -d ie p o x y h e x a n e  o n  th e  b a s is  o f  
th e  fo l lo w in g  o b s e r v a t io n s : ( / )  so lu b le  p o ly m e r s  c o u ld  b e  o b ta in e d  fr o m
1 .2 .5 .6 - d ie p o x y -h e x a n e  ( I ) ; (£ ) th e  p o ly m e r s  c o n ta in e d  n o  resid u a l e p o x id e  
m o ie t ie s ; a n d  (3 ) th e  in fra re d  sp e c tr a  o f  th e  p o ly m e r  sa m p les  sh o w e d  
m a x im a  (C — 0 — C  s tre tch in g ) ch a ra c te r is t ic  o f  th e  s tra in less  m o d e l c o m 
p o u n d s  t e t r a h y d r o p y r a n  a n d  d ie t h y l c e llo s o lv e .

S in ce , a c c o r d in g  to  th e  in fra re d  sp e c tr a  o f  t e t r a h y d r o fu r a n  a n d  te t r a 
h y d r o p y r a n , th e  f iv e -m e m b e r e d  c y c l i c  e th er  sh o w s  g re a te r  r in g  s tra in , it  
is n o t  u n e x p e c te d  th a t  1 ,2 ,4 ,5 -d ie p o x y p e n ta n e  ( I I )  d o e s  n o t  p r o d u c e  a 
so lu b le  p o ly m e r . A lth o u g h  lit t le  d iffe re n ce  a p p a r e n t ly  ex ists  b e tw e e n  
th e  k in e t ic s  o f  in tr a - in te r m o le c u la r  a n d  in te r - in te r m o le c u la r  p r o p a g a t io n ,22 
th e  d iffe re n ce  in  th e  fr e q u e n c y  fa c t o r  fo r  th e  in tr a m o le c u la r  a n d  in te r m o - 
le cu la r  s tep s  w o u ld  b e  e x p e c te d  t o  b e  r e la t iv e ly  la rg e  in  th e  fo r m a t io n  o f  th e  
som ew h a  t s tra in e d  fu r a n  rin g .

S tru c tu re  I I I  fo r  p o ly -1 ,2 ,5 ,6 -d ie p o x y h e x a n e  ca n  b e  a c c o m m o d a t e d  b y  
e ith e r  a n  a n io n ic  o r  c a t io n ic  c y c lo p o ly m e r iz a t io n  m e ch a n ism . T h e  p h o s 
p h o ru s  p e n ta flu o r id e -w a t e r  c a ta ly s t  u n d o u b te d ly  a c ts  a n a lo g o u s ly  to  th e 
b o r o n  t r i f lu o r id e -w a te r  s y s te m . T h e  a c c e p to r  p r o p e r t ie s  o f  p h o sp h o ru s  
p e n ta flu o r id e  are  m u ch  g re a te r  th a n  p h o s p h o r o u s  tr iflu o r id e , b u t  s lig h tly  
less th a n  b o r o n  t r i f lu o r id e .23
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C a t io n ic :
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Physical Properties o f  Poly-l,2,5,6-diepoxyhexane

A  re p r e c ip ita te d  sa m p le  o f  p o ly  1 ,2 ,5 ,0 -d ie p o x y h e x a n e  w ith  an  in h e re n t 
v is c o s ity  o f  0 .1 8  (T a b le  I I ,  tr ia l 6 ) h a d  a n u m b e r -a v e ra g e  m o le cu la r  w e ig h t  
o f  3 800 . T h is  m o le cu la r  w e ig h t -v is c o s it y  re la t io n sh ip  is c o n s is te n t  w ith  
a  r ig id  p o ly m e r  c h a in .24 T h is  m o le cu la r  w e ig h t  o b ta in e d  a fte r  a p r e c ip ita 
t io n  w h ich  w o u ld  re m o v e  lo w  m o le cu la r  w e ig h t  fr a c t io n s , is a lso  co n s is te n t  
w ith  th e  m o le cu la r  w e ig h t , 2 280  (2 0  re cu rr in g  u n its ) w h ic h  c o u ld  b e  e x 
p e c te d  fr o m  a m o n o m e r  to  c a ta ly s t  ra t io  o f  2 0 :1 .

D iffe re n t ia l th e rm a l a n a ly ses  w e re  o b ta in e d  fo r  p o ly m e r  sa m p les  o b ta in e d  
w ith  p h o s p h o r u s  p e n ta flu o r id e -w a t e r  (T a b le  I I ,  tr ia l 6 ) a n d  d ie t h y lz in c -  
w a te r  (T a b le  I , tr ia l 4 ) ca ta ly s ts . T h e  p o ly m e r  p re p a re d  w ith  d ie th y l-  
z in c  e x h ib ite d  a  sh a rp  e x o th e r m  a t  1 2 0 °C . a n d  n o  e n d o th e r m  u p  t o  2 0 0 ° C .. 
w h ile  th e  p o ly m e r  p re p a re d  w ith  p h o s p h o r u s  p e n ta flu o r id e  sh o w e d  a  b r o a d  
e x o th e rm  a t  1 1 5 °C . a n d  a sh a llo w  e n d o th e r m  n ear 2 0 0 °C . B o t h  p o ly m e r s  
s ta rte d  to  d e c o m p o s e  n ea r  2 0 0 °C . T h e  e x o th e r m s  a t 115 a n d  1 2 0 °C . m a y  
b e  a t t r ib u te d  to  e x o th e r m ic  c ry s ta lliz a t io n  o r  a n n ea lin g  in  w h ic h  r o ta t io n  
a n d  o r ie n ta t io n  o f  ch a in  se g m e n ts  in to  c ry s ta llite s  b e lo w  th e  c ry s ta llin e  
t r a n s it io n  te m p e ra tu re s  is ta k in g  p la ce .

T h is  e x p la n a t io n  is s u p p o r te d  b y  tw o  o th e r  o b s e r v a t io n s . F irs t, w h e n  
th e  p o ly m e r  sa m p le s  are  h e a te d  a t 1 2 5 °C . fo r  1 h r ., a llo w e d  t o  c o o l ,  a n d  
their s u b je c te d  t o  d iffe re n tia l th e rm a l a n a ly s is , n o  e x o th e r m s  w ere  o b s e rv e d . 
S e co n d , th e  x -r a y  d if fr a c t io n  p a tte rn s  o f  p o w d e r  sa m p les  o f  a n n ea led  p o ly 
m e r  p re p a re d  w ith  th e  d ie th y lz in c  c a ta ly s t  sh o w e d  a  h ig h e r  d e g ree  o f  
c r y s ta llin ity  th a n  th a t  o b ta in e d  fo r  th e  u n tre a te d  sam p le .
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P o ly -1 ,2 ,5 ,6 -d ie p o x y h e x a n e  p re p a re d  w ith  d ie th y lz in c  h a s  a  h ig h e r  d eg ree  
o f  c r y s ta llin ity  th a n  th a t  p re p a re d  w ith  p h o s p h o r u s  p e n ta flu o r id e . S in ce  
th e  p o ly m e r  o b ta in e d  fr o m  p h o s p h o r u s  p e n ta flu o r id e  h a s  a  tra n s it io n  te m 
p era tu re  a t 2 0 0 °C . a n d  th e  p o ly m e r s  b e g in  to  d e c o m p o s e  a b o v e  th is  t e m 
p e ra tu re , th e  co r r e s p o n d in g  tra n s it io n  te m p e ra tu re  fo r  th e  p o ly m e r  o b 
ta in e d  fr o m  d ie th y lz in c  is p r o b a b ly  a b o v e  2 0 0 ° C . T h is  is c o m p a t ib le  w ith  
th e  sh a p es  o f  th e  e x o th e rm  p e a k s  o b s e r v e d  fo r  th e  tw o  p o ly m e r  sa m p les .
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Résumé

Il est possible de polymériser le 1,2,5,6-diépoxyhexane à l’aide de divers catalyseurs 
pour obtenir un polymère possédant des unités tétrahydropyranne résultantes d’un 
mécanisme de cyclopolymérisation. Un système catalytique pentafluorure de phos
phore— eau donne un polymère soluble possédant une viscosité intrinsèque de 0.37. 
Les vitesses de polymérisation, les degrés de conversion, les poids moléculaires sont 
fonction du rapport catalyseur-monomère et de la quantité d ’eau présente. Un système 
diéthyl zinc-eau donne un poids moléculaire plus élvé de solubilité très limitée, la frac
tion soluble possédant une viscosité intrinsèque de 0.45. Par contre, le 1,2,4,5-diépoxy- 
pentane polymérise en un polymère complètement insoluble pour les systèmes cataly
tiques envisagés. Les films de rayons-X et les analyses thermiques différentielles prou
vent que les échantillons de poly-l,2,5,6-diépoxyhexane, préparés par le système diéthyl 
zinc-eau, possèdent un plus haut degré de cristallinité que les polymères préparés à 
l’aide du système pentafluorure de phosphore-eau, ainsi qu’il a été prouvé par analyse 
aux rayons-X et par analyse thermique différentielle.

Zusammenfassung

Das monomere 1,2,5,6-Diepoxyhexan kann mit einer Vielfalt von Katalysatoren zu 
einem Polymeren mit Tetrahydropyranbausteinen als Ergebnis eines Cyclopolymerisa- 
tionsmechanismus polymerisiert werden. Ein Phosphorpentafluorid-Wasser-Kataly- 
satorsystem liefert lösliche Polymere mit Viskositätszahlen bis hinauf zu 0,37. Poly
merisationsgeschwindigkeit, Umsatz und Molekulargewicht der Polymeren werden 
sowohl durch das Verhältnis von Katalysator zu Monomerem als auch durch die Menge 
des vorhandenen Wassers beeinflusst. Ein Diäthylzink-Wasser-Katalysatorsystem 
liefert ein höhermolekulares Polymeres mit sehr beschränkter Löslichkeit, dessen löslicher 
Anteil eine Viskositätszahl von 0,45 besitzt. Im Gegensatz dazu polymerisiert 1,2,4,5- 
Diepoxypentan mit allen verwendeten Katalysatorsystemen zu einem völlig unlöslichen 
Polymeren. Mit dem Diäthylzink-Wasser-Katalysator hergestellte Poly-1,2,5,6- 
diepoxyhexanproben zeigen röntgenographisch und differentialthermoanalytisch einen 
höheren Kristallinitätsgrad als mit dem Phosphorpentafluorid-Wasser-Katalysator 
gewonnene Proben.

R e c e iv e d  N o v e m b e r  5. 1962
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Anionic Block Polymerization. II. Preparation and 
Properties of Block Copolymers

M . B A E R , Monsanto Chemical Company, Plastics Division, 
Springfield, Massachusetts

Synopsis

Block copolymers were prepared by anionic polymerization and their dynamic 
mechanical properties and thermal stability were compared with those of random copoly
mers and mechanical blends of similar composition. The block copolymers were pre
pared by means of Na-naphthalene as the initiator, under conditions leading in most cases 
to almost complete absence of contaminating homopolymers. The composition, struc
ture, and molecular weight of the block copolymers were determined by (a) molecular 
weight determinations of the polymers before and after addition of the second monomer 
to the preformed polymeric anions, and (b) by fractionation and chemical analysis of the 
resulting fractions. The block copolymers prepared were of the type: poly(a-methyl 
styrene) -  polystyrene -  poly(«-methylstyrene), polystyrene -  poly(«-methylsty
rene )-polystyrene, poly(methyl methacrylate)-polystyrene-poly(methyl methacrylate), 
and poly(ethylene oxide)-polystyrene-poly(ethylene oxide). The various block copoly
mer systems showed considerable differences in dynamic mechanical properties among 
themselves; they also had properties differing from those of copoRmers and blends.

INTRODUCTION

T h e  p u rp o se  o f  th is  w o r k  w a s  t o  p rep a re  b lo c k  co p o ly m e r s  o f  k n o w n  c o m 
p o s it io n , a rch ite c tu re , a n d  m o le cu la r  w e ig h t  in  o rd e r  to  c o m p a r e  th e  p r o p e r 
tie s  o f  b lo c k  c o p o ly m e r s  w ith  th o se  o f  c o p o ly m e r s  a n d  m e ch a n ica l b le n d s  
o f  s im ila r  c o m p o s it io n . F o r  th is  p u rp o se  it  w a s  n e ce ssa ry  th a t  th e  b lo c k  
c o p o ly m e r s  b e  w e ll d e fin e d  a n d  e sse n tia lly  free  f r o m  c o n ta m in a t in g  h o m o 
p o ly m e rs .

W h ile  p ro p e r tie s  o f  b lo c k  c o p o ly m e r s  p re p a re d  b y  co n d e n s a t io n  re a c 
t io n s  h a v e  b e e n  d e s cr ib e d  in  th e  lite ra tu re , l it t le  ca n  b e  fo u n d  c o n c e r n in g  
p ro p e r t ie s  o f  b lo c k  c o p o ly m e r s  p re p a re d  b y  a d d it io n  re a c tio n s . P r e p a r a 
t io n  o f  a d d it io n  b lo c k  c o p o ly m e r s  h a s  b e e n  d e s cr ib e d  b e fo r e ,1-6 b u t ju d g in g  
fr o m  th e  s izea b le  a m o u n t  o f  h o m o p o ly m e r s  c o n ta m in a t in g  m a n y  o f  th ese , 
it  is d o u b t fu l  th a t  th e  b lo c k  c o p o ly m e r s  c o u ld  h a v e  b e e n  o f  g o o d  u n ifo r m ity . 
M e c h a n ic a l p ro p e r t ie s  w e re  n o t  re p o r te d .

T h e  s o fte n in g  p o in ts  o f  a c r y lo n it r i le -a c r y la m id e  b lo c k  c o p o ly m e r s  h a v e  
b e e n  co m p a r e d  b y  M ille r 7 w ith  th o se  o f  a  ra n d o m  c o p o ly m e r . H o w e v e r , 
p o ly m e r  c r y s ta llin ity  w o u ld  b e  e x p e c te d  in  th is  ca se , t o  p la y  a  ro le  as im 
p o r ta n t  as p o ly m e r  a rch ite c tu re  a n d  b lo c k  s ize , s in ce  c o p o ly m e r iz a t io n  w ill 
te n d  t o  d e s t r o y  c ry s ta llin ity , w h ile  a b lo c k  s tru ctu re  w ill p re se rv e  it.

4 1 7
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T h e  g lass tra n s it io n  te m p e ra tu re s  o f  r a n d o m  a c r y lo n it r i le -m e th y l  m e th 
a cry la te  c o p o ly m e r s  h a v e  b e e n  co m p a r e d  b y  B e e v e r s  a n d  W h it e 8 w ith  th o se  
o f  b lo c k  co p o ly m e r s , a n d  s ig n ifica n t d iffe ren ces  w ere  fo u n d . A ls o  in  th is  
ca se  c o p o ly m e r iz a t io n  a ffe c ts  th e  d e g ree  o f  c r y s ta llin ity  o f  p o ly a c r y lo n i 
t r i le 9 a n d  c o m p lic a te s  th e  in te rp re ta t io n  o f  th e  rea l e ffe c t  o f  b lo c k  s tru ctu re .

EXPERIMENTAL

Materials

M e t h y l  m e th a cry la te  (R o h m  a n d  H a a s  C o .) ,  w a sh e d  w ith  a d ilu te  ca u stic  
so lu t io n , fo l lo w e d  b y  re p e a te d  w a te r  w a sh in g s , w a s d r ie d  b y  passing- 
th r o u g h  a  lo n g  c o lu m n  p a c k e d  w ith  a m o le cu la r  s iev e . T h e  m o n o m e r  a fte r  
s to r in g  o v e r  c a lc iu m  h y d r id e  w a s  d is t ille d  u n d e r  n itro g e n  a t re d u ce d  p res 
su re, a n d  th e  m id d le  fr a c t io n  w a s  c o lle c te d  o v e r  ca lc iu m  h y d r id e . A  c lea n  
N a  r ib b o n  w as a d d e d , a n d  th e  m o n o m e r  w a s  a llo w e d  to  s ta n d  a t  r o o m  te m 
p era tu re  u n t il a co n s id e ra b le  a m o u n t  o f  p o ly m e r  h a d  c o a te d  th e  m eta l. 
T h e  m o n o m e r  w a s  d is t ille d  in vacuo as d e s cr ib e d  fo r  s ty r e n e ,10 w ith  th e  e x 
c e p t io n  th a t  th e  first d is t illa te  w a s  c o lle c te d  o v e r  ca lc iu m  h y d r id e  ra th er 
th a n  o n  a  N a  m irror , w h ic h  w o u ld  ca u se  im m e d ia te  p o ly m e r iz a t io n . T h e  
sa m e te ch n iq u e s  d e scr ib e d  fo r  s ty r e n e 10 w ere  u sed  th r o u g h o u t , in c lu d in g  
d ilu t io n  o f  th e  m o n o m e r  w ith  a n  e q u a l v o lu m e  o f  1 ,2 -d im e th o x y e th a n e .

E th y le n e  o x id e  (M a th ie s o n  C o .)  w a s  co n d e n s e d  in  a re ce iv e r  u n d e r  n itr o 
gen , s to re d  o v e r  8 5 %  K O H  p e lle ts  fo r  fo u r  d a y s , re flu x ed  o v e r  K O H  p e l
le ts  fo r  l 1/ 2 h r ., a n d  d is t illed  in  a n  e ffic ien t c o lu m n . T h e  m id d le  fra c t io n  
w a s  c o l le c te d  u n d e r  n itr o g e n , s to r e d  fo r  tw o  d a y s  o v e r  c a lc iu m  h y d r id e , 
d eg a ssed  sev era l t im e s  a t  liq u id  n itro g e n  te m p e ra tu re , a n d  d is t ille d  tw ice  
u n d e r  v a c u u m  a t — 45  t o  — 5 0 °C . (e a ch  t im e  le a v in g  b e h in d  so m e  liq u id  
w h ic h  c o u ld  c o n ta in  th e  e th y le n e  o x id e  h y d r a te , re p o r te d  to  b e  s ta b le  
a t  th ese  te m p e ra tu re s ) . T h e  e th y le n e  o x id e  w a s  c o lle c te d  d ir e c t ly  in to  
g ra d u a te d  a m p u le s  a n d  d ilu te d  b y  d is t ill in g  in  a n  e q u a l v o lu m e  o f  d im e th - 
o x y e th a n e .

T h e  p u r ifica t io n  o f  s ty re n e , « -m e th y ls ty r e n e , d im e th o x y e th a n e , n itr o 
gen , a n d  th e  m e th o d  fo r  N a -n a p h th a le n e  p re p a ra t io n  w ere  p re v io u s ly  d e 
s c r ib e d .10

Polymerization

T h e  e q u ip m e n t  u sed  fo r  p o ly m e r iz a t io n  w as d e scr ib e d  b e fo r e .10 T h e  
te ch n iq u e s  u sed  fo r  ch a rg in g  th e  re a c to r  w ith  m o n o m e rs  a n d  s o lv e n t , fo r  
t itra t in g  th e  s o lv e n t  b e fo re  p o ly m e r iz a t io n , a n d  fo r  sa m p lin g  th e  p o ly m e r  
s o lu tio n s  a t e a ch  p o ly m e r iz a t io n  sta g e  h a v e  a lso  b e e n  d e s c r ib e d .10 A  t y p i 
ca l b a t c h  w o u ld  co n s is t  o f  a b o u t  500  g. o f  d im e th o x y e th a n e , a b o u t  50  g. 
o f  t o t a l  m o n o m e rs , a n d  8 -1 5  m l. o f  a 0 .0 7 8 M  s o lu t io n  o f  N a -n a p h th a le n e  in 
d im e th o x y e th a n e  as in it ia to r . T h e  m o n o m e rs  u sed  w ere  a lw a y s  d ilu te d  
w ith  a n  a b o u t  e q u a l v o lu m e  o f  s o lv e n t  (d im e th o x y e th a n e ) a n d  th e  a g ita to r  
sp e e d  w as se t a t  a b o u t  1500 r p m  d u r in g  m o n o m e r  a d d it io n .
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TABLE I
Anionic Block Copolymers of Styrene: Polymerization Conditions

Run no. IM ]/[II»
Monomer
charged

Temperature,
°C.

Poly
merization 
time, min.

Con
version,

%

8-A 220 Styrene -7 0 10 101
8-B MMA -7 2 10 100
9-A 236 Styrene -6 5 10 100
9-B M M A -6 5 10 100

28-A 421 Styrene -7 0 30 101
28-B «M S -3 0  to -6 0 150 99.5
30-A 362 «M S +  20 to -6 5 360 82.5
30-B Styrene - 6 5 10 98'
31-A ca. 350d «M S +  22 to -6 5 210 74
31-B Styrene -5 0 10 97°
36-A 406 Styrene -4 0 30 92?
36-B EO +  70 6 days 49

a A =  polymer formed in the first addition of monomer to the initiator; B = block 
copolymer formed by block copolymerization on preformed polymer A. 

b Mole ratio of monomer to initiator in the first polymerization step.
0 Overall conversion; it includes any monomer not polymerized in the first step. 
d Some loss of initiator on charging.

TABLE II
Anionic Block Copolymers of Styrene

Run
no.

Monomer
charged

Mnk 
X 10- J

M,.
X 10~4 x  i o - 4

W ( „,*/
w ( A ,

M n V" ( B )  '
Mn" ( A )

M ^ /
^<A>

8-A Styrene 4.75 6.6 5.9
8-B M M A 9.95 13. l d — 2.18 1.98
9-A Styrene 4.89 7.6 6.5
9-B MMA 10.7 13. l d 2.19 1.73

28-A Styrene 8.7 11.0 8.1
28-B «M S 17.9 17.0d 13.2 2.04 1.62 1.55
30-A «M S 7.03» 8.6
30-B Styrene 16.2 38.3d 2.30 4.45
31-A «M S 8.1 7.2
31-B Styrene 20.0 18.0 2.54 2.50 2.47
36-A Styrene 8.45 9.9
36-B EO 10.48 12.0f 1.20« 1.22

a Ratio of the weight of block copolymer B over the weight of preformed polymer 
A.

b Ratio of osmotic Jl/„ of block copolymer B over the osmotic M„ of preformed poly
mer A.

0 Ratio of M v of block copolymer B over M u of preformed polymer A. 
d Calculated from intrinsic viscosity of block copolymer B.
e Value calculated from the actual degree of monomer conversion.
1 M n of block copolymer after purification.
e This represents the weight of block copolymer, after purification, over the weight of 

preformed polystyrene.
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Block Copolymers of Styrene and Methyl Methacrylate (S -M M A )

R u n s  8 a n d  9 w ere  p re p a re d  b y  a d d in g  sty re n e  m o n o m e r  a t — 65 to
— 7 0 ° C . t o  th e  v io le n t ly  a g ita te d  s o lu t io n  o f  N a -n a p h th a le n e  in  d im e th o x y -  
e tlia n e . In  ru n  9 it  w as n o t ic e d  th a t  som e  s o lv e n t  h a d  cry s ta lliz e d , t ra p 
p in g  so m e  red  p o ly s ty r e n e  a n ion s  w h ich  w ere  th u s  p re v e n te d  fr o m  r e a c t in g  
in  th e  fo l lo w in g  M M A  a d d it io n . T h e  d e e p  red  c o lo r  o f  p o ly s ty r e n e  a n ion s  
d is ch a rg e d  im m e d ia te ly  o n  a d d it io n  o f  M M A  in  b a tc h  8, b u t  in  ru n  9 th e 
c o m p le te  d isa p p e a ra n ce  o f  red  c o lo r  o c cu rre d  o n ly  a fte r  th e  c ry s ta ls  o f  s o l
v e n t , o c c lu d in g  th e  p o ly s ty r e n e , h a d  c o m p le te ly  m e lte d . D e ta ils  o n  th e  
tw o  ru ns are fo u n d  in  T a b le s  I  a n d  I I .

T h e  p o ly m e r  so lu tio n s  w ere  p r e c ip ita te d  in to  a la rge  ex cess  o f  m e th a n o l 
a n d  d r ie d  to  c o n s ta n t  w e ig h t.

Block Copolymers of Styrene and a-Methylstyrene (S -a M S )

a M S -S -a M S  Block Copolymer. T h is  ty p e  o f  b lo c k  c o p o ly m e r  (ru n  28 ) 
w a s  o b ta in e d  b y  first p re p a r in g  th e p o ly s t y r e n e  d ia n io n  a t  — 7 0 °C . a n d  b y  
la te r  a d d in g  « M S  a t  — 6 0 °C . w ith  g o o d  a g ita t io n . T h e  r u b y -r e d  b a tc h  w as 
m a in ta in e d  a t  — 3 0 °C . fo r  o n e  h o u r , a t — 40  to  — 5 0 ° C . fo r  a n o th e r  h ou r , 
a n d  fin a lly  a t  — 6 0 °C . fo r  a n  a d d it io n a l h o u r . T h e  c o lo r  w a s  d e s tr o y e d , 
as u su a l, b y  a d d it io n  o f  m e th a n o l fo l lo w e d  b y  g la c ia l a ce t ic  a c id .

S -aM S -S  Block Copolymers. D im e th o x y e th a n e  w a s  t itra te d  a t 2 0 ° C . 
w ith  N a -n a p h th a le n e  u n til a fa in t  g re e n  c o lo r  p e rs is te d ; a M S  w a s  ch a rg ed  
a n d  th e  s o lu t io n  t it r a te d  a g a in  a t  2 0 ° C . t o  g iv e  a v e r y  fa in t  p in k  c o lo r  (th e  
t it r a t io n  co n s u m e d  less th a n  0.1  m l. o f  a  0 .0 8 M  N a -n a p h th a le n e  s o lu t io n ).

In  ru n  30, th e  d e s ire d  ch a rg e  o f  N a -n a p h th a le n e  w as a d d e d , w ith  g o o d  
a g ita t io n , w ith  resu ltin g  fo r m a t io n  o f  a d e e p  ru b y -re d  co lo r . T h e  « M S  
w as a llo w e d  to  p o ly m e r iz e  a t 2 0 ° C . fo r  70 m in .; th e  b a tc h  w a s  c o o le d  to
— 5 5 °C . a n d  a llo w e d  to  p o ly m e r iz e  fo r  4 1/ 2 hr. w h ile  s lo w ly  c o o lin g  to  a 
fina l te m p e ra tu re  o f  — 6 5 ° C . A t  th e  en d  o f  th is  t im e , th e  c o lo r  h a d  fa d e d  
to  a less in ten se  red  co lo r . T h e  sty re n e  so lu t io n  w as a d d e d  a t  — 6 5 °C . 
w ith  g o o d  a g ita t io n .

F o r  ru n  31, th e  b a tc h  c o n ta in in g  2 7 .3  g . o f  a M S  w a s m a in ta in ed  a t  2 3 °C . 
fo r  2 h r . ; d u r in g  th is  t im e  th e  c o n t in u o u s ly  fa d in g  p in k  c o lo r  w as re fo rm e d  
b y  o c ca s io n a l t it r a t io n  w ith  sm a ll a m o u n ts  o f  N a -n a p h th a le n e  so lu tio n  
(a b o u t  2 m l. o f  a 0.07571/ s o lu t io n  w a s  c o n s u m e d ). T h e  d es ired  ch a rg e  o f  
in it ia to r  so lu t io n  w a s a d d e d  t o  th e  b a tc h  a t  0 ° C .  a n d  th e  c o lo r  tu rn e d  
r u b y  re d ; th e  b a tc h  w as k e p t  a t th is  te m p e ra tu re  fo r  15 m in ., c o o le d  
ra p id ly  to  — 5 0 ° C .,  a n d  m a in ta in e d  a t  — 50 to  — 6 5 ° C . fo r  2 ' / 2 hr. A t  th e  
en d  o f  th is  t im e , th e  s ty re n e  so lu t io n  w a s  ch a rg e d .

T h e  so lu tio n s  o f  S -aJ\IS  b lo c k  co p o ly m e r s  w ere  p r e c ip ita te d  in to  m e th 
a n o l, w a sh ed  w ith  m e th a n o l, a n d  d r ie d  to  c o n s ta n t  w e ig h t. A  s u m m a ry  o f  
th e  p e r tin e n t d a ta  o f  th e  a b o v e  b a tch e s  is fo u n d  in  T a b le s  I a n d  I I .

Block Copolymers of Styrene and Ethylene Oxide (S -E O )

A  so lu t io n  o f  liv e  p o ly s ty r e n e , p re p a re d  b y  u su a l p ro ce d u re s , w a s s y 
p h o n e d  fr o m  th e  r e a c to r  b y  m ea n s  o f  n itro g e n  p ressu re  in to  a  c a r e fu lly  d r ie d
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a n d  n itro g e n  p u rg e d  p ressu re  b o t t le , w h ile  m a in ta in in g  a  n itro g e n  a tm o s 
p h ere  o n  th e  b o t t le  th r o u g h o u t . T h e  e th y le n e  o x id e  so lu t io n  w a s  a d d e d  
w ith  a sy r in g e  t o  th e  p o ly m e r  so lu t io n  (c o o le d  t o  — 1 0 ° C .)  w ith  resu ltin g  
la rge  in crea se  o f  p o ly m e r  s o lu t io n  v is c o s i t y  a n d  im m e d ia te  c o lo r  d is a p 
p ea ra n ce . T h e  b o t t le  w a s  sea led  a n d  p la c e d  in  a n  o il b a th  a t  7 0 ° C . fo r  six  
d a y s . A t  th e  en d  o f  th is  t im e  th e  p o ly m e r  so lu t io n  w a s  n e u tra lize d  w ith  
a ce t ic  a c id  a n d  th e  d e g ree  o f  c o n v e r s io n  w a s  d e te rm in e d  b y  sa m p lin g  th e  
b a tc h  a n d  d e te rm in in g  th e  so lid s  b y  v a c u u m  d r y in g  a t  5 5 °C .

Purification and Fractionation o f Block Copolymers

F r a c t io n a t io n s  w ere  c o n d u c t e d  b y  c o n v e n t io n a l p ro ce d u re s  b y  u s in g  a 
1 %  s o lu t io n  o f  p o ly m e r  in  a s e p a r a to r y  fu n n e l. T h e  d es ired  ra n g e  o f  p re 
c ip ita n t  w a s first e s ta b lish e d  b y  fr a c t io n a t io n  o f  p u re  h o m o p o ly m e r s  in  
th e  sa m e s o lv e n t -p r e c ip it a n t  sy s te m . T h e s e  h o m o p o ly m e r s  w ere  o f  a b o u t  
th e  sa m e m o le cu la r  w e ig h t  ra n ge  o f  th e  b lo c k  co p o ly m e r s .

Fig. 1. Fractional separation of S-M M A block copolymers and comparison with 
precipitation values of the homopolymers. (Left): Solvent, benzene-acetone (1:1 
volume ratio); precipitant, hexane: (I ) poly-M M A (M v =  193,000); (2) block co
polymer 9-B; (S) block copolymer 8-B; (4) polystyrene-1 (Af„ =  250,000); (5 ) poly
styrene-2 (Mv = 80,000). (Right): Solvent, benzene-monochlorobenzene (1:1 volume 
ratio), precipitant, methanol (0.01% CaCL): (6) polystyrene-2; (7) block copolymer 
9-B; (8) poly-MM A (M v =  193,000).

T h e  fr a c t io n s  w ith d r a w n  fr o m  th e  s e p a r a to r y  fu n n e l w ere  c e n tr ifu g e d ; 
th e  c le a r  su p e rn a ta n t la y e r  w a s  p la c e d  b a c k  in  th e  se p a r a to r y  fu n n e l, w h ile  
th e  b o t t o m  g e l w a s  d ilu te d  w ith  s o lv e n t  a n d  p re c ip ita te d . T h e  p o ly m e r s  
o b ta in e d  w ere  n o r m a lly  fu r th e r  p u r ifie d  b y  re p re c ip ita t io n .

T h e  h o m o p o ly m e r s  u sed  fo r  p r e c ip ita t io n  stu d ies  a re : p o ly s ty r e n e -1  
p o ly m e r iz e d  b y  free  ra d ica l p o ly m e r iz a t io n  a n d  p u r ifie d  b y  p r e c ip ita t io n
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in  m e th a n o l, M v =  2 5 0 ,0 0 0 ; p o ly s t y r e n e -2  p re p a re d  b y  a n io n ic  p o ly m e r 
iz a t io n , M r =  8 0 ,0 0 0 ; p o ly (m e t h y l  m e th a c r y la te )  p re p a re d  b y  a n io n ic  
p o ly m e r iz a t io n , M ,  =  1 9 3 ,0 0 0 ; p o ly (a -m e t h y ls t y r e n e )  p rep a red  b y  a n io n ic  
p o ly m e r iz a t io n , M „ =  160 ,000 .

S-M M A  Block Copolymers. T h e  fr a c t io n a t io n  p ro ce d u re s  u sed  a re  th e  
o n e s  g iv e n  b y  C e r e s a 11 a n d  w ere  d e s ig n e d  to  g iv e  a w id e  sp re a d  b e tw e e n  th e  
p r e c ip ita t io n  v a lu e s  o f  p o ly s ty r e n e  a n d  p o ly -M M A . T w o  s o lv e n t -p r e c ip i 
ta n t  sy s te m s  w ere  u s e d : ( / )  a 1 /1  b e n z e n e -m o n o c h lo r o b e n z e n e  s o lv e n t  w ith  
m e th a n o l as a  p re c ip ita n t , a n d  (2) a 1 /1  b e n z e n e -a c e to n e  s o lv e n t  w ith  h e x 
an e  as a  p re c ip ita n t . T h e  fo r m e r  p re c ip ita te s  p o ly s ty r e n e  first a n d  p o ly -  
M M A  la st, w h ile  th e  o rd e r  is rev ersed  in  th e  la t te r  sy s te m . T h e  fr a c t io n a 
t io n  d a ta  is d e s cr ib e d  g ra p h ic a lly  in  F ig u re  1, w h ile  th e  fr a c t io n a t io n  v a lu e s  
a re  g iv e n  in  T a b le  I I I .

TABLE III
Fractionation of S-M M A Block Copolymers 8-B and 9-B
(Solvent: 1/1 Benzene--Acetone; Precipitant: Hexane)

Block
copolymer Fraction

Vol.
precipitant/ Weight %  
vol. solvent of fraction

M M A in
Cumulative fraction, M M A 
weight, % %» total, % b

9-B° I 0.87 30.8 30.8 71
9-B II 1.38 64.6 95.4 53
9-B III > 1 .50 5.1 100.5 17

57 (56.2)
9-B” a 0.90 61.5 61 .5
9-B b 1.15 22 83.5
9-B c 1.38 9 92.5
8-B'1 I 0.87 17.2 17.2 69
8-B II 0.97 2 9 . 3 46.5 58
8-B III 1.20 3 2 . 9 79.4 51
8-B IV >  1.20 17.8 97.2 31

51.2 (55.6)

a Determined by infrared.
h Calculated as 2 (weight fraction X  %  M M A of fraction). Value in parentheses is 

value calculated from monomers’ charge and conversion, corrected for composition of 
polymer extracted with cyclohexane.

c This polymer had previously been extracted with cyclohexane; the weight loss was 
3.19% of essentially pure polystyrene.

d This polymer had previously been extracted with cyclohexane; the weight loss was 
4.25%, of soluble material of 5% M M A content.

P r io r  t o  fr a c t io n a t io n  th e  b lo c k  p o ly m e r s  w ere  e x tr a c te d  a t  3 5 -4 5  °C . 
w ith  c y c lo h e x a n e  (a  th e ta  s o lv e n t  fo r  p o ly s ty r e n e  a t 3 4 ° C .)  u n t il n o  p o ly m e r  
c o u ld  b e  d e te c te d  in  th e  c y c lo h e x a n e  s o lu tio n . T h e  resu lts  are ta b u la te d  in 
T a b le  IV .

T h e  p o ly m e r s  p u rified  b y  c y c lo h e x a n e  e x tr a c t io n  c o u ld  n o t  b e  e x tr a c te d  
w ith  a c e to n itr ile  (a  s e le c t iv e  s o lv e n t  fo r  p o ly -M M A )  s in ce  th e  p o ly m e r s  
w o u ld  im m e d ia te ly  p e p t iz e  in  it  a n d  fo r m  an  e x tr e m e ly  fine d isp ers ion .
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TABLE IV
Extraction of S-M M A Block Copolymers with Cyclohexane

Polymer
Block extracted MM A in

copolymer in cyclohexane, % extracted polymer, %

8-B 4.25 5.35
9-B 2.52 0

S -aM S  Block Copolymers. T h e  fr a c t io n a t io n  resu lts  are  d e s cr ib e d  
g r a p h ica lly  in  F ig u re  2, ta b u la te d  in  T a b le  V , a n d  su m m a rize d  in  T a b le  V I .

Fig. 2. Fractional separation of S-aM S block copolymers and comparison with 
precipitation values of the homopolymers: (1) poly-aMS (M „ = 160,000); (#) block 
copolymer 30-B; (S) block copolymer 28-B-Ii; (4) block copolymer 28-B; (a) poly- 
styrene-1 (Af„ =  250,000); (6’ ) polystyrene-2 (M „ =  80,000); (7) block copolymer 3 1-B. 
Solvent, methyl ethyl ketone-benzene (6:1 volume ratio); precipitant, methanol 
(0.01% CaCl2).

Styrene-Ethylene Oxide Block Copolymer (S-EO ). A n  a liq u o t  o f  th e
S -E O  b lo c k  c o p o ly m e r  (ru n  3 6 ), as o b ta in e d  in th e  o r ig in a l d im e t h o x y -  
e th a n e  s o lv e n t , w a s  p r e c ip ita te d  b y  a d d in g  th e  so lu t io n  d r o p  w ise  t o  w e ll 
s tirred  w a te r  h e a te d  a t  9 0 °C . T h e  fin e  p r e c ip ita te  w a s  se p a ra te d  fr o m  th e  
c lo u d y  a q u e o u s  so lu t io n , w a sh e d  w ith  w a te r , d r ie d , d is s o lv e d  in  5 %  c o n 
c e n tr a t io n  in  c h lo r o fo r m , a n d  re p r e c ip ita te d  as a v e r y  fine p o w d e r  b y  a d d 
in g  d r o p w is e  t o  b o il in g  w a te r . T h e  p r e c ip ita te  w a s  w a sh e d  r e p e a te d ly  
w ith  w a te r , d r ie d , a n d  s u b m it te d  to  a s e c o n d  re p r e c ip ita t io n  fr o m  c h lo r o 
fo r m  so lu t io n  in t o  w a te r . T h e  d r ie d  p o ly m e r  (3 6 -B -I )  w e ig h e d  18 .45  g.

T h e  a q u e o u s  so lu t io n s  o b ta in e d  a b o v e  w e re  c o m b in e d  a n d  ta k e n  t o  d r y 
ness in vacuo a t  4 5 ° C . T h e  res id u e  w a s  d is s o lv e d  in  c h lo r o fo r m  a n d  p re 
c ip ita te d  in  b o il in g  w a te r , t o  g iv e  1 .38  g. o f  a  w a te r -in s o lu b le  p r e c ip ita te  
(3 6 -B - I I ) .  T h e  c lea r  a q u e o u s  filtra te  w a s  ta k e n  to  d ry n e ss  to  g iv e  0 .8 8  
g. o f  a ra th e r  h a rd , w a x y  m a te r ia l (3 6 -B - I I I )  w h ich  h a d  an  in fra re d  s p e c 
tru m  id e n tica l t o  th a t  o f  p o ly e th y le n e  o x id e .
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F r a c t io n  3 6 -B -I  w a s  e x tr a c te d  w ith  c y c lo h e x a n e  a t  3 8 -4 5 ° C .  u n t il n o  
p o ly m e r  c o u ld  b e  d e te c te d  in  th e  e x tra cts . T h e  c y c lo h e x a n e  so lu tio n  w a s  
c o n c e n tr a te d  a n d  p r e c ip ita te d  in to  m e th a n o l t o  g iv e  2 .0 6  g . o f  p o ly m e r  
(3 6 -B -I -b )  w h ic h  c o n ta in s  e sse n tia lly  p u re  p o ly s ty r e n e . T h e  resid u e  fr o m

TABLE V
Fractionation of S-aM S Block Copolymers

(Solvent: (i/l Methyl Ethyl Ketone-Benzene; Precipitant: Methanol with 0.01%
CaCb)

Block
copolymer Fraction

Vol. precipitant/ 
vol. solvent

Weight% 
of fraction

Cumulative 
weight, % aMS, %»

28-B I 0.190 76.2 76.2 —
28-B II 0.230 11.0 87.2 64.5
28-B III >0.30 11.0 98.2 <5
28-B R-I 0.192 72.7 72.7 60.5
28-B R-II 0.200 14.7 87.4 62.5
28-B R-III >0.30 14.3 102 <5
28-B*b A 0.078 16.5 16.5 77
28-B* B 0.192 79.7 96.2 5G
28-B* C >0.21 3.3 99.5 —
30-B I 0.075 18.8 18.8 95
30-B II 0.192 76.1 94.9 34
30-B III >0.24 5.1 100.0 —
31-B I 0.192 93.6 93.6 51
31-B II 0.200 4.6 98.2 47
31-B III > 0 .30 1.8 100.0 —

* Determined by infrared.
b Polymer 28-B* is a composite of fractions 28-B-I and 28-B-R-I.

TABLE VI
Summary of Fractionation Data of S-aM S Block Copolymers

Block Weight % 
of material

Composition of fractions 0vera11 composition, «MS, %
copolymer «MS, % S, % “ From fractions Calculated

28-B ~12 77 23
~76 56 44
~ 12 trace -100

~ 52 51
30-B 18.8 95 5

76.1
5.1

33.8
Not determined11

66.2

31-B 93.6 51 49
4.6
1.8

47
Not determined15

53

49.8 +  ° 50.6

a Obtained bv difference.
b Could not be determined because of contamination by silicone grease.
0 The value should be increased by the amount of «M S (probably low) contained in 

the last fraction, not analyzed.
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TABLE VII
Fractionation of S-EO Block Copolymer

Fraction
Weight of 
fraction, g. Weight, % Infrared observations

36-B-I-a 16.39 79.3 Large amounts of S and 
EO; no carbonyl or hy
droxyl bands

36-B-I-b 2.06 9.9 Essentially pure polysty
rene

36-B-II 1 .38 6.6 Large amounts of S and EO
36-B-III 0.88 4,2 Essentially pure poly-EO

e x tr a c t io n  (3 6 -B -I -a )  is th e  p u re  S -E O  b lo c k  c o p o ly m e r . T h e  resu lts  are  
ta b u la te d  in  T a b le  V I I .

F r o m  th e  a m o u n ts  o f  s ty re n e  a n d  E O  ch a rg e d  a n d  p o ly m e r iz e d  in  ru n  
36 , a n d  f r o m  th e  fr a c t io n a t io n  d a ta  o f  T a b le  V I I ,  th e  fa te  o f  th e  m o n o m e r s  
a n d  th e  c o m p o s it io n  o f  th e  b lo c k  c o p o ly m e r  c a n  b e  c o m p u t e d : (a) th e  
p u rified  b lo c k  c o p o ly m e r  co n ta in s  2 1 .1 %  E O  a n d  7 8 .9 %  S ; (b) 8 2 .5 %  o f  
th e  E O  p o ly m e r iz e d  fo r m e d  a  b lo c k  c o p o ly m e r ; (c ) 1 7 .5 %  o f  th e  E O  p o ly 
m erized  fo r m e d  p o ly -E O ;  (d) 4 9 %  o f  th e  E O  ch a rg e d  d id  p o ly m e r iz e ; (e) 
1 3 .5 %  o f  th e  p o ly s t y r e n e  fo r m e d  in it ia lly  d id  n o t  re a c t  w ith  E O .

P u r e  b lo c k  3 6 -B -I -a  is so lu b le  in  m e th y l e th y l k e to n e  a n d  c h lo r o fo r m ; 
th ese  so lu tio n s  w h e n  a d d e d  t o  a  la rge  ex cess  o f  m e th a n o l d o  n o t  g iv e  a  p re 
c ip ita te , b u t  o n ly  a fa in t  b lu ish  c o llo id a l o p a le s c e n c e .12 T h e  p o ly m e r  is n o t  
s o lu b le  n o r  d isp ers ib le  in  w a ter .

Properties o f  Block Copolymers

Dynamic Mechanical Properties

T h e  m e ch a n ica l p ro p e r t ie s  in v e s t ig a te d  w e re  th e  sh ear m o d u lu s  a n d  
d a m p in g . T h e  m ea su rem en ts  w ere  m a d e  w ith  a  r e co rd in g  to r s io n  p e n 
d u lu m  a t a fr e q u e n c y  o f  a b o u t  1 c y c le /s e c .  T h e  in s tru m e n t  h as b e e n  
d e s c r ib e d  b y  N ie ls e n .18

T e s t  s p e c im e n s  (4  X  3/s  X  0 .0 2 5  in .)  w ere  co m p r e s s io n -m o ld e d  b e tw e e n  
p o lish e d  p la tes  w ith  a  0 .0 2 5 -in . sp a ce r  a t  te m p e ra tu re s  v a r y in g  b e tw e e n  170 
a n d  2 0 0 ° C . , d e p e n d in g  o n  th e  g lass  te m p e ra tu re  o f  th e  sa m p les .

I n  th is  w o r k , th e  te m p e ra tu re  co r r e s p o n d in g  to  a d a m p in g  m a x im u m  is 
ca lle d  th e  g lass  te m p e ra tu re , T g. I n  re a lity  th e  te m p e ra tu re  o f  m a x im u m  
d a m p in g  d o e s  n o t  c o in c id e  w ith  th e  tru e  T t, b u t  it  is n o r m a lly  lo c a te d  a b o u t  
1 0 °C . a b o v e  it.

T h e  d y n a m ic  m e ch a n ica l p r o p e r t ie s  o f  th e  v a r io u s  p o ly m e r s  are  fo u n d  in  
F ig u res  3 -8 .

Decomposition Temperature

T h e  h e a t  s ta b ility  o f  th e  v a r io u s  b lo c k  co p o ly m e r s , h o m o p o ly m e r s , a n d  
u n ifo r m  c o p o ly m e r s  w a s  co m p a r e d  b y  m ea n s  o f  th e r m o g r a v im e tr ic  a n a ly s is .
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Fig . 3. D yn am ic m echanical properties: ( i )  S -M M A  b lock  copolym er 8 -B -II  (5 8 %  
M M A ) ; (2)  p o ly -M M A  (b y  anion ic polym erization ).

T h e  in s tru m e n t u sed  w a s  a n  A m in c o  T h e r m o -G r a v . A  v a c u u m  o f  2 m m . 
H g  a n d  h e a tin g  ra te  o f  6 ° C . /m in .  w ere  u sed . T h e  d e c o m p o s it io n  cu rv e s  
w ere  fo u n d  to  b e  re p r o d u c ib le  w ith in  ± 5 ° C .  a n d  n o t  b e  d e p e n d e n t  o n  sm all 
v a r ia t io n s  in  v a c u u m .

T h e  d e c o m p o s it io n  te m p e ra tu re  w a s  ta k e n  to  b e  th e  te m p e ra tu re  a t 
w h ich  th e  w e ig h t  loss  o f  th e  sa m p le  re a ch e d  a  m a x im u m . I t  w a s  d e te r 
m in ed  b y  ta k in g  th e  ta n g e n t  to  th e  c u rv e  a t  th e  p o in t  o f  m a x im u m  in fle c 
t io n . T h e  resu lts  are  ta b u la te d  in  T a b le  V I I I ,  w h ile  so m e  o f  th e  d e c o m 
p o s it io n  cu rv e s  are  sh o w n  in  F ig u re  9.

I n  T a b le  V I I I  are g iv e n  th e  d e c o m p o s it io n  te m p e ra tu re  m a x im a  fo r  
p o ly -a M S  (7\ ) a n d  p o ly s ty r e n e  (7 b ) fo r  th e  v a r io u s  p o ly m e rs , a n d  th e  
w e ig h t p e r  ce n t  lo s t  a t th e  e n d  o f  th e  first d e c o m p o s it io n .

I n fr a r e d  E x a m in a t io n  o f  B lo c k  C o p o ly m e r s

S ^ a M S  Block Copolymers. Q u a n t ita t iv e  d e te rm in a t io n s  o f  b lo c k  
c o p o ly m e r  c o m p o s it io n  w e re  m a d e  b y  u s in g  a  ra t io  o f  th e  in fra re d  a b s o r p 
t io n  b a n d s  a t 8.11/x to  11.08/x d u e , r e s p e c t iv e ly , t o  p o ly -a M S  a n d  p o ly s t y 
ren e. A  c a lib r a t io n  c u rv e  w a s  o b ta in e d  b y  p lo t t in g  k n o w n  co m p o s it io n s
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Fig. 4. Dynamic mechanical properties: (1) S-M M A block copolymer 9-B, fraction 
II (53% M M A); (¿g) S-M M A block copolymer 9-B, not fractionated (56% M M A); 
(3) S-M M A block copolymer 9-B, fraction I (71% M MA).

Fig. 5. Dynamic mechanical properties, damping vs. temperature: (I ) blend of poly
styrene and poly-aMS (coprecipitated into methanol from benzene solution); (3) blend 
of polystyrene and poly-aMS (freeze-dried from benzene); (3) S-aM S block copolymer 
£8-B (51% aM S); (4) S -«M S block copolymer 28-B, fraction B (56% aMS).
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TABLE VIII
Thermogravimetric Analysis 

(Heating Rate: 6°C ./m in.; Vacuum: 2.0 mm. Ilg)

aMS in
Polymer polymer, % Th °C.

Weight 
lost at 
the end 
of Ti, % Tt. °C.

Polystyrene-2 (anionic polymeriza-
tion) 395-405

Polystyrene-1 (free radical poly-
merization) 400

Poly-aMS (anionic polymerization) 100 305-320
aM S-S-aM S block (28-B), not frac-

tionated 51 318 51 397
aM S-S-aM S block, fraction 28-B-II 60-62 300-310 58 390
S-aM S-S block, fraction 30-B-II 34 320 36 398
S-aM S-S block, fraction 31-B-I 51 310 52 395
S-uMS random copolymer ~45 365
Styrene-EO block, fraction 36-B-I-a 385
Poly-MMA (anionic polymerization) 357
S-M M A random copolymer 390
M M A -S-M M A  block (9-B), not

fractionated 375

Fig. (i. Dynamic mechanical properties, modulus vs. temperature: (1) blend of poly
styrene and poly-aMS (coprecipitated into methanol from benzene solution); (2) 
blend of polystyrene and poly-aMS (freeze-dried from benzene); (■'!) S-aM S block 
copolymer 2S-B (51% «M S); (4) S-aM S block copolymer 28-B, fraction B (56% aMS).
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Fig. 7. Dynamic mechanical properties: ( 1) random S-aM S copolymer (45% «M S ); 
(2) S-aM S block copolymer 31-B, not fractionated (50% «M S); (3) poly-aMS (by 
anionic polymerization).

of mixtures of poly-aMS and polystyrene, versus the ratio Abs.g.n/Abs.n.os 
of these absorptions.

S -M M A  Block Copolymers. Infrared absorption bands at 5.75,u and 
1 4 .3 m due, respectively, to poly-MMA and polystyrene were used for the 
determination of block copolymer composition. Chloroform and carbon 
disulfide were used as the individual solvents in the determinations of the 
respective amounts of poly-MMA and polystyrene in the block copolymer. 
Calibration curves were obtained by determining the absorption of known 
blends of polystyrene and poly-MMA in the two individual solvents.

Intrinsic Viscosity-M v Relationship

The following relationships were used: for polystyrene, \v] =  5.74 X 
1 0 " 6M 0-78 in toluene at 25°C.;14 for poly(a-methylstyrene), [17] =  1.16 X 
10~W °-714 in toluene at 25°C.;13 for poly(methyl methacrylate), [171 = 
0.57 X 1 0 _4M 0-76 in benzene at 25°C.16

For a block copolymer AB the M v of the block copolymer was computed 
from the observed [17 ]ab as follows:

M* ab =  u>iM*a +  w,M *b (1)



430 M. BAKU

10.0

o
IDo

I.Og

s<

Ql

005

Fig. 8. Dynamic mechanical properties of S-EO Block Copolymer: S-EO block co
polymer 3G-B, fraction I-a (21% EO).

where (neglecting possible interactions) M*A is the computed M v for A, 
assuming the entire block copolymer of intrinsic viscosity f a ] A B ,  to be pure 
A, M *b is the computed M v for B, assuming the entire block copolymer of 
intrinsic viscosity fa Ja b , to be pure B, M *a b  is the computed average M v 
for block copolymer AB, and Wi and w2 are, respectively, the weight frac
tions of polymers A and B in the block copolymer.

DISCUSSION

The polymerization conditions used for the preparation of block copoly
mers were the ones found to lead to best purity in the study of block poly
merization of styrene upon polystyrene. 10 The agitation and the molar 
ratios of monomer to initiator [M ]/fI] chosen were designed to insure that 
essentially no residual initiator would be present at the end of the first 
monomer polymerization. A summary of the polymerization conditions 
used in the preparation of the various block copolymers is found in Table
I. In Table II are given the kinetic number-average molecular weights 
(M nk) for the polymer formed at the end of the polymerization of the first 
monomer (defined as A in the Table) and for the block polymer, formed 
at the end of the second monomer polymerization (defined as B). The
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Fig. 9. Thermogravimetric analysis of various block copolymers, random copolymers, 
and homopolymers: (1) poly-aMS (polymerized anionically); (2) S-aM S block co
polymer 31-B, fraction I (51% aM S); (3) poly-MM A (polymerized anionically); (4) 
S-aM S random copolymer (45%  aM S); (5) S-M M A block copolymer 9-B (56% 
M M A); (6) S-M M A random copolymer (50% M M A); (7) polystyrene. Sample 
weight = 192-198 mg., temp, rise =  6°C./min., vacuum 2 mm. Hg.

M v/M„ ratios for the prepolymers A range around 1.2; the resulting poly
mers, therefore, are not monodisperse.

As discussed before, 10 one can gain a good understanding of the complete
ness of initiator consumption and the course of block polymerization by com
paring the weight ratio of block polymer over the initial polymer (W(b)/ 
W(a)) with the molecular weight ratios M n /Mn and/or M v J M V .(U) (A; (n) (A)

The reliability of M v of the block copolymer, computed according to eq. 
(1) (experimental section) is not known. Miller7 used the same approach 
and found good agreement between observed and computed values. Good 
agreement is also obtained if one uses the intrinsic viscosity and composi
tional data obtained by Woodward and Smets2 for their S-M M A block co
polymers. The M n obtained by them is in good agreement with the M v 
computed by using eq. (1 ) and the relationships chosen in our work
for polystyrene14 and poly (methyl methacrylate) . 16

Styrene-Methyl Methacrylate Block Copolymers

The block polymers prepared were of the type M M A-S-M M A. As 
proven by Graham et al.3-17 (and confirmed in the course of our work), 
MMA anions are not sufficiently nucleophilic to initiate styrene polymeriza
tion; block copolymers of the S-M M A-S type cannot, therefore, be pre
pared by anionic polymerization.
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The block copolymers, as prepared, are not contaminated by poly- 
MM A (Table III and Figure 1). A small amount of polymer low in MMA 
content is contained in polymer 8 -B, while polymer 9-B contains 2.5% of 
polystyrene which, as previously described, is the result of mechanical 
occlusion of polystyrene anions in frozen solvent crystals (Table IV).

Fractionation data show that for both block copolymers, the bulk of 
the material is of uniform composition. This is also confirmed by the 
fair correlation between the weight ratios (IT) and the M v ratios in Table II.

Dynamic Mechanical Properties. Unfractionated S-M M A block poly
mer 9-B shows (Fig. 4) two damping maxima which correspond to the glass 
transition temperature Tg of polystyrene (110°C.) and poly-MMA (133°C.) 
Figure 3. This would suggest the presence of two phases even though the 
moldings are optically clear and only show a slight Tyndall effect when ex
posed to a light beam. If two phases were present they would be expected 
to be considerably smaller than the wavelength of light in order to explain 
clarity despite the large refractive index difference between polystyrene and 
poly-MMA. Annealing at a temperature above 140°C. for 17 hr. results 
in slightly greater peak sharpness, which could be interpreted as increased 
phase separation. The random S-MMA copolymer (l:l/w eight ratio), 
which must be a single-phase system, yields a single damping peak at about 
105 °C.

In Figure 4 are compared the dynamic mechanical properties of the un
fractionated S-M M A block copolymer 9B and its fractions (all molded 
specimens are optically clear). While the unfractionated block shows two 
distinct transition temperatures, the block fractions show the T„ of poly- 
AIM A and only a shoulder where the Tg of polystyrene is normally located. 
The same dynamic properties are observed with a different S-M M A block 
copolymer (Fig. 3). The pure S-M M A block copolymers, therefore, differ 
in mechanical properties from a polyblend (two distinct damping maxima) 
and a random copolymer (single damping maximum).

Styrene-a-Methylstyrene Block Copolymers

Block copolymers of the type «M S-S-aM S and S-aM S-S were pre
pared by reversing the order of monomer addition. This is in contradis
tinction with the styrene-MMA system where only polymers of the M M A -
S-M M A type can be made.

Considerable difficulty was encountered in the preparation of pure block 
copolymers because of the slow propagation rate of aMS at the low tem
peratures needed18,19 to bring polymerization to essential completion. 
Long reaction times increased the chance of destruction of some of the live 
anions. Uniform block copolymers of the S-aM S-S type were prepared 
by titrating aMS at room temperature with Na-naphthalene and by avoid
ing polymerization temperatures above 0°C. When polymerization 
was initiated and conducted at 20°C. for some time, some fading of the 
ruby-red color of the aMS anion was always observed. This may be the 
result of attack on the solvent by the strongly basic polymeric anion,
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or to its chain transfer with the methyl group of «MS, or to slow reacting 
impurities contained in the monomer, as suggested by Wenger. 20

In the preparation of the aM S-S-aM S block copolymer (run 28) some 
termination of the polystyrene anions took place, as shown by the fraction
ation data (Tables V, and VI and Fig. 2). Formation of new chains on 
addition of «M S to polystyrene is suggested by a IF ratio higher than the 
M n ratio in Table II; fractionation data, however, do not reveal a large 
aMS-rich fraction which could be expected to contain some poly-uMS.

In the case of block copolymers of the S-aM S-S type, molecular weight 
and fractionation data clearly show that very pure and uniform block co
polymers were obtained by polymerizing «M S at low temperatures (run 
31), while rather heterogeneous polymers were obtained by polymerizing 
«M S for a long time at room temperature.

Dynamic Mechanical Properties. In Figures 5 and 6 are compared the 
properties of a aMS-S-aMS block copolymer, a pure fraction of it, and 
mechanical blends of polystyrene and poly-a-MS. In Figure 7 are com
pared the properties of a S-aM S-S block copolymer with those of poly- 
aMS (prepared by anionic polymerization) and a 55/45 S-aMS random 
copolymer (prepared by low conversion, free-radical polymerization).

Intimate blends of polystyrene and poly-aMS were prepared by (a) 
precipitation in methanol of a common benzene solution of the two poly
mers, or (b) by rapid freezing of the above solution, followed by vacuum 
freeze-drying. The moldings of both mechanical blends were cloudy. The 
incompatibility of the two homopolymers was also confirmed by the pres
ence of two distinct damping maxima.

The block copolymers have unusual mechanical properties in that they 
show a single Tg value intermediate between the glass transitions of 115°C. 
(polystyrene) and 183°C. (poly-aMS). While the block copolymers are 
similar to a random copolymer in that they have a single damping maxi
mum, they have Tg values, ranging from 140 to 155°C., which are higher 
than that of a copolymer of similar composition; the copolymer displays a 
narrower and sharper damping curve than the block copolymers.

The single Tg of the block copolymers suggests that they are a one-phase 
system or that if two phases are present they must be extremely small. 
A single phase could also result from two compatible polymers or from a 
three-component system comprised by two mutually incompatible poly
mers which are rendered compatible by a mutual solvent, in this case the 
block copolymer. In the latter case, however, one would expect a broaden
ing of the damping curve which was not observed. In order to encourage 
phase separation, in the event that two phases were actually present, a 
block copolymer was annealed at 190°C., which is above the glass transition 
of both components. No change was observed in the damping curve, and 
there was no indication of phase separation.

It is important to note that while the molded unfractionated block co
polymers were transparent, all the molded block copolymer fractions were 
cloudy to opaque, but still displayed a single damping maximum. We are
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unable to explain why an opaque (two-phase) system does not show two 
damping maxima, unless the opacity is the result of crystallinity rather 
than compositional heterogeneity. Poly-aMS and a S-aMS block fraction 
were examined (before and after prolonged heating in octane at 155°C. in 
sealed bottles) under x-rays and found to have regions of definite order but 
only a very slight degree of crystallinity. We are doubtful that such mod
erate degree of crystallinity could fully explain the opacity of the molded 
samples.

In connection with the opacity of the molded fractions, in contrast with 
the clarity of the molded unfractionated block copolymers, the following ob
servations were made. (1) Opaque moldings were obtained if the poly
mers were exposed for a long time, while in solution, to the same solvent- 
nonsolvent mixture present during fractionation. The polymer recovered 
was opaque whether it was collected in fractions or in its entirety; it re
mained opaque even if dissolved in benzene and then reprecipitated in 
methanol or if heated for some time above its glass transition. (2) Clear 
moldings were obtained if the original block copolymers were dissolved in 
benzene and precipitated in methanol or if dissolved in the solvent-non
solvent mixture present during fractionation and immediately precipitated 
in methanol.

The above observations strongly suggest that the individual blocks of 
the block copolymers, when exposed for a long time to a poor solvent, ag
gregate each with its own kind, to form separate phases or perhaps some 
paracrystalline regions.

Styrene-Ethylene Oxide Block Copolymers

Block copolymers of the EO-S-EO type were prepared by adding EO 
to polystyrene anions. The polymerization procedure used was the same 
as the one described by Richards and Szwarc. 12 Block polymers of the
S-EO-S type cannot be made by reversing the order of monomer addition 
since alkoxide anions are not sufficiently basic to polymerize styrene.

Formation of polyethylene oxide) during block polymerization suggests 
a sizeable amount of chain transfer of the ethoxide anion with ethylene 
oxide on prolonged heating at 70°C. The composition of the pure block 
checks well with the increase in molecular weight observed on adding EO 
to polystyrene (Table II). Infrared examination of the pure block shows 
the presence of EO and S with practically no carbonyl or hydroxyl bands.

The block copolymer gave a clear and colorless molding which showed 
(Fig. 8 ) two distinct glass transitions, one corresponding to the Ta of poly
styrene and one corresponding to the Tg of amorphous poly-EO (about 
—49°C.). Intimate blends of polystyrene and 20% polyethylene oxide) 
of M^-20,000 (Carbowax 20M) did not give clear moldings.

Decomposition Temperatures o f  Block Copolymers

The heat stabilities of various block copolymers, homopolymers, and 
uniform copolymers were compared by means of thermogravimetric analysis 
(Table VIII and Figure 9). The following conclusions can be drawn.

434 M. BAER
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1. Polystyrene samples have the same decomposition temperature in
dependent of the type of polymerization used (free radical or anionic). 
This throws considerable doubt on the theory of “ weak links” in polysty
rene (prepared by free radical polymerization) being responsible for its 
instability. Anionic polystyrene should be completely devoid of internal 
or terminal unsaturation and would not be expected to have the same type 
of weak links.

2. A uniform S-aMS copolymer is more stable than poly-aMS or any 
of the S-aMS block copolymers. While the copolymer shows only one 
decomposition temperature, the block copolymers show two decomposition 
maxima. The weight loss at the end of the first decomposition is about 
equal to the «MS content of the block copolymer and does not appear to 
depend on the distribution of the blocks, that is, on whether the terminal 
blocks are polystrene or poly-aMS.

3. The S-EO block copolymers display only one decomposition tem
perature.

4■ The S-MMA block copolymers show only one decomposition tem
perature which is lower than that of the S-M M A copolymer and inter
mediate between the decomposition temperatures of polystyrene and poly- 
MMA.

The writer is particularly indebted to Mr. R. A. Isaksen who helped in collecting and 
interpreting a good number of the dynamic mechanical data. Ideas concerning the effect 
of heat history on possible phase changes originated with him. The writer is also in
debted to Mr. P. Shapras for infrared analyses, to Dr. M. Ezrin for osmotic measure
ments, to Dr. R. L. Miller for x-ray determinations, and to Mr. R. Durepo for his assist
ance in the experimental work. Discussions and consultations with Mr. Q. A. Tre- 
mentozzi, Dr. J. D. Cotman, and Dr. L. E. Nielsen were helpful and are gratefully 
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Résumé

On a préparé des copolymères séquencés par polymérisation anionique et on a comparé 
leur propriétés dynamiques mécaniques et leur stabilité thermique avec celles des co
polymères conventionnels et des mélanges mécaniques de composition analogue. On a 
employé du sodium-naphthalène comme initiateur dans des conditions menant la plupart 
du temps à une absence presque complète d’homopolymères contaminants. La com
position, la structure et le poids moléculaire des copolymères séquencés ont été déter
mines par (a) des déterminations du poids moléculaire des polymères avant et après 
l’addition du second monomère aux anions polymériques formés auparavant et (b) 
par fractionnement et analyse chimique des fractions obtenues. Les copolymères 
séquencés préparés étaient du type: poly(ff-méthylstyrène)-polystyrène-poly(a-
méthylstyrène, polystyrène-poly(a-méthylstyrène)-polystyrène, poly(méthacrylate de 
méthyle)-polystyrène-poly(méthac.rylate de méthyle) et poly(oxyde d’éthylène)- 
polystyrène-poly(oxyde d ’éthylène). Les différents systèmes des copolymères séquencés 
diffèrent considérablement entr’eux quant à leurs propriétés dynamiques et mécaniques; 
ils ont aussi des propriétés différentes de celles des copolymères et des mélanges de 
polymères.

Zusammenfassung

Blockcopolymere wurden durch anionische Polymerisation dargestellt und ihre 
dynamisch-mechanischen Eigenschaften und thermische Stabilität mit denjenigen von 
statistischen Copolymeren und von mechanischen Gemischen ähnlicher Zusammen
setzung verglichen. Die Blockcopolymeren wurden mit Na-Naphthalin als Starter 
unter Bedingungen dargestellt, die in den meisten Fällen zu fast völligem Fehlen von 
Homopolymeren als Verunreinigung führten. Zusammensetzung, Struktur und Mole
kulargewicht der Blockcopolymeren wurde (a) durch Molekulargewichtsbestimmung 
an den Polymeren vor und nach Zusatz des zweiten Monomeren zu den vorgebildeten 
polymeren Anionen und (b) durch Fraktionierung und chemische Analyse der erhaltenen 
Fraktionen bestimmt. Die dargestellten Blockcopolymeren waren von folgendem 
T yp : Poly-ff-methylstyrol-Polystyrol-Poly-a-methylstyrol, Polystyrol-Poly-a-methy- 
stryol-Polystyrol, Polymethylmethacrylat-Polystyrol-Polymethylmethacrylat und 
Polyäthylenoxyd-Polystyrol-Polyäthylenoxyd. Die verschiedenen Blockcopolymer
systeme zeigten untereinander beträchtliche Unterschiede in den dynamisch-mech
anischen Eigenschaften: ihre Eigenschaften unterschieden sich auch von denjenigen 
de Copolymeren und Gemische.
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Linear Condensation Polymers from Phenolphthalein 
and Related Compounds

P. W. MORGAN, P i o n e e r i n g  R e s e a r c h  D i v i s i o n , T e x t i l e  F ib e r s  D e p a r tm e n t ,

E .  1 . d u  P o n t  d e N e m o u r s  &  C o m p a n y ,  I n c . ,  W i lm in g to n ,  D e la w a r e

Synopsis

Phenolphthalein, phenolphthalimidine, phenolisatin, and similar compounds were 
found to react as bisphenols with aliphatic and aromatic diacid chlorides, bischloro- 
formates, and phosgene to form linear, high molecular weight products. Interfacial 
and low and high temperature solution polycondensation procedures were used. The 
polymers were colorless and readily formed films or fibers from a wide variety of solvents. 
Several peculiarities in solubility behavior were encountered. The glass transition and 
melting temperatures of all of the polymers were much higher than values for similar 
polymers derived from bisphenol A. Water absorption was relatively high, and stability 
to discoloration by ultraviolet light was good. The majority of the products did not 
crystallize readily.

INTRODUCTION

Phenolphthalein (I) was first synthesized in 1871 by Baeyer1 from phenol 
and phthalic anhydride. Phenolphthalein and related structures are 
familiar to most chemists as acid-base indicators, dyes, and drugs. As a 
result, it is common to associate a high degree of color with them and to 
overlook their formal structure as bisphenols based on bis(hydroxyphenyl)- 
methane (II).

There have been many studies of the use of bisphenols of type II in poly
mers for application in coatings, photographic film, and plastics.2-6 One of 
the recent large-scale developments in the field of condensation polymers is 
the polycarbonate from bisphenol A (formula II where R is methyl3'6). Of 
the many variations in the structure of aromatic polyesters which have been 
described, the majority have contained hydrocarbon or halogen substitu
ents and very few have employed polar substituents. If the bis (hydroxy-
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phenyl) phthaleins, sulfonephthaleins, phthalimidines, oxindoles, and 
similar structures would act as bisphenols in condensation polymerizations, 
then a wide range of new chemical compositions would be available. Such 
changes should produce unusual effects on melting point, solubility, chemi
cal stability, and other properties of interest, as well as provide the possi
bility of post reactions on the finished polymer.

A search of the literature showed that nearly seventy years ago Bistrzycki 
and Nencki7 and Meyer and Meyer8 combined phenolphthalein and flu
orescein with benzoyl chloride and alkali to form colorless dibenzoates. This 
is a significant portent of the polymer-forming ability of these compounds. 
A Swiss patent9 and a report by Bafna and Shah10 describe resins from 
phenolphthalein and formaldehyde. Lo11 made epoxy resins by first com
bining phenolphthalein with epichlorohydrin and alkali. This reaction 
yielded primarily a monoether-monoester, which retained a yellow color 
because of its quinomethine structure.

2C1C1R-C-
I

H

/ ° \
c h 2 NaOH

A ,
h 2c  —  c - c h 2o 

I
H

= o °
H

C -O C H 2- C -

O \
- c h 2

0

The present paper describes the preparation and properties of about fifty 
aromatic and aliphatic polyesters based on phenolphthalein and related 
compounds. For the most part, low temperature polycondensation pro
cedures were used, but examples of a high temperature method are given.

Since this work was completed Korshak, Vinogradova, and Salazkin12 
have reported the preparation of the adipate, sebacate, isophthalate, and 
terephthalate of phenolphthalein and a variety of copolymers by a high 
temperature solution process. Several patents have also been issued to 
Howe13 which claim the polycarbonates from various phenolphthaleins, 
fluoresceins, and phenolsulfonephthaleins. No specific properties are given 
except for several polymers from phenolphthalein.

EXPERIMENTAL

Intermediates

A variety of phthaleins and fluoresceins may be purchased. Phenol
phthalein is very pure as sold in reagent grade and forms high polymers 
without any treatment. Other materials were purified or synthesized as 
follows.

Dibenzoyl Phenolphthalein. Phenolphthalein (31.8 g., 0.1  mole) and 
28 ml. of triethylamine (0.2 mole) were dispersed in 300 ml. of 1,1,2-
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trichloroethane and the mixture was cooled in ice water. Benzoyl chloride 
(23 ml., 0.2 mole) was added slowly with swirling and cooling. The mixture 
was evaporated to dryness and the product was washed with water to 
remove salt. After the ester had been crystallized three times from 95% 
ethanol, its melting point was 173-174°C. Bistrzycki and Nencki7 ob
tained a melting point of 169°C.

A n a l . Calcd. for C3.iH220 6: C, 77.52%; H, 4.25%. Found: C, 77.66, 77.50%,; 
H, 4.36, 4.44%.

Diacetyl Phenolphthalein. Phenolphthalein was acetylated by warming 
5 g. of it in 50 ml. of acetic anhydride with 0.2 g. potassium acetate for 
2 hr. The product was recrystallized from aqueous alcohol. The melting 
point was 146°C. Baever1 reported a melting point of 143°C.

Phenolphthalein Dimethyl Ether. Phenolphthalein was methylated by 
refluxing for 18 hr. in methyl iodide in the presence of concentrated aqueous 
sodium hydroxide. 14 The product was dissolved in ether and extracted 
with dilute alkali to remove unchanged material. It was then chromato
graphed as a benzene solution on an alumina column (Woehlm neutral; 
activity grade 1). Elution was with benzene-petroleum ether. The 
adsorbed material was colored red to orange, but the dimethyl ether was 
eluted as a colorless viscous oil which could not be crystallized. There is a 
report of a crystalline form of this compound melting at 100°C. 14

A n a l . Calcd. for C*H u0 4: C, 76.26% ; H, 5.27%. Found: C, 76.0%.; H ,5.3% .

3 ',3 ",5 ',5 ' '-Tetraiodophenolphthalein. This compound was purchased 
and recrystallized three times from acetone-alcohol mixtures. On a hot 
bar16 it had a melting point at about 325 °C. and at a slightly higher temper
ature decomposed with the evolution of iodine; 16 the literature value is 
270-272°C. (dec.).

3',3",5',5''-Tetrachlorophenolphthalein. Phenolphthalein was chlo
rinated in glacial acetic acid by slowly introducing the calculated amount of 
chlorine gas with stirring at 25°C. The product crystallized from benzene. 
The melting point was 230°C. (hot bar); the literature value is 215°C.17'18

4,5,6,7-Tetrachlorophenolphthalein. Tetrachlorophthalic anhydride (80 
g.), 160 g. of melted anhydrous phenol, and 80 g. of fuming sulfuric acid 
(20% S03) were stirred and heated at 150°C. for 12 hr. in a round-bottomed 
flask. The dark red mixture was allowed to stand another 16 hr. and was 
then poured into cold water. The red-brown solid was collected and 
washed. It was dissolved in aqueous alkali and filtered to remove the 
insoluble fluoran. The phthalein was precipitated with hydrochloric acid 
and recrystallized from aqueous alcohol. The purest fraction (12 g.) 
melted at 325°C. (hot bar). The reported melting point is 316-317°C. 
(dec. ) . 19

o-Cresolphthalein. Phthalic anhydride (15 g.), 25 g. of o-cresol, and 
25 g. of anhydrous zinc chloride were mixed and heated at 125°C. for 8 hr. 
The dark red tar was extracted repeatedly with boiling water (2  1.). The
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residue, was extracted with three 500-ml. portions of 50% aqueous sodium 
hydroxide. The alkaline filtrate was neutralized with dilute hydrochloric 
acid and the tan product was crystallized from aqueous alcohol; yield 19 g. 
(54%) melting at 222-223°C. (capillary tube). The reported melting point 
is 216°C.20

3.3- Bis(4-hydroxyphenyl)phthalimidine. Phenolphthalein (100 g.) was 
dissolved in 1000  ml. of 28% aqueous ammonia and allowed to stand at 
room temperature for 11 days.21 The color changed to a dull claret. The 
solution was poured into a mixture of ice and concentrated hydrochloric 
acid and the product was collected and washed with water. The amide 
was dissolved in hot alcohol and, after t tment with charcoal, 
water was added to start recrystallization. The yield was 90 g., m.p. 
282°C. (hot bar).

3.3- Bis (4-hydroxyphenyl) -iV-methylphthalimidine. This preparation 
was carried out as above with 40% aqueous methylamine. The reaction 
was much faster, and the solution was colorless within 20 hr. Recovery and 
crystallization were as above; yield, 98%; m.p. 273°C. (hot bar).

Anal. Calcd. for C2IH „0 3N : C, 76.11%; H, 5.17%; N, 4.23%. Found: C,
75.5%; H, 5.2%; N, 4.2%.

3.3- Bis(4-hydroxyphenyl)oxindole. This compound was purchased. Be
cause some of the polymers prepared from it were insoluble, purification 
and analyses were carried out. The compound was recrystallized from 
ethanol and melted then at 267-268°C. (dec. in capillary) . 22

A n a l . Calcd. for CioH^OsN: N, 4.43%; O, 15.13%;. Found: N, 4.38, 4.35%; 
O, 15.2,14.9%,.

3.3- Bis(4-hydroxyphenyl)-5,7-dichlorooxindole. 5,7-Dichloroisatin (20 
g.) was added to 80 g. of phenol at 30°C. with stirring. Some undissolved 
material was removed by filtration. Concentrated sulfuric acid (10 ml.) 
was then added dropwise to the cooled solution. The initial deep red color 
faded quickly to orange, and after 2 0  min. the mixture was added to 1500 
ml. of ice water. The mass was washed with water, dissolved in ethanol, 
decolorized, and crystallized in the form of colorless plates by addition of 
water to the hot solution. The product melted at 246°C. (hot bar). The 
reported melting point is 276-277°C.23

A n a l . Calcd. for C20H13O3Cl2N : C, 62.19%; H, 3.39%,; Cl, 18.36%.. Found: 
C, 61.5%; H, 3.7%; Cl, 18.6%.

Fluorescein. Fluorescein is normally sold as the water-soluble disodio 
derivative. This was dissolved in water to form a neutral solution. The 
free phenol was precipitated by the addition of hydrochloric acid and 
washed and dried. The crude product was subjected to vacuum sublima
tion as described in the literature. 24 The sublimed product was somewhat 
improved in quality.

The highest purity was obtained by crystallization of the acid-precipi
tated material from acetone-alcohol, This step yielded fine red needles.
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Acid Chlorides. The acid chlorides were purified by methods described 
in previous publications from this labora* -y. 25

Polymer Preparation

Examples are given of the several techniques employed.
Interfacial Polycondensation. Phenolphthalein (3.18 g.) and 0.80 g. of 

sodium hydroxide were dissolved in 100  ml. of water in a blender jar. 
While the mixture was rapidly stirred, a solution of 2.03 g. of isophthaloyl 
chloride in 30 ml. of 1,2-dichloroethane was added all at once. The blood- 
red color was quickly reduced to a light pink. Stirring was continued for 5 
min. Hexane (300 ml.) was added to precipitate the polymer, which was 
filtered and washed with water; yield 4.22 g .; 7?inh 0.93. (All inherent 
viscosities, except as otherwise indicated, were determined in sj/m-tetrachlo- 
roethane/phenol (40/60 by weight) at 0.5 g./lOO ml. and at 30°C.)

Interfacial Polycondensation with Phosgene Gas. Phenolphthalein 
(3.98 g., 0.0125 mole), 1.0 g. of sodium hydroxide and 1.0 g. of tetraethyl- 
ammonium chloride were dissolved in 120 ml. of water in a blender jar.
1 ,2-Dichloroethane (30 ml.) was added. While the mixture was stirred 
vigorously, phosgene gas was passed in until the color faded. Stirring was 
continued for 2 min. Acetone was added to precipitate the colorless prod
uct, which was collected, washed, and dried; yield 53%; 7?inh 0.51.

A second experiment was started as above but, after the first loss of color, 
the color was returned by adding several drops of a 2 0 %  solution of sodium 
hydroxide and phosgene was passed in again. This was repeated two more 
times. The total time was about 20 min. The polymer, isolated as before, 
was obtained in 93% yield with an 7jinh of 2.20.

Similar experiments with 2,2-bis(4-hydroxyphenyl)propane, in which the 
pH was alternated from about 12 to 7 for each phosgene addition, yielded 
polycarbonates with j?inh 0.57 (80% yield) and 5.46 (93% yield), respec
tively.

Low Temperature Solution Polycondensation. Phenolphthalein (3.18 
g.) and 2.8 ml. of triethylamine were added to 50 ml. of 1,2-dichloroethane. 
Not all of the bisphenol dissolved. There was no color. The mixture was 
cooled to 10°C., 2.03 g. of solid isophthaloyl chloride was added, and the 
reaction mixture was swirled. Triethylamine hydrochloride precipitated 
in a gelatinous form while the finely powdered bisphenol dissolved. The 
solution slowly became more viscous and at 90 min. it was poured into 
acetone in a blender. The washed and dried granular product weighed
4.04 g. (90%) and had an inherent viscosity of 0.67.

High Temperature Solution Polycondensation. In a round-bottomed 
flask equipped with a stirrer, nitrogen inlet tube, HCL outlet tube, and 
condenser was placed 3.98 g. of phenolphthalein, 0.20 g. of triethylamine 
hydrochloride and 25 ml. of o-dichlorobenzene. This mixture was heated 
to 210°C. under nitrogen flow and a solution of 2.564 g. of isophthaloyl 
chloride in 25 ml. of o-dichlorobenzene was added dropwise through a 
funnel. The mixture was heated until the evolution of hydrogen chloride
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ceased, a period of about 4 hr. Some solvent vapor was carried out with 
the nitrogen and thus assisted in flushing out the hydrogen chloride. The 
polymer remained dissolved in the hot solvent, but would gel if allowed to 
cool. The polymer was precipitated in hexane and washed with alcohol, 
50/50 alcohol-water and water; yield5.19g.; r)inh0.97.

The polymer retained a pale yellow tint, which was not present in the 
products of low temperature methods. The color was discharged when the 
polymer was swollen in tetrahydrofuran or dissolved in amide solvents.

Fluorescein and Sulfonephthalein Polymers. Poly (fluorescein iso- 
phthalate) was prepared with an inherent viscosity of 0.3. Its properties 
are given in Tables I and VI.

A number of other commercially available fluoresceins were reacted with 
isophthaloyl chloride and yielded highly colored, high melting products 
which had inherent viscosities of about 0.05. Among these were Erythrosin 
B, tetraiodofluorescein, tetraiodotetrachlorofluorescein (Rose Bengal, Color 
Index No. 779), and disodio-3'-hydroxymercuri-5',5,,-dibromofluorescein 
(Mercurochrome, trademark of Hynson, Westcott and Dunning, Inc.). 
Phenolsulfonephthalein (phenol red) did not yield a polymer with iso
phthaloyl chloride by the interfacial polycondensation method.

DISCUSSION

In view of the high degree of coloration of the hydroxyphenyl phthaleins 
in aqueous alkali, it is not obvious that they would be suitable for the 
preparation of condensation polymers, especially by routes such as the 
interfacial polvcondensation method. The color-forming reaction has been 
much studied and is believed to result from an equilibrium in which the 
colored form has a quinomethine structure (III) . 25

HCl
II T " .

NaOH

In very concentrated alkali a third form is obtained which is a colorless 
trisodium salt (IV). The reactions are rapidly reversible with acid. 
Although the color is very intense, only part of the phenolphthalein is in the 
quinone form in aqueous solution.

Despite the unusual condition of the phthaleins in alkaline solution, they 
are very readily acylated with acid chlorides and polymers are easily pre
pared when two equivalents of alkali are used. Three equivalents of alkali 
inhibit polymerization.

Besides the many bisphenols of the phthalein type, there are the closely 
related fluoresceins (V) and sulfonephthaleins (VI) as well as a variety of
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bisphenols with other heterocyclic ring structures, such as the phthalimi- 
dines (VII) and isatins (VIII).

Phenolphthalimidine; Phenolisatin;
3,3-Bis(4-hydroxyphenyl) 3,3-Bis( 4-hydroxy phenyl)
isooxindole VII oxindole VIII

Pure VII and VIII are not transformed into highly colored quinomethine 
structures by alkali and their use in polymer-making is straightforward 
except for some reactivity of the amide hydrogen.

Fluorescein forms a colorless dibenzoate8-27 and poly(fluorescein iso- 
phthalate) with an r/inh of 0.3 was prepared which was slightly colored. 
However, the highest inherent viscosity for any polymer from a fluorescein 
derivative was 0.08. All of these products retained the high color of the 
parent fluorescein. Fluorescein and its ring-substitution products are 
Highly colored even as the free phenols and may, therefore, exist to a con
siderable extent as the quinomethine structure in the absence of alkali. 
They are also difficult to purify because of low solubility in organic solvents 
and poor crystallizability. The general difficulty in forming polymers from 
this group of compounds, as well as phenolsulfonephthalein, may be laid to a 
combination of low purity, high solubility in alkaline solution, and incom
plete reversal from the quinomethine to bisphenol structure.

Tables I through V list several groups of polyesters and some of their 
properties.

Interfacial Polycondensation Variables

Interfacial polycondensation of polyesters is best performed with a sol
vent for the polymer4 and a concentrated organic solvent phase. Chlo
rinated hydrocarbons with an active hydrogen atom were especially effec
tive and the best of these was 1,2-dichloroethane. An equally concen
trated aqueous phase would probably be advantageous, but this is often not 
possible because of the low solubility of many bisphenoxides.
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TABLE V
Polysulfonates from Phenolphthalein

Disulfonyl chloride TJ inh Yield, % PM T, °C. Solubility“

m-Benzene 0.26 100 220 l-4p-llg,12s
4,4'-Biphenyl 0.41 97 316 1-3,5-11 g

“ See notes to Table I for explanation.

Poly(phenolphthalein isophthalate) and similar polyesters having high 
molecular weights were prepared without the catalysts4 or detergents6 which 
are needed in the preparation of polyesters from bisphenol A. However, 
quaternary ammonium salts did accelerate the reactions and led to increases 
in molecular weights. Detergents did not help unless the polymer had 
solubility characteristics such that it precipitated rapidly or collected as a 
viscous mass on the blender walls in the absence of detergents.

The rapid loss of the deep red and blue colors of the phenolphthaleins 
upon polycondensation (5-30 sec.) emphasized the high speed of this process 
and showed clearly any inhomogeneities in the mixing. Complete color 
loss was found not to mean necessarily that the phthalein was used up but 
that the pH had dropped below the point for the color change. Even in 
systems which had produced high molecular weight polymer, a faint pink 
often remained or it could be obtained by the addition of a small amount of 
alkali. The amount of phenolphthalein needed to yield color is, of course, 
very small. With readily hydrolyzed acid chlorides and with alkali equiva
lent to the phenol, the color was quickly lost and polymers with low molecu
lar weight were obtained. This led to a simple modification of the polymer
ization method which then yielded high polymers. A short time after the 
initial color was gone, alkali was added to bring back the color, stirring was 
continued, and a small portion of diacid chloride in solution was added. 
These steps were repeated two or three times. (See procedure with phos
gene gas.) The molecular weights of the products were greatly enhanced.

The same procedure was applied successfully to polymers from bisphenol 
A and aliphatic diacid chlorides (Table III). In this case the initial mixing 
was completed, a trace of phenolphthalein was added then the needed 
alkali. A pH meter can be used but is more cumbersome.

Polymer Structure

The easy solubility of most of the polymers and the high viscosity of the 
solutions, both dilute and concentrated, indicates the essential linearity of 
their structure. Most of the polymers in pure form were colorless and, 
therefore, do not contain quinone structure which would yield a yellow 
coloration. They are not soluble in bases or acids and, therefore, no large 
proportion of the lactone or lactam rings are open.

Infrared spectra were obtained on several polymers and phenolphthalein 
dibenzoate, diacetate, and dimethyl ether (Figs. 1-8). These spectra 
showed no carboxyl or carboxylate ion. The spectrum for the dimethyl
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Fig. 1. Infrared spectrum of phenolphthalein dibenzoate.

Fig. 2. Infrared spectrum of phenolphthalein diacetate.

Fig. 3. Infrared spectrum of phenolphthalein dimethyl ether.

WAVELENGTH (MICRONS)

Fig. 4. Infrared spectrum of poly(phenolphthalein isophthalate).
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ether showed a single carbonyl absorption band at 5.65 n, whereas the 
monomeric and polymeric esters of phenolphthalein showed a split carbonyl 
absorption. From a comparison of the spectra of the sebacate and the iso- 
phthalate, it was possible to assign the shoulder at 5.6 m in the sebacate 
spectrum to the lactone carbonyl and the band at 5.66 ¡x to the aliphatic 
ester carbonyl. The corresponding bands for the isophthalate are at 5.62

WAVELENGTH (MICRONS)
Fig. 5. Infrared spectrum of poly(phenolphthalein sebacate).

WAVELENGTH (MICRONS)

Fig. 6. Infrared spectrum of poly(phenolphthalimidine isophthalate).

Fig. 7. Infrared of spectrum polyfiV-methylphenolphthalimidine isophthalate).
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Fig. 8. Infrared spectrum of poly(phenolisatin isophthalate).

and 5.72 fx. Assignments for ortho (13.2 and 14.5 ja), mela (13.6 and 13.85 
n), and para (11 .8  fx) substitution can be made from a comparison of 
sebacate and isophthalate spectra.

Polymer Solubility

All of the polymers as prepared were essentially noncrystalline. It is 
well known that amorphous regions of polymers are more readily accessible 
to and swollen by solvents than the crystalline areas. It is also true that 
many polymers show a greater range of solubility in the amorphous form 
than in the crystalline state. Furthermore, the solubility of an amorphous 
polymer is often increased by lowering the molecular weight, whereas the 
solubility of a highly crystalline polymer will be little affected. The sol
ubility of the polymers with inherent viscosity values below 0.4 should be 
regarded with these effects in mind.

Nearly all of the polymers showed solubility in a wide range of solvent 
types (Tables I-V ). They were not soluble in aliphatic hydrocarbons, fully 
chlorinated hydrocarbons, acyclic ethers, alcohols, acetone (some were 
swollen), or weak organic acids (a few dissolved in formic acid).

The high solubility of the three isophthalates having unsubstituted 
phthalide, phthalimidine, and oxindole structures is undoubtedly due to 
both the affinity of these structures for the solvents and to a bulking or 
opening of the structure. When the phthalimidine nitrogen was substi
tuted with a methyl group, solubility was lost except in phenolic and 
strongly acid solvents. The latter solubility is characteristic of poly [(2,2- 
bisphenylene)propane isophthalate] and related polyesters.

In general, ring substituents in the bisphenol or diacid increased solu
bility. The greatest effect was produced by a 5-fert-butyl group in iso- 
pht.ha.lie acid. Although chlorosubstituents usually increased solubility, 
tetrachloroterephthalates were less soluble than unsubstituted esters. 
Poly(phenolphthalein isophthalate) was soluble in formic acid, whereas the 
terephthalate was not. On the other hand, the terephthalate was more 
soluble than the isophthalate in many other solvents. This is the opposite 
of experience with most esters of these two acids.
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Chloro-substituents (3 ',3",5 ',5") in poly(phenolphthalein isophthalate) 
destroyed solubility in formic acid but increased solubility in the other test 
solvents. The corresponding bromo- and iodo-substituted polymers had 
decreased solubility in ketone solvents. The phenolphthalein esters of 
aliphatic acids were less soluble than the bisphenol A polyesters in benzene 
and methyl ethyl ketone.

In addition to these observations a number of interesting solubility 
peculiarities were found.

Amide Solvents. Poly(phenolphthalein isophthalate) formed solutions 
in amide solvents which were unusually thin at 2 0 %  solids for the meas
ured inherent viscosity and in comparison with solutions in other sol
vents. In addition the polymers were degraded in the hot solvents. 
For example, a 20 wt.-% solution in dimethylformamide was heated 4 hr. at 
100°C. and the polymer recovered. Initially the 7jinh was 0.97, and after 
recovery it was 0.77. A solution of another sample with i/inh of 0.73 was 
heated in dimethylacetamide for 2 hr. at 120°C. Upon isolation the poly
mer had an 7jinh of 0.48. The nature of this degradation reaction is not 
known, although it may be a hydrolysis catalyzed by traces of base. No 
color developed in the solution or upon precipitation in water.

Partial Solubility. These polymers frequently formed oily or viscous 
phases’ with several solvents. That is, they would associate with a certain 
amount of solvent in a liquid state but additional solvent was excluded. 
The effect was encountered most often with benzene and methyl ethyl 
ketone. A similar effect with tetrabydrofuran was examined briefly.

The solubility of poly (phenolphthalein isophthalate) in tetrahydrofuran 
was dependent on temperature and molecular weight. When about 3% of 
high polymer was placed in the solvent at 30°C., the low fraction (below an 
ijinh of about 0.5) dissolved, and the remainder formed an oily phase. By 
cooling the system below 15°C., polymer with i?inh up to 1.0 could be dis
solved, whereas raising the temperature would cause even the low polymer 
to oil out. The effect was reversible and is believed to be somewhat con
centration-dependent. The solubility range of a given polymer was in
creased by small amounts of water if the polymer concentration was high. 
The above behavior has similarities to the separation of polyamide 66  solu
tion into liquid phases in phenol-water mixtures, which was used by 
Taylor28 to fractionate the polyamide.

Synergistic Solvents. Synergistic solubility effects are well known in 
the polymer field. Instances were encountered in the present group of 
polymers. As an example poly(phenolphthalimidine isophthalate) was 
insoluble in tetrahydrofuran, but upon the addition of water a solution 
was formed. This solution gelled reversibly upon warming, in the same 
manner as solutions of poly (phenolphthalein isophthalate).

Antagonistic Solvents. Many of the polymers exhibited a rare solu
bility effect, of which only three other examples in the polymer field are 
known to the author;29,30 that is, certain pairs of solvents which inde
pendently would readily dissolve a polymer would not dissolve it in combina
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tion. Or if a polymer solution were first made in one of the solvents, the 
addition of the opposing solvent, even in small amounts, would cause 
precipitation. Solutions of the polymer in the two solvents would likewise 
not mix, but yielded a precipitate. The precipitate was usually stringy and 
white, but in a few cases was gummy and still plasticized by the solvents.

Antagonistic pairs were obtained by combining any Group 1 solvent with 
a Group 2 solvent listed in Table VI.

TABLE VI
Antagonistic Solvents

Group 1 solvents Group 2 solvents

Dichloromethane Dimethylformamide
Chloroform Dimethylacetamide
1,2-Dichloroethane Dimethyl sulfoxide
1,1,2-Trichloroe thane Tetrahydrofuran
sj/m-Tetrachloroethane Dioxolane

Dioxane
2-Butanone
Cyclohexanone

The lists of the two classes of solvents shows that group 1 consists of 
hydrogen donors and group 2 of hydrogen acceptors or electron donors. 
The peculiar solubility effect presumably is due to a much stronger affinity 
between the solvent pairs than between either type of solvent and the poly
mer. Suitable solvent pairs are characterized by exhibiting a negative 
deviation from Raoult’s law and, when the boiling points are near together, 
they form maximum boiling point azeotropes. Numerous mixtures of this 
type were studied by El well and Welch,31 and others are to be found in the 
compilations of Horsley.32 Synergistic solvents for polymers are found 
among the pairs which show minimum boiling point azeotropes or positive 
deviations in vapor pressure.

Some of the polymers upon which the antagonistic effect was observed 
are phenolphthalein with isophthalic, 5-chloroisophthalic, sebacic, and 
carbonic acids; phenolphthalimidine with isophthalic and carbonic acids; 
and tetraiodophenolphthalein with isophthalic acid.

The antagonistic solubility effect was not shown by aromatic polyesters, 
such as the carbonate or 5-tert-butyl isophthalate of bisphenol A and others, 
which were soluble in the solvent pairs needed for a test. The reason for 
the difference is that, although the polyesters of the phthaleins and related 
structures are soluble in many solvents, they have interacted less strongly 
with the solvents or they retain or possess a greater polymer-polymer inter
action than the polymers having nonpolar substituents. As a result the 
energy balance is such that very little disturbance is needed to cause pre
cipitation.

The cases described by Fuchs were poly(vinyl pyrrolidone) in nitro- 
methane-water and polyacrylonitrile in dimethylformamide-cyanoacetic
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acid. Beaman found an interesting combination of synergistic and an
tagonistic effects. Nitromethane-water (90-10) dissolved polyacrylo
nitrile, although neither liquid alone is a solvent for the polymer.31 The 
addition of 10%  of dimethylformamide, a solvent for the polymer, caused 
the polymer to precipitate.33 In these instances, as in the case of the 
phthalein polyesters, the polymers bear polar substituents and have border
line solubility.

Solubility o f Polymers from 3,3-Bis(4-hydroxyphenyl)oxindole. This 
compound (VIII), also known as phenolisatin, is isomeric with phenol- 
phthalimidine (VII), made from phenolphthalein and ammonia. Soluble 
polymers were readily prepared from phenolphthalimidine, but only 
insoluble or partially soluble polymers could be obtained from the oxindole 
by interfacial and high temperature solution methods. By solution poly
condensation with triethylamine as the acid acceptor, soluble polymers with 
inherent viscosities of 0.3-0.4 were obtained.

The insolubility is believed to result from crosslinking by acylation of 
some of the amide groups under the conditions of high heat or strong 
aqueous alkali. The crosslinking reaction was not dependent upon the 
initial formation of a polymer precipitate, since the potentially soluble tert- 
butylisophthaloyl and 5-chloroisophthaloyl esters were also insoluble when 
made by the interfacial polycondensation process. Sumpter34 has reported 
the preparation of a triacetate of phenolisatin. There was no indication 
that the lactam ring was opened.

Phenolisatin with halogen substituents in position 7 were reported to 
form only normal diesters or to yield triesters only under severe condi
tions.23' 84 Therefore, 3,3-bis(4-hydroxyphenyl)-5,7-dichlorooxindole was 
synthesized. This yielded as expected by interfacial polycondensation 
soluble, linear polymers with isophthaloyl or terephthaloyl chlorides. The 
more reactive sebacyl chloride produced an insoluble polymer.

The insoluble polymers from diphenoloxindole (phenolisatin) dissolved in 
the strong base piperidine. This could mean that there was a large number 
of carboxyl groups in the structure. No carboxyl groups or ions were 
evident in infrared spectra. Possibly piperidine cleaves the side chains 
starting with the amide nitrogen. A more likely situation is that the ester 
groups are rapidly aminolyzed. This appears to be the case with poly- 
(phenolphthalein isophthalate), for immediately after solution of this poly
mer, the addition of water gave a dark red coloration. Deep colors were 
likewise produced with piperidine solutions of phenoloxindole and phenoldi- 
chlorooxindole polymers and more slowly with the phthalimidine deriva
tives.

Polymer Melting Characteristics and Glass Transition Temperatures

Since the polymers were amorphous, melting temperatures were usually 
rather broad. The polymer melt temperature (PMT), i.e., the temperature 
at which the polymers would stick on the temperature gradient bar under 
moderate pressure, was reasonably sharp and reproducible. This tempera
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ture is appreciably dependent upon molecular weight and is usually changed 
by crystallization of the polymer. All comparisons then must be made at 
the same molecular weight range. In the tables any additional noteworthy 
behavior has been recorded briefly.

TARLE VII
Glass Transition and Softening Temperatures of Polyesters

Polymer

T „  °C.» PM T, °C.Bisphenol Acid

2,2-Bis(4-hydroxyphenyl)propane Isophthalic 180 280
Terephthalic 350b
Carbonic 149 230

1,1-Bis( 4-hydroxyphenyl )cyclohexane Isophthalic 127 240
Carbonic 175° 250

Bis( 4-hydroxyphenyl )phenylmethane Isophthalic 160d
Terephthalic 200d
Carbonic 121» 205»

Phenolphthalein Isophthalic 318 355
Terephthalic >400
Carbonic 240 >350 (dec.)
5-Chloroisophthalic 313 390
5-tertiary-Butyl- 279 343

isophthalic
3 ',3 "-Dimethylphenolph thalein Isophthalic VCOI- 295
Phenolphthalimidine Isophthalic 325 >400

Terephthalic 327 >400
Ar-Methylphenolphthalimidine Isophthalic 285f 395

Terephthalic 282f >400
Phenol; satin Isophthalic 256 320
Phenol-5,7-dichloroisa tin Isophthalic 270 >400
Fluorescein Isophthalic 276 335

* Determined by a modified method of differential thermal analysis. 
b Determined on polymer with rpnh of 1.5; Eareekson5 reports a PM T of 315°C. at an 

IJinh of 0.51.
0 Data of Schnell.2 
d Data of Conix.4
0 Shows an exotherm rather than endotherm.
1 Transition indistinct.

The polymers and copolymers as a whole were high melting. All of the 
polymers from phenolphthaleins melted at higher temperatures than cor
responding polymers from bisphenol A and the polymers from phthalimi- 
dines melted in an even higher range. As is the case with other bisphenols, 
the terephthalates softened at higher temperatures than the isophthalates. 
Presumably, the effect is due to the more rodlike structure of the polyter- 
ephthalate chain. A similar effect is seen in the poly sulfonates (Table V) 
having 1 ,3-phenylene and 4,4,-biphenylene structures. The phenolphthal- 
ein esters of aliphatic diacids are noteworthy for melting in a range accept
able for melt-spinning (200-250°C.), while the aliphatic esters from bis-
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phenol A, except the carbonate and oxalate, melted below 150°C. (Table
III).

Most of the polyesters were thermally stable for short periods up to 
300°C., and some did not rapidly decompose at higher temperatures.

The glass transition temperatures T„ (Table VII) are parallel to the high 
softening temperatures4 and, like the latter, are higher than the values for 
similar polymers of the bisphenol A type. The exceptionally high Tg 
values probably indicate both greater interchain bonding and lower flexi
bility in these structures.

Poly(phenolphthalimidine isophthalate) has a TQ value as high as the 
poly (phenolphthalein isophthalate), but the oxindole polymer has a value 
70°C. lower. This lowering may be due to the change from aliphatic to 
aromatic substitution on the N -H  group and a consequent lowering in the 
strength of hydrogen bonding. The replacement of hydrogen by a methyl 
group on the amide of the phthalimidine nucleus produced a similar drop in
Ta.

Discoloration by Ultraviolet Light

Eareckson5 reported that the aromatic polyesters of bisphenol A yellowed 
very rapidly when exposed to ultraviolet light from a carbon arc. The 
polyesters from phenolphthalein were found to be color-stable to prolonged 
exposures, and when discoloration finally occurred, it increased at a slow 
rate. Phthalimidine and isatin derivatives discolored rapidly with the 
formation of brownish tints.

Water Absorption

The water absorptions of solvent-cast films of polyesters from phenol
phthalein, phenolphthalimidine, and phenolisatin are appreciably higher 
than those of other all-aromatic polyesters without polar substituents 
(Table VIII). These values would be reduced some if the polymers were 
crystalline. Increased water permeability can have utility such as provid
ing increased rate of permeation by dyes. However, it is also usually 
accompanied in polyesters by an increased sensitivity to hydrolysis.

TABLE VIII
Water Absorption in Polyester Films

Polymer Water
absorption,

0 7/()Bisphenol Diacid

2,2-Bis(4-hydroxyphenyl)propane Isophthalic 0.2
Phenolphthalein lsophthalie 1 .7
Phenolphthalimidine Isophthalic 2.9
2,2-Bis(4-hydroxyphenyl)propane Carbonic 0.4
Phenolphthalein Carbonic 4.4
2,2-Bis(4-hydroxyphenyl)propane Adipic 2.7
Phenolphthalein Adipic 2.0

Sebacic 0.4
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Although poly(phenolphthalein carbonate) has a high water absorption, 
the adipate and sebacate have successively lower values, as would be 
expected from the greater amount of hydrocarbon structure. The value for 
the adipate of bisphenol A is relatively high. This effect is probably related 
to a lack of crystallinity and to the low melting temperatures of the aliphatic 
esters of bisphenol A (Table III).

Polyesters Bearing Carboxyl Groups

Phenolphthalein can be reduced to phenolphthalin, which is a bisphenol 
containing a carboxyphenyl group (IX ).

Phenolphthalin (IX ) Diphenolic Acid (X )

Another somewhat related bisphenol and several derivatives are available 
from the Johnson Wax Co. under the name of diphenolic acid (X).

Polyisophthalates were made from these bisphenols (Table IX ). They 
had low molecular weights and, therefore, the properties must be judged 
with this in mind. Solubility in benzene and chloroform was reduced. 
As would be expected, these polymers were soluble in dilute aqueous alkali.

Fibers from Poly(phenolphthalein Isophthalate)

Polymer with an inherent viscosity of 0.8 was dry-spun from cyclo
hexanone into lustrous, colorless fibers having a peanut-shaped cross 
section. Some finishing steps and a few properties are given in Table X .

TABLE IX
Polyisophthalates from Bisphenols Bearing Carboxyl Groups 

Yield,
Bisphenol“ V  inh % PMT, °C. Solubility11

Phenolphthalin 0.17« 79 >350 (dec.) 1, 2s, 3s, 4, 8s
Diphenolic acid 0.19 80 192 l-5o-10
3,3 ',5,5 '-Tetrachloro- 0.15 72 213 l-5o-10

diphenolic acid
3,3',5,5'-Tetrabromo- 0.23 73 228 l-5g-10

diphenolic acid
3,3 '-Dinitrodiphenolic 0.17 78d 168 l-5g-10

acid
Diphenolic acid ethyl 0.30 68 170 l-5s, 6s, 7s, 8s, 9

ester

a See structural formulas IX  and X. 
b See notes to Table I for explanation.
° Determined in 1,2-dichloroethane/trifluoroacetic acid (70/30 by weight). 
d Bright yellow.
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TABLE X
Poly(phenolphthalein Isophthalate) Fibers

Physical properties“

Processing Tenacity,
g./den.

Break 
elonga
tion, %

Initial
modulus,

Extraction Drawing Denier g./den.

Water 2.1 
75% Aqueous 2.0 

ethanol

X at 115°C. 
X at 235°C.

9.7
7.5

1.95
2.41

38.0
27.0

24.0
27.3

a After boiling relaxed in water and conditioning at 21 °C. and 65% R.H.

The drawn fibers showed low crystallinity and orientation by x-ray 
diffraction pattern. The zero strength temperature was 318°C., and the 
fiber sticking temperature on a hot brass surface under light pressure was 
225°C.

Thanks are due to W. F. Dryden and J. Sparks for excellent technical assistance, to 
W. R. Brandt for the absorption spectra and their interpretation, and to C. R. Smullcn 
for the preparation of fibers.
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Résumé

On a trouvé que la phénolphthaléine, la phénolphtalimidine, la phénolisatine et des 
composés analogues réagissaient comme des bisphénols avec les chlorures de diacides 
aliphatique et aromatique, les bischloroformiates, et le phosgène pour former des produits 
linéaires de haut poids moléculaire. On a employé les procédés de polycondensation 
interfaciale et en solution à basse et haute températures. Les polymères étaient in
colores et formaient facilement des films et des fibres à partir de nombreux solvants. 
On a rencontré plusieurs particularités dans les propriétés de solubilité. Les tempéra
tures de transition vitreuse et de fusion de tous les polymères étaient beaucoups plus 
élevées que les valeurs pour des polymères similaires dérivés du bisphénols A. L ’absorp
tion d’eau était assez élevée et la stabilité à la décoloration par la lumière U.Y. était 
bonne. La majorité des substances ne cristallisait pas facilement.

Zusammenfassung

Phenolphthalein, Phenolphthalimidin, Phenolisatin und ähnliche Verbindungen 
reagieren als Bisphenole mit aliphatischen und aromatischen Dikarbonsäurechloriden, 
Bischloroformiaten und Phosgen unter Bildung linearer, hochmolekularer Produkte. 
Die Reaktion wurde als Grenzflächenpolykondensation sowie als Lösungspolykondensa
tion bei niedriger und hoher Temperatur durchgeführt. Die Polymeren waren farblos 
und bildeten aus einer Vielfalt von Lösungsmitteln Filme oder Fasern. Das Löslich
keitsverhalten wies einige Besonderheiten auf. Die Glasumwandlungs- und Schmelz
temperatur aller Polymeren lag bedeutend höher als bei ähnlichen, von Bisphenol A 
abgeleiteten Polymeren. Die Wasserabsorption war verhältnismässig hoch und die 
Beständigkeit gegen Verfärbung durch ultraviolettes Licht gut. Die Mehrzahl der 
Produkte kristallisierte nicht leicht.
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X-Ray Diffraction and Infrared Spectra Studies on the 
Fine Structure of Rayon Improved by 

High Temperature Steaming

SABURO OKAJIMA and KIMIO INOUE, Faculty o f  Technology, T okyo  
M etropolitan  University, T okyo, Japan

Synopsis

Five samples of rayon containing two high tenacity rayons and three textile rayons of 
viscose and Bemberg types were heat-treated with high temperature water or steam 
(110-210°C.) for a few minutes or seconds, and the change in the fine structure was in
vestigated by means of x-ray diffraction and small-angle scattering. An additional study 
by infared spectra was carried out on cellulose films similarly heat-treated. The crystal
linity increased with increasing temperature and extension of the treating time within 
the range of less than 10','0. Crystallites thicken laterally and grow into those of a higher 
order. Newly formed crystallites are of cellulose IV. The change is more striking in 
the high tenacity rayon than in the textile rayons. The remarkable reduction in the de
gree of swelling is considered to be due partially to such development of crystallinity. 
No clear conclusion could be drawn as to the contribution of junction points in the amor
phous region.

1. INTRODUCTION

As described previously,1 the quality of rayon can be improved by con
tinuous high temperature steaming at 150-190°C. for 15 sec. with negligible 
depolymerization. The degree of swelling is reduced to the order of that 
of natural cotton or commercially mercerized cotton. Rayon having such 
a reduced degree of swelling resists hot water (up to 180°C.) or dilute 
alkaline solution.

Studies on the heat treatment of rayon in the presence of water have been 
conducted by many authors2 since Preston first made such a study, and 
generally it has been inferred that the decrease in the degree of swelling is 
due to crosslink formation between cellulose chain segments in the amor
phous region and not to crystallization, because it is generally interpreted 
that the x-ray diffraction pattern of the yarn does not change on heat 
treatment.

But later, Okajima and Ivikuchi3 found that a slight extent of crystal
lization does occur, while Ingersoll4 and Yurugi5 also showed that cellulose 
IV appears in heat-treated yarn.

Recently, the present authors6 have succeeded in constructing an ap
paratus which makes possible continuous flash steaming of rayon tow or

461
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sliver on an industrial scale. Studies on the fine structure of the heat- 
treated rayon have thus become more important and more interesting not 
only from a theoretical point of view but from the practical standpoint of 
the upgrading of rayon. Thus the present authors, by making continuous 
studies of this problem by means of x-ray diffraction and infrared spectral 
studies, have obtained evidence that the structural change takes place not 
only in the amorphous region but in the crystalline region also. The de
tails are reported in the present paper.

2. EXPERIMENTAL

2.1 Samples

Three commercially available products along with two laboratory-spun 
rayons were used as samples.

Viscose Rayon. The viscose rayon samples were tire-cord rayon C, 1650 
X 2 den.; textile rayon NR-B, 120/26 den.; and high-tenacity rayons 
THIs and THL (tow manufactured for trial in the laboratory). The THI 
monofilament is of 1.6 den. THI3 is more highly stretched at spinning 
than THR.

Bemberg Rayon. The Bemberg rayon used was Tow BFK, a 1.3 den. 
monofilament.

Except for NR-B, the samples are identical with those used in the pre
vious study.1

2.2 Heat Treatment o f Rayon

The samples were heat-treated with steam or hot water by the batch 
(BS and BW types) or continuous (CS and CW types) method at 110— 
210°C. as described in detail in the previous paper.1 (Letters B and C 
refer to batch and continuous and W and S refer to treated with water and 
treated with steam, respectively.) The moisture content of the rayon to be 
BS-treated was adjusted to 30% (optimum water content) by leaving the 
sample for some days in an atmosphere of 100% R.H. at room temperature.

2.3. X-Ray Examination

A recording x-ray diffractometer, Geigerflex, made by Rigaku Denki 
Ltd. was used. X-ray radiation, Cu Ka, was monochromatized by passing 
through a nickel filter.

2.4. Infrared Examination

Infrared spectra were obtained with a Hitachi Model EPI-2 double
beam spectrometer equipped with a sodium chloride prism. For con
venience in the experiment, thin cellulose film was used as sample instead of 
rayon. For this purpose, a 1% cellulose triacetate solution in methylene 
chloride-methanol cosolvent was cast into a thin film, which was saponified 
into regenerated cellulose by a 0.7N  NaOH methanolic solution. The
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Fig. 1. X-ray diffraction patterns of tire-cord rayon C, BW-treated with top water for 
2 min.: (a) untreated unstretched; (6) treated at 130°C., stretched 5 % ;  (c) treated at 
170°C., stretched 5 % ;  (d )  treated at 130°C., stretched 10%; (e) treated at 170°C., 
stretched 10%.
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cellulose film was washed thoroughly, boiled in water for 1 hr., air-dried, 
and stored in a desiccator. The complete saponification of the film was 
proved by the disappearance of the C=0 stretching band.

3. X-RAY DIFFRACTION STUDY

3.1. X-Ray Diffraction Diagram

Figure 1 shows the x-ray diffracton diagrams of tire-cord rayon C, un
treated and CW-treated with tap water at 130-170°C. for 2 min. They 
indicate that the diffraction of the treated yarns becomes so sharp as com
pared to that of the untreated yams, that on samples treated at 170°C., 
the (020) interference can be clearly seen. At the same time it can be seen 
that the treated yarns contain the patterns of cellulose IV.

Figure 1 shows two series of the samples treated at 5% and 10% elonga
tion, but almost no difference is detected between these two groups of 
samples.

The effect of CS treatment (15 sec.), on the x-ray diffraction diagram is 
very similar to that for the CW treatment described above. This is very 
noteworthy because there was found to be a pronounced difference in the 
effect of reduction in swelling between the two types of heat treatment.1

3.2. Equatorial Scanning

As shown above, crystallization is likely to occur during the heat treat
ments, so now equatorial scanning was carried out in order to investigate 
this in greater detail. The parameters were as follows: 35 k.v., 15 ma., 
divergency 2 mm. diameter, receiving slit 2° X 1°, scanning speed l°/min., 
chart speed 1 cm./min. Each specimen was prepared by placing 70 mg.

5

Fig. 2. Equatorial scanning curves of high-tenacity rayon THI3, BS-treated at 130- 
210°C. for 2.5 min.: (0 ) untreated; (1 ) 130°C., (0) 150°C.; (3 ) 170°C.; (4 )  190°C.; 
(5 )  210°C.
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Fig. 3. X-ray diffraction intensity of the high-tenacity rayon THI3, BS-treated at
130-210°C. for 2.5 min.

Fig. 4. Equatorial scanning curves of textile rayon NR-B, CS-treated for 15 sec.:
(0) untreated; (1 ) 5 kg./cm.2, (#) 9 kg./cm.2; ( 3 )  12 kg./cm.2.

of yarn in parallel in a groove, 1 X 3 X 30 mm., made on a bronze plate and 
solidifying both ends of the yarn with collodion.

The results obtained on THI3, BS-treated at 130-210°C. for 2.5 min. are 
shown in Figure 2. The diffraction intensity I  at 26 =  15.5° of the un
treated yarn, corresponding to the diffraction range of (101)iv +  (101)iv, 
is not sufficiently low and, therefore, it is inferred that the untreated yarn 
already contains a small quantity of cellulose IV as is usually the case in 
ordinary high-tenacity rayon.7
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In Figure 3, I  at 29 =  10°, 12.5°, 15.5°, 20°, 22°, and 30° are plotted 
against the temperature of BS treatment. The diffractions at 29 =  10° 
and 30° relate principally to the amorphous phase and it seems their in
tensities do not change upon treatment. This is reasonable because the 
sample weight is taken at a constant value. The other four peaks are 
crystalline diffractions and the /  increases as the treating^temperatures 
rise; especially those at 15.5° and 22°, corresponding to (101)iv +  (101)iv 
and (002)n +  (002)iv, increase more strikingly.

Therefore it can be concluded that the amounts of both crystalline 
phases, especially cellulose IV, increase during the treatment, and cellulose 
IV may probably be formed from the amorphous cellulose and may not be 
converted from cellulose II.

l

Fig. 5. Equatorial scanning curves of Bemberg rayon BFK, CS-treated with steam at 
12 kg./cm.2 pressure (gauge) for 15 sec.: (0) untreated; (1 )  treated.

Figure 4 gives the results for textile rayon CS-treated with steam at 5, 
9, and 12 kg./cm.2 each for 15 sec.; the peaks of (101)n and (002)n grow 
higher in this order. Cellulose IV also appears, although it is difficultly 
detectable on the untreated yarn. A similar phenomenon occurs in the 
case of Bemberg rayon, as shown in Figure 5. A comparison of these three 
types of rayon shows clearly that the change is more striking in the case of 
THI3 than in the other two cases. This agrees well with the results ob
tained by Yurugi et al.,5 where the yarn was heat-treated in a glycerin bath 
at up to 250°C.

It is known8 that the (002) interference of the cellulose IV derived from 
cellulose I or III is located at 29 = 22.3°, while that derived from cellulose 
II is located at 29 =  22.0°. In the studies made by the present authors, 
the 26 is 22.0°, which is in perfect agreement with this generalization.

As described already, the swelling thus reduced recovers gradually in a 
caustic alkaline solution of increasing concentration; therefore the x-ray 
study was conducted as follows. A THI3 sample which had been CS- 
treated at 12 kg./cm.2 for 15 sec. was immersed in solutions of 3 and 5 %  
NaOH at room temperature for 10 min., washed, air-dried, and examined.
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Fig. 6. Equatorial scanning curves of high-tenacity rayon THIi, CS-treated with 
steam at 12 kg./cm.2 pressure for 15 sec. and the change after alkaline treatment: (a) 
before alkaline treatment; (6) after treatment with 3%  NaOH solution for 10 min. at 
room temperature; (c) after treatment with 5%  NaOH solution for 10 min. at room 
temperature; (d) original rayon before CS treatment.

The patterns of cellulose IV still remain after treatment with a 3% 
alkaline solution but disappear after treatment with a 5% solution as 
shown in Figure 6. Comparison of the scanning curves of c and d at 29 =  
15.5° and 20-23° indicates that c is completely of cellulose II, and even the 
small quantity of cellulose IV which was formed in the original yarn at the 
time of spinning, disappears after treatment with a 5% NaOH solution. 
It is interesting to note that the amount of cellulose IV remaining in the 
yarn is likely to be parallel to the degree of swelling of yarn.1

3.3. Meridional Scanning

In the meridional scanning, each specimen was mounted on the sample 
holder at an inclination of 90° — 9 against the x-ray beam, where 9 is the 
Bragg angle. Then as shown in Figure 7, the (020) and (040) patterns 
gradually become sharper and at the same time the intensity ratio of (020)

Fig. 7. Meridional scanning curves of high-tenacity rayon THI3, BS-treated at 130- 
210°C. for 2.5 min.: (0) untreated; (7) 130°C.; (2 )  150°C.; (S) 170°C.; ( /)  190°C.. 
(5 )  210°C.
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to (040) approaches unity asymptotically as the temperature of heat treat
ment increases. This phenomenon is most noticeable in the high tenacity 
rayon and least significant in the textile rayon.

Now by measuring the half-value width B  of the (020) or (040) peak, the 
crystallite size L  perpendicular to the (020) or (040) plane can be estimated 
by the Scherrer formula :

L  =  K \/p  cos d (1)

where K  =  0.9, X is the wavelength of the x-ray, P =  (B 2 — Bo2)1/! and Bo 
=  B  for (111) of the silicon crystallite = 0.85 X 10~2 radian.

The results are listed in Table I; L m  is nearly equal to L(040) and in
creases a little during the heat treatment. The estimated length of the 
crystallite coincides well with the values recently reported by Nukushina9 
and Hermans.10

TABLE I
Crystallite Length of Rayon

Steam 
pressure 
(gauge), 

Sample Kg./cm.2

Treatment conditions
Half-value width, °

Crystallite 
length, A.

Temp.,
°C.

Time,
min. Type B  (020) -$(040) $(020) $(040)

High tenacity Untreated — — 1.50 1.50 56 . 6 58.8
rayon, THL

130 5a BS 1.50 1 .40 56.6 63.4
150 “ (l 1.40 1.40 61.2 63.4
170 “ (t 1.50 1.45 56.6 61.0
190 “ It 1.40 1.45 61.2 61.0
210 “ i t 1.40 1.35 61.2 66.0

Bemberg
rayon, BFK Untreated — — 1.35 1.45 63.9 61.0

3 0.25 c s 1 .30 1.35 66.7 66.0
7 i l “ 1.35 1.35 63.9 66.0

12 l c u 1.35 1.35 63.9 66.0

a Approximately 2.5 min. is required to warm the content of the autoclave to the tem
perature of the oil bath.

3.4. X-Ray Crystallinity

As is well known, the method of separation of crystalline diffraction from 
the amorphous diffraction to estimate crystallinity is somewhat arbitrary 
and the obtained figure varies according to the method of separation. A 
precise description of the experiment in the present study is omitted ; suffice 
it to say that the crystallinity increases definitely on heat treatment but the 
increment is only a few per cent and unexpectedly small.

Some data have already been given in Table Xb of the previous paper.1

4. SMALL-ANGLE SCATTERING

Small-angle scattering on heat-treated rayon has been reported pre
viously only by Kiessig,11 who reported that a viscose rayon sample heated
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Fig. 8. Schematic diagram of the x-ray small-angle scattering apparatus: (T) target; 
(P) sample; (G) Geiger counter; (Si) first slit, 0.3 X 12 mm.; (S2) second slit, 0.2 X 12 
mm.; (S3) third slit; 0.3 X 12 mm.; (S4) fourth slit, 0.4 X 15 mm.

in water at 200°C. shows a long meridional periodicity. It is, therefore, 
interesting to examine our samples by this method.

However, there remain some questions12 as to the application of small- 
angle scattering theories to rayon for calculation of the periodic length, so 
the following estimation is of semiquantitative significance, but it is helpful 
to discuss the wide-angle diffraction data.

The specimen was prepared as described in section 3 and, especially for 
the equatorial scanning, it was soaked in water for 10 min., blotted with 
filter paper, covered with a thin polymethyl methacrylate film and mounted 
on a holder. The parameters were as follows: 35 k.v., 15 ma., scanning 
speed 2°/hr. A schematic diagram of the apparatus is shown in Figure 8.

4.1. Equatorial Scattering

The intensity distribution curves (/ versus e) and the effect of the heat 
treatment upon them are characteristic of the type of rayon, as shown in 
Figures 9-11. I  for the high tenacity rayon is low but becomes higher after 
BW or BS treatment (the case of BW treatment is akin to the change in 
BS treatment, so the former case was omitted from Fig. 9). This may be 
because there are many small junctions in the amorphous region of this type 
of rayon, and, therefore, the electron density of the amorphous phase does

Fig. 9. Equatorial scattering curves of high-tenacity rayon THI3, BS-treated at 110— 
190°C. for 2.5 min.: (1 ) untreated; (2 )  110°C.; (3) 150°C.; (4) 190°C.
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not differ much from that of the crystalline part, even in the swollen state, 
but the difference increases on treatment because the crystalline part 
grows into more complete lattices, while, on the contrary, the amorphous 
part relaxes.

Fig. 10. Equatorial scattering curves of the textile rayon NR-B, treated variously for 
2.5min.: (-0-)untreated; (-•-) BW-treated, 150°C.; ( -+ -)  BW-treated, 210° C.; (-A-) 
BS-treated, 110°C.; (-•-) BS-treated, 150°C.; (-■-) BS-treated, 190°C.

£ C)
Fig. 11. Equatorial scattering of the Bemberg rayon BFK-B, variously treated: 

(-O-) untreated; (-•-) BS-treated, 150° C., 2.5 min.; (-■-) BW-treated. 190° C.. 2.5 min.: 
(-©-) CS-treated, 12 kg./cm.2, 15 sec.
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TABLE II
Diameter of Fibril, Distance between Micelles, and Degree of Swelling of High Tenacity

Rayon THU

Treatment conditions
Diameter 
of fibril, 

A.

Distance 
between 

micelles, A.

Degree of 
swelling,

Q b
Temp.,

°C.
Time,
min.a Type

Untreated 30.1 56.3 1.S7
110 5 BW 35.6 61.6 1.86
150 ; í a 37.2 61.6 1.72
190 u “ 43.0 68.5 1.62
110 “ BS 33.5 61.6 1.84
150 u 37.2 61.6 1.62
190 u 40.3 61.6 1.62

a Approximately 2.5 min. is required to warm the content of the autoclave to the tem
perature of the oil bath.

b Q =  centrifuged weight/bone dry weight.

When the I  versus e curves are transformed to a log I  versus e2 relation, 
the plot curves slightly ; on calculating the diameter of the fibrils from the 
initial slope by assuming that the Guinier formula is applicable, the diam
eter increases with increasing treating temperature and, consequently, 
with decreasing degree of swelling as listed in Table II. Therefore, a 
relaxation, i.e., melting of the small-sized and more unstable crystallites 
and crystallization to larger-sized and more stable crystallites, seems to 
occur.

The scattering of the textile rayon (Fig. 10) is of higher intensity than 
that of THI3 and the intensity increases further as the temperature rises

TABLE III
Diameter of Fibril 2R , Distance between Micelles D, and Degree of Swelling Q of

Bemberg Rayon BFK

Treatment conditions

Diameter of 
fibril, A.

Distance 
between 

micelles, A.

Degree of 
swelling,

Q
Temp.,

°C.
Time,
min.u Type

A. Untreated 50.8 77.0 1.94
150 5 BW — — 1.80
190 U — 78.0 1.S1
210 3 u — 78.0 —
110 5 BS — 68.4 1.66
150 “ U — 68.4 1.59
190 u u — 68.4 1.60

B. Untreated — 65.5 1.83
150 5 BW — 70.0 —
190 “ u — 70.0 —

1) 0.25 c s ---- 63.0 —

Approx. 2.5 min. is required to warm the content of the autoclave to the temperature
of the oil bath.

b Steam pressure, 12 kg./cm.2 (gauge).
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in the BW treatment but decreases, on the contrary, in the BS treatment. 
The change in the latter case may be due to the predominant formation of 
many junctions in the amorphous region, which causes the decrease in the 
difference in electron density between the amorphous and crystalline re
gions.

Bemberg rayon, too, is of similar type in respect to the effect of the treat
ment, but a small shoulder appears on each I - e  curve; Figure 11 is an 
example of such a curve for BHK-B. In Table III the period D  is shown, 
which is obtained by substituting e at the peak of the e2I - e  curve into the 
Bragg formula, providing, of course, that the system is composed of plate
like micelles. The assumption of a dilute system and the application of the 
Guinier formula are not correct for this rayon.

TABLE IV
Distance between Micelles and Degree of Swelling of Textile Rayon NR-B

Treatment conditions
Distance 
between 

micelles, A.

Degree of 
swelling,

Q
Temp.,

°C.
Time,
min.a Type

Untreated 61.5 1.97
110 5 BW 62.9 1.93
150 U U 68.5 1.94
190 li £ L — 1.88
210 3 £ £ 73.3 —
110 5 BS 61.5 1.79
150 < i U 59.2 1.65
190 11 £ £ 56.0 1.55

a Approximately 2.5 min. is required to warm the content of the autoclave to the tem
perature of the oil bath.

D  decreases on BS or CS treatment, while it increases on BW treatment. 
The former change relates predominantly to the reduction in the degree of 
swelling, while the latter change relates predominantly to the loose packing 
due to relaxing; the actual crystallite width is considered to increase in 
every case. The textile rayon behaves similarly as the Bemberg rayon 
does, as shown in Table IV.

4.2. Meridional Scattering

Figures 12 and Id show the I - e  plots of the air-dried textile rayon and 
Bemberg rayon, respectively. Although the I - e  curve of the untreated 
yarn changes monotonically, a peak appears on each curve of the treated 
yarn which disappears again on being soaked in water. In the case of the 
high tenacity rayon this peak rarely appears after the heat treatment.

On calculating the long period L s from this peak angle (Fig. 13) by using 
the Bragg formula, 212 A. was obtained for all of the specimens tested; thus 
no effect of the treatment on L s can be detected. Therefore, it is inferred
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that the crystallites gain higher regularity and elongate. Upon hydrolysis 
of the treated yarn with a 2.5N  HC1 solution at 60°C. for 1 hr., L s decreased 
to 189 A. This may be because the specimen was treated in a relaxed state 
and shrank a little.

Fig. 12. Meridional scattering of Bemberg rayon BFK-B, variously treated: (1 ) 
untreated; (0) BW-treated, 210°C., 0.5 min.; (3) hydrolyzed in 2 .5 N  HC1 at 60°C. 
for 1 hr.; (4 )  high-tenacity rayon THI3, BW-treated, 190°C., 2.5 min.

£ C )

Fig. 13. Meridional scattering of textile rayon NR-B, BW-treated at 130-190°C.: 
(I) untreated; (0) 130°C., 2.5 min.; (3) 150°C., 2.5 min.; (4 )1  70°C., 2.5 min.; (5 )  
190°C., 1.5 min.; (6 )  sample 5  in swollen state.
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5. INFRARED SPECTRA

5.1. Heat Treatment of Cellulose Film

BW Treatment with Heavy Water. Approximately 0.1 g. of cellulose 
film, which was protected from mechanical damage by being rolled with a 
fine mesh stainless steel gauze, was placed in F (glass tube 7.5 mm. diameter 
X 120 mm.) as shown in Figure 14 and vacuum-dried by continuous pump
ing through tap 1. On closing tap 1 and opening tap 2, a small quantity of 
D20 (99.7%) was vaporized from G to F through tap 2, and after 2 hr. deutér
ation tap 2 was closed and the film was vacuum-dried. This d euteration and 
drying cycle was repeated three times and finally about 1 cm.8 of D20 was 
transferred from G to F by distillation and F was cut at the stem using 
flame; 1 cm.3 of water was sufficient to wet the film thoroughly.

Fig. 14. Apparatus for deuteration of cellulose film.

The tube F was now put directly into an oil bath adjusted to the desired 
temperature, and the wet film was heated for a desired time. When the 
treating temperature was above 190°C. the tube was put into a small stain
less steel autoclave containing a small quantity of water and indirectly 
heated. The time of treatment was referred to the instant at which a 
sample was immersed in the oil bath.

In the case of the heat treatment with H20, the cellulose film protected by 
a stainless steel gauze was placed in a small Titan autoclave (capacity 11 
cm.3) and heated as above.

BS Treatment with D20 . A cellulose film placed in a glass tube was first 
thorouhgly dried by passing over it dry N2 gas; then moist N2 gas which 
had been bubbled through 99.7% D20, for 6 hr. at 25°C. was passed over it. 
The tube was closed and heating was carried out as similarly as in the BW 
treatment.

Measurement of the Amount of Resistant OD. The experiment was car
ried out according to the method of Mann and Marrinan.13 Rehydrogena-
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Fig. 15. Infrared spectra of cellulose film deuterated and BS-treated at 170°C. for 
7.5 min. in the presence of D»0: (- - )  deuterated; (■—-— ) rehydrogenated in liquid H20  
for 3 hr.; (— ) base line.

tion was carried out for 3 hr. at room temperature; extension of the soaking 
time in H20 to 24 hr. had a negligible effect on the amount of resistant OD. 
Figure 15 is an example of infrared spectra of film BS-treated at 170°C. for 
10 min.

5.2. Results

When the deuterated film is treated in the presence of heavy water, 
partial crystallization is expected to occur (from the results obtained in 
sections 3 and 4) and the degree of crystallization is to be estimated by the 
amount of resistant OD, providing that water cannot penetrate into the

Fig. 16. Relation between (------ ) the resistant OD or (- -) increase in crystallinity
and the treatment temperature (5 min.): (A, •) BW-treatment; (A, O) BS-treat- 
ment.
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Fig. 17. Relation between (------ ) the resistant OD or ( - -) increase in crystallinity and
the treating time at 170°C.

TABLE V
Change in the Amount of Resistant Crystallinity on BW-Treatment

Treatment Absorption
conditions

A B C D E
Temp., Time, 2490 2900 3440 2530 3360 A X ,

°C. (min.) cm.-1 cm.“ 1 cm.“ 1 cm.“ 1 cm.“ 1 A / B C /B % a

110 5b 0.045 0.275 1.320 0.038 1.188 0.164 4.80 2.S
130 0.089 0.295 1.339 0.073 1.103 0.302 4.54 5.7
150 0.101 0.291 1.301 0.082 1.180 0.347 4.47 5.9
170 0.220 0.427 1.991 0.173 1.722 0.515 4.07 8.4
170 10h 0.223 0.301 1.253 0.161 1.155 0.740 4.16 11.2
170 15b 0.140 0.205 0.892 0.123 0.806 0.683 4.35 10.8
190 7» 0.155 0.262 1.008 0.140 0.946 0.591 3.85 11.8
210 7° 0.185 0.204 0.801 0.174 0.720 0.907 3.93 17.8

» Calculated by eq. (2) for K o d / K oh = 1.11.
b Approximately 2.5 min, is required to warm the content of the autoclave to the tern-

perature of the oil bath.
c Approximately 5 min. isi required to warm the content of the autoclave to the tem-

perature of the oil bath.

TABLE VI
Change in the Amount of Resistant OD and Crystallinity on BS Treatment

Treatment Absorption
conditions

A B C D E
Temp., Time, 2490 2900 3440 2530 3360 A X

°C. min.a cm.“ 1 cm.“ 1 cm.“ 1 cm.“ 1 cm.“ 1 A / B C /B % "

110 5 0.014 0.345 1.895 0.015 1.649 0.041 5.49 0.8
130 0.044 0.279 1.338 0.038 1.213 0.158 4.79 2.9
150 0.061 0.358 1.781 0.053 1.538 0.171 4.97 3.0
170 0.112 0.360 1.682 0.088 1.578 0.311 4.67 5.3
170 10 0.199 0.304 1.256 0.163 1.155 0.655 4.13 11.3
190 5 0.100 0.251 1.085 0.076 0.981 0.399 4.32 6.5

a Approximately 2.5 min. is required to warm the content of the autoclave of the tem
perature of the oil bath.

b Calculated by eq. (2) for Kod/Kou = 1.11.
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crystalline region. Use of a D20 tracer for such a high temperature treat
ment of cellulose has not previously been made, so the results obtained by 
the present authors will be reported in detail.

As shown in Figures 16 and 17 and Tables V and VI, the amount of 
resistant OD groups increases clearly with increasing treatment tempera
ture. The thickness of cellulose film varied a little from specimen to 
specimen, so the ratio A / B  of the optical density at 2490 cm.-1 (ron), 
divided by the optical density at 2900 cm.-1 (rcn), was determined. 
Beer’s law was valid in the relation between the optical density of 2490 
cm.-1 or 2900 cm .'1 and the film thickness.

As a measure of the fraction of the crystallized OD groups by the heat 
treatment, AX was calculated from eq. (2):

A X  =  1 0 0 C o d / ( C o d  +  C o h )

= 100(1 +  Coh/C od) -1
=  100 {1 +  (Kon/Kon) [ lo g ( /o / / )  o e / lo g ( /o / / )o D ] | 1 (2)

where the 3360 and 2530 cm.-1 bands were used and K o d / K o b . was assumed 
to be 1.11 according to Mann and Marrinan.

A comparison of the tvro types of heat treatment (Fig. 16) shows that the 
BW heating appears to be more effective in increasing A/B or AX than the 
BS treatment, but nearly equal values are obtained on 10 min. treatment, 
as seen in Figure 17 which shows the time effect. Any conclusion pertain
ing to this problem requires future study, taking into consideration the fact 
that the accessibility of a cellulose film to D20 is higher in liquid rvater than 
in gas phase water, which may lead to an effective crystallization of the 
region of higher lateral order in the BW treatment.

The curves in Figure 16 become steeper above 190°C.; this corresponds 
to the changes in the x-ray diffraction (section 3) and in degree of swelling1 
and is considered to be additional evidence for the beginning of depolymeri
zation at that temperature as already indicated.

TABLE VII
Change in Crystallinity on BW Treatment

Treatment conditions
Absorption CrystallinitjT C7 b

Temp.,
°C.

Time,
min." 2530 cm. 1 3360 cm. 1 A A.Y

Untreated 0.533 0.161 24.5 —
110 5 0.708 0.257 28.7 4.2
130 1 i 0.605 0.227 29.4 4.9
150 U 0.582 0.252 32.5 8.0
170 Í C 0.623 0.314 35.9 11.4
190 if 0.446 0.207 35.1 10.6
210 u 0.502 0.330 42.2 17.7

° Approximately 2 min. is required to warm the content of the autoclave to the tem
perature of the oil bath.

b Calculated by eq. (2) for Kqd/Kou = 1.11.



478 SABURO OKAJIMO AND KiMIO INOUE

The crystallinity X of cellulose film BW-treated with H20 was also 
estimated by complete deuteration of OH groups in the amorphous region 
(deuteration for 5-6 hr. at 25°C.) according to Alami and Marrinan.13 
Results are listed in Table VII, it being assumed, of course, that D20 vapor 
cannot be accessible to OH groups in the crystalline region. As can be seen 
from Table VII, the crystallinity increases linearly with increasing tem
perature from 24.5% of the untreated (but boiled in water) film and 
amounts to 42% at 210°C. It is noteworthy that the increment AX nearly 
coincides with the values listed in Table V, which are obtained by a separate 
method, because the above assumption is approved here. But further 
study may be necessary to obtain the absolute values of X  and AX.

6. SUMMARY AND DISCUSSION

The following conclusions are derived from the results given in sections
3-5.

(7) Crystallization occurs during the heat treatment, and the x-ray 
diffraction patterns sharpen even when rayon is flash steamed at 170°C. 
for 15 sec. The development of the crystalline region consists in the grow
ing of small crystallites into larger ones, both longitudinally and laterally, 
and of conversion unstable crystallites of low regularity into stable ones of 
higher regularity in addition to the new formation of crystalline order in the 
amorphous region. These newly formed crystallites are of cellulose IV.

(2) The degree of crystallization increases linearly with increasing 
treating temperature within the range of less than 10% under ordinary 
conditions. When the temperature is above 190°C., the crystallinity 
develops markedly. This is because the treatment at such high tempera
ture is followed by the depolymerization of cellulose, even on flash steaming, 
and the increased mobility of the cellulose chain segments near the broken 
ends accelerates crystallization.

(3) The crystallization of high tenacity rayon is more marked than that 
of textile rayon. This is considered to be related to the lower lateral order 
of high tenacity rayon.

(4) Junction points are formed in the amorphous region; however, 
some weak junctions temporarily formed at lower temperature disappear, 
and more stable junctions or crystallites are formed as the treating tem
perature rises. Such relaxation brings about a loosely packed structure in 
rayon, and this is likely to occur especially in the BW treatment.

(•5) The degree of swelling of BS-treated rayon is much lower than that 
of the BW-treated rayon, as already reported. X-ray investiga
tion indicates, however, that the crystallinity of the former is not 
higher than that of the latter, and the amount of resistant OD groups of 
BW-treated yarn is rather larger than that of the BS-treated yarn. A 
reason is that water can be accessible to OH groups in higher lateral order of 
cellulose in the liquid-phase deuteration than in the gas-phase deuteration, 
and these OD groups in higher lateral order easily crystallize into resistant 
OD groups.
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In the amorphous region, a large number of junction points are formed 
during the heat treatment, but a junction point is composed of a few hy
drogen-bonded glucose units and, therefore, it can not be detected by x-ray 
diffraction as crystallite. If the heat treatment is carried out in the pres
ence of D20, the junction points are formed by hydrogen-bonding between 
OD groups, but the hydrogen-bonded D may exchange slowly with II 
during the rehydrogenation, and transforms into hydrogen-bonded H. 
When the film is heat-bonded H may exchange with D, remaining as junc
tion points. So the change in the number of junction points does not reflect 
the amount of resistant OD and there is no quantitative information on the 
junction points.

Consequently no clear conclusion can be drawn at present, and while it is 
likely that the BS-treated yarn has a large number of junction points com
pared with the BW-treated yarn, although there is no quantitative evidence 
for it. This explanation is probable because the BS treatment is carried 
out in a suitably swollen state and not excessively swollen state as in the 
case of the BW treatment. After all, the degree of swelling is considered to 
be a function of the number of crosslinks, such as crystallites and junction 
points, and not a simple function of the degree of crystallinity.

References

1. Okajima, S., K. Inoue, M. Yazawa, and Y. Kuwazuka, T e x tile  Res. J ., 32, 843 
(1962).

2. Preston, J. M., N. M. Nimkar, and S. P. Gundavda, J .  Soc. D ye rs  C o lo ris ts , 67, 169 
(1951); J. M. Preston, andS. P. Gundavda, ib id . , 68,511 (1952); M. Yazawa and S. Oka
jima, K o g yo  K a g a k u  Z a ss h i, 57, 512 (1954); K. Schwertassek, Faserfo rsch . T e x tilte ch ., 8, 
351 (1955); K. Kanamaru, N. Tokita, and S. Noyama, K o g yo  K a g a k u  Z a ss h i, 60, 624 
(1957); S. Mukoyama and T. Tsuda, K o g yo  K a g a k u  Z a ss h i, 60, 934 ( 1957).

3. Okajima, S., and T. Kikucbi, K o g yo  K a g a k u  Z a s s h i, 64, 1665 ( 1961 ).
4. Ingersoll, H. G., J .  A p p l.  P h y s ., 47, 924 (1946).
5. Yurugi, T., and T. Ogihara, K o g yo  K a g a k u  Z a ss h i, 63,1457 (1960).
6. Yazawa, M., and S. Okajima, U. S. Pat. Appl. 155,324 (Nov. 28, 1961); U. S. 

Pat. Appl. 177,382 (March 5, 1962).
7. Ingersoll, H. G., J .  A p p l.  P h y s ., 17, 924 (1946); J. A. Howsmon, and W. A. Sisson, 

C ellu lose a n d  C e llu lose D e riva tive s , Interscience, New York, 1954, p. 241 ; H. Sobue, and 
H. Minato, K o g y o  K a g a k u  Z a s s i, 60, 327 (1957); T. Yurugi, and T. Kurita, K o g yo  
K a g a k u  Z a ss h i, 6 0 ,1187 (1957).

8. Segal, L., J . P o ly m e r S c i., 55, 395 ( 1961).
9. Nukushina, Y., K o g yo  K a g a k u  Z a ss h i, 64, 38 ( 1961).

10. Hermans, P. H., and A. Weidinger, T e x tile  Res. J . ,  31, 558 (1961).
11. Kiessig, H., K o l lo id - Z ., 157, 62 (1957).
12. Heyn, A. N. J., T e x tile  Res. J . ,  19, 163 (1949); ib id . , 23, 782 (1953); J .  A p p l.  

P h y s ., 26, 519, 1113 (1954); I). Heikens, P. H. Hermans, and A. Weidinger, J .  P o ly m e r  
S c i., 11, 433 (1953); P. H. Hermans and A. Weidinger, J .  P o ly m e r S c i., 14, 397, 405 
( 1954); W. O. Station, J .  P o ly m e r S c i., 22, 385 (1956).

13. Mann, J., and H. J. Marrinan, 'T rans . F a ra d a y  Soc., 52, 481, 487, 492 (1956).

Résumé

On a chauffé durant quelques minutes ou quelques secondes, avec de l’eau ou de la 
vapeur à température élevée (110 à 210°C), cinq échantillons de rayonne: deux
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rayonnes de haute résistance et trois rayonnes pour textile du type viscose et Bemberg. 
On a étudié le changement dans la structure fine par la diffraction des rayons-X et la 
diffusion sous faible angle. Une étude additionnelle par spect.remétrie infrarouge a 
été effectuée sur des films de cellulose, chauffés de façon similaire. La cristallinité 
augmente avec la température et la durée du traitement sans que l’augmentation dé
passe 10 % . Le changement est plus net pour la rayonne de haute résistance que poul
ies rayonnes de textile. On considère que la diminution remarquable du degré de 
gonflement est due partiellement à un tel développement de la cristallinité. Au sujet de 
la contribution de points de jonction dans la région amorphe, on n’ pas pu tirer de con
clusions claires.

Zusammenfassung

Fünf Kunstseideproben, nämlich zwei hochfeste Kunstseiden und drei Textilkun
stseiden vom Viskose- und Bembergtyp wurden mit hochtemperiertem Wasser oder 
Dampf (110-210°C) während einiger Minuten oder Sekunden hitzebehandelt und die 
Feinstrukturänderungen mittels Röntgenbeugung und Kleinwinkelstreuung untersucht. 
Zusätzlich wurde an in ähnlicher Weise hitzebehandelten Cellulosefolien eine IR-spek- 
troskopische Untersuchung durchgeführt. Die Kristallinität nahm mit der Tempera
tursteigerung und mit Verlängerung der Behandlungsdauer in einem Bereich von weniger 
als 10% zu. Die Kristallite verdicken sich seitlich und wachsen in solche von höherer 
Ordnung. Neu gebildete Kristallite bestehen aus Cellulose IV. Die Änderungen sind 
bei hochfester Kunstseide auffälliger als bei Textilkunstseide. Der bemerkenswerte 
Rückgang des Quellungsgrades wird zum Teil auf eine solche Entwicklung der Kristallin
ität zurückgeführt. Bezüglich des Beitrages von Vernetzungspunkten im amorphen 
Bereich konnte keine klare Entscheidung getroffen werden.

Received November 13, 1962
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Polymers from Sulfamide. I. Preparation*

H. Q. SMITH and F. L. SCOTT, f P ennsalt Chem icals Corporation, Research  
and Developm ent Departm ent, W yndm oor, P ennsylvania

Synopsis

Sulfamide and formaldehyde react at pH 10 to give a polymeric white solid (A) which 
decomposes at 234-235°C. A similar material results at pH 7. Modification of A was 
achieved by inclusion of melamine in the polymeric matrix. Sulfamide-melamine- 
formaldehyde polymer had a melting point of 261-265°C., was insoluble in organic sol
vents, and formed a cohesive film on compression. The polymer was obtained when 
sulfamide, formaldehyde, and melamine were all allowed to react simultaneously, or 
when a methylol melamine derivative was first prepared and then crosslinked with 
sulfamide. Sulfamide appears to be a more rapid crosslinking agent than urea for this 
system. Other aminotriazines were used in place of melamine and some 1,3-dialkyl- 
sulfamides were employed in place of sulfamide, but no significant improvement in 
thermal stability of the polymers was achieved.

Sulfamide has been reported to condense with formaldehyde under mildly 
basic conditions to give a gum1 and an insoluble, infusible solid.2 Under 
strongly acidic conditions, the product was reported to be a toxic solid, 
characterized as tetramethylenedisulfotetramine.3

We have condensed formaldehyde and sulfamide under the conditions of 
a standard4 recipe for melamine-urea-formaldehyde resins (pH 10) and 
obtained a product melting at 234-235 °C. with decomposition. It was 
insoluble in most organic solvents except hot dimethylformamide and di
methyl sulfoxide and did not press to a film (see Experimental).

In order to improve the thermal stability of this material, some attempts 
were made to incorporate melamine and other aminotriazines into the poly
meric structure. With equimolar amounts of melamine and sulfamide with 
formaldehyde, the product was a cementlike solid (m.p. 261-265°C. with 
decomposition), which was totally resistant to solvent attack and which 
pressed to a film. The use of only one-sixth the molar amount of melamine 
gave a similar product but with reduced melting point. With only one- 
sixth the molar quantity of sulfamide the product displayed a higher 
melting point. Under identical reaction conditions, melamine and for
maldehyde alone developed no solid, nor did the addition of urea induce the 
development of insoluble polymers. The apparent crosslinking potency of 
even a relatively small molar ratio of sulfamide is evident.

In order to demonstrate further that the triazine component was not
* Presented in part at the 136th meeting of the American Chemical Society, Atlantic 

City, New Jersey, September 13-18, 1959.
f Present address: Department of Chemistry, LTniversity College, Cork, Ireland.

4 8 1
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merely physically trapped in the sulfamide-formaldehyde matrix, sulfamide 
was added to a melamine-formaldehyde mixture which had been allowed to 
react for 1 hr. under the basic conditions. The resulting product was 
identical with that obtained when all the components were present and 
allowed to react simultaneously; thus, at least part of the melamine is 
chemically involved.

Sulfamide in aqueous solution is a neutral entity, and its crosslinking 
potency is therefore not an acid hardening or curing effect. The conden
sation of sulfamide and formaldehyde at pH 7 gave essentially the same 
product as that produced at pH 10, although in somewhat reduced yield. 
This suggests that the active moiety in the crosslinking process may be the 
sulfamide anion, NH2S02NH_. The sulfamide-melamine-formaldehyde 
condensation at pH 2 gave a product melting at 275-280°C., which did not 
form a film under pressure as easily as did the polymer prepared under basic 
conditions.

The structure of the sulfamide-formaldehyde and sulfamide-melamine- 
formaldehyde polymers described above is considered in further detail in 
Part II of this series.5

Further studies were carried out with these types of condensations by 
varying the aminotriazine, the sulfamide moiety, and the aldehyde em
ployed. Benzoguanamine and ammeline were expected to reduce the 
extent of crosslinking compared to that developed by melamine. Benzo
guanamine, sulfamide, and formaldehyde under our standardized basic 
conditions gave a product melting at 235-245°C. with decomposition which 
did not form a film. With ammeline, the products were a sulfamide- 
formaldehyde polymer and unchanged aminotriazine.

Replacement of sulfamide in the sulfamide-melamine-formaldehyde 
reaction with 1,3-dimethylsulfamide gave a product melting at about 
250°C. with decomposition, whose analysis was reasonably consistent with 
the speculative structure I. With 1,3-di-ferf-butylsulfamide, no sulfamide 
entity was incorporated into the resulting product.

I CH2 c h 3 c h 3

- CH2- N - [ | 'n Y - N -  c h 2- n - so 2n —  
N ^ N

NH
I
CHo

(I)

Replacement of formaldehyde in the sulfamide-melamine-formaldehyde 
reaction with benzaldehyde failed to yield polymeric products under our 
conditions. With 2-furaldehyde, the only product obtained was the Schiff 
base, 2-furfurylidenesulfamide (II).

c h = n s o 2n h 2
(II)
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EXPERIMENTAL

Sulfamide was prepared by the method of Degering and Gross.6 After 
recrystallization from absolute ethanol it had a melting point of 90.5- 
92.0°C.

The 1,3-dialkylsulfamides were prepared from the amine and sulfuryl 
chloride in ether according to:

4RNH2 +  S02C12 —  2RNHSOoNHR +  2RNH2-HC1

IV îV'-Dimethylsulfamide was recrystallized from benzene and had a 
melting point of 79-80°C.7

AjiV'-Di-ferf-butylsulfamide has not been reported previously. It was 
separated from the concurrently formed fcrf-butylamine hydrochloride by 
treatment with boiling ether or boiling water, from either of which the prod
uct crystallized on cooling. The yield was 38%, m.p. 142.5-145.5°C.

A n a l . Calcd. for CsH20N2O2S: H, 46.12%; H, 9.68%; N, 13.45%. Found: 
C, 46.48%; H, 9.13%; N, 13.05%.

2-Furfurylidenesulfamide (II) was prepared8 by refluxing 2.0 g. (20.8 
mmole) of sulfamide, 2.0 g. (20.8 mmole) of freshly distilled 2-furaldehyde, 
0.64 g. of anhydrous copper sulfate, and 10 ml. of absolute ethanol for 6 hr. 
After cooling, the resulting solid was filtered off and extracted with three 
20-ml. portions of boiling absolute ethanol which on cooling gave 1.0 g. of
2-furfurylidenesulfamide, as a yellow solid, m.p. 166-169°.

A n a l . Calcd. for CEH6N20 3S: C, 34.48%,; H, 3.47%; S, 18.41%. Found: C, 
34.64%; H, 3.99%; S, 18.18%.

The following is a typical example of our condensation experiments. A 
mixture of 5.2 g. of 37% formaldehyde solution (64 mmole CH20), 1.3 ml. 
of 0.558N  sodium hydroxide solution, 0.16 g. of concentrated aqueous 
ammonia solution, 2.0 g. (16 mmole) of melamine and 2.0 g. (16 mmole) of
1,3-dimethylsulfamide was refluxed for 1 hr. The reaction mixture became 
clear on reflux and then a solid gradually developed. The mixture was 
cooled and the solid was filtered off, washed with water, dried, and its 
properties determined.

A n a l . Calcd. for C9H„Ns0 3S: C, 34.06%; H, 5.40%; N, 35.31%; S, 10.10% 
Found: C, 33.27%; H, 5.58%; N, 35.75%; S.9.38%.

The other polymerizations and appropriate blank runs were carried out 
similarly and are described in Table I.

This work was supported in part by the Office of Naval Research. Microanalyses 
were carried out by Dr. P. A. Munter and associates of the Analytical Department of our 
laboratories.
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a All reactions were run for 1 hr. at reflux.
b Ability to form a cohesive plaque on a Carver press at about 210°C. and 10,000 

lb. /in.2 for 0.5-3 min.
0 Insoluble in water and common organic solvents except hot dimethylformamide and 

hot dimethyl sulfoxide.
d Urea used instead of sulfamide. 
e Clear solution resulted, no solid obtained.
f Insoluble in hot or cold water, ethanol, acetone, benzene, and dimethylformamide. 
«Sulfamide added after 1 hr. reflux of the other reactants (no solid produced), fol

lowed by another hour’s reflux.
b Based on 2.6 g. (20.8 mmole) of melamine.
* Benzoguanamine used in place of melamine.
s Insoluble in water and common organic solvents except hot dimethylformamide. 
k Soluble in cold dimethylformamide and in hot acetone, ethanol, and water.
1 Ammeline used instead of melamine.
m Shown to be a mixture of ammeline and sulfamide-formaldehyde polymer. 
n Based on 2.6 g. (20.8 mmole) of ammeline.
° Apparently N , N '-dimethylolammeline (Calcd. for C5H9N5O3: C, 32.09%; H, 4.85%,; 

N, 37.42%. Found: C, 32.01%; H, 4.87%; N, 37.40%). 
r Benzaldehyde used in place of formaldehyde. 
q Shown to be a mixture of melamine and benzoic acid. 
r 2-Furaldehyde used in place of formaldehyde.
8 Shown to be a mixture of melamine and 2-furfurylidenesulfamide.
‘ 1,3-Di-ieri-butylsulfamide.
u Yield expressed in grams of product obtained from 2.1 g. (10 mmole) of 1,3-di-icrf- 

butylsulfamide.
T Shown to be a mixture of 1,3-di-ferf-butylsulfamide and probably melamine-formal

dehyde polymer.
w Recovered 1,3-di-ierf-butylsulfamide.
1 1,3-Dimethylsulfamide.
y Yield expressed in grams of product obtained from 2.0 g. (64 mmole) of 1,3-di- 

methylsulfamide.
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Résumé

Le sulfamide et le formaldéhyde réagissent à un pH 10 pour donner un polymère 
solide blanc (A) qui se décompose à 234-235°C. Un produit semblable se produit à pH 
7. Une modification de A était obtenu par inclusion de mélamine dans la matrice 
polymérique. Le polymère sulfamide-mélamine-formaldéhyde a un point de fusion de 
261-265°C, il était insoluble dans les solvants organiques et formait un film adhérent 
par compression. Le polymère était obtenu lorsque le sulfamide, le formaldéhyde et la
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mélamine réagissent ensemble ou quand un dérivé méthylol-mélamine était d’abord 
préparé et ensuite ponté avec la sulfamide. Le sulfamide semble être un agent de pon
tage plus rapide que l’urée pour un tel système. D ’autres aminotriazines ont été 
employés à la place de la mélamine et plusieurs 1,3-dialcoylsulfamidés furent utilisés 
à la place du sulfamide, mais on n’a pas atteint d’amélioration sensible de la stabilité 
thermique.

Zusammenfassung

Sulfamid und Formaldehyde reagieren bei pH 10 unter Bildung eines polymeren, 
weissen Festkörpers (A), der sich bei 234-235 °C zersetzt. Ein ähnlicher Stoff entsteht 
bei pH 7. Eine Modifizierung von A wurde durch Einbau von Melamin in die Polymer
matrix erreicht. Das Sulfamid-Melamin-Formaldehyd-Polymere besass einen Schemlz- 
punkt von 261-265°C, war unlöslich in organischen Lösungsmitteln und bildete bei der 
Kompression einen zusammenhängenden Film. Das Polymere entstand bei der simul
tanen Reaktion von Sulfamid, Formaldehyd und Melamin oder bei der Vernetzung eines 
vorgebildeten Methylolmelamins mit Sulfamid. Sulfamid scheint für dieses System ein 
rascher wirkender Vernetzer zu sein als Harnstoff. An Stelle von Melamin wurden 
andere Aminotriazine und an Stelle von Sulfamid einige 1,3-Dialkylsulfamide ver
wendet, es wurde jedoch keine nennenswerte Verbesserung der thermischen Stabilität 
der Polymeren erreicht.
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Polymers from Sulfamide. II. Evaluation and 
Structure*

R. A. FLORENTINE,f G. BARTH-WEHRENALP, I. MOCKRIN.J 
I. POPOFF, and R. RIORDAN, P ennsalt Chem icals Corporation, Research  

and Developm ent Departm ent, IFyndm oor, Pennsylvania

Synopsis

Acid- and base-catalyzed polymers involving sulfamide, melamine, and formaldehyde 
have been prepared and investigated. The products are insoluble and their thermal 
stability does not exceed 225°C. in N2.

The preparation of polymers by condensation of sulfamide, melamine, 
and formaldehyde was described in Part I .1 Samples of the more promis
ing materials were synthesized for structure and evaluation purposes. 
The results of this investigation, as well as the results of additional studies 
on the related sulfamide-formaldehyde 1:4 polymers, are discussed. 
(Flere and throughout this paper 1:4, etc., indicates the molar ratio of 
reactants.) Data on solubility, thermal stability, infrared and x-ray 
structure analysis of these materials are included.

EXPERIMENTAL

Some of the more promising compositions described in Part I 1 were 
selected for evaluation, and their preparations were also examined some
what more closely than previously.

Preparations

Acid-Catalyzed Sulfamide-Melamine-Formaldehyde 1 :1 :4  (IA). (Prep
aration 10, Table I, Part I.) A mixture of 6.0 g. (62.4 mmoles) of sul
famide, 7.8 g. (62.4 mmoles) of melamine, 20.4 g. of 37% aqueous form
aldehyde solution [7.54 g. (249 mmoles) CH20], and 4.5 ml. of 0.558N 
hydrochloric acid (2.51 mmoles) was refluxed for 1 hr. at about 85° C. 
The pH of the resulting suspension was 2. Two phases remained through
out the course of the reaction. The product was a porous, tough, white 
solid, which was powdered and washed with 133 ml. of water, filtered,

* Paper presented at the 140th meeting of the American Chemical Society, Chicago,
111., September 3-8,1961.

t Present address: Robert Florentine Associates, Philadelphia Pennsylvania.
I Present address: Kawecki Chemical Company, Boyertown, Pennsylvania.
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and then dried for 18 hr. at 70 °C. The filtrate had a pH of 6. The crude 
product obtained weighed 17.2 g. The solid was refluxed for 2-3 min. with 
100 ml. of water, filtered hot, and dried to constant weight, 15.3 g. It had 
a melting point of 275-280°C. (decomposes with red foaming).

A n a l . Calcd. for structure I, C7Hi3N8S03: C, 29.06%; H, 4.53%; N, 38.74%; 
S, 11.08%; O, 16.59%. Found: C, 28.60%; H, 4.26%c; N, 39.59%; S, 12.24%,; 
0 , 15.31% (by difference).

Base-Catalyzed Sulfamide-Melamine-Formaldehyde 1 :1 :4  (IB). (Prep
aration 6, Table I, Part I.) A mixture of 12.0 g. (124.8 mmoles) of 
sulfamide, 15.6 g. (124.8 mmoles) of melamine, 40.8 g. of 37% aqueous 
formaldehyde solution [15.08 g. (498 mmoles) CH2O], 9.6 ml. of 0.523A 
aqueous sodium hydroxide, (5.02 mmoles NaOH) and 1.2 g. of 29% aqueous 
ammonia (21 mmoles NH3) was refluxed for 1 hr. at about 87-92°C. The 
two-phase reaction mixture became homogeneous on reaching 87°C. 
After 7 min. at this temperature, however, the solution became turbid, 
and after an additional 10 min. refluxing, a solid was formed. The prod
uct was filtered, washed with water, ground, and dried to constant weight 
(30.8 g.) at 70°C. It had a melting point of 261-265°C. (decomposes 
with red foaming).

A n a l . Calcd. for structure I, C,H13N8S03: C, 29.06%; H, 4.53%; N, 38.74%; 
S, 11.08%; O, 16.59%,. Found: C, 28.55%; H, 4.41%; N, 40.21%; S, 11.06%; 
O, 16.93% (analyzed); water, 0.51%.

Acid-Catalyzed Sulfamide-Formaldehyde (1:4A). (Not previously 
prepared.) A solution of 2.0 g. (20.8 mmoles) of sulfamide in 6.82 g. 
of 37% aqueous formaldehyde solution [2.52 g. (83 mmoles) of CH20] 
and 1.5 ml. of 0.558A hydrochloric acid (0.82 mmoles HC1) was refluxed 
for 1 hr. at 85-91 °C. After the mixture was refluxed for 17 min. a pre
cipitate formed. The reaction mixture was filtered at room temperature, 
the filtrate had a pH of 2. The solid was washed with 30 ml. of water and 
dried to constant weight (0.12 g.) at 70°C. The product had a melting 
point of 225-256°C. (decomposes with red foaming).

A n a l . Found: C, 26.63%,; H, 4.37%,; N, 25.37%; S, 23.26%. Empirical for
mula: C3.0H6.0N2.5Sl.0Ol.8*

Base-Catalyzed Sulfamide-Formaldehyde (1:4B). (Preparation 1, 
Table I, Part I.) A solution of 2.0 g. (20.8 mmoles) of sulfamide in 6.82 g. 
of 37% aqueous formaldehyde solution, [2.52 g. (83 mmoles) of CH20],
1.69 ml. of 0.494A aqueous sodium hydroxide (0.83 mmoles NaOH) and 
0.18 g. of 29% aqueous ammonia [0.05 g. (3 mmoles) NH3] almost immedi
ately formed a precipitate. The reaction mixture was refluxed for 1 hr. 
at 82-93°C. and filtered at room temperature. The filtrate had a pH 
of 2 (the pH of the original solution was 10). The solid product was
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washed with 9 ml. of water and dried to constant weight at 70°C. to obtain
1.57 g. of a solid with a melting point of 234-235°C. (decomposes with 
red foaming).

A n a l . Found: C, 21.46%; H, 3.82%; N, 22.20%; S, 24.90%. Empirical formula: 
Ca.sHi.aNo.oSi.oOa.̂ .

Evaluation Techniques

Thermogravimetric Analysis (TGA). All thermogravimetric data were 
obtained with the use of a Chevenard thermobalance, whose description and 
operation were previously reported.2 A dry nitrogen atmosphere was used 
throughout. The heating rate used for all runs was 2.5 °C./min.

Constant Temperature Pyrolysis. To study the long-term thermal 
stability and to investigate the products of pyrolysis, constant tempera
ture runs were made. Samples were heated (2.5°C./min.) in a nitrogen 
atmosphere to a given temperature level. Heating was then continued 
until weight loss was less than 0.1%/hr. The residues were then re
moved and placed in a nitrogen-filled desiccator at room temperature.

Solubility. Solubility measurements with IB were made at 30 and 
80°C. in closed tubes; the solutions were removed and weighed portions 
were evaporated with infrared heat to determine the weight of solute.

Infrared Analysis. Infrared spectra of the solids, which were run as 
Nujol mulls, were obtained on a Perkin-Elmer infrared spectrometer, 
Model 21.

Infrared-Monitored Thermal Decomposition. The thermal decom
position of IA was studied with a technique that permitted continuous 
monitoring of the pyrolyzing sample by infrared. A Nujol mull of the 
material was spread on a NaCl plate inserted in a small disk heater. This 
heater-sample assembly was placed in an infrared gas cell with heater 
leads attached. A thermocouple inserted in the cell touched a face of 
one of the NaCl plates. The entire cell assembly was evacuated and placed 
in the spectrometer. The sample was heated to appropriate temperatures. 
Spectra were obtained before, during, and after each heating cycle. Only 
qualitative information was obtained concerning the specific group in
stabilities as a function of temperature. These changes were all observed 
on a single polymer sample.

X-Ray Diffraction. Powder diagrams were made on capillary-filled 
samples on a General Electric x-ray spectrometer, Model XILD-1.

RESULTS

Composition o f Polymers

Sulfamide-Melamine-Formaldehyde 1 :1 :4 . In Table I the elemental 
analyses of products IA and IB are compared with the calculated composi
tion for Structure I.
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TABLE I
Sulfamide-Melamine-Formaldehyde 1:1:4

Weight-%

Element IA IB Structure I

C 28.60 28.55 29.06
H 4.26 4.41 4.53
N 39.59 40.21 38.74
S 12.24 11.06 11.08
0 15.31 (by 

difference)
16.93 (analyzed) 16.59

Total 100.00 101.16 100.00
H20 Not det. 0.51 0.00

Structure I, one of a number of possible structures, 
formula C7H13N8SO3:

ras the empirical

R R R R

- n - c ;N'.c - n -

V n
1

N—R 
1
R

-CH2—N—S02—N—CH2 —

(I)
n

In structure I, one It can be —CH2—, one —CH2OH, and the rest, II. 
No specific position can be assigned to the R groups.

Sulfamide-Formaldehyde 1:4A  and 1:4B. Table II lists the analyses 
of the acid- and base-catalyzed sulfamide-formaldehyde 1:4 polymers 
prepared for this evaluation.

TABLE II
Sulfamide-Formaldehyde 1:4

Weight-%

Element 1:4 A 1:4 B

C 26.63 21.46
H 4.37 3.82
N 25.37 22.20
S 23.26 24.90
O (by difference) 20.37 27.62
Total 100.00 100.00

The analyses in Table II do not correspond unequivocally to any single 
sulfamide-formaldehyde polymer composition. The stability of these 
compositions is pertinent to the discussion of the structures of IA and IB. 
Of significance here is the variation in the oxygen analysis (by difference).
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T E M P E R A T U R E , ° C .
1. TGA of sulfamide-melamine-formaldehyde, 1:1:4 (2.5° C./min., dry nitrogen 

atmosphere): (IA) acid-catalyzed; (IR) base-catalyzed.

T E M P E R A T U R E , ° C .

Fig. 2. TGA of sulfamide—formaldehyde, 1:4 (2.5°C./min., dry nitrogen atmosphere): 
(A) acid-catalyzed; (B) base-catalyzed.
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F or 1: 4A , the S con ten t exceeds the 0  con ten t; in  1: 4B , S is less th an  0  b y  
a lm ost exa ctly  the sam e am ou n t. F or  a  p o ly m er in v o lv in g  — S 0 2— , the 
w eight percentage o f  S should  ex a ctly  equal th a t o f  oxygen . T h e excess 
o f  oxygen  is considered  as in d ica tive  o f  the presence o f  — C H 2O H  groups 
in  the base-cata lyzed  system , in vo lv in g  su lfam ide and form aldeh yde.

Thermogravimetric Analysis

T h e  th erm ogravim etric (T G A ) cu rves fo r  I A  and IB  appear in F igure 
1. I A  show s greater stab ility  in the range 3 0 0 -6 0 0 °C . in n itrogen .

T h e  T G A  cu rves fo r  1 :4 A  and 1 :4 B  appear in  F igure 2, b o th  co m p o 
sitions show ing com parab le  therm al beh av ior in n itrogen .

Constant-Temperature Pyrolysis

Sulfamide-Melamine-Formaldehyde (IA and IB). C onstant tem pera
ture pyrolyses were m ade fo r  IA  and  IB  at 225° C . T h e  curves appear in 
F igure 3. T h e  acid -ca ta lyzed  m aterial (IA ) show s con siderab ly  greater 
stab ility  at 22 5 °C ., losing on ly  1 5 %  o f its original w eight com pared  w ith  
a corresponding  3 2 %  w eight loss o f  IB  in  n itrogen .

Sulfamide-Formaldehyde (1 :4A  and 1 :4B ). T h e T G A  curves for

TIME, HOURS
Fig. 3. S tab ility  o f  su lfam id e-m elam in e-form aldeh yde, 1 :1 :4 .  (225°C ., n itrogen 

atm osph ere): ( I A )  acid -ca ta lyzed ; ( I B )  base-catalyzed . W eight per cent rem aining 
is corrected  for w eight loss be low  225° C .
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1 :4 A  and 1 :4 B  at 225°C . in n itrogen , g iven  in F igure 4, in d icate  1 :4B  
to  be  som ew hat m ore stable than  1 :4A .

Mixtures o f 1: 4A and 1 : 4B with Melamine. A  m ixture (A  +  M ) 
con sistin g  o f 5 0 %  o f 1 :4 A  and 5 0 %  o f m elam ine (M ) w as heated at 225 °C . 
in  n itrogen  until the w eigh t o f  residue rem ained app rox im ate ly  con stan t 
w ith  tim e. I f  m elam ine is considered  as an  inert d iluent, a corrected  
curve can  be p lo tted . T hese T G A  cu rves fo r  1 :4 A , fo r  A  +  M , and for  
A  +  M , corrected , are g iven  in F igure 5, a lon g  w ith  the correspon d in g

Fig. 4. S tability  o f  su lfam ide-form aldeh yde, 1 :4  (22 5 °C ., n itrogen  atm osph ere): 
(A )  a cid -ca ta lyzed ; (R )  base-catalyzed . W eight per cent rem aining is corrected  for 
w eight loss below  225°C .

curve fo r  IA . T h e  corrected  curve (A , M  O U T ) indicates a  sm all increase 
in stab ility  o f  1 :4 A  +  M  over  1 :4 A . A  slight reaction  betw een  1 :4 A  and 
m elam ine m a y  have occu rred .

F igure 6 consists o f  sim ilar cu rves obta in ed  b y  using 1: 4B  instead o f 
1 :4 A . H ere, a significant increase in stab ility  apparently  results from  
m ixing 1 :4 B  w ith  m elam ine, in d ica tin g  reaction  betw een the tw o.

T h e  in ference can  be draw n th at the role o f  m elam ine in  the 1 :1 :4  
com p osition  is n o t  w ell established  on  the basis o f  the T G A  cu rves and 
th at in IB  a t least som e o f  the m elam ine has rem ained u n com bin ed  and has 
le ft sites fo r  further com bin ation .
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TIM E, HOURS
Fig. 5. S tab ility  o f  a cid -ca ta lyzed  su lfur-n itrogen  polym ers (22 5 ° C ., n itrogen atm os

p h ere): ( I A )  su lfam id e-m elam in e-form aldeh yde, 1 :1 :4 ;  (A  +  M ) 50 -50  m ixture of 
m elam ine w ith  su lfam id e-form aldeh yde, 1 :4 ; (A , M  O U T ) A  +  M  corrected  for pres
ence o f m elam ine as a diluent; (A )  su lfam ide-form aldeh yde, 1 :4 . W eight per cent 
rem aining is corrected  for w eight loss below  225 °C .

Som e selected data  on  the stability  runs at 2 2 5 °C . are g iven  in T ab le
I I I .

T A B L E  III
S tability  o f C om positions at 225°C . in N 2

C om position
T im e at 

2 2 5 °C , hr.
W t.- '/i

rem aining
Figure

N o.

IA 14 85 3
IB 8 68 3

1 :4 A 4 34 4
1 :4 B 3 41 4
1 :4 A -M e la m in e  (5 0 /5 0 ) 4 76 5
1 :4 B -M e la m in e  (5 0 /5 0 ) 4 81 6

Solubility

T h e solu b ility  o f  IB  was determ ined  at 30 and 8 0 °C ., in xylene, toluene, 
ft-heptane, pyrid in e, aniline, d ich lorom eth ane, trich loroeth ylen e, o -d i- 
ch lorobenzene, Isotron  113, n itrobenzene, 2 -n itropropan e, d im eth yl sul-



POLYMERS FROM SULFAMIDE. II 497

TIM E, HOURS

Fig. (5. S tability  o f base-catalyzed  su lfur-n itrogen  polym ers (22 5 °C ., n itrogen atm os
phere): ( I B )  su lfam ide-m elam in e-form aldeh yde, 1 :1 :4 ;  (B  +  M ) 5 0 -5 0  m ixture o f  
m elam ine w ith  su lfam id e-form aldeh yde, 1 :4 ; (B , M  O U T ) B  +  M  corrected  for  
presence o f  m elam ine as a diluent; (B )  sulfam ide— form aldehyde, 1 :4 . W eight p er cent 
rem aining is corrected  for w eight loss below  225°C .

fox ide , m eth y l e th y l keton e, d im eth ylform am ide, cycloh exan on e, n -b u ty l 
ether, m eth y l cellosolve, n -b u ty l acetate, and ?i-butyl a lcoh ol. In  all 
cases the so lu b ility  w as less than  0 .0 5 % . T h is  in solub ility  is typ ica l o f  a 
h igh ly  crosslinked polym er.

Infrared Spectra

In frared  spectra  were obta in ed  fo r  m elam ine, m elam in e-form ald eh yd e , 
su lfa m id e-m ela m in e-form a ldeh yd e  ( 1 :1 :4 ) ,  and su lfam id e-form ald eh yd e  
(1 :4 ) .

T h e  ch aracteristic  a b so rp tio n s3'4 o f  the fu n ction a l grou ps present are 
g iven  in  T a b le  IV .

T A B L E  IV

B and W avelength , ß

N -H  a n d /o r  OH 3 .0 -3 .1
SO o-N 7 .5 , 8 .7
T riazine ring 12 .3
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Infrared-Monitored Thermal Decomposition Study

I A  was studied  w ith  the techn ique described  under E xperim ental. In 
frared cu rves run a t 30, 225, 250, and  3 0 0 °C . perm it the fo llow in g  general
izations to  be  m ade fo r  the therm al d ecom p osition  o f  base-cata lyzed  sul- 
fam id e -m ela m in e -fo rm a ld eh y d e , 1 :1 :4 .

T h e  N — H  group absorbs at 3 n ; the a bsorp tion  appears to  decrease in 
in tensity  at 2 0 0 °C ., som e in d ication  th at free — N H  rem ains up to  2 2 5 °C .

SO 2— N  absorbs a t 7.5 and 8.7 the group  is stable up  to  2 2 5 °C ., 
w hen its bands disappear.

T h e  triazine rin g  absorbs at 12.3 ¿¿; this a bsorp tion  persists to  3 0 0 °C ., 
at w h ich  tem perature it largely disappears.

A t 9.7 m an unidentified  ban d  in the original spectrum  increases in 
in tensity  up  to  3 0 0 °C . w hen  it d isappears; this ban d  is som ew hat rem oved  
from  the region  u sually  associated  w ith  C — 0 — C absorption .

A t 3 0 0 °C . a  ban d  appears at 9.0 m, w h ich  is p ro b a b ly  due to  C — 0 — C.
A  band  orig inally  present at 12.7 ¡j. persists until 3 0 0 °C ., when it d is

appears. T h is  ban d  has appeared stron g ly  in  o th er sam ples in this stu dy , 
bu t has n o t been  assigned. P ossib ly , it is due to  an im pu rity  stable to  
3 0 0 °C .

X-Ray Diffraction

E xposures o f  I A  and  IB  (fo r  4  hr.) show  iden tica l w eak pattern s; d 
spacings and relative intensities are listed in  T a b le  V .

T A B L E  V
S u lfam ide-M elam in e-F orm aldeh yde  ( 1 :1 :4  IA  and IB )  X -R a y  d Spacings

(C u  R ad ia tion )

d, A . Intensity

2 .0 5 100
2 .0 1 75
1 .2 6 50
1 .259 75
1 .189 2
1 .164 25
1 .0 74 2
1 .029 2

T h e  d spacings fo r  I A  and IB  d o  n o t correspon d  to  any spacings for  the 
parent m aterials.

DISCUSSION

Sulfam ide, m elam ine, and form ald eh yde m a y  condense to  form  polym ers 
o f  the generalized structure I, w here R  in a g iven  com position  m ay  include 
— C H 3 and — C H 2O H  (as term inating groups) or  — C H 2—  w here bran ch 
ing and crosslinking occu r.
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The Presence o f  Oxygen

In  structure I , tw o  oxygen  atom s a ccom p a n y  each  sulfur, thus, equal 
w eights o f  sulfur and  oxygen  are an ticipated  in  the p o ly m er structure where 
su lfam ide is in v o lv ed . T h is  w eigh t o f  oxy g en  m a y  n o t a ccou n t fo r  the 
to ta l oxy g en  fo u n d  b y  analysis. In  the d iscussion  fo llow in g , w e den ote 
oxy g en  com b in ed  w ith  S in  S 0 2 as O g and  oxygen  as term inal — O H  as 0 H.

In  su lfa m id e-m ela m in e-form a ld eh yd e  1 :1 :4  (I ) , fo r  exam ple, th e  ca l
cu lated  oxy g en  con ten t can  be  broken  d ow n  as fo llow s: sulfur, 1 1 .1 % ; 
T o ta l oxygen , 1 6 .6 % ; O s, 1 1 .1 % ; 0 H, 5 .5 % .

Oxygen in Water o f  Hydration. I t  w as possible th at part o f the oxygen  
was present as w ater o f  h ydration , as, fo r  exam ple, in structure I I :

H H
-Ns,- N - C A,*C—N—CHa—N -S 0 2—N—CH2—

I
N -H
I
H

c h 2

(II)

I
CH*

•H20

A nalysis o f  the b ase-ca ta lyzed  sulfam ide- melamine- form a ld eh yd e  1 :1 :4  
revealed  on ly  0 .5 1 %  w ater, a b o u t on e -ten th  o f  the va lue requ ired  fo r  this 
structure.

Oxygen as Terminal — OH. T o  establish  the presence o f term inal 
— O H  in  structure I , a standard  a ctive  h yd rogen  analysis w as m ade, w ith  
n egative  results. S ince the tech n iqu e app lied  w ou ld  n o t on ly  d etect 
qu an tita tive ly  the — O H , b u t a lso in com p lete ly  su bstitu ted  — N H  groups, 
w h ich  b o th  the preparation  an d  the analysis suggest, th is n egative  result 
m a y  be the con sequ ence o f the extrem e in solub ility  o f  the p o ly m er in  the 
reagents used in  the analysis.

O f these tw o  hypoth eses, th a t o f  term inal — O H  to  a ccou n t fo r  the excess 
oxygen  is the m ore reasonable. In  con densation s o f  am ines w ith  fo rm 
aldehyde, a first in term ediate  is R N H C H 2O H .6a U reas and form ald eh yd e  
fo rm  stable m eth y lo l ureas as en d -p rod u cts  in basic and neutral m ed ia .613’6

In  the su lfam id e-form ald eh yd e  (1 :4 )  polym ers , the a cid -ca ta lyzed  
m ateria l show s n o  ev iden ce o f  — O H  or  — N H  absorp tion . T h e  base- 
ca ta lyzed  m ateria l does show  absorp tion s ascribable to  the presence o f  
term inal h y d ro x y l or u nsubstitu ted  N H  groups.

A d d ition a l sign ificant ev iden ce  fo r  the existence o f  term inal — O H  in the 
base-cata lyzed  com position s is the th erm al beh av ior o f  the a c id - and  base- 
ca ta lyzed  con densation  p rod u cts  o f  sulfam ide and  form aldeh yde w hen 
these polym ers are separately  m ixed  w ith  m elam ine.

Oxygen in Sulfamide-Formaldehyde 1 :4 Polymer. T h e  analyses o f 
acid  an d  base-cata lyzed  su lfam id e-form ald eh yd e  1 :4  are com pared  in 
T a b le  V I.
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T A B L E  V I
S u lfam ide-F orm aldeh yde 1 :4

1: 4 A

W eig h t-%

1 :4 B

c 2 6 .63 21 .46
H 4 .3 7 3 .8 2
N 25 .37 2 2 .2 0
S 2 3 .2 6 2 4 .90
Os 2 0 .37 2 4 .90
O h 2 .7 2

T o ta l 100 .00 100.00

T h e  oxygen  con ten t was obta in ed  b y  difference. I t  is assum ed here 
th at S appears on ly  as — S O 2—  in these polym ers . I t  is apparent that in 
1 :4 A  n o  0 H is present (in fa ct, an unexplained oxygen  deficiency appears), 
whereas in 1: 4B , O h  is present to  an exten t sufficient to  satisfy  three — C H 2- 
O H  groups for  e very  ten  su lfam id e-form ald eh yd e  m onom ers.

W h en  1: 4 A  is m ixed  w ith  an equal w eight o f  m elam ine and the m ixture 
is heated at 2 2 5 °C ., little  reaction  occu rs. T h e con densation  o f the p rod u ct 
w ith  m elam ine is ob v ia ted  b y  the absence o f  reaction  sites, such as — C H 2- 
O H  groups.

W h en  the sam e treatm en t is applied  to  m ixtures o f  1 :4 B  w ith m elam ine, 
considerable reaction  is noted . In  fa ct , the greater w eight o f  stable m ate
rial at 2 2 5 °C . m a y  be accou n ted  for  b y  the con densation  o f three m elam ine 
m olecules w ith  the three — C H 2O H  groups per ten  m on om er units p ost
u lated above . E v id en tly , a therm al con densation  occu rs to  fo rm  a stable 
structure, w h ich  is also obta in ab le  b y  reaction  o f sulfam ide, m elam ine, 
and  form aldeh yde.

T h is  structure has a therm al stab ility  exceed in g  n ot on ly  that o f  1 : 4B  
alone b u t o f  IB  as well.

The Sulfur-Nitrogen Group

Postulated Structure. I t  was originally  p ostu la ted 1 that the structure 
o f the su lfam id e-m elam in e-form aldeh yd e  1 :1 :4  polym er is com posed  
exclusively  o f the fo llow in g  m on om er units :

■ I „n v I I I-N -C ' |C-N-CH2- N - S 0 2- N - C H 2-

?
n h 2

T h e con d ition s o f  p o lym eriza tion  d o  n ot p reven t the form ation  o f  several 
alternative structures, variations o f  this basic p o ly m er skeleton. Specifi
ca lly , we have n o  ev iden ce  to  preclude the existence, in these com p osi
tions, o f  p o lym er structures based on
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I I I
- N -  Ç' |Ç—N—CH2—NS02—NCH2— 

N ï c .N

a m elam in e-form aldeh yde con densation  p rod u ct w hich  we w ill designate 
as M , and

r CHr-n
\  /

N — S 0 2N
/  \

L  c h 2—

a su lfa m ide-form aldeh yde con densation  p rod u ct w hich  w e will designate 
as S, or their copolym ers, w ith a tten d an t variation  in repetitive  structure 
a long a chain , as show n b e low :

M S M S M S M S M S
M M M S S M S S S S M M M M M M M S S S S M S S M M M M S
M S ( I  )M M ( I )( I  )S S M S S S M M ( I  )( I )M ( I )

O ur eva lu ation  is n ot capable  o f  d ifferentiating betw een  the possible 
species d ep icted  above .

SUMMARY AND CONCLUSIONS

P olym ers resulting from  the a cid - or base-cata lyzed  condensations o f  
m elam ine and sulfam ide w ith  form aldeh yd e are extrem ely  insoluble and 
are considered  to  be h igh ly crosslinked m aterials. T h eir in solub ility  and 
d ecom position  below  an observab le  m elting  p o in t p reven t m olecu lar 
w eight determ ination .

T h e fa ct  th at these polym ers d ecom pose  at 2 2 5 °C . lim its their usefu l
ness for  high tem perature app lications. T heir extrem e crosslinking pre
vents consideration  o f these polym ers as m oldab le  com position s in  typ ica l 
p o lym er a pp lications.

A  variety  o f  structures apparently  exists in these polym ers, depend ing  
on the con d ition s  o f  their polym erization .

This w ork  was supported in part b y  the Office o f N aval Research. In frared studies 
were con du cted  b y  R u th  A. K ossatz and therm ogravim etric studies b y  D r. J. R ich ard  
Soulen.
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Résumé

D es polym ères, préparés par catalyse acide et basique, contenant du sulfam ide, de la 
m élam ine et du form aldéhyde, on t été  préparés et étudiées. Les produits sont in 
solubles et leur stabilité therm ique ne dépasse pas 225°C  sous azote.

Zusammenfassung

Säure- und basenkatalysierte P olym ere auf grundlage von  Sulfam id, M elam in  und 
Form aldehyd, w urden dargestellt und untersucht. D ie  P rodukte sind unlöslich  und 
ihre therm ische S tabilität geht über 225°C  unter S tickstoff n icht hinaus.

R ece iv ed  N ov em b er 13 ,1962
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Preparation and Reactions of p-Cyanostyrene-Styrene
Copolymers*

R I C H A R D  B E C K E R B A U E R  and H E N R Y  E . B A U M G A R T E N , 
Avery Laboratory, University of Nebraska, Lincoln, Nebraska

Synopsis

C opolym ers o f p -cyan ostyren e and styrene were prepared b y  heating p -iod osty ren e - 
styrene cop olym ers w ith  cuprous cyan ide in A '-m ethylpyrrolid inone. T h e  p -cy a n o - 
styrene copolym ers cou ld  n ot be h ydrolyzed  to  the benzoic acid  derivative b u t were 
con verted  to  the m ethyl p -v in v lben zoate -styren e  cop olym er b y  reaction  w ith  m ethanol 
and hydrogen  ch loride. T h is m ethyl ester cop olym er was partia lly  h ydrolyzed  to  the 
free acid. A  p -c y a n o s ty r e n e (l l% )-s ty r e n e  cop olym er was treated w ith  n -b u ty l and 
m ethyl G rignard reagents to  y ield  the corresponding n -b u ty l- and m eth y l-p -styry l- 
ketone copolym ers. In  the reaction  w ith  n -butylm agnesium  chloride, the interm ediate 
ii-buty l-p -styry lketim ine cop olym er was isolated.

INTRODUCTION

T h e  procedu res fo r  the b rom in ation  and ch lorination  o f p o ly s ty re n e 1 
h ave been  k n ow n  fo r  m an y  years, b u t on ly  recen tly  has B rau n 2 been  able 
to  iod in ate  p olystyren e. T h e  ava ilab ility  o f  the iod inated  p olym er 
w ou ld  appear to  m ake possib le  a n um ber o f  p o ly m er reactions th at p ro 
ceed sluggishly  or  n ot at all w ith  ch loro  or b ro m o  polystyren es. F or 
exam ple, N ew m an  and B o d e n 3 h ave recently  reported  the preparation  o f 
arom atic nitriles from  arom atic  halides b y  the use o f cu prous cyan ide 
in A -m eth y lp y rro lid in on e  solutions. Inasm uch  as polystyren e polym ers 
are usually  reason ab ly  soluble in N -m eth y lp y rro lid on e , it appeared  fea 
sible to  ap p ly  the N ew m an  tech n iqu e to  iod in ated  p o lystyren e  if n ot 
to  b rom in ated  or  ch lorinated  polystyren es. T herefore , as a part o f  our 
s tu d y  o f the m od ifica tion  o f  po lym ers  and  cop o lym ers  o f  styrene d eriv 
atives b y  ch em ical reactions, we in vestigated  the preparation  o f p-c y -  
an ostyren e po lym ers  and cop o ly m ers  from  p -h a lostyrene polym ers. In  
ad d ition , a few  ch aracteristic reactions o f  p -cya n ostyren e  cop o lym ers  
w ere studied.

EXPERIMENTAL RESULTS

Preparation o f Iodinated Polystyrenes

C opolym ers  o f  styrene and p -iodostyren e  con ta in ing  ca. 6 5 %  (I ) , 4 3 .5 %
(II )  (rjinh =  0.33, ch loro form ), and  1 1 %  (I I I )  iodostyren e  units w ere pre- 

* T h is w ork was supported  in part b y  grants G -11339 and G -21405 o f  the N ational 
Science Foundation .
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pared b y  partia l iod in ation  o f  p o lystyren e  (ijinh =  0.45, ch loroform ) 
w ith  iod ine and  iod ic  acid  in n itrobenzene b y  using the procedu re o f B rau n .2

A n a l . ( I )  C om position  estim ated from  yield  data and infrared analyis.
( I I )  C alcd . for C SH ,I  (4 3 .5 % )-C 8H s (5 6 .5 % ): C, 6 0 .4 3 % ; H , 4 .7 9 % ; I , 34.77. 

F ou n d : C, 6 0 .4 5 % ; H , 4 .7 9 % ; 1 ,3 4 .7 7 % .
( I I I )  Caled. fo r  C 8H ,I (1 1 % ) -C 8H S (8 9 % ) :  C, 8 1 .6 5 % ; H , 6 .7 6 % ; I, 11 .58% . 

F ou n d : C, 8 1 .1 1 % ; H ,6 .7 7 % ; 1 ,1 1 .9 3 % .

Preparation o f p-Cyanostyrene-Styrene Copolymers

A  solu tion  o f 1.15 g. (0.005 m ole) o f  the 6 5 %  p -iod osty ren e  co p o ly m e r  
(I )  and 0 .74 g. (0 .0075 m ole) o f  fresh ly  prepared  cu prou s cy a n id e 4 in  30 m l. 
o f V -m eth y lp y rro lid in on e  w as refluxed fo r  4 hr., coo led , and  added  to  a 
so lu tion  o f 6 g. o f  F e C l3-6H 20 in  100 m l. o f  6 %  aqueous h ydroch loric  acid. 
T h e  resulting m ixture w as heated  o n  a steam  b a th  fo r  30 m in., coo led , and 
filtered. T h e  solid  p ro d u ct  ob ta in ed  w as dark  grey  and  ru bbery . It  
w as soluble in k eton e  so lven ts b u t insoluble in  ch loroform , benzene, and 
tetrah yd rofu ran . T h e  p ro d u ct gave a n egative  B eilstein  test fo r  halogen . 
A  b rittle  fiber cou ld  be  pu lled  from  a m elt o f  th is p o lym er.

T h e  reaction  w as carried  o u t as a b o v e  w ith  5 g. (0 .013 m ole) o f  the 
4 3 .5 %  iod in ated  p o ly m er (I I )  and 3 g. (0 .03 m ole) o f  cu prous cyan ide 
in 100 m l. o f  V -m eth y lp y rro lid in on e  to  y ie ld  3.1 g . o f  a grey  po lym er (IV ) 
(vinb. =  0 .50, ch loro form ). T h is  p rod u ct w as soluble n ot on ly  in k eton e 
solvents b u t also in ch loro form , benzene, and tetrahydrofuran .

A n a l . C alcd . for C » H ,N (4 3 .5 % )-C 8H 8(5 6 .5 % ): C , 8 7 .9 7 % ; H , 6 .6 2 % ; N , 5 .3 6 % ;
1 .0 .  0 0 % . F ou n d : C ,8 7 .7 4 % ; H , 6 .1 3 % ; N , 5 .7 5 % ; 1 ,0 .0 0 % .

T h e  reaction  w as carried  ou t as a b ov e  w ith  9.5 g. o f  the 1 1 %  iod inated  
polystyren e (I I I )  and  1.5 g. o f  cu prou s cyan id e  in  180 m l. o f Ar-m eth y lp y r- 
rolid inone to  y ie ld  7 .8 g. o f  a light grey  p o ly m er ( V ) .

A n a l . C alcd. for  C 9H ,N (1 1 % )-C 8H 8(8 9 % ) :  C, 9 1 .1 0 % ; H , 7 .4 3 % ; X , 1 .4 6% ;
1 .0 . 0 0 % . F ou n d : C ,9 0 .2 7 % ; H , 7 .3 9 % ; N , 1 .9 8 % ; 1 ,0 .00% ,.

Cuprous Cyanide Reaction with Brominated Polystyrenes

P o ly (p -b ro m o sty re n e ) and  p -brom ostyren e  (3 0 % )-s ty re n e  cop o lym er 
were prepared  b y  brom in ation  o f po lystyren e  in  ch loro form  w ith  an iron  
ca ta ly s t.1 T h e  reaction  prod u cts  o f  these p olym ers w ith  cuprous cyan ide 
as a b ove  had  sim ilar ph ysica l properties to  those from  the iod inated  de
rivatives, b u t th ey  con ta in ed  unaltered p -brom ostyren e  units as in d icated  
b y  infrared analysis and chem ical tests. R e a ctio n  tim es exceeding 4 hr. 
were accom pan ied  b y  a large a m ou n t o f gel form ation .

Attempted Hydrolysis o f the Cyanostyrene Copolymers

N o  h ydrolysis  o f  the cy a n o  grou p s o f I V  and V  cou ld  be  detected  w hen 
the p olym ers were treated  w ith  (a) potassium  h yd rox id e  in  aqueous d i- 
m ethy lacetam ide  at 2 5 ° fo r  1 4 hr., (5) potassium  h yd rox id e  in V -m e th y lp y r 
rolid inone at 60 ° fo r  2 hr., (c) con cen trated  h yd roch lor ic  acid  in  tetra -
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Fig . 1. In frared spectrum  o f polym er IV  (4 3 .5 %  p-cyan ostyren e units).

h yd ro fu ran  at reflux fo r  4 hr. or  (d) co ld , con cen trated  sulfuric acid  for  
2 w eeks. T rea tm en t w ith  con cen tra ted  sulfuric acid  at 9 0 °C . fo r  4 hr. 
gave  con version  to  the acid  as in d icated  b y  a stron g  band  in the in frared 
spectru m  at 1685 c m .-1  bu t also gave  su lfon ation  o f  the styrene rings and 
a ccom p a n y in g  solu b iliza tion  o f  the p olym er.

Preparation o f a Methyl p-Vinylbenzoate Copolymer

T o  a so lu tion  o f  1 g. o f  the 4 3 .5 %  cy a n o  cop o ly m e r  (IV ) in 40 m l. o f 
tetrah yd rofu ran  w as added  an hydrou s m ethanol (30 ml. required) until a 
precip ita te  form ed . T etra h yd ro fu ra n  (5 m l.) w as added  to  solubilize the 
p o ly m er and th en  d ry  h yd rogen  ch loride w as passed in to  the solu tion  for  
30 m in. w ith  stirring. T h e  so lu tion  w as refluxed fo r  2 hr., coo led , and 
a d d ed  to  200 m l. o f  m ethanol. T h e  crude p o ly m er w as co llected , re
p recip ita ted  from  ch loro form  in to  m ethanol, co llected , and dried  to  y ield  
1 g. o f  a light grey  p o ly m er (V I ) , (p;nh =  0.51, ch loro form ).

A n a l . C alcd . for  C 10H l0O 2( 4 0 % ) - C 9H ; N (3 .5 % ) -C sH s(5 6 .5 % ): C , 8 1 .8 9 % ; H , 
6 .9 2 % ; 0 ,9 .8 6 % .  F ou n d : C, 8 1 .6 7 % ; H , 6 .6 8 % ; 0 ,9 .4 7 % .

Hydrolysis o f the Methyl p-Vinylbenzoate Copolymer

A  so lu tion  o f  0.1 g. o f  the ester p o ly m er (V I) in 10 ml. o f  tetrah ydrofu ran  
and  10 m l. o f  2 0 %  potassium  h yd rox id e  so lu tion  w as refluxed fo r  21 hr. 
T h e  tw o-p h ase  reaction  m ixture w as p ou red  in to  200 m l. o f  w ater, and this

F ig. 2. In frared spectra of (A )  polym er V I (4 0 %  m ethyl p -v in ylben zoate  units, 
3.4%, p-cyan ostyren e units) and (B )  polym er V II  (p -v in y lb en zoic  acid  po ly m er from

(VI).
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so lu tion  w as m ade ju st acid ic w ith  dilute h yd roch loric  acid . T h e  w hite 
p o ly m er w hich  form ed  w as rem oved  b y  filtration , w ashed w ith  w ater, and 
dried  to  0.13 g. o f  solid . T h is  p ro d u ct w as insoluble in all com m on  organic 
solven ts tested  excep t pyrid in e. T h e  solid  w as reprecip ita ted  from  p y 
ridine in to  acid ic m ethan ol, b u t the p ro d u ct (V I I )  was a dark, ru bbery  
p o lym er. O n ly  a p o o r ly  resolved  in frared spectrum  cou ld  be obta in ed  and 
th is suggested th at com plete  h yd rolysis  had  n ot occurred .

Preparation o f a n-Butyl-p-styrylketimine Copolymer

T o  a solu tion  o f 5 m l. o f  Ji-butylm agnesium  ch loride (A rapahoe, 3 il / in 
ether) and 5 m l. o f  d ry  te trah yd ro fu ran  w as added  a so lu tion  o f 0 .5  g. 
(0.0003 m ole) o f  the 1 1 %  cyan ostyren e  cop o ly m er  (V ) in 20 m l. o f  tetrah y
drofuran . T h e  so lu tion  w as stirred fo r  20 m in. and then  refluxed fo r  1 hr. 
T h e solu tion  w as co o le d  in an ice bath  and th en  d ecom p osed  w ith  a solu-

Fig. 3. Infrared spectra of (A) polymer VIII (11% /i-butyl ¡o-styryl ketimine units) and 
(B)  polymer IX (11% n-butyl ¡o-styryl ketone units).

tion  o f 3 ml. o f  an hydrou s m ethan ol in 10 m l. o f  tetrahydrofu ran . T h e 
m ixture w as stirred fo r  12 hr., ch illed, and filtered to  rem ove the w hite 
solid. T h e  filtrate w as pou red  in to  an hydrou s m ethanol and the resulting 
grey  solid  was rem oved  b y  filtration . I t  w as dried to  0.5 g. o f  a nearly 
w hite  p o ly m er (V I I I ) .

A n a l . C alcd . fo r  C ,3H ,7N ( l l % ) - C sH g(8 9 % ) :  C, 90 .65 : H , 7 .9 7 % ; N , 1 .32% . 
F ou n d : C , 8 7 .5 9 % ; H , 7 .9 3 % ; N , 1 .3 0 % ; ad justed  fo r  2 .24%  ash.

A ttem p ted  further purification  o f this p rod u ct led to  partial h ydrolysis 
to  the k eton e as in d icated  b y  the in frared spectrum .

Hydrolysis o f  the Ketimine Copolymer

A  solu tion  o f 0.1 g. o f  the ketim ine co p o ly m e r  V I I I  and 20 drops o f 
con cen trated  h yd roch lor ic  acid  in 15 m l. o f  tetrah ydrofu ran  was stirred fo r  
1 hr. T h e  solu tion  w as pou red  in to  80 ml. o f  m ethanol, filtered, w ashed 
w ith  m ethanol, and dried to  g ive  0.1 g. o f  ketone cop o ly m er ( I X ) .

A n a l . C alcd . for C 13H 160 ( 1 1 % ) - C 8H S(8 9 % ) :  C , 9 0 .5 5 % ; H , 7.96%,. F ou n d ; 
C, 8 9 .9 3 % ; H , 7 .6 0% .


	THE JOURNAL OF POLYMER SCIENCE PART A GENERAL PAPERS 1964 VOLUME 2 NO.1 JANUARY
	Contents
	Thermal Degradation of N-Substituted Polycarbamates
	Preparation and Properties of Poly (tetramethyl-p-Silphenylene-Siloxane)
	Random and Block Copolymers of Poly (tetramethyl-p-Silplienylene-Siloxane) and Polydimethylsiloxane
	Preparation and Polymerization of 1,5-Diamino-2,4-alkylenetrisilazanes
	Crosslinking and Degradation in y-Irradiated Poly-n-alkyl Acrylates
	Kinetics of the Photopolymerization of Tetraethylene Glycol Dimethacrylate in the Bulk with the Use of Desyl Aryl Sulfides as Photoinitiators
	Photolysis of Cellulose in a Vacuum with 2537 A. Light
	Effects of Deuteration and Temperature upon the Photolysis of Cellulose in a Vacuum with 2537 A. Light
	Copolymerization of Styrene. I. Copolymerization with Styrene Derivatives Containing Nitrile Groups in the Side-Chain*
	Mean Square Length of Random Polypeptide Chains and the Length of Protein Fibers
	Crosslinkages in Wool Fibers and Their Relationship to the Two-Stage Supercontraction of Wool Fibers in Solutions of LiBr
	Covalent Acid-Labile Crosslinkages in Wool
	A Scattered-Light Study of Linear Polyethylenes
	Low Temperature Solution Polycondensation of Piperazine Polyamides
	Amine Acid-Acceptors for the Preparation of Piperazine Polyamides by Low-Temperature Solution Polycondensation
	Electron Spin Resonance of Irradiated Solution- Crystallized Polyethylene*
	Effect of Copper on the Autoxidation of Cellulose Suspended in Sodium Hydroxide Solution
	Main-Chain Degradation and Thermal Stabilization of Polyoxymethylene by Ionizing Radiation
	Studies on Structure and Properties of Aromatic Polyamides. II. Structural Elucidation of Poly (m-xylylene Adipamide)*
	Polymers Containing the 2,5-Diphenylthiazolo [5,4-d] thiazole Moiety*
	Chain Entanglements and Elastic Behavior of Polybutadiene Networks
	Monte-Carlo Calculations of the Dimensions of Coiling Type Polymers in Solutions of Finite Concentration
	Calibration of Light-Scattering Instruments. II. The Volume Correction* 
	Effect of Molecular Weight and Its Distribution on Stretching of Polyacrylonitrile Gel
	Diffusion and Sorption of Vapors in Ethylene-Propylene Copolymers.I. Equilibrium Sorption*
	Diffusion and Sorption of Vapors in Ethylene-Propylene Copolymers. II. Diffusion*
	Emulsion Polymerization of Vinyl Monomers by Transition Metal Compounds
	Cationic Polymerization of 3-Methylbutene-l. I. Polymerizations at Moderately Low Temperatures
	Cationic Polymerizations of 3-Methylbutene-l. II. Polymerizations at Extremely Low Temperatures
	The Molecular Structure of Perfluorocarbon Polymers.        II. Pyrolysis of Polytetraflouroethylene*
	Cyclopolymerization of Diepoxides*
	Anionic Block Polymerization. II. Preparation and Properties of Block Copolymers
	Linear Condensation Polymers from Phenolphthalein and Related Compounds
	X-Ray Diffraction and Infrared Spectra Studies on the Fine Structure of Rayon Improved by High Temperature Steaming
	Polymers from Sulfamide. I. Preparation*
	Polymers from Sulfamide. II. Evaluation and Structure*
	Preparation and Reactions of p-Cyanostyrene-Styrene Copolymers*



