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L o o s e  a n d  T i g h t  A c t iv a t e d  C o m p le x e s  in  t h e  I o n  F r a g m e n t a t io n s  

o f  a  D i m e t h y l t h io c a r b a m a t e  a n d  a  P h o s p h o r o t h io a t e

by James C. Tou
Chemical P h ysics R esearch Laboratory, The D ow  Chem ical C om pany, M idland, M ich igan  J $ 6 Iß  
(Received D ecem ber 3, 1970)

P ublication  costs assisted by The D ow  Chem ical C om pany

The ion fragmentations involving rearrangement (r) and simple bond scission (s) of a dimethylthiocarbamate 
and a phosphorothioate are investigated. The energy dependence of the relative intensity of the rearrange
ment ion to the ion generated from a simple bond scission is interpreted based on the quasiequilibrium theory 
of mass spectra. The rate ratio, k,(E)/k,(E), can be expressed as Wr*(E — e0,r)/W,*(E — €0 . s ) ,  and its value 
decreases monotonically from TVr4(eo,B — eo.r) and approaches zero asymptotically, as the ionizing energy 
increases.

Introduction
The principles of the quasiequilibrium theory have 

been used in the interpretation of comparable ion frag
mentation reactions comprising rearrangements and 
simple bond scissions.1'2 This reasoning has also been 
applied to the investigation of aryl participation in the 
expulsion of a bromine atom from the molecular ion of 
/3-phenylethyl bromide3 which involves rearrangement 
mechanism. The approach aids in understanding the 
fundamental differences between the spectra of complex 
molecules at 70 eV and at low voltages.

In this paper, the rearrangements occurring in the 
ion fragmentations of a dimethylthiocarbamate and a 
phosphorothioate are studied. The thermal isomeriza
tion of O-aryl dimethylthiocarbamates to »S’-aryl di- 
methylthiocarbamates has been reported, which pro
vides a new efficient way of converting phenols into thio- 
phenols.4 Similar rearrangement involving S = Y O — 
-► 0 = Y S —- isomerization, where Y  = C or P, have also 
been observed in both thermal reaction (ArOC(=S)-

OAr ArOC(=0)SAr, Schônberg rearrangement) 
and ion fragmentation (ArO C(=S-+)O R -*■ ArSC 
( = 0  • +)OR6 and R O P (=S ■+) =  -*  R S P (= 0 + )= 7).

Results
In our recent mass spectrometric study of a series of 

dimethylthiocarbamates,8 two intense peaks were ob
served at m/e 88 and 72 with ion compositions C3H6NS

(1) D . H. Williams and R . G. Cooks, Chem . Com m un., 663 (1968).
(2) (a) R. G. Cooks, I. Howe, and D. H . Williams, Org. M a ss Spec- 
trom ., 2 , 137 (1969); (b) A. N . H . Yeo and D. H. Williams, J . A m er. 
Chem . Soc., 9 2 , 3984 (1970).
(3) R. H. Shapiro and T . F. Jenkins, Org. M a ss Spectrom ., 2 , 771 
(1969).
(4) M . S. Newman and H. A. Karnes, J. Org. Chem., 31, 3980 
(1966).
(5) H. R. Al-Kazimi, D . S. Tarhell, and D. Plant, J . A m er . Chem . 
Soc., 77, 2479 (1955).
(6) J. B. Thomson, P. Brown, and C. Djerassi, ibid., 88 , 4049 
(1966).
(7) F. J. Biros and R. T . Ross, Paper G3, Eighteenth Annual Con
ference on Mass Spectrometry and Allied Topics, June 1970, San 
Francisco, Calif.
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Figure 1. Mass spectrum of 0-2,3,6-trichlorophenyl dimethylthiocarbamate (150°).

and C3H6NO, respectively. The mass spectrum of
0-2,3,6-trichlorophenyl dimethylthiocarbamate at 150° 
is shown in Figure 1. The spectrum is simple. The 
molecular ion was detected with extremely weak in
tensity and shows a loss of Cl- in the generation of a 
fragment ion at m/e 248. No significant metastable ion 
transitions to the ions at m/e 88 and 72 were observed in 
the beam defocusing experiment. It would not be 
illogical, however, to assume the following reaction 
scheme 
Scheme I

< S > — 0 — c — NfCIU

Cl*
(M rV

7
S -v+

^ ) — 0 — C— NfCHa), 

Cl*
(Mr+r

Y

Cl*

~^CN(CH3)2

•+\ +(MN);

+S=CN(CH3)2 
a, m/e 88

+Os=CN(CH3)2 
b, m/e 72

The Journal of Physical Chemistry, Voi. 75, No. 13, 1971

where (M • +) * represents the excited molecular ions, 
(Mi - +)i^  and (M i - +)2* the activated complexes for 
the reactions of the simple bond scission and the rear
rangement leading to the formation of ions at m/e 88 and 
72 respectively, and x =  2 and (or) 3. In order to 
determine the extent of thermal rearrangement of 
-—0 C (= S )—- to —S C (= 0 )— 4 prior to ionization, the 
temperature effect on the ion fragmentation was inves
tigated. The intensity ratio of the peaks at m/e 72 
and 88, In/Igs, were recorded at the sample tempera
tures 150, 200, and 250° as a function of residence time 
in the inlet system. The results are shown in Figure 2. 
It is noted that a rapid isomerization, — 0 C (= S )—- to 
—S C (= 0 )— ,took place at 250° and reached equilibrium 
in about 25 min. However, the ratio shows only a very 
slight increase with residence time at 150°. Therefore, 
the ion at m/e 72 shown in Figure 1 (150°) is purely gen
erated from the molecular ion, (Mi • +) *, upon electron 
impact through rearrangement reaction 2. This pre
sents another example of the similarity between two 
energetic processes, thermolysis and ion fragmentation.9 
Under the condition where the thermal effect upon ion 
fragmentation can be eliminated, i.e., at 150 and 100°, 
the ratio, In/Iss was studied as a function of ionizing 
energy. The results are shown in Figure 3. A drastic 
increase of the ratio near threshold was observed. This 
indicates that reaction 2 involving rearrangement over-

(8) J. C. Tou and R . M . Rodia, unpublished work.
(9) A. Maccoll in “ Modern Aspects of Mass Spectrometry,”  R. I. 
Reed, Ed., Plenum Press, New York, N . Y ., 1968, pp 143-168, and 
the references therein.
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Figure 2. Temperature dependence of In/lm (•) in the mass spectrum of the dimethylthiocarbamate and/m/Zn» (O)in the mass 
spectrum of the phosphorothioate.

whelmingly overcomes reaction 1 involving simple bond 
scission in low-energy electron impact.

In contrast to the above case, two comparable rear
rangement processes occurring in the ion fragmentation 
of 0-(3,6-dichloro-2-pyridyl)-0.0-diethyl phosphoro
thioate were investigated. The mass spectrum is 
shown in Figure 4. The molecular ion shows stepwise 
losses of one chlorine atom and two ethylene molecules 
in the generation of fragment ions at m/e 280, 252, and 
224 involving one hydrogen rearrangement in each of 
the last two steps. This is similar to the case of 0,0-di- 
ethyl phthalimidophosphorothioates,10 but different 
from that of triethyl phosphate where a double-hydro
gen rearrangement11 is involved. The ion at m/e 97 is

reasonably assumed to be formed from a simple O-P 
bond scission of the ion at m/e 224, and has a plausible 

/O H
structure +S=P<^ . The mechanism of the genera-

X )H

tion of the ion at m/e 174 is unknown. The empirical 
formula of this ion was determined, however, to be

(10) (a) G. J. Kallos and L. A. Shadoff, “ Mass Spectral Studies of
Organophosphorus Compounds,” The Pittsburgh Conference on 
Analytical Chemistry and Applied Spectroscopy, 1967; (b) G. J.
Kallos, unpublished data.
(11) H . Budzikiewicz, C. Djerassi, and D. H. Williams, “Mass 
Spectrometry of Organic Compounds,” Holden-Day, San Francisco, 
Calif., 1967, p 651, and the references therein.
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Figure 3. Energy dependence of In/Iss (•, 150°; O, 100°) in the mass spectrum of the dimethylthiocarbamate and 7m //iu'(A) in 
the mass spectrum of the phosphorothioate.

-------  m/e ------- >

Figure 4. Mass spectrum of 0-(3,6-dichloro-2-pyridyl)-0,0-diethylphosphorothioate.
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C7H6NCI2, which indicates the occurrence of a possible 
skeletal rearrangement involving one of the alkyl 
groups. The ions of most interest are the ions at m/e 
163 and 179 with empirical formulas C5H3ONC]2 and 
C5H3NC12S, respectively, determined by high-resolution 
mass spectrometry. No significant metastable ion 
transition was detected for the generation of these two 
ions in the beam defocusing experiment. Two possible 
schemes are assumed.
Scheme Ha
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The notations are similar to the ones defined previ
ously. These two comparable rearrangement reactions 
were studied in detail. The monoisotopic intensity 
ratio of these two ions, Im/Im, were investigated as a 
function of residence time at 250 and 200° as well as of 
ionizing energy at 200°. The results were plotted in 
Figures 2 and 3, respectively. The constancy of the 
ratios at 200° in Figure 2 demonstrates the negligible 
thermal effects upon the ratio-energy curve in Figure 3. 
The results show a slight increase of the curve as the 
ionizing energy decreases in contrast to the In/hs curve 
in the case of the dimethylthiocarbamate.

Discussion
The data given above clearly show that the rearrange

ment reaction is increasingly important relative to the 
simple bond scission reaction as the ionizing energy de
creases. However, the comparison of two rearrange
ment reactions indicates that one is not preferentially 
favored over another.

According to the quasiequilibrium theory of mass 
spectra, the rate of dissociation of an isolated excited ion 
with internal energy, E, can be expressed12'13 as

k(E) =  h~1W *(E  -  e„) 
dW(E)/dE (1)

where h is Planck’s constant, W, the number of states 
of the ion with internal energy less than and equal to 
E, W *  that of the activated complex leading to the 
reaction with activation energy to. The rates for the 
rearrangement reaction [kT(E), t0,r] and the simple 
bond scission reaction [ks(E), t0,s] can then be written

K(E)

U E )

W t*(E  -  e .,) 
dW (E) /dE

W * (E  -  t0,s) 
dW(E)/dE

(2)

(3)

The experimental data frequently show e0,r <  £o,s for 
two comparable reactions. The activated complex, 
like (M i-+):!*, (Mr +)i*, or (M2-+)2*, etc., of a re
arrangement reaction involves new bond formation and 
hence certain vibrational frequencies will increase and 
internal rotation will be stopped. Therefore, the acti
vated complex of this type is called a tight complex. 
The activated complex, like (Mi - + ) i o f  a simple bond 
scission reaction only involves stretching of a bond along 
the reaction coordinate. The electronic interactions 
between the atoms of two recoiling groups will be re
duced and hence certain vibrational frequencies will de
crease and certain torsional and skeletal vibrations in 
the ground state of the molecular ion might change to 
allow free internal rotation in the activated state. This

(12) H . M . Rosenstock, M . B. Wallenstein, A. L. Wahrhaftig, and 
H. Eyring, P roc . N at. A cad . S ei. V . S ., 38, 667 (1952).
(13) J. C. Tou, L. P. Hills, and A. L. Wahrhaftig, J . Chem . P h ys ., 
45, 2129 (1966).
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Figure 5. Rate curves for reactions involving rearrangement and simple bond scission.

type of activated complex is called a loose complex. 
Therefore, TF„* increases much faster than W r + as a 
function of active internal energy, E — «o-14 By 
definition, the rate constants are then being affected.15 
The effect is shown in the quantitative calculations of 
the transitions 86- + 71+ +  -CH3 (simple bond scis
sion) and 86 • + -*■ 70 • + +  CH3 (rearrangement reaction) 
in the case of 2-methylpentane.13 It is clear that the 
rates involving simple bond scission increase faster than 
those involving rearrangement even though the former 
process has a higher activation energy than the latter. 
These typical curves are plotted in Figure 5. The ratio 
of the two rate constants can be expressed as a function 
of internal energy.

k t(E) = W * (E  -
ks(E) W * ( E  -  io,8) 1 }

For E  <  e0,r <  eo,S) no reaction will occur. For £0,r ^ 
E  <  e°,s, only rearrangement reaction will take place.

Taking the quantum mechanical tunneling effect into 
consideration, the ratios, kT(E)/ka(E), still have finite 
values. For E = e0,s, We *(()) =  1 and hence

K(E) 
U E) W r ̂ (e0,s — «0,r)

For E €0,r >  eo.s) then

U E ) W r * ( E )  . ,
<  k.(E) ~  WS*(E)

because WT*(E) is always less than WB*(E). In other 
words, the tight complex has a lower frequency factor 
than the loose complex as derived from the classical 
rate expression of the quasiequilibrium theory.1’2'12 
Since both Wr *  and Wa *  are monotonically increasing

(14) J. C. Tou and S. H. Lin, J . Chem . P h y s ., 49 , 4187 (1968).
(15) B. S. Rabinovitch and D. W . Setser, A dvan. P hotochem ., 3, 
1 (1964).
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functions of energy,14 the rate ratio, kT(E)/ka(E), de
creases monotonically from Wr^Co.s — c0,r) and ap
proaches zero asymptotically, as the internal energy 
increases. This is shown in Figure 5.

For simplicity, the internal energy distribution func
tions, P(E), of the molecular ions are assumed to have 
shapes as shown in Figure 5 for high ionizing energy 
(curve H) and low ionizing energy (curve L). It is 
obvious that when P(E) shifts from high energy to low 
energy, as illustrated in Figure 5, the distribution of the 
rate ratios, kT(E)/kB(E), shifts to the region of larger 
values. Therefore, the measured intensity ratio of the 
fragment ions produced by the rearrangement reaction 
and the simple bond scission reaction increases as the 
ionizing energy decreases. This is demonstrated in 
the experimental data for the case of 0-2,3,6-trichloro- 
phenyl dimethylthiocarbamate as shown in Figure 3.

For the two comparable rearrangement processes in 
the ion fragmentation of 0-(3,6-dichloro-2-pyridyl)- 
0,0-diethyl phosphorothioate, the intensity ratio, 
I179/I163 is expected to be insensitive to the ionizing 
energy if the assumed Scheme l ib  is involved, for the 
reasons stated previously. / However, in the Scheme Ila, 
the activated complex, (M2,+)2*, involving a double 
rearrangement, appears tighter and is expected to have 
lower activation energy than the activated complex, 
(M 2 • +)i^, involving single rearrangement. In order to 
explain the Im/I-m-E curve, the double rearrange
ment might proceed as a two-step transition with the 
reaction rate of the rate-determining step comparable to 
that of reaction 3.

It is also noted in Figure 5 that kT(E) increases slower 
than ka(E). Therefore, the rearrangement reaction is 
expected to give more intense metastable ions and more 
kinetic shift than the reaction involving a simple bond 
scission. However, the directions of the changes of the 
relative intensities, Imt*/Ims*, of the metastable ions ob

served in the above two processes are dependent upon 
the crossing of the two rate curves, below or above the 
metastable ion region. If the crossing is below the 
metastable ion region, a decrease of the ratio, 7mr* / 
Im„* is expected as the ionizing energy increases and 
vice versa.16 While the theory does not indicate that 
the metastable ion can always be detected, as shown in 
the two cases studied, it does tell that the metastable 
ion of a rearrangement reaction is more readily detected 
than that of a simple bond scission.

Conclusions

The energy dependence of the relative intensity of 
the rearrangement ion to the ion generated from a 
simple bond scission is interpretable based on the 
quasiequilibrium theory of mass spectra. The rate 
ratio, kT(E)/ks(E), can be expressed as W i*(E  — 
*o.r) / W * ( E  — to,s), and its value decreases mono
tonically from Wr^eo.s — «o.r) and approaches zero 
asymptotically, as the ionizing energy increases.

Experimental Section

The mass spectra were taken on a standard 90° mag
netic sector mass spectrometer operating at an accelera
tion voltage of 450 V and equipped with a Faraday col
lector. The sample was introduced into the ion source 
from a 5-1. reservoir through a molecular leak. The 
accurate masses were measured with a Nier-type match
ing unit attached to a CEC 21-110B double focusing 
mass spectrometer. The accuracy of the measurement 
is within 10 ppm.
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(16) P. Brown, Org. M a ss Spectrom ., 3, 1175 (1970).
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The flash photolysis of air-free aqueous acetone solutions was shown to produce CH2COCH3 and (CH3)2COH 
radicals. The acetonyl CH2COCH3 radical has an absorption maximum at 295 nm and an extinction coef
ficient 6295 = 800 ±  150 M -1 cm-1. No intermediates could be observed in the flash photolysis of air-free 
aqueous amide solutions. In presence of acetone, photosensitized decomposition of amides has been observed. 
Formamide (F), N,N-dimethylformamide (DMF), acetamide (A), A-methylacetamide (NMA), and N,N- 
dimethylacetamide (DMA) have been examined, and the transient species produced in the presence of acetone 
have been observed. These species are produced by H-atom abstraction by triplet excited acetone. With the 
iV-methylated amides, abstraction takes place mainly from the ¿V-methyl group producing HCONCH2(CH3), 
CH3CONHCH2, and CH3CONCH2(CH3) radicals. With F and A, the main radicals are CONH2 and CH2CO- 
NH2. It is interesting to note that the site of H-atom abstraction by triplet acetone is the same as that recently 
found for abstraction by OH radicals. This correlation is further discussed.

Introduction
Comprehensive spectroscopic studies of the optical 

absorption spectra of simple aliphatic amides in solu
tion have recently been carried o u t . 1’ 2 The effect of 
substitution on the intensity of the strong (molar ex
tinction coefficient ~8000 M~l sec-1, oscillator strength 
~0.25) 7T,7r* transition of the amide band at ~190 nm, 
and the location of the n,x* transition, were deter
mined.1 The photochemistry which these molecules 
undergo, however, is far from understood.3 Early 
work4 on the photochemistry of acetamide in aqueous 
solution indicated the formation of ammonia and acetic 
acid at temperatures higher than 60° ; at room tempera
ture, these products were not observed. The photoly
sis of aliphatic amides in organic solvents was sug
gested5 to occur by a molecular mechanism, not involv
ing free radicals. In the gas phase,6 acetamide pro
duced CH4, C2H6, CO, and NH3.

To observe the primary intermediates produced on 
direct optical excitation of amides in aqueous solution, 
the flash photolysis and kinetic absorption spectropho
tometry technique was used. On flash photolysis at 
X <  200 nm of oxygen-free 10-4 to 1.0 M aqueous solu
tions of acetamide, dimethylformamide, dimethylaceta- 
mide, and formamide at pH ~ 5 .0-6.0, no transient 
species could be observed in the wavelength region 
250-700 nm, time resolution ~ 2 0  nsec. No inter
mediates were observed on flash photolysis of oxygen- 
free neat dimethylformamide or dimethylacetamide. 
In pulse radiolysis studies7 of the same amides in aque
ous solution, a number of radicals were observed and 
characterized as due to the rupture of C -H  and N -H  
bonds.

Amides and amino acids are known8 to decompose on 
exposure to sunlight in the presence of photosensitizers

(T i02 and ZnO). In an attempt to pursue the reac
tions which simple amides undergo, the intermediates 
produced in the photosensitized decomposition of 
amides were examined. Acetone was chosen as the 
sensitizer since it had previously been used9 to produce 
esr spectra of amide radicals in solution.

Numerous investigations have been carried out on the 
photochemistry of acetone in the gas phase, but only 
a few in aqueous10-12 or nonaqueous (see ref 3, 13-15, 
and references cited therein) solutions. This paper 
presents the results obtained on flash photolysis of 
acetone in aqueous solution, as well as the intermediates 
produced in the acetone-photosensitized decomposition

(1) E. B. Nielsen and J. A. Schellman, J . P h y s . Chem ., 71, 2297 
(1967).
(2) D . B. Wetlaufer, Advan. P rotein  Chem ., 17, 303 (1962); W . B. 
Gratzer, “ Poly-a-araino Acids,” G. Fasman, Ed., Marcel Dekker, 
New York, N . Y ., 1969.
(3) J. G. Calvert and J. N. Pitts, Jr., “Photochemistry,” Wiley, 
New York, N . Y ., 1966, p 461.
(4) D . H. Volman, J . A m er . Chem . Soc., 63, 2000 (1941).
(5) G. H. Booth and R. G. W . Norrish, J .  Chem . Soc., 188 (1952).
(6) B. C. Spall and E. W . R. Steacie, P roc . R oy . Soc., S er . A , 239, 
1 (1957).
(7) E. Hayon, T . Ibata, N. N. Lichtin, and M . Simic, J . A m er . 
Chem . Soc., 92, 3898 (1970).
(8) G. G. Rao and K . M . Pandalai, J . Ind ian  Chem . Soc., 11, 623 
(1934).
(9) R. Livingston and H. Zeldes, J . Chem . P h ys ., 47, 4173 (1967).
(10) D . H. Volman and L. W . Swanson, J . A m er . Chem . Soc., 82, 
4141 (1960).
(11) H . Zeldes and R. Livingston, J . Chem . P h ys ., 45, 1946 (1966).
(12) I. A . I. Taha and R. R. Kuntz, J . P h ys . Chem ., 73, 4406 (1969).
(13) R. Doepker and G. J. Mains, J . A m er . Chem . Soc., 83, 294 
(1961).
(14) R. F. Borkman and D. R. Kearns, J . Chem . P h y s ., 44 , 945 
(1966).
(15) Reference 3, p 393; P. Wagner and G. S. Hammond, A d va n . 
Photochem ., 5, 87 (1968).
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of formamide (F), A,A-dimethy]formamide (DMF), 
actamide (A), A-methylacetamide (NMA), and N,N- 
dimethylacetamide (D M A).

Experimental Section
The flash photolysis apparatus used has already been 

described.16 In the aqueous acetone-amide solutions, 
to prevent photolysis by light below -—'200 nm, the 
chamber of the apparatus was not pumped down. 
Flashes of energies of about 2000-3000 J were normally 
used.

Water which was purified by triple distillation fol
lowed by radiolysis and photolysis was employed. 
Solutions were thoroughly deoxygenated by bubbling 
prepurified nitrogen, and the concentration of acetone 
in the solution was determined spectrophotometrically 
after the bubbling. Acetone, DMF, and DMA were 
Eastman Spectrograde solvents, acetamide was Mallinc- 
krodt reagent grade, and formamide was purified7 by 
multiple distillation.

Pulse radiolysis work was carried out using a Febe- 
tron 705 (Field Emission Corp.) machine, and the de
tails are described elsewhere.17 Quartz cells of 2-cm 
optical path were used.

Results
To interpret the results obtained in the acetone- 

photosensitized decomposition of amides, it was neces
sary to study first the intermediates produced in the 
flash photolysis of acetone in aqueous solution.

Figure la  shows the transient absorption spectrum 
observed on flash photolysis of ~ 3 0  mM acetone in 
water at pH ~5.5 . Due to the absorption by acetone 
itself (quartz cells of 20-cm optical path were used) it 
was not possible to detect transient absorptions below 
~310 nm. The decay kinetics of the transient absorp
tion showed the presence of two intermediates, decaying 
at somewhat different rates. On addition of an excess 
concentration of an efficient hydrogen donor, isopropyl 
alcohol, an increased absorption is found (Figure lb) 
the transient decays faster, and clean second-order 
kinetics, apparently due to only one species, are ob
served.

Since one of the intermediates expected to be formed 
in the photolysis of acetone is the acetonyl radical,
• CH2COCH3, this species was produced independently, 
by pulse radiolysis of aqueous solutions of acetone. 
From known18 rate constants for OH, eaq~, and H radi
cals with acetone, under the conditions of the experi
ments and dose rate used (Figure 2) only • CH2COCH3 
radicals are considered to be formed by the reaction

OH +  CH3COCH3 — 5- CH2COCH3 +  H20

A transient with an absorption maximum at ~295 nm 
is observed, Figure 2, with an extinction coefficient 
€295 = 800 ±  150 M~l cm-1. The decay kinetics 
of the acetonyl radical were neither first nor second

Figure 1. Flash photolysis of air-free aqueous solutions of 
30 mM  acetone (top curve) and 30 milf acetone in presence 
of 3 M  isopropyl alcohol (bottom curve) at pH 5.5. Square 
symbols represent spectrum of CH2COCH3 and of (CH2COCH3 
+  (CH3)2COH) radicals, respectively.

Figure 2. Absorption spectrum of CH2COCH3 (O) (obtained 
from the pulse radiolysis of 2 X 10~2 M  acetone, 0.2 M  
HCIO4) and CH3C(OH)CH3 radicals (ta) (from pulse radiolysis 
of 0.1 M  isopropyl alcohol, pH 6.0, 1 atm N20). Data (□) 
reproduced from ref 17a.

(16) J. R. Huber and E. Hayon, J . P h y s . Chem ., 72, 3820 (1968).
(17) (a) M . Simie, P. Neta, and E. Hayon, ibid., 73 , 3794 (1969); 
(b) E. Hayon, J . Chem . P h ys ., SI, 4881 (1969).
(18) M . Anbar and P. Neta, In t. J . A p p l. R adial. Isotopes, 18, 493 
(1967).
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Table I : Intermediates Observed in the Acetone-Sensitized Photochemical 
Decomposition of Amides in Aqueous Solution, at pH 5.5

W i . e, 2k, Suggested
System nm 2 k/P Af—1 cm“1« M~l 82C-1 radical

20 mM  CH3COCH3 + 320 5.1 X 10« (3.7 X 10«) 350 1.9 X 10« CONH2
3.2M H C O N H ,

30 mM CH8COCH3 + 380 2.0 X  10« (1.4 X 10«) 1600 3.2 X 10« h c o n h c h 2
1.0M H CO N (C H ,)2 

20 mM CH3COCH3 + 400 3.0 X  10« (2.0 X 10«) 1050 3.1 X 109 c h 2c o n h 2
5.0 M CH3CONH2 

10 mM CH3COCH3 + 340 9.0 X 10« (7.0 X 10«) 2000 1.8 X 109 c h 3c o n h c h 2
0.2 M  CHsCONHCHa 

30 mM CH3COCH3 + 350 7.5 X 10« (8.0 X 10«) 2000 1.5 X 109 CH3CONCH2(CH3)
0.5 M CH3CON(CH3)2

° Figures given in brackets are the corresponding values for the same radicals produced from the reaction of OH radicals with amides 
by pulse radiolysis (ref 7). b Taken from ref 7.

X, nm

Figure 3. Flash photolysis of oxygen-free aqueous solutions 
of 30 mM  acetone, pH ~5.5, in presence of (a) 1.0 M  DMF,
OD read at 160 psec, and (b) 0.5 M DMA, OD read at 200 
Msec. Symbols (□) represent the equimolar concentration of 
CH3C(OH)CH3 radicals produced under stated conditions. 
Dotted line represent absorption spectra of HCON(CH2)(CH3) 
and CH3CON(CH2)(CH3) radicals reproduced from ref 7.

order. At high [C H 2COCH3] it approached second- 
order decay, indicating presumably competition be
tween dimerization and unimolecular decomposition to 
produce ketene (CH2= C = 0 )  and CH3- radicals. For 
comparison, the absorption spectrum of the (CH3)2C- 
(OH) radical, previously obtained,171 is shown in Fig
ure 2.
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On addition of amides to aqueous solutions contain
ing acetone, new transient absorptions are observed, 
and different decay kinetics are obtained. Figure 3 
shows the transient spectra produced on flash photo
lysis of air-free 30 mM acetone in presence of 1.0 M  di- 
methylformamide and 0.5 M  dimethylacetamide.

On flash photolysis of air-free aqueous solutions of 20 
mM acetone in presence of 3.2 M  F, 5.0 M  A, and 3.0 
M  NMA weaker transient absorptions were observed, 
with maximum at ~320, 400, and 340 nm, respectively. 
All these intermediates decayed by second-order ki
netics, and the values are given in Table I. From the 
decay kinetics, it is possible that Ri +  Ri and Ri +  R 2 
radical-radical reactions are occurring.

The flash photolysis of neat DM F in presence of 
~ 3 0  mM acetone produced the same radicals as found 
in aqueous DMF-acetone solutions.

Discussion
Flash Photolysis of Acetone. The absorption band of 

acetone (Xmax ~280 nm, e28o — 18 M _1 cm-1) is related 
to a single-singlet 7n-ir transition involving the non
bonding electron of the oxygen atom. Borkman and 
Kearns14 have found that the excited singlet state of 
acetone in liquid acetone at 23° has a r ~  25 nsec and a 
<f>F = 0.01; it undergoes intersystem crossing to the 
triplet state 3n-ir with <f>u ~  1.0 and fc2 = 4 X 107 sec-1. 
In pure acetone,14 the triplet lifetime is >30 jusec (fc4 
can be estimated to be ^ 2  X 10s M -1 sec-1), while 
in liquid hexane19 it is ~ 0 .4  /xsec. The following 
primary photodissociative processes are considered

CH3COCH3 CHsCOCH,1 (1)

CHaCOCHs1 — > CH3COCH33 (2)

CH3COCH33 — ► CH3 +  CH3CO (3)

CH3COCH33 +  CH3COCH3 — ►
CH2COCH3 +  CH3C(OH)CH3 (4)

(19) F. Wilkinson and J. T. Dubois, J. Chem. Phys., 39, 377 (1963).
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The methyl radical produced can abstract hydrogen, 
and all the radicals undergo combination and dispro
portionation reactions. In presence of an efficient 
hydrogen donor, e.g., isopropyl alcohol, reaction 5
C H 3 C O C H 3 3 +  C H 3C H ( O H ) C H 3 —

2CH3C(OH)CH3 (5)

occurs and dissociation of triplet excited acetone via 
reaction 3 can be almost completely suppressed.12

The transient absorption observed in the flash pho
tolysis of acetone in water, Figure la, is suggested to be 
due to the -CH2COCH3 and (CH3)2C(OH) radicals. 
The absorption spectra and extinction coefficients of 
these radicals are shown in Figure 2. Assuming the 
formation of equal concentrations of each radical, a 
transient absorption was reconstructed (based on the 
spectra in Figure 2) and is superimposed on Figure la. 
The agreement is satisfactory. Zeldes and Livingston11 
have observed the esr spectra of CH2COCH3, (CH3)2- 
COH, and CH3 radicals on photolysis of aqueous ace
tone in the cavity of the esr spectrometer. Diacetone 
alcohol and the pinacol are among the products recently 
observed* * * * * * 20 in the liquid phase photochemistry of ace
tone.

In presence of excess isopropyl alcohol, only (CH*)*- 
C(OH) radicals are produced, Figure lb, and agreement 
with the spectrum obtained independently from pulse 
radiolysis17a by the reaction OH radicals with isopropyl 
alcohol (OH +  CH3CH(OH)CH3 — CH3C(OH)CH3 +  
H20 ) is excellent. In 20 m l  acetone and 3.0 M  iso
propyl alcohol, the decay at 320 nm is second order with 
2k/e = 4.7 X 106, compared to 2k/e =  4.6 X 106 from 
pulse radiolysis work.17a Taking the extinction coef
ficient given in ref 17a, 2k = 1.1 X  109M -1 sec_1.

Flash Photolysis of Acetone and Amides. In the 
presence of amides, the triplet excited acetone can be 
expected to abstract H atoms at two sites, e.g.

CH3COCH33 +  CH3CONH2

CH3COCH33 +  CH3CON(CH3)2

The transient absorption spectra of the four amide 
radicals in reactions 6-9 have been observed7 by pulse 
radiolysis, and their decay rates and extinction coef
ficients have been determined. The CH2CONH2 
radical has an absorption maximum at 400 nm and 
e4oo =  1050 cm-1, and the CH3CONH radical
X,riax <235 nm and e236 = 2000 M~l cm-1. The CH3- 
CONCH2(CH3) radical has Xmax 350 and 245 nm with 
e35o = 2000 M -1 cm-1 and e245 = 7000 cm "1; the
CH2CON (CH3)2 radical absorbs Xmax 490 nm and £490 = 
1000 M _1 cm-1.

In the flash photolysis of acetone containing A and 
DMA, the transient spectra observed and the decay 
kinetics are in accord with the formation of CH2- 
CONH2 and CH3CONCH2(CH3) radicals, via reactions 
6 and 9, with the CH3C(OH)CH3 radicals formed in all 
cases. It would appear that the extent of reaction 8 is 
quite small compared to 9, in agreement with esr obser
vations.9 The presence of CH3CONH could not be 
established since it absorbs below 310 nm and is masked 
by the absorption of ground state acetone.

In the photolysis of acetone plus formamide the 
amide radicals • CONH2 and HCONH could be formed. 
From pulse radiolysis work,7 the • CONH2 radical has a 
Xmax ~320 nm and the HCONH was found to have a 
maximum below 245 nm. In the acetone-photosensi
tized decomposition of formamide, CONH2 is the main 
radical observed in flash photolysis and by esr spectros
copy.9 The products observed21 in the steady-state 
photolysis of CH3COCH3 and HCONH2 include 
(CONH2)2 and (CH3)2C(OH)(CONH2), in good agree
ment with our conclusions.

With dimethylformamide, the main hydrogen ab
straction by triplet CH3COCH3 appears to be at the 
N -C H 3 group, to produce HCONCH2(CH3). This 
radical was found7 to have two peaks at 380 and 248 nm, 
with extinction coefficients of 1600 and 6900 M _1 cm-1, 
respectively.

It could be argued that the transient species observed 
are not produced by hydrogen abstraction by triplet 
excited acetone, but by methyl radicals. This is not 
considered to be the case since (a) the rate22 of H-atom 
abstraction by CH3 radicals is approximately four to 
five orders of magnitude lower than that of recombina
tion of CH3, and at the relatively high intensities pro
duced in flash photolysis most of the CH3 radicals 
would form12 C2H6; (b) the CH3C(OH)CH3 radical is 
observed in the photolysis of acetone-amide mixtures.

► CH2CONH2 +  CH3C(OH)CH3 (6)

► CH2CONH +  CH3C(OH)CH3 (7)

CH2CON(CH3)2 +  CH3C(OH)CH3 (8)

CH3CONCH2(CH3) +  CH3C(OH)CH3 (9)

Quenching of singlet excited acetone is not considered
likely. Energy transfer from triplet acetone to the
amides cannot be ruled out, since the triplet energy
level of the amide group is not known. However, this
possibility could be discarded since direct optical exci
tation of these amides did not produce any transients

(20) J. T . Przybytek, S. P. Singh, and J. Kagan, Chem . C om m un., 
1224 (1969).
(21) H . Grossman, Z . N alurforsch . B , 20, 209 (1965).
(22) J. K . Thomas, Advan. R adiai. Chem ., 1, 150 (1970).
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(of course the 4>kc might be low) and, again, CH3C- 
(OH)CH3 radicals are formed.

Conclusions

These results can best be interpreted on the basis of 
hydrogen-atom abstraction from the amides by triplet 
excited acetone. It is interesting to note that the site 
of abstraction by triplet excited acetone, as observed 
by flash photolysis (this work) and by esr spectros
copy,9 is the same as that which has been found7 for 
OH radicals produced under pulse radiolysis conditions. 
Hydroxyl radicals are known to be electrophilic in their

reaction with compounds. Furthermore, it would 
appear that, qualitatively, the rate of abstraction from 
different amides by triplet acetone follows the same 
order as the rate7 of abstraction by OH radicals. 
Should these relationships be found to hold with other 
sensitizers and H-atom donors, it would be possible to 
predict the site of abstraction by triplet excited mole
cules based on the wealth of information available for 
OH radicals.
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The 254-nm photolysis of Co(NH 3) 50 2 CCH 32+ in aqueous solution generates Co2+, C 02, C2H 6 , and CH4 with 
<£co2+ —  4*co. —  (2 <pc2He +  0 ch4) =  0.19. The stoichiometry and absence of any photoaquation products 
indicate that irradiation of the charge-transfer band of the complex results in electron transfer from the acetato 
ligand to the metal center. Isotopic substitution, radical scavenging, and light intensity studies demonstrate 
that CH 3 radicals are released into solution. At 366 nm, on the other hand, irradiation of the ligand-field 
band with slight charge-transfer overlap yields (NH 3) 4Co(OH 2) 0 2 CCH32+ with very small amounts of Co2+. 
There is no evidence of primary acetate aquation or the oxidation of an ammonia ligand.

Introduction
Irradiation of pentaammine complexes of Co (III) 

[of the general form Co(NH3)5X 2+] in their intense lig
and-to-met al charge-transfer absorption band results 
in a number of possible processes, the most predominant 
of which is photoreduction with the formation of Co2+ 
and an oxidized ligand free radical from the one-elec
tron transfer. Only in a limited number of cases has 
the radical been identified and characterized, either by 
direct flash photolytic observation or through the varia
tion of final products in the presence of radical scav
engers.2 Penkett and Adamson3 observed Br2-  and 
I2~ from the flash photolysis of Co(NH3)6Br2+ and 
Co(NH3)5I2+, respectively, and concluded that Br and 
I atoms were generated in the primary process. On 
the other hand, the flash photolysis of Co(NH3)6C12 + 
gave no transient unless free Cl-  was present; under

those conditions a transient species was detected that 
could not be identified as Cl2_ but rather as NH2C1~ or 
NH3C1.4 Product yields and scavenger studies are con
sistent with the formation of the N3 radical from Co- 
(NH3)6N32+.6 Kinetic and flash results show that a 
radical is implied in the photochemistry of oxalato-

(1) This work was supported by Grant GP 11213 from the National 
Science Foundation. Aspects of it were presented at the Second 
Northeast Regional Meeting of the American Chemical Society, 
Providence, R . I., Oct 1970.
(2) V. Balzani and V. Carassiti, “ Photochemistry of Coordination 
Compounds,”  Academic Press, New York, N. Y ., 1970.
(3) S. A. Penkett and A. W . Adamson, J. Amer. Chem. Soc., 87, 
2514 (1965).
(4) G. Caspari, R . G. Hughes, J. F. Endicott, and M . Z. Hoffman, 
ibid., 92, 6801 (1970).
(5) J. F. Endicott, M . Z. Hoffman, and L. S. Beres, J. Phys. Chem., 
74, 1021 (1970).

The Journal of Physical Chemistry, Vol. 75, No. IS, 1971



Ultraviolet Photochemistry of Acetatopentaamminecobalt(III) 1915

amine complexes.6 Because of the generally high 
values of the extinction coefficients of these complexes 
in the 250-nm region, Co(III) complexes have potential 
value as a convenient source of selected radicals for 
their study in aqueous solution. This technique would 
be of particular interest if other methods of generation 
of the radicals involved vacuum ultraviolet photochem
istry, radiation chemistry, or thermal reactions where 
complexities of the system have limited the study of the 
radicals in the past.

Spectral evidence has indicated that ammonia aqua
tion is an accompanying process in Co(NH3)6C12+;7 
kinetic evidence has demonstrated the same effect upon 
irradiation of the charge-transfer band of Co(NH3)6- 
N32+.8 On the other hand, irradiation in the ligand- 
field (d-d) bands results in ligand substitution, gener
ally aquation, with a small amount of internal oxida
tion-reduction depending upon the overlap of the 
charge-transfer and d-d bands. The heterolytic bond 
fission leading to aquation would be expected to occur 
at the more weakly bonded ligand resulting in the for
mation of Co(NH3)6OH23+ and release of the free lig
and.9

In this study the ultraviolet photochemistry of Co- 
(NH3)60 2CCH32+ was examined for the identification 
and further reactions of the reaction intermediates and 
for the wavelength dependence of the quantum yields. 
In a preliminary review, Adamson10 reported that the 
366-nm photolysis of this complex leads to the forma
tion of Co2+ and the “ free acid.” More recently,11 the 
quantum yield for photoreduction in the 340-380-nm 
region was given as <7 X 10~4 with no indication of the 
occurrence of aquation processes, if any. No considera
tion was given to the fate of the free radicals formed in 
the primary process.

Experimental Section

Preparation of Complexes. [Co(NH?J)602CCH3 ] (ClOA)2. 
The method reported by Jackman, Scott, and Portman12 
was found to be the best method for the preparation of 
this complex. Almost quantitative yields were ob
tained by allowing [Co(NH3)6OH2 ](C1 0 4 ) 3 and acetic 
anhydride to react in aqueous solution with an excess 
of NH3 for a few hours at 25°. The complex was re
crystallized from distilled water at 50° (Xmax 505 nm; 
e6 05 74.4 M-1 cm-1).

[Co(NH3)6OiCCD3](ClOi)2. Since the deuterium of 
the methyl group of CD3COOD exchanges with water 
in basic solution,13 a preparation had to be found which 
would produce the desired complex in good yield below 
pH 7. A modification of the method of Jones and 
Thomas14 gave the best results. A sample of 2.5 g of 
[Co(NH3)8C03](N03) was dissolved in a minimum vol
ume of water at 50°. To this solution 1.5 ml of CD3- 
COOD was added. The mixture was heated at 45- 
55° for 3.5 hr, and the desired complex was precipitated 
by the addition of 60% HC104, then filtered and washed

with HCIO4 , ethanol, and ether. The complex was 
recrystallized twice from distilled water which had 
been acidified slightly with HC104 (Xma* 504 nm; e6 0 4

73.6 M“ 1 cm-1).
[Co{NH3)&02CCH2Cl]{ClOf)2. [Co(NH3)6C03](N03) 

(2.5 g) and 4.0 g of ClCH2COOH were suspended 
in 10 ml of water. The suspension was heated on a 
steam bath for 2 hr after which the complex was pre
cipitated by addition of 60% HCIO4 . The precipitate 
was washed and recrystallized as above (Xmax 503 nm; 
e8 03 61.2 M_1 cm-1).

[Co(NH3)602CCCk](Cl04)2. The method of Gould 
and Taube15 was used with the modification that no 
extraction with ether was carried out. The parent 
acid was soluble in water so that separation from the 
complex was accomplished by recrystallization (Xmax 
503; 6 5 0 3 65.6M "1 cm-1).

The complexes were generally recrystallized two or 
three times before use. Absorption spectra agreed to 
within a few per cent of those given in the literature.14 
All solutions were prepared using distilled and/or de
ionized water and reagent grade chemicals.

Photolysis Apparatus. The Hanovia low-pressure 
mercury resonance lamp (70 ~  6.6 X 10~3 einstein l._1 
min-1) and the mercury immersion lamp (70 ~  5.5 X 
10“ 4 einstein l._1 min-1) have already been described6 
and were used for most of the experiments. For the 
low light intensity studies at 254 nm (70 ~  10“ 6 einstein 
l.“ 1 min-1) and photolyses at 366 nm, a Bausch and 
Lomb high-intensity monochromator with a super
pressure mercury lamp was used. The band pass was 
15 nm. The photolysis techniques have already been 
described in detail.4’6'16

Uranyl oxalate17 or potassium ferrioxalate18 were 
used as standard chemical actinometers. Solutions of 
Co(NH3)6Cl2+ in 0.1 M HC104 were used to check pe
riodically the output of the photolysis units at 254 nm 
using $co*+ = 0.17 at 25°.16

(6) H. Way and N. Filipeseu, Inorg. Chem., 8, 1609 (1969); A. F. 
Vaudo, M . Z. Hoffman, E. Papaconstantinou, and J. F. Endicott, 
unpublished work.
(7) L. Moggi, N. Sabbatini, and V. Balzani, Gazz. Chim. Ital., 97, 
980 (1967).
(8) J. F. Endicott and M . Z. Hoffman, J. Amer. Chem. Soc., 90, 
4740 (1968).
(9) A. W. Adamson, W. L. Waltz, E. Zinato, D. W. Watts, P. D. 
Fleischauer, and R. D. Lindholm, Chem. Rev., 68, 541 (1968).
(10) A. W. Adamson, Coord. Chem. Rev., 3, 169 (1968).
(11) A. W . Adamson, A. Vogler, and I. Lantzke, J. Phys. Chem., 73, 
4183 (1969).
(12) L. M. Jackman, R. M . Scott, and R. H. Portman, Chem. 
Commun., 1338 (1968).
(13) D. J. G. Ives, J. Chem. Soc., 81 (1938).
(14) W . E. Jones and J. D. R. Thomas, ibid., 1482 (1966).
(15) E. S. Gould and H. Taube, J. Amer. Chem. Soc., 86, 1318 
(1964).
(16) J. F. Endicott and M . Z. Hoffman, ibid., 87, 3348 (1965).
(17) W . A. Noyes, Jr., and P. A. Leighton, “ The Photochemistry 
of Gases,” Reinhold, New York, N. Y ., 1941.
(18) C. A. Parker and G. C. Hatchard, Proc. Roy. Soc., Ser. A, 235, 
518 (1956).
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Flash photolysis was performed using a Xenon Corp. 
Model 720 unit in the manner already described.4

Analytical Procedures. Co2+ was determined using a 
modification of Kitson’s method:19 4 ml of the solu
tion containing Co2+ (<  5 X 10-3 M) and 8 ml of a 
50% solution of NH4SCN were diluted to 25 ml with 
acetone, and the absorbance at 620 nm was recorded 
(e62o 1.86 X 10» AT“ 1 cm"1).

Gaseous products were detected and determined by 
gas chromatography and mass spectrometry from pho
tolyses performed in vacuo,20 The complex products of 
the reactions were separated on cation-exchange resins 
(Dowex 50W-4X, 200-400 mesh) and examined spec- 
trophotometrically. Since the parent compound un
derwent a slow, acid-catalyzed thermal aquation on the 
column when eluted with HC104, all separations made 
use of Na+ or H+ columns using 0.1-2.0 M Mg(C104)2 
for elution.
Results

Photolysis at 254 nm. Products. The major prod
ucts from the irradiation of Co(NH3)60 2CCH32+ are 
Co2+, C02, C2H6, and CH4 with minor amounts of H2. 
Table I summarizes our determinations of the quantum 
yields of product formation at high and low light in
tensity. The data presented here are slightly different 
than those reported previously21 and are the result of 
more refined gas handling and analysis techniques. 
The quantum yields were not noticeably dependent on 
[H + ] from pH 0 to 4 or on [complex] under conditions 
where 7a remained essentially constant during the ex
posure period (1-5 X 10-3 M). Results were not de
pendable at lower concentrations due to depletion of the 
substrate and the increasing error in the collection and 
analysis of small quantities of gas. Reactions were 
generally run to 10-20% of completion and in no case 
greater than 50%.

Table I : Quantum Yields of Products at 254 nm“

Product <t> (high /a)6 <t> (low Ia)c

Co2+ 0.192 ±  0.007d 0.22 ±0 .0 2 «
co2 0.174 ±  0.003 0.184 ±  0.006
c h 4 0.005 ±  0.001 0.045 ±  0.003
c 2h 6 0.085 ±  0.002 0.063 ±  0.002
h 2 Trace Trace
n 2 None detectable-1 None detectable-1

“ [Co(NH3)602CCH 32+] = 5.0 X 10-3 M ; [HCIOJ = 0.1 M; 
25°. Error limitations are average deviations. 6 /»  — 4.6 X 
10-3 einstein l.-1 min-1; four determinations. ~  5.9 X 
10 6 einstein l .-1 min-1; two determinations. d 7a ~  5.5 X 
10-4 einstein l._1 min-1; six determinations. ' l a ~  1.8-2.9 
X 10-6 einstein l.-1 min-1; two determinations. 1 All N2 de
tected could be accounted for as leakage.

A variation in the product yield was observed at low 
light intensities as indicated in Table I. The increase

in <t>Co2 + and </>c0, may be significant; the effect on CH4 
and C2H6 is far beyond any experimental error.

A continuous purge of 0 2 had no effect on <f>Co,+ and a 
pressure of 600 Torr of 02 above the solution had no 
effect on <j>co,; the yield of C2H6 was reduced by 40% 
and the CH4 yield became so small that it could not be 
determined. A positive chromotropic acid test for 
formaldehyde22 was obtained for solutions irradiated in 
the presence of 0 2.

Isotopic Substitution. A 1:1 mixture of Co(NH3)6- 
0 2CCH32+ and Co(NH3)50 2CCD32+ was photolyzed at 
high intensity and the gaseous products were collected, 
analyzed mass spectrometrically, and compared with 
the results from the pure isotopic species. The intensi
ties of the various peaks corresponding to CH3CH3, 
CD3CH3, and CD3CD3 and their daughter fragments 
were normalized to that of C02 (m/e  44) and are shown 
in Table II. The m/e  30 peak in the D-substituted 
cases cannot be used to obtain meaningful results be
cause of the contribution from the fragmentation of 
CD3CD3 and CH3CD3. Similarly, a small contribution 
to the m/e  33 peak may arise from H-substituted im
purity in the D complex or from spurious material.

Table II : Mass Spectrometry Data“

/--------------- It eliEitive intensiflies6--------------- .
1:1 H-D

Co(NH.)t- Co(NHa)s- complex
m/e OiCCHjH- OjCCDi> + mixture

30 (CH3CH3) 3.9
33 (CH3CD3) 0 .0 1 . 9

36 (CD3CD3) 0 .0 3.6 1 . 0

[complex] =  5.0 X 10 " 3; [HCIO4] = 0.1 M  ; exposure time
= 1 min. 6 Normalized to the value of m/e 44.

Examination of the methane peaks uncomplicated by 
the overlap of daughter fragments reveals the follow
ing: (1) over 90% of the methane from the pure D 
complex is CD3H rather than CD4; (2) the m/e 19 and 
20 peaks are reduced by approximately a factor of 2 
when the H-D complex mixture is used as compared 
with the pure D complex. Photolysis of the pure H 
complex in 83% D20 produced a sixfold increase in 
m/e 17 as compared with a photolysis run in H20. 
Although this experiment was performed rapidly with 
total contact of the complex with D20 restricted to 2.5 
min, the possibility of H-D exchange with the acetate 
or ammonia hydrogens and the overlap of the methane

(19) R. E. Kitson, Anal. Chern., 22, 664 (1950).
(20) R. G. Hughes, J. F. Endicott, and M . Z. Hoffman, Chem. 
Commun., 195 (1969).
(21) E. R. Kantrowitz, J. F. Endicott, and M . Z. Hoffman, J. Amer. 
Chem. Soc., 92, 1776 (1970).
(22) C. E. Bricker and H. R. Johnson, Ind. Eng. Chem. Anal. Ed., 
17, 400 (1945).
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daughter fragments renders this observation somewhat 
equivocal.

Presence of Alcohols. The values of <t>Cos+ and <£COj 
were not measureably altered by the presence of up to 
10 M CH3OH. However, <£CHl increased and #c2h« de
creased as [CH3OH] was increased as has already been 
shown;21 the value of (2 4>CiH, +  <j>CH<) remained con
stant and approximately equal to $co»+ and 4>cor 
Tests for formaldehyde22 and ethylene glycol23 were 
positive; quantitative data are given in Table III. 
Since H2CO and (CH2OH)2 arise from the dispropor
tionation and recombination of the CH2OH radical 
which would be expected to be formed from CH3OH 
upon H abstraction, the material balance should be 
H2CO +  2 glycol = CH4. The data show that this 
stoichiometry is followed.

Table III : Material Balance in the Presence of CH3OH°

Exposure
time, [HiCO], [glycol], [CH( ],
min nM txM »Mb

0 0 .0 0 .0 0 .0
2 3 9 .8 £ .9 5 2 .1
4 8 7 .0 1 8 .0 1 4 1 .1
6 1 8 0 .0 2 3 .0 2 1 4 .0

“ [Co(NH3)60 2CCH32+] = 5.0 X 10-5 M ;  [HCIOJ = 0.1 M ;  
[CH3OH] = 5.0 M .  b The CH4 yield was not measured in 
these experiments but calculated from the measured Co2+ yield 
since under these conditions, [CH4] = 0.34 [Cos+]; see Figure 2 
of ref 21.

The effect of the presence of 2-propanol is more com
plex. In addition to its role as scavenger of the radical 
precursor to CH4 and C2H6 resulting in an increase in the 
CH4 yield while the C2H6 yield decreases, the presence 
of 2-propanol also affects <£Co!+. Figure 1 shows that 
the increase in </> Co! + parallels the change in the quantum 
yields of the gaseous products. For example, a plot 
of <t>ch< vs. <f>co*+ at various values of [2-propanol] re
sults in a straight line with a slope of unity. The limit
ing value of 4>coi+ is almost exactly twice the value in 
the absence of 2-propanol. At the same time, <t>CCh is 
unchanged. It appears that the variation of 4>Co«• as a 
function of [2-propanol] is independent of / a over 
three orders of magnitude. However, in the presence 
of 1 atm of 0 2 and 5 M  2-propanol, the value of 4>co'-* 
is ~0.2.

Flash Photolysis. No transients were observed from 
the flash photolysis (500 J) of deoxygenated solutions of 
Co(NH3)60 2CCH32+. When a 5 X 10-6 M solution 
at pH 3.1 was purged with air or pure 0 2, a transient 
spectrum was observed at X <320 nm with increasing 
o.d. at decreasing X. Because of the strong absorption 
of the complex at X <260 nm, X̂ ax of the transient spec
trum could not be determined. The decay of the

Figure 1. Quantum yields of products at 254 nm in the 
presence of 2-propanol. [Co(NII3)50 2CCH32+j = 5.0 X lO-3 
M ;  [HC104] = 0.1 M .

transient followed at 285 nm was second order. Under 
the reasonable assumption that the transient is formed 
from the reaction of 0 2 with a radical that arises from a 
primary process and is stoichiometric with Co2+, the 
measurement of the Co2+ yield from a single flash 
would provide a value of the concentration of the 
transient species immediately after the flash. For 
[complex] = 1 X 10~4 M, [Co2+] = 2.5 X 10“5 M 
from one flash (unfiltered). From this value and the 
extrapolation of the decay curve back to “ zero time,” a 
value of 120 M ~ l cm-1 was calculated for e286 giving a 
second-order rate constant of 7 X 107 M~l sec-1.

Chlorine-Substituted Complexes. A small but mea
sureably significant increase in 4>co*+ was observed 
when solutions of the monochloro or trichloroacetato 
complexes were photolyzed at high light intensities. 
ForCo(NH3)60 2CCH2CL2+,<f»co» = 0.22; forCo(NH3)5- 
0 2CCC132+, <f>co2+ — 0.25. The only gaseous product 
noncondensible at —78° was C02 in slightly less than 
stoichiometric amounts; no attempt was made to ex
tract the chlorine-containing products. No Cl-  was 
released into solution. Neither complex exhibited any 
marked change in <j>Co2 + or 4>c0, in the presence of up to 
5 M 2-propanol.

Photolysis at 366 nm. Products. Upon photolysis 
at 366 nm, the color of the solution changed from its 
original red-orange color to red-purple, unlike the fading 
observed at 254 nm. Very small yields of Co2+, CH4, 
C2H6, and C02 were found. Separation of the dissolved 
material by ion-exchange chromatography gave three 
fractions, two with a 2+ charge and one with a 3 +  
charge. One of the 2+ fractions was identified as the 
starting material. The other 2+  fraction which had 
eluted with 0.3 M Mg(C104)2 was concentrated on a 
rotatory evaporator and allowed to precipitate; ap
proximately 25 mg of product was isolated. Its visible- 
uv spectrum indicated that the product was a Co (111)

(23) F. E. Critchfield and J. B. Johnson, Anal. Chem., 29, 797 
(1957).
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complex very similar to the starting material, possibly 
Co(NH3)4(OH2)02CCH32+. This complex was pre
pared24 although not isolated as the solid. A compari
son of the behavior of the unknown 2+ fraction and the 
prepared complex showed that they both eluted before 
the substrate and had virtually identical spectra (Xmax 
350, 509 nm). On the basis of the evidence, it appears 
that the observed 2+ product is the result of NH3 aqua
tion. The quantity of the 3+ species recovered was 
much smaller; in fact there was insufficient material 
from the 3+ fraction to characterize its spectrum. 
However, the photolysis of Co(NH3)4(OH2)02CCH32+ 
at the 366 nm gave a 3+ species as its predominant 
product leading to the speculation that the 3+ product 
from Co(NH3)602CCH32+ arises from secondary pho
tolysis and can be identified as Co(NH3)4(OH2)23+.

The quantum yields shown in Table IV were based 
on these identifications.

Table IV : Quantum Yields of Products at 366 nm“

Product $

Co2+
c h 4
c 2h 6
co2
h 2
n 2
C o(N H 3)4(OH2)-

o2c c h 32+
3+  product

1 X io-3
2 X 10-“6 
2 X 10-B b 
5 X IO-4 *

Trace
None detectable' 

0.011

<5 X 10-4

“ [Co(NH3)60 2CCH32+] = 1.0 X 10-2 M ;  [HC104] = 0.1 M ;  
/„  ~  1.2 X 10-4einstein l.-1 min-1; room temperature. b Large 
chromatograph errors due to the small quantities of gas in
volved. ‘  All N2 detected could be accounted for as leakage.

Discussion
Charge-Transfer Excitation. The stoichiometry of 

the photoreaction at 254 nm, given by <f>co2 + ~  <t>co, — 
(2 0 Cih. +  <£c h , ) , accounts for virtually all the electron 
equivalents in the charge-transfer process as has been 
noted before21 and implies the primary process

(NH3)6Co(02CCH3)2+ - X

Co2+ +  5NH4+ +  CH3C02 (1)
The lifetime of the CH3C02 radical in solution is 
believed to be very short26 and decarboxylation would 
be expected to occur before any significant bimolecular 
processes took place.

CH3C02 CH3 +  C02 (2)
2CH3C02 — » CH3C02CH3 +  C02 (3)

Reaction 3 could account for the slight deficiencies in 
the yields of C02 produced although small amounts of 
C02 are difficult to recover quantitatively, even from

highly acidic solution. Because there is no evidence 
that CH3C02 ever exists as a free entity in our system 
Oe.g., <j>c.Oi is independent of [alcohol]), it is possible that 
CH3 and C02 are released directly from the cttm excited 
state. At high light intensities the predominant fate of 
the CH3 radicals is combination to yield C2H6

CH3 +  CH3 — > C2H6 (4)
for which i;4 = 2 X 1010 M-1 sec-1.26

There appears to be ample evidence that CH3 radicals 
are generated free in solution by the photolysis of the 
complex. The ratio of the isotopically substituted 
ethanes from the photolysis of the H-D mixture is 
accounted for by the statistical combination of CH3 
and CD3 radicals. Scavenging of CH3 by the alcohols 
increases the CH4 yield at the expense of C2H6.

CHa +  CH3OH — ► CH4 +  CH2OH (5)
CH3 +  (CH3)2CHOH —> CH4 +  (CH3)2COH (6)

The use of 1 M allyl alcohol causes the C2H6 yield to be 
quenched while the CH4 yield becomes 30% of <hcot+- 
With still nearly quantitative recovery of C02 and no 
apparent effect on <j>Co,+, (2<£C2„ 6 +  0CHl) ja 4>ccm indi
cating CH3 radical insertion and H-abstraction reac
tions with the alcohol.

The reaction of 0 2 with CH3 is efficient with k7 =
4.7 X 109 M~l sec-1 27 and should have completely

CH3 +  02 —> CH302 (7)
quenched the C2H6 yield. However, the experimental 
conditions did not provide for the replacement of the 
reacted 0 2 from the gas phase. The quantum yield of 
C2H6 observed in the presence of 02 compares very fa
vorably with that calculated for reaction of CH3 with 
only that 0 2 originally dissolved. There is apparently 
no reaction of 0 2 with the excited state or radical pre
cursor since <f>Co!+ and <hco, are unaffected by 0 2. Slep- 
py and Calvert28 report that the CH30 2 radical under
goes disproportionation followed by the similar reaction 
ofCHaO

2CH302 — ► 2CH30  +  0 2 (8)
2C H 30 — >  CH aO H  +  H 2CO  (9)

A positive test for H2CO found in the presence of 0 2 
supports this mechanism. The CH30 2 radical has been 
observed spectrophotometrically from the reaction of 
02 with CH3 radicals produced by pulse radiolysis 
through the reaction of e8q_ and CH3I in aqueous solu-

(24) K . D. Kopple and R. R. Miller, Inorg. Chem., 2, 1204 (1963).
(25) L. Herk, M . Feld, and M. Szwarc, J. Amer. Chem. Soc., 83, 2998 
(1961).
(26) W. A. Pryor, “ Free Radicals,”  McGraw-Hill, New York, N. Y., 
1966, p 161.
(27) J. K. Thomas, J. Phys. Chem., 71, 1919 (1967).
(28) W. C. Sleppy and J. C. Calvert, J. Amer. Chem. Soc., 81, 769 
(1959).
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F i g u r e  2 .  L i g h t  i n t e n s i t y  d e p e n d e n c e  o f  C I L  a n d  C 2H 6 

f o r m a t i o n .  [ C o ( N H 8 ) 60 2C C H 3 a + ]  =  5 . 0  X  1 0 ~ 3 M ;  [ H C 1 0 4]

=  0 . 1  M ; m, C H 4 ; O ,  C 2H 6 .

tion.27 There is no maximum in the spectrum; only a 
tail from 250-320 nm is shown.27 The transient we ob
serve can be identified as the CH302 radical although we 
realize the problems associated with the comparison of 
spectra having no defined Xmax. Our calculated rate 
constant for the second-order decay of the transient, 
presumably reaction 8, of 7 X 107 M~l sec-1 is to be 
compared with that for the cyclohexylperoxy radical 
(2.8 X 106 M~l sec-1) and the cyclohexanolperoxy 
radical (1.8 X 107 M~l sec-1).29 It is to be expected 
that the activation energy and steric restrictions that 
cause these peroxy radical reactions to be so much 
slower than those which are diffusion controlled oper
ates to a somewhat lesser extent in the case of CH30 2.

The CH4 in the absence of any added scavenger must 
arise from some H-atom abstraction reaction

CH3 +  S —> CH4 +  ? (10)
Regardless of the nature of S, consideration of reactions 
1, 2, 4, and 10 and a steady-state treatment for the 
radicals (assuming that fci0[S] «  fc4[CH3]) leads to the 
prediction that d[C2H6]/d£ «  7a and d[CH4]/df 7a1/!. 
Thus, a plot of log rate vs. log 7a should generate straight 
lines with slopes equal to the value of the exponent of 
Is.- Figure 2 shows this behavior over three orders of 
magnitude of 7a and lends further support to the pro
posed mechanism.

It is not completely clear what is the source of CH4 
and the nature of species S in reaction 10. If the com
plex is the scavenger, then the isotopic substitution data 
indicate that H abstraction does not primarily take 
place at the acetato ligand; the data are not sufficiently 
clear to demonstrate that attack is on the NH3 ligands. 
However, the reaction of H atoms with Co(NH3)63+ 
produces Co2+, 30 either through the formation of a 
coordinated NH2 ligand which then reduces the Co(III) 
or via direct H-atom attack on the metal center.31 We

therefore propose that the source of CH4 in the absence 
of added scavengers is through reaction with the com
plex at the NH3 ligand with the formation of additional 
Co2+.

CH3 +  Co(NH3)60 2CCH32+

CH4 +  Co2+ +  4NH4+ +  NH2+ +  CH3C02H (11)

Unfortunately it was not possible to vary [complex] 
sufficiently to test this aspect of the mechanism due to 
considerations of light intensity, solubility, and the 
error in the analysis of small quantities of CH4. The 
additional yield of Co2+ from reaction 11 would not be 
detectable in the presence of Co2 + from reaction 1. At 
low light intensities, on the other hand, where reaction 
11 becomes more probable at the expense of reaction 4 a 
small increase in <t>c0*+ should be observed. As was 
pointed out in the Experimental Section, the observed 
apparent increase in <£co*+ at low intensities may be sig
nificant. The fate of the NH2+ radical is unclear but it 
does not appear to be the formation of measurable 
amounts of N2. A search for other nitrogenous prod
ucts, often an exercise in frustration,20 was not at
tempted. The probability of CH3 attack on the solvent 
appears to be very low due to the unfavorable energetics. 

Considering reactions 4 and 10, it is easy to show that

fcio _  (rate of formation of CH4)
/c4’/! [S'] (rate of formation of C2H6)1/2

for any scavenger for CH3 that serves as a H donor. 
Applying this relationship to the complex at a concen
tration of 5 X 10-3 M over three orders of magnitude of 
light intensity, we obtain a value of 4 ±  1 X 103 M~l 
sec-1 for the rate constant of reaction 11. No data 
appear to be available in the literature for CH3 radical 
reactions with Co(III) complexes to use as a compari
son. However, ¿(H +  Co(NH3)e0 2CCH32+) < 1.3 X 
106 M~l sec-1 32 and H-atom rates are known27 to be 
~103 times as fast as CH3 radical rates.

Using the scavenging data for the alcohols as shown 
in Figure 1 and ref 21, the rate constants for the CH3-  
alcohol reactions can be evaluated in the same way. 
Only lower limits of these values can be obtained from 
our data; the gas yields were obtained under conditions 
whereby the extent of reaction was high and 7a, and thus 
the steady-state concentration of CH3, was varying 
during the photolysis. We find /fc6 > 1 X 102 M-1 sec-1 
and fc6 > 1.6 ±  0.3 X 103 M~l sec-1 as compared with 
Thomas’ values27 of 2.2 X 102 and 3.4 X 103, respec
tively. Although our absolute values are a factor of 2 
lower, the ratios are identical. By taking the appro-

(29) R. L. McCarthy and A. MacLachlan, Trans. Faraday Soc., 57, 
1107 (1961); J. Chem. Phys., 35, 1625 (1961).
(30) G. Navon and G. Stein, J. Phys. Chem,.. 69, 1390 (1965).
(31) G. Navon and D. Meyerstein, ibid., 74, 4067 (1970).
(32) J. Halpern and J. Rabani, J. Amer. Chem. Soc., 88, 699 (1966).
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priate precautions concerning variation of 7a, we have no 
doubt that reliable absolute values can be obtained.

In this regard we would like to point out that the 254- 
nm photolysis of Co(NH3)60 2CCH32+ may serve as a 
convenient source of CH3 radicals in aqueous solution. 
Because of the relatively high absorptivity of the com
plex at 254 nm (e2 5 4 3440 M~ 1 cm-1), the high quantum 
yield (0.2) of radical production, and the relatively low 
reactivity of the complex towards the radical, this tech
nique has some obvious advantages for the study of CH3 
radical reactions in aqueous solution over other meth
ods.27

In a previous communication,21 we attributed the 
increase in 4>Co*+ with increasing [2-propanol] as due to 
chemically scavengable excited states of the complex. 
However, consideration must be given to the possibility 
that the (CH3)2COH radical produced in reaction 6 
may reduce the complex via H-atom transfer to form 
Co2+, (CH3)2CO, and release of the ligands. Such a 
reaction would produce the results shown in Figure 1. 
Analysis for acetone in these systems did not produce 
useful results since the disproportionation of (CH3)2- 
COH also produces acetone; the difference in the stoichi
ometry could not be critically discerned. The effect of 
0 2 in reducing 4>Co,+ to its value in the absence of the 
alcohol is taken as strong indication that radical attack 
is the predominant source of the additional Co2+. 
Under the conditions of the reaction, where 0 2 is con
tinuously bubbling through the photolysis solution at 1 
atm and [2-propanol] = 5 M, reaction 7 would be much 
faster than reaction 6. It does not appear necessary to 
invoke chemically scavengable excited states in this 
system to any great extent at the present time.

In the same regard, the CH2OH radical generated in 
reaction 5 may attack the complex. The yield of H2CO 
is far in excess of that expected from the ratio of com
bination and disproportionation of CH2OH to form 
(CH2OH)2 and H2CO; such a ratio is known33 to have a 
value of 6 in aqueous CH3OH solutions. It appears 
from the material balance cited in Table III that CH2- 
OH reacts with the complex to form H2CO, presumably 
by H-atom transfer. If analogous to the 2-propanol 
case, Co2+ would be expected to be formed in such a 
process. We do not observe an increase in 4>c0** up to 
5 M CH3OH ; the calculated increase of 0.02 quantum

yield units based on the stoichiometry is within the mar
gin of error of 4>Co2+.

The chlorine-substituted complexes appear to behave 
in the same way as does the parent compound. The 
lack of a dependence of 4>Co*+ on [2-propanol] may re
flect the low reactivity of CC13 for H abstraction as 
compared with CH3.

Ligand-Field Excitation. This appears to be the first 
indication that NH3 aquation occurs from ligand- 
field excitation; previous reports9'34 have stressed the 
labilization of the X  ligand. It appears that the sec
ondary photolysis of Co(NH3)4(OH2)0 2CCH32+ results 
in the loss of the acetate ligand. This observation 
raises the question of the assignment of the aquation 
product in the primary photoprocess in the past; the 
low quantum yields for aquation and the possibility of 
secondary photolysis make a complete analysis very 
difficult. We wish to suggest that NH3 aquation at 
this wavelength may be a much more common process 
than originally thought and may actually be the pre
dominant mode of ligand aquation in many cases. 
However, because of the experimental difficulties in
volved in separation and analysis, the failure to discover 
such a process is not sufficient to rule it out absolutely. 
For example, in the Co(NH3)60 2CCH32+ case at 254 nm, 
a quantum yield for NH3 aquation of 0.02 would not be 
detected under the conditions of the experiment; a 
higher quantum yield may still not allow buildup of 
product due to secondary photolysis. Thus, the ob
served absence of any photoaquation products here at 
254 nm may not be unexpected. The previous re
ports57'8 of such processes in the charge-transfer region 
have relied on somewhat indirect evidence.

The very low quantum yield for photoreduction ob
served at 366 nm can be attributed to slight spectral 
overlap of the charge-transfer band on the d-d band. 
Our values of 4>Co2+ are comparable to those observed by 
Adamson.11

It is clear that irradiation of different absorption 
bands produces different excited states which, because 
of their charge distributions, geometries, and energetics, 
lead to the observed variations in products and yields as 
a function of wavelength.
(33) U. Sokolov and G. Stein, J. Chem. Phys., 44, 3329 (1966).
(34) A. W. Adamson, Discussions Faraday Soc., 29, 163 (1960).
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Phosphorescence of Some Aromatic Molecules1
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The quantum yield of benzophenone-sensitized phosphorescence (gA)2b has been obtained for the following 
acceptor molecules: naphthalene, phenanthrene, biphenyl, fluorene, m-terphenyl, and diphenylacetylene.
It has been found that heavy-atom solvents increase qx for all cases studied. The sphere of quenching3 has 
been determined for the above acceptor molecules and diphenyldiacetylene. The sphere of quenching has 
not been found to be significantly dependent on solvent, nor to vary by more than a factor of 2 for all the 
acceptors studied.

I. Introduction

In this paper we will present data relating to the effect 
of heavy-atom solvents on the quantum yield of sensi
tized phosphorescence2 of several planar aromatic 
molecules (biphenyl, fluorene, m-terphenyl, diphenyl
acetylene, naphthalene, and phenanthrene are the 
acceptor molecules with benzophenone as the donor in 
all cases) and study the efficiency of triplet-triplet 
transfer, measured by the “sphere of quenching,” 3 as a 
function of acceptor molecule and solvent. Our results 
demonstrate quite clearly that the external heavy- 
atom serves to enhance the radiative efficiency of all 
the molecules studied. A similar result for naphthalene 
has been obtained by Birks4 in his analysis of the data of 
McGlynn, et al:‘ In view of our results it appears 
plausible that this enhancement will be found in most 
aromatic molecules. The fact that /cPT (the phospho
rescence rate of the triplet) should be enhanced more 
than /cGt  (the radiationless T “•> G rate, where G is the 
ground state of the molecule) will be discussed in Sec
tion IV.

We have found more variation in our spheres of 
quenchingfor a benzophenone donor than in the previous 
work of Ermolaev3 in which substituted naphthalenes 
were used as acceptors, yet the difference of the quench
ing volume of the most efficient quencher and the least 
efficient quencher was only about a factor of 2. When 
these values are translated into a radius of quenching 
the range is from about 11 to about 14 A. This lack 
of variation is consistent with the theory of Dexter6 and 
will be discussed in Section IHb. As expected, no 
striking solvent effects were detected in «Venching-

In the next section we will discuss the experimental 
procedures employed and discuss the analysis of data.

II. Experimental Section

a. Optical Arrangement. Excitation of a solution 
containing benzophenone (0.025 m) and an acceptor was

effected by a low-pressure mercury lamp, Pyrex lens sys
tem, and a 3650-A interference filter (100-A band-pass, 
Oriel Optical Co.). The solutions were contained in 
thin-walled precision bore 5 mm o.d. Pyrex tubes and 
were immersed in liquid nitrogen contained in a par
tially silvered Pyrex dewar. No mercury lines other 
than the 3650-A group were detectable in the steady- 
state emission spectra (no choppers were used). The 
emission was observed at a 45° angle from the excitation 
axis with a McPherson Model 218 0.3 m monochroma
tor and a EMI 9514 S photomultiplier. Typical slit 
widths were 200 p. The sample tubes were held by 
means of a Teflon insen, which could be accurately re
positioned. Such an arrangement is necessary to ensure 
reproducible intensities. Reproducibility with a fluo
rescent solution at room temperature (such as anthra
cene) was on the order of 1%.

The acceptor phosphorescence spectra could be sep
arated from the benzophenone by use of a cylindrical 
phosphorimeter. All the acceptors studied have a life
time considerably in excess of that of benzophenone 
(r p  5 msec). When the phosphorimeter was used, 
reproducible intensities were not obtained, but only 
the distribution of the intensity of the acceptor phos
phorescence was required in our analysis of data (vide 
infra).

The spectral response of our system was determined 
by recording the spectrum of NBS standardized tung-

(1) An account of this research was presented at the 160th National 
Meeting of the American Chemical Society, Chicago, 111., Sept 1970.
(2) (a) A. Terenin and V. L. Ermolaev, Dokl. Acad. Sci. USSR, 
Earth Sci. Sect., 85, 547 (1952); Trans. Faraday Soc., 52, 1042 
(1956); (b) for a review see V. L. Ermolaev, Usp. Fiz. Nauk, 80, 3 
(1963).
(3) V. L. Ermolaev, Dokl. Akad. Nauk SSSR, 139, 348 (1961).
(4) J. B. Birks, “ Photophysics of Aromatic Molecules,”  Wiley- 
Interscience, New York, N. Y ., 1970, p 210 and Table 6.6.
(5) S. P. McGlynn, M . J. Reynolds, G. W. Daigre, and N. D. Christo- 
douleas, J. Phys. Chem., 66, 2499 (1962).
(6) D. L. Dexter, J. Chem. Phys., 21, 836 (1953).
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sten lamp. The lamp was positioned in such a way that 
its intensity had to pass through the same set of lens as 
the light due to a phosphorescent sample. A photomul
tiplier response curve was thereby derived and was used 
to correct the experimental phosphorescence spectra for 
the purpose of calculating quantum yield {vide infra).

b. Chemicals. All chemicals used were reagent 
grade. Reagent grade naphthalene, biphenyl, m- 
terphenyl, fluorene, and phenanthrene were obtained 
from the Aldrich Chemical Co. The diphenylacetylene 
and diphenyldiacetylene were obtained from the Far- 
chan Chemical Co. The phenanthrene contained 
anthracene, which interferes with the present experi
ments. This impurity was removed following the pro
cedure of Clar.7 The anthracene reacts with maleic 
anhydride and the phenanthrene is removed from the 
reaction mixture by sublimation. No anthracene 
fluorescence could be detected in phenanthrene samples 
under the experimental conditions used for phosphores
cence. The other chemicals were sufficiently pure for 
our experiments without further purification, although 
as a precaution recrystallization and/or zone refining 
was carried out. The benzophenone was chromato
graphic quality obtained from the Aldrich Chemical Co. 
The n-propyl halides were obtained from both the 
Eastman Chemical Co. and the J. T. Baker Co. Only 
the propyl iodide tended to show discoloration due to 
photodecomposition. The discoloration was removed 
by passing the liquid through a 3-ft column of activated 
alumina. The other propyl halides were similarly 
treated as a precautionary measure. The ethanol was 
reagent grade absolute alcohol, which was distilled be
fore each set of experiments. Any water in the ethanol 
tends to enhance cracking of the glasses at 77°K. Con
sequently, the distillation was carried out from a mag
nesium ethoxide solution to ensure dryness. The 
propyl halide-ethanol glasses are generally less prone to 
crack than pure ethanol, but are very sensitive to the 
presence of water (especially in the case of propyl io
dide) .

c. Collection and Analysis of Data. The most seri
ous problem in experiments of this type is the condition 
of the glass, especially since the concentration of the 
solute is quite high in some cases (0.5 m in the case of 
ra-terphenyl is the highest concentration of donor used). 
The area of the phosphorescence spectrum of each sam
ple was determined by an electronic integrator in two 
different orientations of the sample tube each time the 
sample tube was frozen. Each solution was run in 
three different tubes and frozen down two times in a 
given experiment, and the area of the twelve phospho
rescence spectra averaged. Each experimental run con
sisted of measurements as above of the unquenched 
benzophenone (0.025 m) and the mixture of benzophe
none (0.025 m) and some acceptor. The former spec
trum will be denoted as the unquenched donor spectrum 
and the latter as the total spectrum. The average area

of the unquenched donor spectrum is denoted as Aod 
and the area of the total spectrum as At. The stan
dard deviation of these quantities (as well a,s related 
quantities, such as emission peak heights, etc.) was on 
the order of ±5%  of the measured quantity. Each 
acceptor, solvent combination was studied in at least 
four independent runs by at least two different opera
tors. The results always agreed for experienced opera
tors. The only quantity that was required for the 
data analysis was the ratio At/A 0d (=72). For pur
poses of calculated error bars the maximum and mini
mum value of R was obtained by the following

At ±  err _  /-RmaxN 
Aod T a > o p  \  R m i n /

The upper sign refers to i2max and the lower sign refers 
to Emin- The quantities <rT and a0r> are the values of 
the standard deviation of At and A 0D, respectively. 
In view of the good reproducibility between experiments 
we feel that we are overestimating the actual probable 
error of our results. When the resultant values of 
Umax and Rmin are used in the calculation of the quan
tum yields {vide infra) the uncertainty in this quantity 
becomes ±15-20%. Thus determination of accurate 
quantum yields using glasses and the techniques em
ployed here is problematical. However, the trends of 
the quantum yields are quite striking even with the 
rather large error bars we have calculated.

The quantum yields were determined as follows: 
the total spectra, donor spectra, and acceptor spectra 
(obtained by use of the cylindrical phosphorimeter) 
were digitized and read into a computer program. This 
program fits the total spectrum to a sum of donor and 
acceptor spectra by a trial and error method. The 
value of a in the function

FT(X)trial = aFD(X) +  (1 -  a)FA{\) (2)
is determined so that 

1 N
<r =  -  E  |FT(X<)trial -  F T(A f) exp|2 (3 )iV i=l

is a minimum. FD(X) and f A(X) are the donor and 
acceptor spectrum for the given solvent, normalized to 
unit area. The experimental total spectrum Ft(X)exp 
was likewise normalized to unit area. The value of a 
was quite accurately determined by this technique, as 
could be seen by plotting <x vs. a. The area of FT(A)trial 
was normalized to unity and the unquenched donor 
spectrum, F0d(X), was related to FD(A) by

F o d ( A )  = — Fd(X) (4)

(recall that R = At/A od).
These experimental spectra were corrected for the

(7) E. Clar, Chem. Ber., 65, 846 (1932).
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spectral response of the photomultiplier, and three new 
spectra (as a function of energy) were obtained: 
ifoD(tt), 5b(o>)) and JFA(co). The “quantum areas” of 
each spectrum were obtained by a numerical integra
tion, i.e.

Id' = a P  
J o

$Fd ( w )  d u )  =  a l n

Ak = (1 — a) f  ?A(co) d(w) = (1 — a)/A (5) 
J o

A  '  —  u

‘ 4 od “  a R

The quantum efficiency8 of the acceptor is computed 
from the relation

A^'q-D

( A o d ’  — A n ')

=  -  l ] - i  (6 )
■An

_ I açd 1 — a aR 
In a 1 — aR

where in general qn is the phosphorescence quantum 
yield of the donor. For the present case 'Fluorescence =  0 
for the donor so that for our purposes the quantum 
yield of donor phosphorescence is equivalent to the 
donor quantum efficiency. The quantity gA is an ab
solute quantum efficiency if the absolute value of qn is 
known. We may see this as follows: the number of 
photons emitted under steady-state conditions is taken 
to be proportional to the area of the corrected spectrum, 
i.e., iVp0D = CAon, where C is a geometric factor. The 
quantum efficiency of phosphorescence is the number of 
photons emitted for a given number of molecules ex
cited. The number of excited donor molecules in the 
absence of quenching is given by

A od =
W p o d

qn

C A o n '

qn

(7)

It is assumed that in the mixed acceptor-donor solution 
the donors are either close enough to an acceptor to be 
quenched totally or are unaffected by the presence of 
the acceptor.9 The decrease in the number of donor 
molecules is equated to the number of acceptor mole
cules excited, so that

N  a  =  N o n  — N n

=  -  {A o n '  ~  A n ' )  
qn

(8 )

(where Npa is the number of photons emitted by the 
acceptor). Since c ja  = N pa / N a and vV p a  = C A a  ,  we 
obtain eq 6. Ermolaev usually presents his data as

7 a , where

7  a =  ? a / ? d  (9 )

From experience we feel that the ratio 7 a / / d  and the 
constant a are accurate. Thus the main source of error 
in our calculation of gA (other than the multiplicative 
factor qn) is in the uncertainty in if. In calculating 
the “error bars” of gA we have used the Rmm and /¿min 
value, respectively (which now contain about 10% 
variation, see eq 1). We denote the qA derived from 
#max as gAmax and likewise gAmin is derived from Rm¡„. 
The greatest sensitivity to errors in R arises when aR 
~  1, which is the case for a weak quencher. Thus the 
greatest experimental accuracy is obtained when a 
sufficiently high concentration of acceptor can be used 
to significantly quench the donor, which implies a < 
0.75 as a rule. The resultant gAmax and gAmin show a 
variation of ±  20% around the mean, which we regard 
as an upper limit of experimental error. The trends we 
report in the next section are quite striking even with 
the addition of these error bars. We stress the details 
of our calculation of experimental error because the 
reader must be warned against taking our reported 
values of gA too literally. We should note that our 
quoted error is somewhat higher than that quoted by 
Ermolaev (10-15%) but as this latter worker presents 
no details of his data analysis or method of computing 
experimental error we regard our method of analysis as 
comparing favorably with Ermolaev’s. We note that 
our value of yA for naphthalene (0.067) agrees with 
Ermolaev’s value (0.07).2b
III. Results

a. Effect of the External Heavy Atom on the Quantum 
Efficiency of Sensitized Phosphorescence. We choose to 
present our data in terms of 7 A, where

7 a =  A a ’ ( A 0d ' -  A d ' ) - 1

_ Ia 1 -  a aR (10)
In a 1 — aR

in order that a direct comparison to Ermolaev’s re
sults215'10 can be made by the interested reader (Table I). 
The quantum yield of phosphorescence for benzophe- 
none in ethanol-ether glasses has been determined by 
Gilmore, et al.,n and Ermolaev10 to be 0.84 and 0.74, 
respectively. We have measured the relative quantum

(8) We are using the nomenclature of Birks (ref 4), where

qo  = fcpTD(A;pTD +  cfcTD)-1
(9) This assumption is apparently supported by the good fit of Per
rin’s law to the quenching data (see Section I l lb ) . However, this 
model would also imply that the benzophenone phosphorescence 
delay curve in mixed solutions would be exponential with rpD (life
time of donor phosphorescence) unchanged from that of the donor 
in the absence of an acceptor. Ermolaev (ref 3) has found that this 
is not the case. Thus one must interpret the quantum yields calcu
lated by eq 6 with some care.
(10) V. L. Ermolaev, Opt. Spektrosk., 13, 90 (1962).
(11) E. Gilmore, G. Gibson, and D. McClure, J. Chem. Phys., 20, 
829 (1952); ibid., 23, 399 (1955).
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Table I : Quantum Yield of Sensitized Phosphorescence As a Function of Glass Composition

--------------------------------------------------------------------------------------------------------------YA (X )6------------
Acceptor® O Cl Br I

Naphthalene (0.25 m ) 0.067 +  0.017 
-0 .013

0.054 +  0.015 
-0 .011

0.25 +  0.02 
-0 .0 2

0.53 +0.16
-0 .1 2

Phenanthrene (0.10 m) 0.16 +  0.04 
-0 .0 4

0.12 +  0.03 
-0 .0 3

0.36 +  0.09 
-0 .0 9

0.62 +0.16
-0 .1 6

Biphenyl (0.25 m ) 0.24 +  0.05 
-0 .0 4

0.18 +  0.04 
-0 .0 3

0.41 +  0.04 
-0 .0 4

0.70 +  0.08 
-0 .0 7

Fluorene (0.0625 m ) 0.40 +  0.12 
-0 .0 8

0.33 +  0.11 
-0 .0 7

0.57 +  0.14 
-0 .1 0

0.89 +  0.32 
-0 .2 0

m-Terphenyl (0.50 m ) 0.38 +  0.08 
-0 .0 6

0.20 +  0.05 
-0 .0 4

0.55 +  0.21 
-0 .1 3

0.73 +  0.25 
-0 .1 7

Diphenylacetylene (0.25 m ) 0.14 +  0.04 
-0 .0 3

0.09 +  0.02 
-0 .0 2

0.09 +  0.02 
-0 .0 2

0.21 +  0.05 
-0 .0 4

« The donor was benzophenone (0.025 m) in all cases. 6 The symbol X  refers to the heavy atom present. The following glasses 
were used: X  = O, ethanol; X  = Cl, 1:1 propyl chloride-ethanol; X  = Br, 1:1 propyl bromide-ethanol; X  = I, 1:1 propyl iodide- 
ethanol. In all cases n-propyl halides were used.

yield of benzophenone in our various solvents and found 
the variation to be relatively small (Table II). We 
may convert our relative donor efficiencies into absolute 
efficiencies by assuming either of the above values 
(0.84 or 0.74) apply to our ethanol glasses and then 
multiplying by the relative quantum yields in Table
II.

Table II : Relative Quantum Yield of Phosphorescence for
Benzophenone As a Function of Glass Composition

0 °  Cl Br I

1.00 ±  0 .056 1.25 ± 0 .0 5  1.14 ± 0 .0 3  1.17 ± 0 .0 1

“ See Table I for notation. 6 The intensity in ethanol is 
arbitrarily taken to be unity. Note that these results are un
corrected for optical effects such as reflectivity losses, etc. Con
sequently, these relative quantum yields represent the appro
priate correction factor for the quantities in Table I, but the 
above ratios may not be exactly equal to the true quantum yield 
ratios.

In Figure 1 we have displayed values of y a for dif
ferent solvents. This figure demonstrates the strong 
effect of heavy-atom solvents on yA. Only diphenyl- 
acetylene (tolan) fails to show a value of 7 a ~  0.5 in the 
propyl iodide-ethanol glass. Note that none of the 
acceptors has a quantum efficiency equal to that of the 
donor (which would imply yA ~  1), even in the propyl 
iodide-ethanol glass. The external heavy atom is un
doubtedly increasing both kPi  and kQi, but evidently 
the former is increased more than the latter. It would 
be interesting to estimate kPT +  &gt from the phos
phorescence decay curves, but these curves are quite 
nonexponential such that a tabulation of rP values 
(phosphorescence lifetimes) is likely to be mislead
ing.6-12

According to Ermolaev2b-10 the value of yA is indepen-

.04

Figure 1. Plot of yA for different acceptors in heavy-atom 
glasses (derived from Table I). The four points per plot 
from left to right are the following glasses; ethanol, 1:1 
propyl chloride-ethanol, 1:1 propyl bromide-ethanol, and 1:1 
propyl iodide-ethanol. The following letters identify the 
acceptors: N = naphthalene, P = phelianthrene, B = 
biphenyl, F = fluorene, T = ro-terphenyl, and D = 
diphenylacetylene. In all cases n-propyl halides were used.

dent of donor-acceptor concentrations. While we have 
not extensively studied this point, the yA values ob
tained from different concentrations of acceptors show 
the trends present in Figure 1 very clearly, and agree 
numerically within experimental error.

One feature of Figure 1 that is surprising at first is the 
decrease in yA in going from an ethanol glass to an eth
anol-propyl chloride glass. However this effect is seen

(12) S. E. Webber, Chem. Phys. Lett., 5, 466 (1970).
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to be an “ artifact” when the yA values are converted 
qA values as described above.

b. Effect of the Solvent on the Sphere of Quenching. 
Ermolaev10 has verified that Perrin’s formula13 cor
rectly describes the dependence of donor quenching on 
acceptor concentration. Perrin’s formula is

= exp(-vN 0C) (11)

where ln(C) is the intensity of the donor phosphores
cence in the presence of a concentration C (moles/liter) 
of acceptor, N0 is 6.023 X 1020 (molecules/cm3 for a 1 
mol/1. solution), and v is the volume of quenching. 
Perrin’s formula is based on a “ critical volume” model; 
if an acceptor is inside the critical volume surrounding a 
donor it is completely quenched (i.e., does not phos
phoresce), if the acceptor is outside the critical volume 
the donor is unaffected by the former’s presence (i.e., 
the donor phosphoresces with its normal quantum 
yield). This model is consistent with the predictions 
of theory concerning external heavy-atom effects and 
triplet transfer, both of which arise from overlap or 
exchange-like interactions.

In our experiments the ratio on the left-hand side of 
eq 11 was determined by measuring the peak height of 
the benzophenone phosphorescence at ~24,250 cm-1 
in a variety of solutions with constant donor concen
tration (0.025 m at room temperature) and variable 
acceptor concentration. The concentrations were cor
rected for the solution contraction upon cooling to 
77°K. The experimental fit to eq 11 is quite good ex
cept for the most concentrated solutions in some cases. 
The values of v obtained (Table III) were derived from 
a least-squares fit to eq 11.

Table III : Spheres of Quenching As a Function 
of Glass Composition

'.........V quenching X  1071 cm 8-------«
Acceptor“ Cle B r' I e

Fluorene 7.85 8.38 9.78
Biphenyl 6.16 5.42 5.56
m-Terphenyl 8.28 8.86 8.07
Diphenylacetylene 5.69 8.31 9.11
Phenanthrene 8.90 9.72 9.29
Naphthalene 8.97 9.13 8.36
Diphenyldiacetylene 11.20 10.87 11.32
° The donor was benzophenone (0.025 to) in all cases. 6 The 

experimental error of these quantities is on the order of ±  10%. 
c See Table I for notation.

Two observations may be made from the data in 
Table III. First, v does not seem to be particularly 
sensitive to solvent, with the possible exception of di- 
phenylacetylene. As the glasses used for this study are 
very similar to each other, being composed of 1:1 propyl

halide-ethanol, the insensitivity to solvent presumably 
demonstrates the absence of any external heavy-atom 
effect on the Td <»**• Ta process. This result is analogous 
to Ermolaev’s work with halonaphthalenes,10,14 in 
which v for 1-methyl, 1-chloro-, 1-bromo-, and 1-iodo- 
naphthalene were essentially equal. Such a result is 
expected on the theoretical grounds that the transfer 
rate is dependent on an exchange integral6 (vide infra) 
between orbitals located on the donor and acceptor 
molecules, which are nonvanishing for pure triplet 
states (stated differently, triplet-triplet transfer is a 
spin-allowed process). Thus the presence of a small 
component of singlet character in the donor or acceptor 
wave function is not expected to change the energy- 
transfer rate. Those variations with solvent which do 
exist probably result from differences in solvation due to 
different dipole moments associated with the solvent 
molecules.

The second observation that can be made from the 
data in Table III is that the values of v are not very 
different from each other. When the v data are con
verted into a radius of quenching (R = (Zv/Air)'̂ ), the 
differences are even less dramatic. The same can be 
said of Ermolaev’s data,10 which include fewer acceptors 
for a given donor than the present study, but do include 
a greater variety of donor-acceptor combinations. It is 
perhaps surprising that acceptor molecules differ so 
little in their quenching ability. The theoretical ex
pression for the transfer rate6,16 is given by the following 
proportionality

/* co
fcTD~vTA “  Z2 I Pd(v) ca(v) dp (12)

J o

where Pn(v) is the normalized16 donor phosphorescence 
spectrum and eA(v) is the normalized16 acceptor 1\ ■*— So 
absorption spectrum (both expressed on an energy 
scale). The integral in (12) is essentially an applica
tion of the Franck-Condon principle to the transfer 
process. The quantity Z is an exchange integral of 
the type

<l/'D:,t(l)^A0(l)|ri2-1|̂ D0(2)^A*(2)) (13)
where i/t>* and are excited molecular orbitals and 
î d° and \pA° are valence molecular orbitals for the donor 
and acceptor molecule, respectively. The molecular 
orbitals in (13) are used to form the open shell configura
tion of the triplet states of the molecules in question, 
i.e., i/'D*(f)'/'D°(f') for the donor and 4'A*(j)'pA° ( j1) for 
the acceptor. As Dexter6 discussed in his original for-

(13) F. Perrin, C. R. Acad. Sci. Paris, 178, 1978 (1924).
(14) V. L . Ermolaev, Opt. Spektrosk., 5, 642 (1959).
(15) Reference 4, eq 11.47. Our notation essentially follows this 
author.
(16) Both P d (P) and eA ( v )  are normalized to unity, i.e.

I  P d ( h)  d? = I ca(P) d P =  1 
J o  J o
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mulation of eq 12, this integral is expected to fall off 
approximately exponentially with R, the intermolecu- 
lar separation (this is consistent with Perrin’s law, as 
was mentioned above). One might expect the average 
value of this integral to be quite different for different 
acceptors due to the different “ contact” geometries that 
may be realized and the variation in the amplitude of 
the molecular orbitals involved in (13) with position on 
the molecular frame. Also one might expect the over
lap integral in (12) to contain considerable variation for 
different acceptor-donor pairs.

We have attempted to evaluate the overlap integral 
in (12) using a “mirror image” assumption to obtain 
(a(v) (that is, we assumed eA00 to be the mirror image 
of the acceptor phosphorescence spectrum). It is well 
known that this condition is not satisfied particularly 
well for all the molecules studied,17 but available Ti 
So spectra often overlap with the tail of the Si S0 
absorption, which makes the proper normalization of 
eA(r) impossible. There was a variation of about a fac
tor of 2 in the overlap integral for our set of acceptors, 
but there was essentially no correlation with the quench
ing efficiency (i.e., diphenylacetylene has a larger over
lap integral than diphenyldiacetylene but the latter 
molecule has nearly twice the quenching volume). 
While our calculation of the overlap integral is ad
mittedly crude, we feel justified in concluding that the 
Z integral is a function of the particular donor-acceptor 
pair, such that one will not in general be able to estimate 
&td~v*ta from an evaluation of the spectral overlap 
integral in eq 12 alone.18
IV. Discussion

We will take up the results of Section Ilia only, as the 
“sphere of quenching” data of Section Illb do not re
quire discussion.

The data of Section Ilia demonstrate that the quan
tum efficiency

U
f c p T A  T" koiA

(14)

(fcpTA phosphorescence rate of acceptor; karA radi
ationless rate Ti "*>-*■ S0 of acceptor) increases in the 
presence of external heavy-atom spin-orbit coupling. 
In view of the consistency of this result for all the mole
cules we studied (with the possible exception of di
phenylacetylene), one must look for a rather general 
explanation. Our interpretation of this effect may be 
summarized as follows: (1) the external heavy atom
mixes the Ti state with a large number of zeroth-order 
singlet states19

* Tl =  +  E  s /  (15)
3

The mixing with other triplet states makes no contribu
tion to the rates in the present simplified scheme and 
will be ignored. We will neglect the mixing of the 
gound state with the triplet manifold in the interest of

algebraic simplicity so Sf'so »  ^So°. Inclusion of some 
triplet character into our S0 state does not change the 
present qualitative argument. The total Born-Oppen- 
heimer wave function for the Ti state is given by tf,Tl = 
'kT,- Xt>T‘ where x„Tl is the vibrational wave function for 
the Ti electronic state potential surface. (2) The 
radiative rate arises from the electromagnetic perturba
tion operator

Hradiative ---- U pT

=  — eEoE^i^i (16)

where ezt is the charge of the 1th particle and the elec
tric field vector is taken to be in the x direction. This 
operator connects states subject to rather stringent 
selection rules. Consequently only a limited number 
of states in a set of {^s,0} will be coupled radiatively to 
\psr Usually one or two states are dominant. In the 
simplest case

|<*Tl|tfPT|4'sJ>|2 «  6p2|̂ sp°|IiPT^s.0)|2 (17)

where i/'sPn has the largest oscillator strength in the set 
{i/'s/1} . (3) The radiationless rate has recently been
discussed assuming that the important coupling oper
ator arises from Born-Oppenheimer terms,20 i.e.

Hradiationless ---- H g T

- h 2j d2 \ _  - h 2( à \ J) 
i 2mt IcW iei mt IdQj ei àQt

(18)

where { }ci implies that the matrix element of the 
operator inside the brackets is computed with respect 
to the electronic part of the wave function, while the 
remainder of the operator operates on the vibrational 
wave function. The sum in (18) is over all the normal 
modes of the ground-state potential. The operator 
HGt is not expected to be very selective in the states it 
couples. Thus we expect all the singlet states in 4't1

(17) A. P. Marchetti and D. R. Kearns, J. Amer. Chem. Soc., 89, 
768 (1967).
(18) We should emphasize that it is not at all obvious that any 
simple relationship exists between i i i w .T i  and rquencMng. It would 
be useful to directly determine the triplet-triplet transfer rate. This 
could be effected by measuring the buildup of acceptor phorphores- 
cence after a short duration flash excitation of the donor.
(19) We should note that there are two ways in which the external
heavy atom can exert an influence on the spin-orbit coupling of 
molecular states: (1) direct coupling by means of penetration of
atomic orbitals centered on the acceptor molecule into the region of 
the heavy-atom potential; and (2) indirect coupling due to the 
orthogonalization of the atomic orbitals centered on the molecule 
to the atomic orbitals centered on the heavy atom. In the former 
case the matrix element coupling two molecular states would be 
proportional to {<t>iA \ H B0p \4>jA ) where <t>iA , tf>jA  are molecular orbitals 
centered on the acceptor (A) molecule and Hsop is the spin-orbit 
coupling operator centered on the perturber (P) molecule. In the 
latter case the relevant matrix element will be •
<0*p |ff»op l<f.ip >- It has been found that the latter term is far more 
important than the former for atomic impurities in alkali halide 
lattices (E. Cavin, III, Ph.D. Thesis, University of Texas, 1970). It 
is expected that the same will be true for molecular systems.
(20) See, for example, M. Bixon and J. Jortner, J. Chem. Phys., 48, 
715 (1968); R . Kubo, Phys. Rev., 86, 929 (1952).
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to be coupled to 'ks„> with the matrix squared given by 

|(1IrTi|HGT|i,So)|2 ~

E  • <'I'So»|HGt | * Sj0> (19)
i j

Equation 19 contains many cross terms which tend to 
cancel out as the relative signs of the set {bj} will be 
random.

It is our contention that a reasonable explanation for 
the relative efficiency of the external spin-orbit cou
pling in increasing fcpx relative to ¿gt lies in the tendency 
for cancellation to occur in (19) which will be largely 
missing in (17).21 The same argument would apply to 
the internal heavy-atom effect, which agrees with the 
increase of 7a found by Ermolaev2b’10 along the series 
naphthalene, 1-chloro-, 1-bromo-, and 1-iodonaphtha- 
lene.

We do not intend to imply that the above explanation 
is uniquely capable of rationalizing our observations. 
McGlynn, et al. ,22 have presented a treatment of the 
heavy-atom effect which presumes that a weak charge- 
transfer (CT) complex is formed between the heavy-atom 
perturber and the aromatic molecule. In this scheme 
the Ti S0 emission of the acceptor borrows intensity 
from the 3P ’P transition of the perturber (P). In a 
recent paper Giachino and Kearns22 have presented evi
dence that atomic-like states of the perturber mix with 
the aromatic triplet state and enhance the radiative rate 
of the latter preferentially. It is reasonable that the 
addition of CT states with the perturber would tend to 
enhance the radiative process only, due to the probable 
weak coupling of the perturber electronic states to the 
normal modes of the aromatic molecules.

Both the analysis of Birks4 and a similar analysis of

our data12 indicates that / ;Gt  does increase due to heavy- 
atom solvents, albeit less than the increase of kPT. 
Similar conclusions have been reached by Giachino and 
Kearns,23 Siegal and Judeikas,24 and El-Sayed and Ei- 
senthal.26 We take the view that: (1) external spin-
orbit coupling increases the singlet character in Ti (and 
So), with the result that

AfcpT AA'gt

(the Afc standing for the change in rates due to heavy- 
atom solvent, both rates assumed to increase). This 
follows from our discussion of eq 17 and 19 (but see 
footnote 21). (2) CT states tend to increase fcPT ex
clusively with the final result that

A&pt  >  A&gt
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(21) It is interesting to note that for an acceptor molecule with low 
symmetry a large number of states iFg,0 will be coupled with tPso via 
H pt. For such cases the increase in Apt relative to kat arising from 
the external (or internal) heavy-atom effect would be lessened accord
ing to the present arguments.
(22) S. P. McGlynn, T. Azumi, and M . Kinoshita, “ Molecular 
Spectroscopy of the Triplet State,”  Prentice-Hall, Englewood Cliffs, 
N. J., Chapter 8, Section 6.
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(25) K . Eisenthal and M . A. El-Sayed, ibid., 42, 794 (1965).
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Chemiemission occurring when oxygen impinges upon a suitably-prepared cesium metal surface under high 
vacuum has been studied at pressures from 0.8 to 8.0 X  10~8 Torr and —63.5°. The results show a more 
complicated variation with pressure, extent of surface coverage, and manner of surface preparation than that 
reported in studies carried out under less rigorous conditions. For surfaces prepared such that some oxide 
is probably present, the emission first increases with time, then decreases in a nonexponential fashion ; photo
emission, on the other hand, shows simple exponential decay. The maximum chemiemission current from 
such surfaces depends approximately on the square of the oxygen pressure and the maximum yield is of the 
order of 10” 2 per oxygen-surface collision. A kinetic scheme is proposed involving two chemiemissive pro
cesses, one of which requires the presence of a surface intermediate; under appropriate conditions, this scheme 
can account for the main features of the chemiemissive behavior.

Introduction
The phenomenon of electron emission occurring upon 

the exposure of fresh metal surfaces to reactive gases has 
been known for some time. In the earliest experiments, 
vacuum techniques were insufficiently advanced to dis
tinguish between processes involving chemical reaction 
with a gas and those which could occur independently 
of such a reaction; the term “exoelectron emission” was 
thus applied to both types of processes. (For reviews of 
earlier as well as some recent work, see ref 2 and 3.)

Beginning with the work of Lohff,4 who determined 
that oxygen was essential for the emission of electrons 
from mechanically worked zinc surfaces, the chemi
emissive nature of the electron emission process from 
originally clean metallic surfaces has been increasingly 
realized, and metal-oxygen reactions have been found 
to lead to chemiemission in several systems, including 
Al,6-6 Ni7, Mg,8 and Ag.9

Although these recent studies have shed some light 
on the process of chemiemission, the assembled data re
main too scanty to evaluate existing ideas concerning 
the mechanism of such emission. In particular, con
flicting proposals have been put forward concerning the 
source of the energy required for chemiemission,10-11 
and even the nature of the elementary chemical pro
cesses that occur remains uncertain.12 Furthermore, 
it is not clear whether or not theories of growth of oxide 
layers18-14 are applicable to chemiemissive processes. 
More data are clearly needed, both as to the types of 
systems that can display chemiemission and as to the 
kinetic behavior shown by such systems.

The present work represents an attempt to obtain 
such data in a detailed study of the chemiemission phe
nomenon for a particular reactive system, in an ultra
clean environment and under a variety of conditions. 
The cesium-oxygen system, which has not been studied 
previously, was chosen, in order to examine to what

extent the phenomenon, previously observed in oxida
tion of members of group II, III, and the transition 
metals, is similar for an alkali metal.
Experimentation

All chemiemission studies were carried out in an ultra- 
high vacuum system consisting of a custom-fabricated 
Pyrex manifold connected to a Granville-Phillips series 
225 ultrahigh vacuum pumping station through a 
Granville-Phillips 2-in. ultrahigh vacuum valve. The 
system pressure was determined by a Varian Associates 
Model UHV-12 Bayard-Alpert ionization gauge, pre
treated by running in pure oxygen at 10~6 Torr for 48 
hr to obtain reliable oxygen pressure measurement.16 
The ion gauge power supply was a Varian Associates 
Ionization Gauge Control Unit, Model 971-0023, the 
output of which was fed into one channel of a Moseley 
Autograph Model 7100B two pen recorder. The emit
ted electron current was collected on a gold foil and

(1) On leave of absence during 1970-1971 at Department of Chemis
try, University of California, Los Angeles, Calif.
(2) A. Bohun, J. Phys. (Paris), 26, 149 (1965).
(3) F. R. Brotzen, Phys. Status Solidi, 22, 9 (1967).
(4) J. Lohff, Z. Phys., 146, 436 (1956).
(5) J. Wustenhagen, Z. Naturforsch. A, 14, 634 (1959).
(6) J. A. Ramsey, Surface Sci., 8, 313 (1967).
(7) T. A. Delchar, J. Appl. Phys., 38, 2403 (1967).
(8) T. F. Gesell, E. T. Arakawa, and T. A. Callcott, Surface Sci., 20, 
174 (1970).
(9) N. Sato and M . Seo, Nature, 216, 361 (1967).
(10) O. Haxel, F. G. Houtermans, and K. Seeger, Z. Phys., 130, 109 
(1951).
(11) W. B. Lewis and W. E. Burcham, Proc. Cambridge Phil. Soc., 
32, 50 (1936).
(12) J. Lohff, Naturwissenschaften, 44, 228 (1957).
(13) R. Cockelbergs, A. Frennet, G. Lienard, and P. Resibois, J. 
Chem. Phys., 39, 585 (1963).
(14) R. Hooke and T. P. Brody, ibid., 42, 4310 (1965).
(15) R. E. Schlier, J. Appl. Phys., 29, 1162 (1958).
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Figure 1. Pyrex vacuum system (schematic): (1) main 
valve; (2) Y-shaped manifold; (3) electrical leads; (4) 
reaction site; (5) oxygen inlet tubulation; (6) ion gauge;
(7) variable leak.

measured by a Keithley Instruments Model 600A elec
trometer, the output of which was fed into the second 
channel of the recorder. To ensure high electron collec
tion efficiency, the cesium surface was biased 35 V 
negative relative to the collector.

Two different Pyrex manifold designs were employed, 
one of which is shown schematically in Figure 1. In 
this design, which was used in the majority of the experi
ments, the ion gauge was mounted at a distance from 
the reaction site in order to avoid stray electrometer 
currents arising from electrons from the ion gauge fila
ment or photoemission from the cesium surface induced 
by the spectral emission of the filament. The ion gauge 
and the reaction site were arranged symmetrically with 
respect to the pumps and oxygen inlet system, in order 
to obtain, as nearly as possible, equal pressures at these 
two points.

A second manifold design was used for some runs in 
order to determine whether or not gettering by the Cs 
surface and/or the ion gauge filament was significantly 
affecting the results. In this design, the ion gauge was 
mounted as closely as possible to the reaction site. 
Experiments done on this manifold yielded identical 
results as those done on the other indicating that pres
sure imbalance between arms of the Y-shaped manifold 
was insignificant.

The reaction site itself was the same for both mani
folds and was constructed as shown schematically in 
Figure 2. The cesium surface was deposited on a gold 
substrate which was in thermal contact with an inte
grally-mounted dewar flask containing a constant- 
temperature bath. A cesium evaporation tube, heat
able by heating tape wrapped around its outer surface, 
was welded to the base of the outer wall of the dewar 
flask. The cesium metal was held in a break-seal am
poule which was opened under ultrahigh vacuum by

Figure 2. Cesium-oxygen reaction site (schematic): (1) 
dewar flask; (2) side arm for cleaning; (3) cesium evaporation 
tube; (4) glass-encased iron slug; (5) cesium ampoule; (6) 
gold electron collector; (7) gold baffle; (8) deposition site.

means of a Pyrex-encased iron slug. The electron col
lector was a slightly roughened gold foil mounted con
centrically with the nozzle of the cesium evaporator.

Oxygen could be admitted to the system from Pyrex 
ampoules by means of a Granville-Phillips series 203 
variable leak, manipulation of which permitted the 
selection of oxygen pressures ranging from 10~9 Torr 
upwards. Locally bottled oxygen of 99+% purity was 
used without further purification, and the cesium was 
99.9% purity metal from K and K or Merck, vacuum 
distilled at 10-6 Torr into the break-seal ampoules.

The Pyrex manifold and valves were baked for 4 hr 
at 350° prior to opening the cesium ampoule, and after 
such bakeout base pressures of 1 X 10-9 Torr or better 
were observed. Following bakeout, cesium films were 
deposited on the gold substrate at pressures not exceed-
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ing 3 X 10-9 Torr. The entire manifold was wrapped 
in black cloth and the reaction site electrically and opti
cally shielded, thereby reducing the background signal 
level to less than 10-10 A even in the presence of a 
fresh, active cesium film. All evaporations and subse
quent measurements were carried out under controlled 
surface temperature conditions, utilizing organic solvent 
liquid-solid “ slush” baths to achieve constant surface 
temperature. Cesium deposition was monitored in 
two ways: by observing the temperature of the evap
oration tube with a copper-constantan thermocouple, 
and by observing the growth of photoemission from the 
cesium surface as deposition proceeded. Following 
deposition of an adequate film, further cesium evapora
tion was prevented by cooling the evaporation tube to a 
temperature lower than —40°.
Results

Analysis of Emission Curves. The results of a typical 
constant pressure, constant temperature run are illus
trated in Figure 3, which shows the variation with time 
of the electron emission for a cesium film reacting with 
oxygen at a pressure of 3.7 X 10-8 Torr. All films 
studied showed similar behavior, namely delay of the 
onset of emission, followed by a relatively rapid rise in 
emission to a peak value, after which the emission de
cayed approximately exponentially. The details of 
this behavior have been found to depend heavily on the 
manner of preparation of the cesium surface as well as 
on the pressure of oxygen gas. The dependence on sur
face temperature has also been qualitatively studied.

The electron emission curve can be analyzed and 
characterized in several fashions. We have chosen to 
examine the maximum electron current 7max, the total 
emission Q = f  hit, and the decay lifetime r, since these 
three quantities, all relatively easy to obtain, yield im
portant information about the nature of the emissive 
process.

From the maximum emission current, knowing the 
oxygen pressure p and the area of the cesium surface A, 
it is possible to determine the maximum differential 
yield

/max = uAY-oue = {spA Yr>Me) / 2wmkT) (1)

where u = sp/^/2irmkT is the rate of adsorption of 
molecules per square centimeter of exposed surface 
area,16 s is the sticking probability (fraction of collisions 
which results in adsorption), FDM is the maximum dif
ferential yield (fraction of adsorptions which results 
in emission), and the other symbols bear their conven
tional meanings. For oxygen gas at room temperature, 
the pressure expressed in Torr, and a surface area of 5 
cm2, one obtains

8 Y dm  = / m a x /287p (2)
From the total emission Q, knowing the number of 

cesium atoms per unit surface area and the surface area

Figure 3. Variation of emission current with time, under 
constant pressure of oxygen, for a thick cesium film, previously 
reacted with oxygen and then annealed at base system 
pressure for 6 min.

A, it is possible to determine the integral yield Fi 
(fraction of surface cesium atoms which react and emit 
an electron)

Fi = fldt/neA (3)

where n is the number of cesium atoms per square cm 
of surface (3.52 X 1014 atoms for body-centered cubic 
structure and a cesium atomic radius of 2.67 A).

In the Cs-02 system at temperatures used in this 
study, the oxygen is sufficiently tightly bound chemi
cally that desorption should be negligible. Incorpora
tion of oxide into the lattice is shown below to be a sig
nificant process, but at the 0 2 pressures used in these 
experiments it is slow relative to the rate of oxide forma
tion at the surface. Thus, the rate of change of the 
fractional surface coverage depends only on the accom
modation of oxygen on previously uncovered sites

dd/dt — u/n(l — 6) (4)
The sticking probability s, and through it u, may be 

dependent on d in a way which is in general unknown. 
The simplest assumption is that s does not depend on 
6 ; then eq 4 integrates to

In (1 — 6) =  (u/n)t = (spt) / (nV2 irmkT) (5)

In the event that emissive reaction occurs with equal 
probability at all uncovered sites, the emission current

(16) D. 0 . Hayward and B. M . W . Trapnell, “ Chemisorption,”  
Butterworths, London, 1964, p 87.
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is proportional to the fractional exposed surface 
(1 -  6)

In {I/la) = [sp(i0 — t)]/[nV2 irmkT] (6)
or, for pressure in Torr and r defined as the half-life, 
in minutes

s = (2.14 X 109)/pr (7)
Equation 6 predicts that a semilog plot of emission 

current vs. time should be linear. The experimental 
chemiemission curves, on the contrary, display three 
distinct regions of behavior: initially, rapidly rising 
chemiemission; then, roughly exponential decay over 
somewhat more than a decade; finally, exponential de
cay with about three times greater half-life extending 
over about another decade. The assumptions leading 
to eq 6 thus are apparently inappropriate to describe 
chemiemission.

The rate of coverage of the surface, and through this 
the assumption of constant sticking probability, can 
also be monitored by observing the photoemission 
from the surface during oxidation. This has been done 
by cycling a light source on and off during a chemiemis
sion run, thereby obtaining successively the chemi
emission and the sum of chemi- and photoemission. 
The results are shown in Figure 4.

The striking feature of the photoemission curve is its 
linear behavior throughout the time period during 
which chemiemission is observed, which implies that 
the assumptions leading to eq 6 are valid for photoemis
sion. Furthermore, the half-life of photoemission 
coincides within experimental error with the longer 
half-life observed near the end of the chemiemission 
process. More complex explanations than those in
volving constant sticking probability and emission 
solely from uncovered sites are of course possible; but it 
is unlikely that linearity over nearly two decades would 
result from such explanations, especially as the phot-o- 
emissivity of the oxidized surface is observed to be 
negligible (1% or less of the initial photocur
rent) .

The data shown in Figure 4, which represents a run 
carried out at oxygen pressure of 3.8 X 10~8 Torr, 
yield a half-life for photoemission from which a sticking 
probability s = 0.067 is obtained. For runs in which 
only the chemiemission could be observed conveniently, 
sticking probabilities were obtained from the slopes of 
the final, longer-lifetime exponential portion of the 
chemiemission curves. This procedure is justified by 
the observation that, in all runs for which both chemi- 
and photoemission were monitored, that final portion 
of the chemiemission decay had a slope equal to that for 
photoemission decay.

Pjfects of Surface Preparation. Several different 
classes of cesium surfaces could be distinguished in these 
experiments: (1) thin films deposited on a gold sub
strate; (2) thick films deposited on a gold or cesium

Figure 4. Variation of photoemission (O) and chemiemission 
(V) with time for an annealed thick cesium film reacted with 
oxygen at a constant pressure of 3.8 X 10“8 Torr.

oxide substrate; (3) thin films deposited on a cesium 
oxide substrate; and (4) films developed by annealing 
oxide-coated thick films.

These films were prepared as follows. Thin films 
were obtained by evaporative deposition of cesium with 
concurrent monitoring of the photoemissivity of the 
surface, only until that photoemissivity reached a con
stant value. This generally required heating the evap
oration oven to about 125° for a period of approximately 
7 min. These films could be deposited either onto a 
clean gold substrate or on top of a previously deposited 
and oxidized cesium surface. Thick films were ob
tained by similar evaporative deposition extending 
over a 60-min period. Preparation by annealing in
volved allowing an oxide-coated thick film to stand at 
base pressure (10~9 Torr) and constant temperature 
( — 63.5°) for periods of from 2 to 120 min. Each of 
these methods of preparation gave films having high 
photosensitivity.

Interpretation of the observations for thin films de
posited on gold substrates is rendered difficult by the 
fact that gold and cesium react to form a semiconductor 
compound.17 However, the fact that photoemissivity 
of the thin films reached a plateau value after a given 
deposition time is indicative that, whatever the compo
sition of the surface layer prior to that time, it subse
quently attained uniformity. Since cesium was being 
continuously deposited, one concludes that the uniform 
composition was a pure cesium layer (probably depos
ited over a previously formed CsAu semiconductor 
layer). At the point when photoemission reached a

(17) The Au-Cs reaction is reviewed in A. H. Sommer, “ Photo
emission Materials,”  Wiley, New York, N. Y., 1968, p 182.
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steady-state value, deposition was discontinued. The 
result should have been accumulation of only a thin 
(several layers at most) uniform composition cesium 
film; this is corroborated by the observation that, in 
contrast to thick films, annealing of oxidized thin films 
did not lead to regenerated activity. The conclusion 
that thin films were constituted of pure cesium at their 
surface is further supported by the observation that 
such films displayed emissive behavior that was of the 
same type as that observed for very thick, unannealed 
cesium layers (see below).

The emissive behavior of these surfaces was of two 
strikingly different types. One, of low yields and 
poorly characterized chemiemission coupled with slow 
decay of photosensitivity, was observed for thin films 
deposited on a gold substrate and for all thick evapo
rated films. This low-yield behavior for thick films 
was observed whether the film was exposed to oxygen 
immediately after deposition or was allowed to anneal 
at base pressure for up to 1 hr prior to exposure to oxy
gen. This type of behavior gave very low differential 
yields ( s F d m  ~  10-6) and emission decay which was so 
slow, irregular, and irreproducible that Yi and s could 
not be determined.

The other type of behavior, giving relatively high 
differential yields and smooth, reproducible emission 
decay, was observed for thin evaporated films laid down 
onto previously oxidized surfaces and for films devel
oped by annealing oxidized thick cesium films. It was 
further observed that a thick cesium film could be re
generated as many as 20 or 30 times; that is, following 
each exposure to oxygen and observation of chemiemis
sion accompanied by loss of photosensitivity, pumpout 
of the oxygen and annealing for several minutes resulted 
in regeneration of photosensitivity and chemiemissive 
capability. Moreover, the degree of photosensitivity 
developed and the amount of chemiemission subse
quently observed depended on the length of time of 
annealing at base pressure. In particular, the photo
emission increase showed first-order behavior with a 
half-life for regeneration of activity equal to 30.7 min 
for substrate at a temperature of —63.5° (Figure 5).

Effects of Extraneous Variables. In addition to the 
mode of surface treatment, which is observed to exert a 
profound effect on the chemiemissive behavior of the 
cesium surface, several other factors might affect the 
observations. These include effects due to pressure 
differentials in the system, due to chemically-active 
species generated by the ion gauge filament, and due to 
the action of photons at the surface. As mentioned in 
the experimental section, the manifold was designed to 
minimize as much as possible these effects, by placing 
the ion gauge at a distance from the reaction site but 
symmetrically mounted with respect to the pump. In 
addition, several experiments were carried out to verify 
the absence of such effects.

To check the possibility of effects due to pressure

Figure 5. Plot of log ( /max — I) vs. time for an annealing 
cesium oxide coated film exposed to a constant light flux.

differentials, a second manifold was constructed wherein 
the ion gauge was mounted so as to view directly the 
reaction region and a series of experiments conducted 
using it. These experiments gave identical results to 
those using the Y-shaped manifold, both for the low- 
yield behavior of thick films and for the characteristic 
decay behavior of thin and annealed films.

The absence of active species generated by the ion 
gauge filament is also indicated by the results cited 
above, since active species if present should reach the 
cesium surface much more frequently in the second 
manifold, thereby causing different observations for the 
second setup than for the first. Such was not the 
case. Unfortunately, the need to monitor oxygen 
pressure as it was being admitted to the manifold pre
vented direct verification of the absence of gauge- 
induced effects, since the ion gauge had to be kept on at 
least during the initial introduction of oxygen. How
ever, it was possible to turn off the gauge once a steady- 
state oxygen pressure was reached. Such an experi
ment has been done for an annealed film, turning off the 
gauge before the maximum emission had developed. 
The observed chemiemission behavior for such a run 
was identical to that seen in runs with the ion gauge on.

This latter result was obtained in total darkness, 
except for stray photons from the ion gauge during the 
short period when it was on. It thus also indicates 
that photons are not a part of the mechanism of the 
chemiemissive process. Further support for this con
clusion is provided by the experiments wherein a light 
source was cycled on and off. As previously indicated, 
in those experiments the chemiemission showed exactly 
the same behavior as it did in the absence of cycled 
light. The total emission, in other words, was readily 
analyzed as the sum of purely chemiemissive and purely 
photoemissive components.

Analysis of Chemiemission Curves. The results of 
analysis of several thin films deposited and reacted at
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— 63.5° at various pressures of oxygen are shown in 
Table I. All three of the parameters appear to be

Table I : Characteristics of Thin Deposited 
Films (Oxide Substrate)

p,
T o r r F dm Y l S

0 . 8 0  X  1 0 - 8 2 . 2  X  1 0 ~ 2 2 . 0  X  1 0 “ 3 0 . 0 5

0 . 9 0  X  1 0 - 8 3 . 2  X  l O “ 3

0 . 9 5  X  l O “ 8 2 . 5  X  1 0 ~ 2 5 . 7  X  1 0 “ 3 0.11
0 . 9 7  X  1 0 ~ 8 1 . 9  X  1 0 ~ 2 0 . 1 6

1 . 8  X  1 0 - 8 3 . 9  X  l O “ 2 3 . 9  X  1 0 - 3 0.10
2 . 3  X  1 0 “ 8 0 . 6 6  X  1 0  ~ 2 1 . 5  X  l O ' 3 0.12
3 . 7  X  1 0 ~ 8 1 2  X  1 0 ~ 2 0 . 0 5

5 . 7  X  1 0 - 8 1 . 9  X  l O “ 2 3 . 4  X  1 0 ~ 3 0 . 0 6

6 . 0  X  1 0 - » 0 . 5 9  X  1 0 - 2 1 . 7  X  1 0 “ 3 0.01
6.6  X  1 0 - 8 1 . 2  X  1 0 ~ 2 2 . 7  X  l O “ 3 0 . 0 4

roughly independent of pressure over this range. How
ever, there is considerable scatter in the individual 
points, owing probably to the impossibility of preparing 
identical surface structure and composition upon 
successive cesium depositions onto the cesium oxide 
substrate.

A larger number of studies was carried out on films 
activated by annealing at —63.5°. Yields obtained for 
such films were corrected to give values for full surface 
development by calculating the fraction of full develop
ment obtained during annealing, assuming 30.7-min 
development half-life. The results for such films are 
collected in Table II.

Table I I : Characteristics of Annealed Films

P ,
T o r r

¿ anne a l i ng .
m i n Y j n  i F i 5

1 . 5  X  1 0 ~ 8 1 4 . 5 0 . 9  X  l O " 2 5 . 2  X  1 0 - 6 0 . 0 8

2 . 2  X  1 0 " 8 6.0 1 . 2  X  1 0 “ 2 0 . 0 6

3 . 7  X  1 0 “ 8 5 . 9 3 . 4  X  l O ' 2 3 . 4  X  1 0 ' 3 0 . 0 5

3 . 7  X  l O “ 8 9 3 . 5 5 . 2  X  1 0 “ 2 1 . 3  X  1 0 “ 3 0.12
5 . 5  X  1 0 “ 8 6.0 4 . 0  X  l O ' 2 3 . 5  X  1 0 “ 3 0 . 0 6

5 . 6  X  1 0 “ 8 7 . 0 3 . 8  X  l O ' 2 3 . 4  X  1 0 “ 3 0 . 0 5

5 . 7  X  1 0 “ 8 1 1 4 . 0 1 . 9  X  1 0 - 2 7 . 0  X  1 0 ~ 3 0 . 0 7

5 . 8  X  1 0 " 8 7 . 0 4 . 6  X  1 0 ~ 2 5 . 7  X  1 0 " 3 0 . 0 4

5 . 8  X  1 0 “ 8 7 . 2 8 . 5  X  l O " 2 5 . 6  X  1 0 “ 3 0.02
5 . 9  X  1 0 " 8 10.0 4 . 5  X  l O ” 2 5 . 1  X  1 0 “ 3 0 . 0 6

6 . 0  X  l O “ 8 2.0 7 . 6  X  1 0 “ 2 5 . 7  X  1 0 ~ 3 0.02
6 . 5  X  1 0 “ 8 10.0 3 . 2  X  1 0 - 2 2 . 4  X  1 0 " 3 0 . 1 3

6.6  X  1 0 - ' 21.0 5 . 0  X  l O “ 2 6 . 1  X  1 0 “ 3 0 . 0 6

8 . 4  X  1 0 ~ 8 7 . 0 3 . 9  X  1 0 “ 2 2 . 3  X  l O ' 3 0.10

As in the case of thin deposited films, there is con
siderable scatter of the data. This scatter is attribut
able again to the irreproducibility of films developed by 
successive annealing of previously reacted substrate. 
It is also due in part to the difficulty in regulating the 
initial pressure of oxygen upon first opening the variable

Figure 6. Variation of the experimental quantity sFdm with 
oxygen pressure for a series of annealed cesium films.

leak, which may particularly affect the maximum 
current observed, since this generally appears within 30 
sec of the introduction of oxygen into the system.

Unlike the case of thin deposited films, there appears 
to be an increase in the maximum differential yield as 
one goes to higher pressures. This trend is more 
strongly indicated if one examines the experimentally 
observed quantity, s F d m , which is directly proportional 
to Im&Ti/P' A plot of s F d m  v s . pressure is shown in 
Figure 6; although there is substantial scatter of the 
data, a linear increase of s F dm with pressure seems to be 
indicated.

For the integral yield, on the contrary, no trend is 
apparent; in fact, the integral yield appears to be inde
pendent of the pressure. The mean value for the 
integral yield from annealed films is Fi = 4.9 ±  1.2 X 
10-3, which agrees within the limits of experimental 
error with the mean value from thin deposited films, 
which is Fi = 3.0 ±  0.9 X 10"3.

Although the bulk of the measurements reported 
here were made at a temperature of —63.5°, some in
vestigation of the effect of surface temperature on the 
chemiemissive phenomenon was carried out. The 
annealing of oxide-covered films was found to be sub
stantially hindered as the temperature was reduced, 
with very little regeneration observed at —95° and 
none observed at —183°. On the other hand, the 
chemiemission process itself was not significantly af
fected by the surface temperature, as was shown by the 
observation that a film annealed at —63.5° and then 
cooled to —183° before admission of oxygen showed 
chemiemissive behavior very similar to that observed 
at higher temperatures. Several runs were carried out 
at 0°; these also gave comparable results. It should 
be noted that with our experimental setup the surface
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temperature is controlled independently of the oxygen 
gas temperature; the latter was room temperature 
(25°) in all cases.

Discussion

One would like to describe the chemiemission reaction 
in terms of a simple solid-gas one-step reaction

0 2 +  Cs (surface) —> Cs02 (surface) + +  e~ (S)
with the emitted electron being derived from the con
duction band of the metal, and the energy required to 
overcome the work function being supplied either by 
the exothermic chemisorption process10 or by the oxida
tion itself.18 The time and pressure dependence of 
chemiemission observed in this work do not. permit such 
a simple explanation.

An alternative tunneling mechanism as developed by 
Bohun, et ah,19 might explain the observed results with 
the postulation of a barrier height decrease caused by 
the presence of some chemisorbed oxygen on the surface. 
Cesium oxide is widely used to lower the work function 
of semiconductor photoemitters,20 but whether it can 
act in a similar fashion on the surface of cesium itself is 
not known. It does not appear to do so when covering 
the entire surface, since such work function lowering 
would be expected to cause an increase in the photoelec
tric yield upon irradiation with white light, contrary to 
our observations (Figure 4) of a steady decrease of 
photoemission with time upon admission of oxygen to 
the cesium surface. Some more complex mechanism 
thus must be sought.

Whatever the mechanism of chemiemission, it must 
explain the following observations. (1) Cesium films 
incorporating little or no oxygen (thick deposited films 
or first films deposited on gold substrate) develop chemi
emission extremely slowly and give low differential 
yields. (2) Chemiemission grows rapidly when oxy
gen is first admitted onto a film which incorporates 
oxygen (thick deposited films or diffusion-annealed 
films). (3) The maximum emission current appears 
to be second-order dependent on the pressure. (4) 
Chemiemission half-lives for less than ~90% surface 
coverage are much shorter than photoemission half- 
lives. (5) The decay of photoemission is structure
less and logarithmic.

The regeneration of chemiemissive activity upon 
annealing thick oxide-coated films is a phenomenon 
that has also been observed by other workers. Del- 
char7 found that nickel surfaces, exposed to pulsed doses 
of oxygen, gave chemiemission with a twin-peaked be
havior as a function of time. He attributed the second 
peak to freshly exposed nickel created when oxygen was 
incorporated into the metal lattice. For the cesium- 
oxygen system, Koller,21 in studying the photoemission 
from cesium-cesium oxide surfaces, observed behavior 
which he explained in terms of diffusion of cesium and 
oxygen species.

The first-order regeneration of photosensitivity and 
temperature dependence' of the regeneration (its ab
sence at 77°I\) observed in this study indicate that, as 
in the above-mentioned studies, the effect seen here is 
due to diffusion of cesium metal from the unreactcd 
substrate through the oxide layer (or, alternatively, 
migration of the oxide down into the bulk substrate). 
This interpretation is consistent with the other proper
ties of annealing observed in this work: the absence of 
regeneration of thin films (no bulk cesium present) and 
the absence of well-characterized emission from an 
annealed surface that, had not had previous exposure to 
oxygen (no oxide present to be incorporated into the 
lattice).

From the purely first-order decay of the photoemis
sion, together with the lack of any discernible trend in 
sticking probability, we conclude that the process of 
active site destruction is simple (we indicate a species 
present at the surface by SU)

0 2 +  Cs(SU) 0 2-Cs(SU) (9)
and that, oxygen coverage of a site eliminates it as a 
photoactive site. From the rapid growth of chemi
emission upon first admission of oxygen we conclude 
that the presence of oxygen sorbed on the surface is nec
essary for chemiemission to occur with a high yield

Cs(SU) +  0 2 +  (VCs(SU) 2Cs02 +  Y3e~ (10)
This two-step mechanism will lead to a second-order 
dependence of 7 on p .

It is reasonable to assume that the intermediate 
sorbed oxygen eventually will be converted to the 
oxide, again with a possibility of chemiemission

OrCs(SU) Cs02 +  Y,e~ (11)
We may express [Cs(SU)] in the form (1 — 6)Cso, 

where d is the fractional coverage and Cs0 the initial 
surface concentration of cesium atoms. Applying the 
steady-state approximation for the intermediate
(d[02-Cs(SU)])/d t =

0 = fc2pCs0(l -  6) -  Fi [CVCs(SU)] -
fc3pCs0(l -  0) [02-Cs(SU)] (12) 

which may be rearranged to give 
[CVCs(SU)) = [fc2pCs0(l -  6)]/

[/v4 +  fc3pCs0(l — 0)] (13) 
The rate expression for electron production is 

de^/ck = 7 = ay3fc3pCso(l — 6) X
[(VCs(SU)] +  aY4k 4[02-Cs(SU)] (14)

(18) H. Seidl and F. Raubinek, Czech. J. Phys., 3, 309 (1953).
(19) A. Bohun, J. Sak, and M. RsenickovS, ibid., li, 15, 667 (1965).
(20) For a recent review, see R. L. Bell and W. K. Spicer, l ’ roc. 
IEEE, 58, 1788 (1970).
(21) L. R. Koller, Phys. Rev., 36, 1643 (1930).
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Upon substitution of eq 13, this gives 

/  = [aF3fc2fc3p2Cs02(l — 0)2 +
aF4/c2fc4pCs0(l — 0)]/[fci +  fc3pCs0(l -  0)] (15)

where a is the film area, p the oxygen pressure, and F3 
and F4 are fractional yields for electron production.

It can be seen that, under conditions where /c4 > 
k3pCs0 but F3fc3pCso(l — 0) >  F4fc4, the current will 
appear to be proportional to the square of the pressure. 
The first condition is reasonable in light of the photo
emission behavior. For the above kinetic scheme, we 
derive for the rate of decay of photosignal
(d photons)/At = d(l — 0)/dt =

— k2p{\ — 0)(1 +  [fc3Cscp(l — 0)]/
[fc4 +  fc3Cs0p(l -  0)]) (16)

which predicts the observed first-order decay only if 
kt > k3pCs0. The second condition can hold simul
taneously with the first only if F3 »  F4. Some idea of 
the relative magnitudes of F3 and F4 may be obtained 
from comparison of the maximum differential yield 
F d m , which should be largely determined by F3, and 
the integral yield Fi, which represents an average of the 
contributions of F3 and F4. Tables I and II show that 
F dm is about 10 times Fi at low pressures and 5-10 
times Fx at higher pressures, from which we estimate 
that F3 ^ 100F4. The substantially lower yields re
ported by earlier workers under conditions where frac
tional surface coverage was large also lend support to 
this estimate.22'23

The short early half-lives for chemiemission are also 
explicable using this mechanism, since for early times 
the decay will be dominated by the (1 — 0)2 term, while 
at later times the (1 — 0) term will be dominant. Other 
features of the chemiemission behavior are less easily 
rationalized by these kinetics, however. The apparent 
independence of pressure of the observed integral yield, 
for example, does not follow from the kinetic scheme. 
This independence is not firmly established, and more 
careful determinations may reveal a variation consistent, 
with our proposed mechanism.

The slow development and low differential yields 
from very thick cesium films also do not fit readily 
into the scheme. Two alternative reasons for this be
havior may be proposed: (1) the sticking probability
for 02 on such films is substantially lower than on films 
incorporating some oxide (i.e., k2 is smaller for purer 
films); or (2) the rate of conversion of the intermediate 
into cesium superoxide is substantially greater for 
uncontaminated films [i.e., F4fc4 > F3lc3pCso(l — 0)]. 
Detailed observation of the decay of photosensitivity of 
such a film should help resolve this question; such a 
study has not yet been carried out, but qualitative 
observations indicate a slower decrease of photosensi
tivity for such films and thus support the first possi
bility.

If the proposed kinetic scheme is correct, one is still 
faced with the problem of establishing the details of the 
mechanism: the identity of the 0 2-Cs (surface) inter
mediate and the source of energy for the two electron 
emission processes. One possibility, in light of the 
general observation that oxygen is chemisorbed on low 
work function metal surfaces as the 0 2~ ion,24 is 0 2~, 
chemisorbed on the surface, as the intermediate. The 
enhancement of chemiemission by this intermediate 
might then be due to a high probability of ionization of 
this ion upon chemisorption of another oxygen molecule 
at an adjacent site, and such ionization could be viewed 
as a tunneling process similar to that developed by 
Bohun, et al.,19 or as a process involving the heat of 
chemisorption as proposed by Haxel, et al.10

Another possibility is suggested by the unique role of 
Cs20 in acting as a sensitizer of the infrared photoemis
sion from III-V-type semiconductor compounds20 and 
from the Ag-O-Cs photocathode.25 In these systems, 
the cesium oxide acts as a semiconductor which lowers 
the photoelectric threshold and enhances the photo
electric yield, presumably by creating a high efficiency 
electron tunneling path out of the major constituent of 
the cathode (Ag or the III-V compound) into the oxide. 
The oxide also perturbs the band structure of the semi
conductor substrate; the net result in either case is 
creation of a low work function path for electron emis
sion into vacuum. In our system, comprising only 
cesium and cesium oxides, such photoelectric effect 
enhancement seems to be minimal, judging from our 
experimental photoemission results. However, cesium 
oxide could be enhancing the chemiemissive process by 
providing a low work function path for emission of 
chemiexcited electrons. Chemiemission could be much 
more sensitive than photoemission to such local surface 
sites of low work function, inasmuch as the chemisorp
tion process is confined to the surface, whereas photon 
absorption extends to a considerable depth below the 
surface. It should be emphasized that if Cs20  is the 
intermediate, acting to reduce the local work function, 
it must eventually be destroyed with concomitant work 
function increase (perhaps by conversion to cesium 
superoxide in the presence of excess oxygen) to explain 
the disappearance of photoemissive activity upon full 
oxidation of the surface.

In our kinetic scheme, we have assumed that the 
first-order chemiemission is generated by the bulk oxi
dation process, that is, by the exothermicity of incor
poration of the oxide ion into the cesium lattice. In 
this we follow Lohff and Raether.23 One can also 
imagine the first-order chemiemission as driven by the 
heat of chemisorption, in which case the following

(22) W . Geiger, Z. Phys., 140, 608 (1955).
(23) J. Lohff and H. Raether, ibid., 142, 310 (1955).
(24) J. N. de Boer, “ Electron Emission and Adsorption Phenomena,” 
Cambridge University Press, London, 1935, p 142.
(25) Reference 18, Chapter 10.

The Journal of Physical Chemistry, Vol. 75, No. IS, 1971



kinetic scheme obtains

0 2 +  Cs(SU) 0 2 -Cs(SU) +  F2e~ (17) 

0 2 +  Cs(SU) +  0 2 -Cs(SU) ‘2Cs0 2 +  F3e~ (18)

0 2 -Cs(SU) —*■ Cs02 (19)
The steady-state condition is identical to that 

derived before, but for I one obtains the expression

I = aF2 fc2 'pCs0(l -  0) +
[aY3k3k2'pW ( 1  -  e y y

[fc/ -(- fc3pCso(l — 6) ] (2 0 )
The major difference, experimentally, between these 

mechanisms is that, whereas the former predicts that 
the initial emission when oxygen is admitted to the sys
tem will be zero (since initial intermediate concentra
tion is zero), the latter predicts a nonzero initial emis
sion to which would be added the second-order emission

1936

as the concentration of intermediate increased. The 
first mechanism appears to be much more likely, inas
much as careful attempts to observe initial emission 
upon first admission of oxygen to the system have met 
with negative results. Because the initial emission 
may be low, however, and because initial pressure con
trol is difficult to attain, the second mechanism cannot 
be completely ruled out.
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Epr studies were carried out on trapped H atoms in 60Co 7-irradiated calcium phosphate powder at room tem
perature. The radiation yield of H atoms was relatively small [(7(Ht) =  0.002] and inversely related to the 
extent of hydration of the phosphate. The H atoms decayed slowly at room temperature with an initial 
half-time of 4 days. The epr characteristics of the H-atom doublet were very similar to those found for the 
same species in acidic ices except that the epr line width in phosphate was only 0.35 G compared with approxi
mately 3.4 gauss in H2SO4 glassy ice at 77° K. Paramagnetic relaxation measurements vs. radiation dose 
were made on the H-atom epr lines. These data taken together with the thermal decay and dose saturation 
data indicated that the H atoms are produced initially in a nonuniform spatial distribution which gradually 
changes with dose and irradiation time to a spatially more uniform distribution.

I. Introduction
The 7  radiolysis of certain calcium phosphate poly-

crystalline powders has been reported to yield trapped
hydrogen atoms (HT) which are comparatively stable 
at room temperature. 1 ' 2 Only the g factors and split
ting of the Ht have been given and these appear to be 
very close to the corresponding values for HT in various 
rare gas matrices3 and frozen acidic ices. 4 In the 
present work we have studied the radiation yields, epr

line widths, dose saturation, and paramagnetic relaxa
tion characteristics of the HT in several different prep-

(1) P. W. Atkins, N. Keen, M . C. R. Symons, and H. W. Wardale, 
J. Chem. Soc., 5594 (1963).
(2) S. Ogawa and R. W. Fessenden, J. Chem. Phys., 41, 1516 (1964).
(3) S. N. Foner, E. L. Cochran, V. A. Bowers, and C. K . Jen, ibid., 
32, 963 (1960).
(4) R. Livingston, H. Zeldes, and E. H. Taylor, Dismiss. Faraday 
Soc., 19, 166 (1955).
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Figure 1. Epr spectrum of irradiated Matheson brand calcium phosphate at room temperature: “ Co y  dose =  1.84 X  106 rads; 
microwave power = 4 X  10-2 W; Hm = 1.2 G ; vm =  100 kHz.

arations of tribasic. calcium phosphate. [Cai0(POj)6- 
(OH)2],

II. Experimental Section
Reagent grade tribasic calcium phosphate [Caw- 

(P0 4) 6 (0H)2] as polycrystalline powder was obtained 
from the following suppliers: Matheson, Fisher, Baker, 
and Mallinckrodt. These were used without further 
purification. The water of hydration was quoted as 
being the same from each supplier; however, we measured 
the concentration of water in each of the four brands 
by differential thermal analysis techniques. The 
results indicated that the phosphate supplied by Fisher, 
Baker, and Mallinckrodt had the same water content, 
within experimental error, but that the Matheson 
sample was lower than the others by about 2 0 % (see 
Table III).

Samples were irradiated in Pyrex vials at ambient 
temperature in an Atomic Energy of Canada Model 200 
60Co y cell at a dose-rate of 106 rads/hr as calibrated by 
ferrous sulfate dosimetry.

Epr analysis was carried out on a Varian V-4502 
spectrometer system, equipped with audio and 1 0 0 - 
kHz modulation, and operated in the low power bridge 
configuration. The slow passage power saturation 
measurements were done with a modulation frequency 
of 200 Hz. Fast passage measurements all utilized a 
modulation frequency of 100 kHz. The modulation 
amplitude, Um, in all experiments was set at a value of 
0.15 gauss because of the unusually narrow line widths 
of the Ht doublet (ca. 0.35 gauss).

The microwave magnetic field, Hx, in the Varian 
TE102 single cavity was calculated from measurements of 
the microwave power entering the cavity by a formula 
recently developed by Bales and Kevan5 and adjusted 
to our experimental conditions. Microwave power 
measurements were made with a Hewlett-Packard X- 
4S7B thermistor connected to a Microline 31A1 power 
meter and attached to the low-power sample cavity 
arm through a Hewlett-Packard precision attenuator.

G values for HT production in the phosphate samples

(no. of Ht produced per 100 eV radiation energy ab
sorbed) were obtained by comparison of the area of the 
doubly integrated HT high-field line with that obtained 
from glassy 8.7 M H2SO4 ice at 77 °K irradiated and 
analyzed in the same fashion and taking G(HT) in the 
acid ice as 1 .6 6 . 6

III. Results and Discussion
A. Epr Spectral Characteristics of Irradiated Calcium 

Phosphate. The epr spectrum of Matheson calcium 
phosphate irradiated and analyzed at room temperature 
(60Co 7  dose = 1.84 X 106 rads) appears in Figure 1. 
The doublet lines marked H split by 502 G are due to 
the H t and closely resemble those attributed to HT in 
irradiated acidic ices. 4 The width between points of 
maximum slope of the two lines, however, is only 0.35 G 
as contrasted with 3.4 G for HT in 8.7 M H2S04 and
4.3 G for Ht in 10.9 M H3PO4 . 7  The average Ht line 
widths in the other three brands of phosphate are 0.38 
G, which is slightly broader than the Matheson Ht 
value. The effects of radiation dose on the HT line 
shape parameter and line width are given in Table I. 
The line shape parameter of any epr line determined by 
the derivative curve slope method8 is 2 . 2  for an ideal 
Gaussian line and 4.0 for an ideal Lorentzian line. The 
value of this parameter for the HT lines in the phosphate 
is 3.1 at 0.2 Mrads and increases to 3.7 at 7.3 Mrads, 
indicating that the lines at low doses are intermediate 
between Gaussian and Lorentzian and gradually ap
proach the ideal Lorentzian shape at high doses. The 
line width does not vary significantly with radiation 
dose. However, as shown in Table II, the line width 
increases significantly with microwave magnetic field, 
Hx. The H t lines saturate readily with increasing Hx; a 
representative slow passage progressive saturation 
curve is shown in Figure 2.

(5) B. L. Bales and L. Kevan, J. Chem. Phys., 52, 4644 (1970).
(6) 11. Livingston and A. Weinberger, ibid., 33, 499 (1960).
(7) J. Zimbrick and L. Kevan, ibid., 47, 5000 (1967).
(8) R. A. Levy, Phys. Rev., 102, 31 (1956).
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Figure 2. Slow passage power saturation of the Ht epr 
high-field line at room temperature: 60Co y-do.se = 1.9 Mrads; 
Hm =  0.15 G; pm =  200 Hz.

Table I

“ CO
7 dose, Line shape A//ms>
Mrads parameter G

0 .2 3.1 0.35
0 .4 3.4 0.35
0 .6 3.6 0.35
1.2 3.5 0.35
2.4 3.5 0.35
4.4 3.8 0.35
7.3 3.7 0.35

Table II

G Hi, G

0.35 5.24 X IO"3
0.36 1.70 X IO“ 3
0.51 7.41 X IO“ 3
0.65 1.15 X 10->

ices.7 It would be expected that the width of the HT 
lines in phosphate would be narrower than the HT line 
widths in acidic ices because of at least two differences 
between these systems: (1) The yield of HT in phos
phate is much lower [(¿(H t) = 0.0032 in Matheson 
phosphate and 1.66 in 8.7 M H2S04 glassy ice6] than in 
the concentrated acidic ice. Thus, even allowing for 
possible differences in spatial distribution of the HT in 
the two systems, the average dipolar spin interaction be
tween Ht is weaker and will make a smaller contribu
tion to the observed line width in phosphate than in 
acidic ice. (2) The contribution to the observed line 
width due to unresolved hyperfine interaction between 
the Ht spins and surrounding protons is very probably 
smaller in the phosphate system than in the acidic ice 
system since there are much fewer protons present in 
phosphate than in the aqueous acidic ices. Some con
tribution from this type of interaction to the observed 
Ht line width must exist in the phosphate since the 
width is slightly greater in the Baker, lusher, and Mal- 
linckrodt brands which have about 20% more H20  than 
in the M atheson brand.

The above data indicate that despite the basic dif
ferences between the powdered polycrystalline matrix 
of the phosphate and the glassy aqueous ice matrix, the 
Ht epr characteristics in the two matrices are very 
similar. This finding is consistent with two possible 
hypotheses: (1) the local environment surrounding Ht
in phosphate is similar to that surrounding HT in acidic 
ice; or (2) in these systems, the spectral characteristics 
presented above are insensitive to differences in the 
local environments of H t. More studies are needed 
to obtain conclusive support for either of these hy
potheses.

B. Radiation-Induced Yields of Hr. Using a 60Co 
7  dose of 2 X 106 rads the initial yields of HT in the four 
brands of calcium phosphate were determined as de
scribed in the Experimental Section; the G values are 
given in Table III. This table also shows the water 
content for each of the four brands of phosphate. The 
(?(Ht) in the phosphates is much lower than the G 
values found in other systems such as acidic6 and oxy- 
anion ices; in fact, the (7(HT) in 8.7 M H2S04 glassy ice 
(1.66) is 519 times as great as that found in Matheson 
phosphate (0.0032).

Y. P. VlRMANI, J. D. ZlMBRICK, AND E. J. ZELLER

After the onset of saturation the H t signal intensity 
decreases sharply which is characteristic of epr lines 
broadened by significant homogeneous contributions. 
The line shape parameter and the broadening of the Ht 
lines with increasing Hi also suggest that these lines 
are broadened homogeneously.

All of the above spectral characteristics of HT in phos
phate with the exception of the line widths agree closely 
with the corresponding characteristics of HT in acidic

Table III

Supplier

Water content, 
mg H20 /g  
of solid6

Baker 0.0020 23.5
Fisher 0.0020 22.2
Mallinckrodt 0.0020 22.0
Matheson 0.0032 18.8

“ Experimental error, ±15% . '’ Experimental error, ± 5 % .

The Journal of Physical Chemistry, Vol. 7fi, No. IS, 1971



E p r  St u d y  o f  T r a p p e d  H A t o m s

CO

60Co X- DOSE , MRAD

Figure 3. Relative number of Ht (represented by relative 
epr signal intensity) as a function of 60Co 7-dose in various 
brands of calcium phosphate at room temperature.
Hm = 0.15 G; vm =  100 kHz.

The G(Ht) in Matheson phosphate is approximately 
60% greater than that in the other three brands and 
contains nearly 20% less water than the others. These 
data indicate that an inverse correlation exists between 
the Ht yield and the amount of crystal hydration. The 
mechanism of formation of the Ht in phosphate is not 
known at the present time, but the presence of increas
ing amounts of water while necessary as a source of H • 
may also result in increased mobility of the H ■ and thus 
a decrease in G'(Ht).

C. Radiation Dose Saturation and Decay of IIT at 
Room Temperature. The number of HT (as represented 
by the intensity of the high-field line of the H t doublet) 
was measured as a function of 60Co radiation dose in the 
four brands of phosphate; these data are presented 
graphically in Figure 3. The Matheson phosphate con
tains about 60% more HT at each dose level than the 
other 3 brands; this result is expected because of its 
higher G(HT) discussed in the preceding section. How
ever, all four brands begin to exhibit dose saturation at 
approximately 1.5-2.0 Mrads and the curves are very 
similar in shape.

Samples which had been irradiated with a “ Co dose 
of 1.3 Mrads were analyzed for H t signal intensity as a 
function of storage time after irradiation at room tem
perature. Figure 4 shows a graphical presentation of 
these data. The HT decay relatively rapidly immedi
ately after cessation of irradiation but the rate of decay 
decreases continuously with increasing time. The 
initial Ht half-life is about 4 days for all brands of phos
phate. Atkins, et al.f also stated that they observed 
slow decay of the Ht signal after irradiation in their 
phosphate samples. Since the Ht are not stable at 
room temperature there is some disappearance of this 
species during irradiation. Consequently, the dose at 
which the number of Ht begins to saturate will be dose 
rate dependent at low dose rates where irradiation

2 U 6 8 10 12 14 16 18 20 22

TIME, DAYS

Figure 4. Decay of Ht (represented by relative epr signal 
intensity) with storage time after irradiation at room 
temperature in various brands of calcium phosphate: Hm = 
0.15 G; «m = 100 kHz.

times that are appreciable fractions of the initial HT 
half-times must be employed.

D. Paramagnetic Relaxation Characteristics of the IIT 
Epr Doublet. The high-field line of the HT epr doublet 
was treated as a homogeneously broadened line, based 
on the spectral characteristics presented in part III, 
section A (line shape parameter, line broadening at high 
Hi, slope of slow passage saturation curve in Figure 2). 
From saturation curves the microwave power at which 
half-saturation occurs, Hi/.,, was obtained. The char
acteristic relaxation time, (TxTf)l/\ was calculated 
from the measured Hx/i values by Portis’ theoretical 
treatment for ideal homogeneous line broadening.7 9 
Ti is the spin-lattice relaxation time and 7\ is the spin- 
spin relaxation time. The Portis treatment should be 
applied only to Hi/, measured under slow passage con
ditions; however, the relatively low Ht signal intensity 
made slow passage measurements very difficult because 
of spectrometer sensitivity limitations. Consequently, 
we obtained only one slow-passage saturation curve 
(that shown in Figure 2 using 200 Hz) and the rest of the 
saturation measurements were made using fast-passage 
conditions (100 kHz). A typical 100-kHz saturation 
curve is shown in Figure 5, A comparison of this figure 
with Figure 2 shows that the shapes of the slow- and 
fast-passage saturation curves are different. At the 
same dose level, the 200-Hz value of Hi/, is 75% of the 
100-kHz value, which compares well with the values of 
77-89% obtained recently by Hase and Ivevan,10 for

(9) J. Zimbrick and L. Kevan, J. Chem. Phys., 47, 2364 (1967).
(10) H. Hase and L. Kevan, ibid.., 52, 3183 (1970).
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Figure 5. Fast passage power saturation of the Hx epr 
high-field line at room temperature: 60Co y  dose = 2.4 Mrads; 
Hm = 0.15 G; vm = 100 kHz.

trapped electrons in i3H-irradiated alkaline ices but not 
with our value of 500% obtained recently for trapped 
electron centers in proton-irradiated diamonds.11 Thus 
the statement by Hase and Kevan10 that the “ correction 
factor” for Hi/2 may have to be determined empirically 
for each spin system and set of experimental conditions 
appears to be applicable thus far.

If an epr line is not an ideal case of either homogene
ous or inhomogeneous broadening, then the Portis 
treatment is not directly applicable to its power satura
tion curves. Such cases of intermediate line broadening 
have been treated by Castner;12 his treatment, again 
assuming slow-passage conditions, considers inhomo- 
geneously broadened lines to be made up of homogene
ously broadened “ spin packets” the widths of which are 
certain finite fractions of the overall observed line 
width. Castner’s treatment was applied to our slow 
passage saturation curve shown in Figure 2. We ob
tain a value of 1.0 for the “a” parameter which indicates 
that the HT doublet lines behave like ideally homo
geneously broadened lines, insofar as power saturation 
characteristics are concerned. This result justifies the 
direct application of the Portis treatment to the power 
saturation curves obtained from the Ht epr lines.

We have measured the relaxation time product, 
(7’i'/'•>)' ’, as a function of 60Co radiation dose for the HT 
epr lines. These data were obtained by application of 
the Portis treatment to our fast passage power satura
tion curves and are plotted in Figure 6. Similar mea
surements have been interpreted previously as being 
relevant to the spatial distribution of the trapped spe
cies and its change with radiation dose.6’7’9’10 This 
interpretation depends only on relative values of (7V 
7’2)'w ith in  the same spin system rather than on ab
solute values, so that the application of Portis’ treat
ment to our fust passage curves does not affect the

Y. P. VlHMANI, J. D. ZlMBKICK, AND E. J. ZELLER

60Co Y -D O SE, MRAD

Figure 6. Relaxation time vs. 60Co y dose for the Hx epr 
high-field line in Matheson calcium phosphate 
at room temperature.

validity of the results. If (TiT2) 1/2 decreases with dose 
in a dose region in which the total number of spins is 
increasing, this has been shown to be due to a decrease 
in T2, the spin-spin relaxation time,13 caused by an in
crease in local concentration of spins. Such data are 
interpreted as indicating a spatially uniform trapped 
species.7’9’10’13 In contrast, if (T2T2)'/2 remains con
stant in a dose region of increasing total spins, then the 
local spin concentration is not changing and a nonuni
form spatial distribution is indicated.9 Figure 6 shows 
that (and thus T2) actually increases in the
dose region 1-1.2 Mrads, then decreases sharply up 
to 2.4 Mrads, after which no further changes occur up to
7.3 Mrads, the highest dose studied. A comparison of 
the dose saturation data in Figure 3 with the (TiT2)‘/2 
data indicates that the increases in (TiT2)1/! occur in 
the same dose region in which the total number of Ht is 
increasing with dose. Since epr line intensity is propor
tional to the total number of unpaired spins in a sample, 
whereas T2 is dependent on the local concentration of 
spins (average distance between spins), our data suggest 
that the average distance between spins is increasing 
(local concentration of spins is decreasing) at the same 
time that the total number of spins in the sample is in
creasing. This behavior can be explained with the help 
of the data and discussion presented in part III, section 
C, which indicated that the Ht are not stable at room 
temperature and thus have some degree of mobility in 
the matrix. Figure 4 shows that significant decay of 
the Ht epr signal has occurred within a few hours after 
cessation of irradiation. This means that during irra
diation the production of Ht is accompanied by a certain 
amount of Ht decay; the longer the irradiation time the 
more decay and the more opportunity for H • movement 
from its initial trapping site. Taken together these

(11) Y . P. Virmani, J. D. Zimbrick, and E. J. Zeller, unpublished 
work.
(12) T. G. Castner, Phys. Rev., 115, 1506 (1959).
(13) H. Hase and L. Kevan, ./. Amer. Chem. Soc., 90, 6875 (1968).
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data support the hypothesis that the HT are produced 
initially with a nonuuiform spatial distribution reflect
ing the nonuniform deposition of radiation energy but 
as they move slowly from their initial trapping sites the 
distribution gradually becomes more spatially uniform. 
The dose region from 0 to 1.2 Mrads in which {l\T2)l/l 
increases reflects the change from spatial nonuniformity 
to spatial uniformity. At doses between 1.2 and 2.5 
Mrads (12-25 hr of irradiation) the total number of Ht 
is still increasing but by these times the spatial distribu
tion is uniform so that (T1T2) '/2 decreases sharply. At 
doses above 2.5 Mrads, there is no further increase in the 
number of HT (Figure 3), their spatial distribution re
mains uniform, and no more change in (TiT2) 1/2 occurs. 
If this hypothesis is valid, it indicates that relaxation 
time data not only reflect steady-state spatial distribu

tions but may also give useful insights into changes in 
these distributions with certain variables such as radia
tion dose and time.
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The scavenging efficiencies of various electron scavengers with regard to mobile electrons (em~) have been 
determined from the yield of the X-ray-induced trapped electrons (et_) in an ethylene glycol-water glass at 
77°K, by measuring the rate of increase of the optical density of the glass at 585 nm during X-irradiation. 
The scavenger concentrations needed to halve (?(et~) were found to be 0.047 M for H202, 0.035 M for NaN03, 
0.020 M for CChCOOH, 0.26 M for ClCH2COOH, and 0.41 M for HC1. (?(et~) was not noticeably affected 
by the presence of 1 M NaCl, indicating that ionic strength was not important. The apparent reaction kinetics 
were not homogeneous. One reason for this seems to be the scavenging of the precursor of em~, i.e., the dry 
electrons (e- )- Comparing the scavenging efficiencies of em_ with those previously measured for e~ under 
similar conditions, we conclude that the reactivities of these entities are generally different.

Introduction
One of the basic assumptions in the new model for 

the radiolysis of aqueous solutions recently put for
ward by Hamill2 is that electrons may react with solutes 
prior to hydration, that is, while they presumably are 
still moving with thermal—or higher—energies as 
unsolvated particles. According to this model these 
“dry electrons” (e~) should generally react with mole
cules which are efficient scavengers of hydrated elec
trons (eaq- ) with the important exception of hydrogen 
ions (H3Onq+) towards which they should be essentially 
unreactive. This hypothesis has now been experi
mentally supported by Wolff, et al. ,3 who were able to 
perform pulse radiolysis of aqueous solutions with a time 
resolution of about 20 psec. They found that various 
electron scavengers reacted noticeably with the pre

cursor of eaq~, i.e., presumably with e- , when present 
in concentrations above 0.1 M. In agreement with 
Hamill’s hypothesis H3Oaq+ was found to be essentially 
unreactive. Additional experimental support has been 
reported by Steen,4 who measured the yield of X-ray- 
induced phosphorescence of indole in ethylene glycol- 
water glass at 77° K as a function of the concentration 
of various electron scavengers, the reasoning being that 
approximately 90% of this phosphorescence appears to 
be due to geminate recombination between indole cat-

(1) Fellow of the Norwegian Cancer Society.
(2) (a) W. H. Hamill, J. Chem. Phys., 49, 2446 (1968); (b) W . H. 
Hamill, J. Phys. Chem., 73, 1341 (1969).
(3) R. K. Wolff, M . J. Bronskill, and J. W . Hunt, J ■ Chem. Phys., 53, 
4211 (1970).
(4) H. B. Steen, J. Phys. Chem., 74, 4059 (1970).
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ions and e- .5 The scavenging efficiencies of the vari
ous scavengers with regard to e-  obtained in this way 
are in good agreement with those found by Wolff, 
et al., when compared on a relative scale.

The question arises whether these “ dry electrons” 
are the same, i.e., with respect to reactivity, as the 
“ mobile electrons” (em- ) previously observed in various 
glassy solutions by several authors.6-8 Hamill2b sug
gests that this is indeed the case. Kevan7 concludes 
that, with the exception of hydrogen ions which have a 
very low reactivity with em~, the reactivities of em~ 
with various electron scavengers are approximately 
proportional to those known for eaq-  in water at room 
temperature. On the other hand, the scavenging 
efficiencies for e-  obtained by Wolff, et al.,3 and by 
Steen4 are definitely not proportional to those of eaq- . 
However, it cannot be ruled out that this apparent 
difference between em-  and e-  is due to the fact that the 
scavenging efficiencies have been measured in different 
solvents and under quite different conditions.

In the present work, therefore, we have determined 
the scavenging efficiencies with regard to em~ for various 
electron scavengers in the same solvent and under the 
same conditions as those previously employed4 in the 
measurement of the scavenging efficiencies for e- . 
The scavenging efficiencies for em-  have been deter
mined by measuring the yield of X-ray-induced trapped 
electrons (et~), observed by their optical absorption, as 
a function of the scavenger concentration. Thus, what 
we have observed is the competition between, on one 
hand, the reaction of em-  with the scavenger, and, on 
the other hand, the trapping of em-  and all other pro
cesses by which em~ can disappear, e.g., recombination 
and reaction with the solvent. Assuming, in accor
dance with the results of the present work, that the rates 
of these latter reactions are not significantly affected by 
the scavenger, we conclude that the reactivities of 
em-  with various solutes are not proportional to those 
of e- . It must be emphasized, however, that e-  and 
em-  are by no means well-defined entities. Rather, 
they should be considered as representing average prop
erties associated with different parts of the electron 
degradation spectrum.

Experimental Section

Apparatus. The apparatus, by which the optical 
density of the samples can be measured during X  irra
diation, is shown in Figure 1. Six sample holders, 1 mm 
deep and 8 mm in diameter, are clamped onto a circular 
Cu disk 41 mm in diameter. The sample holders are 
made either of 0.05-mm Al foil, the glossy side turned 
up, or of “Perspex” gilded by vacuum deposition. The 
Cu disk is thermally connected to a reservoir of liquid 
N* by a Cu tube and is thermally isolated from the 
warm parts of the apparatus by two concentric German 
silver tubes which reach into the coolant. A heating 
element is located immediately below the Cu disk, and

.TUNGSWN 0«9 t)2- light SOURCE

Figure 1. The apparatus used to study the optical absorption 
of glassy samples during irradiation with X-rays.

the temperature of the disk, which is monitored by a 
thermocouple, can be kept constant to within ±0.5° 
anywhere between 77 and 300°K by feeding the thermo
couple signal to a regulated power supply. The Cu 
disk is situated in a vacuum tight housing which has 
two ports with quartz windows (QW) for the analyzing 
light beam, one port (not shown) for visual inspection 
of the samples, and one port with a 0.1-mm Al window 
(AW) for the X-ray beam. The Cu disk can be rotated 
while under full vacuum and low temperature to irra
diate and analyze one sample at a time.

A narrow monochromatic beam of analyzing light is 
provided by a tungsten lamp fitted to a grating mono
chromator (Jarrell-Ash 0.25-m Ebert type) and a set of 
quartz lenses (QL). The light beam, about 1 mm wide, 
is reflected from the bottom of the sample holder and is 
focused onto the entrance slit of a second monochroma
tor (same type) which has an EMI 9659 QB photo
multiplier tube at the exit. The slits of the first mono
chromator are set to transmit a fairly large part, i.e.,

(5) H. B. Steen, Radial. Res.. 41, 268 (1970).
(6) K . Eiben and 13. Schulte-Frohlinde, Z. Phys. Chem. (Frankfurt 
am Main). 45, 20 (1965).
(7) L. Kevan in “ Radiation Chemistry of Aqueous Systems,”  G. 
Stein, Ed., Interseience, Wiley, New York, N. Y., 1968, pp 21-71.
(8) H. Hase and L. Kevan, J. Phys. Chem., 74, 3358 (1970).
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10 nm, of the spectrum, while the second one, which is 
operated at the same wavelength, is used with narrow 
slits corresponding to a resolution of about 1 nm. 
Hence, when the two monochromators scan the spec
trum synchronously, slight variations in scanning speed 
will not affect the intensity measured at the exit of the 
second monochromator.

Absorption spectra of irradiated samples are obtained 
by comparing the transmission spectra obtained before 
and after irradiation.

By replacing the plane mirror shown in Figure 1 by a 
larger concave one, X-ray-induced fluorescence and 
phosphorescence can be studied.9

The X-ray source is a Siemens Kristalloflex 2 with a 
AGW 61 X-ray tube which is operated at 50 kV.

Materials. NaN03, H20 2, CCUCOOH, C1CH2- 
COOH, and HC1 were all p.a. reagents from Merck. 
The solvent was a mixture, 1:1 by volume, of ethylene 
glycol, which was “ chromatoquality” from Matheson 
Coleman and Bell, and water which was triply dis
tilled. All reagents were used without further purifi
cation.

Experimental Procedure. The sample holders were 
filled with 50 /d of sample solution which was degassed 
by controlled evacuation of the housing during cooling 
to 77°K. At this temperature the samples appeared as 
completely transparent glasses with no cracks or bub
bles. During experiment the housing was kept at a 
pressure of about 3 X 10 Torr.

The samples were irradiated, cne at a time, with a 
constant dose rate of about 80 krads/min and the 
transmission of the samples at 585 nm (which is at the 
absorption peak of trapped electrons under the present 
conditions) was recorded during irradiation. The 
results were corrected for the light reflected from the 
upper surface of the sample (~5%). It was checked 
that the analyzing light beam caused no bleaching of 
the X-ray-induced absorption.

Results and Discussion

For all the samples the optical density increased 
linearly with the exposure time for the first 2-3 min of 
the irradiation. No alteration of the shape of the ab
sorption spectrum between 400 and 800 nm could be 
observed with these doses. However, for larger doses 
the absorption spectra of the samples containing signif
icant concentrations of scavenger became somewhat dis
torted and the optical density at 585 nm no longer in
creased linearly with dose. Because of this the yields 
given below are those measured at “ zero dose.”

The deviation from a linear relationship between opti
cal density and dose generally increased with increasing 
concentration of scavenger. Furthermore, it appeared 
to be more pronounced for those scavengers which re
duce the yield of et_ most efficiently. The dose effects 
will be described in more detail in a subsequent paper.

In the present system the trapping sites, the solute

Figure 2. The yield of et~, G(et~), in ethylene glycol-water 
glass with CCI3COOH, NaNCh, and H20 2, as measured by the 
rate of increase of the optical density at 585 nm during 
X-irradiation, plotted according to eq 1.

molecules, and the positive holes are supposedly fixed 
in the medium. If it is assumed that the probabilities 
that em~ will react with either of these species are pro
portional to their respective concentrations, the yield of 
et_, G(et~), is given by eq 1

Go(et~)/G(et~) — 1 +  fcs[S]/(fcR +  &t[T]) (1)
where (jo(et~) is the yield of et~ with no scavenger pres
ent. ks and kr may be considered as the rate constants 
for the reaction of em~ with the solute, S, and the trap
ping sites, T, respectively, and kn is the probability per 
second that em~ will disappear by any other process, 
e.g., recombination or reaction with solute. Hence, if
[T] as well as ki and kR are independent of [S], eq 1 
is formally identical with that describing homogeneous 
reaction kinetics.

In Figures 2 and 3 G(et~), as measured by the optical 
density at 585 nm, has been plotted according to eq 1 
for the various scavengers studied. It should be noted

(9) H. B. Steen, Photochem. Photobiol., 6, 805 (1967).
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Figure 3. The yield of et~, G(et~), in ethylene glycol-water 
glass with C1CH2C00H  and HC1, as measured by the rate of 
increase of the optical density at 585 nm during X-irradiation, 
plotted according to eq 1.

that the pK of C1CH2C00H and CC13C00H, as mea
sured in the present solvent at room temperature, im
plies that, with the concentrations used here, the former 
acid is essentially undissociated while the latter one is 
practically fully dissociated. Hence, assuming the pK 
to be roughly the same at 77°K, the results given for 
CChCOOH are those of the corresponding anion. 
These results have not been corrected for the small 
effect ( ~ 2 %) due to H+. The scavenging effect of 
HC1 can be attributed entirely to H+ since the effect 
of NaCl (1 M) was found to be negligible.

It appears from Figures 2  and 3 that in no case are 
the reaction kinetics described by eq 1 obeyed. Hence, 
at least one of the assumptions on which eq 1  is based 
does not hold true. Curves similar to those in Figures 
2  and 3 were obtained by Hase and Kevan, 8 who mea
sured, by means of esr spectroscopy, the yield of et~ in 
7 - and uv-irradiated alkaline glasses containing acryl
amide as a scavenger. These workers suggest that the 
deviation from so-called homogeneous kinetics observed 
at high scavenger concentrations is due to a reduction 
of the concentration of available trapping sites caused 
by the presence of the scavenger molecules, i.e., they 
suggest that [T] decreases when [S] increases. How
ever, even if we make the rather extreme assumption 
that, to a first approximation, the concentration of 
trapping sites, [T], is related to the scavenger concen
tration, [S ], by

[T] = [T0] exp( — constant-[S]) (2 )

we find that this explanation alone is not sufficient to 
account for the observed deviation from eq 1. On the 
other hand, from our previous experiments4 we know 
that at least one other reaction will contribute to the 
curvature of the curves in Figures 2 and 3, namely the 
scavenging of e-  which is, supposedly, the precursor of 
em~. A preliminary analysis of the present results in
dicates that if it is assumed that both the scavenging of 
e~ and the scavenging of trapping sites as described by 
eq 2  are effective, the apparent deviation from eq 1  

observed in the present work can be qualitatively ac
counted for. However, more data are needed to decide 
whether this conclusion can be adequately supported 
on a quantitative basis.

The concentrations of the various scavengers needed 
to halve the yield of et~, [S]i/2, are given in Table I. 
Since the lifetime of em~ as well as its reaction kinetics 
under the present conditions are not known, absolute 
reaction rates cannot be determined. The scavenging 
efficiencies, defined as K — [S]i/2~\ are also shown in 
Table I. As noted above, the results depicted in Fig
ures 2 and 3 include also the effect of e~ scavenging. 
Hence, the scavenging efficiencies obtained from these 
curves do not apply directly to the reaction of em-  
with scavenger unless the effect of e_ scavenging is cor
rected for. This effect can be calculated provided the 
scavenging efficiencies for e~ are known. Thus, the 
scavenging efficiency relating only to em~, Km, can be 
found from eq 3

7r  A e+m (7'0-f-m  K e) /o x
Km  ~  I V  y6)-tA-e-fm I" e

where Ke+m is the scavenging efficiency obtained from 
Figures 2 and 3 and Ke is that of the scavenging of e~. 
Equation 3 is derived assuming that e~ and em~ both 
react with the solute according to eq 1. Although this 
does not seem to be true for em~, it is a good approxima
tion if applied only to that part of the curves in Figures 
2 and 3 for which Go/G < 2 as is the case here. The 
values of Ke obtained previously are reproduced in 
Table I. The values of Km calculated by eq 1 from 
these data and those of the present experiments are 
given in the same table. It can be seen that, except 
for the case of C1CH2C00H, the correction for the 
scavenging of e~ is small. However, it must be noted 
that the values of Ke given in Table I apply only to 
that fraction of e~ which, in the absence of any 
scavenger, recombines spontaneously. The scavenging 
efficiencies of that fraction of e~ which escapes recom
bination and which is the precursor of em_ are not 
necessarily the same mainly because the mean lifetime 
as well as the average energy of the two parts of the 
e-  population may be different. On the other hand, 
the results obtained for C1CH2C00H demonstrate that 
the true corrections for the scavenging of e~ can hardly 
be very much larger than those calculated here. Thus, 
the corrected scavenging efficiencies, i.e., K m, have been
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Table 1°

Scavenger
[S ]l/;. M ,  
em "  +  e - em +  e

k , j i r - i -------
em ~ e~ 6 ' em +  e

-------------K ,

em ~
rei units-------------------

e ~ b eaqc

h 2o 2 0.047 21 18 1.7 1.0 1.0 1.0 1.0
c ic h 2c o o h 0.26 3.8 1.6 1.5 0.18 0.09 0.9 0.5
CClaCOOH 0.020 50 38 6.5 2.4 2.1 3.8 0.7
NaN03 0.035 29 19 5.5 1.3 1.1 3.2 0.9
HC1 0.41 2.4 2.4 <0.17 0.11 0.13 <0.1 1.9

a [8]./, are the scavenger concentrations needed to halve the yield of the various species, while K  =  [S]i/s-1 is given as a measure 
of relative reactivity. em~ -f e~ indicates the values obtained experimentally in the present work, and em_ indicates these values cor
rected for the scavenging of e~ as measured previously. The numbers in the last four columns have been normalized to give identical 
values for H20 2. 6 Reference 4. e M. Anbar and P. Neta, Ini. J. Appl. Radial. Isotopes, 18, 493 (1967).

given primarily to show the relative magnitude of the 
effect of the scavenging of e~ for the various scaven
gers.

Kevan7 concludes that, with the exception of H+, 
the reactivities of em~ with various electron scavengers 
in ices containing large concentrations of H2POr or 
HSCh-  at 77°K are quite similar to those known for 
eaq~ in aqueous solutions at room temperature.10 Ac
cording to the data in Table I, this is not fully borne out 
by the present results. However, the differences found 
between relative reactivities of e„,_ and eoq_ are hardly 
conclusive since the reactivities of esoiv~ in the present 
solvent may be significantly different from those in 
water.

Mostly based on the observation of electron reactions 
in strongly acidic glasses, it is commonly assumed that 
em~ is essentially unreactive with H+. Thus, Brown 
and Dainton11 observed that a variety of metal ions in 
concentrations of about 0.01 M react very efficiently 
with electrons in 5.4 M H2S04 at 77°K. These authors 
propose that the lack of effect of the H+ from H2S04is 
due to a polymerization of this acid at low temperatures. 
Several workers7'1213 have measured the yield of 
trapped H atoms (Ht) in ices containing 5 M of H2S04, 
H3P04, or HClOi. Kevan7 concludes that these H 
atoms are formed not by the reaction between em ~ and 
H+, but by the reaction between en,_ and the acid 
anions.

In view of this it is interesting to note that, although 
the presently measured scavenging efficiency of H+ to
wards em~ is low in comparison with that of other ef
ficient electron scavengers, such as CCI3COO~ and 
ISt0 3~, it is still noticeable, i.e., it is approximately one 
order of magnitude smaller than that of N03~. Thus, 
assuming G(et~) = 214 in the absence of scavenger, the 
present results (Figure 3) imply that (?(et“ ) = 0.4 with 
1 M H+ and probably considerably below 0.1 with 5 M 
H+, if such a concentration of H+ is at all possible 
under these conditions. Hence, this result does not 
seem to be in accordance with Kevan’s conclusion that 
the reaction between em~ and H+ in 5 M acid at 77°K 
is negligible. However, it cannot be ruled out that this

discrepancy is due to the fact that different solvents 
have been employed.

Comparing the scavenging efficiencies for em~ ob
tained in this work with those previously found for e~ 
under the same conditions, it clearly appears that they 
are not the same. Thus, for all the scavengers the 
scavenging efficiency for em -  is considerably larger than 
that found for e_. Taking into account that the mo
bility of e“  is probably larger than that of em_ and as
suming that the fastest reactions observed here are 
approximately diffusion controlled, this result indicates 
that the lifetime of em~ is at least one order of magni
tude larger than that of e~. However, these differ
ences in lifetime and mobility cannot fully explain the 
different reactivities of em_ and e~. Thus, when com
pared on a relative scale they are still significantly 
different as demonstrated in Table I. It should be 
noted also that the correction of the scavenging effi
ciencies for em_ for the scavenging of e~ tends to en
hance this difference.

The use of strongly alkaline and acidic glasses has 
shown that the ionic strength may alter the structure of 
the medium and thereby affect various radiolytic pro
cesses such as the trapping of H atoms and electrons. 
It is important, therefore, to keep in mind that the reac
tion of e~ and em~ with the various scavengers occurs 
in competition with the formation of em_ and et~, re
spectively, as well as with other processes such as 
recombination and reactions with the solvent. Con
sequently, Ke and Km are proportional to the rate con
stants for the reactions of e_ and em~ with the scaven
gers only provided the rates of the competing processes 
are not influenced by the presence of the scavengers. 
It must be stressed, therefore, that a comparison be-

(10) M . Anbar and P. Neta, Int. J. Appl. Radial. Isotopes, 18, 493 
(1967).
(11) D. M . Brown and F. S. Dainton, Trans. Faraday Soc., 62, 1139 
(1966).
(12) T. Henriksen, Radial. Res., 23, 63 (1964).
(13) B. G. Ersov and A. K. Pikaev, Dokl. Phys. Chem., 169, 481 
(1966).
(14) T . Higashimura, M . Noda, T. Warashina, and H. Yoshida, 
J. Chem. Phys., 53, 1152 (1970).
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tween the scavenging efficiencies for em_ and those for 
other entities, such as e-  and eaq_, has relevance for the 
corresponding rate constants only to the extent that 
this condition is fulfilled. In view of this, K m was 
determined for NaNOs and CCI3COOH also in the 
presence' of 1 71/ NaCl. The results thus obtained were 
similar (within 10%) to those given in Table I, indi
cating that the ionic strength is not important in the 
present experiments. Hence, it seems reasonable to 
consider the values of Km and K0 given in Table I as 
relative values of the rate constants for the reactions of 
em~ and e~ with the various scavengers.

We conclude that em-  and e~ behave as different 
entities with regard to reactivity. Nevertheless, the 
physical difference between them is not known, al
though it is likely to be associated with the energy of the

1946

electron and with its interaction with the medium. 
Since c-  is supposedly the precursor of em~, which in 
turn precedes et~, it seems probable that the energy de
creases and that the degree of interaction with the 
medium increases in the same order. Thus, it is con
ceivable that there is no sharp distinction between these 
states of the electron, but rather that the transitions 
between them are continuous. This implies that the 
energies of e_ and c„,_ are confined only within certain 
limits rather than having discrete values. Conse
quently, the reactivities measured for these entities 
should be considered as averages over the corresponding 
degradation spectra. At the present time our knowl
edge about these matters is not sufficient to estimate 
with any accuracy the ranges of energy associated with 
e~ and em~.

J. R. Dukig, S. E. Hannum, and S. C. Brown
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The infrared spectra of biacetyl [CE3CO]2 and biacetyl-d6 [CD30 0 ]2 have been recorded over the range 33 
to 4000 cm-1 for the samples in the gaseous, liquid, and polycrystalline states. The Raman spectra of the 
liquid and polycrystalline solids have also been observed, and quantitative depolarization ratios have been 
measured. The vibrational spectra of the crystalline materials have been interpreted on the basis of (%, 
molecular symmetry and the values observed for the fundamentals are compared with those previously reported 
for the fluid states. A comparison of the infrared and Raman bands in the crystal shows that the mutual- 
exclusion principle is operative. It is concluded from this alternate forbiddance that the molecule has a centro- 
symmetric structure in the crystal and that each molecule occupies a (7,(1) site. The factor group of the crystal 
is believed to be either C ih{2/m ) or with two or four molecules per primitive unit cell. No evidence
could be found for the existence of the cis isomer in the fluid states. Possible reasons for its absence are dis
cussed. The infrared active methyl torsion was observed at 217 and 157 cm“ 1 for the “light” and “heavy”  
molecules in the solid state, respectively, and the barriers to internal rotation were calculated to be 3.1 kcal/ 
mol. Barriers of 2.7 and 2.8 keal/mol were calculated from rather broad bands in the spectra of gaseous 
[CH3CO]2 and [CD3CO]2, respectively. The barrier values are compared to those obtained for other acetyl 
compounds.

Introduction
We have recently recorded the vibrational spectra of 

several molecules of chemical formula [COX]2, where 
X = F, Cl, Br, and H, and determined their molecular 
symmetries in the solid and fluid states. 1 “ 4 For the 
halogen containing molecules, the spectra for the fluid 
states showed the presence of two geometric isomers and 
the data have been shown to be consistent for that ex
pected for the cis and trans isomers. In these studies 
it has been shown that structural conclusions can be 
correctly made only if the infrared and Raman spectra

are obtained for these compounds in at least two dif
ferent physical states with one of them being the solid. 
Closely related to these studies is our investigation of 
the infrared and Raman spectra of 2,3-butancdione 
which is commonly called biacetyl.

(1) J. R. Durig and S. E. Hannum, J. Chem. Phys., 52, 6089 (1970).
(2) J. R. Durig, S. E. Hannum, and F. G. Baglin, ibid.., 54, 2367 
(1971).
(3) J. R. Durig, S. C. Brown, and S. E. Hannum, ibid., in press.
(4) J. R. Durig and S. E. Hannum, J. Cryst. Mol. Struct., 1, 131 
(1971).
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There have been several previous vibrational stud
ies5 “ 8 of biacetyl with the more recent one by Noack and 
Jones7 being the most complete. However, there are 
some inconsistencies in the work of Noack and Jones 
which cannot be readily explained. For example, they 
have assigned the Raman lines at 240 and 538 cm“ 1 to 
out-of-plane bending modes of be symmetry, whereas 
there should be only one mode of such symmetry unless 
one gives the methyl torsional mcde such a description. 
However 240 cm“ 1 is too high a frequency for the 
methyl torsional mode for this type of molecule. No
ack and Jones7 as well as Harris and Witkowski8 have 
assigned the strong Raman line at 685 cm“ 1 as the skele
tal bending mode of ae symmetry but such an assign
ment leaves no reasonable explanation for the Raman 
line at 614 cm“ 1 which had previously been assigned to 
this mode by Sidman and McClure. 6 In essence the 
assignment of the 685-cm-1 Raman line to the skeletal 
bending mode results in too many Raman lines in the 
skeletal bending region to be assigned to the fundamen
tals of the biacetyl molecule for only the trans form. 
Also the C-CH3 symmetrical stretching mode was not 
assigned by Noack and Jones; yet it should be one of 
the most intense Raman lines. Sidman and McClure 
assigned the 1004-cm“ 1 Raman line to the C-CH3 

stretching mode but Noack and Jones have suggested 
that this band is the central C-C stretching vibration. 
Thus, there are still several uncertainties in the vibra
tional assignment for biacetyl and it was hoped that an 
investigation of the infrared and Raman spectra of 
solid biacetyl would clear up these discrepancies. No 
vibrational studies have previously been reported for 
the solid.

It was hoped that a vibrational study of the solid 
would provide the necessary data to determine the sym
metry in the solid as well as the crystal site occupied by 
the molecules. In addition, factor group splitting 
could be investigated and it was hoped that the fre
quencies for the methyl torsional modes might be deter
mined. The frequency for the skeletal C-C torsional 
mode was also of particular interest since it had been 
previously reported to be at 35 cm“ 1 from a study of the 
electronic spectrum of the solid9 although Fateley, 
et al. , 10 have reported a frequency of 48 cm“ 1 for this 
normal mode in the vapor state. Noack and Jones 
had suggested a trans, C2h, structure for the molecule in 
the liquid although they pointed out that such a struc
ture was contrary to the dipole moment reported by 
Bloom and Sutton11 for this molecule in both the gas and 
liquid states. Therefore, a reinvestigation of both the 
liquid and gas was carried out to obtain data for com
parison with the solid phase studies.

Experimental Section

The 2,3-butanedione sample was obtained from the 
Aldrich Chemical Co. It was degassed and stored over 
drying agent. The 2,3-butanedione-d6 sample was

V ibrational Spectra and Structure of B iacetyl

made by deuterium exchange. Biacetyl (15 ml) was 
refluxed for 48 hr with 35 ml of D20  made approxi
mately 0.5 N with D2S04. The biacetyl was distilled 
out of the solution and dried. After four such ex
changes the nmr spectra showed no indication of hydro
gen atoms.

Vapor phase and solid phase infrared spectra be
tween 4000 and 2 0 0  cm“ 1 were recorded on a Perkin- 
Elmer Model 621 spectrophotometer and between 500 
and 33 cm“ 1 on a Beckman IR - 1 1  spectrophotometer. 
Both instruments were purged with dry air and cali
brated with standard gases. 1 2 ' 13 For studies of the 
vapor phases, 2 0 -cm cells with cesium iodide windows 
were used in the mid-infrared, whereas a Beckman 10-m 
variable path cell with polyethylene windows was used 
for recording the far-infrared spectra. The spectra of 
the solids were obtained by condensing the vapor onto a 
cesium iodide or silicon window cooled with boiling 
nitrogen. The infrared spectrum of the liquid was ob
tained as a capillary film between cesium iodide plates. 
The infrared spectra of biacetyl and biacetyl-c/r, in the 
solid and gaseous phases are presented in Figure 1.

The Raman spectra were recorded on a Cary Model 
81 spectrophotometer equipped with a Spectra Physics 
Model 125 helium-neon laser. The instrument was 
calibrated with emission lines from a neon lamp over the 
spectral range 0-4000 cm-1. The Raman spectra of 
the solids were obtained by use of a low-temperature 
cell similar to that described by Carlson. 1 4 Quantita
tive depolarization measurements were made on a Spex 
Ramalog using 6471-A Kr excitation from a mixed-gas 
laser. The Raman spectra of the liquids were obtained 
by means of small samples sealed in glass capillaries. 
The Raman spectra of biacetyl and biacetyl-el6 in the 
solid and liquid phases are presented in Figure 2 . The 
frequencies for the bands observed in the infrared and 
Raman spectra of biacety] are listed in Table I and those 
of biacetyl-d6 in Table II. The observed frequencies 
are believed to be accurate to ± 1  cm“ 1 for all sharp 
bands.
Results and Discussion

No X-ray data are available for solid biacetyl. How
ever, it is expected that the molecule will have the

(5) T. Miyazawa, J. Chem. Soc. Jap ., 74, 743 (1953).
(6) J. W. Sidman and D. S. McClure, J. Amer. Chem. Soc., 77, 6471 
(1955).
(7) K. Noack and R. N. Jones, Z. Elektrochem., 64, 707 (1960).
(8) R. K. Harris and R. E. Witkowski, Spectrochim. Acta, 20, 1654 
(1964).
(9) J. W. Sidman and D. S. McClure, J. Amer. Chem. Soc., 77, 6461 
(1955).
(10) W. G. Fateley, R. K. Harris, F. A. Miller, and R. E. Witkowski’ 
Spedrochim. Acta, 21, 231 (1965).
(11) G. I. M. Bloom and L. E. Sutton, J. Chem. Soc., 727 (1941).
(12) IUPAC, “ Tables of Wavenumbers for the Calibration of Infra
red Spectrometers,”  Butterworth, Washington, D. C., 1961.
(13) R. T. Hall and J. M. Dowling, J. Chem. Phys., 47, 2454 (1967).
(14) G. L. Carlson, Spedrochim. Acta, Part A, 24, 1519 (1968).
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WAVENUMBER CM'1
Figure 1. Infrared spectra of biacetyl: A, gaseous biacetyl; B, gaseous biacetyl-rfe; C, solid biacetyl; D, solid biacetyl-i?6.

trans configuration in the solid. Studies of similar 
molecules1 - 4  have shown that a center of symmetry is 
maintained at the site in the unit cell; thus, the rule of 
mutual exclusion is expected to hold in the solid and one 
should be able to easily determine the configuration 
from the spectral data. Several of the infrared bands 
appear to be split by either the static or the correlation

field. However, the magnitude of this splitting is in 
general small compared with the separation of the 
fundamental vibrations so there is little difficulty in 
determining the frequency limits of each band. The 
bands in the solid phase are quite sharp and it is possible 
to separate fundamentals that are badly overlapped in 
the gas and liquid phases. Thus, it is possible to make
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Figure 2. Raman spectra of biacetyl : A, liquid biacetyi; B, 
liquid biacetyl-d6; C, solid biacetyi; D, solid biacetyl-rf6-

assignments for most of the fundamental vibrations of 
biacetyi and biacet,yl-d6 in the solid phase.

The results of the studies of the solid-state spectra 
coupled with improved data for the other phases make 
a more detailed analysis possible and require the reas
signment of some of the bands. Since some of the 
bands are better delineated in the solid only the solid- 
state spectra will be discussed in detail with references 
to the spectra of the other phases being made only as 
they relate to the assignment of the normal modes.

The highest frequency vibrations of biacetyi arise 
from the C-H stretching motions of the two methyl 
groups. The two symmetric and four antisymmetric 
C-H stretching modes are divided among the symmetry

species of the C’2* point group with the two symmetric 
stretching motions being of as and bu symmetry and the 
antisymmetric stretching modes having ag, bg, au and bn 
symmetry. The Raman active C-H stretching modes 
are found at 3018, 2983, and 2922 cm- 1  in solid biacetyi. 
In the liquid the band corresponding to the 2922-cm-1 
band is strongly polarized, whereas the bands corre
sponding to the 2983- and 3018-cm“ 1 bands appear de
polarized and polarized, respectively. The 2922-cm“ 1 
band is assigned to the symmetric stretching motion, 
whereas the 2983- and 3018-cm 1 bands are assigned to 
the antisymmetric stretching motions of bg and ag sym
metry, respectively. In the spectra of biacetyl-d6 these 
bands are shifted to 2142, 2228, and 2267 cm“ 1, respec
tively. The infrared active modes occur at 3012, 2975, 
and 2925 cm“ 1 in solid biacetyi and are assigned to the 
antisymmetric C-H stretching motions of b„ and au 
symmetry and to the symmetric stretching motion of 
bn symmetry, respectively. In the spectrum of biace- 
tyl-dc these modes are shifted, respectively, to 2267, 
2216, and 2 1 2 0  cm“ 1.

It is difficult to give realistic descriptions to the mo
tions causing the bands in the 1500-650-cm“ 1 region 
where the bands arising from the motions of the methyl 
group and those arising from the high-frequency skeletal 
motions are expected to occur. Miyazawa16 has sug
gested that the C-CH3 stretching modes of biacetyi 
might be expected to mix with the appropriate CH3 

rocking modes. As will be shown later these bands all 
shift upon deuteration in such a manner that it is not 
possible to consider them as isolated normal modes of 
the methyl group or the heavy skeleton; thus the de
scriptions given for these modes can only be considered 
as very poor approximations of the true normal modes.

Eight bands appear in the Raman spectra of solid 
biacetyi in the region 1500-650-cm“ 1. The pair of 
bands at 1435 and 1421 cm- 1  is assigned to the antisym
metric methyl deformations. These bands appear as 
one broad band in the liquid so it was not possible to 
obtain depolarization data for them. However, in the 
solid the 1421-cm“ 1 band is a medium sharp band, 
whereas the 1435-cm-1 band appears as a weak broad 
band. Since modes of ag symmetry are generally sharp 
the 1421-cm“ 1 band is assigned to the antisymmetric 
deformation of species as and the 1435-cm“ 1 line is taken 
to be the bg deformation. The symmetric methyl de
formation is assigned to the band at 1367 cm- 1  which is 
polarized in the liquid. The Raman active methyl 
rocking modes are assigned to the bands at 1288 and 
1280 cm-1. There is no indication in the solid or liquid 
as to the symmetry of these bands. The central car
bon-carbon stretching mode occurs at 1 0 0 1  cm“ 1. 
This mode occurs at 1078 cm“ 1 in glyoxal, 4 1093 cm“ 1 

in oxalyl chloride, 1 and 1052 cm“ 1 in oxalyl bromide. 2

The symmetric C-CH3 stretching mode is expected to

(15) Reference 5 as quoted in ref 6.
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Table I :  V i b r a t i o n a l  D a t a  o n  B i a c e t y l “

Gas
—Infrared, cm 1---

Liquid Solici
.-------------Raman,

Liquid̂
cm - 1 ------------- -

Solid Assignment

3 4 3 7  w 3 4 1 7  m 3 4 1 5  m 1 7 0 6  +  1 7 1 9  = 3 4 2 5

3 0 2 1  w 3 0 1 0  w 3 0 1 2  w

3 0 1 6  v w  ( 0 . 6 8 ) 3 0 1 8  w

A n t i s y m m e t r i c  C  - I f  s t r e t c h  ( bu )  

A n t i s y m m e t r i c  C - 11 s t r e t c h  ( o g )

2 9 7 8  w 2 9 9 9  w 2 9 7 5  w

2 9 7 8  s h 2 9 8 3  w

A n t i s y m m e t r i c  C - H  s t r e t c h  ( a „ )  

A n t i s y m m e t r i c  0  I I  s t r e t c h  ( 6g )

2 9 4 4  w 2 9 3 5  w 2 9 2 5  w

2 9 2 8  s  ( 0 . 0 9 ) 2 9 2 2  m

S y m m e t r i c  C - H  s t r e t c h  ( 6„ )  

S y m m e t r i c  C - H  s t r e t c h  ( a g )

1 8 0 7  w  ( s h ) 1 8 1 9  w 1 1 3 1  +  6 9 3  = 1 8 2 4

1 7 7 5  w  ( s h ) 1 7 7 0  w  ( s h ) 1 7 5 1  w

1 7 3 4  R  s  

1 7 1 9  P
1 7 1 5  v s 1 7 0 6  v s A n t i s y m m e t r i c  C = 0  s t r e t c h  ( & „ )

1 6 8 3  v w

1 7 2 0  v s  ( p ) 1 7 1 9  v s S y m m e t r i c  C = 0  s t r e t c h  ( a g )  

2 6 1  +  1 4 2 1  = 1 6 8 2

1 6 8 0  v w 6 9 3  +  1 0 0 1  = 1 6 9 4

1 6 8 0  w  ( s h ) 1 6 7 8  w  ( s h ) 1 6 7 6  w  

1 6 4 5  w 3 6 0  +  1 2 8 8  = 1 6 4 8

1 6 0 4  v w

1 4 3 1  s h 1 4 3 5  w

9 1 2  +  6 9 3  = 1 6 0 5  

A n t i s y m m e t r i c  C H 3 d e f o r m a t i o n  ( b g )

1 4 2 4  m  ( 0 . 5 7 ) 1 4 2 1  m A n t i s y m m e t r i c  C I d 3 d e f o r m a t i o n  ( a s )

1 4 3 2  w  ( s h )  

1 4 2 S  w  ( s h )
9 1 2  +  5 2 6  = 1 4 3 8 ;  1 3 6 7  +  66 = 1 4 3 3

1 4 2 4  m 1 4 1 9  s
1 4 1 8  s A n t i s y m m e t r i c  C H 3 d e f o r m a t i o n  ( a u o r  b u )

1 4 0 0  m

1 3 6 4  w  ( 0 . 6 7 ) 1 3 6 7  w

A n t i s y m m e t r i c  C H 3 d e f o r m a t i o n  ( a „  o r  bu) 
S y m m e t r i c  C H 3 d e f o r m a t i o n  ( a g )

1 3 6 5  11. 1 3 8 1  w  ( s h )

1 3 5 8  Q  s 1 3 5 2  s 1 3 5 0  s S y m m e t r i c  C H 3 d e f o r m a t i o n  (bu)
1 3 5 2  P 1 3 1 5  w  ( s h )

1 2 7 5  w  ( 0 . 6 2 )
1 2 8 8  w  ( s h )  

1 2 8 0  w

S y m m e t r i c  C H 3 r o c k  (ae o r  &g) 
S y m m e t r i c  C H 3 r o c k  (aK o r  b g )

1 2 6 0  v w 1 2 5 6  v w  

1 2 3 8  v w

2 6 1  +  1 0 0 1  = 1 2 6 2

1 2 0 0  v w  ( s h ) 1 2 2 6  v w 5 4 4  +  6 9 3  = 1 2 3 7

1 1 7 1  v w  ( s h ) 1 1 6 7  v w 5 4 4  +  6 1 4  = 1 1 5 8

1 1 2 2  R  

1 1 1 4  Q s 1 1 1 4  s 1 1 3 1  s A n t i s y m m e t r i c  C - C H 3 s t r e t c h  ( & u )

1 1 0 7  P

1 0 8 2  v w  ( s h )

1 1 1 9  s h

1 0 6 3  v w  ( s h ) 1 0 4 5  v w

1 0 5 0  v w 1 0 5 2  v w

3 6 0  +  6 9 3  = 1 0 5 3  

2  X  5 2 6  = 1 0 5 2

1 0 0 5  m  ( 0 . 0 5 ) 1 0 0 1  m C - C  s t r e t c h  ( a g )

9 5 5  R 9 5 6

9 4 9  Q  w  

9 4 5  P

9 4 6  m 9 5 0  m A n t i s y m m e t r i c  C H 3 r o c k  ( b u )

9 1 0  m 9 1 3  m 9 1 2  m

6 8 5  v s  ( p ) 6 9 3  v s

A n t i s y m m e t r i c  C H 3 r o c k  ( a „ )  

S y m m e t r i c  C - C H 3 s t r e t c h  ( a g )

6 0 8  w  ( d p ) 6 1 4  v w A n t i s y m m e t r i c  C O C I I 3 o u t - o f - p l a n e  b e n d  (b,

5 4 3  R  

5 3 8  Q  s  

5 3 1  P

5 3 7  s 5 4 4  s A n t i s y m m e t r i c  C O C H 3 b e n d  ( 6 U )

5 3 7  m  ( 0 . 5 1 ) 5 2 6  m S y m m e t r i c  C O C H 3 b e n d  ( a g )

3 4 8  R w 3 4 5  w 3 6 0  m S y m m e t r i c  C O C H 3 o u t - o f - p l a n e  b e n d  ( ® „ )

3 2 7  P

3 6 9  s  ( 0 . 3 7 ) 3 8 0  m S y m m e t r i c  C O C H 3 r o c k  ( a g )

2 6 2  R  

2 5 2  Q  w  

2 4 6  P

2 6 4  w 2 6 1  m

2 4 6  v w  ( b r )

A n t i s y m m e t r i c  C O C H 3 r o c k  ( & u )

' - ' 2 0 0  v w 2 1 7  v w C H 3 t o r s i o n  ( a u )

1 3 6  w T r a n s l a t i o n a l  m o d e

1 0 4  w T r a n s l a t i o n a l  m o d e
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Table I (Continued)

-----------------Infrared, cm- 1 ------------------
Gas Liquid Solid

57 66 vw
47

------- Raman, cm- 1

Liquid6 Solid Assignment

97 w Librational mode
87 m Librational mode
85 sh Librational mode
74 s Librational mode
67 sh Librational mode

Acetyl torsion (a„)

“ Abbreviations: s, strong; m, medium; w, weak; v, very; sh, shoulder; p, polarized; dp, depolarized. b Numbers in parentheses 
are depolarization values.

give rise to an intense band at a somewhat lower fre
quency than the central C-C stretching mode. This 
mode corresponds to the C-X stretch of the oxalyl 
halides which occurs at 620 cm- 1  in oxalyl chloride1 and 
582 cm- 1  in oxalyl bromide. 2 This mode is assigned to 
the intense, highly polarized band at 693 cm-1. As 
stated earlier, the assignment of this band to a bending 
mode would place too many bands in the bending region 
of the Raman spectrum. None of these bands dis
appeared with solidification so they cannot be attrib
uted to another isomer. Also the intensity of the 
693-cm“ 1 band suggests that it should be assigned to the 
carbon-carbon stretching motion rather than to a skele
tal bending mode.

The Raman spectrum of solid oiacetyl-do has the cor
responding bands at 1301, 1062, 1035, 1018, 1009, 847, 
and 619 cm- 1  with the 1301, 1062, 847, and 619 cm- 1  

lines being polarized in the liquid. The 847 and 619 
cm- 1  bands are readily assigned to the central C-C and 
C-CD3 stretching motions. This yields shift factors 
m/w of 1.18 and 1 .1 2 , which should be compared with 
the expected values of 1.05 and 1 . 1 0  for the C-C and 
C-CH3 stretching modes, respectively. These larger 
shifts are due to the coupling of these motions with some 
of the methyl motions of ag symmetry giving them shift 
factors greater than expected. Since the 1301- and 
1062-cm-1 bands are polarized they must arise from 
motions of ae symmetry and are thus assigned to the two 
highest frequency bending modes, the antisymmetric 
and symmetric methyl deformations of symmetry ae. 
The antisymmetric deformation of be symmetry is as
signed to the 1035-cm-1 band. The rocking motions 
for the “ d6” compound are assigned to the bands at 1018 
and 1009 cm-1.

The infrared active modes occurring in the 1500-650- 
cm“ 1 region are also badly mixed. The bands at 1418 
and 1400 cm- 1  in biacetyl are assigned to the antisym
metric deformations and the 13£0-cm_1 band is assigned 
to the symmetric deformation. In the infrared spec
trum of solid biacetyl-de these bands appear at 1143 
cm- 1  and as doublets at 1041, 1034 and 1026, 1021 
cm-1. A comparison of the intensities of the bands in

the spectra of solid biacetyl with those of solid biacetyl- 
d6 suggests that the 1143-cm_I band should be assigned to 
the symmetric deformation and the 1041,1034 and 1026, 
1 0 2 1  cm- 1  bands to the antisymmetric deformations 
split by crystal field effects. The spectra of the samples 
in the gaseous state give even stronger evidence for this 
assignment. Bands of C'-type structure are predicted 
for modes of au symmetry, whereas the bu vibrations 
should show A,B, or A-B  hybrid structure. The corre
sponding gas phase bands of both the 1350-cm_1 (Figure 
1A) and the 1143-cm-1 (Figure IB) bands have A-type 
contours, whereas the gas phase bands corresponding to 
the antisymmetric deformations in each case have no 
definite contours.

Some previous investigators have assigned the in
frared bands at 953 and 912 cm- 1  in biacetyl as a Fermi 
resonance doublet. The 953-cm“ 1 band is split in the 
crystal and appears as a doublet at 956 and 950 cm“ 1. 
However, the spectrum of the gas phase shows that 
these two bands have different band contours, an 
indication that they arise from motions of different sym
metry. The infrared spectrum of solid biacetyl-d6 

reveals bands at 790 and 769 cm“ 1 indicating that both 
the 953-cm“ 1 and the 912-cm“ 1 bands shift upon deu- 
teration. Thus, both bands must be due to fundamen
tal vibrations. Since only the rocking modes and the 
antisymmetric C-CH3 stretching modes are expected 
in this frequency region these two bands are assigned 
to the rocking modes. The 953-cm“ 1 (790-cm“ 1 for 
“ c l ” ) band is assigned to the bu rocking mode, whereas 
the 912-cm-1 (769-cm-1 for “ ck” ) band is assigned to 
the au rocking mode. The band contours of the 953- 
and 790-cm-1 bands are the same as those for other 
bands assigned to modes of bu symmetry. The C-CH3 

antisymmetric stretching mode is then assigned to the 
1131-cm“ 1 band, with the corresponding vibration in 
the de compound occurring at 969 cm-1. The ex
tremely large shift of this band with deuteration clearly 
shows that, this mode involves considerable methyl 
rocking motion and the description of this mode as a 
C-CH3 antisymmetric stretching mode is a very poor 
approximation of the actual normal mode.
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Table II: Vibrational Data on Biacetyl-d«“

■Infrared, cm̂ >-------------. -------------------- Raman, c m 1

Gas Solid Liquid6 Solid Assignment

3427 w 3407 m 1706 +  1716 = 3422
3006 w 3011 w 790 +  2228 = 3018

3005 w 1301 +  1706 = 3007
2557 vw 1706 +  847 = 2553; 2216 +  340 = 2556
2443 w 2120 +  340 = 2460; 324 +  2142 = 2466;

237 +  2228 = 2465
2329 vw

2263 w (0.55) 2267 s
1716 +  619 = 2335 
Antisymmetric C-D stretch (ag)

2272 w 2267 w
2229 sh 2228 w

Antisymmetric C-D stretch (6U) 
Antisymmetric C-D stretch (6g)

2235 w 2216 w Antisymmetric C-D stretch (a„)
2166 vw

2135 s « 0 .0 1 ) 2142 s
1143 +  1018 = 2161; 1143 +  1035 = 2178
Symmetric C-D stretch (ag)

2120 m Symmetric C-D stretch (6U)
2085 vw 1024 +  1062 = 2086
2080 vw

2042 vw « 0 .0 1 ) 2065 vw
1038 +  1035 = 2073 
2 X 1035 = 2070

2024 vw 969 +  1062 = 2031
1991 vw 969 +  1035 = 2004
1780 m 1301 +  488 = 1789

1766 sh

1729 R vs 
1718 P

1761 m
1716 vs (0.29) 1716 vs

1143 +  619 = 1762 
Symmetric C = 0  stretch (ag)

1706 vs Antisymmetric C = 0  stretch (6U)

1680
1679 sh 1679 m 

1669 m 
1643 w 1143 +  500 = 1643
1583 vw 969 +  619 = 1588
1547 w 488 +  1062 = 1550

1334 w 1400 w 790 +  619 = 1409
1322 vw

1282 w (0.15) 1301 w
324 +  1009 = 1333 
Antisymmetric CD3 deformation (ag)

1276 w 237 +  1038 = 1275
1264 w 237 +  1030 = 1267
1252 m 237 +  1018 = 1255

1241 w
1231 w 
1223 m 158 +  1062 = 1220

1145 R 
1139 Q s 1143 vs Symmetric CD3 deformation (6U)
1132 R

1118 m 340 +  790 = 1130
1110 m 488 +  619 = 1107; 340 +  769 = 1109

1041 m 
1034

1053 w (0.10) 1062 w Symmetric CD3 deformation (a„)
1038 Antisymmetric CD3 deformation (au or 6U)

1026 s 
1021

1028 w (dp) 1038 w 
1030 w Antisymmetric CD3 deformation (bg)

1028 m

1018 sh 1018 w

Antisymmetric CD3 deformation (a„ or bu) 

Symmetric CD3 rock (og or hg)
1009 w Symmetric CD3 rock (ag or bg)

1000 w 488 +  515 = 1003
992 w 488 +  500 = 988

967 R 
960 Q s 969 s Antisymmetric C-CD3 stretch (bu)
953 P

952 sh
935 vw 944 vw 340 +  619 = 959
845 m (0.08) 847 m C-C stretch (a g)

782 sh 790 Antisymmetric CD3 rock (6„)

The Journal of Physical Chemistry, Vol. 75, No. 13, 1971



V ibrational Spectra and Structure of B iacetyl 1953

Table II (Continued)

,-------------Infrared, cm“ 1---------- —„ ------------------Raman, cm"•1-----------------
Gas Solid Liquid** Solid Assignment.

772 m 770
768

607 vs (p) 619 vs

Antisymmetric C D s  rock (o„) 

Symmetric C - C 1)3 stretch (a„)
517 s (0.65) 515 m Antisymmetric COCD3 out-of-plane bend (&„)

500 m Symmetric COCI)3 bend (aB)
506 w

489
483 s 488 s Antisymmetric COCD3 bend (b„)
476

335 s (0.36) 340 s Symmetric COCD3 rock (a,)
314 s 324 s Symmetric COCI)3 out-of-plane bend (au)
225 m 237 m Antisymmetric COCD3 rock (6„)
150 vw 158 vw CD3 torsion (a„ )

115 w
94 w

Translational mode 
Librational mode

93 m
80 sh

Translational mode 
Librational mode

72 s Librational mode
60 sh Librational mode

56 61 vw Acetyl torsion (a„)
47

“ Abbreviations: s, strong; m, medium; w, weak; v, very; sh, shoulder; p, polarized; dp, depolarized. * Numbers in parentheses
under column headed liquid are depolarization values.

The skeletal bending and rocking motions lie below 
650 cm-1 and in the Raman spectrum of solid biacetyl 
there are three bands found at 614, 526, and 380 cm-1. 
The band in the liquid corresponding to the 614-cm_1 
band is depolarized and is assigned to the COCH3 anti
symmetric out-of-plane bending mode. The 526-crn"1 
band is assigned to the COCH3 symmetric bending 
motion and the 380-cm-1 band is assigned to 
the COCH3 symmetric rocking mode. These bands are 
shifted upon deuteration to 515, 500, and 340 cm-1, 
respectively. The infrared active bands occur at 544, 
360, and 261 cm-1. The gas phase bands correspond
ing to the 544- and 261-cm-1 bands have /1-type band 
contours and are thus due to modes of bn symmetry. 
They are assigned to the COCH3 antisymmetric bending 
and rocking modes, respectively. The 360-cm -  ' band 
is assigned to the COCH3 symmetric out-of-plane bend 
of au symmetry. The corresponding bands in biacetyl- 

occur at 488, 237, and 324 cm-1, respectively.
There are three torsional modes to be assigned: an 

infrared active methyl torsion, a Raman active methyl 
torsion, and an infrared active acetyl torsion. The 
infrared active methyl torsion is assigned to a weak 
band at 217 cm-1 which is shifted to 158 cm-1 in the 
spectrum of biacetyl-d6 (see Figures 3 and 4). This 
yields a shift factor of 1.37. Although this is less than 
the theoretical 1.41, it is as close as could be expected. 
The Raman active methyl torsion was not observed. 
Although a very weak broad band was observed in the 
Raman spectrum of liquid biacetyl at approximately 
246 cm-1, such a frequency seems too high for this nor-

Figure 3. Far-infrared spectra of biacetyl: A, vapor phase; 
B, solid phase.

mal mode. Also it was not possible to locate any band 
with a proper shift factor for a torsional motion in the 
Raman spectrum of biacetyl-de. The acetyl torsion 
has been reported10 to have a frequency of 48 cm-1 in 
the gas phase. We observed this mode as a band cen
tered at 52 cm-1, which is shifted to a slightly higher 
frequency in the solid and occurs at 66 cm"1. In the 
infrared spectrum of solid biacetyl-de this mode occurs 
at 61 cm-1. The shift factor corresponds very closely 
to the theoretical value and removes any doubt of the
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Figure 4. Far-infrared spectra of biacetyl-ds: A, vapor phase; 
B, solid phase.

assignment. T he previous assignment9 o f 35 cm -1 
for the torsional frequency in the solid from  a study of 
the electronic spectrum is apparently in error.

T he infrared active m ethyl torsions have been ob 
served in the vapor phase samples o f biacetyl and biace- 
tyl-ds at ~ 2 0 0  and 150 cm -1 , respectively. T he three
fold  barrier to rotation has been calculated for each 
case, using the m ethod based on the M athieu equation 
as illustrated by  Fateley and M iller16 with eigenvalues 
from  H erschbach ’s 17 tables. R educed m om ent of 
inertia constants o f 5.426 and 2.785 cm -1 yield barriers 
o f 2.65 and 2.79 k ca l/m ol for C H 3 and C D 3, respec
tively. These are higher than barriers found for other 
acetyl com pounds in the vapor phase: acetaldehyde,18
1.16 k ca l/m ol; acetyl brom ide,19 1.30 k ca l/m ol; and 
acetyl chloride,20 1.30 kca l/m ol. T he breadth and 
weakness o f the torsional band in gaseous biacetyl casts 
som e doubt on its exact position. H ow ever, for both 
solids the methyl torsion is sharp and well defined. 
Barriers calculated from  the solid frequencies are 3.07 
and 3.05 k ca l/m ol for biacetyl and biacetyl-d6, again 
using the simple cosine function and neglecting inter- 
molecular forces. T he small shift in the torsion seems 
to justify this treatment. The barriers for solid acetyl 
brom ide21 and chloride21 are 1.97 and 1.81 kca l/m ol. 
Therefore, there is clear evidence that the barrier to 
methyl rotation in biacetyl is considerably higher than 
the barriers found for other acetyl com pounds studied 
to date. It is not at all clear why the barrier values 
should differ by so much but the relatively short dis
tance between the hydrogen and the “ other”  carbonyl 
may explain part of the effect.

Although assignment o f the fundamental vibrations 
has been made using frequencies for the solid phase, 
there is no significant difference betw een the spectra of 
the three phases. Comparison o f curves A  and C  (for
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gaseous and solid biacetyl, respectively) in Figure 1 
demonstrates a one-to-one correspondence o f bands for 
the two phases. Only a sharpening o f fines and split
ting due to crystal field effects can be seen for the solid. 
A  similar correspondence is seen in the R am an spectra. 
T he fact that no band present in the gas or liqid phase 
disappears or shifts significantly points to the presence 
o f only one isom eric form  in all phases, the trans form . 
This is in contrast to our findings for (0 0 0 1 )2 / (C O - 
B r)2,2 and (C O F )2,3 all o f which exhibit tw o isom eric 
form s in the fluid states and one in the solid. G lyoxal,4 
(C O H )2, on  the other hand, is similar to biacetyl. It 
thus appears that the halogens provide some stabilizing 
influence for the cis isomer that cannot be realized when 
they are replaced by  hydrogen atom s or m ethyl groups. 
A  nonbonded interaction probably exists betw een the 
halogens on  adjacent carbons that becom es insignificant 
or does not exist for the H  and C H 3 cases.

A  consideration o f the infrared and R am an frequen
cies o f solid biacetyl reveals that there are no coinci
dences betw een the Ram an and infrared spectra in the 
region o f the skeletal vibrations. A lthough there are 
three near coincidences in the C H  stretching and de
form ation regions (2933 and 2925, 1432 and 1435, and 
1418 and 1421 cm -1) these are considered to  be acci
dental degeneracies which occur since the in-phase and 
out-of-phase m ethyl modes are less sensitive to  skeletal 
structure. A lso, all o f the com bination bands observed 
in the infrared spectrum  could be assigned as arising 
from  the com bination o f one ungerade and one gerade 
fundamental. In  the Ram an spectrum  the few  bands 
not assigned to  fundamental modes could be readily 
assigned to  overtones or com binations o f Ram an funda
mentals. On this basis the biacetyl m olecule must be 
in the trans form  and occupying sites of at least Ct sym 
metry in the crystal. W ith  (/< sites, packing consider
ations im ply that the most probable space group would 
be one o f the C2h or D2h space groups.22

A  consideration o f the factor group splitting provides 
a basis for the differentiation between the C2h and Z>2ft 
space groups. T he Cr C2h site-factor group com bina
tion  predicts a splitting o f each infrared and each 
Ram an vibration into tw o com ponents. H ow ever, the 
CrDu com bination predicts the splitting o f each in
frared vibration into three com ponents and each Ram an 
vibration into four com ponents. In  the infrared spec-

(16) W. G. Fateley and F. A. Miller, Spectrochim. Acta, 19, 611 
(1963).
(17) D. R. Hersehbach, J. Chem. Phys., 27, 975 (1957).
(18) R. F. Curl, Jr., V. M . Rao, K. V. L. N. Sastry, and J. A. Hodge- 
son, ibid., 39, 3335 (1963).
(19) L. C. Krishner, ibid., 33, 1237 (1960).
(20) K . M . Sinnot, ibid., 34, 851 (1961); Bull. Amer. Phys. Soc., 1, 
198 (1956).
(21) J. R. Durig, C. M . Player, Jr., and J. Bragin, J. Chem. Phys., 
54, 460 (1971).
(22) F. D. Verderame, F. Castellucci, and S. Califano, ibid., 52, 719 
(1970).
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Table III: Fundamental Frequencies of Solid Biacetyl and Biacetyl-d6

Vibra- Symmetry species and approximate -— ■ macetyi-gi--------- ---->Raman, Infrared, Raman, Infrared,tion description of the normal modes A cm-1 cm“1 A cm“1 cm“1

a.
1 C-H antisymmetric stretch 3018 2267
2 C-H symmetric stretch 2922 2142
3 C = 0  symmetric stretch 1719 1716
4 CH3 antisymmetric deformation 1421 1301
5 CH3 symmetric deformation 1367 1062
6 CH3 symmetric rock 1288 or 1280 1018 or 1009
7 C-C stretch 1001 847
8 C-CH3 symmetric stretch 693 619
9 COCH3 symmetric bend 526 500

10 COCH3 symmetric rock 380 340

11 C-H antisymmetric stretch
au

2975 2216
12 CH3 antisymmetric deformation 1418 or 1400 1038 or 1024
13 CH3 antisymmetric rock 912 769
14 COCH3 symmetric out-of-plane bend 360 324
15 CH3 torsion 217 158
16 Acetyl torsion 66 61

17 C-H antisymmetric stretch 2983 2228
18 CH3 antisymmetric deformation 1435 1035
19 CH3 symmetric rock 1288 or 1280 1018 or 1009
20 COCH3 antisymmetric out-of-plane bend 614 515
21 CH3 torsion

22 C-H antisymmetric stretch
K

3012 2267
23 C-H symmetric stretch 2925 2120
24 C = 0  antisymmetric stretch 1706 1706
25 CH3 antisymmetric deformation 1418 or 1400 1038 or 1024
26 CH3 symmetric deformation 1350 1143
27 C-CH3 antisymmetric stretch 1131 969
28 CH3 antisymmetric rock 953 790
29 COCH3 antisymmetric bend 544 488
30 COCH3 antisymmetric rock 261 237

trum o f solid biacety]-d6 (see Figure ID ) several o f the 
bands showed pronounced splitting. In  each case the 
bands are split into two com ponents which would im ply 
a C-ih space group.

T w o lattice vibrations appear in the infrared spec
trum of biacetyl at 136 and 104 cm -1 and at 115 and 93 
cm -1 in the spectrum  o f biacetyl-d6- These bands 
must be due to optic translational modes since these 
modes are active on ly in the infrared for molecules on Ct 
sites. Five Ram an active librational modes appear in 
the Ram an spectrum of biacetyl. These bands occur 
as tw o pairs at 74, 67 and 87,85 cm -1 and a weak band at 
97 cm -1 . The appearance o f the optical translational 
modes in the infrared and the doubling o f the optical li
brational modes in the Ram an implies that there are at 
least tw o molecules per unit cell. The splitting o f the 
lattice modes is not expected to be large so the observed 
bands may be the result o f more com ponents than were

actually resolved. Thus the crystal structure is most 
likely C-ih with two or possibly four molecules per unit 
cell; however, Dih can not conclusively be ruled out as 
the space group.

Bloom and Sutton11 have reported that biacetyl vapor 
has a dipole moment of approximately 1 D at room 
temperature, which increases with increasing tempera
ture. They proposed two possible explanations; one 
was that there were cis and trans isomers and the ob
served dipole moment arose from the cis isomer. The 
other suggestion was that the dipole moment was the 
result of bond moments of the trans form not cancelling 
during the vibration from the nonpolar equilibrium 
position. They decided that it was not possible to 
differentiate between these two explanations by means 
of dipole measurements. However, it seems unlikely 
that such a large dipole moment could arise as the result 
of the sum of small instantaneous dipoles.
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T he present investigation has elim inated the possi
b ility  o f the presence o f a cis isom er in the solid phase, 
and there is no indication of a second isom er in the 
liquid or vapor phase. B loom  and Sutton encountered 
som e difficulty in purification o f their sample and at 
least tw o o f their runs produced erratic results. T hey  
suggested that the work should be rechecked using a 
sample purified b y  a different technique but were not 
able to  continue the project because o f the war. In 
light o f the spectroscopic evidence and the elem ent o f 
dou bt in the dipole m om ent measurements, the con
clusion that biacetyl exists in on ly the trans, configura
tion  in all phases seems justified.

Conclusions

Vibrational assignments have satisfactorily been 
made for solid b iacetyl according to  Cïh sym m etry.

Spectra o f the liquid and vapor phases show no indica
tion  o f a second isomeric form , and it is concluded that 
the nonbonded forces between halogens which stabilize 
the cis isom er o f the oxalyl halides are not present be
tween the methyls o f biacetyl. T he m utual exclusion 
between infrared and Ram an spectra o f crystalline 
biacetyl necessitates a centrosym m etric structure and 
the space group is probably Cih or Dih. T he splitting of 
the R am an-active librational modes and the appearance 
o f translational bands in the far-infrared spectrum  indi
cate that there are at least tw o and possibly four m ole
cules per unit cell. The barrier to  methyl rotation has 
been calculated to be 2.65 keal/m ol, considerably higher 
than those found for other acetyl com pounds.
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The far-infrared siiectra of CH3PC12, CH3POCI2, CHjPOFCl, OH3POF2, and CH3PS012 in the solid and gaseous 
states have been recorded from 33 to 350 cm-1. Methyl torsional modes were observed in the solid state for 
all compounds except CH3POFCl. The Raman spectra of CH3P012, CH3POF2, and CH3PSC12 in the solid 
state were recorded and torsional frequencies were observed for 0H 3P012 and CH3PSC12. The wave numbers 
for these internal rotations were 228, 264, 240, and 221 cm "1 for the 0H 3PC12, C’H3P0C12, CH3POF2, and 
0H3PSC12 molecules, respectively. The threefold barriers calculated from these assignments are 3.4, 4.4, 
3.6, and 3.2 keal/mol, respectively. These barrier values are compared with those previously reported for 
other organophosphorus compounds. Lattice modes were observed in the wave number range 65-120 cm "1
in the far-infrared spectra for all compounds.

Introduction
Barriers to internal rotation are o f interest to scien

tists because o f the effect they have on molecular prop
erties. T he heat capacity, entropy, and equilibrium 
constant contain contributions from  hindered internal 
rotation. M any theories have been advanced to ex
plain the nature of the interactions causing a barrier to 
internal rotation and attem pts have been made to pre
d ict these barriers from  ab initio calculations.5-11 In 
som e cases these attem pts have been hindered by  in

The Journal o f Physical Chemistry, Vol. 75, No. 13, 1971

sufficient and inaccurate experimental results. T heo
retical calculations o f barrier heights and the various

(1) For Part IX , see J. R. Durig and J. W. Clark, J. Cryst. Mol. 
Struct., 1,43, (1971).
(2) Presented at the Twenty-fourth Symposium on Molecular 
Spectra and Structure, The Ohio State University, 1969, Paper D7.
(3) Taken from the thesis of J. M. Casper submitted to the Depart
ment of Chemistry, University of South Carolina, in partial fulfill
ment of the Ph.D. Degree, June 1971.
(4) Predoctoral National Science Foundation Fellow.
(5) W. H. Fink and L. C. Allen, J. Chem. Phys., 46, 2261 (1967).
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theories on the nature o f the origin o f specific barriers 
may be aided by a larger number of more accurately 
determined barriers to guide the efforts. In addition, 
values for barrier heights of molecules with varied skele
tal structures are needl'd to provide more definitive 
guidelines.

It has been proposed by  some proponents o f neutron 
inelastic scattering techniques12 that barriers to internal 
rotation in the solid phase cannot be obtained from  in
frared and Ram an data even when selection rules do not 
forbid the observation of the torsional mode. A  recent 
series o f papers13-18 which reported the barrier heights 
obtained by infrared and Ram an techniques for about 
40 molecules has shown this proposition is incorrect. 
In fact, since in the crystalline state the activity o f the 
torsional mode is determined by the site sym m etry, it is 
also possible to determine the barrier height for some 
molecules when the m ode is forbidden for the isolated 
molecule. This was the case for the CH3 CCI3 16 and 
(CH3)4 14C molecules where the torsional frequencies 
were observed in the far-infrared spectra o f the solids at 
— 190°. Considering the cost and experimental diffi
culty, the determination o f barrier heights by  neutron 
inelastic scattering has value only for the molecules that 
cannot be studied by  infrared, Ram an, or m icrowave 
methods, or if the frequency o f the torsional mode to be 
measured is not sufficiently separated from the fre
quencies of the other vibrational modes in the molecule. 
In favorable cases an error o f 10%  can be expected in 
barrier heights determined by the neutron inelastic 
scattering technique. T he utilization o f the far- 
infrared or Ram an techniques allows the direct observa
tion of the methyl torsional modes with an experimental 
accuracy o f 1 or 2 cm -1 for a large num ber of molecules 
with minimal experimental difficulty or expense.

The m ajority of m ethyl torsional modes that have 
been observed have involved the C C bond as an axis. 
The only organophosphorus molecules for which the 
barrier heights have been determined are C H 3R H 2, 
(C I D jPH , and (C lb /aP . T he torsional barrier is 1.96 
k ca l/m ol for gaseous C H 3R H 2,19 2.22 kca l/m ol for 
gaseous20 and solid21 (C IR hP H , 2.6 k ca l/m ol for gaseous 
(C IR jsP ,22 and 3.58 k ca l/m ol for solid (C H 3)3P .17 
Since the values of many more barriers to rotation 
about the P -C  bond are necessary before the nature of 
the substituent effects can be reasonably predicted, it 
was decided to record the far-infrared spectra of the 
series C H 3PC12, C H 3P0C12, C H 3P0C1F, C H 3PO F2, and 
C H 3PSCI2 for the purpose of determining the frequen
cies of the torsional oscillations. Ram an spectra o f the 
corresponding com pounds in the solid state were also 
recorded when feasible.

Com plete vibrational assignments have been pre
sented for these molecules in the gaseous and liquid 
states23-26 but the torsional modes were not observed. 
Since the modes are too  weak to be observed in the in
frared in the gas phase and the presence of chlorine

makes a microwave study extremely difficult, it was 
decided to examine the infrared spectra of the crystal
line phase of these molecules at —190°. The bands 
which are due to the torsional mode can be distinguished 
from the bending modes since it is expected that the 
torsional modes will have only a small change in the 
molecular polarizability and should be quite weak or not 
observed in the Raman spectra. In addition, the tor
sional mode can be distinguished from the intermolec- 
ular modes because its frequency should not show a 
large temperature dependence.

The usefulness of solid phase data can be seen from 
the torsional data on (CH3)2S and (CH3)2SO. The 
molecule, (CH3)2S, has a barrier height to methyl rota
tion of 2.1 kcal/mol in the gaseous phase26'27 and 3.22 
kcal/mol in the solid state.28 For (CH3)2SO the corre
sponding barrier height is 2.8 kcal/mol in the gaseous 
phase29 and 4.38 kcal/mol in the solid state.15 Al
though the value of the barrier is higher for each mole
cule in the solid phase, the relative difference in barrier 
height between the compounds is nearly the same in 
both the solid and the gaseous phases. Since the com
pounds to be studied in this series are similar to each 
other, it is not unreasonable to expect that the trend 
and relative differences of barrier heights obtained in 
the solid phase will be a reasonable estimation of those 
for the isolated molecules. Therefore, the far-infrared 
spectra of these compounds were recorded at —190° 
and examined for the frequency of the torsional mode.
(6) W . H. Fink and L. C. Alien, J. Chem. Phys., 46, 2276 (1967).
(7) M. Karplus and R. G. Parr, ibid., 28, 1547 (1963).
(8) J. P. Lowe and R. G. Parr, ibid., 43, 2565 (1965).
(9) J. P. Lowe and R. G. Parr, ibid., 44, 3001 (1966).
(10) K. Rudenberg, ibid., 41, 588 (1964).
(11) L. Pedersen and K. Morokuma, ibid., 46, 3941 (1967).
(12) H. Boutin and S. Yip, “ Molecular Spectroscopy with Neutrons,’ 
M .I.T. Press, Cambridge, Mass., 1968.
(13) J. R . Durig, S. M. Craven, and J. Bragin, J. Chem. Phys., 51, 
5663 (1969).
(14) J. R. Durig, S. M. Craven, and J. Bragin, ibid., 52, 2046 (1970).
(15) J. R. Durig, C. M . Player, Jr., and J. Bragin, ibid., 52, 4224
(1970) .
(16) J. R. Durig, S. M . Craven, K. K. Lau, and J. Bragin, ibid., 54, 
479 (1971).
(17) J. R. Durig, S. M . Craven, and J. Bragin, ibid., 53, 38 (1970).
(18) J. R. Durig, C. M . Player, Jr., and J. Bragin, ibid., 54, 460
(1971) .
(19) T. Kojima, E. L. Breig, and C. C. Lin, ibid., 35, 2139 (1961).
(20) R. Nelson, ibid., 39, 2382 (1963).
(21) J. E. Saunders, private communication.
(22) D. R. Lide and D. E. Mann, J. Chem. Phys., 29, 914 (1958).
(23) J. R. Durig, F. Block, and I. W . Levin, Spectrochim. Acta, 21, 
1105 (1965).
(24) J. E. Griffiths, ibid., 21, 1135 (1965).
(25) J. R. Durig, B. R. Mitchell, J. S. Di Yorio, and F. Block, 
J. Phys. Chem., 70, 3190 (1956).
(26) L. Pierce and M. Hayashi, J. Chem. Phys., 35, 479 (1961).
(27) W. G. Fateley and F. A. Miller, Spectrochim. Acta, 18, 977 
(1962).
(28) C. M . Player, Jr., private communication.
(29) W . Feder, H. Dreizler, H. D. Rudolf, and V. Typke, Z. Naiur- 
orsch. A, 24 , 266 (1969).
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Table I: Far-Infrared Spectra of Solid ( — 190°)

.----------------CHjPCh—----- .

v, Relative
, ----------------CIT3PC

v,

>Ch----------

Relative
.— Cll

V,
3POFC1-------•

Relative
r------------------ClhP

V,
OVt------------------ •

Relative
------------------ CHsPi

V,
3Ch------------------ .

Relative
cm 1 intensity cm- 1 intensity cm- 1 intensity cm- 1 intensity cm- 1 intensity Assignment

77 (70)» m 78 vw 86 111 68 (62)» W Lattice mode
89 (S3)» s 95 (88)» 111 99 S 106 (98)» w Lattice mode

113(104)» m 120 m 122(112)» w Lattice mode
202 m 202 W 198 111 PCL deformation

20S
22S (227)» w 264 (164)» VW

242 m
240(239)» vvw 221 (221)» VW Torsion 

P-Cl bending
243 w 234 s PCL twisting

238
267 s

260 s
F-P-Cl bending 
P=S bending 
(PCL twisting)

288 s 290 111 270 s PCL wagging
296
332 s 328 w P==0 bending
338 out-of-plane

" The frequencies listed in parentheses are from the solids at. ~  —80°.

Experimental Section
The far-infrared spectra were recorded from 33 to 

350 cm-1 on a Beckman Model IR-11 spectropho
tometer. The instrument was purged with dry air and 
calibrated with water vapor using the frequencies re
ported by Hall and Dowling.30 The cell used for re
cording the spectra has been described earlier.31 The 
Raman spectrometer used for this study was a Cary 
Model 81 equipped with a Hc-Ne laser source. The 
spectra were recorded using a cell which has been previ
ously described.32 The spectrometer was calibrated 
with Ne emission lines.

The compounds were distilled and the purity checked 
by comparison of the boiling points and Raman spectra 
with those previously reported.22-24 The boiling 
points were in exact agreement with previously reported 
data and the Raman spectra did not show any impurity 
bands. The frequencies for all observed bands are ex
pected to be accurate to ±2 cm-1 and are listed in 
Table I with their relative intensities and proposed as
signments.
Theory

Before discussing the results, the theory employed in 
the potential barrier calculations will be summarized 
briefly. The theory of hindered internal rotation has 
been discussed in considerable detail elsewhere.33'34 
A cosine-type potential of the form V(a) = {}/z)Vz• 
(1 — cos 3a) was used with all terms higher than the 
threefold being considered negligible. The frequency 
of the torsional transition, which in the solid at —190° 
is assumed to be 1 •*- 0, is expressed as

V =  ( 7 4)(n)2FA6v<,

where n is related to the periodicity of the barrier (three 
for the molecules in this paper), F is proportional to the

inverse of the reduced moment of inertia (F = h2/2Ir), 
and AbVtr is the difference between the Mathieu eigen
values. If F can be ascertained and if the frequency of 
the absorption due to the torsional mode is known, 
Abvc can be calculated. From the value of AbVc, a 
parameter, s, may be obtained from tables of Mathieu 
equation solutions. The barrier height of the torsional 
oscillation may then be calculated by

V» = (74 ){n)2Fs
Since there has been no previous structural work on 

any of the molecules in this study, the reduced moments 
of inertia were calculated by transferring structural 
values from similar molecules. Although the assumed 
structures are subject to error, the difference in the mo
ments of inertia between the skeletal part and rotor 
minimizes any errors which an inexact structure intro
duces. These structural errors should be substantially 
less than the experimental errors. The calculated re
duced moments of inertia of the methyl groups are 
listed in Table II.

The barriers to internal rotation reported in this work 
were calculated neglecting the coupling between the 
inter- and intramolecular potential energies. The tor
sional barrier of the solid phase may not be entirely due 
to the magnitude of the threefold term in the torsional 
potential energy. However, since no splitting was ob
served for any of the fundamentals, except those of 
CH3POCI2 , the intermolecular potential must be. small 
compared with the intramolecular potential. This con-

(30) R . T. Hull and J. M. Dowling, J. Chem. l ‘hys„ 47, 2454 (1967).
(31) F. G. Baglin, S. F. Bush, and J. It. Durig, ibid., 47, 2104 (1967).
(32) D. J. Antion and J. R. Durig, Appl. Spectrosc., 22, 65 (1968).
(33) D. R. Herslibach, J. Chem. Phys., 31, 91 (1959).
(34) W . G. Fateley and F. A. Miller, Speclrochim. Ada, 17, 858 
(1961).
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Table II: Structural Data and Methyl Torsional Barriers“

Distance, r, A 
or angle, ,

deg CH3PCI2 CHjPOCl:

r (P-C) 1.85 1.81
r  (P-Cl) 
r (P-F)

2.04 1.99

r {  (P =0) 
r (P=S)

1.45

<  Cl-P-Cl 
$  F-P-F

100.1 103.2

3  F-P-Cl
<  Cl-P-0 
A. Cl-P-S 
<£ F -P-0

112.3

F , cm-1 5.46 5.52
v, cm“1 228 264
Barrier,

keal/mol
3.4 4.4

CH.POFCl CH3POF2 CHsPSCIs
1.81 1.81 1.81
2.01 2.02
1.52 1.52
1.45 1.45

1.86
103.2

102.5
104
112.3

112
112.3 112.3

5.55 5.61 5.50
240 220

3.6 3.2

“ The structural parameters for all molecules were assumed.

Figure 1. The far-infrared spectrum of CH3PC12 taken at 
— 190°. The upper curve is the cell background.

tention is further substantiated by the reasonably small 
frequency shifts observed in going from the gas phase to 
the solid. On this basis it is believed that the simple 
threefold potential should be a good approximation of 
the intramolecular torsional potential for these organo- 
phosphorus molecules.
Results

A. CHgPCk. The far-infrared spectrum of CH3- 
PC12 at —190° (Figure 1) contains six absorption bands 
between 33 and 350 cm-1. Only the bands at 77 and 
89 cm-1 show any appreciable frequency shift on warm
ing from —190 to —80° and do not have counterparts in 
the Raman spectrum of the liquid phase. These two 
bands must be considered as arising from intermolecular 
motions, whereas the remaining four bands may be 
attributed to intramolecular modes. From analogy to 
the assignments made previously for the Raman spec
trum,24 the bands at 202, 243, and 288 cm-1 are assigned 
as arising from the PCF deformational, twisting, and 
wagging motions, respectively. The 228-crn-1 band, 
then, is the only remaining unassigned absorption band 
and the methyl torsional motion is the only remaining

Figure 2. Low-frequency Daman spectra: A, liquid CH3PCI2; 
B, solid CH3PC12 at -190°; C, liquid CH3PSC12; D, solid 
CH3PSC1 at -190°.

intramolecular mode expected in this frequency region. 
Therefore, the torsional transition for CH3PC12 is as
signed to the 228-cm-1 band. An assignment to a two 
phonon process is not reasonable since the 228-cm_1 
band showed no frequency shift with the variation of the 
sample temperature. It might also be mentioned that 
the 228-cm~1 band is sufficiently removed from the 
three low-frequency P-C12 bending modes that it can 
not be considered as arising from factor group splitting.

Further evidence against the 228-cm_1 band resulting 
from factor group splitting is obtained from the Raman 
spectrum of the solid (Figure 2). The three PCI2 bend
ing modes give rise to large changes in the molecular 
polarizabilities associated with their motions and can 
be clearly identified in the Raman spectrum of the 
liquid. Upon solidification a weak Raman line ap
peared at 226 cm-1 and showed no frequency depen-
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WAVENUMBER CM'1
300 2 50 200 130 110 90

WAVENUMBER CM 1
Figure 3. The far-infrared spectrum of CH3P0C12 taken at 
— 190°. The upper curve is the cell background.

Figure 4. The far-infrared spectra of CH3P0FC1 taken at 
— 190°. The upper curve is the cell background.

dency on the temperature. The intensity of this Raman 
line is in marked contrast to those arising from the PC12 

bending modes and therefore cannot be considered to 
be due to factor group splitting. Thus the 226-cm“ 1 
Raman line must be assigned to the methyl torsion 
which appears in the solid, in part because of the de
creased population of the excited torsional states.

To calculate the reduced moment of inertia, bond 
lengths and angles were taken from Williams, Sheridan, 
and Gordy’s work on PCI3 35 and Bartell and Brock- 
way’s work on P(CH3 ) 3 . 36 The H-C-H angles were 
assumed to be tetrahedral and the Cl-P-C angle was 
assumed to be equal to the Cl-P-Cl angle. These val
ues gave an F of 5.46 cm-1. Using this reduced moment 
and the assignment of 228 cm- 1  for the methyl torsion, 
a barrier to internal rotation of 3.37 kcal/mol was cal
culated for CH3PC12.

B. CHsPOCk■ The far-infrared spectrum of solid 
CH*P0C12 at —190° (Figure 3) is the only one of the 
series reported here that displays any splitting of the 
intramolecular modes. Four of the eight bands ob
served are noticeably split into doublets. These bands 
do not show7 an appreciable frequency shift w'ith wrarm- 
ing from —190 to —80° so they may be assigned as 
intramolecular fundamentals. By analogy to previous 
work2 3 ' 2 4 the doublets at 202 and 208 cm-1, 234 and 
236 cm-1, and 290 and 296 cm- 1  may be assigned as 
arising from the deformational, twisting, and w'agging 
motions of the PC12 moiety, respectively. The strong 
doublet at 332 and 338 cm- 1  can be attributed to the 
P = 0  out-of-plane bending motion by comparison with 
the Raman data. 2 3  None of the four unsplit bands 
has coincident lines in the Raman spectrum of the 
liquid and only the band at 264 cm- 1  does not show an 
appreciable frequency shift on w'arming from —190 to 
— 80°. This band must be considered as arising from 
an intramolecular motion but all of the intramolecular 
modes, except the torsional mode, w'hich could reason
ably be expected to give rise to bands in this frequency 
range have been firmly assigned. Therefore the 264- 
cm* 1 band is assigned as the frequency of the methyl 
torsional motion. The sample was lost so a Raman 
spectrum of the solid could not be obtained.

Bond lengths and bond angles from CI3PO, 3 6  (CH3)3-

P, 36 and (CH3)3P0 37 were used to calculate the reduced 
moment of inertia, F. The H-C-H angle was assumed 
to be tetrahedral and the C-P-Cl angle was assumed to 
be the same as the Cl-P-Cl angle. An F of 5.52 cm- 1  

was obtained and the barrier to internal rotation of the 
methyl group was calculated to be 4.45 kcal/mol from 
the 264-cm“ 1 assignment.

C. C H 3 P O F C I.  In the far-infrared spectrum of 
CH3POFCl at —190° (Figure 4) there are six bands. 
The bands below 150 cm- 1  show an appreciable fre
quency shift with warming from —190 to —80° and do 
not have counterparts in the Raman spectrum of the 
liquid phase so they are attributed to intermolecular 
motions. The bands above 150 cm“ 1 have essentially 
constant frequencies over the temperature range and 
have coincident lines in the Raman spectrum of the 
liquid which have been firmly assigned. 26 The lines at 
242, 267, and 328 cm- 1  must therefore be assigned as 
arising from the P-Cl bending, F-P-Cl bending, and 
P = 0  out-of-plane bending motions, respectively. No 
other bands wrere observed, even with a maximum thick
ness of sample. The band arising from the torsional 
motion is normally wreak as compared to other funda
mentals in the infrared spectrum and could reasonably 
be expected to fall in the 240-260-cm“ 1 range. It is 
possible, therefore, that the band from the torsional mo
tion is hidden by one of the strong skeletal bending 
modes in this frequency region.

The reduced moment of inertia was calculated using 
the bond lengths and bond angles previously used for 
CH3P0C12 along with the F-P-Cl angles and distances 
from F2ClPO and FC12P0 . 38 The calculated F is 5.55 
cm-1. If the band from the torsional motion is not ob
served because it is hidden by the strong bands due to 
the phosphorus-halogen bending motions, the barrier to 
methyl rotation would be in the range of 3.5 to 4.5 
kcal/mol.

D. CHjPOFi- In a previous study of the Raman

(35) Q. Williams, J. Sheridan, and W . Gordy, J. Chem. Phys., 20, 
164 (1952).
(36) L. S. Bartell and L. O. Brockway, ibid., 32, 512 (1960).
(37) H. K . Wong, Acta Chem. Scand., 19, 1232 (1965).
(38) L. O. Brockway and J. Y . Beach, J. Amer. Chem. Soc., 60, 1836 
(1938).
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Figure 5. The far-infrared spectra of CH3POF2 taken at
— 190°. The upper curve is the cell background.

spectrum of liquid CH3POF2 , 2 6 only one line was re
ported below 350 cm-1. This line, at 287 cm-1, was 
attributed to the PF2 deformatioiial motion. An ana
logous band at 294 cm- 1  is observed in the infrared spec
trum of CH3POF2 taken at —190° (Figure 5) and it is 
attributed to the same motion. There are three other 
absorption bands observed in the far-infrared spectrum 
at 106, 122, and 240 cm-1. The 106- and 122-cm- 1  

bands displayed a considerable frequency shift over the 
temperature range —190 to —80° and must be attrib
uted to intermolecular motions. However, the band 
at 240 cm- 1  shows no appreciable frequency change over 
the temperature range, and must be considered due to 
an intramolecular mode. The only intramolecular 
mode which has not been assigned is the methyl tor
sional mode; therefore, 240 cm- 1  is assumed to be the 
frequency of the methyl torsional motion of CH3POF2. 
The Raman spectrum of the solid had only lines which 
had been previously reported in the spectrum of the 
liquid.

Structural parameters for calculating the reduced 
moment of inertia of the methyl rotor were transferred 
from reported values for F3P0 36 and (CH3)3P0 . 37 The 
F-P-C angle was assumed to be the same as the F-P-F 
angle. The calculated F is 5.61 cm- 1  and the barrier 
to rotation of the methyl group is 3.61 kcal/mol.

E. CHaPSCk• It has been reported that in CH3- 
PSC12 the low-frequency bending vibrations of the PS- 
Cl2 group are best interpreted in terms of PX3 bending 
vibrations. 25 The PX 3 bending vibrations would cor
respond to a PX3 symmetric and antisymmetric defor
mation and a PX3 rocking vibration, with the latter two 
vibrations giving rise to depolarized Raman lines. 
Only two Raman lines that could be attributed to PX3 

bending vibrations were observed in the spectrum of the 
liquid phase (265 and 187 cm-1) and both were de
polarized. 2 3 In the spectrum of the solid phase at
— 190° the line corresponding to the 265-cm_1 line in 
the liquid was split into a doublet (259 and 268 cm-1) 
and a very weak line was observed at 2 2 1  cm- 1  (see 
Figure 2 ). The far-infrared spectrum of the solid at
— 190° (Figure 6 ) contains four bands in the region ex
pected for the PX3 bending vibrations. Since these 
motions generally give rise to reasonably strong Raman 
lines, it must be concluded that the symmetric and anti

Figure 6. The far-infrared spectra of CH3PSCI2 taken at 
—190°. The upper curve is the cell background.

symmetric deformational modes are giving rise to the 
265-cm-1 Raman line in the spectrum of the liquid (259 
and 268 cm- 1  for the solid) and the 260- and 270-cm-1 
bands in the infrared spectrum of the solid. The 
Raman line at 195 cm- 1  and the infrared band at 198 
cm- 1  can then be attributed to the PX3 rocking vibra
tion. A study of the frequency of the unassigned in
frared bands as a function of temperature over the 
range —190 to —80° shows that the frequency of the 
2 2 1 -cm- 1  band is essentially constant, whereas that of 
the 6 8 -cm“ 1 band varies considerably. The frequency 
of the 221-cm- 1  Raman line of the solid is also constant 
with varying temperature. The band at 2 2 1  cm- 1  must 
be considered as arising from an intramolecular motion 
and since all of the modes which could reasonably be 
expected to give rise to bands in this frequency range 
have been assigned except the methyl torsional mode, 
the 2 2 1 -cm- 1 band is attributed to the methyl torsional 
motion.

The structure used to calculate the reduced moment 
of inertia of the methyl group was basically that used 
for CH3P0C12 and CH3PC12 with additional parameters 
being transferred from those reported for (C2H5)3 PS. 3 9  

The calculated F is 5.5 cm- 1  and the barrier to rotation 
of the methyl group was calculated to be 3.17 kcal/mol.

F. Lattice Modes. Lattice modes were observed in 
the spectra of all of the compounds. The spectra due to 
the intermolecular motions of CH3 P0C12, CH3 POFCl, 
and CH3POF2 are all very similar so it is reasonable to 
conclude that the intermolecular forces for the solids are 
very nearly the same and the crystal structures are 
comparable. For these similar structures, the trans
lational and librational modes can be distinguished by 
comparing the ratio of the frequencies with the square 
root of the inverse ratio of the masses (translational) 
and the square root of the inverse ratio of components 
of the moment of inertia about the principal axes (libra
tional). On this basis the higher frequency bauds, 113, 
120, and 122 cm- 1 in CH3 P0C12, CH3POFCI, and CH3-

(39) M. von Meersche and A. Leonard, Acta Crystallogr., 12, 1053 
(1959).
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Table III: Comparison of the Barriers to Internal Rotation of Some Similar Molecules

----Hydrocarbons----------- ------------------, -Organophosphorus compd------ ------------- „
-̂------ Barrier, kcal/mol------- ' ,------- Barrier, kcal/mol-------

Molecule Gas Solid Molecule Gas Solid

c h 3c h 3 2.928“ 3.24» c h 3p h 2 1.96“
CH,CH,(CH,) 3.33 d 2.960® CH3PH(CH3) 2 .2 2 s 2 .22"
CH3CH(CH3)2 3.9'* 3.94’ CH3P(CH3)2 2 .61 3.58*
CH3C(CH3)3 4.3*
c h 3c h 2ci 3.7P 4.48“
c h 3c h c i2 3 .50n 3.50" c h 3pci2 3.37°
c h 3cci3 5.49"
c h 3c h 2f 3.33”
c h 3c h f 2 3.18* 3.97r
c h 3c f3 3.25“ 3.29“

c h 3poci2 4.45"
c h 3po f2 3.61"

“ S. Weiss and G. E. Leroi, J . Chem. Phys., 48, 962 (1968). b R. 1t. Getty and G. E. Leroi, Symposium on Molecular Structure and 
Spectroscopy, The Ohio State University, 1969, Paper Q-7. c Iteference 19. d E. Hirota, C. Matsumura, and Y. Morino, Bull. Chem, 
Soc. J ap ., 40, 1124 (1967). ‘  D. M. Grant, et al., J . Chem. P hys., 52, 4424 (1970). f  Référencé 20. ’  Iteference 21. h D. R. Lide,
Jr., and D, E. Mann, J . Chem. Phys., 29, 914 (1958). ; Reference 17. j Reference 22. * Référencé 14. 1 W. G. Fateley and F. A.
Miller, Speclrochim . Acta, 19, 611 (1963). m Reference 18. “ Reference 16. ’ This work. ” G. Sage and W. Klemperer, / .  Chem.
P h ys., 39, 371 (1963). " W. G. Fateley and F. A. Miller, Spectrochim . A cta , 17, 8.57 (1961). r S. M. Craven, private communication. 
* C. A. Wulff, J . Chem. Phys., 39, 1227 (1963).

POF2, respectively, appear to be due to librations about 
the c axis and the lower frequency bands can be attrib
uted to translational motions. The low-frequency 
spectra of CH3PCI2 and CH3PSC12 are not similar to 
each other or to the low-frequency spectra of the phos- 
phonic compounds. On the basis of the frequency 
range of the translational and librational modes of the 
phosphonic compounds, it is more reasonable to assign 
the bands at 77 and 89 cm-1 in CH3PC12 and 68 cm-1 in 
CH3PSC12 to translational modes. Since there is no 
structural information available on the crystalline state 
of any of these compounds, all assignments of the inter- 
molecular modes must be considered merely specula
tive.

The assignment of the Raman lines which appeared 
in the oO-cm-1 region of the solids is uncertain because 
of the frequent appearance of “ghosts” in this spectral 
region.
Discussion

The values of the methyl torsional barriers obtained 
in this study are summarized in Table II. The effect 
of the substitution of Cl for H can be seen by the com
parison of the barriers of CH3PH2, 1.96 kcal/mol,19 and 
CH3PC12, 3.4 kcal/mol. Since the value for CH3PH2 
is a gas phase value the barrier height difference cannot 
be entirely attributed to the substitution of Cl for H; 
however, the substitution may be tentatively said to 
raise the barrier height. The addition of oxygen to the 
framework of the molecule adds approximately 1 kcal/ 
mol to the barrier height. This is analogous to the 
effect observed in solid phase DMS28 and DAISO.15 
Replacing the Cl by F reduces the barrier as observed 
for CH3P0C12 and CH3POF2. Such an effect has also

been noted for the halocarbons.40 Although the tor
sional frequency was not observed for CH3POFCl, it is 
interesting to speculate about the height of the barrier. 
If the barrier height is midway between CH3POF2 and 
CH3P0C12, it would be 4.0 kcal/mol which would be a 
frequency of 248 cm-1. There is some slight indication 
of a shoulder on the 242-cm-1 band in the far-infrared 
spectrum (Figure 4) but it could not be resolved. If 
the splitting of the modes observed for CH3P0C12 is 
taken as an indication of stronger intermolecular forces 
for this molecule over those for the other compounds 
and it is assumed that these forces raise the barrier 
height of CH3P0C12 slightly, the expected barrier 
height of CH3POFCl would be lowered. The fre
quency would be accidentally degenerate with the 
242-cm“ 1 band, and the torsional frequency could not 
be observed in the infrared spectrum of the solid. The 
addition of a sulfur atom to the CH3PC12 molecule seems 
to have no appreciable effect upon the barrier height 
since it is lowered by only 0.2 kcal/mol.

The magnitude of the effects of the various substitu
ents on the barrier heights may not be exactly the same 
as those for the isolated molecule but as pointed out 
with the example of DMS and DMSO, the direction of 
the barrier height shifts is expected to accurately reflect 
the isolated state and perhaps even the relative magni
tude changes may be reasonably accurate. A micro- 
wave study of CH.PF, and CH3POF2 might provide 
additional data on the effect on the barrier of the addi
tion of an oxygen atom.

For the purposes of comparison we have compiled in 
Table III a list of experimental barriers of some similar

(40) G. Graner and A. Thomas, J. Chem. P h y s 49, 4160 (1968).
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molecules. Previous trends proposed for the hydrocar
bons seem to hold for the organophosphorus molecules.40 
For example, the replacement of F by a Cl increases the 
barrier by a few hundred calories in the hydrocarbons.40 
A similar increase is noted for the barrier in CH3P0C12 
compared to that for CH3POF2. Replacement of H by 
Cl was also reported to raise the barrier in the hydro
carbons40 and a similar trend is noted for the phosphorus 
compounds. It should also be noted that the replace

ment of a H by a methyl group appears to raise the 
barrier in both series. Several gaps appear in the phos
phorus series and we plan further studies to substanti
ate the similarity of the trends in'the two series.
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Measurements and analyses of the infrared absorption spectra of the molecules A120, Ga20, ln20, T120, and 
InGaO isolated in inert gas and nitrogen matrices at liquid helium temperatures are described in this article. 
These experiments have been carried out in the region 2000-40 cm-1 for the purpose of measuring the previ
ously unknown vz bending mode and obtaining improved or new values for the vz and n modes. The principal 
result of this investigation is that the vz mode lies more than 200 cm-1 above energies expected on the basis of 
previous reasonable estimates. This result and other evidence suggest that a metal-metal bond is involved 
in the structure of these molecules. The following fundamental vibrational frequencies (cm-1) listed in the 
order vz, vi, and vz have been measured for an argon matrix: 991.7, 715.9, 503.0 (A120); 822.6, 595.6, 416.5 
(Ga20 ); 734.9, 555.1, 404.3 (ln20); 643.6, 510.1, 381.5 (T120); 788.9, 550.5, 431.4 (InGaO).

Introduction
The suboxide molecules A120, G^O, ln20, and T120 

have been studied over the past decade by a variety of 
methods. However, conclusions regarding their equi
librium geometry and molecular properties have had a 
controversial history. Prior to experimental evidence, 
it was assumed that A120  had a bent symmetrical C tv 
structure,3 and thermodynamic arguments based on 
bond dissociation energies were later shown to rule out 
asymmetrical conformations of the type Cs or C„„.4 
Electric deflection experiments6 reported in 1963, how
ever, suggested that A120 possibly had a linear Z)„ft 
structure. Infrared measurements based on the gas
eous absorption method published in 19646 further indi
cated that A120 was linear while Ga20 and ln20 were 
bent. In the same year, improved infrared experi
ments4 based on the matrix isolation method7 defi
nitely established that A120  is bent with an apex angle 
near 145°.

The matrix isolation experiments also indicated that 
the vz bending mode of A120 lay below 250 cm-1. Such 
a low-lying value was subsequently found to be im
portant to conclusions drawn from electron diffraction

studies on Ga/J and ln20  reported in 19658 and revised 
in 1968.9 The first analysis led to bent symmetrical 
structures with apex angles of 130-160°, which are com
parable with the value obtained from the infrared study 
of A120. A later reassessment of the data led to the 
opposite conclusion that Ga20 and ln20 are linear. 
This altered conclusion was based on an analysis taking 
into account large vibrational distortions arising from 
v2 frequencies estimated to lie considerably below 200 
cm-1.

(1) Supported by a grant from the National Science Foundation.
(2) NASA Graduate Trainee, 1967-1969; NSF Graduate Fellow, 
1969-1971.
(3) J. Drowart, G. DeMaria, R . P. Burns, and M . G. Inghram, 
J. Chem. Phys., 32, 1366 (1960).
(4) M . J. Linevsky, D . White, and D. E. Mann, ibid., 41, 542 (1964).
(5) A. Buchler, J. L. Stauffer, W. Klemperer, and L. Wharton, 
ibid., 39, 2299 (1963).
(6) A. A. M al’tsev and V. F. Shevel’kov, Teplofiz. Vysokikh Tem
perature, Akad. Nauk SSSR, 2, 650 (1964).
(7) M . J. Linevsky, J. Chem. Phys., 34, 587 (1961).
(8) N. G. Rambidi and S. M . Tolmachev, Teplofiz. Vysokikh Tem
perature, Akad. Nauk SSSR, 3, 487 (1965).
(9) N. G. Rambidi and Ym. S. Ezhov, Zh. Strukt. Khim., 9, 363 
(1968).
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In 1969, Hinchchliffe and Ogden10 reported infrared 
measurements of the v3 fundamentals of matrix isolated 
Ga20, ln20, and T120. From an analysis of the oxygen 
isotopic shifts on the basis of a C2v structure, they ob
tained apex angles of 143, 135, and 131°, respectively, 
thus confirming the original conclusions of the electron 
diffraction study. Also in 1969, Shevel’kov, et al.,n 
detected both the symmetric and antisymmetric stretch
ing frequencies in the infrared absorption spectrum of 
gaseous T120, which further supports a bent configura
tion. In addition to these fundamentals, a weak ab
sorption in the region of 890 cm-1 also was observed. 
The investigators suggested that this may be the v3 +  
2 v2 combination band, which then places the v2 bending 
mode in the region of 130 cm“ 1.

Very recently, Snelson12 has published the results of a 
new infrared study on matrix isolated A120. This 
investigation gave values for the r3(Bi) and vi(A,) 
modes in good agreement with those obtained in the 
earlier matrix isolation experiments4 and, in addition, 
indicated the absence of the v2 fundamental down as far 
as 190 cm“ 1. Using an analogy with Li20, Snelson 
predicted the v2 band of A120 to occur near 120 cm“ 1. 
On the basis of mass considerations alone, this would 
position the bending mode of the heavier suboxides be
low 100 cm“ 1.

The purpose of this article is to summarize experi
ments carried out to measure these v2 bending frequen
cies for the complete series of group IIIA suboxides and 
to obtain improved or new values in the case of missing 
data for the v3 and v\ modes. During the course of this 
investigation, the new molecule InGaO was discovered 
and similarly studied.

Isolation Experiments

This investigation is based on the molecular beam 
sampling technique for measuring the infrared absorp
tion spectra of molecules isolated in inert gas matrices 
at liquid helium temperatures.7 The apparatus used in 
these experiments to produce and isolate the molecules 
consisted of a Knudsen-cell molecular beam source, a 
matrix gas source, and a cooled optically transparent 
condensation target. The basic features of this appa
ratus and its far-infrared capabilities are described in an 
earlier article by one of the authors.13

For the present experiments, the Knudsen cells were 
constructed with zirconia cups and lids of 1.2-cm diam
eter sheathed in close-fitting tantalum tubes which were 
sealed at both ends. The effusion orifice located in the 
side of the cup was approximately 1 mm in diameter. 
These cells and the heating devices were carefully con
structed to minimize thermal gradients, to reduce radi
ant heating of the condensation target, and to maintain 
constant and precisely determined temperatures for 
reliable control of the amount of material deposited on 
the target.

The suboxide molecules were produced by vapor

The Journal of Physical Chemistry, Vol. 76, No. 13, 1971

izing mixtures of the metal and solid sesquioxides con
tained in the Knudsen cells at temperatures between 
724 and 1723°K. It is reasonably well established 
that zirconia cells are inert to the components of these 
systems and that the vapor species are predominantly 
the suboxide molecules with less than 10% metal atoms 
and no' other significant species.14'15 This was care
fully confirmed, however, by an extensive mass spec
trométrie study carried out in collaboration with F. J. 
Kohl and C. A. Steams of the NASA Lewis Research 
Center, Cleveland, Ohio. Table I summarizes, for 
example, the relative intensities and appearance poten
tials of the ion species measured for the vapors of the 
condensed In-In203 system at 1173°K. These data are 
typical of those determined for the other condensed- 
phase systems used to produce the various suboxide 
molecules. The temperature reported in this table 
represents approximately the mean temperature of the 
source in the matrix isolation study of the ln20 molecule 
over a range of slightly more than 50°. No significant 
enhancement in the relative ion intensities of the minor 
species was observed in the mass spectra over a tem
perature range of about 200°. In this mass spectro
métrie investigation, it was discovered that appreciable 
concentrations of the molecule InGaO along with 
smaller amounts of ln20 and Ga20  in approximately the 
mole ratios 5:4:1, respectively, are produced by 
vaporizing In metal mixed with powdered Ga203.

Table I: Mass Spectrum of the Vapor over 
In(l) +  ln20 3(s) at 1173°K (22-eV electrons)

Ion“
Relative
intensity

Appearance
potential

Probable
parent

In20  + 1.0 8.3 db 0.3 ln20
In + 7.5 X 10““ 5.79e In, ln20
In2 + 9.2 X 10“2 12.9 ±  0.5 ln20
InO + 1.6 X 10“3 14.8 ±  0.5 ln20
ln20 2 + 3.2 X 10“4 d ln20 2
In02 + 1.4 X 10“‘ d ln20 2 (In02?)

“ No other ions containing metal atoms were detected up to 
m/e = 350; no oxygen ion species above normal background 
were detected. ‘ The major portion (~90%) of the In+ in
tensity was found to arise from fragmentation of ln20. c Stan
dard for calibration of the electron energy scale. d Intensity 
too low for reliable measurement.

(10) A. J. Hinchchliffe and J. S. Ogden, Chem. Commun., 18, 1053 
(1969).
(11) V. F. Shevel’kov, N. A. Klyuev, and A. A. M al’tsev, Vestn. 
Mosk. Unix. Khim., 24, 32 (1969).
(12) A. Snelson, J. Phys. Chem., 74, 2574 (1970).
(13) K. R . Thompson and K. D. Carlson, J. Chem. Phys., 49, 4379 
(1968).
(14) R. F. Porter, P. Sehissel, and M . G. Inghram, ibid., 23, 339 
(1955).
(15) C. N. Cochran and L. M . Foster, J. Electrochem. Soc., 109, 144 
(1962).
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A knowledge of the amount of suboxide deposited 
and its isolation ratio were important quantities in 
these experiments. Since there is a serious problem 
with undersaturation in the vaporization process of 
these systems,15 however, the true mole rates of effusion 
of the suboxide molecule and metal atoms were deter
mined in a separate series of experiments. These mea
surements were carried out under conditions closely 
approximating those employed in the matrix isolation 
studies, and the results were used to establish the isola
tion ratios. These effusion experiments and the mass 
spectrometric analyses are to be described later in a 
separate publication.

The suboxide species were co-condensed with one of 
several purified gases for the matrix on the optically 
transparent condensation target, which was cooled with 
liquid helium. On the basis of a successful experiment 
employing Ne for the matrix, we estimate that the tar
get was maintained at least as low as 10°K during the 
deposition in nearly all but the A120 experiments. The 
target was constructed of CsBr with outer windows of 
the same material for measurements in the region 
4000-250 cm-1 or constructed from a thin sheet of 
polycrystalline Si16 with windows of high density 
polyethylene for measurements in the region 450-40 
cm-1. The spectra were recorded in the range 2000 
650 cm-1 with a Beckman IR-7 and in the range 800- 
40 cm-1 with a Beckman IR-11. These instruments 
were found to have a resolution and wave number 
accuracy within 1.0 cm-1 after calibration with atmo
spheric water and carbon dioxide.

Prior to each isolation experiment, the Knudsen cell 
and metal oxide sample were outgassed at temperatures 
in excess of that required for the deposition. Further
more, the spectrum of the clean condensation target 
was recorded to confirm the absence of spurious absorp
tions. Then, the experimental matrix was prepared. 
Generally, infrared recordings were made of the ini
tially deposited matrix, of the matrix during a slight 
warming up of the target to induce diffusion of the 
species, of the quenched matrix after diffusion, and of 
the target after the matrix had been allowed to va
porize. These diffusion experiments were carried out 
using the variable-temperature capability of the cryo
stat13 to establish which bands belong to the monomer 
and to study other aspects of the matrix isolation. The 
annealed matrices in many cases led to a rather severe 
scattering of the infrared radiation.

Infrared Measurements

The matrix isolation experiments were carried out in 
a series of four sets of investigations. Generally, each 
set was characterized by a different experimental tech
nique or objective, and each explored several different 
molecular species of interest. This approach, instead 
of one in which experiments for a single molecular spe
cies are carried to completion without later reexamina-

Figure 1. Infrared absorption spectrum of the molecular 
species of the InGaO system in Ar in the region 830-710 cm-1 
(10-/unol total with M / R  = 620).

tion, proved to be more efficient and very helpful in the 
identification of the new fundamentals and other fea
tures common to the spectra of all molecules under 
similar experimental conditions.

The first set employed CsBr for the condensation 
target and Ar for the matrix gas with M/R isolation 
ratios of 1030 for T120 and 340-620 for the others for 
deposits of 5-13 pmol of the suboxide. Spectra were 
obtained in the region 2000-250 cm-1 for Ga20, ln20, 
T120, A120, and InGaO in that order without failure. 
The spectra of all but the mixed metal oxide displayed 
two prominent bands corresponding with the v3 and vi 
modes reported for A120  in Ar by Linevsky, White, and 
Mann4 and, except for a normal shift in frequencies, 
with the v3 mode of the heavier species in N2 reported by 
Hinchchliffe and Ogden.10 The spectrum of the In
GaO system displayed five prominent bands, two corre
sponding exactly with the v3 and vi of ln20, one other of 
much smaller intensity corresponding with v3 for Ga20, 
and the remaining two occurring in regions expected for 
v3 and vi of the mixed molecule. The relative intensi
ties of the bands corresponded reasonably well with the 
known mole ratios after a matrix perturbation problem 
was accounted for. This helped to confirm the classi
fication of these bands.

In addition to the two intense fundamentals, two 
other notable features common to all but the A120 spec
trum were apparent. The first was that the bands 
classified as v3 were strongly split into doublets in each 
spectrum. This splitting is illustrated in Figure 1, 
which shows a tracing of the v3 spectra obtained in the 
first experiment of set 1 on the InGaO system in the 
region 830-710 cm“ 1. In this figure, the doublet at 
820 cm“ 1 belongs to Ga20, the doublet at 738 cm“ 1 be
longs to ln20, and the doublet at 791 cm“ 1 belongs to 
the InGaO molecule. Two satellite bands of smaller 
intensity are shown on the right of the doublets for 
InGaO and ln20. In some respects, the doublet

(16) See footnote 12, ref 13.
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Figure 2. Infrared absorption spectrum of A120  in Ar in the 
region 2000—495 cm-1 (spectrum I with the IR-7 for 10 ^mol 
at M / R  = 390; spectrum II with the IR-11 
for 2 jumol at M / R  =  7700).

Figure 3. Infrared absorption spectrum of Ga20  in Ar in the 
region 850-400 cm“1 (spectrum I with the IR-7 for 8.8 pmol 
at M / R  = 750; spectrum II with the IR-11 
for the same matrix).

structures resemble metal isotopic splittings; however, 
such splittings would be expected only for Ga20 which 
has the naturally occurring isotopes 69Ga (60.4%) and 
71Ga (39.6%), but in this case the observed intensities 
are incorrect and the separations are too large. In no 
experiments of this or other sets were metal isotopic 
splittings resolved, although the structure of the v3 

band in some of the Ga20  experiments gave a hint of 
such splittings.

The second additional feature was the occurrence of a 
third less intense band at lower energies, which was 
very prominent at 381.5 cm-1 in the spectrum of the 
dilute T120 and just barely observable (partly in retro
spect) at 404.3 and 416.5 cm-1 in the more concentrated 
matrices of ln20 and Ga20, respectively. These bands 
are illustrated in Figures 2-5 and discussed later. A 
comparable band and the doublet splitting effect were 
not observed for A120 in this set. The intensities of all 
bands for each molecule were reduced in the diffusion 
experiments until they disappeared with the matrix. 
The diffusion process caused the bands of the v3 dou-

Figure 4. Infrared absorption spectrum of ln20  in Ar in the 
region 980-380 cm-1 (spectrum I with the IR-7 for 13 ¿¿mol at 
M / R  — 340; spectrum II with the IR-11 
for the same matrix).

Figure 5. Infrared absorption spectrum of T120  in Ar in the 
region 660-370 cm-1 (with the IR-11 for 
5 /unol at M / R  =  1030).

blet to sharpen, but their relative intensities and energy 
difference remained constant.

The second set of experiments also employed the 
CsBr optics for the same energy range but used both N2 
and Ar as the matrix gas with larger isolation ratios ex
tending from 650 to 9000. In addition, the source 
temperatures of the suboxide beams in some experi
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ments were increased or decreased within a range of 50° 
to change the amount of material deposited in the 
matrix. Infrared measurements were carried out for 
ln20, InGaO, and T120 in that order, with several 
experiments being performed for each molecule in dif
ferent dilute concentrations for different source tem
peratures. In the Ar experiments, no basically new 
features were revealed in the spectra, and all bands 
noted previously were obtained, including the unex
plained third band in the region 381-417 cm-1. How
ever, the relative intensities of the two doublets of vs 
were markedly different, and it was found that with in
creasing dilution one component of the doublet tended 
to disappear. In the N2 experiments, the same spectral 
features were measured, except that the v3 band was not 
split. For this mode, a single sharply defined absorp
tion was recorded at energies in close agreement with 
those reported by Hinchchliffe and Ogden.10 Diffusion 
experiments gave results identical with those of the 
first set.

The CsBr optics were then replaced by the Si-poly
ethylene combination, and the investigations were ex
tended down to 40 cm-1 in the third set of experiments. 
Isolation ratios varied between 350 and 6080 with Ar 
used as the matrix gas for deposits containing up to 45 
/¿mol of the suboxide. Because its previous spectra 
had intense well-resolved bands, T120 was investigated 
first in a series of two independent experiments. Only 
one band was observed in the region 450-40 cm“ 1, and 
this corresponded precisely with the unexplained low- 
lying band at 381.5 cm-1 measured earlier with the 
CsBr optics. No hint of an absorption band in the 
region of 130 cm“ 1 was observed. The ln20 molecule 
was studied next in a series of four separate experiments. 
Again, only the previously measured absorption at
404.3 cm“ 1 was observed. It was then tentatively 
concluded that this and the comparable bands for the 
other molecules were the unknown r2 bending modes, 
although the difficulty with such an assignment was that 
this mode occurred more than 200 cm“ 1 above that pre
dicted on the basis of reasonable arguments. The A120 
molecule was than studied, and its infrared spectrum 
revealed no absorptions between 450 and 40 cm-1. 
This is not surprising if the bands at 381-417 cm“ 1 
are the v2 fundamentals of the heavier molecules.

Because no fundamentals below 250 cm“ 1 were de
tected, the CsBr optics were again installed to permit a 
more thorough investigation at high energies in the 
fourth set of experiments. In these experiments, a 
variety of matrix gases, isolation ratios, deposition 
rates, and other controllable factors were employed in 
attempts to increase the intensities and sharpen the 
bands. As a consequence, a set of much improved 
spectra were obtained which, in fact, clearly showed 
three fundamental absorption bands for all molecules 
including A120. The low-lying v2 band of A120 was 
found to occur at 503 cm“ 1, which is comparable with

the similar bands of the heavier species. A tracing of 
the infrared spectrum of A120 in Ar between 2000 and 
495 cm“ 1 is given in Figure 2, which shows the weak 
broad r2 band, the higher lying n and v3 fundamentals 
at 715.9 and 991.7 cm-1, respectively, and two probable 
overtones along with some other weak structure. Simi
lar spectra for Ga20, ln20, and T120 in Ar are given in 
Figures 3-5. Two of these figures show a more intense 
and better resolved v2 band for high dilution ratios, and 
all show the v3 doublet in Ar. Such a doublet splitting 
was never observed for A120 nor for other molecules 
with different matrix gases.

The results of the set IV experiments and evidence 
obtained earlier indicated that the method of preparing 
the matrix is critical in obtaining an observable r2 
band. This band was most difficult to obtain for A120, 
and the difficulty decreased down the series, which 
corresponds with a decreasing temperature required for 
the molecular beam source. Thus, there seems to be a 
deleterious effect on the matrix, probably involving a 
diffusion of molecules, caused by the heat radiated from 
the source. This suggestion is substantiated by the 
results of an experiment using Kr for the isolation of 
A120. Under conditions otherwise similar to those of 
the Ar experiments, the v2 band in Kr was more intense, 
presumably because this heavier gas provides a more 
rigid matrix. The isolation ratio also was found to be 
important. The best procedure for preparation of the 
matrix was found to involve the rapid deposition of 
small amounts of suboxide (2-10 /¿mol) at fairly high 
dilution ratios (>1000). We believe that the diffi
culty of preparing a suitable matrix for the lighter mole
cules accounts for the apparent failure to detect, or at 
least identify, the v% band in previous investigations.

Assignments and Analyses

The fundamental bands and other spectral features 
measured in this investigation are summarized in 
Table II for each matrix gas employed. Energies of 
the bands in the Ar matrix are given first for each mole
cule; then values obtained in experiments with other 
matrix gases and values taken from the available litera
ture are reported below for comparison. The bands 
classified as fundamentals are listed according to their 
assigned vibrational mode. It is reasonable to assume 
from their intensities, from the results of the diffusion 
experiments, and from the mass spectrometric study 
that these bands are indeed the fundamentals of the sub
oxide monomer and not absorptions of impurities or 
other spurious bands. Absorptions which appear to be 
overtones and others such as satellite bands which 
cannot be classified are reported in the last column of 
the table. Presumably, some of these arise from 
matrix perturbations, which are rather common in such 
experiments.13 An examination of the shifts in the 
fundamental bands with change in molecular weight of 
the matrix gas and a comparison of these shifts with
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Table II : Infrared Bands of Matrix-Isolated Group IIIA Suboxides“

Molecule Matrix
V»,

cm-1
V I,

cm-1

A120 Ar 991.7(100) 715.9(59)
Ar (lit.)» 994 715
Kr 989.4(100) 710 (65)

Ga20 Ar j'822.6(70) 
817.9 (50)

595.6(60)

n 2 '808.1 (72) 590.4(100)
N2 (lit.)d 809.4

ln20 Ar 1'734.9 (100) 
741.3 (88)

555.1(76)

Ne '745.4 (100) 560.3(48)
n 2 721.8(100) 550.5(52)
N2 (lit.)" 722.4
Kr 728.2(100) 551.7(16)

T120 /643.6 (100)
Ar \659.8 (34)

510.1 (100)

n 2 626.1(100) 506.3 (38)
N2 (lit.p 625.3

InGaO Ar <
[788.9 (65) 
[793.1 (100)

550.5(39)

Ns 783.0(100) 544.2(44)

V I,

cm-1 Others6

503.0(23) 

499 (42)

3n  =  1995.0 (27), 2k3 = 1907.4 (55) 
2i>3 = 1867

416.5(50)

425.8(39)

2ki =  1128.0 (11), 832.1 (6), 827.1 (9), 
810.8(22), 803.5 (17)

404.3 (16)

404.8 (43) 
412.6(29)

403.2 (16)

2k, = 969 (14), 2k2 =  795 (8), 
728.9(40)

381.5 (57)

390.6 (13)

2k, =  1006 (5), 861 (3)* 
2k2 =  721 (14), 714 (10)

431.4 (22) 779.2 (23), 720.9(16) 
570.8(23), 542.7 (16)

“ Numbers in parentheses are approximate relative absorption values. b These include overtones, satellite bands, and other un
explained bands obtained with Ar matrices. » Reference 4. d Reference 10. « This may correspond with the so-called combination
band reported in ref 11. Possibly it is k ,  +  k 2. f  The InGaO spectra also include bands for ln20  and Ga20.

similar data for BeCl217 suggest that the energies mea
sured with Ar are closest to the gas phase values. The 
bands measured with N2 appear to be shifted by incre
ments larger than expected from mass considerations 
alone.

The assignments of the k3 and vi modes rely in part on 
comparisons with the measurements based on oxygen 
isotopic enrichment experiments reported by others.4-10 
Where a direct comparison is available, the agreement 
is well within the experimental precision and accuracy. 
In other cases, the assignments are quite reasonable by 
analogy. Both components of the v3 doublets found 
only with the Ar matrix are given the same assignment, 
the second in order listed in the column being the com
ponent which tends to disappear with increased dilution. 
On this basis, the first component may be the “ normal” 
ys band, although this is questionable. It is interesting 
to note that this so-called “normal” band occurs at 
higher energies for Ga20  but at lower energies for the 
other molecules.

The occurrence of this splitting and why it is ob
served only with the v3 mode in Ar matrices is per
plexing. It apparent absence in Ne and the constancy 
of the relative intensities of the doublets after a dif
fusion experiment are not consistent with a molecular 
association phenomenon. Possibly the Ar atoms are 
just the right “size” to create multiple trapping sites in 
the matrix. The doublet splitting generally increases 
with increasing molecular weight, being 4.7 cm-1 for 
Ga20, 6.4 cm-1 for ln20, and 16.2 cm-1 for T120. This 
is reasonable because the heavier molecules have less

energetic vibrations, which would allow them to be more 
easily distorted to fit a solvent cage. However, the
4.2-cm_1 splitting found for InGaO is essentially identi
cal with that for Ga20 rather than intermediate to that 
of either metal suboxide.

The assignments of the k2 mode may be debatable, 
but we can conceive of no other reasonable choice for 
the absorption bands in the region 503-381 cm-1. 
These bands under satisfactory isolation conditions are 
quite prominent, are consistently reproducible with a 
variety of different experimental procedures, and appear 
to be related to the same species which produce the 
other two fundamental bands. That they are combina
tion or overtone bands is improbable, since lower-lying 
fundamentals intense enough to produce such promi
nent absorptions should be easily detected. It is un
likely that such bands were accidently missed in every 
individual experiment in the several careful investiga
tions carried out in the far-infrared region down to 40 
cm-1.

That these bands are a fundamental of some other 
molecule existing in the vapor or formed by reaction in 
the matrix also is improbable. According to the mass 
spectrometric analysis and the total effusion studies, 
metal atoms exist in less than 10% concentration in the 
vapor and other minor species exist in concentrations 
several orders of magnitude less over a wide tempera
ture range. A reaction between the metal atoms and 
suboxide seems unlikely on the basis of the diffusion

(17) A. Snelson, J. Phys. C h e m 72, 250 (1968).
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studies and thermochemical arguments. Furthermore, 
it is difficult to imagine that the vibrational modes of 
the minor oxide species have extinction coefficients 
many orders of magnitude greater than those of the 
suboxide to give such prominent absorptions. For 
example, the so-called v2 band of T120  was readily appar
ent in these experiments with an absorption about 50% 
that of vi for 1.6 yumol of the molecule at an isolation 
ratio of 8090. Comparably small amounts of the other 
suboxides give similar results. It seems unlikely that 
some major oxide molecule exists in the vapor which 
could not be detected mass spectrometrically because 
its positive ion is unstable. In any event, the relative 
intensities of the bands were not found to have any 
apparent dependence on the source temperature over a 
reasonably extended temperature range.

With regard to entropy arguments, the assignment of 
these bands as the v2 fundamentals leads to third-law 
values which are consistent with the available second- 
law entropies. However, nothing definitive can be 
concluded from such comparisons because second-law 
entropies of vaporization have not been established 
within better than 1-3 gibbs mol-1 and high tempera
ture entropies of the condensed phases can only be 
estimated. The uncertainties in the second-law entro
pies of the gaseous suboxides are therefore large enough 
to encompass third-law values based on almost any 
reasonable estimate of the v2 fundamentals within a 
300-cm-1 range.

The infrared spectrum obtained here for the InGaO 
system and the remarkably high energies measured here 
for the v2 bending modes have rather important struc
tural implications. In the first case, the observation 
that there is only one detectable v3 band for the mole
cule identified as InGaO favors a structure involving a 
central oxygen atom. Otherwise, two closely spaced 
v3 bands should be detectable for the alternative con
figurations involving a terminal oxygen and two differ
ent selections of the neighboring metal atom. Since 
the spectrum of InGaO is quite similar to those of the 
pure metal suboxides, this observation gives added 
support to the conclusion that the other group IIIA 
suboxides have C2v structures. The similarity is quite 
obvious. The v3 band of InGaO is intermediate to 
those of Ga20 and ln20, as expected. The vi for this 
asymmetric molecule lies slightly lower than that of 
either symmetric species while the v2 lies slightly higher. 
In its general features, this shift :n opposite directions is 
to be expected, since a change from the symmetric to 
asymmetric structure may be viewed in the sense of a 
perturbation which couples at least two modes, one 
certainly being the originally symmetric vi stretch. 
Aside from this feature, all other bands for a given mode 
systematically decrease down the family series.

The unexpectedly high values for the v2 bending 
modes discredit the revised analysis9 of the electron 
diffraction data which suggested a linear structure. 
The original conclusion is valid, and all other reliable 
measurements are in accord with a bent symmetric 
structufe. The high v2 values furthermore suggest the 
occurrence of a metal-metal bond in these suboxides, 
giving a ring-type structure. There are several obser
vations in evidence of this. First, atomization energies 
of all but A120 are in best agreement with bond energy 
calculations involving a metal-metal dissociation in 
addition to two metal-oxygen dissociations. Second, 
electron impact fragmentation of the M20 species in the 
mass spectrometric studies give appreciable concentra
tions of the metal dimer ion M2+ but very much smaller 
concentrations of MO+ except for A120. Cubicciotti18 
was the first to point out the possible structural signifi
cance of this aspect in studies of T120. Third, the v2 
bending frequencies are only slightly larger than rea
sonable values which have been estimated for the 
stretching frequencies of the homonuclear group IIIA 
metal diatomic molecules.19

Appreciable metal-metal bonding in these molecules 
should be reflected in the magnitude of the bending 
force constants derivable from a normal coordinate 
analysis. Unfortunately, we have insufficient data to 
employ the equations derived by Kohlrausch20 for a 
C2v ring-type structure, and equations based on simpler 
potential functions are notable failures, perhaps owing 
to abnormally large anharmonicities or matrix pertur
bations. The valence force description and central force 
model for an open structure are found to be totally 
inadequate. The former is reasonable for a bending 
frequency in the region of 250 cm“ 1 or lower, but not 
one appreciably higher. The possibility of a ring-type 
structure, however, is still reasonable, and it might 
consist of a 7r-bonding framework involving the p orbi
tals perpendicular to the plane of the triangle. Such a 
degenerate bond would involve no strain for a large 
apex angle at the oxygen atom and could be completely 
filled with the six valence electrons from the atomic p 
shells.
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Expressions for the self-diffusion coefficient for smooth, rough, and loaded hard spheres interacting according 
to the square-well potential model are obtained using Longuet-Higgins and Pople’s scheme of approximating 
the velocity autocorrelation function by an exponentially decaying function. Adding roughness to a smooth 
sphere is found to decrease the self-diffusion coefficient while adding a load increases it. At low temperatures 
the “loaded” and “roughness” effects may be comparable, but at higher temperatures the effect of the rough
ness is considerably more important than the effect of the load for physically realistic values of the parameters 
defining the rough and loaded sphere models.

Introduction
Several authors have investigated the coefficient of 

self-diffusion for dense fluids interacting according to 
hard sphere2’3 and square-well potentials.4-6 While a 
smooth sphere with a square-well potential provides the 
qualitative features of a simple fluid of monatomic par
ticles, it omits the effect of rotational degrees of freedom 
on diffusion. By adding a “ load” to the sphere—i.e., 
by assuming that the center of mass does not coincide 
with the geometric center of the spheres—one obtains 
the loaded sphere model which is capable of transferring 
rotational energy between colliding particles. Another 
model allowing transfer of rotational energy is the rough 
sphere model in which it is assumed the spheres have 
perfectly rough surfaces and the relative velocities of 
the points of contact of a pair of colliding spheres re
verse. Using Boltzmann’s and Enskog’s kinetic equa
tions, Dahler and coworkers7 have studied the loaded 
sphere and rough sphere models extensively in the dilute 
gas limit and to some extent in the dense gas limit. 
Having no attractive interaction, these models may not 
give even a qualitative picture of transport in liquids. 
For example, it is not known whether adding an attrac
tive potential to the rough and loaded sphere potentials 
will significantly alter the qualitative effects the “load” 
and “ roughness” have on the transport properties of 
dense systems. The purpose of this paper is to investi
gate the effect an attractive potential has on the self
diffusion coefficient of these models.

Expressions for the self-diffusion coefficient for the 
various models are obtained using Longuet-Higgins 
and Pople’s assumption3 that the velocity autocorrela
tion function decays exponentially via binary collisions. 
It has been shown elsewhere8 that this assumption leads 
to the same result for the self-diffusion coefficient as that 
obtained by Chapman and Enskog’s first approximation 
to Enskog’s kinetic equation.

Theory
Because the changes in the intermolecular potential 

occur as discontinuities, all collisions occur instantane
ously. Therefore, the assumption that only binary 
collisions occur appears to be reasonable. One further 
assumption is that because of the density of the fluid, 
there is no correlation between successive binary colli
sions, i.e., dynamically correlated successive collisions 
are neglected. At least in the case of smooth spheres 
there is some cancellation of the effects of consecutive 
collisions so that the binary collision assumption seems 
partially justified.

The starting equation in Longuet-Higgins and Po
ple’s scheme is the autocorrelation function expression 
for the self-diffusion coefficient D

D  =  | / 0” <v ( 0 ) - v (i) )d <  ( ! )

where ( ) denotes an equilibrium ensemble average and 
v(f) is the velocity of the diffusing particle at time t. 
By assuming that the autocorrelation function decays 
exponentially they arrived at

(1) Guggenheim Fellow (1969-1970).
(2) See, for example, S. Chapman and T. G. Cowling, “ The Mathe
matical Theory of Non-Uniform Gases,”  Cambridge University 
Press, Cambridge, 1939.
(3) H. C. Longuet-Higgins and J. A. Pople, J. Chem. Phys., 25, 884 
(1956).
(4) H. C. Longuet-Higgins and J. P. Valleau, J. Mol. Phys., 1, 284 
(1956).
(5) H. T. Davis, A. G. Rice, and J. Sengers, J. Chem. Phys., 35, 2210 
(1961).
(6) 1. McLaughlin and H. T. Davis, ibid., 45, 2020 (1966).
(7) D . W . Condiff, W. K. Lu, and J. S. Dahler, ibid., 42, 3445 (1965) ; 
J. S. Dahler and N. F. Sather, ibid., 38, 2363 (1963).
(8) R . Brown, unpublished work.
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where the friction constant f  is given by

The quantity Av is the change in velocity of a particle 
during a collision.

Without the square-well interaction the quantity in 
the braces of eq 3 is evaluated in terms of a 
binary collision of the spheres at contact. When the 
square-well interaction is added one must consider four 
types of binary collisions. Longuet-Higgens and 
Valleau4 have discussed the four collisions in applying 
Longuet-Higgens and Pople’s theory to hard sphere 
particles with a square-well attraction.

To briefly outline the possible types of collisions, let 
us recall that the square-well potential energy model is 
defined as follows

<t>(r u )  =  00 r tj <  cn 

<t>(a) = —« <n < ri} <  <r2
<t>(ra) =  0  r w <  ff2

where rtj is the distance of separation of the centers of 
particles i and j, and and <r2 are the repulsive and 
attractive diameters, respectively.

The four types of binary collisions for smooth, rough, 
and loaded spheres interacting with a square-well 
attractive potential are as follows. (1) Two smooth 
or loaded spheres initially approaching each other 
collide within their potential wells at a distance <j\. 
The relative velocities of their centers of geometry are 
reversed. Two rough spheres will experience a reversal 
of their surface velocities at the point of contact. (2) 
The spheres separated by a distance greater than a2 

approach each other and at rw = <r2 an amount e of 
potential energy is converted into translational energy 
for smooth and for rough spheres and to translational 
and rotational energy for two loaded spheres. (3) 
The spheres within the attractive radii are moving 
apart with more energy than is needed to escape the 
well. At a distance rw = tr2 translational and rota
tional energy totaling t of two loaded spheres will be 
converted into potential energy while only translational 
energy totaling e of two smooth spheres or two rough 
spheres will be converted into potential energy. (4) 
The spheres are within each others attractive radii, 
initially moving apart with less energy than is needed to 
escape from the potential well. At a distance ri} — 
tr2, two loaded spheres will experience a reversal of the 
relative velocity of the points on their surfaces along the 
line between their centers, while two smooth or two 
rough spheres will experience a reversal of the relative 
velocity of their centers.

Since only self-diffusion is considered, the systems of 
smooth, rough, and loaded spheres are composed of 
identical particles. To describe completely the inter
action of two smooth spheres it is necessary to describe

the relative velocity and position of the centers of the 
spheres. Their relative position is handled by de
fining a unit vector k directed from the center of sphere 
2 to the center of sphere 1. To describe the interaction 
of rough spheres 1 and 2 it is necessary to indicate their 
angular velocity vectors on and <o2. For two loaded 
spheres we must also specify their orientations' and e2 
and the distance £ of the center of mass from its center 
of geometry.

To calculate the change in velocity of particle 1 upon 
collision with particle 2 for application in eq 3, we con
sider the force Fy caused by particle 2 acting upon parti
cle 1. Using the fact that Fi2 is an impulse we may 
integrate the laws of motion for linear and angular 
momentum over a time 51 to obtain

1
AVi = -------

m
J

m

Aon =  — I ]£ei X J for loaded spheres

Aon = — k X J for rough spheres
/¿jX

where the vector J is the linear momentum exchange in 
the binary collision. The moment of inertia is a tensor 
I for loaded spheres and is a scalar 7 for rough spheres.

The laws of conservation of energy and momentum 
may be used to determine J as a function of the mo
menta and orientations of the colliding particles. The 
expressions for J are given in Table I for the various 
models studied. The symbol v2i in Table I denotes the 
relative velocity of the center of sphere 2 relative to the 
center of sphere 1. In the case of smooth and rough 
spheres

Vn  =  V2 -  V i

and in the case of loaded spheres
v2i = v2 — Vi +  co2 X e2£ — (i>i X ei£

The quantity g2i in Table I is by definition
a

gn — V2i ---- — (m2 +  fa>i) X k

g2i is the relative velocity of the pair of points lying 
along the line of centers and on the surfaces of colliding 
spheres 1 and 2. The quantities nt appearing in Table 
I are defined by the expressions

2
Ml =  M2 =  ~

m

ms = -  +  I-L (£ei X k)(£ei X k) +  m
I -1 : (£e2 X k) (£e2 X k)

and the quantity k is a reduced moment of inertia 
defined by

4/
m<r 1 2
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Table I : Momentum Exchange in the Four Binary 
Collisions for Smooth, Rough, and Loaded Spheres

where R = <7 5 / 0 -1 , k is Boltzmann’s constant, n is the 
number density of the fluid, g{<r\), g(cr2) are the pair 
distribution function values at o-i +  0  and <r2 +  0

Type 
of col
lision Velocity limits

Smooth Spheres

1 v21-k >  0

2 v21-k >  0 —{ — V21 • k 
Mi

3 V2i*k <  2e/ii —{ -V2i*k 
Ml

4 — V2eMi <  Va-k <  0

Rough Spheres

1 v2i-k > 0
M2 V« +  ■

—{ - v 2i-k 
M2

2 v21-k > 0

3 y2i ■ k <C 2c/Lt2 - { - v 2i-k 
M2

4 -V 2 ^ 7 2 <  v21-k < 0

Loaded Spheres

1 gii-k >  0

2 ga-k > 0 - { - g a - k
M3

3 g21 ■ k <  V2€/i3 { —g21'k
M3

4 — 2efxz <  g2i • k < 0

2
—  k v j i k
Mi

|v2ikk

-  iVii -kk

(£>k g 21k

ga-kk

In evaluating eq 3 we have followed the procedure 
outlined by Longuet-Higgens, Valleau, and Pople2 , 9  

in their study of smooth spheres. They assumed a 
Maxwell velocity distribution and defined the regions 
for which eq 3 is nonzero. Their assumptions are not 
affected by the addition of roughness or loading.

The diffusion coefficients obtained following the 
evaluation of eq 3 for the four types of collisions are for 
the square-well with smooth sphere core

3 / kT \ l / 2

c ' - w ( ™ )  +  (4)

for rough sphere core

D
2 8n<ri2 \ irm

T 2<c +  1 „ l - 1
1 g(<n) +  R 2g M HJ (5)

P*/*r  -
2 kT

\ Vs

kT/x2 +  7 ^  ) e x2dx

/*TT /* J I

U(a) =
Jo Jo

[1 +  a(sin2 0 i +  sin2 02)] 1 / 2  X

sin 0 i sin 0 2 d0 id0 2

2
a  — ------

2r

and T is the moment of inertia.
Discussion

Values of E10 and U(a) 11 appear in Tables II and III.

Table II : Values of S As a Function of e/kT

'/ k T V

0 0.000000
0.10 0.008650
0.20 0.032386
0.30 0.070994
0.40 0.125149
0.50 0.195904
0.60 0.284573
0.70 0.392705
0.80 0.522073
0.90 0.674682
1.00 0.852779
1.10 1.058876
1.20 1.295767
1.30 1.566558
1.40 1.874694
1.50 2.223995
1.60 2.618690
1.70 3.063464
1.80 3.563500
1.90 4.124532
2.00 4.752905
2.10 5.455632
2.20 6.240471
2.30 7.116000
2.40 8.091701
2.50 9.178057

Theoretical values for g(<n) and g (a/) do not exist for 
the square-well potential so we use an approximation 
used with some success by Davis, Luks, and Miller in 
applying the square model to inert gas liquids. They 
approximated the contact value g(<n) by

g(otri) =  ga( « iY /kT (7)

and for loaded sphere core

A
3

2U (a)ncri2
[¡Km) +  R2g(<7 2 )E] 1 (6 )

(9) H. C. Longuet-Higgins and J. A. Pople, J. Chem. Phys., 25, 884 
(1956).
(10) K. D. Luks, M . A. Miller, and H. T. Davis, AIChE J., 12, 1079 
(1966).
(11) S. I. Sandler and J. S. Dahler, J. Chem. Phys., 43, 1750 (1965).
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Table III: Values of U ( a )  As a Function of a

0 .0
0.0001
0.001
0.005
0.01
0 .02
0.03
0.04
0.05
0.06
0.625
0.07
0.08
0.09
0.167

U(a)

4.00000
3.99973
3.99734
3.98674
3.97362
3.94781
3.92254
3.89780
3.87356
3.84980
3.84394
3.82652
3.80369
3.78130
3.62288

where g°(m) is the pair distribution function for a sys
tem of hard spheres interacting according to a purely 
repulsive potential. Moreover, since g(<r2) is never far 
from unity we shall set g(<r2) =  1 for the purpose of 
calculation. The trends to be observed will not be 
noticeably changed by this approximation.

If we define D* as

8ncri2 \ irm /

we can make comparisons of the reduced diffusion coef
ficients D/D* as functions of the reduced density n<r3.

Finally, taking the Percus-Yevick theoretical value 
for g°(o-1), namely

9°(<n)
1 +  y « y  

(1 -  y ) 2

where

T  3y = -  n<n3 
6

and taking R = 1.85, as is typical of inert gases, we 
calculate the values of D/D* displayed in the form of 
generalized plots in Figures 1-4. For the purposes of 
comparing the effect of the addition of rotational de
grees of freedom and an attractive potential applied to 
the diffusion of hard spheres, our assumed values of 
g and R should be adequate.

We are now able to examine the effect of the intro
duction of rotational modes and the addition of an 
attractive portion to the intermolecular potential of the 
basic hard sphere model. From Figure 4 it is evident 
that the square-well potential reduces the diffusion co
efficient with a reduction of temperature for all the 
models. As temperature decreases at constant density, 
the translational energy of the molecules approaches the 
potential energy of the well. There is therefore greater 
cohesion between the molecules rrnd a greater chance of

Figure 1. Reduced self-diffusion coefficients vs. reduced 
density for rigid, rough, and loaded spheres (t/ kT  = 0).

Figure 2. Reduced self-diffusion coefficients vs. reduced 
density for rigid, rough, anc loaded hard cores with the 
reduced square-well attract on t/ kT  = 0.1.
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Figure 3. Reduced self-diffusion coefficients vs. reduced 
density for rigid, rough, and loaded hard cores with the 
reduced square-well attraction e/kT  =  0.75.

back-scattering, hence the reduction of the diffusion 
coefficient. It is obvious from Figures 1-4 that the 
loaded sphere model increases the self-diffusion co
efficient relative to the hard sphere model with an in
crease in the loading factor a, and that the rough sphere 
model decreases the self-diffusion coefficient with an 
increase in k . Both models are similar in that they 
give a reduction in the diffusion coefficient with an in
crease in the moment of inertia.

There is apparently no simple physical explanation for 
the behavior of the loaded sphere model except to say 
that an increase in loading reduces the collision cross 
section and hence the chance of back-scattering.12 The 
physically realistic upper limit of the loading factor a 
is 0.167 for HT which will raise the self-diffusion coef
ficient 9.5% over that of the hard sphere. Since add
ing a “ load” to the hard sphere square-well model af
fects not only the type 1 hard sphere collision but also 
the collisions due to the square-well perturbation, we 
would expect the percentage change in the diffusion co
efficient due to loading to be independent of tempera
ture. This proves to be the case.

The rough sphere has the same collisional cross sec
tion as the smooth sphere, but its surface roughness 
increases the back-scattering effect of each collision. 
The physically realistic range of the reduced moment

Figure 4. Reduced self-diffusion coefficients vs. reduced 
density for rigid, rough, and loaded spheres for % -  2/s, a = 
0.5, and several values of e/kT.

of inertia is from 0 to 2/ 3. Adding surface roughness to 
a smooth sphere affects only contact (type 1) collisions. 
Therefore we would expect that the percentage change 
in the diffusion coefficient due to roughness would de
crease as the collisions due to the square-well (types 
2-4) become more important; i.e., as temperature de
creases. At e/kT = 0 there is a 28.6% decrease in 
the diffusion coefficient, while at e/kT = 2.5 there is 
only a 10.06% decrease.

On the basis of the models considered herein, we con
clude that until the state of the art becomes such that 
calculations of liquid state diffusion coefficients are to 
better than 10% accuracy, inclusion of the effect of ro
tation does not seem worthwhile. In the high tempera
ture region, however, the rotational contribution can 
be nearly 30% for rough spheres. Theories of simple 
dense gas transport can yield diffusion coefficients to 
better than 30% accuracy so that it is worthwhile to 
consider rotation at high temperatures.
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The adsorption of phenol at the nickel oxide-cyclohexane interface and the displacement of adsorbed phenol 
by sodium dinonylnaphthalenesulfonate were studied. The presence of physisorbed water on nickel oxide 
increased phenol adsorption. From adsorption isotherm plateaus, it was found that the cross-sectional area 
for phenol was 33.4 A2 on “dry” nickel oxide and 24.3 À2 on “wet” nickel oxide, corresponding approximately 
to tilted and vertical configurations in the adsorbed state. Adsorption on “wet” nickel oxide was not Lang- 
muirian, but did follow the Frumkin isotherm, and it was found to be partly reversible, roughly corresponding 
to the excess adsorption promoted by physisorbed water. On “dry” nickel oxide, the adsorption was of the 
Langmuir-type. Competitive adsorption studies of phenol and sodium dinonylnaphthalenesulfonate on “dry” 
nickel oxide have indicated that competitive adsorption at high surface coverages deviated from Langmuir 
behavior. An approximate competitive adsorption equation, based on the Flory-Huggins isotherm, was 
developed to correct for the effect of adsorbate size on competitive adsorption. Competitive adsorption data 
fit this modified equation.

Introduction
High molecular weight alkylarylsulfonates, such as 

the salts of dinonylnaphthalenesulfonic acid, are ef
fective corrosion inhibiting compounds for hydraulic 
and lubricating fluids. Although the actual mechanism 
is not well understood,1 corrosion inhibition is related to 
close-packed monolayer formation which retards dif
fusion of corrodants to the surface and oxidation prod
ucts from the surface. We have recently found2 that 
the adsorption of salts of dinonylnaphthalenesulfonic 
acid on metal oxide powders follows a Langmuir model, 
and that close-packed monomolecular films (which may 
act as barriers) were formed at low concentrations. 
In technologically important lubricating systems, how
ever, there is a multiplicity of polar additives that com
pete for adsorption, and this indicates that the composi
tion of the mixed monolayer is a parameter of impor
tance. In a study of competitive adsorption, Smith, 
Gordon, and Nelson3 found that calcium dinonylnaph
thalenesulfonate is displaced from the gold-white oil 
interface by a poly alcohol and poly(dodecylmeth- 
acrylate), and report that this adsorption is Lang- 
muirian.

The purpose of this investigation was to study com
petitive adsorption and mixed film formation in tech
nologically important situations (e.g., mixed additive 
systems) on nickel oxide. Specifically, the competitive 
adsorption of phenol and sodium dinonylnaphthalene
sulfonate in cyclohexane on nickel oxide powder was 
studied. The uv spectrum of phenol is sufficiently dif
ferent from sodium dinonylnaphthalenesulfonate to 
facilitate mixture analysis. (Although phenol is not 
an effective antioxidant, this study was undertaken as

preliminary to more extensive work on hindered phe
nols.) In this work, the adsorption characteristic of 
phenol was also determined in order to compare adsorp
tion data for phenol with previously obtained adsorp
tion data for sodium dinonylnaphthalenesulfonate, and 
thus develop a better insight into the competitive ad
sorption mechanism. Attention was also given to the 
effect of physisorbed water on phenol adsorption.
Experimental Section

Materials. The nickel oxide powder (Vitro Labora
tories) used was prepared by a metal vaporization tech
nique. The surface area as determined by BET mea
surements, using N2 adsorption, was 36 m2/g. “ In- 
stra-analyzed” grade cyclohexane (J. T. Baker) was 
used without further purification. Mallinckrodt re
agent grade phenol (with H3P02 preservative) was re
crystallized three times from distilled water and after 
initial distillation of the aqueous azeotrope, a middle 
cut of the fraction distilling at 180° was taken. The 
absence of impurities was confirmed by vpc analysis. 
Sodium dinonylnaphthalenesulfonate was prepared 
from a purified sample of dinonylnaphthalenesulfonic 
acid (R. T. Vanderbilt) by a method previously de
scribed.2 Analysis indicated that the purified salt 
contained 4.73 ±  0.02% sodium (calcd4.76).

Adsorption Measurements. Adsorption data for phe
nol were obtained over the concentration range of

(1) R . R . Annand, R. M . Hurd, and N. Hackerman, / .  Electrochem. 
Soc., 112, 138 (1965).
(2) P. Kennedy, M . Petronio, and H. Gisser, J. Phys. Chem., 74, 102 
(1970).
(3) M. L. Smith, B. E. Gordon, and R. C. Nelson, ibid., 69, 3833 
(1965).
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0.02 to 1.0%. Volumes (10 ml) of the phenol-cyclo
hexane solution in small glass vials (fitted with Teflon 
liners) were equilibrated with 500 mg of nickel oxide 
(18 m2) for 5 days. (Initial adsorption of both phenol 
and sulfonate is very rapid. However, completion of 
the sulfonate required 2 hr as contrasted to several 
days for phenol.) This large surface area-volume ratio 
minimized the effect of any trace adsorption. The 
supernatant liquids, after separation as ascertained by 
the absence of the Tyndal effect, were analyzed spec
troscopically at 278 npj, using a Beckman DK-2 re
cording spectrophotometer with matching 1-cm cells. 
Surface coverage was calculated from equilibrium 
data. Techniques used in the studies of the rate of 
adsorption, desorption by dilution, and effect of tem
perature were previously described.2

Competitive adsorption measurements require an 
accurate method of mixture analysis. The phenol- 
sulfonate system was found to be suitable for mixture 
analysis since phenol has a spike-like adsorption maxi
mum at 278 m̂t with essentially no overlapping adsorp
tion at 284 m/x, which is an adsorption maximum for the 
sulfonate. In most experiments, phenol solution was 
added to the metal oxide and, after equilibration, sul
fonate solution was added. Data from reverse addition 
and simultaneous addition were similar. Sulfonate 
addition always resulted in the expected desorption of 
phenol and the amount of phenol desorbed increased 
with increasing sulfonate concentration in general 
accord with Langmuir theory. Experimentally, it is 
helpful to keep the initial concentration of one com
ponent constant so that the amount of desorption asso
ciated with an increase in the concentration of the 
other component could be accurately measured. The 
competitive adsorption experiments were run at less 
than full surface coverage in the range of fractional 
surface coverage values from 0.65 to 0.98.

Results and Discussion

The adsorption of phenol at the nickel oxide-cyclo
hexane interface was found to be complex and influenced 
by the amount of physisorbed water on the nickel oxide 
substrate. Phenol adsorption was measured on nickel 
oxide powder at varying states of dryness. These iso
therms are shown in Figure 1. Nickel oxide powder 
in equilibrium with atmospheric moisture (14 ¿imol of 
H20/m 2) was used in determining isotherm III. This 
amount of water corresponds approximately to mono- 
layer coverage and considerably complicates the inter
pretation of adsorption data since this amount of water 
is considerably in excess of the amount of water (0.015% 
by weight) necessary to saturate the phenol-cyclohex
ane solution. (This problem is not encountered in the 
sulfonate-cyclohexane system because the water is 
readily solubilized by sulfonate micelles.) The nickel 
oxide was partially dried at 110° for 1 hr (resulting in 
3.0 /xmol/m2) for determination of isotherm II and

Figure 1. Phenol adsorption on nickel oxide powder. The 
three isotherms represent various amounts of physisorbed 
water on the surface: extensively dried powder (isotherm I), 
moderately dried powder (isotherm II), most of the surface 
covered by physisorbed water (isotherm III).

more vigorously dried at 120° under N2 to constant 
weight (resulting in less than 1.0 pmol/m2) for deter
mination of isotherm I. Yao4 reported a BET Vm 
value of 10.05 pmol/m2 for physisorbed water on nickel 
oxide. Using this value, the surface coverage for the 
residual physisorbed water on the nickel oxide powders 
used in isotherms II and I were approximately 0.3 and 
less than 0.1, respectively.

Adsorption on Dry Nickel Oxide. Phenol adsorption 
on “dry” nickel oxide (isotherm I) is shown in Figure 
1. Neglecting for the moment the presence of the 
small secondary plateau, isotherm I resembles a Lang- 
muirian adsorption, and, indeed, follows the Lang
muir relationship

6 = KC{ 1 -  0) (1)
where 0 is the fraction of the surface covered, (1 — 6) 
is the fraction uncovered, C is the equilibrium concen
tration, and K  is the adsorption coefficient or equilibrium 
constant. Equation 1 can be expressed as follows, and 
the data are shown in Figure 2.

C/(x/m) = 1/aK +  C/a (2)
where x is the weight in grams of adsorbate on m grams 
of nickel oxide and a is the maximum value of x/m. 
Although it is realized that the system under study is 
much too complex to be explained in terms of the simple 
assumptions involved in the derivation of this relation
ship, Figure 2 does show that the ratio of the amount in 
solution to the amount on the surface does vary linearly 
with concentration. Adsorption constants were 33.4 
A2/molecule (as compared with 33.9 A2/molecule as 
calculated from the first plateau of isotherm I, Figure 
1) and 1.40 X 103 l./mol. They represent the adsorp
tion at full and half surface coverage. In our opinion, 
phenol adsorption is due in part to attraction arising 
from the hydroxyl group. Thus, the orientation of

(4) Y.-F. Y. Yao, J. Phys. Chem., 69, 3930 (1965).
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Figure 2. Langmuir plots of phenol adsorption: “dry” nickel 
oxide (isotherm I), “wet” nickel oxide (isotherm III).

phenol is probably tilted with the hydroxyl group 
pointed towards the surface. Theoretical cross-sec
tional areas for phenol (based on van der Waals radii) 
have been reported6 as 21.7 and 41.0 A2 in the vertical 
and flat configurations, respectively. Our cross-sec
tional area compares closely with the value of 30.6 Â2 
as reported by Bykov and Presnyakova6 where a simi
lar orientation has been proposed.

For the adsorption of one component on more than 
one kind of elementary space, the adsorption isotherm 
developed by Langmuir6 indicates that if the energies of 
adsorption on different sites are markedly different, 
adsorption will occur in definite steps as the concentra
tion increases. Alternately, stepped isotherms on inor
ganic oxides have been attributed to reorientation of 
the molecules on the surface to become vertically 
oriented, thus increasing their lateral interaction.7 The 
amount of physisorbed water introduced into the sys
tem via the metal oxide powder is in excess of the 
amount that can be solubilized by cyclohexane and 
suggests that at least some of the water remains on the 
metal oxide surface and that it participates in the ad
sorption process. Figure 1 indicates that phenol ad
sorption increases with increasing amount of physi
sorbed water on the surface. This observation is rea
sonable if it is assumed that the physisorbed water is 
evenly distributed over the surface and that the tilted 
configuration is the favored configuration for adsorp
tion, but in the vicinity of a water molecule, phenol is 
forced to adsorb in a more tilted configuration. Hair

and Hertl8 have shown that adsorbed water acts as a 
specific adsorption site for other molecules (e.g., ben
zene, ammonia).

Adsorption on Partially Dry Nickel Oxide. Iso
therm II suggests a multilayer adsorption. Phenol 
adsorption on partially dry nickel oxide corresponds to 
a partially flat adsorption (32.0 A2) with exposure of the 
polar group for further hydrogen bonding. This de
crease in the cross-sectional area for phenol suggests 
that as the concentration of physisorbed water at the 
interface increases, phenol assumes a more vertical 
orientation. Using molecular models, it can be shown 
that adsorption in the immediate vicinity of a bulky 
water molecule results in considerable steric hindrance.

Adsorption on Wet Nickel Oxide. The Langmuir plot 
(Figure 2) of the wet nickel oxide (isotherm III) is of 
interest because as 0 increases, the adsorption coeffi
cient decreases. As a first approximation, a linear 
variation of adsorption energy was assumed, since, in 
chemisorptive processes, a linear variation of the free 
energy of adsorption with coverage is frequently ob
served. A convenient relationship proposed by Biegler 
and Woods9 (he., the basic assumption of the Frumkin 
isotherm) is

A G°e = AG° e=0 +  f0RTd (3)
where AG°g is the standard free energy of adsorption at 
a surface coverage 0 and / 0 is a constant related to an 
adsorption parameter such as a neighbor-neighbor 
interaction or a two-dimensional second virial coeffi
cient.10 AG°0=q represents the free energy of adsorp
tion on the bare surface. Since the equilibrium con
stant in eq 1 is equal to exp(—AG°e/RT), substitution 
of (3) into (1) gives the form of the Frumkin isotherm.

j—7 ^ exp(/„0) = KC (4)

Or in the more convenient logarithmic form, we have

log C -  — = / o0 log e -  log K (5)
U

The Frumkin plot of phenol adsorption on wet nickel 
oxide is shown in Figure 3 and suggests that the assump
tion of a variation in adsorption energy with respect to 
0 is reasonable. The adsorption coefficient was 3.25 X 
103 l./mol compared with 1.40 X 103 l./mol on dry 
nickel oxide. This difference probably reflects the 
difference in configuration of phenol on the “dry” 
and “wet” surfaces. The linear variation of AG°e can

(5) V. T. Bykov and O. E. Presnyakova, Kinet. Ratal., 3, 784 
(1962).
(6) I. Langmuir, J. Amer. Chem. Soc., 40, 1361 (1918).
(7) S. A. Selim, R. Sh. Mikhail, and R. I. Razouk, J. Phys. Chem., 
74, 2944 (1970).
(8) M. L. Hair and W. Hertl, ibid., 73, 4269 (1969).
(9) T. Biegler and R. Woods, ibid., 73, 3502 (1969).
(10) J. Lawrence and P. Parson, ibid., 73, 3577 (1969).
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Figure 3. Frumkin plot of phenol adsorption on 
“ wet”  nickel oxide.

be made somewhat consistent with our model if it is 
assumed that AG°a is orientation dependent and that 
initial adsorption is flat, and subsequent adsorption 
results in progressively greater tilt. Comparison of the 
Langmuir and Frumkin adsorption coefficients is of 
questionable value. The Langmuir adsorption coef
ficient is an average value obtained at moderate surface 
coverages, and it is tacitly assumed that the adsorption 
coefficient on the bare surface is the same as on a moder
ately covered surface. The Frumkin adsorption co
efficient applies only to initial adsorption and should 
theoretically be equal to the Langmuir coefficient; 
however, it can reasonably be assumed that initial ad
sorption on high-energy sites not reflected in the Lang
muir equation is responsible for the difference in the 
two coefficients. The effect of adsorbed water and 
orientation on the value of the adsorption coefficient 
must be considered. The parameter f0, which reflects 
the effect of physisorbed water on phenol adsorption, 
was 2.30. The positive slope indicates decreasing free 
energy with respect to coverage and is consistent with 
the above model.

Desorption Studies. The effect of an increased 
equilibrium temperature on promoting phenol desorp
tion from dry nickel oxide was studied by determining 
the phenol isotherms at 22.5 and 34.6°. (Several 
hours was allowed for attainment of equilibrium at the 
higher temperature.) No significant difference was 
found, indicating that if there is any desorption at the 
elevated temperature, it takes place at a very low rate. 
Figure 1 suggests that a certain fraction of the phenol 
adsorbed on “ wet” nickel oxide should be rapidly de- 
sorbable. Phenol desorption from “ wet” nickel oxide 
was studied, using a dilution technique. The amount 
of phenol desorbed from the monolayer by each dilution 
is shown in Figure 4. Approximately y 2 of the mono- 
layer was found to be desorbable by successive dilution 
of the equilibrium solution in contact with the mono- 
layer. Approximately 13 mg of phenol per gram of 
nickel oxide was apparently irreversibly adsorbed. 
The plateau associated with adsorption on “ dry” nickel

Figure 4. Desorption of phenol from nickel oxide powder.
Each dilution represents a 7 5 %  reduction of the 
equilibrium concentration.

oxide (Figure 1) corresponds to approximately 17 mg 
per gram of nickel oxide. These studies suggest that 
the increased adsorption promoted by physisorbed wa
ter is a significantly weaker adsorption and is the revers
ible portion. A  rough estimate of the equilibrium con
centration at y ,  desorption indicates an adsorption 
coefficient of at least an order of magnitude less than 
the corresponding coefficients obtained from phenol 
adsorption measurements.

Competitive Adsorption. Langmuir adsorption the
ory can be applied to the special case of competitive 
adsorption in a system containing n components.3 The 
rates of adsorption and desorption respectively of the 
ith component are given by

ra.i = kiCt(l -
7 (6)

i'i,i — k-idi

Equating rates and letting the ratio of the specific rate 
constants equal the adsorption coefficient, an adsorp
tion equation similar to eq 1 is obtained

K<c' -  m
For the ith and jth component in competitive adsorp
tion eq 7 leads to

_A_ = J L  (8)
KiCi K fij

Competitive adsorption data for phenol and sodium 
dinonylnaphthalenesulfonate are shown in Figure 5, the 
broken line representing ideal behavior as predicted by 
eq 8. (The broken line in Figure 5 was drawn from the 
origin to the point of lowest surface coverage value ob
tainable with spectroscopic methods with the assump
tion that phenol-sulfonate interactions were negligible 
at this value.) The experimental points were ob
tained by keeping the initial concentration of phenol
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Figure 5. Competitive adsorption of phenol and sodium 
dinonylnaphthalenesulfonate. Dashed line represents behavior 
predicted by unmodified Langmuir theory.

constant at 1.13 X  10~3 mol/1. The point farthest 
from the origin represents a mixed monolayer consisting 
of 0.70 sulfonate, 0.09 phenol, and 0.21 cyclohexane. 
As the initial concentration of sulfonate was increased, 
while keeping the initial concentration of phenol con
stant, the amount of phenol on the surface steadily de
creased. The experimental deviation from ideality 
becomes clear when we consider the actual experimental 
system. If the adsorption of a minute quantity of 
phenol and sulfonate on a finite surface is considered, 
eq 8 would be valid since reduction of surface area 
available for adsorption is responsible for competitive 
effects. With increasing surface coverage, molecular 
interactions (attributed to the size effect) increase and 
result in a deviation from ideal behavior. The slope 
of the broken line in Figure 5 predicts that sulfonate 
adsorption is 6.5 to 13 times as strong as phenol adsorp
tion. This is a reasonable estimate and can be com
pared with a value of 9.6 (on a weight basis) obtained 
from the ratio of the Langmuir coefficients which is 
obtained in turn from independent adsorption measure
ments.

Competitive adsorption was also studied at less than 
full monolayer coverage, and it was found that holding 
the initial concentration of one component constant was 
approximately equivalent to holding that surface cover
age value constant. The per cent change in surface 
coverage was experimentally small. Because of this, 
Langmuir isotherms for phenol and sodium dinonyl
naphthalenesulfonate could be derived from competi
tive adsorption data. These isotherms are shown in 
Figure 6. Data followed eq 2 except that a is now a 
reduced maximum adsorption equal to a4( 1 — 20) 
when the initial concentration of one component is 
varied and the fraction of the surface covered by second 
component is considered constant. For example, in 
Figure 6, the maximum adsorption value is 6.14 m g/g  
for phenol compared with 16.84 m g/g for phenol from

Figure 6. Langmuir isotherms derived from competitive 
adsorption data: — • — • — , phenol; — ■ — ■ — , sodium 
dinonylnaphthalenesulfonate.

Figure 2. This reflects the reduction in surface area 
due to adsorption of 23.4 m g/g of sodium dinonylnaph
thalenesulfonate. Using the above relationship, it is 
possible to calculate a value for the maximum adsorp
tion of sulfonate close to the experimental value of 35.8 
mg/g. Data shown in Figure 6 apparently contradict 
the data shown in Figure 5. Figure 6 indicates phenol 
and sodium dinonylnaphthalenesulfonate adsorption 
follow the Langmuir equation, but apparently do not 
follow eq 8 at high surface coverage values. This 
indicates that the basic assumptions made in the deriva
tion of eq 8 need to be reconsidered, especially the 
assumption that at equilibrium a phenol molecule sees 
exactly the same number of sites as a sulfonate mole
cule. This would be true if the adsorbates are of the 
same molecular dimensions. However, it is known 
that the cross-sectional area of sodium dinonylnaph
thalenesulfonate is considerably greater than phenol. 
(Sulfonate in the extended position2 would occupy an 
area of ca. 100 A 2 compared with 21.7-41.0 A.2 for phe
nol depending on orientation.)3 This size factor is not 
taken into consideration in eq 8. The sulfonate mole
cule is three times as large as the phenol molecule based 
on the experimentally found cross-sectional area of
33.4 A2. The failure of the competitive adsorption 
eq 8 to account for size differences can best be illus
trated by considering the displacement of a phenol mole
cule from its close-packed monolayer by a sulfonate 
molecule. The probability that the vacant site (re
sulting from the desorption of one phenol molecule) will 
be occupied by a sulfonate molecule is zero and not some 
real value as predicted by the competitive adsorption 
eq 8. Three adjacent phenol molecules must desorb in 
order to have a site that is available to accommodate the 
sulfonate molecule.

The Flory-Huggins10 isotherm takes into account the 
variation in size of the adsorbing species and has the 
form of
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where r is the molecular size ratio of adsorbate to ad
sorbed solvent. Since phenol and cyclohexane have 
approximately the same cross-sectional area (r =  1), 
eq 1 is adequate in describing the adsorption of phenol 
and indicates that the quantity 0P/C P varies linearly 
with (1 — 0P). For sulfonate adsorption eq 9 predicts 
that the quantity (8S/CB)'/ 3 varies linearly with (1 — 
08). This suggests that a competitive adsorption equa
tion can be found by expressing both (ds/Cs) and (0P/  
Cp) as functions of the fraction of the surface area 
available for adsorption (1 — 20). Equation 7 is 
approximately valid for phenol but not for sulfonate 
since its rate of adsorption is apparently not linearly 
dependent on the surface area available for adsorption. 
If experimental conditions are such that 0S is consider
ably greater than 0„, then (1 — 0S) is approximately 
equal to (1 — 20) and under these conditions an ap
proximate competitive adsorption equation is

This equation, useful only under restricted conditions, 
does reflect the “ decreasing” adsorption of sulfonate at

SULFONATE ADSORBED [m /m l/c ]

Figure 7. Competitive adsorption of phenol and sodium 
dinonylnaphthalenesulfonate using a modified competitive 
adsorption equation taking into account the relative difference 
in size of the two adsorbates.

high surface coverage values, which is the suspected 
cause of the nonideal competitive adsorption behavior. 
A plot of competitive adsorption data according to eq 
10 is shown in Figure 7. The data are also shown in 
Figure 5 when plotted according to eq 8. This indi
cates that the cross-sectional area of the adsorbates is a 
parameter of importance in competitive adsorption 
studies.
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On the Rates of Exchange between Free and Bound Counterions in 

Polyelectrolyte Solutions. I. Electroosmotic Flows during 

Determinations Made by an Electrical Transference Method

by Melvin H. Gottlieb
L a b o ra to ry  o f  P h y s ic a l  B io lo g y , N a tio n a l In s t i tu te  o f  A r th r it is  a n d  M e ta b o lic  D is ea ses , 
N a tio n a l  I n s t i tu te s  o f  H ea lth , B eth esd a , M a r y la n d  2 0 0 1 4  (R ece iv ed  D ecem b er  11, 19^ 0)

P u b lic a t io n  costs  a ss is ted  b y  th e  N a tio n a l  I n s t i tu t e s  o f  H ea lth

On the basis of a nonconventional type of electrical transference measurement, earlier workers1 have con
cluded that the exchange between free and bound counterions in polyelec*rolyte solutions is extremely slow. 
In  this and the following paper, with N a-polyacrylate as the prototype polyelectrolyte, it is shown that the 
experimental results which led the earlier workers to this conclusion were a result of electroosm otically induced 
solution flows through a glass frit present in their transference cell, and that therefore the conclusion of a slow 
exchange rate is erroneous. T h e present paper experim entally demonstrates that a frit of the type used by  
the earlier workers is electroosm otically active in N a-polyacrylate solutions. I t  is also shown that flows of 
solution sim ultaneously take place in the anodic and the cathodic directions across the frit under the condi
tions of the transference experiments in question.

Introduction
Even in the absence of complex formation, polyelec- 

trolyte salts behave as though a large fraction of the 
counterions are bound to the polyions.2 Some 20 
years ago, Wall and coworkers concluded, on the basis 
of indirect experimental evidence, that the exchange 
between free and bound counterions in Na-polyacry
late1 and in Na-polyphosphate3 solutions is very slow, 
with half-times in the range 2-20  min. This conclusion 
has been widely accepted.2’4-8

A  slow rate of the exchange between the free and 
bound counterions is both intuitively unexpected and 
incompatible with present concepts of polyelectrolyte 
solutions. On theoretical grounds, Lifson and Jackson9 
show that the slow rate of the exchange cannot be 
accounted for by the entrapment of the cations in the 
electrostatic field surrounding the polyions. These 
authors also point out that even if there were ion-pair 
formation between the counterions and the ionized 
groups of the polyions, the exchange would be expected 
to be completed within the order of /¿seconds. Thus, 
either the slow rate of the exchange is a result of some 
completely unrecognized aspect of the chemistry of 
polyelectrolyte solutions, or W all and coworkers in
correctly interpreted the results of their experiments.

Wall and co workers reached their conclusion from a 
“ nonconventional” type of electrical transference mea
surement which differed from conventional Hittorf 
transference measurements in two respects: (a) while
conventional transference measurements are only con
cerned with net ionic movements, the “ nonconven- 
tional” transference experiments of Wall and co workers

concerned the anodic and cathodic components of the net 
counterion movements, and (b) their transference cell, 
shown schematically in Figure 1, utilized a glass frit 
to separate the anode and cathode compartments. 
This present paper will show that, as a result of elec
troosmosis, flows of solution simultaneously take place 
in the anodic and the cathodic directions across the frit 
under the experimental conditions of Wall, et al. The 
following paper10 will show that these flows are large 
enough to account for results similar to those obtained 
by these workers. The third paper of the group11 will 
experimentally demonstrate that the exchange is indeed 
much faster than concluded by Wall, et al. [We do not

(1) F . T . W a ll and P . F . Grieger, J . C h em . P h y s . ,  20, 1200 (1952); 
F . T .  W a ll, P . F . Grieger, J. R . Huizenga, and R . H . Doremus, 
ib id ., 20, 1207 (1952).
(2) H . M o raw etz , “ Maerom olecules in  S o lu tion ,”  Interscience, N ew  
Y o rk , N . Y „  1965.
(3) F . T . W a ll and R . H . Doremus, J . A m e r .  C h em . S oc ., 76, 868 
(1954).
(4) S. J. G ill and G. V . Fe rry , J . P h y s .  C h em ., 66, 995 (1962); G. V . 
F e rry  and S. J . G ill,  ib id ., 66, 999 (1962); L . N o ll and S. J. G ill, 
ib id ., 67, 498 (1963).
(5) M . Spiro in  “ Techniques o f O rganic C hem is try ,”  A . Weissberger, 
E d ., V o l. 1, Interscience, N ew  Y o rk , N .Y ., 1960, p a rt 4, p 3096.

(6) M . L . M ille r ,  “ The S truc tu re  o f P o lym ers,”  R e inho ld  P ub lish
ing  C orp ., N ew  Y o rk , N . Y ., 1966.
(7) (a) P . Meares in  “ D iffus ion  in  P o lym ers,”  J. C rank and G. S. 
P ark, E d ., 1968; (b) U . P . Strauss in  “ C haracte riza tion  of M acrom o- 
lecu la r S tru c tu re ,”  N a tio n a l Academ y o f Science P ub lica tion , 
W ashing ton, D . C., 1968.
(8) “ E ncyclopedia  o f P o lym er Science and Techno logy,”  V ol. 1, 
W ile y , N ew  Y o rk , N . Y „  1969, p  220.
(9) S. L ifso n  and J. L . Jackson, J . C h em . P h y s . ,  36, 2410 (1962).

(10) M . H . G o ttlie b , J . P h y s . C h em ., 75, 1985 (1971).

(11) M . H . G o ttlie b , ib id ., 75, 1990 (1971).
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Figure 1. Schematic drawing of transference cell used by  
W all and coworkers.12

criticize the conventional-type transference experiments 
(i.e., concerned only with net ionic movements) on poly
electrolyte solutions made earlier in W all’s labora
tory,12'13 even though they too were made using a por
ous frit transference cell. We have confirmed the 
conventional-type transference results of Wall and 
Hill,13 using a transference cell which had no porous frit 
(M . H. Gottlieb, unpublished results), and Brady 
and Salley14 had earlier successfully used a similar por
ous frit cell for conventional-type transference deter
minations with simple electrolytes. The validity of 
the conventional-type transference measurements is 
readily understandable, since as will be shown later in 
the paper, the simultaneous flows in the anodic and 
cathodic directions across the frit are essentially equal 
to one another, and therefore do not produce net transfer 
of electrolyte. ]

Flows to Be Expected in the Transference 
Cell of Wall and Co workers

Despite the fact that glass frits are known to be elec- 
troosmotically active over a wide range of conditions, 
no net solution transfer across the frit was observed by 
Wall, et al.u Referring to Figure 1, the probable ex
planation for this is that net electroosmotic flow, occur
ring at the start of an experiment, produced a difference 
of solution levels between the cell compartments which, 
although seemingly too small to be casually noted, was 
sufficient to prevent further net solution movement 
across the frit. As discussed below, the absence of net 
flow across the frit as a whole does not mean the absence 
of flows through individual pores of the frit.

Consider first a single, cylindrical pore. Electro- 
osmotic flow opposed by pressure is usually treated for 
conditions in which the opposing pressure is less than, or 
just equal to, that required to halt the flow.15 The net 
flow through the pore is the sum of a 'primary electro- 
osmotic flow (i.e., that which would occur against zero 
pressure), wp, given by the Helmholtz equation

w p =
D{r2E 

4 vl (1)

and of a backflow, ivb, proportional to the opposing 
pressure, P, and given by Poiseuille’s law

wh
ttPP 
8??Z

(2)

Here D is the dielectric constant of the solution, f  the 
potential difference across the movable part of the elec
trical double layer at the pore wall, r the pore radius, E 
the potential difference across the length, l, of the pore, 
and y is the solution viscosity (assumed Newtonian). 
From eq 1 and 2, Pe, the pressure at which the net flow 
through a pore ceases, is given by

Pe
2 D{E

7rr2 (3)

Accordingly if the opposing pressure, P, is smaller than 
PE, there is a net flow through the pore in the direction 
of the primary electroosmotic flow. Conversely an 
opposing pressure greater than PE results in a net flow 
in the direction of the backflow. Most importantly, 
according to eq 3, the value of Pe depends strongly on 
the pore radius.

Consider now electroosmotic flow opposed by pres
sure across a porous frit. While a frit has a very com
plex pore structure, for present purposes we need only 
recognize that the pores have a range of (effective) radii, 
and divide them into three classes: the first consisting
of narrow pores, with radii such that the PE values are 
greater than the opposing pressure; the second with 
pores of a radius such that the PE value is just equal to 
the opposing pressure; and the third with wide pore 
radii and P e values less than the opposing pressure. 
From the previous discussion, net flow in the direction of 
the primary electroosmotic flow takes place through the 
narrow pores, no net flow occurs through those pores 
whose PE value is equal to the opposing pressure, and a 
net backflow takes place through the wider pores.

Thus when electroosmotic flow across a heteroporous 
frit is opposed by pressure, the net flows through the 
various pores of the frit may differ in both magnitude 
and direction. Accordingly, when the pressure is 
great enough to prevent net flows across the frit as a 
whole, as is postulated in the present instance, the 
absence of net flow across the frit is a result of the coun
terbalancing of net flows in one direction through some 
of the pores, by net flows in the other direction through 
other pores.

Experimental Demonstration of the Flows
The polyelectrolyte most extensively studied by 

Wall, et al., Na-polyacrylate, was chosen as the proto
type polyelectrolyte for our experiments. First, to

(12) J. R . Huizenga, P . F . Grieger, and F . T . W a ll, J . A m e r .  C h em . 
S o c ., 72, 2636 (1950).
(13) F . T .  W a ll and W . B . H i l l ,  ibid.., 8 2 , 5599 (1960).

(14) A . P . B ra d y  and D . J. Salley, ib id ., 70, 914 (1948).
(15) M o re  de ta iled treatm ents of electroosm otic flow  and o th e r 
e lec trok ine tic  phenomena are ava ilab le  in  standard textbooks, e .g ., 
S. Glasstone, “ T extbook of P hysical C hem is try ,”  V an  N ostrand , 
N ew  Y o rk , N . Y ., 1940.
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directly demonstrate that a frit of the type used by these 
workers is indeed electroosmotically active in Na-poly- 
acrylate solutions, it will be shown that a net flow takes 
place across the frit when current is passed in a cell in 
which (unlike the cell of Wall and coworkers) the solu
tion movement does not produce a hydrostatic pressure 
difference between the two compartments. This flow 
will be referred to as the -primary eledroosmotic flow 
across the frit.

To demonstrate and measure the simultaneous flows 
in the anodic and cathodic directions across the frit in a 
cell of the type used by Wall et al., (Figure 1), a non
electrolyte was added to the Na-polyacrylate solution 
to serve as a tracer for the flow in each direction; g°, 
the quantity of nonelectrolyte moving across the frit 
in a given direction, is related to the solution flow in 
that direction, v„, by

q° =  vBc° (4)

where c° is the concentration of nonelectrolyte in the 
pore solution, which can be assumed to be the same as 
in the bulk solution.

The determinations of both the rates of primary elec- 
troosmotic flow across the frit, and of the flows which 
simultaneously take place in the anodic and cathodic 
directions under the conditions of the transference 
measurements of Wall, et al., were accompanied by 
parallel measurements with solutions of a simple elec
trolyte, Na2S 0 4.

Experimental Section
Materials. Polyacrylic acid was obtained through 

the courtesy of B. F. Goodrich Co., Cleveland, Ohio 
(Goodrite K -702), and was extensively dialyzed against 
distilled water. Standard elemental analysis showed 
C 49.74% , H 5.57%  (theoretical for C3H 40 2: C 
50.00%, H 5 .59% ); the neutralization equivalent was
72.2 (theoretical 72.06). The viscosity of a 4 .4%  solu
tion, using an Ostwald viscometer, was 4.26 cP, corre
sponding to a degree of polymerization of about 10,000.16

Radiotracers for the nonelectrolytes used, urea and 
glucose, were obtained as UC labeled material, from 
Nuclear-Chicago Corp., DesPlaines, 111.

Porous Frits. The porous frits used were similar to 
those described by Wall and coworkers, i.e., about 3 
mm thick and of the “ coarse” porosity grade supplied 
by Corning Glass Works, Corning, N. Y . The maxi
mum pore diameter in such frits is 50 y. . 17

Measurements. All measurements were made at 
room temperature, 23 ±  2°.

Primary Eledroosmotic Flow. The cell used, illus
trated in Figure 2, principally differs from that used by 
the previous workers (Figure 1) in having a horizontal 
side arm, 2 mm i.d. Movement of solution across the 
frit thus only displaced the meniscus in this side arm and 
did not change the solution level. The other compart
ment had a large diameter opening (2.5 cm), and only a

Figure 2. Schematic drawing of cell used to measure primary 
electroosmotic flows.

negligible (0.1 mm) change in its solution level occurred 
with the quantity of solution transferred in a determina
tion 0.052 ml (see below). The dimensions of the cell 
were similar to those of the cell used by the earlier 
workers, diameter 2.5 cm, length 10 cm.

To avoid gas evolution, palladium-hydrogen (Pd- 
Hj) electrodes18 were used instead of platinum elec
trodes.

“ Sticking” of the meniscus in the horizontal side arm 
was tested for by noting the sensitivity of the position 
of the meniscus to small changes in the volume of solu
tion in the cell. No difficulties were encountered with 
the Na-polyacrylate solutions; those encountered with 
the Na2S 0 4 solution were eliminated by addition of a 
small quantity of nonionic surface active agent to the 
region of the meniscus.

Currents were in the range 2-20 mA, the actual values 
chosen so that the meniscus in the horizontal tubing 
moved a distance of 2.0 cm (corresponding to a solution 
volume movement of 0.052 ml) in 10-20 sec. The 
rate of movement of the meniscus was determined for 
several reversals of current; rates in the two directions 
agreed to within 5 % . With a given solution, the rates 
of electroosmosis were proportional to the current.

The resistances of the solutions were measured by the 
ac bridge method.

Simultaneous Solution Flows in the Anodic and Catho
dic Directions in a Cell Similar to That of Wall and Co
workers (Figure 1). The dimensions of the cell were 
similar to that described by these workers, diameter 2.5 
cm, length 10 cm; platinum electrodes were used.

The movements of nonelectrolyte across the frit, 
used to measure the flows, were determined radioiso- 
topically. The nonelectrolyte was present at the same 
concentration, 0.01 M, in both cell compartments, being 
radioactively labeled in one of them. In one deter
mination the electrode in the labeled compartment was 
made the anode, and the movement of nonelectrolyte 
across the frit in the cathodic direction was computed 
from the radioactivity of the cathode compartment

(16) A . K a tch a lsky  and H . E isenberg, J . P o ly m e r  S c i . , 6 , 145 
(1951).
(17) C orn ing  Glass W orks C ata log LG -3, p 216.
(18) R . N e iho f and S. Schuld iner, N a tu r e , 185, 526 (1960).
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after the passage of current. The movement of non
electrolyte across the frit in the anodic direction was 
analogously determined in a second experiment (using 
fresh solutions), in which the electrode in the labeled 
compartment was made the cathode.

The detailed experimental procedures followed those 
of Wall, et al., in their determinations of radiotracer 
N a + ion movements in the transference experiments in 
question.1 In particular, the solutions were not stirred, 
and the cells were filled so that the solution in the pores 
of the frit at the start of the experiment was radio ac
tively labeled. Also following the procedure of the previ
ous workers, all determinations were corrected for by 
the radiotracer movements found in control experi
ments in which no current was passed; in all cases this 
correction amounted to less than 10%. The error in 
the determinations of the radioactivity contents of the 
solutions is estimated as ±  2% .

Measurements were made with two nonelectrolytes, 
urea and glucose, to permit effects of binding between 
the nonelectrolyte and ions to be recognized. The 
current was the same as that used by Wall, et al., 4.0 
mA, and was passed for the longest time period of their 
measurements, 2.0 hr.

Results and Discussion
The primary eledroosmotic flow, i.e., the net flow ob

served in the cell shown in Figure 2, was towards the 
cathode in all cases. Data for a series of Na-polyacry- 
late solutions in which the total polyacrylic acid con
centration was 0.038 N are given in Table IA ; data for 
0.025 N  Na2S 0 4 solutions of two pH values are given in 
Table IB. Assuming that the specific resistance of the 
solution in the pores is the same as that of the bulk solu
tion, the quantity listed in the fifth column, W/p, is 
proportional to the primary electroosmotic flow per 
unit voltage difference across the frit.

Table I : Rates of Primary Electroosmotic Flow

w,
P, primary

specific electro
resistance osmotic flow

Percentage of solution, across fr it, w/p,
neutraliza ohm-cm X cm3 amp-1 cm2 sec-1

tion pH 10-3 sec-1 V -■ X 10!
A. N a -P A A  Solutions, Total Polyacrylic

Acid Concentration 0 .0 3 8  N
20 5 .0 8  2 .2 8 0 .9 3 0 .41
40 5 .9 4  1 .4 4 0 .6 5 0 .4 5
80 7 .8 9  1 .0 5 0 .4 5 0 .4 3
98 8 .7 5  1 .0 0 0 .4 5 0 .4 5

B . N a2S 0 4 Solutions, 0 .0 2 5 #

5 .5 3  0 .413 0 .0 4 3 0.11
9 .0 1  0 .376 0 .0 4 0 0.11

The most significant aspect of the data of Table I

is that appreciable primary electroosmotic flows oc
curred with all Na-polyacrylate solutions studied. It 
can thereby be concluded that the porous frit of the cell 
used by Wall and coworkers was electroosmotically 
active under the conditions of their transference mea
surements, and that the absence of net flow was a conse
quence of a backflow of solution.

Table I also shows that the rates of primary electro
osmotic flow in the Na-polyacrylate solutions are much 
greater than those in the Na2S 0 4 solutions, both on a 
unit current basis, column 4, and on the basis of the 
more significant quantity (c/. eq 1) of flow per unit 
voltage difference across the frit, W/p (column 5). 
This is probably the result of adsorption of polyacrylate 
ions onto the pore walls, which thereby increases the f  
potential.

W e next turn to the flows of solution which simul
taneously take place in the anodic and the cathodic direc
tions across the frit in the cell similar to that used in the 
transference determinations of Wall and coworkers, i.e., 
that shown in Figure 1. In Table II data are shown for 
0.045 N Na-polyacrylate solutions of three degrees of 
neutralization, and for a 0.025 N Na2S 0 4 solution.

Table II : Simultaneous Flows in Anodic and Cathodic 
Directions in the Cell Similar to That Shown in 
Figure 1. i =  4.0 mA, t =  2.0 hr

•Solution-

Electrolyte

0 .0 4 5  N PAA , 2 9 %  neutralized 
0 .0 45  N PAA , 2 9 %  neutralized

0 .0 4 5  N PAA , 4 5 %  neutralized 
0 .0 4 5  N PAA , 4 5 %  neutralized

0 .0 4 5  N PAA , 7 9 %  neutralized 
0 .0 45  N PAA, 7 9 %  neutralized

0 .0 25  N N a2S 0 4 
0 .0 2 5  IVNajSCh

•Solution flow—>
Non To To

electrolyte, cathode, anode,
0.010 M va, m l i?b , ml

Glucose 1 .2 3 1 .5 7
Urea 1 .6 3 1 .8 7

Glucose 1.22 1 .6 0
Urea 1 .0 9 1 .0 5

Glucose 1 .14 1.20
Urea 1 .2 3 0 .9 0

Glucose 0 .0 7 0 .1 5
Urea 0 .0 8 0.00

Despite the considerable scatter among quantities 
which ideally should be equal for a given solution (i.e., 
flows in the anodic and the cathodic directions, and 
flows as measured with glucose and with urea) the data 
of Table II show that with Na-polyacrylate solutions 
appreciable flows occur across the frit in both the anodic 
and the cathodic directions. The average of all the 
flows is 1.3 ±  0.3 ml, which for a current of 4.0 mA, 
for a 2.0-hr period, corresponds to a flow rate of 0.045 
ml A -1 sec-1 . This is about 5 -1 0 %  of the primary 
electroosmotic flows in similar solutions shown in 
Table I. Thus, the hydrostatic pressure difference 
produced in this cell reduced the solution flow in the 
cathodic direction by 90-95% .

The flows in the Na2S 0 4 solutions shown in Table II  
are an order of magnitude smaller than those in the N a -
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polyacrylate solutions. This undoubtedly reflects the flows in N a2SOi solutions are also an order of magnitude 
fact that at a given current the primary electroosmotic smaller than in Na-polyacrylate solutions (Table I ) .

On the Rates of Exchange between Free and Bound Counterions in 

Poly electrolyte Solutions. II. An Explanation for the Anomalous 

Results Obtained by the Electrical Transference Method

by Melvin H. Gottlieb
L a b o ra to ry  o f  P h y s ic a l  B io lo g y , N a tio n a l In s t i tu te  o f  A r th r it is  a n d  M e ta b o lic  D is ea ses , 
N a tio n a l In s t i tu te s  o f  H ea lth , B eth esd a , M a r y la n d  2 0 0 1 4  (R ece iv ed  D ecem b er  1 1 , 1 9 7 0 )

P u b lic a t io n  co s ts  a ss is ted  b y  th e  N a t io n a l  I n s t i tu t e s  o f  H ea lth

This paper provides an explanation for the results obtained b y  earlier workers1 in attem pts to measure the 
rate of exchange between free and bound counterions in polyelectrolyte solutions b y  a nonconventional type  
of electrical transference measurement. I t  is shown that the flows which were experim entally found2 to take 
place during transference measurements of the type in question are large enough to  account for ionic m ove
m ents which the earlier workers interpreted as indicating a very slow exchange rate.

Introduction
After reviewing the “ nonconventional”  transference 

experiments in question,1 this present paper provides an 
explanation, based on the flows demonstrated in the 
preceding paper,2 for the ionic movements which seem
ingly indicated a slow exchange between free and bound 
counterions. It is then shown that the experimentally 
measured flows are of the right order of magnitude to 
account for observed ionic movements.

The “Nonconventional Transference Experiments” of 
Wall and Coworkers. Before discussing the “ noncon
ventional transference experiments” we must first con
sider the conventional-type transference measurement 
on N a +-polyacrylate solutions made in W all’s labora
tory,3 in which the net ionic movements across the frit 
of a cell similar to that used in the “ nonconventional”  
transference measurements (Figure 1, preceding pa
per2) were measured. The direction of the net N a+ ion 
movement across the frit was found to depend on the 
degree of neutralization of the solution. It was towards 
the cathode in the case of solutions of less than about 
50%  neutralization, and towards the anode with solu
tions of higher degrees of neutralization. From the 
consideration that N a+ ions bound to polyacrylate ions 
would move towards the anode along with the poly
acrylate ions to which they were bound, Wall, et al., 
interpreted the results of the conventional-type trans

ference measurements in terms of the binding of N at
ions to polyacrylate ions. Degrees of ion binding thus 
computed were in good agreement with those deter
mined by independent experimental methods. As 
indicated in the preceding paper,2 we do not dispute 
the validity of these conventional-type transference 
experiments; also, we do not dispute their interpreta
tion in terms of ion binding.

In the “nonconventional”  transference experiments 
the anodic and cathodic components of the net Na + 
ion movement across the frit were determined through 
the use of radioactively labeled N a+ ions. As with the 
conventional-type experiments, the solutions in the two 
cell compartments were chemically identical and un
stirred. In the one of two separate, paired, measure
ments the component of N a+ ion movement across the 
frit towards the cathode, referred to as gANa by Wall, 
et al., was determined by radioisotopically labeling the 
N a+ ions of the anode compartment and measuring the 
amount of radioactive ions which moved to the cathode 
compartment on passage of current. In the second 
measurement, the component of N a + ion movement

(1) F . T .  W a ll and P. F . Grieger, J . C h em . P h y s . ,  20, 1200 (1952); 
F . T .  W a ll, P . F . Grieger, J. R . Huizenga, and R . H . Doremus, 
ib id ., 20, 1207 (1952).
(2) M . H . G o ttlie b , J . P h y s .  C h em ., 75, 1981 (1971).
(3) J. R . Huizenga, P . F . Grieger, and F . T . W a ll, J . A m e r . C h em . 
S o c ., 72, 2636 (1950).
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which the N a+ ions carried across the frit by the flows 
in direction II would be labeled ones.

A Test of Our Explanation. Since there is no way to 
measure the velocities of solution flow through the 
various pores of the frit, a rigorous test of our explana
tion is not possible. However, as shown below, it is 
possible to test whether the flows found to occur in 
direction II across the frit as a whole during the trans
ference measurements in question are of the right order 
of magnitude to account for the movements of N a+  
ions in this direction.

We derive below an expression relating the solution 
flow across the frit in direction II during the transfer
ence experiment, Vu, and the N a+ ion movements in 
directions I and II, r/i and gn, assuming the situation in 
which the flows would have the greatest effect on the 
N a + ion movements, i.e., that the solution flow is rapid 
enough to overcome the force of the applied electric 
field on the N a+ ions in all those pores in which the net 
flow is in direction II. The following simplifying as
sumptions are also made, (a) There is no net solution 
movement across the frit as a whole during a transfer
ence experiment. Referring to considerations discussed 
in the preceding paper,2 this assumes a negligible value 
for the net solution movement, occurring at the start 
of an experiment, which produces the hydrostatic pres
sure difference that prevents further net flow during 
the experiment, (b) The frit is made up of parallel, 
noninterconnecting pores, (c) The pores are wide as 
compared with the thickness of the electrical double 
layer at the pore wall-solution interface. It follows 
from this latter assumption that the solution in the 
pores has virtually the same composition as the outer 
solution.

We need only consider those pores through which the 
flow of solution is in direction II. The resultant veloc
ity of a N a + ion in direction II, ttnNa, is the difference 
between the velocity of the solution with respect to the 
pore wall, Mu’ , and the velocity of the ion with respect 
to the solution, itENa

wnNa =  Rii8 — ^ENa (1)

From the general relationship between velocity of a 
solute particle and the quantity of solute moving across 
a given area per unit time

W l I N a
lOOOgii
cNaAf

(2)

where qn is the quantity of Na+ ions, in equivalents, 
which move through the pore during the time, t; A is 
the cross-sectional area of the pore, and cNa is the con
centration of Na+ ions in the solution in equiv. I . -1 .

From the general consideration that the solution 
velocity is the volume flow in a given time across a 
given cross-sectional area

M i l8
»11

tA (3)

where vn is the quantity of solution flowing through 
the pore.

Since we have assumed that there is no net movement 
of solution across the frit during the transference mea
surements, the solution may be considered as stationary 
with respect to the frit. Accordingly, wen% the velocity 
of the N a+ ions with respect to the solution, may be 
stated in terms of the net movement of N a+ ions across 
the frit, i.e., in terms of the difference between the N a + 
ion movements across the frit in the two directions, qi — 
g n . From the general relationship between the velocity 
of a solute particle and the quantity of solute moving 
across a given cross-sectional area, we may write

= lOOOfo -  jn )

where A is the cross-sectional area of all of the pores 
of the frit.

Combining eq 1-4 gives for qn, the Na+ ion move
ment through the pore under consideration

2 i i  =
cNav n 
1000

A
(qi -  qn ) (5)

Adding expressions similar to eq 5 for all of the pores 
in which solution flow is in direction II and large 
enough to overcome the force of the electric field on 
the Na+ ions gives

S i n
CNa]& H

1000 A (qi -  qn) (6)

where 2  refers to the summation of the various quanti
ties for all these pores.

From our assumption that the flow is rapid enough 
to overcome the force of the applied electric field on the 
N a + ions in all the pores with flow in direction II, it 
follows that SSn is equal to vn, the total solution flow 
across the frit in direction II. Since Sgn is equal to 
qn, the total N a+ ion movement across the frit in di
rection II, eq 6 gives

cNaru 
=  1000 A (qi -  qn) (7)

With algebraic rearrangement, and the use of the 
symbol a to designate SA/A

_  V u  cNa a ,R,
qu 1000(1 -  a) 91 (1 -  a)

Obviously there is no means of independently mea
suring a, the ratio of the sum of the cross-sectional areas 
of those pores in which the solution flows are in direc
tion II, to the sum of the cross-sectional area of all of 
the pores of the frit. However, the consideration that 
this parameter must necessarily have a value between 
0 and 1 provides a means of determining whether mea
sured rn values are of the right order of magnitude to 
account for the movements of N a + ions in direction II.
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Solving eq 8 for a gives

VllCNa

Si -  Sn
Since the denominator of the right-hand side of eq 9 is 

necessarily positive, the following statements may be 
made.

(a) A  value of a significantly less than zero com
puted from the various experimental quantities would 
indicate that vu, the experimentally found solution 
flow, is not large enough to account for the experimen
tally found movement of N a + ions in direction II. Ac
cordingly the possibility of a slow exchange between 
free and bound counterions would have to be consid
ered.

(b) A  computed value of a significantly greater than 
1 indicates that the N a + ion movement in direction II 
is smaller than would be expected from the solution 
flow. This would raise doubts about the essential 
validity of our model.

Computed values of a within the range 0-1 support, 
but, of course, do not rigorously prove, our explanation 
of the results of the “nonconventional” transference 
experiments.

To test our explanation, “nonconventional”  trans
ference experiments of the type in question were made 
using the same porous frit transference cell, and with 
solutions of the same Na-polyacrylate content, as were 
used in the measurements of solution flows during such 
experiments reported on in the preceding paper.2 As 
in the preceding paper parallel experiments were made 
with a Na2S 0 4 solution.

Experimental Section
Materials. The radiotracer used for N a+ was 22Na, 

obtained as NaCl from Iso-Serve Corp., Cambridge, 
Mass. Chloride ions were not removed from the la
beled solutions since the highest resulting concentration 
of these ions in the solutions was only about 10-6 N. 
The other materials used were as described in the previ
ous paper.2

Measurements. The detailed procedure for the non
conventional transference determinations, as well as the 
transference cell used, were as described by Wall and 
coworkers.1 Also following the procedure of these 
earlier workers, the amounts of radioactive N a+ which 
moved across the frit in control experiments, in which no 
current was passed, were subtracted from the amounts 
which moved in the transference experiments proper.

As in the measurements of the magnitudes of the 
solution flows in each direction across the frit reported 
in the preceding paper,2 measurements were made at 
the current used by Wall and coworkers, 4.0 mA, passed 
for the longest of the time periods used by them, 2.0 hr.

Results and Discussion
Table I shows the results obtained in the “ noncon

ventional”  transference determinations in Na-poly
acrylate solutions and in a Na2S 0 4 solution.

Table I: Results of “ Nonconventional Transference 
Experiments.”  i =  4.0 mA, t =  2.0 hr

Sodium movement found
Anode to Cathode to

cathode, $ANa, anode, çbNs,
mol X 106 mol X 10s

0 .0 4 5  N P A A , 2 9 %  neutralized 5 .2 0 .3 6
0 .0 4 5  N PAA, 4 5 %  neutralized 3 .4 1.8
0 .0 4 5  N PAA, 7 9 %  neutralized 3 .0 1 2 .7
0 .0 2 5  N N a2S 0 4 10.1 0 .0

The data of Table I for the Na-polyacrylate solutions 
are in qualitative agreement with the results of Wall 
and coworkers since they show, with all three solutions, 
nonzero values for both gANa and gBNa, that is, in all 
cases for gn as well as for gj. It can be shown that if 
the approach of these workers were correct, the data of 
Table I would indicate half-times of from 2 to 8 min for 
the exchange between free and bound N a+ ions. De
spite this qualitative agreement, the actual values of 
gANa and gBNa of Table I are not in good quantitative 
agreement with those of Wall, et al., the values of the 
previous workers for similar solutions1 being up to 
several times greater. These differences are probably 
due to differences between the porosities of the porous 
frits used.

Table I also shows that there was no N a+ ion move
ment in direction II (i.e., towards the anode) in the 
Na^SCh solution. This is as expected, since, as reported 
in the preceding paper,2 little, if any, solution flows took 
place with Na2S 0 4 solutions under the conditions of the 
transference determinations.

We turn now to the “ test”  of our explanation of the 
results of the “ nonconventional” transference experi
ments. In Table II the quantities used to compute a, 
the fraction of the total pore area of the frit through 
which flow takes place in direction II, from eq 9, and 
the values of a thus computed are listed. The vu 
values listed in the fourth column are the average of the 
urea and glucose values in direction II from Table II 
of the preceding paper.2

The computed values of a shown in the last column 
of Table II are all well within the physically possible 
range of 0 to 1 and therefore support our explanation 
of the results of the nonconventional transference ex
periments. In view of the assumptions made in the 
derivation of eq 9, and of the poor precision of the solu
tion flow measurements reported in the preceding paper, 
we do not believe the numerical values obtained for a 
warrant further discussion. Nevertheless, we will 
point out that the fact that similar values of a (i.e., 
0.41 and 0.50) were computed for the 29%  and 4 5 %  
neutralized solutions, and that these values are signifi-
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Table II: Quantities Used in Computation of a, and Computed Values of a. 
Polyacrylic acid concentration = 0.045 N, i = 4.0 mA, t = 2.0 hr

Percentage
neutralization Concentration of Solution
of polyacrylic Na+ ions, cNa, Direction flow, vu,

acid equiv. I.-1 II ml

29 1 .4 0  X  10"2 Towards 1 .7

45 2 .0 2  X  10—2
anode

Towards 1 .3

8 0 3 .6 0  X  10"2
anode

Towards 1.2
cathode

Component of Na + ion movement
1000

equiv X 10E
In direction I, 

<¡1, equiv X 106
In direction II, 

ail, equiv X 106 a

2 .4 5 .2  (gA*a) 0 .3 6  (3bNs) 0 .4 1

2.6 3 .4  (î a n.) 1.8 ( ? b n “ ) 0 .5 0

4 .3 12 .7  ( ? b No ) 3 .0  (ffA » .) 0 .1 3

cantly different from that obtained with the 8 0%  neu
tralized solution (0.13), is as expected from considera
tions discussed in the preceding paper.2 As shown in 
the preceding paper, the primary electroosmotic flow 
is in the same direction, towards the cathode, with all 
three solutions. Accordingly, while in the 80%  neu
tralized solution the flows in direction II during the 
transference measurements are in the direction of the 
primary electroosmotic flow, in the cases of the 29%  
and 4 5 %  neutralized solutions the flows in direction II 
are backflows. As discussed in the preceding paper, 
the flows in the direction of the primary electroosmotic 
flow take place through the narrower pores of the frit, 
and the backflows through the wider pores. Accord
ingly, with the 8 0%  neutralized solution a refers to the

narrower pores of the frit, while with the 29%  and 
4 5 %  neutralized solutions, a refers to the wider pores 
of the frit.

Since the results of the “ nonconventional”  transfer
ence experiments reported on in this paper, and pre
sumably those of the earlier workers, can be reasonably 
accounted for by electroosmotically caused solution 
flows, we conclude that the experimental results of 
Wall, et al., do not show that the exchange between 
free and bound counterions in polyelectrolyte solutions 
is slow.

Acknowledgment. I am pleased to acknowledge the 
many helpful discussions with Dr. K. Sollner, both with 
respect to the transference experiments in question, 
and to the preparation of the manuscripts.
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On the Rates of Exchange between Free and Bound Counterions in 

Polyelectrolyte Solutions. III. A Demonstration That the Exchange 

Is Not as Slow as Indicated by the Electrical Transference Measurements

by Melvin H. Gottlieb
L a b o ra to ry  o f  P h y s ic a l  B io lo g y , N a tio n a l In s t i tu te  o f  A r th r it is  a n d  M e ta b o lic  D is ea ses , 
N a tio n a l In s t itu te s  o f  H ea lth , B eth esd a , M a r y la n d  2 0 0 1 4  (R ece iv ed  D ecem b er  1 1 , 1 9 7 0 )

P u b lica tio n  co s ts  a ss is ted  b y  th e N a t io n a l  I n s t i tu t e s  o f  H ea lth

This paper experimentally demonstrates that the exchange between free and bound counterions in N a -p o ly -  
acrylate solutions is much faster than concluded b y  earlier workers1 from  the electrical transference m easure
ments which were criticized in the preceding papers.2 The experimental m ethod used involved m easurement 
of the rates of uptake of N a + ions from  N a-polyacrylate solutions b y  a cation-exchange resin. I t  is shown 
that the half-tim es for the exchange between free and bound N a + ions m ust be less than 2  sec, i.e., at least 
60 tim es smaller than half-tim es concluded by the earlier workers. Accordingly, there is no reason to assume 
that the exchange between free and bound counterions in polyelectrolyte solutions does not take place as 
rapidly as predicted from  current concepts of polyelectrolyte solutions, that is, with half-tim es of the order 
of /¿seconds.

Introduction
In this last paper of this group it is experimentally 

demonstrated that the half-times for the exchange are 
much smaller than concluded by Wall and coworkers.1 
As in the preceding papers, Na-polyacrylate was used 
as the prototype polyelectrolyte, and parallel measure
ments were made with a simple electrolyte, Na2S0 4 .

The experimental method involved measurement of 
the rate of uptake of radioactively labeled N a+ ions 
from Na-polyacrylate solutions in exchange for the 
unlabeled N a+ ions of a cation-exchange resin, present 
in large excess. Since the polyacrylate ions cannot 
enter the resin because of their large size and high 
charge,3 those labeled N a+ ions which are bound to 
them would also be excluded from the resin. In order 
for a bound labeled N a+ ion to be taken up by the resin, 
it would have to first become free by exchanging for a 
free nonlabeled N a + ion in the solution. Thus, the 
exchange between the free and the bound N a+ ions 
must be at least as fast as the uptake of labeled N a+  
ions by the resin.

Experimental Section
Materials. The poly acrylic acid and radioactive Na+

were the same as described in the previous papers.2
Ion-Exchange Resins. A  polystyrene-sulfonic acid- 

8 %  divinyl benzene ion-exchange resin of the A G 50W - 
X 8  series of Bio-Rad Laboratories, Richmond, Calif., 
was used. The resin was obtained in fractions with 
bead radii <  19 (<400 mesh), 19-37 (200-400 mesh), 
37-75 (100-200 mesh), and 75-149 ju (50-100 mesh). 
The various resin fractions were shaken for several 
hours with each of 2 M  HC1, 2 M  NaOH, and 50%  eth

anol, each solution being followed by a thorough wash
ing with distilled water. The ion-exchange capacity of 
the resin, measured by standard procedures,3 was 2.02 
mmol per ml of wet resin in the N a+ state.

To determine if the polyacrylic acid and polyacrylate 
ions were essentially completely excluded from this ion 
exchange resin, 10 ml each of polyacrylic acid solu
tions, c =  0.045, 79%  neutralized, c =  0.023, 4 9%  
neutralized, c =  0.011, 28%  neutralized, were shaken 
for 5 min with 5 ml of air dried resin. Analysis of the 
solutions for N a+ and for total solids indicated no 
change within the experimental error of the analyses, 
± 0 .5 % .

Procedures. All experiments were done at room tem
perature, 23 ±  1°. The procedure essentially consisted 
of rapidly adding a slurry of the ion-exchange resin 
to a well stirred 22Na-labeled solution, and determining 
the radioactivity concentration of the solution phase 
as a function of time. As large a quantity of resin as 
was consistent with good stirring was used, in order to 
drive the uptake of radioactive N a+ ions from the solu
tion as far to completion as possible. In a typical 
experiment the slurry consisted of 50 cm3 wet volume 
of ion-exchange resin and 7 cm3 of water. The volume 
of the 22Na-labeled solutions was 100 cm3, correspond
ing to 25-100-fold excesses of the N a+ contents of the 
ion-exchange resin to those of the solutions.

The apparatus used is shown in Figure 1. The reac-

(1) F . T . W a ll, P . F . G rieger, J. R . H uizenga, and R . H . Dorem us, 
J .  C h em . P h y s ., 20, 1207 (1952).

(2) M .  H . G o ttlie b , J .  P h y s . C h em ., 75, 1981, 1985 (1971).
(3) F . H e lffe rich , “ Ion-E xchange,”  M c G ra w -H ill,  N ew  Y o rk , N . Y ., 
1962.
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Figure 1. Apparatus used to measure rate of uptake of 
radioactive N a + ions from the solution by the 
ion-exchange resin.

tion vessel, A, was a two-neck 300-ml flat bottom flask, 
modified to include an exit tube, B, which was covered 
by a “ coarse” Pyrex glass frit, C, whose porosity was 
such that resin particles could not pass through it, 
and solution could flow through it only under applied 
pressure. The addition funnel, D , which was used to 
hold a slurry of the ion-exchange resin prior to its addi
tion to the reaction vessel, had an extra large (7 mm) 
bore stopcock. Mechanical stirring was used, the 
shaft of the stirrer fitting through a pressure tight 
stirring gland. An eight compartment sample col
lection box, E, was positioned below the exit tube; a 
constant, preset, rate of movement of the collection box 
was obtained using a motor controlled by a Miniarik 
Electric Co. (Los Angeles, Calif.) 3H-14 speed control.

After the 22Na-labeled solution had been placed in 
the reaction vessel, and stirring smarted, the resin slurry 
was poured into the addition vessel. The addition 
funnel was then placed under about 5 psi of nitrogen 
pressure, and the motor driving the sample collection 
box started. Just before the first sample collection 
compartment reached the exit tube, the stopcock of 
the addition vessel was opened, resulting in the almost 
instantaneous addition of the resin slurry to the reaction 
vessel, and the initiation of flow of solution through the 
exit tube. (There was a time lag of about 0.5 sec be
tween the opening of the stopcock and the start of the 
flow through the exit tube.) After all eight compart
ments of the collection box had passed under the exit 
tube, the flow was discontinued by venting the gas pres
sure. Typically about 0.5 cm3 of solution was col
lected in each compartment, so that the change in the

solution volume during the course of a run was not 
more than about 4 % .

Preliminary experiments, with the 75-150-// bead 
radii resin, indicated the same rate of uptake of radio
active N a+ ions for rotation rates of the stirrer of ap
proximately 1800 rpm and of approximately 3600 
rpm; the higher rate was used in all experiments.

Results and Discussion
With the resin fraction in which the bead radii were 

75-150 ii, the uptakes of labeled N a+ ions from both 
Na2S 0 4 and Na-polyacrylate solutions occurred slowly 
enough for the time courses to be followed. The uptake 
of ions by the resin fractions with bead radii 75 n and 
smaller was essentially completed by the time the first 
solution sample was collected; in these cases only an 
upper limit for the half-times for the uptake could be 
obtained.

Accordingly, the 75-150-/1 resin fraction will be dis
cussed first. In all cases, with both the Na-polyacry
late solutions and the Na2S 0 4 solutions, the uptake of 
radioactive Na + ions followed the time course expected 
for the rate determining step being t'he diffusion of 
N a + ions across unstirred layers of solution sur
rounding the resin particles4

i°g [ ( i  +  /s)^ ; -  0 ]  =  - ^ ( 1  -  m  (i)

[Equation 1 is equivalent to that derived by Boyd, 
Adamson, and Myers4 except for the presence of the 
term 0, which these authors implicitly assume equal to 
zero. The expression derived by Boyd, et al., is strictly 
valid for the uptake of a relatively small fraction of the 
labeled ions from the solution, while we are interested in 
following the uptake of almost all of the labeled ions. 
The derivation of eq I follows that of Boyd, et al., 
through their eq 5a. At this point they make the 
approximation that all of the labeled ions originally 
present in the solution are taken up by the resin at 
infinite time, i.e., when equilibrium is reached. In the 
derivation of eq 1 of the present paper, we took into 
account the finite quantity of labeled ions remaining in 
the solution, in equilibrium with those in the resin.

With the small values of 0 is the present work, dif
ferences between plotting data according to eq 1 using 
the actual value of 0 and plotting data with the approxi
mation that 0 =  0 only appear after about 80%  of the 
labeled ions have been taken up by the resin. ]

Here A 0 is the concentration of radioactive N a + ions 
in the solution before the start of the experiment; A is 
the concentration of these ions at any time, t, after the 
start of the experiment; 0 is the ratio of the total quan
tity of N a+ ions in the solution to the total quantity of 
N a + ions in the ion-exchange resin. The time constant

(4) G. E . B oyd, E . W . Adam son, and L . S. M ye rs , J . A m e r . C hem . 
S o c ., 69, 2836 (1947).
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Figure 2. Uptake of radioactive N a + ions by resin with 
75-149 n bead radii, as a function of time; /  (A/A°) =
( 1 .+  p)A/A° — 0; • , 0.050 N N a2S 0 4; ■ , Na-polyacrylate, c 
=  0.045 N, 8 1 %  neutralized. The dashed curve indicates the 

uptake from the Na-polyacrylate solution expected on the basis 
of the smallest of the values for the half-time for the exchange 
between free and bound N a + ions concluded by W all and co- 
workers, 2 min, assuming that 5 0 %  of the N a + ions are bound 
to polyacrylate ions.

rd is related to the experimental parameters of the sys
tem by

T
d 0 .2 3 6 5 7

DV (2)

where 6 is the radius of the resin beads, 5 the thickness of 
the unstirred solution layer, V the volume of the solu
tion V, the volume of the resin, and D the diffusion 
coefficient of the N a+ ions in the solution. Under the 
experimental conditions of the present work, in which 
/3 is in the range 0.02-0.05, rd is essentially equal to 
the half-time for the uptake of Na+ ions by the resin.

Typical plots of the function log [(1 +  0)(A/A°) — 
/3] as a function of time for a Na2S 0 4 solution and for a 
Na-polyacrylate solution are shown in Figure 2. Also 
shown in this figure is the time course for the uptake 
from the Na-polyacrylate solution which would be 
expected on the basis of the smallest of the half-times 
for the exchange between free and bound N a+ ions con
cluded by Wall and coworkers, 2 min; for the purposes

of this plot it was assumed that 50%  of the N a + ions 
are bound to polyacrylate ions.

The results obtained with the various N a2S 0 4 and 
Na-polyacrylate solutions are summarized in Table I.

Table I :  Uptake of Labeled N a + b y
Resin with Bead Radii 75 -150 n

Fraction of 
Na+ ions in

C, Percentage solution taken Half-time
equiv. neutraliza- up during for uptake,

l.-i tion experiment r, sec

a. N a2S 0 4Solutions

0.010 0 .9 2 2.8
0 .0 5 0 0 .9 5 2 .4

b. N a-Polyacrylate Solutions

0.011 2 8 % 0 .9 7 4 .5
0.011 4 9 % 0 .9 6 4 .0
0.011 8 0 % 0.91 4 .0
0.022 2 8 % 0 .9 6 4 .0
0.022 4 9 % 0 .9 5 3 .5
0.022 8 0 % 0 .9 6 4 .7
0 .0 45 2 8 % 0 .9 6 3 .9
0 .0 4 5 4 9 % 0 .9 2 4 .4
0 .0 45 8 0 % 0 .9 4 5 .5

The finding that the half-time for the uptake of radio
active Na+ ions from Na-polyacrylate solutions is sig
nificantly greater than that from Na2S 0 4 solutions is as 
expected from the binding of N a+ to poly acrylate ions, 
since, when only a fraction, / ,  of the N a+ ions are free to 
diffuse, expressions similar to eq 1 and 2 would still 
apply, the only difference being that rd would be multi
plied by the factor 1 //. Values of /  in the range 0.5 to 
0.75 are computed from a comparison of half-times for 
the uptake from the Na-polyacrylate solutions with 
those for the uptake from Na2S 0 4 solution, with the 
assumption that the parameters making up rd are the 
same for both types of solutions. Other experimental 
methods give f  values in the range 0.3 to 0.66 for similar 
solutions.

With the resins of bead radii 75 n and smaller, in which 
most of the radioactive N a+ ions were taken up by the 
time the first sample of solution could be collected, the 
time of collection of the first sample clearly constitutes 
an upper limit for the half-time for the uptake, and will 
be denoted as rmax. The runs with these resin fractions 
of smaller bead radii are summarized in Table II.

The data of Table II show that the half-times for the 
exchange between free and bound N a + ions in N a -  
polyacrylate solutions must be less than 2 sec, i.e., at 
least 60 times less than the smallest value indicated by 
the approach of Wall and coworkers.1 [Two other 
experimental approaches also failed to give evidence for

(5) S. A. Rice and M. Nagasawa, “Polyelectrolyte Solutions,”
Academic Press, New York, N. Y., 1961.
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Table II: Uptake of N a + Ions by Resin Fractions 
with Bead Radii 75 yt and Smaller

Fractions Time of
Solution Bead of labeled collection
concen- Percentage radii Na+ ions of first
tration, neutraliza- range, taken up sample,

equiv 1. -1 tion /* by resin Tmax. sec

a. N a2S04 Solutions

0.010 19-37 0 .9 6 1.6
0.010 < 1 9 0 .9 5 1.6

b. Na-Polyacrylate Solutions

0 .0 4 5 4 7 % 37 -75 0 .9 6 1.6
0 .0 4 5 8 1 % 37 -75 0 .7 7 1 .9
0 .0 4 5 4 7 % 19-37 0 .9 3 1.6
0 .0 4 5 7 5 % < 1 9 0 .9 6 1.6

a rate of exchange as slow as that concluded by Wall 
and coworkers. In one, a N a+ specific glass electrode 
monitored the appearance of free N a+ ions on the rapid 
addition of KC1 to Na-polyaery 1 ate solutions. The 
converse experiments, in which NaCl was added to K -  
polyacrylate solutions were also performed, using K +  
specific electrodes. The appearance of free ions was 
completed within a 1-min resolving time imposed by 
the poorly understood63 erratic response of the elec
trodes to the addition of a second species of cation into 
the solution. (However, other workers have recently 
followed the exchange between N a+ ions and divalent 
catjons from clays down to about 3 sec using a similar 
method.6b)

Also, 23Na nuclear magnetic resonance measurements

were made (the cooperation of Dr. E. D . Becker in 
making these measurements is gratefully acknowl
edged) on Na-polyacrylate solutions similar to those 
considered in this paper. Here a slow rate of the ex
change would be indicated by two peaks, provided that 
the free and the bound N a + ions had different “ chem
ical shifts.” 7 A  single somewhat broad peak, similar 
to that characteristic of simple sodium salts,8 was ob
tained in all instances. Although exchanges occurring 
with half-times greater than about 0.03 sec could have 
been recognized, the interpretation of these measure
ments is not definitive since it is not known whether 
the free and the bound Na+ ions do in fact have different 
“ chemical shifts.” ]

While valid measurements of the rates of exchange 
would undoubtedly provide important information on 
the nature of ion binding to polyelectrolytes, such mea
surements must await the development of a means to 
apply to this problem the now widely used methods for 
studying fast reactions. In the absence of evidence to 
the contrary, there is no reason to assume that the ex
change does not take place as rapidly as predicted from 
current concepts of polyelectrolyte solutions, that is, 
with half-times of the order of ^seconds.

(6) (a) G. A . R e ichn itz  in  “ Glass E lectrodes fo r H ydrogen  and O ther 
C ations,”  G. Eisenman, E d., M a rce l D ekker, N ew  Y o rk , N . Y ., 
1967, p 335; (b) R . L . M a lco lm  and V. C . K ennedy, S o il  S c i . S oc. 
A m e r . ,  P r o c ., 33, 247 (1969).

(7) J. A . Pople, W . G . Schneider, and H . J. B ernste in, “ H ig h  Resolu
tio n  N uc lea r M agne tic  Resonance,”  M c G ra w -H ill,  N ew  Y o rk , N . Y ., 
1959, C hap ter 10.
(8) O. Ja rde tzky  and J. E . W ertz , J . A m e r .  C h em . S o c ., 82, 318 
(1960).
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The catalysis of the exchange of the ethanol hydroxyl proton by several diamagnetic and paramagnetic divalent 
metallic ions was studied using the line broadening of nuclear magnetic resonance (nmr) signals to determine 
quantitatively the catalytic rate constants at approximately 39°. The order of catalytic effectiveness of the 
ions was found to be (Fe) >  Cu >  Zn >  Co >  Ni ~  Mn >  Mg >  Ca. The placement of Fe2+ in the sequence 
is somewhat uncertain because of possible contamination by Fes+. It appears, from the results obtained, that 
filled or partially filled d orbitals are of critical importance to the catalytic effectiveness, as Mg2+ with the 
smallest ion radius of the ions studied is only moderately effective, whereas Zn2+ is quite effective. Differences 
in the Arrhenius activation parameters for the exchange in pure, acid-catalyzed, and Cu2+-catalyzed reactions 
suggest a different rate controlling step in the pure ethanol case from the controlling reaction in the catalyzed 
cases. In the paramagnetic ion solutions there is evidence of moderate unpaired electron spin density on all 
of the ethanol protons; however, the chemical shift is to lower resonance frequencies rather than to higher 
frequencies such as is often observed.

Introduction
The broadening of lines and details of line shapes in 

nuclear magnetic resonance (nmr) spectra have been 
used extensively1-2 to study various exchange and rate 
phenomena and the factors which influence these phe
nomena. Arnold,3 who first studied the exchange of the 
ethanol hydroxyl proton by nmr techniques, found that 
small concentrations of HC1 or NaOH (10~6 to 10~6 M) 
in absolute ethanol caused line shape changes such 
that the exchange times for the hydroxyl proton could 
be calculated. Increase in acid or base concentration 
caused collapse of the hydroxyl proton triplet into a 
single narrow line characteristic of the fast exchange 
limit on the nmr time scale. Since other ions might 
reasonably be expected to catalyze the hydroxyl proton 
exchange the present investigation was undertaken to 
determine the relative effectiveness of several divalent 
metallic cations which are often found in complex com
pounds of chemical and biochemical interest. In an 
attempt to achieve some understanding of the factors 
which may be of significance in determining the relative 
catalytic effectiveness, salts of diamagnetic and para
magnetic cations were used. The salts were dissolved 
in absolute ethanol to make solutions covering a wide 
range of concentrations. In this manner the concentra
tion range of each salt that was best suited for quantita
tive evaluation of the catalysis rate constant at ~ 3 9 °  
was established. Observation of chemical shifts of the 
ethanol protons in the presence of paramagnetic ions 
allowed determination of approximate unpaired electron 
spin densities on the several protons, and a limited tem
perature range study allowed evaluation of Arrhenius 
activation parameters for the hydroxyl proton exchange

in pure ethanol, in ethanol with acid present, and in 
ethanol with CuCl2 present.

Experimental Section
Reagent grade anhydrous dichlorides of Mg, Mn, Fe, 

Co, and Ni were obtained from Alfa Inorganics, Inc. 
and were used without further treatment. Corre
sponding Cu and Ca salts were obtained from Fisher 
Scientific Co. and a reagent grade sample of Baker and 
Adamson anhydrous ZnCl2 was used. The three sul
fates used were anhydrous M gS04 and NiS0 4 -6 H20  ob
tained from Fisher Scientific Co. and a J. T . Baker Co. 
sample of anhydrous CuSCh- Anhydrous ethanol 
was prepared by fractional distillation from magnesium 
according to Fieser,4 taking exceptional precautions to 
exclude air, C 0 2, and moisture.

Solutions of the salts in absolute ethanol were pre
pared under a N 2 atmosphere in a glove bag. Dilutions 
of stock solutions were handled in the same way. Vol
umetric analyses of the chloride solutions were made 
with A g N 03-dichlorofluorescein except for FeCl2, in 
which case the AgCl gravimetric method was used. 
The nickel and copper sulfate solutions were analyzed 
by using V-dimethylglyoxime and «-benzoin oxime, 
respectively. Nuclear magnetic resonance measure-

(1) A . C a rring to n  and A . D . M cL ach lan , “ In tro d u c tio n  to  M agnetic  
Resonance,”  H a rp e r and Row, N ew  Y o rk , N . Y ., 1967, C hapter 12.
(2) (a) C. S. Johnson, A d v a n . M a g n . R eso n a n ce , 1, 33 (1965); 
(b) J . A . Pople, W . G. Schneider, and H . J. B ernste in , “ H ig h  Resolu
t io n  N uc lea r M agne tic  Resonance,”  M c G ra w -H ill B ook Co., N ew  
Y o rk , N . Y ., 1959, Chapters 13, 15, 17, 18.
(3) J. T . A rno ld , P h y s . R ev ., 102, 136 (1956).
(4) L . F . Fieser, "E xperim en ts  in  O rganic C h e m is try ,”  M c G ra w -H ill,  
N ew  Y o rk , N . Y ., 1957, p 285.
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ments were made with a Varian Model A-60 spectrom
eter calibrated frequently with a standardized sample 
of TMS-chloroform and the methyl-methylene group 
coupling in ethanol of 7.1 Hz.

Results and Discussion
Five of the cations studied, namely M n2+, Fe2+, 

Co2+, N i2+, and Cu2+, were paramagnetic and the large 
fluctuating magnetic fields generated by the unpaired 
electrons caused all ethanol proton signals to exhibit a 
significant broadening because of a shortened spin- 
lattice relaxation time. One of the primary questions 
of the present investigation was, does this paramagnetic 
broadening preclude or significantly interfere with the 
observation of exchange broadening of the hydroxyl 
proton signal? Information bearing on this question is 
recorded in Table I for several ethanolic solutions of

Table I: Hydroxyl Proton Line W idth ,“ m/2, and C H2 
Proton Signal for Ethanol Solutions of CuCL (38°)

CuCL, A vi/2,
mol l . “ 1 Hz CH 2 signal

1 .1 9  X  10-2 7 .5 5 Broad quartet
4 .7 5  X  10“3 3 .2 4 Broadened quartet
2 .3 8  X  H D 3 1 .9 0
1 .19  X  10-3 0 .8 4 Sharp quartet
1 .19  X  10 ' 4 0 .8 1
4 .7 6  X  10"6 1 .4 8
2 .8 6  X  IO"6 1 .8 4
1 .4 3  X  H D6 3 .0 8 Broadened quartet
1 .19  X  10 ' 6 3 .8 1
1 .19  X  H D6 4 .1 8 Broad quartet
9 .5 6  X  10~6 4 .1 8
7 .1 4  X  10~6 4 .8 2
7 .1 4  X  IO"8 4 .8 7
4 .7 6  X  10“6 5 .0 7
4 .7 6  X  10“6 4 .1 3
3 .8 8  X  IO' 6 3 .6 8 Broad octet
2 .8 6  X  10“6 3 .0 3
1 .9 0  X  10-» 2 .4 4
1 .19  X  10"6 2 .0 6

“ The line width as used here and elsewhere in this paper is 
the width, in Hz, of the central peak of hydroxyl proton triplet, 
or of the central signal in case of a coalesced or partially coalesced 
signal, measured at the half-height of this signal.

CuCl2 at 38°. Four concentration regions in the data 
should be noted. At about 10-2 M  the line width of the 
hydroxyl proton signal clearly indicates broadening 
caused by the fields of the unpaired electron of the cop
per ion. A t 10~3 to 10~4 M  there is little or no para
magnetic broadening of the hydroxyl proton signal since 
Avi/j ~  0.8 Hz is about the minimum width obtainable 
with the instrumentation used; in the 10-3 to 10~4 M 
concentration range the proton exchange, on the nmr 
time scale, is in the fast exchange limit. At about 6 X  
10 6 M  maximum broadening attributable to proton 
exchange is in evidence and the CH 2 proton signal be

Figure 1. Dependence of ethanol hydroxyl proton line width 
at ~ 3 9 °  on concentration of some metal chlorides in 
absolute ethanol.

gins to show structure characteristic of hydroxyl proton 
spin-spin coupling. Finally at about 4 X  10-6 M  and 
lower concentrations there is still some exchange broad
ening of the hydroxyl proton signal but the rate of ex
change is too slow to prevent appearance of the CH2 
group signal octet structure characteristic of super
position of the hydroxyl proton coupling on the quartet 
structure arising from the CH3-C H 2 coupling. A t all 
CuCl2 concentrations below 10~3 M  the methyl group 
signal is a sharp triplet.

The separation of the paramagnetic and the exchange 
broadened regions of concentration occurred for all of 
the paramagnetic ions with the exception of the M n2+ 
solutions. In the M n2+ case there was considerable 
overlap of the two regions and the details of the ex
change broadening were not directly observable; how
ever, a difference measurement was performed which 
allowed determination of adequate detail of the ex
change broadened region. Specifically C2H 5O H -M nC l2 
solutions were examined with added HC1 present so that 
the fast exchange limit for the hydroxyl proton pre
vailed at all MnCl2 concentrations investigated. A  
comparison of the hydroxyl proton line width for the 
acid-catalyzed solutions and solutions with no acid 
present allowed one to make a good estimate of the 
concentration of M n2+ at which maximum exchange 
broadening occurred.

Figures 1 and 2 show the line width of the ethanol 
hydroxyl proton as a function of the concentration of 
the metallic dichlorides investigated and indicate quite 
clearly the concentration regions of strong paramag
netic broadening as well as the regions for maximum ex
change broadening. The two lines shown for Fe2+ in 
Figure 2 indicate problems of reproducibility of the data 
for this case in the 10-6 to 10-5 M  region; it is presumed 
that varying amounts of Fe3+ in the several stock solu
tion samples which were diluted with absolute ethanol 
are responsible for the poor reproducibility. The
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Figure 2. Dependence of ethanol hydroxyl proton line width 
at ~39° on concentration of some metal chlorides in 
absolute ethanol.

smooth curves of Figures 1 and 2 are each the average 
result of measurements on several separate samples of 
each of the salt-ethanol mixtures. The reproducibility 
generally achieved is illustrated by the data in Table I 
for CuCl2.

The graphs of Figures 1 and 2 furnish a comparison 
of the catalytic effectiveness of the several cations but a 
more quantitative comparison is obtained from the rate 
constants for the catalysis by the various cations. 
From the hydroxyl proton line shape at maximum 
broadening and by use of appropriate tables6 the mean 
time, t x ,  between proton exchanges was found to be 
0.041 sec when the condition of maximum exchange 
broadening prevailed. The reciprocal of rx represents 
a rate in sec-1 and this rate can be related to the concen
tration of the cation, [M 2+]j„ at which maximum ex
change broadening occurred by the expression

-  =  k [M * + k  (1)Tx

By using the value of rx and appropriate values of 
[M 2+]x for the various cations, relative values of the 
rate constant, kx, can be calculated. An alternative 
method is to determine the r values appropriate6 to 
the hydroxyl proton line shape at several concentra
tions of a particular cation and by means of eq 2 deter
mine the value of fa for the several cations.

-  =  fa +  fa[M*+] (2)
r

Values of r appropriate to various concentrations of 
Zn2+, Cu2+, N i2+, and Co2+ were determined and by 
appropriate graphs fa was evaluated for each cation. 
It was found that fa, the rate constant for absolute eth
anol, was essentially the same for each of the salts with 
a value of 2.0 ±  0.2 sec“ 1 at 39°. Values of [M 2+]z, fa, 
and fa at 39° obtained as indicated above are given in

Table II. In light of the small value of fa, the agree-

Table II: Rate Constants for the Hydroxyl Proton 
Exchange Reaction in Ethanol Solutions of Some 
Divalent Metal Chlorides Near 39°

[M2+]x,
k x ,

1. mol-1
k i,

1. mol-1
Ion mol 1. “l sec-1 sec“1

Ca2 + 7.0 X IO“1 3.5 X 101“
Mg2+ 2.5 X IO“2 9.8 X 102
Mn2+ 3.0 X IO-4 8.1 X 104
Ni2+ 2.5 X IO“4 9.8 X 104 10.5 X 104
Co2 + 4.0 X 10~6 6.1 X 106 7.1 X 105
Zn2 + 2.5 X 10'6 9.8 X 105 8.6 X 106
Cu2 + 6.0 X 10~6 4.1 X 10« 3.9 X 106
Fe2 + 3 X 10-8 b <8.1 X 10«

“ Temperature was 36°. i  This is the lower limit of the appro
priate concentration value and is somewhat uncertain.

ment between fa and fa is to be expected as the range of 
concentrations used in evaluating fa is, of necessity, 
near and overlaps the value of [M 2+jI for which fa was 
evaluated.

There do not appear to be other reported values of 
rate constants for the systems included in Table II. 
However, Grunwald, et al.,6 have reported a rate con
stant of 3.5 X  109 1. mol“ 1 sec-1 at 24.8° for the reac
tion

CH 3OH* +  CH3OH2* — >- CH3OH +  CH 3OH *H  +

From corrections found by these authors for work previ
ously reported by Luz, et al. , 1  for the above case and for 
ethanol one may infer that the value of k for the equiva
lent ethanol reaction is about 4 X  107 1. mol-1 sec-1 . 
In a further search for comparative values one may 
estimate on the basis of some of Arnold’s3 data that the 
acid catalysis rate constant is approximately 7 X  106 1. 
mol-1 sec-1 . By using an average of the above two 
values it appears that catalysis of the exchange by acid 
is superior to catalysis by any of the divalent cations 
studied in this investigation, although Fe2+ and Cu2+ 
compare favorably.

A  detailed mechanism which will explain the relative 
catalytic effectiveness of the several cations is not at all 
apparent; however, two general observations can be 
made. The first is that filled or partially filled d orbi
tals seem essential to large catalytic effects, and the sec
ond is that there is no fully consistent relation of the 
ionic radii and the relative catalytic effectiveness of the 
several cations.

(5) “Tables of Exchanged Broadened NMR Multiplets,” The 
Weizmann Institute of Science, Rehovoth, Israel, 1958.
(6) E. Grunwald, C. F. Jumper, and S. Meiboom, J . A m e r .  C h em .  
S o c . , 84, 4664 (1962).
(7) Z. Luz, D. Gill, and S. Meiboom, J .  C h em . P h y a ., 30, 1540 
(1959).
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Table III: Some Physicochemical Characteristics of the Systems Studied and Related Data

Ion Fe2 + Cu2 + Zn2 + Co2 + Ni2 + Mn2 + Mg2 + Ca2 +

d orbitals d6 d9 d10 d7 d8 d6
Crystal radius,“ A 0 .7 5 ~ 0 .7 2 0 .7 4 0 .7 2 0 .6 9 0 .8 0 0 .6 5 0 .9 9
Log kxb (6 .9 1 ) 6 .61 5 .9 9 5 .7 9 4 .9 9 4 .9 1 2 .9 9 1 .5 5
Log {kxi/kxcu) (0 .30 ) 0 - 0 . 6 2 - 0 . 8 3 - 1 . 6 2 - 1 . 7 0 - 3 . 6 2 - 5 . 0 7
Log E m(oh)+ ' 6.1 6.66 5 .2 6 4 .2 3 4 .8 5 4 .5 2 2 .3 6 1 .34

“ From ref 8. 6 Rate constants are for 39°. 0 From ref 9, obtained by averaging the listed values of log K,. See text.

For purposes of further discussion and reference, 
Table III shows a collection of data including the free 
ion d orbital configuration, the ionic radii,8 the log
arithm of the rate constant kx and of the ratio of the 
catalysis rate constant kx( for a particular cation i to the 
value of kxCu, for the Cu2+ ion, and finally the logarithm 
of average value of the stability constants9 for the 
monohydroxy complex of the several cations. The log
arithm of the ratio log (kx(/kxcu) will be used for com
parison of activation free energies according to the 
relation

log (kxl/kxcu)
(AG*, -  A G *Cu)

2.3 RT (3)

where constant temperature and constant transmission 
coefficient are assumed. The logarithm of the stability 
constant of the monohydroxy complex of the cations 
will be used to determine if the ethanol proton exchange 
catalysis can be related to the form of the Br0nsted 
catalysis law10 as given by

ky[ =  CKu* (4)

Here ku is the catalytic rate constant for metal ion 
M , C and a are constants characteristic of the reaction, 
solvent, temperature, etc., and E m is normally the sta
bility constant of the metal ion complex with the ligand 
under study, but in the present case these stability 
constants are not known so the stability constants of the 
monohydroxy complex in aqueous solution will be 
used instead.

In the data of Table III it is apparent from the rate 
constant that M n 2+, with partly filled d orbitals, is 
about two orders of magnitude more effective as a 
catalyst for the proton exchange reaction than is M g2+, 
a much smaller ion but with no available d orbitals. 
The case of Zn2+ with a d10 configuration is more strik
ing as it is about a 1000 times as effective as a catalyst 
as M g2+ and the Zn2+ radius is about 0.1 A larger 
than the M g2+ radius. On the basis of central ion 
radius alone one might expect the catalytic effectiveness 
to be reversed from that observed for both of the above 
cases.

The considerable difference in catalytic effectiveness 
found for the ions can be accounted for by only a mod
erate activation free energy difference. For example,

in the case of the extremes, namely Fe2+ and Ca2+, the 
data of Table III used in eq 3 indicate an activation 
free energy difference of only 7.8 kcal m o l"1. A  com
bination of small differences in the entropy of activation 
and of differences in separation of the hydroxyl proton 
and the central ion causing changes in the coulombic 
interaction could readily give rise to the required 7.8- 
kcal activation free energy difference.

In connection with the above it is of interest that the 
three ions Ca2+, M n2+, and Zn2+, all of the same period 
and none of which is subject to crystal field stabiliza
tion effects in weak ligand fields, do appear to have the 
differences in rate constants at least approximately re
lated to the differences in ionic radii. The form of the 
difference in coulombic interaction for two ions, say 1 
and 2, is given by

E 2 -  Ex =  j------------------ 1  (5 )
I_ct2 +  r2 ai +  nJ

Here cu and a2 are essentially equal distances as they 
represent the approximately constant distance from the 
ethanol hydroxyl proton to the nonbonded radius of 
the metal cation, r, and r2 are the respective ionic radii, 
and C is a collective constant which includes the ef
fective coulombic charges and the dielectric constant 
effective for the interactions involved. Since a2 is 
significantly larger than i\r2 and since only rough ap
proximations are under consideration one may, by using 
eq 3 and 5, write

AG *2 — AG*i =  —2.3 RT log k2/kx =  C'(n  — r2) 

or more conveniently

C "(n  — r2) =  —log k2/kx (6)

If M n 2+ is selected as reference ion 1 and the Ca2 + 
as ion 2, one calculates a value of C "  =  — 17.7 c m "1; 
if Zn2+ is ion 2 the calculated value of C "  is — 18.0 c m "1. 
In light of the threefold difference in the (?t — r2) term 
for the two cases the agreement in C"  is surprisingly

(8) L . Pauling, “ The N a tu re  of the C hem ical B ond ,”  3rd  ed, C orne ll 
U n iv e rs ity  Press, Ith aca , N . Y ., 1960, p 518.
(9) L . G . S illen  and A . E . M a rte ll,  “ S ta b il ity  Constants o f M e ta l Io n  
Complexes,”  The C hem ical Society, London, Special P ub lica tion  
N o . 17, 1964.
(10) (a) J . F . B u n n e tt, T ech . O rg . C h em ., 8, 230 (1961); (b) S. A . 
B ernhard , ib id ., 8, 604 (1961).
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Figure 3. Comparison of catalytic rate constant, kx, for 
ethanol hydroxyl proton exchange at ~ 3 9 °  with stability 
constant, fCit(on)+, of monohydroxy metal ion 
complex at — 25°.

good, and likely somewhat fortuitously so. In view of 
the general physicochemical effects found to be asso
ciated* 11 with crystal fields the regularity in behavior of 
the specific cases of Ca2+, M n 2+, and Zn2+ systems may 
reasonably have been anticipated.

In Figure 3 the form of the Br0nsted catalysis law is 
seen to apply to rate constants obtained in the present 
investigation when these are related to the stability 
constants of the monohydroxy complex ions of the re
spective cations given in Table III. As noted in Table 
III, an average value of log Kx for the M (O H )+ com
plex obtained from literature listings9 is used since no 
single author seems to have reported all of the needed 
data. In obtaining the averages it was necessary to use 
data at several temperatures near 25° and to use data 
obtained at several ionic strengths. The lack of con
sistency in the values used to obtain the average value 
of log Kx certainly somewhat compromises the signifi
cance of the apparent linearity shown in Figure 3. 
However, the range of data in Figure 3 covers approxi
mately five decades and the average deviation for the 
log Kx values used to establish the log A M(oh)+ of Figure 
3 was near ± 0 .2 ; therefore, the compromise is thought 
to be insignificant in the present context.

In view of the approximate linearity found in Figure 
3 it is reasonable to infer that the factors which deter
mine the catalytic rate constants are closely related to 
the factors which determine the stability constants of 
the monohydroxy complexes. This suggests that possi
ble and certainly expected steps in the catalysis reaction

involve complexing and subsequent exchange reactions 
such as I and II below.

M 2+ +  EtOH ^  M (E tO H )2+ (I)

M  (EtOH )2 + +  EtOH — ^  M  (EtO) + +  EtOH2 + (II)

If step II is determinative in the rate of the catalysis 
reaction the stability of M (EtO) + will be closely related 
to the availability of the highly reactive species Et- 
OH2+ and one could infer that the stability constants 
of the monohydroxy complex should compare well with 
the observed catalysis rate constants. Information 
available12 for ethanol exchange with M g2+ at 25° and 
for water exchange with all of the cations studied sug
gests that ligand exchange with the bulk medium is fast, 
therefore step I, and equivalent steps for exchanges of 
more fully complexed reactants, should become estab
lished very rapidly and would thus not become limiting 
in the sequence of reactions required for the catalysis.

The very large differences in the exchange rate con
stants for pure ethanol and for the exchange catalyzed 
by acid and by CuCl2 made it of interest to investigate, 
in a limited degree, the effect of temperature on the rate 
constants and thus a determination of the comparative 
activation parameters for the three cases. The ac-

log 1 =  -E J2.3R T  +  log A (7)
T

tivation constants evaluated from eq 7 are given in 
Table IV. The values of r required in eq 7 were

Table IV : Activation Parameters for Ethanol 
Hydroxyl Proton Exchange

F„,
Substance keal/m ol log A

Pure ethanol 12.0 9 .4 5
Ethanol-H Cl 2 1 .3 15.55
Ethanol-CuCh 9 .1 13 .4

determined from line shapes and the Weizmann In
stitute Tables.5 It is of interest that Schneider and 
Reeves13 report that in pure ethanol the methylene pro
ton signal coalesces to a broad quartet at about 80°, 
whereas in the present investigation coalescence was 
observed at 93°. It is felt that the use of higher purity 
ethanol accounts for the higher coalescence tempera
ture.

The values of the activation parameters, and the 
approximate activation entropy, A S *, estimated from

(11) B . N . Figgis, “ In tro d u c tio n  to  L igand  F ie lds ,”  Interscience, 
N ew  Y o rk , N . Y ., 1966, C hapters 4 and 5.
(12) (a) T . D . A lger, J . A m e r .  C h em . S o c ., 91, 2220 (1969); (b)
A . M cA u le y  and J. H i l l ,  Q u art. R ev ., C h em . S o c ., 23, 18 (1969); (c) 
M . E igen and R . G . W ilk in s , A d v a n . C h em . S er ., No. 49, 55 (1965).
(13) W . G. Schneider and L . W . Reeves, A n n .  N .  Y . A c a d . S e t ., 70, 
858 (1958).
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the data of Table IV, suggest that a different mechanism 
may be controlling in the pure ethanol from that con
trolling in the catalyzed cases. The approximate val
ues of the activation entropy in calories mole“ 1 ° K -1  
are — 15.4 for pure ethanol;+ 1 2 .7  for the acid-catalyzed 
case; and + 2 .8  for the CuCl2 case. The above data 
suggest that the controlling step in the reaction may be 
bimolecular formation of the active intermediate in pure 
ethanol, and possibly the unimolecular decomposition 
of the active intermediate in the catalyzed cases.

Two factors that could compromise the validity of 
the rate constants reported in this study are the influ
ence of small amounts of water on the concentrations of 
the cations at which maximum exchange broadening 
was observed and the possible specific influence of the 
anions present. Both of these matters were investi
gated in a limited way with the following results. For 
an added water concentration of 1.0 X  10“ 4 M in pure 
ethanol at 39° the CuCl2 concentration necessary for 
maximum exchange broadening was reduced from 6 X  
10“ 6 M, characteristic of essentially water free ethanol, 
to 2 X  10~6 with the water present. In light of the 
general reproducibility from sample to sample of the 
salt concentrations required for maximum exchange 
broadening, it is felt that the rate constants are for 
essentially water-free systems.

The possible specific influence of the anion on the 
value of the rate constant was determined using sulfates 
of magnesium, nickel, and copper rather than the chlo
rides. The differential effect of sulfates and chlorides 
was measured by observing the hydroxyl proton line 
shape in the exchange region for several sulfate salt 
concentrations and comparing them with concentrations 
of chloride salt required to give the same line shape. It 
was found that there were no consistent differences be
tween the two anion systems, as any difference ob
served fell within the limits of reproducibility of the 
data.

For cases in the present investigation for which 
the longitudinal and transverse relaxation times, Ti 
and T2, respectively, are equal and are equally affected 
by paramagnetic broadening the effective moment, 
jUeff, of the paramagnetic ion can be calculated14 using 
the expression

1/Ti =  4 + 7 W pMe»2/fcT (8)

In eq 8 y is the nuclear magnetogyric ratio, n is the vis
cosity of the medium, and Np is the number of para
magnetic ions per cubic centimeter. The value of Ti 
can be determined from the broadened line shape for 
cases in which the spin-lattice relaxation time equals 
the transverse relaxation time, T2. By using a value15 
of rj for ethanol at 40° of 0.016447 P, and the broadened 
hydroxyl proton signal in the range of paramagnetic 
salt concentrations for which paramagnetic broadening 
was clearly dominant, the values of /ie«  recorded in 
Table V  were calculated. Comparison with values of

Table V : Comparison of Magnetic Moments, in Bohr 
Magnetons, for Some Paramagnetic Cations Obtained 
from Nuclear Relaxation Effects and from 
Susceptibility Measurements

Meff ileff“ yei!b
Ion (Ethanol) (ILO) (Suscept)

C u2 + 2.0e 2.0 2.0
N i2 + 2.1 2.1 3 .1
C o2 + 1.1 1 .0 5 .0
F e2 + 2 .7 5 .3

° Reference 16. b Reference 17. 0 All values in Table
refer to ¡iea for C u2+ as 2 .0  B M .

/ieff obtained for water solution by Morgan et aZ.,16 
shows agreement between the ethanol and water solu
tion values; however, for N i2+, Co2+, and Fe2+ the sus
ceptibility values17 of yueff are larger than the /ieff values 
calculated from the relaxation effect. It is probable 
that this discrepancy arises from a short electron spin- 
lattice relaxation time which causes the fields of the 
unpaired spins to be somewhat inefficient18 in relaxing 
the protons in water and ethanol. The case of M n2+ 
is excluded from Table V  because the proton line shapes 
in the solutions of MnCl2 were determined by the trans
verse relaxation time T2, which was considerably 
shorter19 than Ti in such solutions.

The chemical shifts produced at the several ethanol 
protons by the paramagnetic ions can be used to esti
mate the unpaired electron spin density20 at the respec
tive protons and thus obtain some idea of the extent of 
possible delocalization of the electrons of the ions or of 
the ligand. The chemical shifts must be measured 
relative to some diamagnetic reference standard; in the 
present case TM S was used as the standard in pure 
ethanol to obtain reference proton shifts and then used 
as an internal standard in the ethanol-paramagnetic 
salt solutions to determine the chemical shift attribut
able to isotropic hyperfine interaction. Signal broad
ening in M n2+ solutions obscured signal maxima in all 
but very dilute solutions M) so chemical
shift data for ethanol in MnCl2 were not recorded.

The experimental chemical shifts were obtained over 
concentration ranges of the salts from about 2 X 10“ 8 
M  to 2 X 10~2 M, or in case broadening was not serious, 
to about 6 X 10~2 M  at 39°. In all cases the chemical

(14) Reference 2b, p 207.
(15) “ In te rn a tio n a l C ritica l Tab les,”  V o l. V , E . W . W ashburn, E d., 
M c G ra w -H ill,  N ew  Y o rk , N . Y „  1929, p 10.
(16) L . O. M o rgan , A . W . N oble , R . L . H i l l ,  and J. M u rp h y , J . C h em . 
P h y s . ,  25, 206 (1956).
(17) R . L . Conger and P. W . Selwood, ib id ., 20, 383 (1952).

(18) Reference 2b, p 210.
(19) N . B loem bergen and L . O. M o rgan , J . C h em . P h y s ., 34, 842 
(1961).
(20) (a) C. P . S lich ter, “ P rinc ip les o f M a gne tic  Resonance,”  H arpe r 
and R ow , N ew  Y o rk , N . Y ., 1963, p 89 ff ;  (b) reference 2a, p 221 ff.
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Table VI : Chemical Shifts“ in Hertz and Relative Unpaired Electron Spin Densities
for Ethanol Protons in Several Paramagnetic Salt Solutions (39°)

---------------------------------------------------------------------Groups------------------------------------------------------------------------
OH--------------------- ---------------------CHa-------------------- - ---------------------CHb

Salts ^  *  10_5 Pr X 10" ■----- X 10-»dXm Pr X 10> X 10" Pr X io>
CuCh + 2.02 - 0 . 9 4 — 5 .8 5 +  2 .7 - 1.66 +  0 .7 8
N iCh - 2 . 4 2 +  0 .4 2 — 8 .9 6 +  1.6 - 4 . 3 6 +  0 .7 6
CoCh - 1 2 . 5 +  1.2 - 8 . 7 4 +  0 .8 2 - 1.01 +  0 .0 9
FeCh - 1 0 . 9 +  0 .6 3 - 1 5 . 3 +  0 .8 9 - 3 . 2 4 +  0 .1 9
CaCh - 0 . 1 6 - 0 . 0 4 - 0.02

° Negative chemical shifts are to lower field and correspond to an excess of a  electron spin at the indicated proton; v iz ., the electron 
moment opposes the static field ( = 6 0  M H z) at the nucleus.

shifts were best represented as straight lines with zero 
intercepts when the chemical shift was graphed against 
ion concentration. With the exception of the hydroxyl 
proton in CuC)2 solutions all shifts were to lower reso
nant frequencies. There is a problem of converting 
the chemical shifts observed in the rather dilute solu
tions to some basis that will make reasonable a com
parison of calculated unpaired spin densities for the 
solution system with similar calculations for radicals 
and other pure substances. One alternative, and the 
one followed here, is to use the observed chemical 
shifts in the dilute solutions to obtain a somewhat 
fictitious “partial molal chemical shift”  by extrapola
tion of the low concentration values to unit mole frac
tion of the paramagnetic ion. Since the graph of the 
hyperfine interaction chemical shift, 8 it for equivalent 
protons of ethanol vs. the mole fraction of the paramag
netic ion, A m, is found to be a straight line, the slope 
d § /d X m furnished the required “ partial molal chemical 
shift” . At the dilutions involved (~ 1 0 ~ 2 M) the mole 
fractions of the solutions were calculated from molari
ties by using the density21 of pure ethanol at 39°. This 
approximation introduced an error of less than 1%  in 
the slope.

The values of the “ partial molal chemical shift” in 
Hertz are recorded in Table V I along with relative 
values of the electron unpaired spin density, p r, cal
culated as follows.

The additional magnetic field, AH, experienced22 by a 
nucleus because of unpaired electron spin density is 
given by

-  = <*>
Here A n is the Fermi hyperfine splitting for nucleus 

n in Hertz, h is Planck’s constant, S is the total elec
tronic spin of the paramagnetic ion, ge and gn are the 
electronic and nuclear g factors, respectively, /3e and /3„ 
are the Bohr and nuclear magneton, and H is the large 
static magnetic field. The Fermi formula for A n in 
Hertz is

An =  ^e/3e?n/3n|^(0)|2 (10)

where /3e and /3n are in ergs/G and |^(0)|2, the squared 
amplitude of the electronic wave function at the 
nucleus, is in electrons/'cubic centimeter. By inserting 
appropriate values in eq 9 and 10, after replacing 
AH/H by 6Hz/ 6.0 X  107 where 8m equals (dS/dXm), 
one obtains

|f(0) 12
-7 .4 8  X  10nfrn

OS) OS +  1) (11)

It is apparent from eq 11 that a positive value of 
8m, namely a shift to a higher nuclear resonance fre
quency, yields a negative spin density, or, in terms of 
a and £ electronic spins, a condition at the nucleus 
which causes the nucleus “ to see” an excess of ¡3 elec
tronic spin, a spin which adds the field of the electronic 
magnetic moment to the external static field. The 
relative unpaired spin density was calculated by com
paring the spin density evaluated from eq 11 to the 
value of the spin density for the free hydrogen atom, 
namely

Pr =  [iK0)]2/2 .1 5  X  1024 (12)

The data for CaCl2 are included in Table V I for com
parison and to indicate some measure of the uncer
tainty in the meaning of the chemical shift data in 
terms of unpaired electron spin densities. It is clear 
that all paramagnetic cases greatly exceeded the shift 
effects found for CaCl2; however, it is also clear that the 
total unpaired spin density in the ethanol molecule is 
small, being of the order of 7 X  10~3 for the maximum 
case of CuCl2 and about 3 X  10 ~3 for FeCl2.

The only alcohols that appear to have been studied23 
as to paramagnetic contact shifts, other than at low 
temperatures where ligand exchange is very slow,24

(21) “ A m erican In s t itu te  o f Physics H and boo k ,”  V o i. 2, 2nd ed, 
M c G ra w -H ill,  N ew  Y o rk , N . Y ., 1963, p 151.
(22) (a) D . R . E a ton  and W . D . P h illips , A d v a n . M a g n . R e s o n a n c e , 
1, 605 (1965); (b) R . M . G old ing, “ Physica l C h e m is try ,”  V o l. IV ,  
H . E y rin g , D . Henderson, and W . Jost, E d., Academ ic Press, N ew  
Y o rk , N . Y ., 1960, p 459 ff.

(23) W . D . P h illip s , C. E . Looney, and C. K . Ikeda, J . C h em . P h y s .,  
27, 1435 (1957).

(24) (a) Z. Luz and S. M e iboom , ib id ., 40, 1058, 1066 (1964) ; (b) 
Z. Luz, ib id ., 41, 1748, 1756 (1964).
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are 1-propanol and 1-hexanol using CoCl2 at concen
trations ranging from about 0.1 M  to about 2.7 M. By  
taking into account that the reported work on propanol 
was at 30 M H z, it is found that the chemical shift for 
the protons on the a carbon of propanol agrees rather 
well, as to absolute value, with the observed chemical 
shift of the methylene protons of ethanol in the present 
study; however, the shifts for the propanol and the eth
anol are recorded as having opposite field shift direc
tions. It is not clear from information at hand con
cerning the propanol and hexanol studies whether they 
were made at constant frequency-variable field, or at 
constant field-variable frequency. If it was the former 
the disagreement as to direction of chemical shift is 
only apparent, for a + A H  value in this case would 
represent an excess a electronic spin for the proton 
under observation. There is no agreement for the pro
panol and hexanol as to absolute magnitude or direction 
for the /3 carbon protons, or for the hydroxyl group pro
ton, or for the y, 8 , etc., carbon proton chemical shifts 
and the shifts observed for the hydroxyl and methyl 
group protons of ethanol.

There have been many contributions to the under
standing of observed hyperfine interactions and most 
of these have been reviewed by Eaton and Phillips.22a 
It appears, however, that none of these will fully explain 
the results reported in Table V I and possibly the sim

Kinetics of Catalysis by Reversed Micelles

plest view would be that there is polarization of the a 
electronic system of the ethanol by the unpaired elec
tron^) of the paramagnetic ions. Judging from the 
magnitude of this effect as recently reported by Pople 
and Beveridge25 for a methyl group proton in a plane 
perpendicular to the 2p7r orbital of the methylene car
bon in the ethyl radical, the polarization effect will well 
accommodate the spin densities reported in Table VI. 
The attenuation in relative spin density in going from 
the methylene to the methyl group seems consistent 
with the spin polarization being transmitted through 
the bonding system of the ethanol. It is interesting 
to note that the relative spin densities calculated by eq 
9-12 show a decrease of the total spin density on the 
ethanol protons as the number of unpaired electrons on 
the cations increases. It is also of interest to note that 
the calculated spin densities should give rise to hyper
fine coupling constants of 0 .5-1.5 G, a range of cou
plings near those found for some transition metals with 
the protons of metallocenes26 and chelates.27

(25) J . A . Pople and D . L . Beveridge, “ A p p ro x im a te  M o le cu la r 
O rb ita l T h e o ry ,”  M c G ra w -H ill,  N ew  Y o rk , N . Y „  1970, p 144.

(26) H . M . M cC on ne ll and C. H . H o lm , J . C h em . P h y s . ,  27, 314 
(1957); 27, 749 (1957).

(27) (a) D . R . E aton , A . D . Josey, W . D . P h illip s , and R . E . Benson, 
D is c u s s . F a ra d a y  S o c ., 34, 77 (1962); (b) R . S. M iln e r  and L . P ra tt, 
ib id ., 34, 88 (1962); (c) D . R . E aton , J . A m e r . C h em . S o c ., 87, 3097 
(1965).
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Kinetics of the Catalysis by Reversed Micelles of 

Cetyltrimethylammonium Bromide in Hexanol

by S. Friberg* and S. I. Ahmad
T h e  S w ed ish  In s t i tu te  f o r  S u r fa c e  C h em istry , S -1 1 4  2 8  S tockh olm , S w ed en  ( R ece iv ed  J a n u a r y  2 5 , 1 9 7 1 )  

P u b lic a tio n  costs  a ss is ted  b y  th e  S w ed ish  B o a r d  f o r  T ec h n ic a l D e v e lo p m en t

The influence of reversed micelles on the hydrolysis rate of p-nitrophenyl laurate has been investigated. The 
rate constant for hydrolysis was determined in hexanol solutions of water and cetyltrimethylammonium 
bromide of different compositions. The rate constant showed a pronounced increase when reversed micelles 
were formed in the system, giving evidence of a catalytic effect of reversed micelles.

Catalysis in micelles by cationic species has been 
treated in several articles following the pioneering work 
of Duynstee and Grunwald in 1959.1 Cordes and Dun
lap2 have recently published an extensive review of the 
field. They point to two factors as being responsible 
for enhanced reaction rates: first, electrostatic and
second, hydrophobic interactions of reactants, transi

tion complex, and reaction products with the micellar 
phase. The existence of a charged transition state 
when a neutral molecule is hydrolyzed by hydroxide

(1) E . F . J. D uynstee and E . G ru nw a ld , J . A m e r .  C h em . S oc ., 81, 
4540 (1959).
(2) E . H . Cordes and R . B . D un la p , A c c o u n ts  C h em . R es ., 2 , 329 
(1969).
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ions shows the importance of electrostatic interac
tions.3-4 Structural effects in reactant species are re
flected in accentuated hydrophobic bonding which gives 
rise to a higher concentrations in the micelles.6

The majority of these investigations has been carried 
out in aqueous solutions where the poorly soluble reac
tant is solubilized at the surface of normal micelles, 
while the second reactant, commonly the hydroxide ion, 
is soluble in the aqueous part. Exceptions are recent 
investigations on the kinetics of catalysis at the hep
tane-water interface6 and on catalysis in nonhydrox- 
ylic solvents.7 However, in none of these investigations 
is the possible influence of reversed micelles treated.

Electrostatic interactions have a dominant effect on 
reactions in aqueous micellar solutions. However, 
since reversed micelles present in nonaqueous solutions 
of surfactants have received increased attention in re
cent years8-12 we considered it worthwhile to investigate 
the possible catalytic activity of reversed micelles. 
In view of the numerous treatments of hydrolysis of p- 
nitrophenyl esters catalyzed by cationic surfactants we 
chose p-nitrophenyl laurate and hexadecyltrimethyl- 
ammonium bromide for the present investigation.

Experimental Section
Materials. Analytical reagents p-nitrophenyl lau- 

rate (Schuchardt, München), 1-hexanol (Fluka), and 
cetyltrimethylammonium bromide (Merck), CTAB, 
were used. Doubly distilled water, buffered to pH 11.5 
by means of a 0.01 M  sodium phosphate buffer, was used.

Reaction Rates. Kinetic measurements were per
formed by determination, at various times, of the 
amount of p-nitrophenolate ion from the extinction at 
400 nqt by means of a Zeiss PM Q II spectrophotometer. 
Initial concentration of p-nitrophenyl laurate ester 
was 2.4 X  10-5 M. First-order rate constants were 
determined from the half-life, measured from the actual 
and final concentration of the phenolate ion.

The determinations were made on seven series of 
solutions, each with a constant ratio of hexanol: surface 
active substance and with varying amounts of water.

Results

The reaction rates, expressed as rate constants for a 
first-order reaction in the ester, were determined for the 
seven series according to Figure 1. The first three 
series with alcohol contents above 70%  were chosen in 
the narrow region where the solubility of water is in
creased only slightly over that in pure hexanol. In
creasing amounts of water were present in the next 
three series reaching a maximum of 55%  in series No. 6. 
Series No. 7 was chosen with a higher content of CTAB  
and smaller amounts of water.

The results are shown in Figure 2, with Figure 3 
giving a “ three dimensional” picture of the variation. 
The first three series gave low rate constant values be
tween 0 and 0.03 min-1 which were not markedly depen-

HEXANOL

Figure 1. The hexanol solution area in the system  
water-CTAB-hexanol and the compositions used in the 
investigation. The numbers refer to the different series.

dent on the water content. At higher content of the sur
face active substance ab series 4, an increase of rate con
stants occurred when the water content was increased, 
and the rate constant reached values of between 0.1 and 
0.4. This increase in rate constant took place rapidly 
over a narrow range of concentration.

Discussion
The results show a well-defined trend; the reaction 

rate constant increases rapidly over narrow concentra
tion regions. This increase is observed when the alco
hol content is reduced to below 70%  (w/w) and when 
the water content is increased a few per cent above the 
minimum level where micellar solutions exist.

In order to explain this, the association conditions of 
the solutions in the region studied must be considered. 
The system water-hexanol-CTAB has been investi
gated by Lawrence,13 who found the liquid alcohol phase. 
Recently Lindblom ,1 in a study of the counterion bind
ing using nuclear magnetic relaxation of 81Br, found a 
pronounced decrease of relative line width, AB/AB(h as 
the alcohol concentration was reduced below about 70  
wt % . Below this value the line width was con-

(3) J . L . K u rz , J . P h y s .  C h em ., 6 6 , 2239 (1962).

(4) R . B . D u n la p  and E . H . Cordes, ib id ., 7 3 , 361 (1969).
(5) C. A . B enton , L .  Robinson, and L . Sepulveda, J .  O rg . C h em ., 35, 
108 (1970).
(6) F . M . M enger, J . A m e r .  C h em . S oc ., 92,  5965 (1970).

(7) R . L . Snell, W .-K . K w o k , and Y . K im , ib id ., 89,  6728 (1967).
(8) S. F riberg , L . M a nde ll, and P. E kw a ll, A c ta  C h em . S ca n d ., 20,  
2632 (1966).
(9) G. G illbe rg , H . Lehtinen , and S. F riberg , J .  C o llo id  I n te r fa c e  S c i . ,  
33, 40 (1970).
(10) G. Soderlund and S. F riberg , Z .  P h y s .  C h em ., 70, 39 (1970).
(11) G. L in d b lo m , B . L indm an , and L . M a n d e ll, J . C ollo id  I n te r fa c e  
S c i., 34, 262 (1970).
(12) P . E kw a ll, L . M a nde ll, and P. Solyom , ib id ., 35, 266 (1971).
(13) A . J. H yde , D . M . Langbridge, and A . S. C. Lawrence, D is c u s s .  
F a ra d a y  S o c ., 18, 239 (1954).
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Figure 2. The rate constants as function of the water content 
in the different series: (sign, series), O, 1; 9,2; ■ , 3; Y ,
4; A , 5 ; X ,  6 ; 0 , 7.

Figure 3. Overall view of the rate constants as function of the 
composition of the solution.

stant. After comparison with the X-ray and viscosity 
data of Ekwall,12 Lindblom concluded that the three 
substances formed micelles at alcohol concentrations be
low 70% . At higher alcohol concentrations, the forma
tion of ion pair complexes, solvated by water and hex- 
anol, was suggested.

At the ratio 1 :3 .5  of CTAB to hexanol, the solutions 
have a maximum water solubilizing capacity. When 
the water content is decreased in this solution, an in
crease in the line width, AB/B0, at 20 -30%  water was 
found.11 It was concluded that the bromide ions are 
more firmly bound to the micellar surface in the region 
with water concentrations below this value. Accord
ing to Ekwall12 both the viscosity of and the Bragg

WATER,WEIGHT %

Figure 4. Change in intensity of light scattering with 
concentration of water.

spacing from the solutions increase considerably when 
the water content is in excess of 30%  (w/w). As the 
water content is decreased from this value, the viscosity 
decreases linearly while the Bragg spacing increases. 
Our light scattering determinations (Figure 4), ex
pressed as a plot of log AI  against log concentration 
according to M alik,14 show approximately two straight 
lines with an intersection at a water content of 25% . 
The increased Bragg spacing at low water content is not 
necessarily due to the formation of micelles. However, 
on comparison of the results from several different 
investigations, micellization appears highly probable 
at water contents above 30%  (w /w ).

The present results therefore strongly indicate a cor
relation between the formation of reversed micelles and 
a sudden increase of the reaction rate. For all water 
concentrations studied, on reduction of the concentra
tion of hexanol, an increase of reaction rate begins at 
the concentration where micelles begin to form. It 
appears evident that hydrolysis is catalyzed to a greater 
extent when the water is associated into micelles, as 
compared when it serves as solvation for ion pairs at 
high alcohol concentrations. In this latter case the 
solvated water will probably not show the same hy
droxide ion activity and the effect of the buffer in alco
hol solutions cannot be directly compared with its ef
fect in aqueous solutions. The primary cause of the 
increased catalytic influence when micelles are present 
could consequently be but is not necessarily found in 
these phenomena.

The rate constant referred to a first-order reaction 
is of the same magnitude as from investigations on nor
mal micelles containing C T A B 16 showing a maximum 
value of Kobsd ~  0.26 min-1 . This shows that this 
method of solubilizing the hydrolyzing agent gives a

(14) W . U . M a lik , A . K . Ja in , and O. P. Jham b, I n t .  J .  A p p l .  
R a d ia t. I s o to p . , 21, 564 (1970).
(15) L . R . Ram sted and E . H . Cordes, J . A m e r .  C h em . S o c ., 90, 4404 
(1968).
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similar efficiency to that obtained when the reactant is 
solubilized.

The calculation of a rate constant that referred to a 
first-order reaction is justified since the buffered aqueous 
solution gives a constant pH value, so that the hydrox
ide ion is present in large excess over the reactant even 
in the most water-poor solutions. The total amount of 
water is, however, not constant in the different solu
tions. Dividing by the concentration of water and by 
the maximum value of the rate constant gives the rela
tive “ approximate second-order rate constant” accord
ing to Figure 5. This presentation of the results shows 
the effect of the different activity of water in the dif
ferent solutions. The sudden increase of the rate con
stant at micellization can formally be referred to a 
change of the hydroxyl ion activity. Furthermore, in 
all the series where a sudden increase of the reaction 
constant is found, a maximum value of the rate con
stant is observed immediately after the sudden increase. 
The decrease of the value of the rate constant after this 
maximum may be explained by assuming an increased 
micellar size with higher water content. Since the 
hydrolysis reaction must occur in a surface layer at the 
micelle, an increased micelle diameter will give less 
catalytic efficiency due to a decreased micellar surface 
area per volume of water. Both the results of Ekwall12 
and our light scattering data can be interpreted as 
originating from increased micellar size with increased 
water content. This would explain the decrease of the 
second-order rate constant with increased water con
tent.

Figure 5. Relative second-order rate constants: (sign,
series), 0 , 1 ;  • , 2; ■ , 3; Y , 4 ; A , 5; X ,  6; G , 7.

The investigations will be continued with the reac
tions in surfactants under different association condi
tions.
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Thermodynamics of Solutions with Liquid Crystal Solvents. III. 

Molecular Interpretation of Solubility in Nematogenic Solvents

Laurence C. Chow1 and Daniel E. Martire*
D ep a r tm en t  o f  C h em is tr y , G eorgetow n  U n iv e rs ity , W a sh in g to n , D . C . 2 0 0 0 7  (.R ece iv ed  O ctober 2 2 , 1 9 7 0 )

P u b lic a tio n  co s ts  b o rn e  c o m p le te ly  b y  T h e  J o u r n a l  o f  P h y s ic a l  C h em is tr y

Gas-liquid chromatography was used to obtain infinite dilution activity coefficients and partial molar enthalpies 
and entropies of solution for 42 nonmesomorphic solutes in both the nematic and isotropic liquid regions of 
p-azoxyanisole and 4,4'-dihexoxyazoxybenzene. A molecular interpretation of solubility in nematogenic 
solvents is proposed.

Introduction
Since the nematic mesophase differs from the iso

tropic liquid only in the parallel alignment of the molec
ular long axes, it is, from a theoretical standpoint, the 
least structurally complex liquid crystal phase. Re
cently, for example, statistical mechanical treat
ments2-4 have successfully accounted for the existence, 
stability, and degree of order of nematic mesophases. 
Furthermore, the nematic phase has proven to be the 
most amenable to experimental investigation. During 
the past decade numerous physical studies (e.g., electro
magnetic,5'6 optical,7 thermal,8 nmr,9'10 esr,11 ir,12 
uv,13 etc.) have been conducted with varying degrees of 
success. However, no definitive thermodynamic solu
tion studies have been performed with liquid crystal 
solvents until gas-liquid chromatographic (glc) inves
tigations were undertaken in this laboratory.14'15 Glc 
is a particularly advantageous method for studying the 
solvent properties of, structure of, and solute behavior 
in liquid crystals. Since the solute molecules are at 
infinite dilution, the long range order of the liquid crys
tal phase is neither disrupted nor destroyed by solute 
addition. Furthermore, a variety of solutes can be 
studied conveniently and rapidly (in contrast to static 
thermodynamic methods)16'17 and with high accuracy.

In a previous study15 on nematogenic substances, it 
was established that surface effects (in a thermody
namic sense) were negligible at both the gas-liquid crys
tal and the liquid crystal-solid support interfaces in the 
glc experiment, provided that the coating thickness was 
greater than about 1000 A. This recent finding per
mits one to proceed with thermodynamic glc studies on 
nematogenic solvents with confidence that the results 
will provide information about bulk liquid crystal be
havior.

Experimental Section
Liquid Phases (Solvents). Two nematogenic com

pounds, 4,4'-dimethoxyazoxybenzene or p-azoxyani- 
sole (PAA) and 4,4'-dihexoxyazoxybenzene (DHAB)

were studied.

117.5° 134.2°
PAA (solid — nematic < > isotropic)

was 99.6%  pure.

81.0° 128-2°
D H A B  (solid > nematic < isotropic)

was 99.7%  pure. The chemical source, purification 
procedure, purity determinations, and transition tem
perature determinations are described elsewhere.16

Solutes. Nonmesomorphic organic solutes (42) were 
chosen for this study. This group of compounds (listed 
in Table I) exhibits a reasonable range of molecular size, 
shape, rigidity, polarity, and polarizability. For each of 
the solutes the physical properties (saturated vapor

(1) S u b m itted  b y  L . C . C how  to  the D epa rtm e n t o f C hem istry, 
Georgetown U n iv e rs ity  in  p a rtia l fu lf il lm e n t o f the requirem ents fo r 
the  P h .D . degree.
(2) M .  A . C o tte r and D . E . M a rtire , M o l .  C ry s t. L iq u id  C ry s t. , 7 ,  
295 (1969).
(3) M .  A . C o tte r and D . E . M a rtire , J .  C h em . P h y s . ,  52, 1902, 1909 
(1970); 53 ,4500 (1970).
(4) A . W u lf  and A . G . deRocco in  “ L iq u id  C rys ta ls  and Ordered 
F lu id s ,”  T . F . Johnson and R . S. P orte r, E d ., P lenum  Press, N ew  
Y o rk , N . Y ., 1970, p 227.
(5) R . W illia m s, J . C h em . P h y s ., 39, 384 (1963).

(6) R . P . T w itc h e ll and E . F . C arr, ib id ., 46, 2765 (1967).
(7) G. H . H eilm e ie r, L . A . Zanoni, and L . A . B a rto n , A p p l .  P h y s .  
L e t t ., 13, 46 (1968).
(8) E . M . B a rra ll, I I ,  R . S. P orte r, and J. F . Johnson, J . P h y s .  
C h em ., 68, 2810 (1964).
(9) A . Saupe, A n g e w . C h em ., I n t .  E d . E n g l., 7, 97 (1968).

(10) J. D . R owell, W . D . P h illip s , L . R . M e lb y , and M . Panar, 
J . C h em . P h y s ., 43, 3442 (1965).
(11) D . G . Chen, P . G . James, and G. R . Lu ckhu rs t, M o l .  C ryst. 
L iq u id  C ry s t., 8, 71 (1969).
(12) W . M a ie r and K .  M a rka u , Z . P h y s .  C h em ., 28, 190 (1961).

(13) A . Saupe and W . M a ie r, Z . N a tu r fo r sh . A ,  16, 816 (1961).
(14) D . E . M a rtire , P. A . Blaseo, P . F . Carone, L . C. Chow, and 
H . V ic in i, / .  P h y s . C h em ., 7 2 , 3489 (1968).
(15) L . C . C how  and D . E . M a rtire , ib id ., 73, 1127 (1969).
(16) M .  L . M cG lashan and A . G. W illiam son, T ra n s . F a ra d a y  S oc ., 
57, 588 (1961).
(17) A . J. A shw orth  and D . H . E ve re tt, ib id ., 56, 1609 (1960).
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pressures and second virial coefficients) needed for 
determining the infinite dilution solution activity co
efficients are available or can be accurately estimated. 
Since solute purity is not an important consideration in 
this study, the solutes, obtained from five different 
chemical suppliers (see Table I), were used without 
further purification.

Table I : Solute Components

Solute
no. Compd

Solute
no. Compd

1 ra-Heptane“ 22 n-1-Decene“
2 n-Octane“ 23 ra-l-Undecene'
3 n-Nonane“ 24 1-Chloropentane6
4 2-M ethyloctane' 25 1-Chlorohexane6
5 2,2-Dimethylheptane' 26 1-Chloroheptane6
6 3,3-Dimethylheptane' 27 l-Chlorooetane5
7 4,4-Dim ethylhep tane' 28 1-Bromohexane6
8 2,6-Dimethylheptane' 29 l-Iodohexane5
9 3-Ethylheptane' 30 o-Xylene5

10 3,3-Diethylpentane' 31 ra-Xylene6
11 ra-Decane“ 32 p-Xylene6
12 n-Undecane6 33 o-Dichlorobenzene6
13 n-1-Heptene“ 34 m-Dichlorobenzene"
14 n -1-Oetene“ 35 p-Dichlorobenzened
15 n-cis-2-Octene' 36 o-Chlorotoluene'
16 n-trans-2-Octene' 37 m-Chlorotoluene6
17 »-efs-3-Oetene' 38 p-Chlorotoluene5
18 n-írans-3-Octene' 39 ra-Butylbenzene1
19 n-a's-4-Octene' 40 Isobutylbenzene5
20 n-trans-4-Octene' 41 sec-Butylbenzene5
21 ra-1-Nonene“ 42 ieri-Butylbenzene'

“ Humprey Chemical Co. b Baker Chemical Co. '  Chemical 
Samples Co. d Fisher Scientific Co. * Eastman Organic Chemi
cals.

Preparation of Columns. Since the results of the pre
ceding paper15 indicated that a highly inert solid sup
port which provides a moderate surface area would be 
most suitable for this work, the only type of support 
used here was Johns-Manville 60-80 mesh, acid washed 
and DMCS-treated Chromosorb W . The solid sup
port was coated with the liquid crystal as previously 
described.16 The exact weight per cent of liquid crys
tal in the packing (dried coated support) was found by 
taking the average of at least three gravimetric deter
minations, with about 1 g of packing, done both before 
and after combustion of the liquid crystal.18 The coated 
support was packed into 0.25-in. o.d. copper tubing, 
which was then coiled to fit the chromatograph oven. 
The columns were conditioned with a gentle flow of 
helium (the carrier gas) at about 150° for about 24 hr. 
Details of the column compositions are given in Table 
II .

Apparatus and Procedure. The glc apparatus and 
experimental procedure used in obtaining our solute 
specific retention volumes (F g°) have been described 
previously.16

Table II : Composition of Columns

Liquid Crystal PAA DHAB

Molecular weight 2 5 6 .4 3 9 5 .6
Liquid crystal weight % 1 8 .2 4 1 0 .0 0
Liquid crystal surface area“ 0 .6 0 .7
Approx film thickness, A 6 2 6 0 0 1200
Total weight, g, of packing 9 .8 3 3 3 6 .7 4 7 ;
Total weight, g, of liquid crystal 1 .7 9 4 0 .6 7 5

° In meters Vgram packing; values interpolated from Figure 
2 of ref 19. 6 Estimated by using a mean liquid crystal density 
of 1.15 g /m l (see ref 15).

Results
Specific Retention Volumes. F g° data were obtained 

at five to seven reasonably spaced temperatures in both 
the nematic and isotropic liquid phases of PAA and 
DH AB. The probable error in the measurement of 
Fg° is estimated to be 1 .0% .20 As expected, with 
helium as the carrier gas and at the low mean column 
pressures used here, the F g° values showed no depen
dence on the gas flow rate.21-23 The only system for 
which published F g° values are available for compari
son is o-xylene-PAA.24 However, because of insuf
ficient information, we are unable to assess the probable 
error in their measurement; nevertheless, the agreement 
is reasonable (see Figure 1).

Solute Activity Coefficients. Solute activity coeffi
cients at infinite dilution (yp”) were determined from 
the expression25

» =  1-704 X  107
7p M 1P2°F g° ( '

where Mi is the solvent (liquid crystal) molecular 
weight, and P2° is the vapor pressure of the pure satu
rated solute vapor in Torr. For all but three of the 
solutes the vapor pressures were calculated from the 
Antoine equation using the constants from Dreisbach’s 
compilation.26 For the chlorotoluenes (solutes 36, 37, 
and 38) the vapor pressures were determined by com
puter interpolation of published vapor pressure data.27

(18) D . E . M a r t ire  and P. R iedI, J . P h y s .  C h em ., 72, 3478 (1968).

(19) R . L . Pecsok, A . de Y llana , and A . A b d u l-K a rim , A n a l . C h em ., 
36. 452 (1964).

(20) L . C . Chow, D oc to ra l D isserta tion , Georgetown U n ive rs ity , 
1970, pp 41, 59 and 60.

(21) D . H . D esty, A . Goldup, G. R . Lu ckhu rs t, and W . T . S w anton, 
“ Gas C h rom atography,”  M . van  Swaay, E d., B u tte rw o rth s , London, 
1962, p  67.

(22) D . E . M a rt ire  and L . Z. P o llara , A d v a n . C h ro m a to g r ., 1, 335 
(1965).

(23) A . J. B . C ru ickshank, M .  L . W indsor, and C . L . Young, P r o c .  
R o y . S o c ., S e r . A ,  2 9 5 , 259 (1966).
(24) H . K e lke r and A . Verhelst, J . C h rom a tog r. S c i . , 7, 79 (1969).
(25) D . E . M a rtire , “ Gas C hrom atography,”  L . Fow le r, E d ., A ca
demic Press, N ew  Y o rk , N . Y ., 1963, p 33.

(26) R . R . Dreisbach, A d v a n . C h em . S er ., No. 15, (1955); ib id .,  
No. 2 2  (1959); ib id ., No. 29 (1961).

(27) D . R . S tu ll, I n d . E n g . C h em ., 39, 517 (1947).
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Figure 1. The specific retention volumes (F g°)  of o-xylene 
in PAA. Comparison with results from ref 24 : A , this study; 
X , ref 24. (Transition temperature indicated by dashed 
vertical line.)

Solute activity coefficients fully corrected for the non
ideality of the vapor phase (vf“ ) were obtained from 
the expression22

In 7 f" =  In 7 P”
P 2° T?22 
~~RT~ (2)

where B2? is the second virial coefficient of the pure 
solute vapor at T.

The virial coefficients were computed from the modi
fied corresponding states equation of McGlashan and 
Potter.28-30

f ;  = 0 .4 3 0  -  0 . 8 8 6 ^ )  -  0 .6 9 4 ( £ j  -

( T \ 4'6

t )  (3)
where Vc and Tc are the solute critical volume and 
critical temperature, respectively, and n is the effective 
carbon number of the solute. Critical constants have 
been reported26’31,32 for 34 of our solutes. For the 
other eight (solutes 24-29, 37, and 38) they were esti
mated from the normal boiling points26 (TB) and para- 
chors33 (P) through Herzog’s33 empirical expressions

Tc =  TB[a -  blog (P)] (4)

V c =  2.92 (P y -t /T c 0-3 (5)

where TB is in Kelvin, and the values of the constants 
a and b are given in ref 33. The third parameter in 
eq 3, the effective carbon number n, was taken as the 
actual number of carbon atoms in the molecule for the 
pure hydrocarbons.28-30 In determining n for the 
halogenated hydrocarbons, unit values of 1.0, 1.5, and
2.0 were assigned (based on size considerations) for 
each chlorine, bromine, and iodine atom, respectively, 
in the molecule. It is estimated that the maximum un
certainty (when estimated rather than measured critical 
constants are used) in determination of Bn from eq 3 is 
about 10%.

Taking into account all possible sources of error,20 
it is estimated that the probable error in the measure
ment of the corrected infinite dilution activity coeffi
cient (yf")  is about 1.5% .

Partial Molar Excess Enthalpies and Entropies. 
From solution thermodynamics, we have

Gif H f  _  S f
RT ~ RT R (6)

where Cr2e, i and S2e are, respectively, the infinite 
dilution solute partial molar excess free energy, en
thalpy, and entropy. From the yV  results, /? 2e and
S-f were determined for each solute in both the ne
matic and isotropic liquid phases of PAA and DH AB  
from linear least-squares plots of In yf"  against reciprocal 
temperature (see Figures 2 -7  for several representative 
plots). The values are listed in Tables III and IV  along 
with the corresponding standard errors. Smoothed 
y{° values and the best least-squares linear plots can 
be generated from eq 6 and the tabulated excess proper
ties.

Partial Molar Enthalpies and Entropies of Solution. 
For comparing the solution behavior of a series of 
solute molecules, the enthalpies (AH2BO'n) and entropies 
(A52BO,n) of solution, rather than the excess enthalpies 
and entropies, are the more meaningful quantities be
cause of the absence of solute-solute interactions in the 
former terms.14 The reference state for Aff28oln and 
AS28oln is an ideal gaseous mixture (solute plus inert 
carrier gas) where the solute is at infinite dilution. 
Thus, for example, AH2eoln refers to the heat absorbed 
or given off when an infinite dilution transfer of solute 
takes place from the ideal gaseous mixture to the actual 
solution. A/72soln and A528oIn are obtainable from the 
partial molar excess quantities, since

A7/28oln =  f l f  -  A fl2vap (7)

and

AS2aoln =  S2'
A f f2vap 

T
(8)

where A //2vap is the pure solute molar enthalpy of 
vaporization. Alternatively, A/728oln is obtainable from 
the slope of a In F g° vs. reciprocal temperature plot, 
and, since

Gie =  AG280ln =  Ai?280ln -  TAS28oln (9)

A528oln is readily determinable as well. The values of 
AH2aoln and A52soIn are listed in Tables V  and VI.

(28) M . L .  M cG lashan and D . J. B . P o tte r, P r o c . R o y . S o c ., S er . A ,  
267, 478 (1962).
(29) M .  L .  M cG lashan and C. J. W orm a ld , T ra n s . F a ra d a y  S o c ., 60, 
646 (1964).
(30) E . A . Guggenheim  and C. J. W orm a ld , J .  C h em . P h y s . ,  42, 
3775 (1965).
(31) K . E . K obe and R . E . L yn n , J r., C h em . R ev ., 5 2 , 117 (1953).
(32) A . P . K udchadker, G. H . A lan i, and B . J. Zw o linsk i, ib id .,  
68, 659 (1968).
(33) O. S. Quayle, ib id ., 53, 439 (1953).
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Figure 2. n-Alkanes in PAA . Logarithm of infinite dilution 
solute activity coefficient (In 7, “ ) vs. reciprocal temperature 
in Kelvin (10’/T). Plots for several representative families of 
solutes. (Transition temperature is indicated by dashed vertical 
line. The number above the experimental plot corresponds to 
the number of carbon atoms in the solute.)

Interpretation of Results
Proposed Solution Effects. The following approxi

mate expression can be readily derived from basic sta
tistical mechanics34

Figure 6. n-l-Alkenes in D H A B . (See Figure 2.)

^ • 1" =  RT \J ZA  f ê )  (10)
V ^ s /t r a n s . N Y 's /ro t . \\fs/ vibr

where Aj42BoIn is the infinite dilution solute partial molar 
Helmholtz free energy of solution (transfer from the 
gaseous phase, subscript g, to the solution phase, sub
script s), Ztrans. is the solute configurational molecular 
partition function (i.e., the potential energy contribu
tion to the translational partition function), and QI0t.

(34) See L .  C . Chow, D oc to ra l D isserta tion , G eorgetow n U n i
ve rs ity , 1970, pp  97-102, fo r the  d e riva tion  o f eq 10.
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Table III : Partial Molar Excess Properties“ of Solutes in P A A

Solute
H i

— N ematic---------------------------------------- <■--------------------------------------—Isotropic—
no. S i H i ' S i

i 4 . 1 0  ±  0 . 2 7 5 . 7 3  ±  0 . 6 2 1 . 6 1  ± 0 . 2 6 0 . 0 1  ±  0 . 5 5
2 4 . 6 0  ± 0 . 2 5 6 . 7 9  ±  0 . 5 6 1 . 6 5  ±  0 . 3 2 - 0 . 0 6  ±  0 . 6 8
3 4 . 9 8  ±  0 . 0 6 7 . 5 3  ±  0 . 1 3 1 . 7 2  ±  0 . 2 6 - 0 . 0 5  ±  0 . 5 6
4 5 . 6 0  ± 0 . 1 4 9 . 1 3  ±  0 . 3 2 1 . 9 2  ±  0 . 4 4 0 . 5 5  ±  0 . 9 5
5 6 . 5 4  ± 0 . 3 7 1 1 . 0 6  ±  0 . 8 4 1 . 7 0  ±  0 . 3 3 - 0 . 3 4  ±  0 . 7 0
6 6 . 8 2  ±  0 . 1 9 1 1 . 9 3  ± 0 . 4 2 1 . 7 6  ±  0 . 4 2 0 . 0 2  ±  0 . 8 7
7 6 . 9 1  ±  0 . 2 3 1 2 . 1 3  ±  0 . 5 2 1 . 7 9  ±  0 . 3 0 0 . 0 8  ±  0 . 6 4
8 6 . 5 9  ± 0 . 1 9 1 1 . 1 9  ± 0 . 4 3 1 . 2 9  ±  0 . 4 4 - 1 . 3 5  ±  0 . 9 6
9 7 . 0 3  ± 0 . 1 7 1 2 . 4 9  ±  0 . 3 8 1 . 7 9  ± 0 . 2 0 0 . 1 3  ±  0 . 4 3

10 7 . 5 9  ± 0 . 0 9 1 4 . 2 8  ±  0 . 2 1 1 . 6 4  ±  0 . 0 5 0 . 2 1  ±  0 . 1 1
11 5 . 2 3  ± 0 . 0 1 8 . 1 0  ± 0 . 0 3 1 . 6 8  ±  0 . 1 3 - 0 . 3 3  ±  0 . 2 9
12 5 . 1 2  ±  0 . 0 7 7 . 4 8  ±  0 . 1 6 1 . 2 4  ±  0 . 1 9 - 1 . 5 9  ±  0 . 4 1
13 5 . 0 4  ± 0 . 3 8 8 . 7 1  ± 0 . 8 7 0 . 9 4  ± 0 . 3 4 - 0 . 9 7  ±  0 . 7 4
14 5 . 1 4  ±  0 . 1 3 8 . 7 1  ± 0 . 2 9 1 .1 1  ±  0 . 2 2 - 0 . 7 7  ±  0 . 4 7
15 5 . 8 5  ± 0 . 4 3 1 0 . 4 3  ±  0 . 9 9 0 . 7 2  ±  0 . 1 5 - 1 . 7 6  ±  0 . 3 1
16 5 . 4 8  ± 0 . 4 2 9 . 5 0  ±  0 . 9 6 0 . 8 7  ±  0 . 1 5 - 1 . 4 4  ±  0 . 3 2
17 4 . 8 7  ±  0 . 2 9 7 . 9 0  ± 0 . 6 7 0 . 8 5  ± 0 . 2 6 - 1 . 5 4  ±  0 . 5 7
18 4 . 8 4  ±  0 . 3 1 7 . 7 3  ±  0 . 7 2 1 . 0 5  ±  0 . 1 6 - 1 . 1 5  ±  0 . 3 5
19 5 . 7 4  ± 0 . 2 0 9 . 9 9  ±  0 . 4 6 0 . 6 9  ± 0 . 0 9 - 1 . 9 7  ±  0 . 2 0
2 0 4 . 6 7  ± 0 . 4 7 7 . 3 3  ±  1 . 0 8 0 . 7 4  ±  0 . 1 2 - 1 . 9 0  ±  0 . 2 5
21 5 . 2 0  ±  0 . 3 0 8 . 6 7  ± 0 . 6 9 1 . 0 7  ± 0 . 2 0 - 1 . 0 3  ±  0 . 4 2
22 4 . 8 6  ± 0 . 1 8 7 . 6 4  ±  0 . 4 1 0 . 6 2  ±  0 . 1 9 - 2 . 3 2  ±  0 . 4 2
23 5 . 1 1  ±  0 . 1 4 8 . 0 5  ± 0 . 3 2 1 . 0 8  ±  0 . 1 8 - 1 . 4 0  ±  0 . 3 9
24 3 . 7 3  ±  0 . 2 9 6 . 9 1  ± 0 . 6 5 0 . 6 9  ±  0 . 1 3 - 0 . 1 9  ±  0 . 2 8
25 4 . 1 5  ±  0 . 1 7 7 . 7 4  ± 0 . 3 6 0 . 1 3  ± 0 . 0 4 - 1 . 7 3  ± 0 . 0 9
2 6 4 . 1 8  ±  0 . 1 2 7 . 6 2  ± 0 . 2 7 - 0 . 0 7  ± 0 . 1 7 - 2 . 4 0  ±  0 . 3 7
27 4 . 1 7  ± 0 . 1 6 7 . 3 8  ±  0 . 3 8 0 . 0 1  ±  0 . 1 2 - 2 . 3 9  ±  0 . 2 6
28 4 . 3 4  ± 0 . 0 1 8 . 2 7  ± 0 . 0 2 0 . 3 8  ±  0 . 0 8 - 1 . 0 3  ±  0 . 1 8
29 4 . 4 6  ± 0 . 0 5 8 . 4 7  ± 0 . 1 2 0 . 0 2  ± 0 . 1 6 - 1 . 9 9  ±  0 . 3 3
30 4 . 1 9  ±  0 . 0 4 8 . 6 0  ±  0 . 0 9 0 . 3 2  ±  0 . 2 1 - 0 . 5 1  ±  0 . 4 5
31 4 . 2 0  ± 0 . 0 7 8 . 5 2  ± 0 . 1 7 0 . 1 7  ±  0 . 3 3 - 0 . 9 9  ±  0 . 7 0
32 3 . 5 2  ±  0 . 0 4 6 . 8 0  ±  0 . 0 9 0 . 3 6  ± 0 . 0 9 - 0 . 6 2  ±  0 . 1 9
33 4 . 2 5  ±  0 . 1 3 9 . 3 6  ±  0 . 2 8 - 0 . 3 5  ± 0 . 1 7 - 1 . 5 4  ±  0 . 3 6
3 4 4 . 4 6  ± 0 . 2 2 9 . 8 0  ±  0 . 5 0 - 0 . 5 8  ±  0 . 2 0 - 2 . 2 0  ±  0 . 4 1
35 3 . 7 0  ±  0 . 1 0 8 . 1 4  ±  0 . 2 3 - 0 . 7 2  ± 0 . 1 3 - 2 . 4 3  ±  0 . 2 7
36 4 . 3 5  ± 0 . 0 6 9 . 1 7  ± 0 . 1 4 0 . 0 6  ± 0 . 5 8 - 0 . 9 8  ±  1 . 2 6
37 4 . 1 3  ±  0 . 1 1 8 . 6 9  ±  0 . 2 5 0 . 2 0  ± 0 . 6 0 - 0 . 5 8  ±  1 . 2 8
38 3 . 3 2  ±  0 . 1 6 6 . 7 9  ± 0 . 3 7 0 . 2 2  ±  0 . 6 9 - 0 . 4 9  ±  1 . 4 9
3 9 4 . 7 8  ± 0 . 0 8 9 . 2 8  ± 0 . 1 8 0 . 2 0  ±  0 . 0 7 - 1 . 5 2  ±  0 . 1 4
4 0 5 . 9 3  ±  0 . 2 1 1 2 . 6 5  ±  0 . 4 5 0 . 2 0  ±  0 . 1 1 - 1 . 6 2  ±  0 . 2 3
41 5 . 5 9  ±  0 . 2 9 1 1 . 1 7  ±  0 . 6 4 0 . 2 4  ± 0 . 0 6 - 1 . 4 8  ±  0 . 1 9
4 2 5 . 9 3  ± 0 . 1 6 1 2 . 0 0  ± 0 . 3 5 0 . 1 6  ±  0 . 1 9 - 1 . 7 0  ±  0 . 3 9

“ Enthalpies are in kcal/m ol and entropies are in  cal/mol-deg.

and Qvibr are, respectively, the solute rotational and 
vibrational molecular partition functions. In the 
derivation of eq 10 it is assumed that: (a) the transla
tional, rotational, and vibrational modes act indepen
dently; (b) in the gaseous phase (treated as ideal) the 
solute molecular energy states are unaffected by the 
environment; thus (Zg)trans. is unity, and (<2g)rot. and 
(<2g)vibr depend only on the solute molecular structure; 
and (c) in the liquid state (isotropic and anisotropic) 
much of the solute molecular motion may be restrained 
or lost due to solvent environmental effects, leading to 
changes in the configurational, rotational, and vibra
tional partition functions upon solution. Further, it is 
assumed that while the solute possibly affects the local

structure of the solvent, the long range structure and 
the molecular energy states (on the average) of the 
solvent are unaltered due to the infinite dilution condi
tion of the solute. This last assumption is consistent 
with existing esr evidence11 obtained with low concen
tration paramagnetic probes.

Since the partial molar volume of the solute in solu
tion (F s) is negligibly small compared with the same 
quantity in the gas phase (F g), and since the solution 
process takes place under constant pressure conditions, 
we have from eq 9 and 10

RT In 7 t” =  AG2S0ln =

A I 2soln +  P(V2s -  F2g) =  AÂ2soln -  RT (11)
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Table IV : Partial Molar Excess Properties“ of Solutes in DHAB

Solute /----------------------------------—N ematic------------------------------------ % ,----------------------------------Isotropic-
no. Hi* Sj6 fit” S ie

1 2 . 7 1  ±  0 . 0 8 4 . 9 7  ± 0 . 2 3 2 . 1 2  ±  0 . 2 1 3 . 8 4  ±  0 . 6 0
2 2 . 9 9  ±  0 . 0 6 5 . 5 2  ± 0 . 1 8 2 . 1 2  ±  0 . 0 6 3 . 7 1  ±  0 . 1 6
3 3 . 1 5  ±  0 . 0 4 5 . 7 8  ±  0 . 1 1 2 . 0 8  ±  0 . 1 5 3 . 5 3  ±  0 . 4 2
4 3 . 2 6  ±  0 . 0 5 6 . 1 9  ±  0 . 1 6 2 . 2 5  ±  0 . 1 1 4 . 0 6  ±  0 . 2 9
5 3 . 3 1  ±  0 . 0 6 5 . 9 4  ±  0 . 1 9 2 . 4 9  ±  0 . 0 5 4 . 3 2  ±  0 . 1 5
6 3 . 4 1  ±  0 . 0 6 6 . 3 3  ± 0 . 1 8 2 . 4 6  ± 0 . 0 6 4 . 4 2  ±  0 . 1 6
7 3 . 4 8  ±  0 . 1 1 6 . 4 8  ±  0 . 3 1 2 . 4 4  ±  0 . 1 1 4 . 3 6  ±  0 . 2 7
8 3 . 3 2  ±  0 . 0 8 5 . 9 7  ±  0 . 2 2 3 . 0 3  ± 0 . 0 6 5 . 5 6  ±  0 . 1 6
9 3 . 3 8  ± 0 . 0 8 6 . 3 1  ±  0 . 2 4 2 . 6 1  ±  0 . 1 4 4 . 8 2  ±  0 . 3 8

10 3 . 5 4  ±  0 . 1 0 6 . 9 8  ± 0 . 2 9 2 . 7 1  ±  0 . 0 7 5 . 3 8  ±  0 . 2 1
11 3 . 4 4  ±  0 . 0 8 6 . 4 0  ±  0 . 0 8 2 . 0 0  ±  0 . 0 6 3 . 2 2  ± 0 . 1 7
12 3 . 6 9  ±  0 . 1 7 6 . 9 3  ±  0 . 0 5 2 . 5 7  ±  0 . 1 4 4 . 5 1  ±  0 . 3 9
13 2 . 7 9  ± 0 . 1 0 5 . 4 7  ± 0 . 2 9 1 . 1 8  ±  0 . 1 3 1 . 8 6  ± 0 . 3 5
14 3 . 0 7  ± 0 . 1 0 6 . 0 4  ±  0 . 2 8 1 . 1 6  ±  0 . 2 7 1 . 6 6  ±  0 . 7 6
15 2 . 9 1  ± 0 . 0 6 5 . 6 2  ±  0 . 1 6 1 . 1 1  ± 0 . 1 7 1 . 5 6  ±  0 . 4 8
16 2 . 7 2  ±  0 . 0 5 5 . 1 0  ±  0 . 1 4 2 . 0 0  ±  0 . 1 9 3 . 6 5  ± 0 . 5 3
17 2 . 9 3  ±  0 . 1 6 5 . 6 1  ±  0 . 4 6 1.52 ± 0 .1 7 2 . 4 6  ±  0 . 4 8
18 2 . 7 5  ± 0 . 0 7 5 . 0 4  ± 0 . 1 9 1 . 2 5  ±  0 .2 1 1 . 7 1  ±  0 . 5 8
19 2 . 8 8  ±  0 . 0 8 5 . 4 3  ±  0 . 2 2 1 . 9 8  ±  0 . 1 5 3 . 5 7  ± 0 . 4 2
20 2 . 6 4  ±  0 . 0 6 4 . 7 8  ±  0 . 1 8 1 . 6 7  ±  0 . 1 0 2 . 7 5  ± 0 . 2 9
21 3 . 1 9  ±  0 . 0 5 6 . 2 0  ± 0 . 1 4 2 . 0 0  ±  0 . 0 9 3 . 6 2  ±  0 . 2 6
22 3 . 3 8  ±  0 . 0 5 6 . 5 7  ± 0 . 1 4 2 . 1 2  ±  0 . 0 6 3 . 8 5  ±  0 . 1 6
23 3 . 6 4  ±  0 . 0 4 7 . 0 9  ±  0 . 1 3 2 . 2 1  ±  0 . 0 4 3 . 9 2  ±  0 . 1 1
2 4 3 . 1 6  ±  0 . 0 8 7 . 1 7  ± 0 . 2 2 1 . 8 8  ±  0 . 1 2 4 . 3 4  ±  0 . 3 4
25 3 . 3 1  ± 0 . 0 7 7 . 4 4  ±  0 . 2 1 2 . 0 6  ±  0 . 0 6 4 . 6 9  ±  0 . 1 8
26 3 . 4 0  ±  0 . 0 5 7 . 5 5  ± 0 . 1 4 1 . 9 5  ±  0 . 1 0 4 . 3 3  ±  0 . 2 7
2 7 3 . 5 1  ±  0 . 0 5 7 . 7 2  ± 0 . 1 4 2 . 0 5  ±  0 . 0 3 4 . 4 6  ±  0 . 0 8
28 3 . 4 5  ±  0 . 0 6 7 . 8 2  ±  0 . 1 2 2 . 1 6  ±  0 . 0 5 4 . 9 9  ±  0 . 1 5
29 3 . 6 6  ± 0 . 0 4 8 . 2 9  ±  0 . 1 0 1 . 9 8  ±  0 . 1 0 4 . 5 1  ±  0 . 2 9
3 0 3 . 1 8  ±  0 . 0 2 7 . 6 6  ± 0 . 0 5 1 . 7 5  ±  0 . 0 5 4 . 4 5  ±  0 . 1 3
31 3 . 0 9  ± 0 . 0 2 7 . 3 6  ± 0 . 0 6 1 . 9 3  ± 0 . 0 6 4 . 8 2  ±  0 . 1 6
3 2 2 . 9 5  ±  0 . 0 2 7 . 0 0  ±  0 . 0 7 1 . 8 3  ± 0 . 0 4 4 . 5 1  ±  0 . 1 1
33 3 . 7 4  ±  0 . 0 5 9 . 3 6  ±  0 . 1 4 1 .9 2  ± 0 . 0 7 5 . 1 9  ±  0 . 2 0
3 4 3 . 6 0  ±  0 . 0 6 8 . 9 7  ±  0 . ! 7 1 . 9 4  ±  0 . 1 0 5 . 1 8  ±  0 . 2 9
3 5 3 . 4 4  ±  0 . 0 6 8 . 6 6  ±  0 . 1 6 1 . 7 7  ±  0 . 0 4 4 . 8 1  ±  0 . 1 1
3 6 3 . 2 6  ±  0 .1 1 7 . 9 1  ±  0 . 2 6 2 . 1 7  ±  0 . 0 7 5 . 5 5  ±  0 . 1 5
3 7 3 . 5 6  ±  0 . 1 0 8 . 7 6  ±  0 . 2 5 1 . 2 2  ±  0 . 0 5 3 . 2 9  ±  0 . 1 1
3 8 2 . 9 4  ±  0 . 1 0 7 . 2 1  ±  0 . 2 4 1 . 9 0  ±  0 .0 1 4 . 9 4  ±  0 . 0 2
39 3 . 6 5  ±  0 . 1 2 8 . 2 6  ±  0 . 3 3 1 . 9 7  ±  0 . 0 7 4 . 4 9  ±  0 . 2 0
4 0 3 . 6 2  ±  0 . 1 0 8 . 1 3  ±  0 . 2 8 2 . 1 3  ±  0 . 1 2 4 . 8 3  ±  0 . 3 3
41 3 . 8 3  ± 0 . 1 2 8 . 6 0  ± 0 . 3 5 2 . 1 1  ±  0 . 1 0 4 . 7 7  ±  0 . 2 8
42 3 . 6 2  ±  0 . 0 7 8 . 0 7  ±  0 . 1 9 2 . 1 9  ±  0 . 0 9 4 . 9 3  ±  0 . 2 5

“ Enthalpies are in kcal/mol and entropies are in cal/mol-deg.

and

i \  (Q*
^ 3 /  t r a n s . \ Q s / r o t . \ ^ s

Although eq 12 is not rigorously exact, it provides an 
adequate basis for a self-consistent interpretation of 
our 7f°° results in terms of the statistically averaged 
solute molecular behavior in the ideal gaseous state 
and in the real solution. According to eq 12, the mag
nitude of 7f" should be influenced by three effects36— 
a potential energy effect, a rotational effect, and a vi
brational effect— which, for our systems, are describ- 
able as follows.

(1) Potential Energy Effect. Upon solution in an
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anisotropic or isotropic solvent, solute-solvent inter
actions take place. The stronger the potential energy 
of interaction, the greater the potential energy (or 
configurational) partition function ( Z s) trans., and the 
lower the value of yF. Thus, solubility is favored by 
strong solute-solvent interaction.

(2) Rotational Effect. The rotational partition 
function for a given free rotational mode is proportional 
to the square root of the moment of inertia correspond
ing to that mode. If, upon solution, certain rotational 
motion is restricted or lost, the ratio (Qg/ Q B)rot. becomes

(35) Strictly, the three effects are interrelated and coupled. How
ever, it is often convenient to consider them separately in the com
parisons which follow.
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Table V : Partial Molar Enthalpies and 
Entropies of Solution in PAA“

Solute
no.

✓----------- Nei
AH, s°l”

natic------------'
AS,s°I"

<•------------Isotropic------------
A H,s°ta AS,”oln

i - 3 . 0 2 - 1 2 .1 0 - 5 . 2 8 - 1 6 .6 5
2 - 3 .6 1 - 1 3 .7 9 - 6 . 2 3 - 1 9 .3 7
3 - 4 . 3 0 - 1 5 .7 1 - 7 . 2 7 - 2 1 .8 2
4 - 3 . 4 5 - 1 3 .5 2 - 6 . 8 9 - 2 0 .7 8
5 - 1 . 8 8 - 1 0 .0 5 - 6 . 4 9 - 2 0 .1 5
6 - 1 . 8 5 - 9 . 7 9 - 6 . 6 9 - 2 0 .4 4
7 - 1 . 6 8 - 9 . 3 8 - 6 . 5 9 - 2 0 .2 0
8 - 2 . 0 5 - 1 0 .4 5 - 7 . 1 2 - 2 1 .7 1
9 - 2 . 0 3 - 1 0 .1 8 - 7 . 0 4 - 2 1 .2 4

10 - 1 . 2 7 - 7 . 9 2 - 7 . 0 5 - 2 0 .8 1
11 - 5 . 1 2 - 1 7 .9 6 - 8 . 4 3 - 2 4 .7 9
12 - 6 . 3 7 - 2 1 .3 0 - 9 . 9 4 - 2 8 .6 4
13 - 1 . 9 5 - 8 . 8 0 - 5 . 8 3 - 1 7 .3 7
14 - 2 . 9 5 - 1 1 .5 3 - 6 . 7 4 - 1 9 .7 6
15 - 2 .2 1 - 9 . 7 5 - 7 . 1 2 - 2 0 .7 3
16 - 2 . 5 5 - 1 0 .6 1 - 6 . 9 5 - 2 0 .3 4
17 - 3 . 0 7 - 1 1 .9 9 - 6 . 8 7 - 2 0 .2 3
18 - 3 . 1 2 - 1 2 .2 0 - 6 . 6 9 - 1 9 .8 8
19 - 2 . 1 8 - 9 . 8 6 - 7 . 0 2 - 2 0 .6 2
20 - 3 . 2 4 - 1 2 .5 1 - 6 . 9 6 - 2 0 .5 4
21 - 3 . 9 6 - 1 4 .2 7 - 7 . 8 3 - 2 2 .5 9
22 - 5 . 3 7 - 1 8 .0 0 - 9 . 3 4 - 2 6 .4 3
23 - 6 . 2 0 - 2 0 .2 8 - 9 . 9 4 - 2 8 .0 7
24 - 3 . 8 1 - 1 1 .9 6 - 6 . 6 3 - 1 7 .8 8
25 - 4 . 4 6 - 1 3 .8 1 - 8 . 2 4 - 2 1 .9 7
26 - 5 . 4 9 - 1 6 .5 8 - 9 . 4 9 - 2 5 .1 2
27 - 6 . 5 5 - 1 9 .4 7 - 1 0 .4 5 - 2 7 .7 0
28 - 5 . 0 4 - 1 5 .2 0 - 8 . 7 4 - 2 3 .1 2
29 - 5 . 6 5 - 1 6 .8 5 - 9 . 8 4 - 2 5 .8 5
30 - 4 . 8 7 - 1 4 .1 0 - 8 . 5 4 - 2 1 .9 6
31 - 4 . 6 9 - 1 3 .7 4 - 8 . 5 3 - 2 2 .0 3
32 - 5 . 2 7 - 1 5 .2 3 - 8 . 2 4 - 2 1 .4 3
33 - 6 . 1 2 - 1 6 .6 1 - 1 0 .4 7 - 2 6 .0 3
34 - 5 . 5 7 - 1 5 .3 2 - 1 0 .3 8 - 2 5 .9 0
35 - 6 . 4 0 - 1 7 .1 5 - 1 0 .5 9 - 2 6 .2 9
36 - 5 . 5 0 - 1 5 .4 9 - 9 . 9 0 - 2 5 .0 8
37 - 5 .8 1 - 1 6 .2 2 - 9 . 6 5 - 2 4 .4 2
38 - 6 . 4 6 - 1 7 .7 2 - 9 .7 1 - 2 4 .4 9
39 - 5 . 8 3 - 1 7 .2 9 - 1 0 .1 7 - 2 6 .6 1
40 - 4 . 0 3 - 1 2 .3 2 - 9 . 5 2 - 2 5 .1 4
41 - 4 . 4 7 - 1 4 .0 2 - 9 . 5 8 - 2 5 .2 5
42 - 3 . 9 9 - 1 2 .8 6 - 9 . 5 4 - 2 5 .1 5

° Enthalpies are in kcal/mol and entropies are in cal/mol- 
deg.

greater than unity. The greater the loss of rotational 
motion, the greater the value of (QJQa)mt., and the 
greater the value of y f .  Hence, solubility is not 
favored by a loss of rotational motion.

(3) Vibrational Effect. There are energy barriers 
of up to a few kcal, for internal rotation in flexible 
(nonrigid) molecules such as n-alkanes, but many con
formations are possible in the gaseous phase (although 
the zigzag conformation is most probable). However, 
if these molecules become confined to a solvent system 
where certain conformations become highly improbable 
(e.g., due to space restrictions), then a conformational 
energy loss would occur. Since this loss of motion

Table VI : Partial Molar Enthalpies and 
Entropies of Solution in DHAB°

Solute -------------Nematic----------- - ✓------------Isotropic-
no. AH,Sola AS,«°ln AH,«°1" AS,BoItl

1 - 4 . 7 9 - 1 4 .6 8 - 4 . 7 6 —12.82
2 - 5 . 5 7 - 1 7 .0 4 - 5 . 8 6 —15.60
3 - 6 . 5 3 - 1 9 .7 4 - 6 . 9 1 - 1 8 .2 4
4 - 6 .1 1 - 1 8 .5 2 - 6 . 5 7 - 1 7 .2 7
5 - 5 . 4 6 - 1 7 .1 8 - 5 . 7 0 - 1 5 .4 9
6 - 5 . 5 9 - 1 7 .3 6 - 5 . 9 9 - 1 6 .0 4
7 - 5 . 4 0 - 1 6 .9 9 - 5 . 9 4 - 1 5 .9 3
8 - 5 . 6 5 - 1 7 .6 8 - 5 . 3 8 - 1 4 .7 1
9 - 5 . 9 8 - 1 8 .3 8 - 6 . 2 3 - 1 6 .5 6

10 - 5 . 6 5 - 1 7 .0 6 - 5 . 9 8 - 1 5 .6 4
11 - 7 . 3 9 - 2 2 .1 5 - 8 .1 1 - 2 1 .2 4
12 - 8 . 2 5 - 2 4 .5 6 - 8 .6 1 - 2 2 .5 4
13 - 4 .5 1 - 1 3 .7 8 - 5 . 5 9 - 1 4 .5 3
14 - 5 . 3 4 - 1 6 .1 4 - 6 . 6 9 - 1 7 .3 3
15 - 5 . 4 6 - 1 6 .4 5 - 6 . 7 3 - 1 7 .4 4
16 - 5 . 6 2 - 1 6 .8 9 - 5 . 8 2 - 1 5 .2 5
17 - 5 .3 1 - 1 6 .1 2 - 6 .2 1 - 1 6 .2 3
18 - 5 . 5 2 - 1 6 .7 5 - 6 . 5 1 - 1 7 .0 2
19 - 5 . 3 5 - 1 6 .2 7 - 5 . 7 3 - 1 5 .0 8
20 - 5 . 5 8 - 1 6 .9 1 - 6 . 0 3 - 1 5 .8 9
21 - 6 . 3 3 - 1 8 .9 6 - 6 . 9 1 - 1 7 .9 4
22 - 7 . 2 4 - 2 1 .4 3 - 7 . 8 4 - 2 0 .2 8
23 - 8 . 0 9 - 2 3 .8 3 - 8 . 8 2 - 2 2 .7 5
24 - 4 . 7 0 - 1 3 .5 3 - 5 . 4 3 - 1 3 .3 5
25 - 5 . 6 3 - 1 6 .1 4 - 6 . 3 0 - 1 5 .5 5
26 - 6 . 6 2 - 1 8 .8 7 - 7 . 4 6 - 1 8 .4 4
27 - 7 . 5 8 - 2 1 .5 4 - 8 .4 1 - 2 0 .8 5
28 - 6 . 2 7 - 1 7 .8 1 - 6 . 9 7 - 1 7 .1 0
29 - 6 . 8 1 - 1 9 .3 0 - 7 . 8 8 - 1 9 .3 6
30 - 6 . 1 7 - 1 6 .9 8 - 7 . 1 1 - 1 7 .0 0
31 - 6 . 0 8 - 1 6 .8 1 - 6 . 7 6 - 1 6 .2 2
32 - 6 . 1 3 - 1 6 .9 4 - 6 . 7 7 - 1 6 .3 0
33 - 6 . 9 9 - 1 8 .9 3 - 8 . 2 0 - 1 9 .3 0
34 - 6 . 7 7 - 1 8 .3 1 - 7 . 8 6 - 1 8 .5 1
35 - 7 . 0 0 - 1 8 .8 9 - 8 . 0 9 - 1 9 .0 5
36 - 6 .6 1 - 1 8 .1 3 - 6 . 7 9 - 1 8 .5 5
37 - 6 . 4 3 - 1 7 .4 6 - 8 . 6 7 - 1 9 .5 4
38 - 6 . 8 4 - 1 8 .5 8 - 8 . 0 3 - 1 9 .0 8
39 - 7 . 3 0 - 2 0 .6 0 - 8 . 4 0 - 2 0 .6 1
40 - 6 . 6 9 - 1 9 .0 8 - 7 . 5 8 - 1 8 .6 8
41 - 6 . 5 6 - 1 8 .7 9 - 7 . 7 1 - 1 9 .0 1
42 - 6 . 6 3 - 1 8 .9 8 - 7 . 5 1 - 1 8 .5 3

° Enthalpies are in kcal/mol and entropies are in cal/mol- 
deg.

would appear in the vibrational modes, it would lead to 
a value of (<2g/ ( ? s ) v i b r  greater than unity. Again, this 
situation does not favor solubility, and acts to increase 
the value of 7f“ -

Following the argument used to establish eq 12, one 
can write the expression

Af?2soln =  AE2soln -  RT =

AFpot. +  AFr.v. -  RT (13)

where AEpot. is the solute internal energy loss due to 
interaction with the solvent and AEt.v. is the combined 
solute rotational and vibrational internal energy losses.
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Figure 8. Partial molar enthalpy of solution (Aft2”°ln) vs. 
partial molar entropy of solution (A.?"01"). Plots for three 
homologous series in nematic PAA. (The numbers adjacent to 
the experimental points indicate the number of carbon atoms in 
the solute molecule.)

Table VII: Slopes and Intercepts of the Linear Correlation“ 
between A ft”01" and A52Boln for Three Homologous 
Series in PAA and DHAB

—Nematic phase---- ' ✓—Isotropic phase—-
Solute series a b a b

PAA
n- Alkanes -1 .4 0 0.364 -1 .2 0 0.389
n-l-Alkenes -1 .3 2 0.371 -0 .871 0.386
n-l-Chloroalkanes -0 .585 0.366 -0 .3 4 0 0.390

DHAB
n- Alkanes -0 .404 0.352 -0 .3 1 5 0.396
n-l-Alkenes -0 .418 0.357 -0 .1 1 4 0.392
n-l-Chloroalkanes -0 .191 0.361 0.127 0.397

° Where Aft»oln = a +  &AS2,0,n:; all correlation coefficients
for the linear plots were in excess of 0.99.

Consistent with the observed exothermic behavior of 
the solution process, both of these quantities are nega
tive.

Discussion
The corresponding free energy terms of the two addi

tive contributory factors to AH2mln act in opposite di
rections in influencing the magnitude of 7i°°. Hence, 
when examining a variety of solutes, no direct correla
tion between the Ai?2aoln and the 7f” (or A52soln) values 
is to be expected, and indeed none is observed. How
ever, when considering a homologous series of solutes, 
one finds that there is a linear relationship between 
A/72Min and A.$2B<llrl in both phases of PAA and DHAB. 
Illustrated in Figure 8 are the linear plots for the n- 
alkanes, n-alkenes, and 1-chloroalkanes in nematic 
PAA. Similar linear correlations for a series of solutes 
in a given solvent have been found during the past 30 
years, and their physical significance has been dis
cussed.36 Our systems fall within one of Bell’s general 
categories in which the solute molecules are small rela
tive to the solvent, and the same type of intermolecular 
forces operate for the solute series. It appears that 
such correlations are better the more alike the solute 
molecules are; this accounts for the separate correla
tions for each homologous series. The slopes and inter
cepts for the straight line relationship between A //28oln 
and A528°ln for the three series in both phases of PAA 
and DHAB are listed in Table YII.

Before proceeding to a detailed solute-to-solute com
parison, two observations can be made concerning the 
relative values of AU2mXri and 7," in PAA and DHAB.37

(1) The 7f” values in DHAB are much smaller than 
those in the corresponding phase of PAA. According 
to eq 12, this could be due to either or both of the follow
ing reasons: (a) DHAB interacts more strongly with 
the solute; (b) the solutes undergo smaller losses of ro
tational and vibrational motion with DHAB.

(2) The A/72soln values with nematic PAA are much

smaller (less negative) than those with isotropic PAA, 
whereas for DHAB the nematic values are only slightly 
smaller than the isotropic values. This seems to sug
gest that there is a greater difference in solvent behavior 
between the nematic and isotropic liquid phases for 
PAA.37

Utilizing eq 12 and 13, and based on inference from 
our thermodynamic results (Tables III through VI) 
alone, a molecular interpretation of solubility in ne- 
matogenic solvents follows. In this.discussion some 
subscripts and superscripts will be deleted; AH2eoln 
becomes AH, and y "  becomes y. Furthermore, when 
referring to AH2so]n values, larger or greater should be 
taken to mean more negative, and smaller or less to 
mean less negative. The 42 solutes will be considered 
in ten separate groups.

A. Normal Alkanes (Solutes 1-3, 11, and 12). In 
the nematic phase of PAA the AH and y values of the 
n-alkanes increase with increasing chain length. This 
may be explained in various ways, but a solution mecha
nism will be proposed that will be shown to be consis
tent with the thermodynamic results for the other solute 
groups as well. Upon solution in the anisotropic ne
matic environment, it seems reasonable that the rota
tional motion of the alkane should become restricted in 
the two directions perpendicular to its molecular long 
axis (in the same way that the solvent rotational motion 
is hindered, i.e., space restriction). Furthermore, it is 
assumed that the zigzag conformation becomes more 
exclusively preferred in order for the solute to provide 
the maximum profile for interaction with the more or 
less parallel and rod-like liquid crystal. We assume 
that the foregoing situation leads to the lowest free 
energy state for the dissolved n-alkane solute, i.e., 
that a situation where freer rotations and many confor-

(36) (a) R. P. Bell, Trans. Faraday Soc., 33, 496 (1937); (b) O. K , 
Rice, J. Chem. Phys., 15, 875 (1947).
(37) In a later paper (L. C. Chow and D. E. Martire, Mol. Cryst. 
Liquid Cryst., in press) PAA and DHAB will be compared in more 
detail.
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mations are allowed would lead to weaker solute-sol
vent interactions (due to an increase in the mean inter- 
molecular distance and a reduction of solute contact sur
face area) and a higher free energy state. Thus, ac
cording to this solution mechanism, the molecule with 
the largest molecular polarizability should have the 
strongest interaction with the solvent, and the greatest 
AL’pot. value. Further, the most elongated and most 
flexible molecule (in terms of number of possible confor
mations in the gaseous phase) stands to lose the most 
rotational and vibrational energy upon solution. Since 
AA'pot. and AET.V. would then be expected to increase 
with increasing chain length, the observed trend in 
AH is understood. The trend of increasing y with in
creasing chain length indicates (according to eq 12) 
that the vibrational and rotational effects (which act to 
increase y) predominate over the potential energy effect 
(which acts to decrease y) for these solutes.

Turning to the isotropic phase of PAA one finds the 
same trend of increasing AH and y with increasing 
chain length. However, the AH values in isotropic 
PAA are larger than those in nematic PAA. Since 
AEr.v. should be smaller in isotropic PAA, this indicates 
that AApot. should be larger in the isotropic state. For 
a “ normal”  solvent, the solute-solvent interaction ef
fect decreases with increasing temperature owing to 
increased thermal motion of the molecules and increased 
intermolecular separation. However, with nemato- 
genic solvents, nonmesomorphic solutes are energetically 
rtiore compatible with the higher temperature isotropic 
state. Thus, as the solvent molecules attain a more iso
tropic distribution, solute geometry and orientation be
come less critical, i.e., the solute need not sacrifice as 
much rotational and vibrational motion to gain a strong 
potential energy of interaction. Note that the y 
values for the n-alkanes in isotropic PAA are consid
erably less than those in nematic PAA. This is consis
tent with the suggestion of an increased potential energy 
effect and a reduced rotational-vibrational effect.

The situation for the n-alkanes in DHAB is very 
similar to that in PAA. The two readily observable 
differences between the two solvents were mentioned 
earlier.

B. n-l-Alkenes (Solutes 13, H , and 21-23). Then-1- 
alkenes closely follow the behavior of the n-alkanes in 
both the nematic and isotropic phases of the solvents. 
In the nematic phase, the alkenes appear to have 
smaller AH and lower y values than those of the corres
ponding alkanes. Possible reasons for the smaller AH 
values are: (a) the alkenes are less flexible than the
alkanes and hence lose smaller amounts of vibrational 
energy upon going into solution, resulting in smaller 
AiAv. values; (b) the double bond makes one end of the 
molecule rigid and declined from the molecular long 
axis in the zigzag conformation of the methylene 
groups; this may hinder the attainment of parallel 
alignment with the ordered solvent and thus lead to re

duced solute-solvent interaction strength, resulting in 
smaller AEpot. values. The lower 7 values for the 
alkenes suggest that the more favorable vibrational 
effect for solution outweighs the less favorable poten
tial energy effect (assuming that the rotational effects 
are comparable for alkanes and alkenes).

In the isotropic liquid of the two solvents, the alkenes 
have larger AH values than the corresponding alkanes. 
Since the AET.V. values should be approximately equal 
in this state, the indication is that the enhanced polarity 
and polarizability of the alkene leads to a larger AEpot. 
with an isotropic distribution. A greater potential 
energy effect would also explain the observed lower 7 
values for the alkenes in this phase.

C. 1-Chloro-n-alkanes (Solutes 24-27). This group 
of solutes also behaves similarly to the n-alkanes. 
However, substitution of a chlorine atom for a methyl 
group appears to lead to stronger solute-solvent inter
action. For example, if we consider the AH values of
1-chloroheptane and n-octane in the nematic state, and 
assume that the two molecules have similar values of 
AEr.v., then AEpot. for 1-chloroheptane is about 2 kcal/ 
mol greater in nematic PAA and about 1 kcal/mol 
greater in nematic DHAB. Similar comparisons can 
be made for the isotropic liquid phase, leading to the 
same conclusion of enhanced interaction. The larger 
potential energy effect would also explain the much 
lower 7 values for the 1-chloroalkanes in both phases of 
the solvents.

D. 1-Halo-n-hexanes (Solutes 25, 28, and 29). In
the nematic phase of PAA and DHAB we have the 
following trend in AH: iodohexane >  bromohexane
>  chlorohexane. This is to be expected since iodohex
ane should have both the largest AEpot. and the largest 
AEt.v. for the following reasons: (a) since iodohexane
has the largest molecular polarizability, it should have 
the strongest interaction with the solvent; (b) since 
iodohexane is the largest molecule, it stands to lose the 
most rotational energy upon solution. Considering 
the influence of the solution effects on the 7 values, iodo
hexane should have the least favorable rotational ef
fect, whereas chlorohexane should have the least favor
able potential energy effect. Since chlorohexane al
ways has smaller 7 values than iodohexane, this indi
cates that the rotational effect dominates in establishing 
the trend. Interestingly one finds that bromohexane 
has the smallest 7 values of all in the nematic state.38

In the isotropic phase, the trend in the AH values 
remains the same (although the absolute values increase 
due to increased AEpot.)- Furthermore, there is no 
clear trend in the 7 values which are all quite close 
(although the 7 values decrease relative to the nematic 
values because of the increased potential energy effect).

(38) Dipolar interaction between the haloalkanes and the solvent 
may be occurring as well. However, its contribution must be small 
(or equivalent) for all haloalkanes, since it does not affect the trends 
in AH and y.
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According to eq 12, this would indicate that the rota
tional effect is still operative (though not as pronounced) 
in the isotropic liquid; this is consistent with existing 
evidence39 of some residual solvent alignment in the iso
tropic phase.

E. Isomeric Nonanes (Solutes 3-10). The nonanes
form an interesting group in that their shapes vary 
widely, from that of a straight chain (n-nonane) to 
that of a quasisphere (3,3-diethylpentane). The AH 
values for this group in nematic PAA increase with de
creasing branching (i.e., increasing “ linearity”  or 
length-to-breadth ratio). According to the proposed 
solution mechanism this trend is reasonable since: (a)
a more linear molecule can achieve a more favorable 
spatial orientation and a shorter intermolecular dis
tance (between the long molecular axes) relative to the 
ordered solvent, leading to a stronger solute-solvent 
interaction and a greater AEpot. value; (b) a more 
linear alkane is also more flexible and has a larger princi
pal moment of inertia (in the long axis direction), thus 
would lose more vibrational and rotational energy upon 
solution, leading to a greater AEr,v. value. It then 
follows that, when considering the 7 values, a more 
linear molecule should have a more favorable potential 
energy effect (acting to reduce 7), but a less favorable 
rotational-vibrational effect (acting to increase 7). 
As a result, no clear trend in the 7 values is observed 
among the isomeric nonanes. In nematic PAA the 
values have the following relative magnitudes: 10 <
4 < 3 < 9 < 6 < 5 < 7 <  8. Thus, the most spherical 
(least “ rod-like” ) solute has the lowest free energy of 
solution. This is an indication that, although 3,3- 
diethylpentane has the least favorable potential energy 
of interaction with the solvent, this is more than com
pensated for by its having the least rotational and vibra
tional motion loss upon solution, i.e., being “ spherical,”  
it cannot interact as effectively with the rod-like sol
vent, but it can rotate more freely and can maintain 
more of its gas phase conformations upon solution.

In nematic DHAB, the same trends are followed for 
AH and 7, but the spread in the AH values is smaller 
than in nematic PAA. Finally, in the isotropic liquid 
of the two solvents, the AH values are very close and, as 
expected, do not follow the trend of the linearity of the 
molecules; the y ’s again show no dependence on molec
ular shape. However, in both solvents n-nonane has 
the greatest AH and 3,3-diethylpentane has the small
est 7— additional evidence of residual alignment in the 
isotropic liquid.

F. Isomeric cis- and trans-Odenes (Solutes 15-20).
In the nematic phase of the two solvents, the trans- 
octenes have greater AH values than their cis counter
parts. Possible reasons for this are: (a) since the trans
isomers are more rod-like, they interact more strongly 
with the liquid crystals, producing greater AEpot. 
values; (b) the trans isomers, being more rod-like, 
stand to lose more rotational energy upon solution in the

anisotropic environment, leading to greater AEr.v. 
values. The nematic 7 values show interesting be
havior. In the lower temperature range of the nematic 
phase the trans isomers have smaller 7 values than the 
corresponding cis isomers, but at higher temperatures 
the trans values are larger. This indicates that the 
more favorable potential energy effect for the trans- 
octenes dominates at lower temperatures, but is over
come by the less favorable rotational effect at higher 
temperatures.

In the isotropic liquid phase the cfs-octenes generally 
have greater AH values than those of the corresponding 
trans isomers. Under the best of circumstances the 
two types of isomers would lose equal amounts of rota
tional energy upon solution. Clearly then, the cis 
compounds must have greater AEpot. values. This is 
most likely due to the fact that the cis isomers are 
slightly polar, thus can interact more strongly with the 
solvent, since molecular shape is no longer as important 
a criterion for interaction as it is with the nematic 
state. This also explains the lower 7 values for the 
cfs-octenes.

G. Xylenes (Solutes 30-32). In nematic PAA, 
the AH values follow the trend p-xylene >  o-xylene >  
m-xylene. Since these isomers are fairly rigid, little 
vibrational energy loss is to be expected upon solution. 
Therefore, AEr.v. should follow the probable order of 
rotational energy loss, i.e., the order of solute molecular 
length-to-breadth ratio: p-xylene >  m-xylene >
o-xylene. From the trends in AH and AET,Y., m-xylene 
should have the smallest AEpot.. Now, o-xylene (and, 
to a lesser extent, m-xylene) is capable of some dipolar 
interaction with the solvent. However, p-xylene 
should be in a spatially more favorable position for dis
persion interaction with the solvent. Thus, since it 
is not certain which of the two isomers has the greater 
AEpot., it will be assumed that they are comparable. 
With this assumption, the trend in the 7 ’s can be 
readily explained by the usual arguments based on 
eq 12.

In nematic DHAB, the behavior of the xylenes is 
essentially identical to that in nematic PAA, except 
that the AH values now have the trend p-xylene ~
o-xylene >  m-xylene. This change in the trend may be 
due to the fact that, since DHAB is somewhat more 
flexible than PAA, the shape of the solute has less of 
an effect on solute-solvent interactions,40 and, hence, 
the polar o-xylene may have a slightly greater AEpot. 
than p-xylene.

In the isotropic liquid phase of the solvents AH

(39) C. C. Gravatt and G. W. Brady, Mol. Cryst. Liquid Cryst., 7, 
355 (1969).
(40) The flexibility of DHAB relative to PAA may account for the
following observations: (a) with an n-alkane and an n-l-alkene of
the same carbon number, the difference in the AH values is greater 
in nematic PAA than in nematic DHAB; (b) with the isomeric 
nonanes, the spread in the AH values is greater in nematic PAA than 
in nematic DHAB.
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follows the trend of solute polarity, and 7 follows the 
AH value (i.e., the larger the AH, the smaller the 7). 
The potential energy effect obviously governs these 
trends.

H. Dichlorobenzenes (Solutes 33-35). The dichlo
robenzenes have solution properties more or less 
similar to the xylenes. The nematic phase trends in 
AH and 7 can be interpreted in a manner similar to the 
xylene systems. However, in the isotropic phase the 
7 values for p-dichlorobenzene are somewhat lower 
than expected on the basis of the usual arguments.

Comparing the AH values of the dichlorobenzenes to 
those of the xylenes and assuming equal AET.V. values 
for similar-type isomers, we find that AEpot. is about
1.1 kcal/mol greater for the dichlorobenzenes in ne
matic PAA, and about 0.8 kcal/mol greater in nematic 
DHAB. On the basis of AH comparisons between the 
ra-alkanes and chloroalkanes, one might have expected 
that the substitution of two CH3 groups by two Cl 
groups would enhance AEpot. by about 3.6 kcal in ne
matic PAA and about 2.0 kcal in nematic DHAB. A 
possible explanation for the observed lower enhance
ment is that the polarizability of the aromatic ring is 
reduced when electron-withdrawing Cl groups are sub
stituted for electron-donating CH3 groups.

I. Chlorotoluenes (36-38). Since the vapor pres
sures for this group are less accurately known than those 
for the rest of the solutes, there is a slightly greater un
certainty in the 7 and AH values. Thus, the solution 
properties for the chlorotoluenes can be interpreted with 
less confidence.

In the nematic phase of the solvents the AH trend is 
approximately: p-chlorotoluene >  m-chlorotoluene 
«  o-chlorotoluene. This is reasonable since the para 
isomer is both structurally (most rod-like) and elec
tronically (most polar) favored for interaction. In 
addition to having the largest AEpot., it should also 
have the largest AET.V.. The 7 values for p-chloro- 
toluene are smaller than those for the ortho or meta 
isomers, indicating that the potential energy effect is 
dominant. In the isotropic phase there are no discerni
ble trends, except that the activity coefficient of the 
para isomer, as expected, is generally the lowest.

J. Isomeric Butylbenzenes (Solutes 39-43). In both 
phases of the solvents n-butylbenzene always has the 
greatest AH and the smallest 7, while the other three 
compounds have AH and 7 values that are essentially 
equal to each other. Since n-butylbenzene is more rod
like and flexible than the other three isomers (which

have comparable lengths and rigidities), it should have 
the largest AEr.w.. The fact that it also has the lowest 
7 values is an indication that n-butylbenzene has a very 
favorable potential energy effect and the largest AEpot,. 
It can, in fact, be demonstrated with molecular models 
that the three branched butyl groups hinder the solute 
aromatic ring from close approach to the solvent. 
These steric effects are more pronounced in the nematic 
phase of the more rigid PAA, as a comparison of the 
AH values will confirm.

Conclusion

From the thermodynamic information obtained here 
by glc measurements, we have inferred the molecular 
behavior of a variety of solutes in two nematogenic 
solvents. We have shown that the three proposed solu
tion effects lead to a self-consistent interpretation of 
the solute activity coefficients and enthalpies (and, 
indirectly, the entropies) of solution. However, the 
proposed solution mechanism cannot be substantiated 
until definitive spectroscopic (e.g., infrared, microwave, 
and Raman) studies are made on similar systems. 
These studies are needed to help establish the extent of 
any rotational and vibrational changes that take place 
in the solute upon solution.41 Furthermore, with our 
present knowledge of liquid crystals, and in the absence 
of any applicable statistical mechanical solution theo
ries and additional thermodynamic data, a quantitative 
treatment of the solution behavior of nonmesomorphic 
solutes in nematogenic solvents is hardly possible at 
this time.

The present study should prove helpful to those inter
ested in analytical glc separation of isomers using liquid 
crystals.42 The prevailing “ rule of thumb” that the 
more rod-like isomer should be the more soluble in a 
liquid crystal is both naive and misleading. It is clear 
that the size, shape, flexibility, polarity, and polariza
bility of the molecules must all be taken into account 
before attempting to judge relative solubilities.
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(41) For example, a solute that appears to have a large loss of rota
tional and vibrational motion is m-decane when dissolved in nematic 
PAA. It has approximately the same AH as the rigid p-xylene, 
but has a 7  five times as large.
(42) See, e.g., W. L. Zielinski, Jr., D. H. Freeman, D. E. Martire, 
and L. C. Chow, Anal. Chem., 42, 176 (1970).
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An improved photocell meniscus detection system as used for measurement of efflux times with Cannon- 
Ubbelohde suspended-meniscus viscometers is described. Using this system, we have obtained high-precision 
viscosity measurements from 40 to —8.28° for water. Excellent agreement is found with selected literature 
data in the higher temperature range. A reduced three-parameter equation is presented which is believed 
to represent the entire range (—10 to 150°) with accuracy comparable with that of the primary standard and 
should have wide applicability to liquids other than water. The extended temperature range data analysis 
suggests that no viscous anomalies exist and that the practice of fitting Arrhenius and Vogel-type equations 
to higher and lower temperature ranges, respectively, may not be justified.

Introduction
The transport properties of water in its normal liquid 

state at ambient pressures have been the subject of 
many experimental and theoretical investigations. 
Recently, Korosi and Fabuss1 have extended the range 
of high-precision viscosity data well above the normal 
boiling point, but data of similar precision through the 
melting point and into the supercool range have been 
difficult to obtain.2’3

We have been successful in obtaining high-precision 
viscosity data for liquid water at temperatures as low 
as —8.28°, thus extending the range of accurately 
known viscosity data from well above to well below the 
ice point. An analysis of the high-precision data over 
the extended temperature on the basis of the Vogel 
equation4-7 is unsatisfactory, even if the Vogel equa
tion is used only in the lower temperature range and an 
Arrhenius equation is used in the higher range. A new 
three-parameter semiempirical equation for relative 
viscosities is proposed which appears to reproduce both 
our data and also the standard NBS viscosity data for 
liquid water, including the supercooled region well 
within the precision and accuracy of the data (0.02 to 
0.2%).8

Experimental Method
A Cannon-Ubbelohde suspended-meniscus viscom

eter was used for all measurements. A photocell 
detector component (Figure 1) which was purchased 
from the Hewlett-Packard Co. was attached to the 
viscometer with the upper and lower detectors posi
tioned approximately at the fiducial marks. This 
unit, rigidly attached by its horizontal clamping screws 
(the shafts between photocells are not rigidly held) was 
further protected from the corrosive action of the bath 
fluid by coating fit with Apiezon wax. This method of

photocell meniscus detection has advantages over other 
methods in which the detectors are not attached to the 
viscometer in that the entire unit may be removed from 
the bath, for cleaning and sample transfer, without 
changing the position of the detectors relative to the 
viscometer. The triggering signal, which is approxi
mately 10 mV from the photocells, was amplified to a dc 
pulse of about 4 V. This signal was used to trigger a 
general purpose electronic counter (Atec Inc. Model 
6C36) which provided digital display of efflux times in 
milliseconds. The photocell light source circuitry was 
modified so that the intensity of the light at each de
tector could be adjusted. In this manner, the trigger
ing signal from each detector could be controlled, its 
characteristic magnitude being kept constant for dif
ferent degrees of light absorption by the test fluid. The 
amplified triggering signal was periodically monitored 
using an oscilloscope and adjusted for each run to a con
stant pretrigger signal voltage. Preliminary testing 
indicated that for efflux times in excess of 250 sec there 
was a measurable heating effect (introducing a small 
error in efflux time measurements) from the light sources 
if they remained on for the duration of the run. There
fore, provision was made to turn the light sources off

(1) A. Korosi and B. M . Fabuss, Anal. Chem., 40, 157 (1968).
(2) J. Hallett, Proc. Phys. Soc., 82, 1046 (1963).
(3) G. White and R. Twining, Amer. Chem. J., 50, 380 (1913).
(4) L. Korson, W. Dorst-Hansen, and F. J. Millero, J. Phys. Chem., 
73, 34 (1969).
(5) A. Bondi, “ Physical Properties of Molecular Crystals, Liquids, 
and Glasses,”  Wiley, New York, N. Y., 1968.
(6) A. J. Barlow, J. Lamb, and A. J. Matheson, Proc. Roy. Soc. 
Ser. A, A292, 322 (1966).
(7) A. J. Matheson, M . R. Carpenter, and D. B. Davies, J. Chem. 
Phys., 46, 2451 (1967).
(8) R. S. Marvin and D. L. Hogenboom, “ Viscosity of Liquids,”  in 
“ American Institute of Physics Handbook,”  3rd ed, McGraw-Hill, 
New York, N. Y., in press.
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Figure 1. Schematic representation of photocell meniscus-detector unit.

after the initial triggering signal and back on just previ
ous to the final signal at a rate which did not cause the 
counter to stop but quickly enough so that the total 
“ light-on”  time did not exceed 50 sec. A variation of 
±  10 sec in this “ light-on”  time was not detectable in 
our efflux time measurements.

The Pyrex viscometer was modified as shown sche
matically in Figure 2. The gas manifold at the top of 
Figure 2 is connected as indicated by continuous Pyrex 
tubing to the viscometer arms a, b, and c. It is at
tached to an adjustable frame (for ease of alignment) 
which is, in turn, mounted to the side of the outer bath. 
The entire unit to connection E is removed from the 
bath to a vacuum sample transfer system from which 
the sample vapor entering at D is condensed in the 
reservoir of the viscometer. Positioning of the viscom
eter is accomplished by a dual plumb line alignment 
with a capillary (not shown in Figure 2) which is glass- 
welded to the main body of the viscometer, extending 
well above the top of the bath. This capillary and the 
viscometer capillary are aligned prior to immersion of 
the unit in the bath.

The gas control valves A, B, and C allow the viscom
eter to be charged by creating a pressure differential 
across arms a and b with side arm c closed, and there
after to equilibrate the pressure in all arms with am
bient pressure at F.

The thermostat system consists of an insulated glass

outer bath with heating and cooling coils and a Plexiglas 
inner bath which houses the viscometer and a platinum 
resistance thermometer. The bath is filled with a 
commercially available antifreeze (ethylene glycol 
base), and the inner and outer baths are stirred inde
pendently. The temperature was monitored with a 
platinum-in-glass resistance thermometer in conjunc
tion with a G-2 Mueller bridge and a nanovolt null 
detector. The platinum thermometer R0 calibration 
was made using a triple-point-of-water cell.

The water used in the experiment was first distilled 
in a commercial still and then passed through a column 
of ion-exchange resin. This deionized water was made 
approximately 0.01 M  in potassium permanganate and 
sodium hydroxide and distilled in an all-glass, grease- 
free still. The distillate was collected directly in a poly
ethylene bottle and sealed under nitrogen. Individual 
samples of this water were transferred in vacuo to the 
viscometer without ebullition. Following the comple
tion of the sample transfer, the entire unit was filled 
with nitrogen gas which had been passed through As- 
carite (to remove C 02 traces). This same supply of 
nitrogen was used to pressurize the viscometer for 
charging. Conductivity measurements prior to the 
last sample transfer gave values of 1 X 10“ 6 ohm-1 cm-1.

Experimental Results and Calculations

Kinematic viscosities were determined at precise 5°

The Journal o f Physical Chemistry, Vol. 75, No. 13, 1971
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GAS MAN I FOLD

Figure 2. Composite schematic of viscometer system.

intervals from 40 to 0° and at conveniently separated 
temperatures in the supercooled region. Kinematic 
viscosities “ v/p”  were converted to absolute viscosi
ties using the selected values for density of water pub
lished in the TRC Data Project Tables.* 9

The inner bath was controlled to ±0.002° with drift 
rates less than 0.004°/2t< (rt is the efflux time at 
temperature t) for both determinations used in the 
calibration calculations. Similar control was obtained 
for the other determinations falling off slightly to about 
±0.01° for the lower sub-ice point runs. Oscilloscope 
observations indicated that at r ,  «  550 sec (correspond
ing to a temperature near zero), a single triggering 
event was of 1.3-msec duration, indicating that an 
«3.0-msec minimum uncertainty band could be ex
pected for these or longer flow rates. The entire sample 
transfer technique and the determination of r 2o was 
repeated until three successive determinations gave 
equal values of r 2o within the precision limits reported 
below. A fourth r20 determination made at the con
clusion of the experiment also reproduced the r 2o ob
servation. Each determination of r ,  was accomplished 
by fitting a linear equation in t to a set of observations 

in the range t' —0.010 <  t <  t' +  0.010, where 
t' is the reported temperature. The precision limits 
assigned to r ,  were calculated to represent a 99% confi
dence band for the two calibration points and a 95% 
confidence band for all others.10

Table I is an example of a typical data log given for 
the determination of r25. Conversion of (rt,t) data to

The Journal o f Physical Chemistry, Vol, 75, N o. 13, 1971

Table I : Data Log for Determination of 1-25.000 

Water Sample No. 4

Run t, ° c t, sec

1 25.007 275.882
2 25.006 275.890
3 25.003 275.907
4 24.999 275.939

Linear Least-Square Equation“
(r -  275.900) =  a +  b(t -  25.000)

“ Parameters: a = 0.0308; b = —7.01; 1-25.000 (predicted) = 
275.931 ±  0.006 sec.

kinematic viscosities requires application of standard 
corrections as outlined in NBS Monograph 55.11 Using 
eq l , 12 we find that

vt =  C[l +  £(t — tc)]M tTt — E[ 1 +  $(* -  Q ]6/2
(1)

where vt is the kinematic viscosity at temperature t and 
efflux time rt. The C, E, £, and tc symbols represent

(9) “ Selected Values of Properties of Chemical Compounds,”  
Thermodynamics Research Center Data Project, Texas A&M Uni
versity, College Station, Texas (loose-leaf data sheets, extant, 1970).
(10) G. W . Snedecor, “ Statistical Methods,”  Iowa State College 
Press, Ames, Iowa, 1946.
(11) R. C. Hardy, Nat. Bur. Stand. ( U. S.) Monogr., No. SS, (1962).
(12) M . R. Cannon, R. E. Manning, and J. D. Bell, Anal. Chem., 32, 
355 (1960).
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Table II: Experimental Results Summary

Viscometer constants C = 0.00323885 ±  0.00000015 EmiI =  70.12 
Emin =  66.65

Correction, cSt
Celsius Efflux time, E[(l +  t(i - V, P. V. (v/vro) for TjM =

temperature sec h ) f n / r d cSt g cm- * cP 1.0020, oP

-8 .2 8 0 759.35 0.00012 2.45876 0.998502 2.4551 2.4502 ±  0.0006
-6 .647 709.88 0.00014 2.2986 0.998878 2.2960 2.2914 ±  0.0005
-4 .534 653.242 0.00016 2.11519 0.999329 2.1137 2.1096 ±  0.0001
-1 .108 575.504 0.00021 1.8634 0.999752 1.8630 1.8593 ±  0.0001

0.000 553.490 0.00022 1.79216 0.9998396 1.7919 1.7883 ±  0.0001
5.000 469.158 0.00031 1.51904 0.9999641 1.5190 1.5160 ±  0.0001

10.000 403.740 0.00042 1.3071 0.9997000 1.3067 1.3041 ±  0.0001
15.000 351.902 0.00055 1.1392 0.9991005 1.1381 1.1358 ±  0.0002
20.000 310.148 1.0038“ 0.9982058 1.0020 1.0000
25.000 275.931 0.00090 0.89283 0.9970474 0.89020 0.88842 ±  0.00004
30.000 247.548 0.00111 0.80072 0.9956540 0.79723 0.79564 ±  0.00003
35.000 223.753 3.00136 0.72342 0.9940313 0.71911 0.71767 ±  0.00001
40.000 203.582 0.65782“ 0.9922189 0.65270 0.65140

“ Values used in calibration (see ref 1).

the viscometer constant, the kinetic energy correction 
constant, the mean linear coefficient of thermal expan
sion for the viscometer glass (£ =  3.25 X 10~6 deg-1), 
and one of two calibration temperatures (tc =  20.000°), 
respectively. When Cannon-Ubbelohde suspended- 
meniscus viscometers, in which no appreciable correc
tion for variation in surface tension is needed, are used 
to make measurements on the same liquid used in cali
bration, M t reduces to a correction for gas column den
sity at t. In our calculation of this factor, we assumed 
that Dalton’s law of mixtures was adequate for the 
water-saturated nitrogen mixture. Values of M t range 
from 0.99987 at -8 .2 8 ° t o 0.99761 at 40°.

Following the recommendations of Cannon, et al.,u 
we view E as proportional to at tc
and determine it experimentally (F, l, and r are the 
viscometer dimensions, i.e., volume, capillary length, 
and radius). The constants C and E were calculated 
from the calibration data at 20° (V2o = 1.0038 cSt)9'* 13 
and 40° (vi0 =  0.6578 cSt)8'9 after application of the 
M t and expansion corrections to the observed times. 
The precisions assigned to the values of C and E were 
calculated from those obtained experimentally for 
r2o and r4o- That is, the extreme values of t2o and t«  
obtained from the 99% confidence band were used to 
calculate the four possible C-E pairs. The value re
ported for C is the mean of the largest and smallest 
values thus obtained, and its precision band extends to 
include both. The values of E reported in Table II 
correspond to the extreme values of C. In the calcu
lation of the precisions assigned to the reported values of 
viscosity, these maximum deviations for C and E were 
used in combination with the extreme values for t, 
obtained from the 95% confidence band, thus giving a 
v¡.max and a vt.mia. The reported kinematic viscosity

in Table II is the mean of v t.max and Finally,
precision bands were assigned to the reported viscosities 
assuming that the accuracy of the density data is such 
that no additional uncertainty is obtained in the con
version: -q/ptOT].

The results of fitting the experimental viscosity data 
to the following three-parameter equation are reported 
in Table III. In eq 2*, T’ is the Kelvin temperature

Table III: A Comparison of Observed Viscosities with Those 
Calculated from Eq 2* with n =  —2.349; B = 156.3418;
To =  195.809 K

Relative
experi
mental
uncer-

t, 7?obsdi Scaled* Per cent tainty,
°c cP cP deviation %

-8 .2 8 2.4551 2.45469 0.017 0.05
-6 .647 2.2960 2.29623 -0 .0 1 0 0.08
-4 .5 3 4 2.1137 2.11390 -0 .0 0 9 0.01
-1 .1 0 8 1.8630 1.86313 -0 .0 0 7 0.01

0.000 1.79187 1.79199 -0 .0 0 7 0.01
5.000 1.5190 1.51887 0.008 0.01

10.000 1.3067 1.30659 0.011 0.02
15.000 1.1381 1.13812 -0 .0 0 2 0.04
20.000 1.0020 1.00200 0.000 a
25.000 0.89020 0.89030 - 0 .0 1 1 0.01
30.000 0.79723 0.79738 -0 .0 1 9 0.01
35.000 0.71911 0.71916 -0 .0 0 7 0.01
40.000 0.65270 0.65260 0.015 a

“ Values used in calibration.

= ( ~ } j  exp [B {T  -  T)/(T' -  T0)(T -  T0)l (2*)

(13) J. F. Swindells, J. R . Coe, Jr., and T . B. Godfrey, J . Rea. Nat. 
Bur. Stand., 48, 1 (1952), RP2279.
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Table IV: A Tabulation of Consistency Corrected Experimental Viscosities (cP) from This and Other Investigations
(Standard Values: Viscosity Standard, 7/20 = 1.0020 cP; Density Data, TRC Data Project Values)

t, This White and t, This Korson, Hardy and Korosi and Coe and
°c work Twining“ Hallet6 "C work et al.c Cottington^ Fabuss8 Geddes-̂ Bingham^ Godfrey6

-1 2 .0 2.90 0.000 1.7919
-1 1 .0 2.78 5.000 1.6190 1.5184
-1 0 .0 2.66 10.000 1.3067 1.3069
- 9 .3 2.546 15.000 1.1881 1.1382
- 9 .0 2.55 20.000 1.0020 1.0020 1.0020 1.0020 1.0020 1.0020 1.0020
-8 .4 8 2.456 25.000 0.8902 0.8903 0.8903 0.8911 0.8903
-8 .2 8 2.4651' 30.000 0.7972 0.7975 0.7963 0.7983 0.7976
- 8 . 0 2.45 35.000 0.7191 0.7195
-7 .2 3 2.339 40.000 0.6627 0.6532 0.6531 0.6627 0.6532 0.6540 0.6531
- 7 .0 2.35 45.000 0.5963
-6 .6 5 2.2960 50.000 0.5471 0.5468
-6 .2 0 2.248 55.00 0.5042
- 6 .0 2.25 60.00 0.4666 0.4666 0.4665 0.4669 0.4674
- 5 .0 2.16 65.00 0.4334
-4 .7 0 2.119 70.00 0.4039
-4 .5 3 4 2.1137 75.00 0.3784
- 4 .0 2.08 80.00 0.3684 0.3560
- 3 .0 2.01 85.00
-2 .1 0 1.928 90.00 0.3148
- 2 .0 1.93 95.00 0.2976
-1 .180 1.8360 100.00 0.2822 0.2820
- 1 .0 1.86 110.00 O.2549

0.000 1.7919 1.796 1.79 120.00 0.2321
125.00 0.2220 0.2219
135.0 O.2O4O
145.0 0 .18 8 4
150.0 0.1815

“ See ref 3. 6 See ref 2. 8 See ref 4. dSee ref 16. e See ref 1. f See ref 17. 1 See ref 18. 6 See ref 19. ‘ All values in italics
are those selected for the determination of the parameters in eq 2* for the extended temperature range (see text).

(293.15) at n)’ =  t/20 = 1.002 cP,14 T is the Kelvin 
temperature, and n, B, and T0 are empirically adjusted 
parameters. The equation parameters were adjusted 
by a least-squares technique.16 Further discussion of 
this equation is deferred to the next section.

Analysis of the Extended Range Data
Table IV is a compilation of experimentally deter

mined water viscosities taken from the litera
ture.1-4'16-19 The data have been corrected for con
sistency in the following manner. If the author (s) 
used a value other than 1.002 cP— for example, 77*20 for 
772013 in calibration, the reported values, 77,., were cor
rected as 77r(l .002/77*20). In cases where kinematic vis
cosities were measured, the reported absolute viscosi
ties were corrected to be consistent with the Thermo
dynamics Research Center (TRC) Data Project9 densi
ties, if the reported densities of the author, p*r, differed 
from the TRC Data Project values, p t r c , as 77r (p TRC/  

p*r) . In this compilation and in our experimental work, 
the International Practical Temperature Scale of 1948 
was used.

The excellent agreement between the results of this 
work and that of Hardy and Cottington16 of the Na
tional Bureau of Standards and of Korosi and Fabuss1

in the regions of data overlap is, we believe, especially 
significant in that the range of self-consistent, high- 
precision viscosity data is extended from well above 
the normal boiling point to well below the normal freez
ing point.

In comparing data obtained by different methods, 
we have selected certain data sets to which we have 
assigned uncertainties that were used to compute 
weighting factors in the data analysis. An uncertainty, 
U =  0.2%, the estimated accuracy of the primary 
standard,8 was assigned to those measurements whose 
relative precision was estimated to be equal to or better 
than this figure. In other cases, we have assigned un
certainties as estimated by the authors.

Figure 3 represents the data compiled in Table IV

(14) Throughout this paper the following units are used, and their
conversion to SI units is as follows: cP (centipoise) =  10 _3 N
sec/m 2; cSt (centistoke) = 10“ 6m !/sec; p ( g /cm 3) = 103 k g /m 3.
(15) P. R. Bevington, “ Data Reduction and Error Analysis for the 
Physical Sciences,”  McGraw-Hill, New York, N. Y., 1969.
(16) R. Hardy and R. Cottington, J. Res. Nat. Bur. Stand., 42, 573 
(1949), RP1994.
(17) J. A. Geddes, J. Amer. Chem. Soc., 55, 4832 (1933).
(18) E. Bingham and R. Jackson, Bur. Stand. (U. S.) Bull., 14, 59 
(1916).
(19) J. R. Coe, Jr. and T. B. Godfrey, J. Appl. Phys., 15, 625 (1944) .
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Figure 3. A graphical representation of per cent deviation vs. Celcius temperature for literature and experimental viscosities. 
The zero line represents 0.00% deviation from viscosities calculated from eq 2* with n — —1.43395, B =  245.661, To =  181.630.

plotted as per cent deviation from viscosities calculated 
from eq 2* in which the three parameters were adjusted

by the same least-squares method to fit three selected 
data sets as follows.
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(i) This work
(ii) Hardy and Cottington16

(1949)
(iii) Korosi and Fabuss1

(1968)

U =  0.2% 
U =  0.2%

U =  0.2% (t <  70°) 
=  0.4% (f >  70°)

The 29 individual data points were weighted as the 
square of the reciprocal of their assigned uncertainties. 
It is apparent from Figure 3 that the agreement be
tween the calculated and fitting data is exceptionally 
good, with the average absolute per cent deviation 
being 0.11%. All the data points in Figure 3 represent 
measured values with the exception of those indicated 
as calculated by Korson, et al.4 We regard the diver
gence of these calculated values to result from the 
method used to obtain the correction terms in eq 1. 
It should be noted, however, that these authors claim 
accurate prediction by their empirical methods only 
for the range 10° <  t <  70°. It is seen also from Fig
ure 3 that the data of this work fall almost directly be
tween those measured by other investigators.2,3 These 
results lead us to assume that eq 2* predicts the viscos
ity of liquid water over the entire extended range within 
accuracy limits comparable to that of the primary 
standard (0.2%). The constants for eq 2* for the 
extended range are n = —1.43395, B = 245.661, To = 
181.630 K.

A General Empirical Function for the Shear 
Viscosity-Temperature Coefficient of Liquids

Equation 2* used in the previous sections is a reduced 
form of a new empirical relation (see eq 2 below) relative 
to a viscosity at a selected standard temperature. The 
new four-parameter equation defined below for the 
shear viscosities of liquids was formulated after a thor
ough analysis of the various viscosity equations found 
in the literature for the temperature coefficient of New
tonian liquids.

7 = ATnexp[B/(T -  T0)] (2)

In eq 2, A, B, n, and T0 are four adjustable parameters; 
7 is the viscosity or kinematic viscosity and T is the 
Kelvin temperature. With proper choice of the four 
parameters, five different relations for the temperature 
dependence of viscosity of Newtonian liquids found in 
the literature readily follow from eq 2.

7 — A  expjß /71] (2a)

7 = A  exp [ B / ( T  -  T o ) ] (2b)

7 = A T I/2exp[B /(T  -  T 0) ] (2c)

7 =  A T , / !exp[B/T] (2d)

7 = A T n exp[J3/T] (2e)

All of these special cases represent empirical and 
semiempirical equations which have been proposed and 
tested as viscosity formulas for the temperature co
efficient of one or more Newtonian liquids.20 In par

ticular, eq 2 embraces the basic concepts of Arrhenius- 
Eyring rate theory21,22 as also the free-volume, glass 
transition concepts of the Vogel,23 Doolittle,24 and 
Cohen-Turnbull26 relations. Without concerning our
selves with the theoretical significance of the newly 
proposed viscosity-temperature relation, this equation 
very nicely satisfies the need of a reliable empirical 
equation for fitting shear viscosity data for simple 
liquids over an extended range. The fact that it re
produces the high-precision data on an abnormal liquid 
such as water speaks well for its applicability as an 
interpolation equation for correlating viscosities of van 
der Waals liquids, including those with specific inter
actions. Extrapolations of viscosity data beyond 
measured temperature ranges require additional con
sideration.

Multirange Application of the Vogel 
and Arrhenius Equations

Others22 have shown that the Vogel equation (eq 
2b) does not reproduce the viscosity data for water even 
over the limited 5-100° range. In smoothing viscosity 
data over wide temperature ranges, proposals7 have 
been made to use the Vogel equation (eq 2b) and the 
usual form of the Arrhenius equation (eq 2a) for the 
lower and higher temperature ranges, respectively.

Apparently, Vogel in 1921 was the first to use eq 2b 
to represent the viscosity temperature coefficients of 
lubricating oils. More recently, the Vogel type of 
analytical function has been invoked in various theories 
to relate the additive constant “ To”  in the exponential 
to glass transition temperatures of supercooled liq
uids.6,7 To cope with the problem of smoothing ex
tended viscosity temperature data, Matheson, et al., 
have applied an empirical scheme plotting log j? vs . 
T -3 to locate “ kink”  temperature regions which serve 
to define two temperature ranges. Gilra26 has also 
applied this concept to the data of Hallett2 for super
cooled water. The necessity of defining two tempera
ture regions for shear viscosities remains an issue.

To test this proposal, we have developed an analyti
cal scheme which is designed to define the different 
temperature ranges for which the Vogel and Arrhenius 
equations should be used, if there is reasonable evidence 
for their existence. The validity of this approach as 
compared with log ri vs. T~3 plots lies in the fact that the 
analysis is in terms of the Vogel parameters themselves. 
The mathematical justification rests on the principle 
that three data points determine three parameters;

(20) S. G. Brush, Chem. Rev., 62, 513 (1962).
(21) S. Glasstone, K. J. Laidler, and H. Eyring, “ The Theory of 
Rate Processes,”  McGraw-Hill, New York, N. Y., 1941.
(22) A. A. Miller, J. Chem. Phys., 38, 1568 (1963).
(23) H. Vogel, Phys. Z „ 22, 645 (1921).
(24) A. K. Doolittle, J. Appi. Phys., 29, 901 (1951).
(25) M . H. Cohen and D. Turnbull, J. Chem. Phys., 31, 1164 (1959).
(26) N. K. Gilra, Can. J. Phys., 46, 2123 (1968).
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Table V : A Tabulation of Per Cent Deviations, Weighted Variance, and Root-Mean-Square Deviation 
for Observed and Calculated Water Viscosities of Five Empirical Equations

t, di%a di% di% di% di%
Ref °c eq 2b eq 2e eq 2a-2b eq 4 eq 2*

1 6 -8 .2 8 1.0 4.1 - 1 .3 0.3 0.2
2 b -6 .647 0.7 3.2 - 0 .9 0.1 0.1
3 b -4 .5 3 4 0.3 2.2 - 0 .5 - 0 . 0 - 0 .0
4 b -1 .1 0 8 - 0 .1 1.0 - 0 .0 - 0 .2 - 0 .1
5 6 0.000 - 0 .2 0.8 0.1 - 0 .2 - 0 .1
6 6 5.000 - 0 .4 - 0 .1 0.5 - 0 .2 - 0 .2
7 16 5.000 - 0 .4 - 0 .2 0.5 - 0 .2 - 0 .2
8 6 10.000 - 0 .4 - 0 .4 0.6 - 0 .2 -0 .1
9 6 15.000 - 0 .2 - 0 .4 0.4 - 0 .1 - 0 .1

10 13 20.000 - 0 .0 - 0 .0 0.0 0.0 - 0 .0
11 6 25.000 0.2 0.5 - 0 .6 0.1 0.0
12 6 30.000 0.5 0.0 - 1 .4 0.1 0.1
13 b 35.000 0.7 1.7 - 2 .4 0.2 0.1
14 16 40.000 1.0 0.2 - 3 .5 0.2 0.2
15 1 40.000 0.9 2.3 - 3 .4 0.2 0.1
16 1 60.00 1.4 4.2 - 7 .3 0.1 0.0
17 1 75.00 1.4 4.7 - 8 .1 0.0 0.0
18 16 80.00 1.2 4.6 -8 .2 - 0 .0 - 0 .1
19 16 90.00 0.9 4.0 - 8 .0 - 0 .1 -0 .1
20 16 95.00 0.8 0.4 - 7 .8 - 0 .2 - 0 .2
21 16 100.00 0.6 3.1 - 7 .4 -0 .1 - 0 .1
22 1 100.00 0.6 3.0 - 7 .5 - 0 .2 - 0 .2
23 16 110.00 0.1 1.7 - 6 .6 - 0 .2 - 0 .1
24 16 120.00 - 0 .3 -0 .1 - 5 .6 -0 .1 - 0 . 0
25 16 125.00 - 0 .6 - 1 .2 -5 .1 - 0 .0 0.0
26 1 125.00 - 0 .7 1 CO - 5 .1 - 0 .0 - 0 .0
27 1 135.00 -1 .2 - 3 .8 - 3 .9 0.1 0.1
28 1 145.00 -1 .9 6.9 - 2 .7 0.3 0.2
29 1 150.00 -2 .2 8.6 - 2 .0 0.5 0.4

Weighted Variance'
0.00324 0.0117 0.0182 0.000761 0.000541

Ems Deviation11
0.00671 0.0270 0.0177 0.00206 0.00157

Values of Adjustable Parameters Obtained by Least Squares

A B C n To T*

Eq 26 491.299 152.968
Eq 7 5426.90 11.0644
Eq 2b-2a 258.394 188.233 317.587
Eq 6 2.92964 2.66987 X 10 -2 98.6542
Eq 2* 245.661, -1.43395 181.630

U% =  100 di/n{; d( = yi .ealed — yt °bBd_ 6 This work. c Weighted variance = d
i

Rms deviation = (1 /N-Zd*)'/*.

thus, n — 2 consecutive triples in a set of n data points 
determine n — 2 sets of parameters. The variation 
with temperature of one “ To" of these parameters is 
compared with what would reasonably be expected if 
application of the Vogel equation to only the lower 
temperature range viscosity data could be used to ob
tain glass transition temperatures for the supercooled 
liquid.

Equation 3 is a solution for T0 of the Vogel equation 
for the ith,yth, and fcth data points.

To T
1 Zu -  Zk

(3)
kj

where

Yt = In 7]i Yk =  In 7]k

„  In vie -  In yjj r/ _  In ?n -  In ^
ki ~ Tj -  Tk u Tj -  Tt

Our application of this test to the 27 consecutive triples 
of the data sets used to fit eq 2* over the extended range 
did not define one, two, or more distinct temperature 
ranges. Our analysis showed a trend toward higher 
values of T0 in the lower temperature range with very 
erratic behavior at higher temperatures, t >  50°. A 
further test of the two-range fit is shown in Table V,
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in which a nonlinear least-squares fit of the selected 
data to a Vogel equation in the low range (£ <  
44.437°C) and an Arrhenius equation at higher tem
peratures are compared with least-squares fits for several 
other equations. In fitting the two-range case (eq 
2a and 2b), the condition of continuity (equal values 
and equal slopes) at the boundary temperature T*, plus 
that of forcing a fit at 17' =  7720, reduces the number of 
independent parameters to three, including T*; i.e., the 
least-squares criteria are used to determine the bound
ary temperature and also the two remaining indepen
dent parameters.

A comparison of the fits for eq 2b and 2a, eq 2* and 
4, which has been recommended at various times for

, v' A(t -  20) +  B(t -  20)2
“ 7  " ------------- c + 7 -------------- (4>

water viscosity,1,11 is instructive in that all three have 
three independent adjustable parameters. It is appar
ent that in the two-range Vogel-Arrhenius case the 
deviations are both systematic and in excess of experi
mental uncertainty. We therefore conclude that this 
procedure is apparently not justified empirically and 
that values of T0 so calculated are of questionable sig
nificance.

Equation 2e, representative of forms suggested by 
application of Absolute Rate Theory to viscous flow, is 
also included in Table V. It was, as were all the equa
tions tested, forced to fit at rj' =  7/20, thus reducing the 
number of adjustable parameters by one.

Summary and Discussion
In the foregoing sections, we find that the extension 

of high-precision viscosity data for water to the super
cooled state does not support the view of distinct tem
perature regions in which glass-like transitions at lower 
temperatures influence the temperature coefficient of 
viscous flow.22,26 We further find that a reasonably

simple reduced three-parameter empirical equation fits 
the entire extended range, suggesting that there are no 
thermal anomalies or “ kinks” 24"-26 in the viscosity 
temperature curve for pure water in the normal or in 
the metastable liquid state extending through its normal 
melting point. The success of eq 2* for the case of pure 
water suggests its usefulness for other liquids.
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Appendix
The statistical method, used to obtain the parameter 

values for the various data fitting equations discussed 
in the text, is the method of nonlinear least squares.16 
In the general case, the k free parameters pk of the non
linear function are varied iterationally, each iteration 
providing a set of pk values calculated to reduce the 
weighted squared deviation sum, x2- Each parameter 
increment Apk is calculated as hhk, where h is normally 
one and 8k is obtained from the normal equations of the 
first-order Taylor expansion of the fitting function about 
the parameters pk. Convergence is reached when the 
condition Apk/pk < E is satisfied for each free parame
ter, where E  is an externally supplied test value that for 
this work was set at 10 " 6. The program, a modified 
version of one developed by Vogt and Buhl,27 was writ
ten in f o r t r a n  IV and was run on an IBM  360/65 
computer.

(27) D. Vogt and A. R. Buhl, “A Generalized Non-Linear Least 
Squares Data-Fitting Program/’ NDL-TM-55, U. S. Army Nuclear 
Defense Lab, Edgewood Arsenal, Md., Clearinghouse, 1969.

The Journal o f Physical Chemistry, Vol. 75, N o. 13, 1971



Effect of Environment on Electron Transfer 2025

The Organic Solid State. IV. The Effect of Environment on Electron 

Transfer in Biferrocene [Fe (II) Fe (III)] Picrate1
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The synthesis and physical properties of a new ferrocene salt, biferrocene[Fe(III)Fe(III)] fluoroborate are 
described. The results of electronic and nuclear magnetic resonance spectroscopy are used to assign the 
mixed valence absorption in biferrocene [Fe(II)Fe(III) ] picrate to an electron-transfer transition. The 
Mossbauer data are consistent with a thermal rate of electron hopping in the solid of <107 sec-1. The reasons 
for the reduction in rate, relative to solution, are discussed.

Though there are a large number of inorganic com
pounds that contain metal ions of the same element in 
two formally different oxidation states, there are very 
few organometallic compounds of this type known. 
We have recently reported6 the synthesis and physical 
properties of biferrocene [Fe (II) Fe (III)] picrate, a 
mixed valence salt of ferrocene, which was predicted to 
show considerable intramolecular interaction on the 
basis of its electronic and infrared spectra and on its 
electrical conductivity. Three mechanisms for the 
mixed valence transition were postulated and we wish 
here to present additional experimental data that bear 
directly on this question. The results of electronic, 
nuclear magnetic resonance, and Mossbauer spectros
copy are reported for the biferrocene [Fe (II) Fe (III) ] 
picrate, as well as for a newly synthesized salt of bi
ferrocene, biferrocene [Fe(III)Fe(III)] fluoroborate.

Experimental Section

Apparatus and Techniques. Electronic spectra were 
obtained on a Cary 14 recording spectrophotometer. 
All solutions (Spectrograde) were degassed with pre
purified nitrogen and used immediately after they were 
prepared. Potassium bromide pellets for optical stud
ies were prepared from a 1.5-mg sample in 150 mg of 
Spectrograde KBr. A Spex Industries press (3600 psi) 
was used on a Perkin Elmer evacuable die (sample diam
eter, 1.5 mm). Infrared spectra were measured on a 
Perkin-Elmer 521 instrument and all samples were run 
as mulls on CsBr plates. Nuclear magnetic resonance 
experiments were performed on Varian HA 100 and 
HR 100 spectrometers. Mossbauer spectroscopy was 
performed on an apparatus that has been previously6 
described. The quadrupole splitting parameter (Q.S.) 
and isomer shift (I.S.) values in units of mm/sec have 
an estimated error of not more than 0.03 mm/sec. 
Elemental analyses were performed by Galbraith Lab
oratories, Knoxville, Tenn.

Preparation of Compounds. Biferrocene [Fe (II)Fe-
(III)] Dipicrate. Biferrocene, 0.3 g (8 X 10~4 mol) 
dissolved in 45 ml of benzene, was added to 50 ml of 
benzene which contained 0.55 g (2 X 10-3 mol) of 
picric acid and 0.073 g (6.75 X 10-4 mol) of benzo- 
quinone. The solution, heated for several minutes at 
65°, turned black and was allowed to stand at room 
temperature for 48 hr. The filtered solution yielded 
0.33 g (60%) of black microcrystals, which were washed 
with ~ 500  ml of cold benzene.

Anal. Calcd for C32H22N6Oi4Fe2: [C20Hi8Fe2+(C6H2- 
N80 7)2- ]  C, 46.53; H, 2.66; Fe, 13.52. Found: C, 
46.49; H, 2.84; Fe, 14.68 (ash).

The Mossbauer spectrum of the dipicrate salt was 
identical with that of the monopicrate, except for the 
presence of 10% ferrous iron, which may explain the 
discrepancy in the iron analysis.

Biferrocene[Fe(II)Fe(III)] Picrate. The mono
picrate salt of biferrocene was prepared by recrystalliza
tion of the dipicrate salt, described above. To 40 ml of 
methanol was added 0.1 g of dipicrate salt. Distilled 
water, 25 ml, was added to the filtered solution, which 
was cooled in the freezer for 24 to 48 hr. The black 
platelets of biferrocene [Fe(II)Fe(III)] picrate, 0.049 g, 
showed mp 190°, dec. Far-ir see Table I ; uv max (CH3- 
CN) 220 nm (« 6.64 X 104), 295 (1.45 X 104), 375 
(2.21 X 104), 550 (1800), 1900 (551).

Anal. Calcd for C2«H2oNs07Fe: [C2oHi8Fe2+(C6-

(1) F. Kaufman and D. O. Cowan, J. Amer. Chem. Soc., 92, 6198 
(1970).
(2) Author to whom inquiries should be addressed at The Johns 
Hopkins University; A. P. Sloan Fellow.
(3) The University of Texas.
(4) Taken from the Ph.D. Thesis of F. Kaufman and submitted to 
The Johns Hopkins University; National Institutes of Health Pre- 
doctoral Fellow.
(5) (a) D. O. Cowan and F. Kaufman, J. Amer. Chem. Soc., 92, 219
(1970); (b) F. Kaufman and D. O. Cowan, ibid., 92, 6198 (1970).
(6) R . L. Collins and R. Pettit, J. Inorg. Nucl. Chem., 29, 503 
(1967).
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H2N30 7) - ]  C, 52.20; H, 3.37; Fe, 18.67. Found: 
C, 52.01; H, 3.18; Fe, 18.44. ir 3085 (CH stretch), 
1414 (CC stretch); 1109,1102 (ring breadth), 1002 (CH 
bend) 818,812 (CH bend).

Biferrocene [Fe(lIi)Fe(UI) ] 2BF\. To a cold, rapidly 
stirred solution of 120 ml of benzene which contained 
0.6 g (1.6 X  10-3 mol) of biferrocene and 0.037 g (3.4 
X  10~3 * * mol) of benzoquinone was added 2 ml (0.016 
mol) of BF3-E t20  (Eastman, White Label). The 
solution, which instantly turned black, was stirred for 
several minutes then allowed to stand cold for 3 hr. 
A blue solid was collected from the solution and washed 
with 500 ml of cold benzene. In a typical purification 
run, 30 mg of crude product was dissolved in the mini
mum amount of nitromethane ( =  1 ml) to yield a 
syrupy, greenish solution. After filtration from any 
residue, an equal volume of diethyl ether was quickly 
added to precipitate the product. The cloudy solution 
was kept in the refrigerator for 36 hr, then filtered to 
give 12 mg (37%) of the biferrocene [Fe(III)Fe(III)] 
2BF.i salt. The deep blue solid was rinsed with ether 
until the wash was colorless, then dried for several 
days in a desiccator under high vacuum, dec >226°: 
ir (solid) 408 cm-1 (antisymmetric ligand-metal 
stretch); uv max (solid in Nujol mull) 760 nm; Moss- 
bauer data (see text). Magnetic susceptibility and 
electron spin resonance studies7 of this compound con
firm our valence and structural assignment. (For 
solution properties, see text.)

Anal. Calcd for [C20H18Fe2+2(BF4)22- ] :  C, 44.17; 
H, 3.31. Found: C, 43.93; H, 3.41.

2,8-Dichloro-5,6-dicyanoquinone (DDQ) Salt of Bi
ferrocene. The method of Brandon, Osiecki, and Otten- 
berg was used:8 In 20 ml of benzene was dissolved 0.02 
g of biferrocenyl (2 X 10-4 mol) and 0.002 g of DDQ 
(1 X  10-4 mol). The black solution was stirred for 1 
hr, allowed to stand for several days, then filtered from 
30 mg (19%) brown solid: mp 240° dec.

Anal. Calcd for [(C20H18Fe2)2+(C8O2Cl2N2)22- ] :  
C, 52.40; H, 2.19: Found: C, 52.38; H, 2.50; (see 
text for discussion of solution properties).

Results and Discussion

The Nature of the Mixed Valence Transition in Bi- 
ferrocene[Fe(II)Fe(III)] Pier ate. The spectral proper
ties of biferrocene [Fe(III)Fe(III) ] 2BF4 have been 
studied in fluid media and in the solid state. Ace
tonitrile solutions of this compound show absorption 
bands (ultraviolet to near-infrared) that are identical 
with those observed for the biferrocene (2,3) cations. 
The near-infrared region is dominated by an absorption 
band, Xmax 1850 (e 445) that had been tentatively as
signed6 to an electron-transfer transition between the 
+ 2  and + 3  Fe atoms in the mixed valence salt of bi
ferrocene. Far-infrared spectra of films (made by 
evaporation of solutions that contained the (3,3) com
pound) showed absorption bands that were characteris

2026

tic of biferrocenyl and the (2,3) cation. The spectral 
results on films and the seeming insensitivity of the 
2E2g -*■ 2Eiu transition of the (3,3) ferrocenium ions to 
substitution prompted us to study the spectrum of this 
compound in the solid state.

Mossbauer (see below) and far-infrared spectral 
studies were consistent with an Fe(III)Fe(III) assign
ment: a Nujol mull of the finely powdered solid gave a 
single strong absorption at 408 cm-1 (see Table I).

D. O. Cowan, R. L. Collins, and F. Kaufman

Table I : Far-Infrared Band Positions

Ring-metal®
stretch, Ring-tilt,

cm-1 cm-1®

Biferrocene [Fe(II)Fe(III)] 448 495
pierate

Biferrocene [Fe(III )F e (III )] 408
fluoroborate

Ferrocene6 478 492
Biferrocene 478 489
Ferrocenium pierate 405
Ferrocenium fluoroborate 425

° Antisymmetric vibrations. 6 M. Rosenblum, “ Chemistry of 
the Iron Group Metallocenes,”  Wiley, New York, N. Y., 1965.

Since this is in the range expected (425-403)9 cm-1 for
ferrocenium salts and occurs at a lower frequency than
the absorption of ferrocenium fluoroborate (425 cm-1) 9, 
the far-infrared assignment was considered to be am
biguous. These mulls were studied in the spectral 
region, 500-2000 nm10 and, in contrast to the solution 
results, no absorptions were seen at wavelengths greater 
than 950 m/x. An absorption at 760 nm was observed 
and we have assigned it to the 2E2g -► 2Eiu transition of 
the substituted Fe(Cp)2 + ion.

Solutions of the 2DDQ salt of biferrocene dication 
show the same behavior as the fluoroborate and it 
would therefore appear that the properties of biferro
cene cations are independent of the nature of the an
ion.11 The (3,3) species are well defined in the solid 
state and show no mixed valence transition near 2000 
nm. We conclude that these dications are unstable in 
solution and are rapidly reduced to the (2,3) species, 
which always exhibit an absorption in the near-infrared 
region. In contrast to the (3,3), the monocation shows 
no evidence of valence changes as a function of state; the

(7) D. O. Cowan, G. A. Candela, and F. Kaufman, J Amer. Chem. 
Soc., in press.
(8) R. L. Brandon, J. H. Osiecki, H. Ottenberg, J. Org. Chem., 31, 
1214 (1966).
(9) (a) Unpublished results of F. Kaufman; (b) T . Pavlik and J. 
Klikorka, Coll. Czech. Chem. Commun., 30, 664 (1965).
(10) At wavelengths less than 500 nm the scattering was too severe 
to allow the detection of any sample absorption.
(11) For polarized absorption studies on crystals of ferrocenium 
pierate, Kuroda [J. Molec. Spectrosc., 30, 355 (1969) ] has suggested 
that overlap between the component anion and cations is small.
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long wavelength transition is observed in a thin film or 
as a powdered solid dispersed in a KBr matrix. The 
mixed valence transition is dependent on there being one 
molecule of ferrocene and its ion, held closely enough 
to interact. Highly concentrated solutions, containing 
both of these species, display no extra spectral bands. 
The separation of the two ferrocene moieties in biferro- 
cenyl mercury12 is large enough to preclude the possi
bility of extensive interaction.13

We had previously proposed5b three mechanisms to 
account for the mixed valence transition in the biferro
cene (2,3) cation. Since we showed that the difference 
in ligand field environments between Fe(Cp)2 and Fe- 
(Cp)2+ was negligible, the prime factor that determines 
the physical properties should be the extent of orbital 
interaction. In the absence of overlap between adja
cent metal orbitals, the new spectral transition could be 
explained by an intramolecular metal-ligand charge 
transfer. On the other hand, a small amount of overlap 
between the 2E2g[aig2e2g3] and 1Aig[aig2e2g4] states of the 
Fe(Cp)2+ and Fe(Cp)2 portions of the molecule would 
lead to an optical electron transfer (hopping) process be
tween the two iron atoms. Extensive orbital interac
tions would undoubtedly lead to metal-metal bonding 
via the e2g orbitals.

It is wTell known that the intensities of mixed valence 
transitions depend directly on the extent of electron de- 
localization between the two interacting atoms.14'15 
From the relatively low molar absorptivity (e 550), we 
can estimate14 that the optical electron spends less than 
0.1% of its time tunneling through the intramolecular 
barrier that exists between the two equivalent sites. 
This means that meaningful integral oxidation numbers 
can be assigned to the iron atoms in the biferrocene-
(2.3) cation since the electrons are virtually localized at 
each iron atom. That the metal valences are indeed 
distinct is supported by the Mossbauer data (see below) 
and the esr and magnetic susceptibility values for the
(2.3) and (3,3) biferrocene salts.7 The lack of any 
absorption in the near-infrared spectrum of the (3,3) 
is also consistent with this interpretation.

The assignment of the mixed valence transition to a 
metal-ligand charge-transfer transition would imply 
that resonance interactions in the biferrocenyl system 
are so extensive as to stabilize dramatically an anti
bonding ligand orbital. Though there is evidence in 
the electronic spectrum of biferrocene for increased ring 
conjugation, the wavelength shifts and heightened ex
tinction coefficients are not large enough to account for 
the very low spectral energy of the mixed valence transi
tion. Though hypsochromic shifts in the visible band 
of some substituted ferrocenium ions are found to be as 
large16 as 2700 cm-1, relative to the parent ion, we have 
detected no new absorptions in the long wavelength 
region of the spectrum in sulfuric acid solutions of 
benzoyl-ferrocene.17 In addition, highly concentrated 
solutions of biferrocene in benzene exhibit no electronic

Effect of Environment on Electron Transfer

transitions at wavelengths greater than 500 nm (limit 
of detection, e <3).

In the absence of extensive interaction between the 
metal atoms or the ligands in the biferrocenyl system, 
the interpretation of the mixed valence transition must 
depend on weak intramolecular interactions between the 
Fe(Cp)2 and Fe(Cp)2+ halves of the (2,3) cation. The 
electron-transfer band6 hypothesis for the mixed valence 
transition agrees with this picture because it requires 
that the orbitals involved interact only through higher 
vibrational states. The width of the mixed valence 
band and its low energy have been shown6 to be consis
tent with an optical electron-transfer process. The 
calculated thermal transfer rate agrees well with what 
is predicted from experiment. The absence of any 
transitions in the spectrum of the biferrocene(3,3) di
cation seems to indicate that one “ hole”  2E2g[(aig)2(e2E) 3] 
and one “ electron”  1Aig[(aig) 2(e2g)4] in the e2g state is 
necessary for the appearance of the absorption. An 
electron-transfer transition between the Fe(Cp)2 + 
species in the (3,3) is considered unlikely because this 
would involve the formation of a + 4  oxidation state for 
iron. The inability to detect a long wavelength band 
in biferrocene is also good evidence for needing one hole 
and one electron per molecule for transfer to take place. 
Taube18 has also assigned the long wavelength absorp
tion band in a ruthenium(2,3) mixed valence compound 
to an electron-transfer transition because of the lack of 
any new absorptions in the parent (2,2) and (3,3) spe
cies.

Thermally Activated Electron Transfer in Solutions of 
the Biferrocene(2,3) Cation. It is well known that in 
solution ferrocene and ferrocenium ion undergo very 
rapid electron transfer. Measurements by isotopic 
exchange19 and nmr line broadening20 have established 
that the transfer rate is not significantly less than would 
be predicted for a diffusion controlled process. The 
Fe(C5H4)2+, Fe(C5H 5)2 couple, in contrast to many 
inorganic systems, is uniquely suited for fast exchange.21 
The reorganizational energies required for the chemical 
change of oxidation state are small. An exchange pro
cess between these two bulky species, with a net charge

(12) M . Rausch, M . Vogel, and H. Rosenberg, J. Org. Chem., 22, 901 
(1957).
(13) Unpublished results of F. Kaufman. Solutions of the oxidized 
mercury compound (benzoquinone-picrie acid) only show a “ ferro
cenium”  transition at 630 nm when subjected to spectral analysis.
(14) M . B. Robin and P. Day, Advan. Inorg. Chem. Radiochem., 10, 
247 (1967).
(15) N. S. Hush, Progr. Inorg. Chem., 8, 391 (1967).
(16) Private communication from R. Prinz.
(17) This compound was chosen because the width (4800 cm -1), 
Xmax (570 nm) and molar absorptivity (« 2000) of its. ferrocenium 
ion transition are very similar to the spectral data for biferrocene.
(18) C. Creutz and H. Taube, J. Amer. Chem. Soc., 91, 3988 (1969).
(19) D. R. Stanks, Discuss. Faraday Soc., 29, 73 (1960).
(20) N. W. Dietrich and A. C. Wahl, J. Chem. Phys., 38, 159 (1963).
(21) D. O. Cowan, G. Pasternak, and F. Kaufman, Proc. Natl. 
Acad. Sci. U. S., 66, 837 (1970).
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of + 1 , can be expected to show very little coulombic 
interactions and small activation energies for reorga
nization of solvent molecules.

In solution the average encounter diameter between 
ferrocene and ferrocenium ion has been estimated to be
7.6 Â .19 * * The iron-iron distance in biferrocene [Fe-
(II)Fe(III)] picrate has been calculated from models 
to be from 3.8 (cis coplanar) to 5.1 A (trans coplanar). 
Regardless of the configuration of the (2,3) compound 
in solution, therefore, the exchanging species in the 
mixed valent compound are expected to be at least 
33% closer to each other than in the free ion case where 
van der Waals interactions determine the average en
counter distance. The shorter metal-metal distance in 
the biferrocene skeleton and the smaller reorganiza- 
tional energy of solvent during the transfer process, 
relative to the parent species, means that solutions of 
biferrocene[Fe(II)Fe(III)] picrate should exhibit very 
rapid, thermally activated intramolecular electron 
transfer. Intermolecular exchange processes are ex
pected to be slow because they involve a two-electron 
transfer between the exchanging species.

[Fe(II) -  Fe(III) ]+ +  [Fe(II) -

F e(III)]+ — »• 2[Fe(III) -  Fe(II)] +

A one-electron transfer process should be energetically 
unfavored because it involves the formation of the 
highly unstable (3,3) cation.

[Fe(II) -  F e(III)]+ +  [Fe(II) -  Fe(III)

[Fe(II) -  Fe(II)] +  [Fe(III) -  Fe(III)]2+

The electron transfer between Fe(Cp)2 and Fe(Cp)2 + 
can be studied by nuclear magnetic resonance spec
troscopy. The oxidized species shows a contact shifted 
resonance at -^O.O ppm22 (1700 Hz line width), 
whereas the nominally diamagnetic, neutral ferrocene 
molecule shows no separate absorption in equimolar 
solutions containing the cation. The signal of the ferro
cene species cannot be seen because of the rapid rate at 
which its valence changes due to the electron exchange 
process. Inequivalent protons in substituted ferro
cenium species are also effected by the paramagnetism 
of the unpaired 3d iron electron. Depending on the 
distance from the paramagnetic site, substituents have 
been shown to absorb at resonances of as large as 18.5 
ppm, contact shifted from the spectral position in the 
diamagnetic derivative.

We have studied the nuclear magnetic resonance 
spectra of solutions of biferrocene [Fe(II)Fe(III)] pi- 
crate and have not observed a separate signal (range 
±  20 ppm) due to the ring protons of the ferrocene por
tion of the molecule. In the absence of rapid intra
molecular exchange, it is expected that the cyclopenta- 
dienyl protons farthest removed from the paramagnetic 
site would be observable because it is known23 that the

iron atom in ferrocene effectively insulates one ring from 
the other. We have observed in the nmr (HR 100 with 
C.A.T.) spectrum a very broad signal which we have 
assigned to all of the cyclopentadienyl protons in the 
biferrocene(2,3) system. As in the case of solutions 
containing equimolar quantities of Fe(Cp)2 and Fe- 
(Cp)2+, our results are consistent with a very rapid 
electron transfer process.24

Mossbauer Results on Biferrocene Compounds. Moss- 
bauer spectroscopy has been applied to a large number 
of ferrocene derivatives (see Table II) and the results 
have been very helpful in the assignment of electronic 
structure. The characteristic differences in the qua- 
drupole splitting parameter for ferrocene (2.4 mm/sec) 
and ferrocenium ion (<0.1 mm/sec) are particularly 
useful in defining the 3d configuration of the iron atom. 
The quadrupole splitting observed (2.4 mm/sec) for 
the ferrocene-TCNE complex was used to define that 
compound as a charge-transfer complex,6 and not as an 
ionic salt as had been previously suggested.

We have measured the Mossbauer parameters for the 
salts of biferrocene and the results are tabulated in 
Table II. In both compounds, there are absorptions

Table II : Mossbauer Data

Q.S., I.S.,
Compd T, ”K mm/sec mm/sec

Biferrocene [Fe(II )Fe(III )]
picrate“

Ferrocenyl iron(II) 77 2.141 +  0.510
298 2.053 +  0.419

Ferrocenium iron (III) 77 0.288 +  0.518
298 0.302 +0.421

Biferrocene [Fe (III )Fe(III )] 77 0.163 +  0.497
fluoroborate“ 298 0.170 +  0.422

Biferrocene6'“ 78 2.36 +  0.67
Ferrocenium picrate"'11 78 0 +  0.67
Ferrocenium fluoroborate"’” 298 0.76 +  0.54
(Ci0Hi8Fe)2-C H +BH4- / '‘' 100 2.11 +  0.78

“ Isomer shifts (I.S.) relative to iron foil. 1 I.S. relative to
Co67 (chromium) source. c G. K. Wertheim, R. H. Herber, 
J. Chem. Phys., 38, 2106 (1963). d I.S. relative to 321 S.S. 
* I.S. relative to Sundvik 2R2. ! I.S. relative to S.N.P. " R. H. 
Herber in “ Characteristization of Organometallic Compounds,”  
M. Tsutsui, Ed., Wiley, New York, N. Y., 1968.

with quadrupole splittings in the range found for other
ferrocenium ions. This observation indicates that we
are dealing with materials that have Fe(III) ions pres
ent and are, therefore, not charge-transfer complexes.

(22) H. P. Fritz, H. J. Keller, and K. E. Schwarzhans, J. Organo- 
metal. Chem., 6, 652 (1966).
(23) M . Rosenblum, “ Chemistry of the Iron Group Metallocenes,”  
Wiley, New York, N. Y., 1965.
(24) The lack of nuclear hyperfine structure is consistent with the 
magnetic spin states proposed for these compounds in our magnetic 
susceptibility and electron spin resonance studies.7

The Journal o f Physical Chemistry, Vol. 76, No. 13, 1971



Effect of Environment on Electron Transfer

Figure 1. Mossbauer spectrum of biferrDcene[Fe(II)Fe(III)] 
picrate at 77 °K.

The Mossbauer results on the (3,3) compound are 
consistent with the elemental analysis, which indicated 
a 1:1 molar ratio of ferrocenium:3F4. In contrast to 
the Mossbauer data on the dipicrate salt of biferrocene, 
there are no signs of ferrocenyl iron (II) in the spectrum 
of the (3,3) compound. This means that within the 
limits of detection of the instrument, the material con
sists entirely of Fc(III)Fc(III) units. These results 
agree well with the absorptions seen in the far-infrared 
spectrum of the (3,3) (see earlier discussion). Inter
estingly, the large quadrupole splitting seen in the Fc+- 
BF4_ derivative has been substantially reduced in the 
dimer compound. Presumably, these results are due to 
the lower 3d electron density that exists at the iron 
atoms of the (3,3) salt.

The Mossbauer spectrum of biferrocene Fe(II)Fe-
(III) picrate at 78°K is shown in Figure 1. The spec
trum is essentially a composite of absorptions due to a 
Fe(Cp)2 and a Fe(Cp)2+ unit and is in sharp contrast to 
the data obtained for the other bridged ferrocene deriva
tive studied by this technique, [(CioH9)2Fe]2CH +- 
BF4~.25 The latter compound was thought26 to have 
contributing resonance forms with unpaired electron 
density residing on the metal atom, but the diamag
netism26 of the sample and the large quadrupole split
ting in the Mossbauer spectrum indicate negligible 
interaction between the iron atom and the carbonium 
carbon. The composite spectrum of the (2,3), on the other 
hand, establishes this compound as a true mixed valence 
ferrocene derivative. The quantitative features of the 
spectrum confirm the earlier discussion on the extent 
of interaction between the metal atoms: integral oxi
dation numbers can be assigned to the metal since there 
is no evidence of strong metal-metal interactions. The 
larger quadrupole splitting of the mixed valence picrate, 
compared with (Cp)2Fe+ picrate- , can be interpreted by

2029

Figure 2. Mossbauer spectrum of biferrocene[Fe(II)Fe(III)] 
picrate at 298 °K.

assuming that the weak intramolecular interactions re
sult in increased electron density at the ferrocenium 
center due to the electron donor effect of the ferrocene 
substituent.

Comparison of these results with the data on the far- 
infrared spectrum of biferrocene(2,3) picrate (Table I) 
indicates that the latter technique must be used in con
junction with several complimentary modes of analysis. 
From the infrared results alone, one predicts that the 
valence states of the two metal atoms in the (2,3) cation 
are identical. The disagreement with the Mossbauer 
technique indicates that the ligand-metal stretching 
transitions in the (2,3) cation cannot be analyzed on the 
assumption that the two halves of the molecule are vi- 
brationally distinct. Presumably a complete normal 
mode analysis of the biferrocene system would yield the 
observed interdependence of these stretching transitions 
in the mixed valence compound.

The Mossbauer spectrum of the (2,3) picrate at 
298°K (see Figure 2) is quantitatively similar to that 
seen at liquid nitrogen temperature but important dif
ferences can be seen. The central narrow (ferrocenium) 
doublet has increased in intensity relative to the broad 
(ferrocene) absorption. In addition, a new set of ab
sorptions have begun to appear in the region between 
the two original doublets. These changes may indicate 
that an exchange reaction is occurring. In the absence 
of electron exchange, the Mossbauer spectrum of an 
Fe(II)Fe(III) system is expected to look like the super
position of the signals due to each species taken indi
vidually. Electron exchange interactions, however, are 
expected to affect profoundly the shape and intensity 
of the absorption curves. Systems that are exchanging 
at a rate faster than ~ 1 0 8 sec-1 can only show a single 
average absorption since the mean lifetime of the Moss- 
bauer active nuclear excited state is 1.4 X 10~7 sec.

(25) R. H. Herber, Inorg. Chem., 8, 174 (1969).
(26) C. Jutz, Tetrahedron Lett., 1 (1959).
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Exchange rates that lie near this value have a com
plicated but definite effect on the line shape and re
solution.

The “ hybrid” character of the Mòssbauer line shape 
in the room temperature spectrum of biferrocene Fe-
(II)Fe(III) picrate probably indicates the existence of 
an intramolecular exchange process taking place at a 
rate less than 107 sec“ 1. At liquid nitrogen tempera
ture, the Boltzmann factor would be sharply reduced, 
and the resulting rate would be too small to effect the 
Mòssbauer spectrum appreciably. However, this ex
planation must be regarded as tentative since other fac
tors in addition to nuclear state lifetimes can also effect 
the line shapes. If there is a reduction in the electron- 
transfer rate from 1010 sec-1 in fluid media to <107 
sec“ 1 in the solid state, this reduction may be due to the 
inability of the picrate anion to readily readjust its 
position in the crystal after electron transfer.

2030

Perhaps the best precedent for this view is found in 
the area of inorganic compounds where the mixed iron 
cyanides14 have been studied for over 250 years. Prus
sian blue, KFeIII[FeII(CN)i], has been shown to have 
discrete iron valences on the basis of a wide variety of 
experiments, including Mossbauer, conductivity, and 
electronic spectroscopy. The “ trapped”  valences oc
cupy one of the two unequivalent octahedral sites in 
the crystal: either the carbon ends of the cyanides, or
the nitrogen ends. This mixed valent inorganic solid 
is an intrinsic semiconductor with a resistivity at room 
temperature (p =  107 ohm-cm) that is very similar (p = 
5 X 107 ohm-cm) to that of the mixed valence organo- 
metallic compound biferrocene (2,3) picrate.
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The positron lifetime spectra of nearly perfect NaCl crystals were decomposed into two components with the 
lifetimes ta = 4.0 X 10“ 10 sec and tb ^  1.0 X 10“ 9 sec and corresponding intensities of / a ^  96 and Ib ^  
4%. Upon proton-, 7-, or X-irradiation or doping with A1 metal a significant decrease in the lifetimes and a 
marked increase in the intensity of the long-lived component was observed, approaching “saturation values” 
of ta 2.8 X 10“ 10 sec, tb ^  5.6 X 10“ 10 sec and In ~  40% with increasing radiation doses. The results 
were explained in terms of a simple model which involves the trapping of positrons in cation vacancies. On 
the basis of this model a maximum rate of 7.6 X 10s sec“ 1 was found for the capture of positrons in these 
vacancies, which corresponds to a defect fraction of about 2.6 X 10 “ 7. A  mechanism is proposed to account 
for the observed saturation values in the positron lifetime spectra.

Introduction

The positron annihilation process in alkali halides and 
in sodium chloride has been the subject of several in
vestigations. Earlier work by Bisi, Fiorentini, and 
Zappa2®,b has shown that the observed lifetime spectra 
can be decomposed into at least two components, which 
eliminates a unique fate for all positrons.

Positronium formation and subsequent annihilation is 
the more prevalent reason for the appearance of two 
components in the lifetime spectra of most molecular 
substances, molecular crystals, liquids, or gases. Fer
rell,3 however, had concluded from thermodynamic 
arguments that the formation of positronium in perfect

or nearly perfect alkali halide crystals is forbidden and 
his conclusion was supported by both angular correla
tion4 and three quantum decay yield measurements.6 
Thus positronium formation has to be ruled out in these

(1) Work supported by the U. S. Atomic Energy Commission. 
Acknowledgment is also made to the Petroleum Research Fund for 
partial support.
(2) (a) A. Bisi, A. Fiorentini, and L. Zappa, Phys. Rev., 131, 1023
(1963) ; (b) A. Bisi, A. Fiorentini, and L. Zappa, ibid., 134, A328
(1964) .
(3) R . A. Ferrell, Rev. Mod. Phys., 28, 308 (1956).
(4) A. T. Stewart and N. K. Pope, Phys. Rev., 120, 2033 (1960).
(5) A. Bisi, L. Bussolati, S. Cova, and L. Zappa, ibid., 141, 348 
(1966).
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crystals and decay modes involving positron bound 
states other than positronium have to be invoked to 
account for the complex positron lifetime in the alkali 
halide crystals.

Three major types of bound states have been sug
gested: (1) a positron anion sta^e (e+-anion), (2) a
polaron state of the positron, and (3) a positron at
tached to crystal defects.

The first model has been studied by a number of 
authors, particularly Bussolati, et al.f who presented 
evidence for the possibility of such a system. This 
model, however, fails to explain the results obtained by 
Williams and Ache7 upon introduction of radiation de
fects. The positron lifetime of 0.5 nsec calculated for 
the positron-polaron state which has been discussed by 
Gol’danski and Prokap’ev8-10 is close to the observed 
lifetimes but cannot provide an adequate explanation 
for the variations in the lifetimes between the different 
alkali halides.

Recent studies in solid and liquid metals as well as in 
insulators suggest that positrons can be trapped in 
crystal defects where they can annihilate in a region of 
low electron density.11-18 This is also borne out par
ticularly in studies by Brandt and coworkers,16-19 who 
investigated positron lifetimes in doped and plastically 
deformed alkali halide crystals and by Bertolaccini 
and Dupasquier,20 who explained the above findings and 
phase dependences of positron lifetimes in such crystals 
in terms of a trapping model.

In a previous paper, Williams and Ache7 have studied 
the radiation damage dependence of positron lifetimes 
in proton- or y-irradiated sodium halide crystals. In 
the present investigation positron lifetimes and their 
relative intensities were measured in NaCl crystals 
which have been subjected to proton-, 7-, and X-ray 
irradiation or which have been doped with aluminum.

The observed positron lifetime spectra were decom
posed into two components and the data obtained in 
this way show generally the same trend as previously 
reported. The better resolution of the timing system 
used in the present work and a more detailed study of 
the lifetimes as a function of the various experimental 
parameters revealed, in addition to the previously ob
served intensity variations, significant changes in the 
lifetimes depending on the history of the crystals.

In the following it is shown that the data can be ade
quately explained by using an approach similar to that 
of Brandt’s vacancy annihilation center model. It was 
possible to calculate the positron capture rates and to 
assess the effective vacancy defect concentration. Fur
thermore, an attempt was made to interpret the ob
served flattening off or “ saturation”  effect of the life
times and intensities at relative low-vacancy concen
trations.

Experimental Section
A. Sample Preparation. The procedure by which

the NaCl samples were prepared has been described 
previously in greater details.7 All samples were single 
crystals of sodium chloride obtained from Harshaw Co. 
They were irradiated with the 30-MeV proton beam of 
the 60-in. BNL cyclotron. The 22Na formed in the 
reaction 23Na(p,pn)22Na was practically homogeneously 
distributed in the crystal and provided the source of the 
positrons. The crystal size was about 4 X 4 X 20 mm 
with 22Na activities between 20 and 50 y d .  The pro
ton doses were between ~4.4  X 1016 and 1.8 X 1017 
protons. The radiation energy absorbed during the 
proton irradiation can be estimated from the proton 
dose to be approximately 102 to 103 eV per atom.

The proton dose rate varied considerably during the 
radiation of the various samples and thus the tempera
ture of the samples.

B. Thermal Annealing. Crystal defects introduced 
during the initial proton bombardment were subse
quently reduced by thermal annealing of the crystal, 
as shown in Table I. The disappearance of the point 
defects was monitored by spectrophotometric measure
ments using a Cary 14 spectrometer.

C .  7 Irradiation. The annealed samples were sub
jected to 60Co 7 irradiation in the y irradiation facilities 
of BNL. Dose rate was approximately 1.25 X 104rads 
sec-1. The irradiated samples were subsequently 
annealed as described above.

D. X-Ray Irradiations. The NaCl crystals were 
irradiated with 35-kV X-rays. The X-ray tube current 
was 30 mA and a Cu target was used. During the 
irradiation the NaCl samples were constantly rotated.

E. Uv Irradiations. Uv irradiations were carried 
out with a Pen-ray type quartz lamp (2537 A), Model 
SCT 1, Fisher Scientific, 10 W.

F. Doping of the NaCl Crystals. A thin layer of A1

(6) L. Bussolati, A. Dupasquier, and L. Zappa, Nuovo Cimento, 52, 
529 (1967).
(7) T. L. Williams and H. J. Ache, J. Chem. Phys., 51, 3536 (1969).
(8) V. I. Gol’danskii and E. P. Prokop’ev, Fiz. Tverd, Tela, 6, 3301
(1968) .
(9) E. P. Prokop’ev, ibid., 8, 464 (1966).
(10) V. I. Gol’danskii and E. P. Prokop’ev, ibid., 8, 515 (1965).
(11) (a) I. K. Mackenzie, T. L. Khoo, A. B. McDonald, and B. T. A.
McKee, Phys. Rev. Lett., 19, 946 (1967). (b) W. Brandt, H. F.
Waung, and P. Levy, in Proceedings of the International Symposium 
in Polar Centers in Alkali Halides, Rome, 1968, unpublished work.
(12) B. Bergersen and M . T . Scott, Solid State Commun., 7, 1208
(1969) .
(13) D. C. Connors and R. N. West, Phys. Lett. A, 30, 24 (1969).
(14) C. H. Hodges, Phys. Rev. Lett., 25, 284 (1970).
(15) P. Hautojarvi, A. Tamminen, and P. Fauho, ibid., 24, 459
(1970) .
(16) W . Brandt and H. F. Waung, Phys. Lett. A, 27, 700 (1968).
(17) W . Brandt, G. Coussot, and R. Paulin, ibid., in press.
(18) W . Brandt in Positron Annihilation, Proceedings of a Con
ference at Wayne State University, A. T . Stewart and L. O. Roellig, 
Ed., Academic Press, New York, 1967, p 155 ff.
(19) W . Brandt and H. F. Waung, in press.
(20) M . Bertolaccini and A. Dupasquier, Phys. Rev. B, 1, 2896 
(1970).
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Table I : Positron Lifetimes and Intensities Observed after
Thermal Annealing of Proton- and 7-Irradiated NaCl Samples

XA X 10», Xb X 10», I B,
Treatment sec-1 sec-1 %

Proton irradiation
(30 MeV) 1.4 X 3.12 ±  0.25 1.48 ±  0.12 27.0 X 2.0

1016
Thermal annealing

4 hr at 400° 2.83 ±  0.22 1.46 ±  0.12 18.8 ±  1.0
7-Irradiation

“ Co 500 Mrads 3.28 ±  0.25 1.35 ±  0.11 31.7 ±  2.0
Thermal annealing

2 hr at 115° 3.17 dt 0.23 1.37 ±  0.11 28.6 ±  1.8
2 hr at 160° 2.94 ±  0.23 1 .3 0 ±  0.11 21.1 ±  1.7
2 hr at 205° 2.86 ±  0.23 1.29 ±  0.12 15.0 ±  1.0
2 hr at 250° 2.65 ±  0.22 1.14 ±  0.11 9.8 ±  1.0
4 hr at 400° . 2.40 ±  0.22 0.87 ±  0.10 4.8 ±  1.0

metal was deposited on NaCl single crystals, containing 
22Na, and heated for several hours (in vacuo) at 400°. 
After this treatment the crystals showed a strong ab
sorption in the uv region. Analysis of typical samples 
indicated aluminum concentrations in the ppm range.

G. Lifetime Measurements. The lifetime measure
ments followed the standard procedure using delayed 
coincidence techniques as previously described.21 By 
applying constant fraction timing descrimination, an 
optimum resolving time, as characterized by the full- 
width half-maximum of the prompt spectrum of a 60Co 
source, of 0.35 nsec was achieved. The data obtained 
in the delayed coincidence spectrum were fitted by the 
method of least squares to determine the annihilation 
lifetimes. The calculations were performed on an 
IBM  360/50-65 computer, using computational meth
ods developed by Cumming22 or Tao.23 The intensities 
were calculated by normalizing the areas under each of 
the components to that of the entire distribution. The 
intensity is then given by the ratio of the area of each 
component to that of the total area under the distribu
tion curve. The errors stated in the tables are conser
vative estimates; errors computed from the scatter of 
the results are usually much smaller.

Results and Discussion
The present investigation consisted mainly of four 

parts. The first step was the preparation of NaCl crys
tals which could be used as standards in the following 
studies. As described in details in the experimental 
part, samples were prepared by proton irradiation of 
NaCl single crystals. This method introduced the 22Na 
activity rather homogeneously into the crystal. Hence, 
measurements were more representative of the bulk 
properties than surface effects as would be the case in 
samples where the 22Na source has been sandwiched 
between two single NaCl crystals or in polycrystalline 
samples. However, the high-intensity proton bom
bardment caused simultaneously the appearance of

several different types of defects and carefully con
trolled thermal annealing was necessary to reduce the 
number of defects. The disappearance of the radiation- 
induced defects, which was followed by spectrometric 
measurements of the absorption in the uv region (V- 
band absorption) and in the visible region (F-band ab
sorption), was accompanied by an increase in the two 
lifetimes and a reduction of the intensity of the second 
long-lived component, as listed in Table I.

Standards prepared in this way showed no absorption 
in the uv, visible, or ir range and were used to study the 
influence of defects introduced by various types of radia
tion and radiation doses, etc., on the positron annihila
tion process in NaCl crystals. It seemed reasonable 
to assume that these crystals contained only a minimum 
of defect concentration.

In Figures 1 and 2 the observed positron lifetimes and 
corresponding intensities are plotted to be directly pro
portional to exposure time, which can be assumed to be 
directly proportional to the absorbed radiation dose. 
From these it can be seen that the lifetimes of both 
components decreased with the absorbed dose from 
initially ta =  0.355 nsec and rb =  0.701 nsec to a 
“ saturation”  value of about ta ~  0.29 nsec and tb ^  
0.58 nsec after 10 hr of irradiation. This change in the 
lifetimes was accompanied by an increase in the inten
sity of the long-lived component from initially I b = 
18% to approximately / B = 40%. Prolonged irradia
tion of up to 66 hr of exposure did not cause any addi
tional variations in the observed lifetimes or intensities.

Similar results were obtained when the NaCl crystals 
were exposed to moderate 7-ray doses ranging from 
565 rads to 10 Mrads. (Table II). Both lifetimes de
creased as a function of the absorbed dose to rA =  0.29 
nsec and rB =  0.57 nsec, again accompanied by an in
crease of / B, the intensity of the long-lived component, 
to about 35%. In contrast to the results observed with 
X-ray irradiation or moderate 7 doses, higher 7 doses of 
100-500 Mrads reversed the trend in the lifetime 
changes of the second long-lived component seen in the 
former cases and tb assumed larger values of about 
0.74 nsec without any noticeable changes in the corre
sponding intensity 7B or in the lifetime of the short
lived component rA which remained fairly constant at 
7b ~  31% or ta =  0.29 nsec. In the fourth part NaCl 
samples were doped with aluminum. This was ac
complished by depositing a layer of aluminum on the 
crystal and heating it (in vacuo) for several hours at 
400°. Again there was the familiar phenomenon of a 
rapid increase in / B from initially 9.8% to about 39% 
and decrease in ta and rB from rA = 0.29 nsec and 
rB = 0.57 nsec.

Although these samples were treated in quite differ-

(21) T. L. Williams and H. J. Ache, J. Chem. Phys., 50, 4493 (1969).
(22) J. B. Cumming, BNL Report 6470.
(23) S. J. Tao, IEEE Trans. Nucl. Sci., 175 (1968).
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Figure 1. Positron lifetimes in X-ray-irradiated NaCl crystals 
as a function of irradiation time; 35-kV X-rays, 30-mA 
X-ray tube current.

Figure 2. Intensities of the long-lived component observed 
in the lifetime spectra of X-irradiated NaCl crystals as a 
function of irradiation time. (Same experimental conditions 
as in Figure 1.)

ent ways, they all seem to show one common feature: 
the change of the lifetimes to shorter values and an in
crease in the intensity of the long-lived component 
reaching the same limiting values following the treat
ments specified above. This suggests that the same 
types of defects or mechanisms are responsible for the 
positron annihilation process in each individual case.

X-Rays and y rays are known to produce a great 
variety of defects such as F, V, and other centers and 
equilibria between these different individual species and 
more complex centers seem to exist.

In the present study, however, samples which were 
exposed to X-rays or to low to moderate y doses and 
which initially showed the presence of V and F centers, 
as indicated by the strong absorption in the corre
sponding uv or visible region, displayed practically the 
same lifetimes and intensities before and after optical 
bleaching of the F centers. From that one would con
clude that the positron annihilation is mainly deter

Table II: Positron Lifetimes and Intensities in 
NaCl Crystals Following y  Irradiation

Xa X 10», Ab X 10» Lb,
7-R ay dose sec- 1 sec- 1 %

None 2.97 ± 0.22 1.54 ± 0. 13 16 . 6 ± 1.5
565 rads“ 3.47 ± 0.25 1.73 ± 0. 15 31 . 0 ± 2 .5
100 Krads6 3.58 ± 0.30 1.81 ± 0. 16 33..7 ± 2..6
233 Krads 3.31 ± 0.24 1 .7 7 ± 0. 15 31,.3 ± 2..5

1 Mrads 3.24 ± 0.22 1.67 ± 0. 13 30..0 ± 2..0
10 Mrads 3.46 ± 0.25 1 .67 ± 0. 13 31..2 ± 2..0

100 Mrads 3.28 ± 0.22 1.35 ± 0. 10 31..7 ± 1..5

° Dose rate, 300 rads/hr. b Dose rate, 1 Mrads/hr.

mined by the presence of species which are related to 
those that show V-band absorption. Further and per
haps even more conclusive support for the above conten
tion can be derived from the fact that in the case of the 
aluminum doping of the NaCl crystals, where prefer
entially cation vacancies are being formed accompanied 
by intense absorption in the uv region (V band), the 
same trends and limiting values for lifetimes and in
tensities were obtained.

Since V-band absorption is a strong indication of the 
presence of vacancies, especially cation vacancies, we 
would like to follow Brandt’s model18 which assumes 
interactions between positive ion vacancies and posi
trons. A positive vacancy is negatively charged and 
should attract positrons while repulsing electrons. 
Because of the reduced likelihood of interacting with an 
electron at such a site, the lifetime of any positron reach
ing such a site should be extended. If one considers 
only one type of defect the physical situation can then 
be described as follows. Positrons after having slowed 
down annihilate in the perfect crystal at a rate X0 or are 
captured by the positive cation vacancies at a rate K, 
which is proportional to the defect density. The trapped 
positron can then either annihilate at a rate \i or 
escape from these vacancies at a rate y. With the con
dition that no positrons are initially trapped this model 
can be described by the following kinetic equations. 
By assuming first-order kinetics the change per unit of 
time of the number of positrons (Nn) populating the two 
postulated states is given by the following set of equa
tions

= -(X „  +  K)N +  \Ni (1)
df

d4 -1 =  - (X i  +  y)Ni +  KN  (2)at

where N =  number of free positrons, N, =  number of 
positrons trapped in positive ion vacancies, X0 = anni
hilation rate of positrons in perfect crystal, Xi =  anni
hilation rate of positrons trapped in positive ion vacan
cies, K  =  capture rate of positrons in positive ion
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vacancies, and y =  escape rate of positrons from posi
tive ion vacancies. From the solution of the differ
ential equations two observable annihilation rates are 
obtained

Xa ,b = VsfXo +  Xi +  K  +  y ±

V (X 0 +  K  -  Xx -  t ) 2 +  4yK) (3)

In the following, two special cases will be discussed. 
In the first one the assumption is made that positrons 
are trapped in vacancies for times long compared with 
Xi, i.e., escape of trapped positrons can be neglected: 
y -*■ 0. With this simplification two observable anni
hilation rates result from eq 3

7b =

and

Xa — Xo d" X

Xb — Xi

(4)

(5)

The fact, however, that in the present study both 
lifetimes assume shorter values with increasing radia
tion defects in the crystals shows that this simple 
model without invoking some modifications cannot ade
quately describe the phenomena observed in these sys
tems. The second case takes into account the possible 
escape of positrons from the vacancies. With the as
sumption that at relatively low defect concentration K  
and 7 are small compared with Xi or X0, eq 3 can be re
duced to

Xa — Xo -(- K 

Xb =  Xi +  7

(6)

(7)
In deriving eq 1 and 2 the capture rate K  has been as
sumed to be a linear function of the number of vacancies 
(nv) available for positron trapping (see also eq 12) 
and XA should increase accordingly with the vacancy 
concentration.

The escape rate, y, will also depend on the number of 
crystal defects, if one understands the positron escape 
as an interaction of the cation vacancy, in which the 
positron is trapped with another defect species, most 
likely a hole or a cation. As a result of this interaction 
a new cation vacancy defect bound state, which might 
be energetically more favorable than the bound state 
of positron and cation, can be formed. The e+-cation- 
vacancy bond is broken and the positron reenters the 
pool of free positrons.

The lifetime spectrum (two-quantum decay rate) 
can be described by the following expression

7?2y — 7aXaê Xa< +  / bXbc Xbî 

where the intensities are given by

Xo — XbIA =
Xa  — Xb

(8)

(9)

Xa — Xo 
Xa — Xb

(10)

or

K  — 7b(Xa — Xb) (11)
From eq 11, K, the capture rate at which positrons are 
trapped by the vacancies at a given defect concentration 
can be determined directly from the experiment.

Figure 3. Observed annihilation rate Xa plotted as a function 
of the capture rate K; + ,  X-ray-irradiated N aCl crystals;
• , v-irradiated or Al-doped N aC l crystals; ©, thermally 
annealed N aC l crystals; A, thermally annealed samples at 
low temperature ( — 196° to 2 5 °) ; ■ , polycrystalline N aC l 
samples at higher temperatures (taken from ref 20).

The annihilation rate, X0, of positrons in a perfect 
crystal can be obtained from the extrapolation of Xa to 
zero defect concentration, K  —► 0; this has been done 
in Figure 3 where Xa has been plotted as a function of 
K, which was computed from eq 11. This figure in
cludes data derived from a number of samples in which 
defects have been introduced by various methods, such 
as X-ray irradiation, 7-ray irradiation (low and moder
ate doses), doping with aluminum, or just having an 
equilibrium defect concentration at a given temperature 
as shown by the data of Wang and Ache,24 who mea
sured positron lifetimes and intensities in NaCl crystals 
at low temperatures, and Bertolaccini and Dupasquier,20 
who did similar measurements at higher temperatures. 
They all fall on a straight line with an intercept of Xa = 
Xo = 2.34 nsec-1 at K  =  0 or r0 = 0.43 nsec. Xi and 7 
cannot be derived in this way without additional as
sumptions, the number of the unknowns being greater 
than the number of available independent equations. 
However, an estimate can be made by assuming that 
the obtained experimental values for Xb at a corre
sponding intensity 7b close to zero are representative of 
the rate Xi. From Table III one obtains Xb =  0.91 X 
109 sec-1 and Xi =  1.7 X 109 sec-1, from which a limit
ing value for 7 ~  0.8 X 108 sec-1 can be derived. 
These results imply that capture as well as escape rate 
are of the same order of magnitude

and (24) C. M . Wang and H. J. Ache, unpublished results.
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K = 0 — 7.6 X 10s sec-1 ; 7 =  0 — 8 X 108 sec-1

Although the overall changes in XA — XB and / B as a 
function of the defect density can be accounted for by 
this simple trapping model, one other phenomenon ob
served in the present study requires additional explana
tions: the limiting values which XA, Xb , and I b ap
proach with increasing radiation dose or doping. From

Table III: Typical Lifetimes, Annihilation Rates, and 
Intensities Observed in Irradiated, Doped, and 
Annealed NaCl Crystals

Sam- xa  X  i o » , Xb  X  10», IB ,
pie Treatment sec-1 sec-1 %

Thermal Annealing
i 4 hr at 400° 2.87 ±  0.28 1.43 ±  0.14 17.9 ±  1.5

h i 4 hr at 400° 2.40 ±  0.25 1.01 ±  0.11 3.8 ±  1.0
VII 4 hr at 400° 2.38 ± 0 .2 5 0.92 ±  0.11 3.0 ±  1.0

Doping with Al Metal
V 18 hr at 345° 3.13 ± 0 .2 6 1.71 ±  0.12 28.3 ±  2.0

36 hr at 345° 3.68 ± 0 .2 4 1.80 ±  0.14 39.6 ±  3.2
72 hr at 345° 3.39 ±  0.25 1.75 ±  0.25 33.0 ±  2.5

eq 6, 7, and 11, it follows immediately that the 
common cause for that phenomenon must be the fact 
that K  (and 7) assumed saturation values. The cap
ture rate K  might be assessed by the following ap
proach19 which is based on a model of weak interaction 
between positrons and lattice in which case the following 
expression is derived for K

K  =  nvV+avp (12)

p = reciprocal unit cell volume; nv = defect concentra
tion ; v+= velocity of free positrons; <rv = positron cap
ture cross section of the vacancies ~ 4  X 10-14 cm2). 
At room temperature vtav assumes a value of about 5 X 
10-7 cm3 sec-1.

From eq 12 a maximal vacancy fraction of about 2.6 
X 10-7 is derived, which appears to be too small to 
represent the total number of positive ion vacancies ex
pected to be present under the given experimental 
conditions. It might therefore be more adequate to 
consider them as the fraction of vacancies capable of 
trapping the positrons most likely free cation vacancies.

The observed “ flattening off or saturation effect”  of 
the positron lifetimes and intensities might then be un

derstood by considering the thermodynamical equilib
ria between the free vacancies and other crystal defects 
such as dislocations, etc., which can act as sources and as 
traps for vacancies and which may preserve certain 
equilibrium concentrations.26

It seems that after a certain concentration of vacan
cies which can act as positron traps is reached, they may 
enter a more complex relationship with other defect 
species produced by the same process, i.e., radiolysis 
or doping. The overall result is that a limited number 
of effective positron traps is reached. This leads to the 
observed “ saturation”  values for XA, XB, a n d /B.

One other observation deserves attention; the in
crease in the lifetime of the long-lived component at 
high 7 or proton doses. To explain this trend it seems 
reasonable to assume that under these experimental 
conditions the damage done to the crystal is extensive 
enough to change the mechanism of the positron anni
hilation process responsible for the presence of the long- 
lived component. Optical spectra reveal that in this 
case F-centers outnumber the (effective) vacancy cen
ters by several orders of magnitude. Consequently 
F-centers or aggregates of such defects could be quite 
large in such crystals, and spatial and perhaps energetic 
long-lived positronium-like positron-electron-bound 
state or vacancy A ' center. This is supported by angu
lar correlation measurements in additively colored KC1 
which have revealed the presence of a narrow compo
nent,17'26 as it would be expected from the annihilation of 
positrons in vacancy A' centers.27

Summarizing, it can be said that the positron annihi
lation process can be adequately described by a model 
in which positrons are being trapped by positive ion va
cancies from which they may annihilate as such or es
cape as free positrons.

It is hoped that the present study can contribute to 
our understanding of the interactions between positrons 
and crystal defects in order to develop positron annihila
tion techniques as a chemical probe for the identifica
tion and measurement of radiation-induced defects.
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The kinetics of oxidation of 2-mercaptoethylamine hydrochloride by ferricyanide ion in aqueous hydrochloric 
acid medium are described. The two react in 1:1 molar ratio as the substrate is shown to be oxidized to its 
corresponding disulfide. The order is unity both in oxidant and the thiol hydrochloride. Ferrocyanide acts 
as an autocatalyst. The rate decreases on increasing initial concentration of ferricyanide and hydrogen ion 
concentration and is accelerated on increasing dielectric constant and temperature. Addition of disulfide 
or neutral electrolytes produces no effect. A reaction scheme is postulated to account for the observations.

Introduction

The kinetics of oxidation of compounds containing a 
sulfhydryl group has, of late, received considerable 
attention. In a number of such cases the oxidation 
scheme has been worked out by McAuley, et aZ.,1“ 4 
using a variety of oxidants. In a similar publication5 6 
from this laboratory, the oxidation kinetics of thio- 
glycolic and thiomalic acids by ferricyanide ion in acid 
and alkaline media, respectively, were described. In 
furtherance of the work, mechanistic studies on the 
oxidation of 2-mercaptoethylamine hydrochloride (here
after referred to as thiol hydrochloride) were carried out 
using the same oxidant. Similar studies on this com
pound have been reported using oxidants7'8 other than 
ferricyanide ion.

Experimental Section

The solution of 2-mercaptoethylamine hydrochloride 
(assay 98% supplied by Evans Chemetics Inc., New 
York, N. Y.) was prepared by an approximate weighing 
of the sample and it was subsequently diluted in air- 
free doubly distilled water. It was stored in nitrogen 
atmosphere. Known volumes were withdrawn with 
the help of a calibrated hypodermic syringe and stan
dardized with a standard solution of iodine. E. Merck 
analytical reagent grade potassium ferricyanide was 
used. The solutions were prepared freshly as needed. 
The disulfide, i.e., 2-2'-diaminoethyl disulfide dihydro
chloride, was obtained by oxidizing the thiol hydro
chloride with dimethyl sulfoxide9 and also by air in an 
alkaline medium.10 The solution of 3,3'-dimethyl- 
naphthidine disulfonic acid (B.D.H., L.R.) used as an 
indicator was prepared in dilute ammonia. All other 
reagents used throughout the investigations were 
analytical grade.

Absorbance spectra were obtained with the aid of a 
Hilger UVispeck spectrophotometer Model H700-8 
fitted with a thermostatic arrangement. The polaro-

grams were taken with a Toshniwal manual polaro- 
graph.

Constituents of the reaction mixture, except for the 
thiol hydrochloride solution, were taken in a Jena flask 
coated black on the outside to preclude any photo
chemical effect. The solution of thiol hydrochloride was 
taken in a separate vessel. Both were kept immersed 
in a thermostat regulated at the desired temperature 
and were flushed with purified nitrogen. When the 
reactants had attained the temperature of the bath, the 
requisite quantity of thiol hydrochloride solution was 
withdrawn with the help of a syringe and injected into 
the reaction vessel. Aliquots were withdrawn at dif
ferent intervals of time and added to a quenching mix
ture containing 10 ml of 4 N H2SO4 and 2 ml of 50% 
ferrous ammonium sulfate solution. Since the reaction 
practically stops11 at this high acid concentration, the 
kinetics could be followed conveniently by estimating 
ferrocyanide volumetrically. This was done by titrat
ing against a standard solution of zinc sulfate using 
3,3'-dimethylnaphthidine disulfonic acid as an indica
tor. From the volume of zinc sulfate solution con
sumed, the concentration of ferrocyanide was calculated 
from the following relationship.
(1) J. Hill and A. McAuley, J. Chem. Soc., A, 156 (1968).
(2) W. F. Pickering and A. McAuley, ibid., 1173 (1968).
(3) J. Hill and A. McAuley, ibid., 2405 (1968).
(4) U. D. Gomwalk and A. McAuley, ibid., 2948 (1968).
(5) R . C. Kapoor, 0 . P. Kachhwaha, and B. P. Sinha, J. Phys. 
Chem., 73, 1627 (1969).
(6) O. P. Kachhwaha, B. P. Sinha, and R. C. Kapoor, Indian J. 
Chem., 8, 806 (1970).
(7) W . O. Foye, A. M . Hebb, and J. Michels, J . Pharm. Sci., 56, 292 
(1967).
(8) R. E. Basford and F. M. Heunnekens, J. Amer. Chem. Soc., 77, 
3873 (1955).
(9) W . W. Epstein and F. W. Sweat, Chem. Rev., 67, 247 (1967).
(10) M. Asthana, R. C. Kapoor, and H. L. Nigam, Electrochim. 
Acta, 11, 1587 (1966).
(11) A. I. Vogel, “ Quantitative Inorganic Analysis,”  Longmans 
Green and Co., New York, N. Y., 1962, p 402.
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3Zn2+ +  2K4[Fe(CN)6] — ► K2Zn3[Fe(CN)6]2 +  6K+

The value of ferrocyanide so obtained when subtracted 
from the initial concentration of ferricyanide taken 
gives the concentration of the la'ter left at that instant 
of time.

Stoichiometry. The stoichiometry of the reaction 
could be confirmed by polarographic as well as other 
analytical methods. The former method also led to 
the characterization of the final product. The thiol 
hydrochloride gives an anodic wave while its disulfide 
gives a cathodic reduction wave.12 First, a polarogram 
of thiol hydrochloride solution of known concentration 
was taken (Figure la) and then of a reaction mixture 
described in the figure which had been allowed sufficient 
time under nitrogen atmosphere. The polarogram 
thus obtained (Figure lb) practically coincided with 
the former. Similarly, a polarogram of the known con
centration of disulfide was compared with that of the 
reaction mixture (Figure lc  and d). The two waves 
nearly coincided. The polarographic circuit used was 
as described by Lingane and Kolthoff.13 The capillary

Figure 1. Polarograms of (a) known thiol hydrochloride (10 X 
10-4 M); (b) thiol hydrochloride left in the reaction mixture 
of composition [thiol hydrochloride], 20 X 10-4 M ; 
[K3Fe(CN)6], 10 X 10 4 M; medium [CH3COOH], 0.1 M; 
[CH3COONa], 0.1 M; [KC1], 0.2 M; pH 5.2; (c) known 
disulfide (5 X 10-4 M); (d) reaction mixture of composition 
[thiol hydrochloride], 1 X 10~3 M ; [K3Fe(CN)9], 1 X 10-8 
M; medium [CHjCOOH], 0.2 M; [CH3COONa], 0.2 M;
[KC1], 0.2 M ; pH, 4.2.

Figure 2. Absorption spectra of (a) 2-mercaptoethylamine 
hydrochloride (1 X 10 “ 2 M), (b) 2,2-diaminoethyl disulfide 
dihydrochloride (5 X 10~3 M) to be compared with, (c) the 
disulfide produced in the reaction mixture.

characteristics were m =  2.070 mg/sec and t =  3.78 sec 
with an open circuit at a mercury column of 40 cm. 
These results point to a stoichiometry of 1:1 and also 
show that the final product of oxidation is the corre
sponding disulfide.

Thiol hydrochloride was found to have a Xmax at 
228 nm while its disulfide had one at 245 nm (Figure 
2a and b). Spectra of a reaction mixture kept for a 
sufficient length of time gave a figure similar to 2b with 
almost the same value of Xmax, thus showing that the 
final product is the disulfide. From an evaluation of 
concentrations from optical density measurements it 
was again found that the stoichiometry was 1:1. Thus 
the overall reaction is

2RSH +  2Fe(CN)63~ —
RSSR +  2Fe(CN)64-  +  2H+ 

where R denotes the remaining part of the molecule. 

Results
The dissociation constant of (-SH) group in 2-mer-

(12) W. Stricks, J. K. Frischmann, and R. G. Mueller, J. Electro- 
chem. Soc., 109, 518 (1962).
(13) J. J. Lingane and I. M. Kolthoff, J. Amer. Chem. Soc., 61, 825 
(1939).

The Journal o f  Physical Chemistry, Vol. 75, No. 13, 1971



2038 R. C. Kapoor, R. K. Chohan, and B. P. Sinha

Figure3. Third-order plot for three different runs (temperature 35°; [K3Fe(CN)6], 2 X 10 2 M, [thiol hydrochloride], 2 X 10 2M);  
(a) [HC1], 1.0 X 10-* M, [KC1], 15.0 X 10“ 2 M;  (b) [HC1], 5.0 X 10” 2 M, [KC1], 11.0 X 10~2 M;  (c) [HC1], 10.0 X 10~2M, 
[KC1], 6.0 X 10-2 M.

captoethylamine hydrochloride as determined potentio- 
metrically was found to be 1.995 X 10-u  at 35°.

The reaction was found to be a case of autocatalysis 
due to ferrocyanide. The velocity coefficients were 
calculated with the help of the formula obtained on solv
ing the differential equation

Ax/At = k(a — x)2x

where a denotes the initial concentrations of ferricya- 
nide and thiol hydrochloride and x stands both for the 
concentrations of ferricyanide and thiol hydrochloride 
consumed and also that of the autocatalyst ferrocyanide 
generated in the system at that instant of time. The 
equation on being subjected to definite integration with
in limits ti, ¿2, and xi, x2 gave the solution

1 ["2.303 x%{a — aq)
(¿2 — k )  L a2 x ( a  — X i )

\ p - - - - - - - - - - L A ]
a [a — x 2 a — aq; J

The applicability of the above formula is demonstrated 
in a typical run described in Table I. Further, in the 
event of applicability of this equation, a plot of

2303  ¡ r h >  +  < r h > }

vs. time should given a straight line with slope equal to 
ka.2 This was found as expected (Figure 3). The two 
procedures give very nearly the same value of rate con
stant. The order of the reaction was also confirmed 
from application of the vant Hoff differential method. 
Initial rates ( — AC/At) corresponding to different initial 
concentrations C were determined and plotted in the 
manner as shown in the Figure 4. A straight line with a 
slope nearly equal to 2 was obtained. This demon
strates that initially, when the concentration of ferro
cyanide is almost negligible, the total order between the 
reactants is 2. That the order in ferrocyanide is unity 
as presumed earlier could be shown by measuring 
( — AC/At) corresponding to different values of C in a 
single run. Now when log ( —dC/df)/[Fe(CN)64_] 
was plotted against log C (Figure 5), a straight line was 
obtained which has also a slope of nearly 2. The order 
in ferricyanide was determined by isolating ferricyanide 
and keeping its concentration fairly low in order to 
minimize the effect of ferrocyanide. A plot of log 
(a — x) against time yielded a straight line for about
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Table I

[K3Fe(CN)6] = 2.0 X 1 0 M  [HC1] = 1.0 X 10-2 Iff 
[HS(CH2)2NH2-HC1] = 2.0 X 10-2 iff Temp, 35°
[KCl] = 15.0 X 10-2 M I  = 0.3 Iff h = 2 min

Volume of Volume of
Volume of 0 .0 2  M 0 .0 2  M
0.005 M ferro ferri

ZnS04 cyanide cyanide &obsd
Time, reqd., products x, left (a  — x ) , X 1 0 V
min ml ml ml m in-1

2 8.4 1.4 3.6
4 9.9 1.65 3.35 6.80
6 11.5 1.92 3.08 7.00
8 12.9 2.15 2.85 6.85

11 15.0 2.5 2.50 6.91
14 16.8 2.8 2.20 6.89
17 18.3 3.05 1.95 6.84

Av = 6.88 X 10-3 min-1

a Standard rate constant k, = 6.88 X 10-3 X (5/2 X 10-2)2, 
where numerator in parentheses denotes the volume of reaction 
mixture withdrawn for estimation and denominator the concen
tration as required by factor (ti/s)2 for conversion of a pseudo- 
first-order rate constant to a third-order rate constant. Hence, 
fc8 = 4.30 X 102 l.2 mol-2 min-1; k, (graphically) = 4.28 X 
102 l.2 mol-2 min-2 (all rate constants recorded subsequently 
are standard rate constant unless otherwise stated).

Figure 4. Relationship between initial rate and corresponding 
different initial concentrations of reactants (temperature,
35°; [HC1], 1.0 X 10-2 Iff; I  =  0.4).

30% of the reaction. Thus the order in oxidant is 
unity. The order in thiol hydrochloride is also unity as 
could be concluded by the near constant values of hi/C 
recorded in Table II.

The rate was also found to depend on the initial 
concentration of ferricyanide. The increase in the con-

Figure 5. Relationship between log ( —dC/df)/[Fe(CN)64-] 
■and log C for a single run (temperature, 35°; [K8Fe(CN)6], 2.0 
X 10-2 Iff; [thiol hydrochloride], 2.0 X 10-2 Iff; [HC1],
1.0 X 10-2 Iff; [KC1], 15.0 X 10-2 Iff; I  = 0.3).

Table II

[K3Fe(CN)6] = 1.0 X 10-2 Iff Temp, 35°
[H+] = 1.0 Iff I  = 1.40 iff

[HSfCHOiNHîHCl] Pseudo-first-
X 102 M , order constant,

C ki X  102 m in“ 1 I0ki/C

8.0 8.13 10.16
10.0 10.07 10.07
12.0 12.05 10.04
14.0 14.05 10.03
17.0 17.19 10.11

centration led to the retardation in rate as shown in 
Table III. There was, however, no effect of variation 
of initial concentration of thiol hydrochloride when all 
other parameters were maintained constant.

The effect of hydrogen ion was studied by following 
runs at different concentrations of hydrochloric acid. 
The ionic strength was maintained constant with po
tassium chloride. The results are recorded in Table IV. 
The rate was not found to be any simple function of 
hydrogen ion concentration.

The effect of ferrocyanide was also investigated by 
adding externally different concentrations of the com
pound. The rate constants were calculated by making 
use of the solution of differential equation, dx/dt =
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Figure6. Dependence of the rate on ferrocyanide concentration (temperature, 35°; [K3Fe(CN)6], 2.0 X 10 2 M ; [thiol 
hydrochloride], 2.0 X 10~*M; [HC1], 5.0 X 10~*M; I  = 0.3).

Table III

[HS(CH2)2NH2-HC1] = 10.0 X 10- * M
[HC1] = 1 . 0  M

[KaFe(CN)s] 
X 10’  M

10.0
8.0
6.0
5.0
4.0

Temp, 35° 
/  =  1.2 M

Pseudo-first-order 
rate constant, 

ki X 102, 
min-1

10.07
11.05
12.74 
13.90
15.74

Table IV

[K3Fe(CN)6] = 2.0 X 10~2 M  Temp, 35°
[HS(CH2)2NH2-HC1] = 2.0 X 1 0 I  — 0.3 M

[H+J X 10’

Third-order 
rate constant, 

kB X 10-2,
mol 1._1 I.2 mol~2 min-1

5.0 1.537
4.0 1.955
2.5 2.205
2.0 2.754
1.5 3.28
1 .0 4.28

k(a — x)2(b +  x) where b denotes the concentration of 
externally added ferrocyanide. The integration was 
carried out with the usual limits and the rate constants 
were evaluated graphically. The rate is found to in-

crease linearly with ferrocyanide concentration as shown 
in Figure 6.

Experiments were also carried out in the presence of 
potassium cyanide. The addition reduces the value of 
kB but it becomes practically independent of cyanide 
concentration above 6.0 X 10~3 M. These are re
corded in Table V.

Table V

[K3Fe(CN)6] = 2.0 X 10~2 M Temp, 35°
[HS(CH2)2NH2-HC1] = 2.0 X 10-2 M I = 0.3 M  
[HC1] = 5.0 X 10~2 M

[KCN] X

Third-order 
rate constant, 

k s X 10-2,
10» M I.2 mol-1 min-1

0.0 1 .5 3 7
5 . 0 1 . 4 3 0
6 . 0 1 . 3 1 3
8 . 0 1 . 3 0 6

1 0 . 0 1 .2 9 9
2 0 . 0 1 . 2 9 0

This observation is somewhat similar to that made by 
Kolthoff, etal.,u in their studies on the oxidation of n- 
octyl mercaptan by ferricyanide ion. The effect of 
variation of dielectric constant was also investigated. 
Doubly distilled ethanol was used for the purpose. A

(14) I. M. Kolthoff, P. J. Meehan, M. S. Tsao, and Q. W . Choi, 
J. Phys. Chem., 66, 1233 (1962).
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Figure 7. Dependence of the rate on dielectric constant 
(temperature, 35°; [K3Fe(CN)6], 2.0 X 10~2 M;  [thiol 
hydrochloride], 2.0 X 10~2 M;  [HC1], 5.0 X 10~2M;  
[KC1], 11.0 X 10-2 M; I  =  0.3).

plot of log ks against 1/D gave a straight line as shown 
in Figure 7.

A number of runs were studied at different tempera
tures at different dielectric constant. The Arrhenius 
plot was found to be a straight line. Thermodynamic 
parameters, heat of activation, entropy, and free energy 
of activation, were also evaluated with the aid of usual 
expressions. These are recorded in Table VI.

Table VI

AH*, AS*, AG*,
D kcal mol“ * 1 * eu kcal mol-1

73.12 24.24 18.0 18.86
62.41 22.0 12.9 18.14

Increase in the concentration of the either disulfide or 
neutral electrolytes produced no significant effect on 
the rate of oxidation.

Discussion
2-Mercaptoethylamine hydrochloride would largely 

exist in an aqueous solution in ionized form with its 
cationic part as [HS — (CH2)2 — NH3+]. Since in the 
present case the thiol group provides the reaction site, 
the cationic part referred above will, for the sake of 
convenience, be represented hereafter as +RSH, where 
+R represents the remaining part of the ionic species. 
The reaction mechanism probably consists of the follow
ing steps

Fe(CN)63-  +  +RSH HFe(CN)63-  +  +RS- (1)
kz

HFe(CN)63~ +  +RSH ^
k- 2

{ HFe(CN)6S R +}3~ +  HCN (2)

{HFe(CN)6S R +}8-  +  Fe(CN)63-  +  HCN
2HFe(CN)63~ +  +RS- (3)

fust
+RS- +  -SR+ — >- +RSSR+ (4)

Thus

— d[Fe(CN)63~] 
di = fc1[Fe(CN)68-][+R SH ] +

fc3[{HFe(CN)6S R +}3-][F e(C N )63-][H C N ] (5)

The stationary state concentration of {HFe(CN)6- 
SR +}8-  as given by steps 2 and 3 is

[{HFe(CN)6S R +}3- ]  =
k2 [HF e (CN)63 ~ ] [ +RSH ] 

[HCN]{fc_2 +  fc8[Fe(CN)63- ] }  (6)

Substitution in eq 5

d[Fe(CN)63~] 
d t fci[Fe(CN)3_][+RSH] +

fc2fc3[Fe(CN)8-][+RSH ][H Fe(CN )68- ]
fc_2 +  k3[Fe(CN)63- ]  (?)

It would be seen that the final rate equation derived 
is composed of two parts; the first one, viz., fex[Fe- 
(CN)fi3~] [+RSH| represents the uncatalyzed part of 
the reaction, while the second part, i.e.

k2fc3[Fe(CN)68-][+RSH ][H Fe(CN )68- ]  
fc_2 +  ks [Fe(CN)63_]

describes the catalyzed part due to ferrocyanide which 
has been shown earlier to act as an autocatalyst. If as 
a crude approximation the first part is neglected, the 
rate equation reduces to

— d[Fe(CN)63- ]
d t

fc2fc3[Fe(CN)63-][+RSH ][H Fe(CN )68- ]  
k-2 +  /c3[Fe(CN)63- ]

The above rate equation explains practically most of 
the observations including the effect of ferricyanide.

As regards the effect of hydrogen ion it was observed 
that the rate falls off on increasing its concentration, 
though no simple mathematical dependence was ob
served. It may be remarked here that in oxidation 
kinetics of thiols the role of hydrogen ion has generally 
been observed to be rather complex.18 In the present 
case the complications are bound to be accentuated fur
ther due to the formation of different species of ferro- 
cyanic acid. While ferricyanic acid is a strong acid, 
ferrocyanic acid is strong only in the dissociation of its 
first two hydrogens. The values of K3 and A 4 as deter
mined by Nekrasov and Zotov16 are, respectively, 1 X 
10~3 and 5 X 10~5 * (obtained at 16-18° and corrected to
1 = 0). It can be shown that below pH 4, only a negli
gible fraction of iron(II) is present as ferrocyanide ion.

(15) M . Kharasch, “ Organic Sulfur Compounds,”  Vol. 1, Pergamon
Press, London, 1961, p 99.
(16) B. V. Nekrasov and G. V. Zotov, Zh. Prikl. Khim., 14, 264
(1941).
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In the pH region 1-2, the major constituents17 are 
HFe(CN)63- and H2Fe(CN)62-. An increase in hy
drogen ion concentration will obviously shift the equi
libria toward more proton rich species of HFe(CN)63-. 
This will naturally lead to a retardation in rate accord
ing to the rate law derived. Consequently, unless an 
exact distribution of ferrocyanide between its proton- 
ated species is known with certain accuracy at the hy
drogen ion concentration employed, it would not be 
possible to make substitution for [HFe(CN)63 -] in the 
rate expression. Under the circumstances, obviously, 
it is difficult to expect any definite index of inverse 
relationship.

An additional feature of this reaction is that it is 
found to be accompanied by a moderately large and 
positive value of AS*, whereas electron-transfer reac
tions are generally characterized by a negative value of 
entropy of activation. This departure can be attrib
uted to the particular type of reaction scheme which 
also includes the step leading to the substitution of a 
cyanide ligand in a practically inert ferrocyanide com
plex. A substitution of this type is bound to lead to 
loosening of the structure causing greater randomness 
in the resultant species and the resultant large positive 
entropy changes. The net magnitude of AS* may, 
therefore, show the observed behavior. It may be re

marked here that the substitution of a cyanide ligand 
in a ferrocyanide complex has been assumed in a number 
of cases.18-21 Though speculative, in present reaction 
the autocatalytic behavior of ferrocyanide and the ef
fect of external addition of potassium ferrocyanide lend 
support to such a situation.

In the formulation of the above reaction mechanism 
the formation of free radical has been shown. In 
majority of cases studied so far it has been presumed 
that the oxidation of thiols proceeds via free radical for
mation. This assumption is largely based on capability 
of such systems to initiate the polymerization of vinyl 
cyanide.
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Electron Spin Resonance Studies of Cation Radicals Produced 

during Oxidation of Methylhydrazines

by Thomas V. Atkinson and Allen J. Bard*
D e p a r tm en t o f  C h em is tr y , T h e  U n iv e rs ity  o f  T e x a s  a t A u s t in , A u s t in , T e x a s  7 8 7 1 2  (R ece iv ed  S ep tem b er  4 , 1 9 7 0 )

P u b lica tio n  costs  a ss is ted  b y  th e  R o b er t  A .  W e lc h  F o u n d a t io n  a n d  th e N a t io n a l  S c i e n c e  F o u n d a t io n

The radical cations of methylhydrazine (MH) and 1,1-dimethylhydrazine (DMH) were generated by reaction 
with cerium (IV) in sulfuric acid solutions in a fast-flow mixing chamber. The electron spin resonance (esr) 
spectra of these were recorded and experimental nitrogen and proton coupling constants were determined by 
simulation of the spectra. Under some conditions, oxidation of DMH led to the radical cation of tetra- 
methyl-2-tetrazene. A brief discussion of molecular orbital calculations for these molecules and implications 
of this study to reaction mechanisms for the oxidation of the hydrazines is also given.

Extensive studies have been made on the mecha
nisms of the chemical and electrochemical oxidation of 
hydrazine and methyl-substituted hydrazines.1-8 The 
mechanisms of the oxidations and the number of elec
trons transferred in the initial step, one or two, are very 
dependent upon the nature of the substituents on the 
hydrazine, the reaction conditions, and the oxidant. 
Adams and Thomas9 and Falle10 observed the cation 
radical of hydrazine, N 2H4+, formed by reaction of hy
drazine and cerium(IV) in a 1 M  H2S 04 medium in a 
rapid-flow system, by esr spectroscopy. This work 
provided unambiguous evidence for the existence of 
short-lived radical cation intermediates in the oxidation 
of hydrazine, itself. Observation of N2H4 + by esr in the 
solid state has also been reported.11-12 This study was 
undertaken to investigate whether radical cations of 
methylhydrazines could be formed under similar condi
tions and to provide information about the nature and
stability of these radical ions. Flow-system studies of
both methylhydrazine (MH) 
zine (DMH) were carried out.

and 1,1-dimethylhydra-

h 3c  h h 3c H
\ l  l / \ i t /

N— N N— N
/  \ /  \

H H h 3c H
MH

Results

DMH

Methylhydrazine. When MH was oxidized by flow
ing together a O .l t f  solution of ceric ammonium sulfate 
and a 0.2 M  solution of MH, both 1 M  in sulfuric acid, 
in a rapid-flow mixing chamber directly below the esr 
cell (essentially the same conditions and methods of 
Adams and Thomas),9 only a very weak esr signal was 
observed. The spectrum consisted of several broad 
lines and had a total span greater than 100 G; the poor 
signal level and resolution prevented further identifi

cation of the radical. Upon stopping the flow, this 
small signal disappeared and no further signal appeared. 
There is one complication in the application of stopped- 
flow systems to the study of hydrazines. Upon oxi
dation of the hydrazines nitrogen gas is vigorously 
evolved. Ordinarily the rapid-flow rate causes the 
bubbles to form outside of the esr cavity. However, 
when the flow is stopped, the bubbles form in the cavity 
pushing out the solution. This causes a decrease in 
signal because of the decrease in sample volume and 
especially detuning of the spectrometer because of the 
change of dielectric constant. However, there prob
ably are no subsequent radicals formed upon decompo
sition of the initial radical species in concentrations high 
enough to be observed. A more intense spectrum was 
obtained upon decreasing the H2S04 concentration. 
The spectrum in Figure la  was obtained with 0.2 M 
solution of MH and a 0.2 M  solution of cerium(IV) 
which was also 0.5 M  in H2S04. A better spectrum 
(Figure lb) resulted from using a 0.44 M  MH solution, 
and a 0.18 M  cerium(IV) solution in 0.5 M H2S04 with

(1) H . W heland, “ D ie  H yd ra z in e ,”  V erlag  F . E nke, E d ., S tu ttg a rt, 
1913.
(2) L .  F . A u d r ie th  and B . A . Ogg, “ T h e  C hem is try  o f H yd ra z in e ,”  
W hey , N ew  Y o rk , N . Y ., 1951.
(3) C . G . Overberger, J . P . Anselme, and J. G . Lom bard ino , “ O rganic 
C om pounds -w ith N itro g e n -N itro g e n  B onds,”  R ona ld  Press, N ew  
Y o rk , N . Y „  1966.
(4) S. K a rp  and L .  M e ites, J. A m e r .  C h em . S o c ., 84, 906 (1962).

(5) A . J. B a rd , A n a l .  C h em ., 35, 1602 (1963).
(6) S. Szpak, P . S torehart, and T . K azan, E lec tro ch im . A c ta , 10, 563
(1965).
(7) D . M .  K in g  and A . J. B a rd , J. A m e r .  C h em . S o c ., 87 , 419 (1965).
(8) M . M ic h lm a y r and D . T . Sawyer, J. E lectro a n a l. C h em ., 23, 
375 (1969).
(9) J . Q. Adam s and J. R . Thom as, J. C h em . P h y s . ,  39, 1904 (1963).

(10) H . R . Fa lle , C a n . J. C h em ., 46, 1703 (1968).
(11) J. A . B r iv a t i,  J. M .  Gross, M .  C. R . Symons, and D . J. A . 
T in lin g , J. C h em . S o c ., 1965, 6504.
(12) J. K . S. W an, J. R . M o rto n , and H . J. B ernste in , C a n . J. C h em ., 
44, 1957 (1966).
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Figure 1. Esr spectra of methylhydrazine cation radical, (a) Top: experimental spectrum; the sweeping field is increasing from 
right to left, (b) Middle: experimental spectrum showing outer portion more clearly, (c) Bottom: calculated spectrum using 
constants given in Table I.

the flow rate of the MH solution somewhat larger than 
that of the cerium (IV) solution.

The spectrum can be interpreted as the cation radi
cal, MH+. The best simulation of the spectrum, based 
on the coupling constants in Table I, is shown in Figure 
lc. The deviations between the simulation and the 
experimental spectrum arise from some nonlinearity of 
the magnetic field sweep and the fact that the spectrum 
arises from a large set of coupling constants of low 
multiplicity of about the same magnitude. This pro
duces a spectrum with a central portion having a large 
number of lines of similar intensity, where any small 
changes in the coupling constants cause major changes 
in the appearance of the spectrum. The assigned cou
pling constants are those which give the best fit to the 
outer portion of the spectrum.

1,1-Dimethylhydrazine. When an aqueous solution 
of 0.23 M  DMH was oxidized in a flow system by an 
aqueous solution of 0.15 M  ceric ammonium sulfate- 
0.2 M  H2SO4 solution, a new fairly strong signal was ob
served. A typical spectrum is seen in Figure 2a. More 
intense signals were obtained when the DM H flow 
rate was greater than that of the cerium(IV) solution. 
Adams and Thomas9 and Falle10 also employed hydra
zine to ceric ion ratios of 2:1 in the generation of hy
drazine cation radical, however, at H2S04 concentra
tions at least five times as high. Upon halting the flow 
of reactants, the above signal disappeared and no fur
ther signals were observed.

This spectrum can be interpreted as the DMH cation 
radical. A comparison of a computer-simulated spec
trum, based on the coupling constants and line width in 
Table I, and an experimental spectrum is given in Fig
ure 2.

Different results are obtained at higher H2SO4 con
centrations. No signal was observed during flow when 
0.1 M  cerium(IV) and 0.2 M  DMH in 1 M  H2S04 were 
employed. Upon stopping the flow, a fairly stable sig
nal appeared within 1 min. This signal was very simi
lar to that reported by Tolies, et al.,n for tetramethyl-2- 
tetrazene (TM T) cation radical produced in acetone by 
electrochemical oxidation or by reaction with tetra- 
nitromethane. The coupling constants found here in

c h 3 c h 3
\  1 2 3 4 /

N—N = N — N

c h 3 c h 3
TM T

the aqueous solution (Table I) are slightly different 
than those found in acetone. This results in a spectrum 
in aqueous solution with fewer lines; the observed line 
width in aqueous solution is narrower, however. To 
give further evidence that the observed spectrum was 
that of TM T+, an authentic sample of TM T in 1 M  
H2SO4 was prepared and electrolytically oxidized at a 
platinum electrode inside the esr cell. A spectrum iden
tical with that obtained in the flow experiments re
sulted.

The nature of the reaction leading to the TM T cation 
radical was investigated in a semiquantitative study 
of the effects of the concentrations of DMH, cerium- 
(IV), and acid on the resulting spectra. The solutions 
were mixed outside the spectrometer and after a known

(13) W . M . To lies, D . W . M oore, and W . E . T h un , J . A m e r .  C h em . 
S o c ., 8 8 , 3476 (1966).
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Table I : Esr Data for the Hydrazine and Tetrazene Cation Radicals

Position

No. of 
equiv 
nucleii Nucleus

Experimental 
coupling constant, 

G
-Caled residues,® G-

Hückel MacLachlan

Hydrazine Cation [Ce(IV) fl20 ]5
“H/aN

1 2 N 11.5 -0 .6 6 -0 .6 3
1 4 H 11.0 -0 .9 7 -0 .5 1 0.96

Methylhydrazine Cation [Ce(IV) H20 ]c
1 3 H(Me) 15.0 -0 .1 7 14.40
1 1 N 13.8
1 1 H 12.5 0.21 -0 .6 5 0.90
2 1 N 10.7 0.68 -0 .0 5
2 1 H 9. l\ — 1.62^ 2.02 Í0.85
2 1 H 8.9/ (0.80
Line width 0.3

1,1-Dimethylhydrazine Cation (Ce(IV) H20 ]c
1 1 N 16.05 -0 .0 2 0.89
1 6 H(Me) 14.39 -0 .2 2 8.91
2 1 N 9.69 0.66 -0 .6 2
2 2 H 6.91 -2 .8 3 3.71 0.71
Line width 0.26

2
12

Tetramethylhydrazine Cation (electrochemical oxid/MeCN)« 
(tetramethyl-2-tetrazine, Mel H20 ) /

N 13.41® 13.5/ 0.52 0.43
H(Me) 12.69 12.7 0.58 3.59

Tetramethyl-2-tetrazene Cation [DMH, Ce(IV)/H20 ]c 
(tetranitromethane, TMT/acetone, —30°)"

1
1

6
6

H(Me)
H(Me)

11.52®
10.40

U.72»\ 
10.45 / 1.91** 1.55

1 2 N 10.96 10.93 0.77 0.04
2 2 N 1.20 1.07 -0 .8 8 0.15
Line width 0.26 0.39

«Me/oN

1.09

0.90

0.94

1.05
0.95

“ The residues contain the results of the correlation of calculated spin density with experimental coupling constants. Residue = 
êxperimental — «calculated- The regression analysis yields the spin polarization parameters which are listed below with the standard 

deviation of the parameter given in parenthesis. Huckel, SN = 36.70 (1.87), Qnhn = -6 .19  (0.72), QNCN = —3.28 (0.80), Qnen = 
-13.98 (0.92), Qnn'n (=  - Q n'Nn) = 8.97 (2.57), QCN* = 10.25 (2.00), QNHH = 23.93 (0.92), Qy = 347.98(7.54), (aNMeH = Q y p y  and 
NMe = N-X-Y); MacLachlan, SN = 38.63 (1.77), QNHN = -7 .19  (0.69), Qcnn = -6 .16  (0.66), QNen = -13.98 (0.92), Qnn,n = 
7.76 (1.83), <2cnn = 13.11 (1.71), Qnhh = 23.02 (0.97), Qy = 397.17 (67.18), (A = 1.2 used in MacLachlan calculations). b From 
ref 9, 10. c This work. d The average of the experimental couplings for these positions were used in the correlation. ‘  From S. F. 
Nelson, J. Amer. Chem. Soc., 88, 1930 (1966). 1 From W. H. Bruning, C. J. Michejda, and D. Romans, Churn. Commun., 11 (1967); 
J . Amer. Chem. Soc., 91, 3859 (1969). » From ref 13.

time placed in the spectrometer; their spectra were 
then recorded as a function of time. The time re
quired for the signal to reach maximum intensity de
pended strongly on the acid strength, concentration of 
the reactants, and even the speed of mixing. In all 
of the external mixing experiments, the maximum in
tensity was reached in the 1-2 min necessary to mix the 
solutions and place an aliquot in the spectrometer. 
The most intense signal was found to result from a molar 
ratio of cerium(IY) to DMH of 1.0:2.0. The intensity 
also varied with the acid strength with molar ratios of 
cerium(IV) to DMH to acid in the range of 1.0:2.0:
8.0 to 1.0:2.0:16.0 giving essentially equivalent and 
optimum results; the signal intensity decreased when 
the ratio of reactants departed in either direction from 
this range. The absolute concentrations were also

important. The optimum concentration of cerium(IV) 
was 0.080 M with those of the other reactants being in 
the proper ratio. The speed of mixing also affected the 
results. A quick complete mixing of the reactants gave 
the best results. Dropwise addition of the oxidant to 
the other components resulted in almost no signal.

Potassium bromate was also used as an oxidant. 
The most pronounced difference between it and cerium-
(IV) was the time necessary for the appearance of the 
TM T+ radical. In contrast to the cerium(IV) case, in 
which less than 2 min was required for the radical to 
appear, as long as 15 min was required when bromate 
was used. This induction period was a function of the 
acid concentration. With solutions 0.20 M  in DMH 
and 0.10 M  in KBr03, 2 min was required for a solution 
0.6 M  in acid and 13 min for a solution 0.3 M in acid.
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Figure 2. Esr spectrum of dimethylhydrazine cation radical, (a) Top: experimental spectrum; the sweeping field is increasing 
from right to left, (b) Bottom: experimental spectrum showing outer portion more clearly.

Discussion

Coupling Constants and Molecular Orbital Calculations. 
Radicals containing nitrogens with substituent protons 
or methyl groups are frequently compared with respect 
to the ratio of the proton coupling constant, aH, to that 
of the nitrogen to which it is attached, aN, Rn =  an/â t 
or the ratio of the methyl proton coupling constant, 
ante, to aN, Rue =  aMe/W14-16 These ratios range 
from 0.6 to 2.0 and are frequently close to 1 for mole
cules such as those reported here, although these ratios 
can be very sensitive to steric effects, as found, for 
example, in the cation radical of tetrakis(dimethyl- 
amino)ethylene.14 15 The ratios in the cation radicals of 
MH and DM H are shown in Table I and are in the 
expected range of values; a tabulation of Rh and Rue 
for 25 related compounds is given elsewhere.17 The 
ratio Ru (0.71) for DMH cation radical is somewhat 
lower than that expected from similar compounds.

Hiickel molecular orbital (HMO) calculations were 
attempted for these molecules as a confirmation of the 
spectral assignments and to find a set of parameters 
useful in treating molecules of this type. The hydra
zine cation radicals were assumed to be planar with the 
nitrogens sp2 hybridized.9-12 Both nitrogens of 2,2- 
diphenyl-l-picrylhydrazyl (DPPH) have been shown 
to be trigonal in the crystalline state, although steric 
effects prevent coplanarity of the entire molecule.18 
The following procedure was adopted for the HMO 
calculations and the calculation of the coupling con
stants. A set of reasonable HMO parameters was 
adopted; these are given in Table II with references to 
their sources. The parameters were used to perform 
HMO and McLachlan calculations for 27 radical ions, 
including those of hydrazines, amines, anilines, p- 
phenylenediamines, and N-methylated azines.17 The 
resultant spin densities were then correlated against the 
experimental coupling constants using the appropriate 
spin polarization equations by means of multiple re

gression19 analysis using the spin-polarization param
eters (Q n h n , Q n-c n , etc.) as adjustable coefficients. 
The spin-polarization parameters giving the best least- 
squares fit are given in the footnotes to Table I. These 
polarization parameters show varying degrees of agree
ments with those suggested in other studies.16-19-20 

The value of Qy which relates the nitrogen-methyl 
proton splitting aMeH to the spin density on the pseudo- 
p orbitals formed from the methyl proton s orbitals, py, 
by the relationship aNMe =  QyPy has been found to be

Table II : HMO Parameters for Spin Density Calculations

hA A &AB AB Radicals Ref

1.3 N 0.95 CN n h 2r , r = n , c a
1.2 N 0.85 CN NHMeR, NMeiR, a

NR2Me, R =N ,
C, Me

0.75 N 0.95 CN NR2E, r = n , C, H h
1.0 NN Ail c

-0 .1 0 X 0.70 NX N-Me = N-X-Y a
-0 .5 0 Y 2.50 XY N-Me = N-X-Y a

2.01 N 1.62 NO Nitro groups d
1.5 O 1.04 CN Nitro groups d

“ P. D. Sullivan and J. R. Bolton, J. Mag. Res., 1, 356 (1969).
b A. Carrington and J. dos Santos-Viega, Mol. Phys., 5, 21 
(1962). c E. W. Stone and A. H. Maki, J. Chem. Phys., 39, 
1635 (1963). d P. T. Cottrell and P. H. Rieger, Mol. Phys., 
12, 149 (1967).

(14) K .  K u w a ta  and D . H . Geske, J . A m e r .  C h em . S o c ., 8 6 , 2101 
(1964).
(15) B . L . B a rto n  and G. K . Fraenkel, J . C h em . P h y s ., 41, 1455 
(1964).

(16) P . S m ith  and W . M . Fox, C a n . J .  C h em ., 47, 2227 (1969).
(17) T .  V . A tk inson , P h .D . D isserta tion , The TJniversity o f Texas 
a t A u s tin , A ustin , Texas, 1970.

(18) D . E . W illiam s, J . A m e r .  C h em . S o c ., 8 8 , 5665 (1966).
(19) J. Q. Adam s, S. W . N icksic, and J. R . Thomas, J . C h em . P h y s . ,  
45, 654 (1966).
(20) C . L . T a lc o tt and R . J. M yers, M o l .  P h y s ., 12, 549 (1967).
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348 (using HMO calculations) or 397 (using the Mc- 
Lachlan calculation). Normally a value of about 169 
would be expected.16 The exceptionally high value 
obtained in this case may be due to the use of the molec
ular orbital parameters for the methyl group shown in 
Table I, which were originally intended for the toluene 
anion rather than for an N-methyl group. In addition, 
the neglect of the spin density on the methyl carbon 
may also add some contribution to this exceptionally 
high term. An alternative expression for the methyl 
group may be given by aNMe = QNMeHPN, where pN 
is the spin density in the nitrogen w orbital. In this 
case, Qnmc11 has been found to be 25.5 ±  0.5 for Mc- 
Lachlan calculations and 33.8 ±  1.2 for HMO calcula
tions, which compare favorably with similar param
eters obtained for the carbon-methyl group.

The value for Qnhh used in the expression for the 
nitrogen-proton splittings are —23.9 ±  0.9 for Mc- 
Lachlan calculations and —23.0 ±  1.0 for HMO cal
culations. This is significantly lower than that ob
tained by Barton and Fraenkel, of —34, who based this 
parameter on a different analysis.16 They point out, 
however, that small changes in the molecular orbital 
parameters will have a significant effect on Q n h h - In 
general, Q factors obtained in this work and those ob
tained in other studies compare satisfactorily within 
the framework of HMO-type calculations.

Calculated coupling constants for the radicals of 
interest here based on these parameters are given in 
Table I. While the values calculated from HMO 
theory show fair agreement with the experimental 
values, they cannot be used with confidence to either 
support or refute the assignments suggested.

Implications to Reaction Mechanisms. The chemical 
and electrochemical oxidations of alkyl-substituted hy
drazines7'21 have generally only produced evidence for a 
primary two-electron step. For example, the oxidation 
of DMH with alkali halates and halogens20 in acidic 
solutions was shown to produce the moderately stable
1,1-dimethyldiazenium ion

Me2NNH3+ —^  Me2N = N H +  +  2H+ +  2e (1)

In alkaline solutions, this ion deprotonated and coupled 
to form TM T

Me2N = N H +  +  OH-  —*■ M e?N =N  +  H20  (2)

2MezN = N  — > Me2N N =N N M e2 (3)

The electrochemical oxidation of DMH in 1 M H2S04 
at a platinum electrode also gave unequivocal evidence 
of an initial two-electron step, followed by a slow 
decomposition of the diazenium ion and further oxida
tion. The results here demonstrate that, at least when 
a one-electron oxidizing agent such as cerium(IV) is 
employed, the radical cation may be an intermediate in 
the formation of the diazenium ion and further oxida
tion products. Moreover, since the DMH cation

radical spectrum can be assigned based on the struc
ture (CH3)N -N H 2- +, the radical cation formed, even 
in acid solutions, is not protonated. This indicates 
that the basicity of DMH cation radical is much smaller 
than that of the parent DMH. Similarly, the cation 
radical of TM T is unprotonated in acidic solutions, al
though the p A b  of the parent TM T is 7.80. 21a The 
existence of the cation radical of TM T following oxida
tion of DMH with a one-electron oxidant suggests al
ternate paths of TM T from radical intermediates may 
be possible. The following reactions then can be added 
to pathways already proposed.

Me2NNHs+ Me2NNH2- + +  H+ +  e (4)

M e,NNH,• + — Me2N = N H +  +  H+ +  e (5)

2Me?NNH2- + —*■ Me2NNH3+ +  Me2N = N H +  (6)

HH
2Me2NNH2 • + — >  Me2NNNNMe2 +  2H+ (7) 

HH
Me2NNNNMe2 — >

Me*NN=NNMe* +  2H+ +  2e (8)

Me2N N =N N M e2 — >  Me2N N =N N M e2+ +  e (9)

Analogous expressions have been proposed for the 
oxidation of hydrazine.1-3 The absence of any evi
dence of radical cation formation during electrochemical 
oxidation of the hydrazines in similar solutions, even 
for experiment durations of about 10 msec, suggests 
that the electrode acts as a poly electronic oxidant so 
that cation radicals formed in the vicinity of the elec
trode are immediately oxidized further (eq 5). In 
the flow experiment the ratio of hydrazine to oxidant 
is such that cation radicals can be formed in the ab
sence of any excess oxidizing agent.

Experimental Section
MH and DMH were obtained from Aldrich Chemical 

Co. and Matheson Coleman and Bell Chemical Co. 
Ceric ammonium sulfate was obtained from G. F. 
Smith Chemical Co. All were employed without fur
ther purification. TM T was prepared by the method 
of McBride and Kruse.21a

A Varian Associates V-4502 Spectrometer employing 
100-kc field modulation was employed. The field 
sweep was calibrated by using Fremy’s salt; the high- 
and low-field coupling constants were taken as 13.160 
±  0.008 and 13.101 ±  0.004. Flow experiments were 
performed using the V-4549 liquid flow mixing chamber 
system, comprising a four-jet mixing chamber with a 
0.05-ml volume and a flat quartz cell. Solution flow 
rates of 1 to 10 ml/sec were employed.

(21) (a) W . R . M c B rid e  and H . W . Kruse, J . A m e r .  C h em . S o c ., 79, 
572 (1957); (b) W . R . M c B rid e  and E . M . Bens, ib id ., 81, 5546
(1959); (c) W . R . M c B rid e  and W . E . T h u n , In o r g . C h em ., 5, 1846
(1966).
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The spectra were simulated using the program Breit17 
which simulates spectra having second-order shifts22 
of the line positions. This program is based on the 
first-order simulation program of Stone and Maki23 
but is extended to include second-order shifts for nuclei 
of any spin.
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Electron Paramagnetic Resonance Spectroscopic Study of Radical 

Cations from Hydrazine, Methylhydrazine, and Dimethylhydrazines1

by P. Smith,* R. D. Stevens, and R. A. Kaba
P a u l  M .  G r o ss  C h em ica l L a b o r a to r y , D e p a r tm en t o f  C h em istry , D u k e  U n iv e rs ity , D u rh a m , N o r th  C a ro lin a  2 7 7 0 6  
(.R ece ived  S ep tem b er  2 8 , 1 9 7 0 )

P u b lica tio n  costs a ss is ted  by  th e N a t io n a l  S c ie n c e  F o u n d a tio n

The substrates hydrazine, methylhydrazine, 1,1-dimethylhydrazine, and 1,2-dimethylhydrazine have been 
investigated in turn within an aqueous continuous-flow system at 25 ±  2° using the titanous chloride-hydrogen 
peroxide radical-generating method. For each hydrazine the electron paramagnetic resonance spectrum of 
the corresponding monopositive radical ion was the only one observed, viz. [NH2NH2]-+, [CH3NHNH2]-+, 
[(CH3)2NNH2]-+, [m-CH3NHNHCH3]-+, and [irans-CH3NHNHCH3] ■ +. The hydrogen and nitrogen 
nuclear hyperfine coupling constants of these radical cations have been determined and discussed in terms of 
the <7—7r interaction theories of Karplus and Fraenkel and McConnell. Values for several empirically calcu
lated spin-polarization parameters are presented.

Introduction
The reaction between titanous chloride and hydrogen 

peroxide in dilute aqueous sulfuric acid has been shown 
to furnish the basis of a useful continuous-flow method 
for the generation of transient free radicals from reac
tive substrates for the purpose of electron paramagnetic 
resonance (epr) spectroscopic observations.2

The mechanisms of the reactions which occur with 
the use of this radical-generating system have attracted 
recent attention.8-12 These studies indicate that the 
basic initial reaction may be adequately represented by 
the equation

Ti(III) +  H20 2 Ti(IV) +  OH-  +  -OH (1) 

and this is followed by secondary processes such as

■ OH +  SH — H20  +  S • (2)
or

•OH +  SH — >  SHOH (3)

where SH denotes the reactive substrate.

Norman, et al.,13 have shown that with the use of 
hydrazine as substrate this radical-generating system 
produces an epr spectrum of nine equally spaced lines 
with relative intensities close to 1 6:17:30:36:30:

(1) T h is  w o rk  was supported by  N a tio n a l Science F o und a tion  
G rants GP 7534 and GP 17579.
(2) W . T . D ixo n  and R . O. C. N orm an, J . C h em . S o c ., 3119 (1963).
(3) K . T a ka ku ra  and B . R ânby, J . P h y s . C h em ., 72, 164 (1968).

(4) H . Fischer, B e r . B u n s en g es . P h y s . C h em ., 71, 685 (1967).
(5) R . E . F lo rin , F . S ic ilio , and L . A . W a ll, J .  P h y s .  C h em ., 72, 3154
(1968) .
(6) Y . S. Chiang, J. C raddock, D . M ichew ich , and J. T u rk e v ic h , 
ibid., 70, 3509 (1966).
(7) R . O. C . N orm an, P r o c . R o y .  S o c ., S e r . A ,  302, 315 (1968).

(8) M .  S. Bains, J. C. A rth u r, J r., and O. H ino josa , J . P h y s .  C h em ., 
72, 2250 (1968).

(9) R . O. C. N orm an  and P. R . W est, J . C h em . S oc . B , 389 (1969).
(10) R . E . James and F . S ic ilio , J . P h y s . C h em ., 74, 1166, 2294 
(1970).
(11) Y . Shim izu, T .  Shiga, and K . K u w a ta , ib id ., 74, 2929 (1970).
(12) G. Czapski, H . Lavanon, and A . Samuni, I s r .  J .  C h em ., 7, 375
(1969) .
(13) W . T . D ixon , R . O. C. N orm an, and A . L . B u ley , J .  C h em . S o c . ,  
3625 (1964).
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17:6:1. Adams and Thomas14 have reported a similar 
but better resolved spectrum when hydrazine is treated 
with ceric ion in dilute aqueous sulfuric acid within a 
continuous-flow system and have assigned this spec
trum to the hydrazine radical cation, [NH2NH2]-+, 
with aN and aHNH2 equal to 11.5 and 11.0 G, respec
tively. Consequently, Norman, et al.,n attributed 
their spectrum to the same radical cation with aN and 
aHNIi! being both equal to 11.5 G. They postulated 
this radical cation13 to be formed by the hydroxyl radi
cal either abstracting a hydrogen atom from the conju
gate acid of hydrazine or removing an electron from 
hydrazine itself. More recently, the epr spectrum of 
the [NH2NH2]-+  radical cation produced by the ceric- 
ion oxidation method has been restudied over the tem
perature range 15-55°, the results at 25° being in ex
cellent agreement with those of the first workers using 
the same method.15

Several investigations using the titanous chloride- 
hydrogen peroxide radical-generating system have been 
reported already from this laboratory.16-22 The pres
ent study concerns the extension of our investigations to 
a number of methyl-substituted hydrazines, all of 
which were found to give radical cations analogous to 
that formed from hydrazine but not previously studied 
by epr spectroscopy. Although the epr spectra of 
these methyl-substituted hydrazine radical cations were 
complex, they were all successfully characterized. In 
addition, for comparison purposes, hydrazine was re
examined and found to give a spectrum similar to but 
better resolved than that of the earlier workers13 with 
the use of this same substrate and radical-generating 
method. This improved resolution allowed the values 
of aN and aNNHi for the [NH2NH2]-+ radical cation 
to be determined as equal to 11.5 and 11.1 G, respec
tively.

These hydrazine radical cations are very similar to 
the well known Wurster’s Blue-type radical cations.23'24 
These latter radicals have complex epr spectra few of 
which have been completely characterized, e.g., the 
p-phenylenediamine radical cation25’26

and the A/’,M,iV/,Ar,-tetramethyl-p-phenylenediamine 
radical cation27-29

(CH3)2N— N(CH3)2 

2

Our characterization of the epr spectra of methyl- 
substituted hydrazine radical cations provides a unique 
opportunity of studying unsymmetrical analogs of

Wurster’s Blue-type radical cations without the com
plication of interactions from aromatic protons.

Experimental Section
The experimental arrangement and procedures were 

essentially as described before.19 However, owing to 
the basic nature of the hydrazines it was found useful 
to modify the two-stream continuous-flow system of all 
our previously reported16-22 investigations by adding 
a third stream. As was the case for the other two 
streams, this third stream originated in a 2-1. separatory 
funnel and its flow rate was controlled with the use of a 
Teflon-stemmed glass needle valve and monitored with a 
calibrated flow meter (Roger Gilmont Instruments, 
Inc., Model F 1300). The third stream was an aque
ous solution of substrate together with CP sodium 
hydroxide when necessary. As before,19 one of the 
other two streams was reserved for an aqueous solution 
of titanous chloride and the other, for one of hydrogen 
peroxide; and the epr cell was constructed of Suprasil 
to the Borg mix-and-flow design.30 The third stream 
joined the flow system by way of a Y-piece located in 
the hydrogen peroxide stream about 10 cm upstream 
from the confluence of the titanous chloride and hydro
gen peroxide streams. As before,19 after passing 
through the epr cell, the reaction mixture was collected 
in a 10-1. bottle maintained at a constant pressure,
25.0 ± 0 .1  cm, with the use of the house vacuum and a 
manostat (Labglass Inc., Model LG 8762). This use 
of a third stream prevented unnecessary decomposition 
of the hydrogen peroxide and oxidation of the hydrazine 
prior to their entry into the mixing chamber.

Fresh samples of the following were examined as

(14) J. Q. Adam s and J. R . Thom as, J . C h em . P h y s ., 39, 1904
(1963).

(15) H . R . F aile, C a n . J .  C h em ., 4 6 , 1703 (1968).

(16) P . S m ith  and P. B . W ood, ib id ., 45, 649 (1967).
(17) P . S m ith , J. T .  Pearson, P . B . W ood, and T .  C. S m ith , J . C h em . 
P h y s . ,  43, 1535 (1965).

(18) J. T .  Pearson, P . S m ith , and T . C . S m ith , C a n . J .  C h em ., 42, 
2022 (1964).

(19) P . S m ith  and P. B . W ood, ib id ., 44, 3085 (1966).

(20) P . S m ith , J. T . Pearson, and R . V . Tsina, ib id ., 44, 753 (1966).
(21) P . S m ith  and W . M . Fox, ib id ., 47, 2227 (1969).

(22) P . S m ith , W . M .  Fox, D . J. M c G in ty , and R . D . Stevens, ib id ., 
48, 480 (1970).
(23) A . R . Forrester, J. M .  H a y , and R . H . Thom son, “ O rganic 
C hem is try  o f S table Free R adica ls ,”  Academ ic Press, N ew  Y o rk , 
N . Y ., 1968, C hap ter 6 .
(24) G . V incow , “ R ad ica l Ion s ,”  E . T .  K a ise r and L . K evan , E d., 
Interscience, N ew  Y o rk , N . Y ., 1968, C hap te r 4.
(25) M . T . M e lch io r and A . H . M a k i, J . C h em . P h y s ., 34, 471
(1961).
(26) L .  H . P ie tte , P . Ludw ig , and R . N . Adam s, A n a l . C h em ., 34, 
916 (1962).
(27) J. R . B o lton , A . C arring ton , and J. dos Santos-Veiga, M o l .  P h y s .,  
5, 615 (1962).
(28) K . H . Hausser, ib id ., 7, 195 (1963-1964).
(29) B . M . L a tta  and R . W . T a ft,  J . A m e r .  C h em . S o c ., 89, 5172
(1967).
(30) D . C. Borg , N a tu r e , 201, 1087 (1964).
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substrates: hydrazine, hydrazine dihydrochloride, hy
drazine sulfate, methylhydrazine, and methylhydrazine 
sulfate (Eastman Reagent Grade), 1,1-dimethylhydra- 
zine (Eastman Practical Grade and Aldrich), and 1,2- 
dimethylhydrazine dihydrochloride (Aldrich). When 
an acid salt was used the hydrazine was liberated in 
solution immediately prior to use by the addition of the 
appropriate quantity of CP sodium hydroxide. Except 
in the case of 1,1-dimethylhydrazine it was possible to 
compare the results so obtained with those from the 
direct use of the hydrazine and to show that both forms 
of substrate gave identical epr spectra. Nevertheless, 
in view of the convenience, where possible the acid 
salts were used as sources in preference to the free hy
drazines.

The following reaction conditions were employed: 
total flow rate, 2-4 ml sec-1, the flow rates of the tita- 
nous chloride, hydrogen peroxide, and hydrazine solu
tions being maintained in the ratio 6 :1 :5, respectively; 
the reaction temperature, 25 ±  2°; the titanous chlo
ride stream, 0.005 and 0.1 M  in titanous chloride and sul
furic acid, respectively; the hydrogen peroxide stream, 
0.15 M in hydrogen peroxide with no added sulfuric 
acid; the substrate stream, 0.1, 0.2, 0.1, and 0.05 M 
in hydrazine, methylhydrazine, 1,1-dimethylhydrazine, 
and 1,2-dimethylhydrazine, respectively, and when the 
substrate was used as an acid salt, 2 mol of sodium 
hydroxide was added to the substrate stream per 1 
mol of substrate.

The spectra were recorded as the first derivatives and 
where necessary the signal-to-noise ratio at the wings 
of the spectrum was improved by using a standard Var- 
ian C-1024 Time Averaging Computer (TAC).

All g values were measured as before by comparison 
with aqueous peroxylamine disulfonate,19 the maximum 
uncertainty being ±0.0002. Since the peroxylamine 
disulfonate proved to be unstable in the presence of the 
hydrazines, the solution of the peroxylamine disulfonate 
was utilized as follows: either21 within an external, 
thin-walled Pyrex capillary held to the side of the mix- 
and-flow cell while this cell was being employed for the 
generation of the hydrazine radical cation or as a static 
sample within the mix-and-flow cell in conjunction with 
the Varian C-1024 TAC to store the spectrum obtained 
which was then superimposed upon that from the hy
drazine radical cation. Both methods gave the same 
results.

Results
Hydrazine, NH2NH2. This compound produced the 

characteristic spectrum13-16'31’32 of the hydrazine radi
cal cation, [NH2NH2]-+, viz. a quintet (1 :2 :3 :2 :1 ) of 
quintets (1 :4 :6 :4 :1 ). As mentioned above, previous 
authors13 using this same substrate and radical-gener
ating system observed only a broad nine-line spectrum 
from this radical cation, consistent with aN =  aHNHl =
11.5 G and could not achieve the resolution of Adams

and Thomas14 who formed the [NH2NH2]-+ radical 
cation via the oxidation of hydrazine with ceric ion 
within an aqueous flow system. The spectrum ob
served in this present study, although not of the same 
quality as observed with the ceric-ion method, showed 
sufficient structure to allow the nitrogen and hydrogen 
nuclear hyperfine couplings to be measured directly. 
The values we obtained for aN and aHNH! were 11.5 
and 11.1 G, respectively, in reasonable agreement with 
the results of all earlier workers, these results relating to 
this species both when in aqueous solution13-16’31 and in 
the solid state.31’32

Methylhydrazine, CH3NHNH2■ Reaction with this 
compound gave rise to an absorption consisting of many 
equally intense broad lines. By accumulating the spec
trum, the end lines were located and were found to be 
sufficiently intense to allow a reliable analysis. The 
spectrum was characterized by the interactions of three 
inequivalent protons (8.5, 8.9, and 12.2 G), two inequiv
alent nitrogen nuclei (10.4 and 13.2 G), and three equiv
alent protons (14.4 G). This analysis is conformable 
to the methylhydrazine radical cation of structure

3

in which all nuclei save the three methyl-group protons 
are in the same plane. This structure is analogous to 
that of the [NH2NH2]-+ radical cation which is con
sidered31’32 to be planar, with D2h symmetry, having the 
unpaired electron in an antibonding orbital over the two 
nitrogen nuclei. The hyperfine coupling constants of 
the [CH3NHNH2] ■ + radical cation were assigned from a 
knowledge of the total width of the spectrum and by 
comparison with those for the other hydrazine radical 
cations we have studied where they have been assigned 
with more certainty. However, the couplings of the 
protons in the ~NH2 group, 8.5 and 8.9 G, could not be 
specifically assigned cis or trans with respect to the 
-C H 3 group attached to the other nitrogen atom (see 
structure 3). A typical accumulated spectrum with the 
theoretical stick plot is shown in Figure 1.

1,1-Dimethylhydrazine, (CH3)2NNH2. This com
pound reacted to produce a single species which gave a 
well resolved, complex spectrum made up of a triplet 
(1:1:1) of septets (1 :6 :15:20:15:6:1) of triplets 
(1:1:1) of triplets (1:2:1) with couplings equal to
15.8, 14.2, 9.6, and 6.9 G, respectively. This pattern 
is consistent with that expected for the 1,1-dimethylhy
drazine radical cation which may be represented by a 
planar structure (4)

(31) J. A . B r iv a t i,  J . M . Gross, M .  C. R . Symons, and D . J . A . 
T in lin g , J . C h em . S o c ., 6504 (1965).
(32) O. E d lund , A . Lund , and A . N ilsson, J . C h em . P h y s . ,  49, 749
(1968).
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CH3 h

> - <
ch3 h

analogous to structure 3. As before, analysis was facil
itated by the use of accumulated spectra such as that 
shown in Figure 2 with a theoretical stick plot. Stud- 
ies21,23—29 of Wurster’s Blue-type radical cations such as 
1 and 2 and related nitrogen-bearing radicals have re
vealed that both the aN/aHNCH’ and aN/a NNH ratios are 
close to unity. Since the nitrogen hybridization in 
these Wurster’s Blue-type radical cations and that of 
the hydrazine radical cations of this present work are 
expected to be very similar, we have assigned the larger 
nitrogen nuclear hyperfine coupling constant, 15.8 G, 
to the nitrogen in the -N (C H 3)2 group in structure 4 
and the smaller nitrogen nuclear hyperfine coupling,
9.6 G, to that in the -N H 2 group.

1,2-DimeMiylhydrazine, CH3NHNHCIl3. This com
pound reacted to give rise to a spectrum composed of a 
quintet (1 :2 :3 :2 :1 ) of septets (1 :6 :15:20:15:6 :1) of 
triplets (1:2:1) with hyperfine coupling constants of
13.0, 12.2, and 9.8 G, respectively. This spectrum is 
attributed to the 1,2-dimethylhydrazine radical cation, 
[CH3NHNHCH3] - +. However, a careful comparison 
of the theoretical stick plot with the observed spectrum 
revealed that although the majority of the spectrum was 
accounted for by this analysis there were many other 
lines which were not and that these extra lines were 
real and not due to noise. Moreover, since the 1,2- 
dimethylhydrazine was freshly generated in situ from 
the dihydrochloride salt, the extra lines were unlikely

j o ___, _ j u

Figure 1. The accumulated first-derivative plot of the 
low-field end epr spectrum of the methylhydrazine radical 
cation: temperature 25°; [TiCl3] in the reducing stream,
0.005 M  in 0.1 At sulfuric acid; [H20 2] in the oxidizing stream, 
0.15 M ; [CH3NHNH2] in the substrate stream 0.2 M ; total 
flow rate 3.5 ml sec-1; pH of the mixed streams, ca. 2.1. The 
stick plot shows the positions and the theoretical intensity 
distribution of the lines for the radical cation [CH3NHNH2] +, 
a quartet (1:3:3:1 ) of triplets (1:1:1) of triplets (1:1:1) of 
three doublets (1:1).

Figure 2. The accumulated first-derivative plot of the 
low-field end epr spectrum of the 1,1-dimethylhydrazine 
radical cation: temperature 25°; [TiChl in the reducing 
stream, 0.005 M  in 0.1 M  sulfuric acid; [H20 2] in the 
oxidizing stream, 0.15 M; [(CH3)2NNH2] in the substrate 
stream, 0.05 M ; total flow rate 4.0 ml sec-1; pH of the mixed 
streams, ca. 1.6. The stick plot shows the positions and the 
theoretical intensity distribution of the lines for the radical 
cation [(CH3)2NNH2] +, a septet (1:6:15: 20:15:6:1) of 
triplets (1:1:1) of triplets (1:1:1) of triplets (1:2:1).

to be derived from impurities. This radical can exist 
in geometrically different forms

ch3 h  ' •+
ch3 ch¡

> - <  
h  ch3

and > - <  
H M

5 6

Consequently, we propose that the entire spectrum is 
that of a mixture of these two isomeric radicals centered 
on essentially the same g value. The major radical 
would be expected to be the more stable isomer and 
energy considerations would demand that this possess 
a trans configuration about the nitrogen-nitrogen bond 
as shown for structure 5. The spectrum of [cfs-CH3- 
NHNHCH3] ■ +, 6, would be expected to have a similar 
width and structure to those of [irans-CH3NHNH- 
CH3] • +, 5, and this is borne out by observation. Using 
the [frans-CH3NHNHCH3] • + as a template, the cou
pling constants for the cis isomer were estimated as
14.7, 12.6, and 10.8 G, for aN, aHNCHl, and aHNH, re
spectively, and the theoretical reconstruction of the 
spectrum showed that all the extra lines present could 
be rationalized. Comparison of line heights17 from the 
spectra of the two isomers indicated that about 15 mol 
%  of the radical species were [cts-CH3NHNHCH3 j ■ +.

The hyperfine coupling constants and g values for the 
radical cations observed from all four hydrazines are 
presented in Table I together with comparable data re
ported by previous workers.14' 16.23-29,31-34
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Table I : Hyperfine Coupling Constants and g Values for the Hydrazine Radical Cations and Related Radical Cations“

Radical onn onN' anNH a s N'H aHNCH°
aNN7
»H™

onn7 onN/aHNCH4 0
value Ret

[NH2N'H2] • + 11.5 11.5 11.0 11.0 1.05 1.05 2.00342 14
11.5 11.5 11.0 11.0 1.05 1.05 2.00346 15
11.5 11.5 11.0 11.0 1.05 1.05 2.0030 31
11.0 11.0 10.4 10.4 1.06 1.06 2.0036 32
11.54 11.54 11.09 11.09 1.04 1.04 2.0034 b

[CH3NHN'H2] • + 13.20 10.36 12.19 8.53 14.42 1.08 1.21 0.92 2.0034 b

8.94 1.16
[(CH3)2NN'H2] • + 15.85 9.56 6.93 14.21 1.38 1.11 2.0035 b

[irans-CH3NHN'HCH3] • + 13.03 13.03 9.77 9.77 12.19“ 1.33 1.33 1.07■» 2.0032 b

[cw-CH3NHN'HCH3] • + 14.7 14.7 10.8 10.8 12.6“ 1.36 1.36 1 .17d 2.0032 b

[p-NH2C6H4N'H2] •+ 5.29 5.29 5.88 5.88 0.90 0.90 25
5.12 5.12 5.67 5.67 0.90 0.90 26

[p-(CH3)2NC8H4N'H2] •+ 7.62 4.73 5.16 7.75 0.92 0.98 29
[p-(CH3)2NC8H4N'(CH3)2] • + 6.99 6.99 6.76 1.03li 27

7.02 7.02 6.74 1.04 28
7.01 7.01 6.83 1.03 29

[4,4'-NH2C12H8N'H2] • + ■ 3.60 3.60 3.97 3.97 0.91 0.91 33
[4,4'-(CH3)2NCi2H8N'(CH3)2] •+' 4.88 4.88 4.70 1.04 33

4.86 4.86 4.74 1.02 29, 34

“ Coupling constants are in Gauss and their signs are omitted. b Present work; the data were taken at 25 ±  2°, the solutions being 
within the pH range ca. 1.5—2.1; the a values and g values are judged to have a maximum uncertainty of ca. 0.05 G and ca. 0.0002, 
respectively, except for the case of [os-CH3NHN'HCH3] • + where the maximum uncertainty in the a values is ca. 0.1 G. “ ohNCH3 = 
aHN'cH, i aNN/aHNCH, = ONN'/aHN'cH,, « [4,4'-diamino-diphenyl] ■ +. > [4,4'-bis(dimethylamino)-diphenyl] ■ +.

Discussion
There has been considerable interest in the measure

ment of isotropic hyperfine nitrogen-14 couplings in 
charged and neutral nitrogen-bearing radicals and the 
relation of such couplings to the ir-electron spin density 
distribution in these species.21’35-59 Two chief ap
proaches have been used to describe these hyperfine 
coupling constants. The first, by analogy with the 
Karplus and Fraenkel60 theory of carbon-13 interac
tions, proposes that the coupling constant, aN, for an 
sp2-hybridized nitrogen atom directly bonded to three 
atoms, Xi, be described by

«n =  ("îSn +  XlQNNX<N)pN,r +  2Q N XiNpxi’r (4)

where £N represents the direct spin polarization con
tribution of the 7r-electron spin density on the nitrogen 
atom, pn' ,  to the Is orbital of the nitrogen atom and 
the Qn terms represent the indirect spin polarization 
contribution of either pn* or the 7r-electron spin density 
on atom X<, pxj, to the 2s orbital of the nitrogen atom. 
The second, more simple approach describes this cou
pling by a linear McConnell-type relationship61 to pn'

« n =  Qn NPN* (5)

Although both descriptions have been successful, 
when applied to homologous series of such radicals, the 
first appears to be the more so. The main feature of 
these studies has been to show that the dominant 
contribution to the hyperfine coupling constant of the 
nitrogen is due to the w-electron spin density on that

nitrogen atom (which readily explains the success of the 
second description for some radicals) with smaller con
tributions from ir-electron spin densities on neighboring 
atoms.

(33) P . Sm ejtek, J. H onzl, and V . M e ta lova , C ollec t. C zech . C h em . 
C o m m u n ., 30, 3875 (1965).
(34) J. M .  F ritsch  and R . N . Adam s, J . C h em . P h y s . ,  43, 1887 
(1965).
(35) (a) R . L . W ard , J . A m e r . C h em . S o c ., 83, 3623 (1961); (b)
ib id ., 84, 332 (1962).
(36) A . C a rring to n  and J. dos Santos-Veiga. M o l .  P h y s ., 5, 21
(1962).

(37) N . M . A th e rto n , F . Gerson, and J. N . M u rre ll,  ib id ., 5, 509
(1962) .

(38) E . W . Stone and A . H . M a k i, J . C h em . P h y s ., 39, 1635 (1963).
(39) A . Zweig and A . K . H offm ann , J . A m e r . C h em . S o c ., 85, 2736
(1963) .
(40) C. A . M cD o w e ll and K . F . G. Paulus, M o l .  P h y s ., 7, 541 (1964).

(41) B . L . B a rto n  and G. K . Fraenkel, J . C h em . P h y s . ,  41, 1455
(1964) .

(42) E . T . S trom , G. A . Russell, and R . K onaka, ib id ., 42, 2033
(1965) .
(43) D . H . Geske and G. R . Padm anabhan, J . A m e r .  C h em . S o c ., 87, 
1651 (1965).

(44) J. C. M . H enn ing, J . C h em . P h y s ., 44, 2139 (1966).
(45) M .  T . Jones, J .  A m e r .  C h em . S o c ., 88 , 227, 5060 (1966).
(46) J. Q. Adam s, S. W . N icks ic , and J. R . Thom as, J .  C h em . P h y s .,  
45, 654 (1966).

(47) P . T . C o ttre ll and P. H . R ieger, M o l .  P h y s . ,  1 2 , 149 (1967).

(48) C. T . T a lc o tt and R . J. M ye rs , ib id ., 12, 549 (1967).
(49) T . K u b o ta , K . N ish ik ida , H . M iya za k i, K .  Iw a ta n i, and Y . 
O ishi, J . A m e r . C h em . S o c ., 90, 5080 (1968).

(50) G . A . Russell, J. M cD on ne ll, and C. M yers, J . P h y s .  C h em ., 72, 
1386 (1968).

(51) J. R . B o lton , “ R adica l Ion s ,”  E . T .  K a ise r and L . K evan , E d., 
Interscience, N ew  Y o rk , N . Y ., 1968, C hap ter 1.
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Table II : w-Electron Spin Densities for Hydrazine Kadical Cations Calculated by HMO Methods and with the Use of Eq 6

Radical PNr ° pN’Tb PCHl*11 PNwC Pn'*c

[NH2N'NH2] • + 0.500 0.500 0.500 0.500
[CH3NHN'H2] •+ 0.621 0.379 0.526 0.428 0.046 0.550 0.395d
[(CH3)2NN'H2] • + 0.724 0.276 0.546 0.367 0.044 0.587* 0.313
[CH3NHN'HCH3] • + 0.500 0.500 0.462 0.462 0.038 0.44D 0.44D

“ By the HMO method62 using an inductive model for the methyl group and assuming aN = ac +  (0.75),8cc36 and /?NN = Pec, and, 
for a methyl-substituted nitrogen atom, «Ni.CH)in = aN-n(0.50)^cc,62 where a and 0 represent the Coulomb and resonance integrals, re
spectively. 6 By the HMO method using a heteroatom model and assuming = «c  +  (0.75);3cc,36/3nn = Pec ac(CHs) = ac +  (2.00)/3cc, 
and /Snc(CHj) =  (0.70)/3cc-62 * From eq 6 and the NH-proton hyperfine coupling constants in Table I on the assumption that Qhnh equals 
- 2 2 . 1 8  ±  0.2 G, the value found for the [NH2NH2] • + radical cation using eq 6 with pNT and aHNH equal to Vs and — Il.Og ±  0.1 G, 
respectively. * With the use of the average of the two values of aHN'H’([CH3NHN'H2] • +). * On the assumption that 5.0% of the 
spin density is localized on each carbon atom in the [(CH3)2NNH2] ■ + radical cation. > With the use of the value of aHNH ([irans-CH3- 
NHN'HCHs] • +), this being considered more likely than that of oHNH ([cts-CH3NHN'HCH3] ) to be consonant with the assumed value 
of Qhnh.

The evaluation of the <r-ir or Q parameters for the 
hydrazinium cations of this present investigation (see 
Table I) clearly requires a knowledge of the ^-electron 
spin densities. We have gained this knowledge by 
calculations with the use of our experimentally deter
mined proton hyperfine coupling constants listed in 
Table I. In these calculations we assumed that, since 
the hybridization of the nitrogen in all these hydrazine 
radical cations is expected to be roughly the same, the 
value of QhNH calculated for the [NH2NH2]- + radical 
cation via the McConnell-type relationship

„  n h  n h  7r
Oh  =  Q H PN ( 6 )

where pNx may be taken to equal l/2 and oHNH is known 
by experiment (see Table I), can be employed in con
junction with eq 6 and the appropriate proton hyperfine 
coupling data in Table I to give reasonable estimates of 
the required nitrogen ^-electron spin densities for the 
other radical cations of the series. The results of these 
calculations are listed in Table II.

In addition, Table II presents the results of two sets of 
simple Hiickel molecular orbital, HMO, calculations38'62 
of nitrogen x-electron spin densities for this same series 
of radical cations. There is reasonable agreement be
tween these w-electron spin densities based on HMO 
calculations and those obtained with the use of the 
experimentally determined proton hyperfine coupling 
data and eq 6. The results of these HMO calculations 
indicate that methyl substitution on a nitrogen atom, 
keeping the extent of substitution of the other end of 
the molecule unchanged, increases the w-electron spin 
density on that nitrogen and decreases that on the other 
nitrogen. Such a conclusion is in line with the qualita
tive trend shown by most of the experimental results 
(Table I) that the size of the nuclear hyperfine coupling 
constant of a nitrogen atom increases with the number 
of methyl substituents on that nitrogen and decreases 
with the number of methyl substituents on the other 
nitrogen.

Table I also suggests that the sum of the two nitrogen

nuclear hyperfine coupling constants in a given radical 
increases with the total number of methyl substituents, 
and the size of the ratios aNN/a HNH and oNN/a HNCH3 for 
each nitrogen nucleus increases with the total number 
of methyl substituents in the radical. These observa
tions highlight the inadequacy of eq 5 to describe nitro
gen nuclear hyperfine coupling constants for this series 
of radical cations.

Application of eq 4 to the unsubstituted nitrogen 
atom in the series of radical cations [NH2N 'H 2]-+, 
[CH3NHN,H2] +, and [(CH3)2N N 'H 2] •+, respectively, 
yields

aNN' =  11.5 G = A PNA +  Qn'NNV  (7)

®nN =  10.4 G = ApN/  +  Qn,NN Pnx (8)

and

aNN =  9.6 G = A pn,x +  Qn,NN Pn  ̂ (9)

where

A = $ N' +  2Qn<n 11 +  Qn,N N (10)

Although each of the Sm  QN'N'H, QnN'N, and QN-NN' 
terms is assumed to have the same numerical values

(52) M . T . Jones, re f 51, C hap te r G.
(53) T . Yonezawa, T . K aw am ura , and H . K a to , J .  C h em . P h y s .,  
50, 3482 (1969).
(54) H . Paul and H . Fischer, B e r . B u n s en g es . P h y s .  C h em ., 73, 972
(1969).
(55) P . D . S u llivan  and J. R . B o lton , J . M a g . R e s . , 1, 356 (1969).
(56) E . G. Janzen and J. W . H app, J .  A m e r .  C h em . S o c ., 73, 2335 
(1969).
(57) K . D . Sales, A d v a n . F re e -R a d ic a l  C h em ., 3, 139 (1969).
(58) A . R . B u ick , T . J. K em p, C. T . Neal, and T . J. Stone, J . C h em . 
S oc . A ,  1609 (1969).
(59) H . T an iguch i, J . P h y s . C h em ., 74, 3143 (1970).
(60) M . K a rp lu s  and G. K . Fraenkel, J . C h em . P h y s ., 35, 1312 
(1961).
(61) A . C arring ton , Q u a rt. R ev . C h em . S o c ., 17, 67 (1963).

(62) A . S tre itw eiser, J r., “ M o le cu la r O rb ita l Th eo ry  fo r Organic 
C hem ists,”  W ile y , N ew  Y o rk , N . Y ., 1961, C hap ter 5.
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throughout eq 7-9, this is not true for either the pNx 
or the pn-* term.

The sign of aN is assumed31'32 to be positive and 
since,38 for similarly hybridized nitrogen atoms

QN N'N = _ Q n,NN' (U )

eq 7 gives (SN- +  2QN'N'H) equal to +23.1 ±  0.2 G 
as both pNx and pN/  in the [NH2N 'H 2] • + radical cation 
may be taken to equal l/ 2. The quoted error in this 
value and others derived in this Discussion section 
are the maximum absolute uncertainties based on the 
assumption that a values have a maximum error of 
±0.1 G, cf. Table I. Substituting in eq 8 this value 
for (<SN' +  2QN'N<h) of +23.1 G and the pNx and pN/  
values for the [CH3NHN'H2] • + radical cation found 
via eq 6 and listed in Table II63 produces a value for 
Q n ,NN of +8.1 ±  2.4 G. Similarly, with the use of 
this same value of (SN' +  2QN/N H) and those of pNx 
and pn-71 for the [(CH3)2N N 'H 2]- + radical cation calcu
lated via eq 6 which are given in Table II,64 eq 9 leads 
to an estimate for Qn'NN< of +8.2 ±  1.6 G. Conse
quently, throughout the remaining discussion Qn,NN 
is assumed to be +8 .2  ±  2 G, the average of the two 
values calculated with the use of eq 8 and 9.

Since eq 6 is inapplicable to the fully substituted 
nitrogen atom in the [(CH3)2NNH2] - + radical cation, 
pNx in this species was estimated in the following 
manner. The results of those HMO calculations where 
the presence of methyl groups was taken into account 
gives values for the 7r-electron spin density on a methyl 
group, pch,Ti in the range 0.046-0.038 (see Table II). 
The nitrogen v-electron spin densities derived for the 
[CH3NHNH2] -+ radical cation using eq 6 indicate 
that the value of pch/  in this radical ion is 0.055, and 
the similar calculations for the [¿raras-CH3NHNH- 
CH3]-+ radical cation give pch/  values of 0.059 for 
each methyl group. Accordingly, we have estimated 
Pn^K C H ^N N 'H ^  • +) by assuming the unpaired elec
tron to be delocalized to the extent of 5% on each 
methyl group.

Application of eq 4 to the substituted nitrogen atom 
in the series of radical cations [CH3NHN 'H2 ] • +, 
[(CH3)2N N'H 2]-+, and [¿?Yms-CH3NHN 'H C H + + , 
respectively, gives equations analogous to eq 7-9

aNN = 13.2 G = BPnx +  Qncnpc'  +  QnN'NPn'" (12) 

a N N = 15.8 G = Cpnx +  2 Q NCNp c w +  Qnn nPnT (13) 

®nN =  13.0 G = DpNx +  Qncnpct +  QnN npn,x (14) 

where

B = SN +  QnN° +  QnNH +  QnNN (15) 

c  = S n +  2QnNC +  QnNN (16)

and

D = Sv +  Qnnc +  Qnnh +  Qnnn' (17)

In line with the assumptions given following eq 7-10', 
B and D are assumed to be identical.

Since eq 12-14 are not linearly independent, an 
approximation must be made before attempting to 
determine the terms B and C. A basis for a suitable 
approximation is as follows: first, the range of values for 
QnCN in the literature,35’37'38’41-44’47_43-63’54'58'59 m . + 14  
to — 7 G, suggests that |QnCN| is not large and, gener
ally it is agreed that QNCN may be a small negative 
value; second, pen-/ and, hence, p</ is small for the 
radicals of concern here (see Table II). Hence we 
propose to neglect the product term Qn(KP(* in eq
12-14.

With the use of this simplification, eq 13 now gives 
for (SN +  2Qnnc) the value +31.2 ±  2 G by substitut
ing the value —8.2 ±  2 G obtained above66 for <2nNN 
and the data for p +  and pNT derived using eq 6 and 
listed in Table II. Adding this value of +31.2 G to 
that of +23.1 G for (SN +  2QNNH) obtained above66 
from eq 7 gives an estimate of the term (<S+ +  QNNG +  
QnNH) as 27.1 ±  1 G. The quantity (<S+ +  Q\S<' +  
Qnnh) may be directly calculated from eq 12 and 14 
by neglecting QNCN'p<+ and substituting for QNNN the 
value —8.2 G and the appropriate values of p +  and 
pNT found using eq 6.67 This procedure yields values 
for (SN +  QnNC +  Q n NH) of +26.5 ±  1 G and +29.6 
±  1 G, respectively, in good agreement with the initial 
determination of +27 G.68

From the above equations it is not possible to separ
ately evaluate the terms SN, QNNH, and QNNC. Never
theless, the results of the above, incomplete analysis 
may still be satisfactorily compared with the com
parable data in the literature, as shown below.

(63) A l l  such values of pn t and pr empl oyed m ay be assigned 
m axim um  erro r lim its  in  accord w ith  th a t o f ± 0 .1  G  assumed fo r the  
a  values. Hence, th ro u g h o u t th is  w ork, in  ca lcu la tions o f the  
influence o f the  p ropagation of experim ental errors (D . P. Shoem aker 
and C. W . G arland, "E xpe rim en ts  in  P hysical C hem is try ,”  2nd ed, 
M c G ra w -H ill,  N ew  Y o rk , N . Y ., 1967, pp 30-35) on the  values o f the  
derived K a rp lu s -F ra e n ke l parameters, i t  was necessary to  a llow  
fo r th e  fac t th a t pN,r and pN, ,r values were no t generally independent 
o f a  values.
(64) As discussed in  the next paragraph, the  calcula ted va lue  o f 
PN’r ( [ (C H 3) 2N N 'H 2]. +) depends on th a t o f pN, ,r( [ (C H 3) 2N N 'H 2]- +) 
and the  assumed va lue o f the ^-e lectron spin dens ity  on each m e th y l 
group, pCH *■. F o r the purpose o f the e rro r analysis, the  la t te r  was 
taken to  be 0.050 ±  0.020.

(65) B y  analogy w ith  eq 12, we assume th a t <2N,,N, =  — Qn n ’n  =  
_ q n <n n '  =  (2N,N'N j n  ca lcu la ting  the  p ropagation o f experim enta l 
errors a ris ing fro m  the use o f eq 14-16, allowance was made fo r the  
fa c t the  <2n n n / va lue depended on a  values.

(66) ( iSn +  2Q n n h ) is denoted above as (S n ' +  2<2n ' n ’h )-
(67) Because pn x and pn ' x in  eq 14 are equal, the  va lue  o f (S n  +  
<2n nc +  Qn n h ) found w ith  the use o f eq 14 happens no t to  depend 
on th a t assumed fo r <2>̂ NN,•
(68) The m axim um  erro r l im its  fo r each o f the  qu an tities  derived 
from  eq 12-14 and c ited in  th is  paragraph take  no account o f the 
possible co n tr ib u t io n  o f the neglected product te rm  QNCNpc’r - I t  
m ay be re ad ily  shown th a t the observed good agreement between 
a ll three calcula ted values fo r ( S n  +  Qnnc +  Qnnh) does n o t in  
itse lf va lid a te  the neglect o f Qncnpcx, since the  co n tr ib u t io n  of th is  
te rm  la rg e ly  cancels o u t in  such a com parison. A  reasonable e s ti
m ate o f the size o f Qncnpox is 0.0 ±  0.5 G, fro m  w h ich  i t  fo llo w s  
th a t the  derived values of (Nn +  Qnnc +  Qn n h ) w ou ld  have m a x i
m um  erro r lim its  o f ± 2  G ra th e r tha n  ± 1  G.
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There is considerable variation in size for the many 
nitrogen-14 <r-ir parameters which have been calculated 
for nitrogen-bearing radicals. The reasons for this 
variation have been the subject of a number of dis
cussions24’46’51’67 which indicate that the observed varia
tion may be largely an artifact of the semiempirical 
calculation procedures employed. These procedures 
commonly make use of experimentally observed proton 
coupling constants, causing the calculated nitrogen-14 
<r-ir parameters to depend upon the assumed sizes of 
other <t~7t parameters or theoretically calculated tt- 
electron spin densities, when they depend on the values 
chosen for the heteroatom parameters employed in the 
particular theory. The nitrogen-14 a-ir parameters in 
the literature fall roughly into two groups defined by 
the size of QNCN which is either about +10  G or about 
zero and probably negative. A negative value for 
Qncn is preferred on theoretical grounds.63 Moreover, 
in a few instances,38-41 it has been possible to evaluate 
Qs< S without making assumptions about the sizes of 
other 0—7r parameters and without using theoretically 
calculated 7r-electron spin densities. Such QNCN values 
are found to be about zero. One such low value of 
Qncn, equal to — 2 ±  2 G, together with self-consistent 
values for other o-7r parameters, have been obtained by 
Stone and Maki38 from a study of several o- and p-poly- 
azine radical anions, e.g., those from pyridazine and 
pyrazine, respectively.

7 8
These parameters have been applied with reasonable 
success to many other radical anions, including those 
from azodicarbononitrile,46 [NCNrNCN]■ - ,  and trans- 
azobenzene,42 [irons-C6H6N :NC6H6] • - ,  and they appear 
to be the most complete set relevant to the species we 
have studied.

Stone and Maki38 were able to calculate (SN +  
2QnNC) as being equal to 30.9 ±  2 G. This agrees 
well with out reported value for (<SN +  2QNNC) of 
+31.2 ±  2 G69 based upon the use of eq 13. Our two 
values for (<SN +  QNNC +  Q n N H ) found with the use of 
eq 12 and 14 may be combined with that of +23.1 G 
for (SN +  2Qnnh) to give 33.9 ±  2 G69 and 36.1 ±  
2 G,69 respectively, for (SN +  2QNNC). These also 
agree with the value of Stone and Maki for (SN +  
2 Q n NC) .

Generally, previous investigations have found that a 
self-consistent set of nitrogen-14 o— t parameters exists 
for a homologous series of radicals. The results of this 
present study seem to accord with these general con
clusions.

Acknowledgment. The hydrogen peroxide used in 
this work was a gift from FMC Corp., Inorganic Chem
icals Division.
(69) T h is  e rro r l im i t  w ou ld  be ± 4  G i f  QN0Npclr is assumed to  be 
0.0 ±  0.5 G  (see re f 68).
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Molecular Conformation of 1,3,5-Trinitrohexaliydro-s-triazme 

(RDX) in Solution

by Alain Filhol,
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This study using several different methods, viz., infrared, Raman, and nmr spectroscopy, dipole moment, and 
depolarized Rayleigh scattering measurements, and INDO calculations, suggests that the RDX molecule 
has approximate Czv symmetry in solution, with some distortion associated with the N02 groups. The ring 
undergoes rapid interconversion in which the cyclic nitrogens oscillate about the planar (sp2) position.

Introduction
Although the crystal structure of 1,3,5-trinitrohexa- 

hydro-s-triazine (hexogen or R D X  or cyclonite) has 
been determined,1 the geometry of the molecule in 
solution is unknown. Some investigations have indi
cated that the molecular structures must be different 
in these two states.2’3 It is therefore of interest to 
study R D X  solutions in order to specify the difference 
in molecular conformation between the two states and 
to determine the effect of intermolecular forces in the 
crystal on the molecular geometry.
■ This paper presents the results obtained by infrared, 
Raman, and nmr spectroscopy, dipole moment, depolar
ized Rayleigh scattering measurements, and INDO 
(Intermediate Neglect of Differential Overlap) calcula
tions for the R D X  molecule in solution. However, 
certain of the parameters necessary for the definition of 
the molecular conformation are deduced from earlier 
structural investigations of the crystalline solid.

I. Structure
The crystal structure of R D X  was determined by 

Harris and Reed1 and refined by Filhol.4 The ring is 
in the “ chair”  conformation, and the molecule occupies 
a site of symmetry C\. However, the bond lengths and 
angles are such that one of the planes formed by a 
methylene group and a N -N  bond opposite it is approxi
mately a plane of symmetry. The angle 8 defined in 
Figure 1, which determines the geometry of the nitra- 
mine groups, takes on the values 21.5, 33, and 32.4°. 
Thus, the hybridization of the nitrogen atoms can be 
regarded as intermediate between sp2 (8 = 0°) and 
sp3 (5 = 54°44')- In the RDX-sulfolane complex pre
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pared by Michaud, et al,,5 whose structure was estab-
C 0lished by Rerat and coworkers,3 one of the ^ > N i N2< ^

groups in nearly planar (5 = 7°). In this case, then, 
the state of hybridization of the cyclic nitrogen is close 
to sp2.

Recently, Orloff, et al.,2 have calculated the uv ab
sorption spectra of four possible conformations of 
R D X  using the CNDO/2 method. These authors con
cluded that the most reasonable conformation of the 
molecule in solution is that of the “ chair”  with three 

C 0planar ^ > N i-N 2<Qgroups (symmetry C3v).

II. Experimental Methods
The solvents used in this work were of spectroscopic 

purity. The R D X  was provided by the “ Poudrerie 
Nationale de Sorgues.” It was purified by precipita
tion from acetone solution by the addition of water, 
followed by recrystallization from acetone. Finally, 
optically detectable impurities were eliminated by boil
ing the product in acetone solution in the presence of 
activated charcoal. The purified sample exhibited 
only one peak in its high-resolution nmr spectrum.

(1) P . M . H a rr is  and P. Reed, A FS O R . T R . 59. 165, Ohio S tate 
U n ive rs ity , 1959.
(2) M . K . O rlo ff, P . A . M u lle n , and F . C. Rauch, J . P h y s .  C h em ., 74, 
2189 (1970).
(3) B . R era t, J. B erthou, A . Lauren t, and C R era t, C . R . A c a d .  
S c i. S e r . C , 267, 760 (1968).
(4) A . F ilh o l, E ngineering D oc to ra l Thesis, U n iv e rs ity  o f Bordeaux, 
Talance, France, 1970.
(5) C . M ichaud , H . M e rx , G. Poula in , and S. Lepage, C . R .  A c a d ■ 
S c i., S er . C , 276, 652 (1968).
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Figure 1. Geometry of the nitroamine group.

The point at which fusion of R D X  begins was found 
at 201.5 ±  1° using differential microcalorimetry CEA 
“ CPC 600” with a heating rate of 2° min-1 (Figure 2). 
This value might seem low, since McCrone6 reported 
205° and Orloff, et al.,2 found a value of 204.5-205° by 
microscopic determination. However, McCrone did 
not indicate the method used, while Orloff, et al., did not 
specify the rate of heating.

The Raman spectra were obtained with a Coderg 
PH-1 instrument using the 6328.17-A line of an He-Ne 
laser, while the infrared spectra were recorded on a 
Perkin-Elmer Model 225 spectrometer. The frequency 
precision is in all cases ± 2  cm-1. The nmr spectra 
were measured with a Varian Type A-60 instrument. 
The molecular optical anisotropy was determined by 
depolarized Rayleigh scattering using a “ Gamma dif- 
fusometre E.L.A.”

The atomic positions for various molecular conforma
tions were calculated using a Fortran II program on the 
IBM 1620 computer at the University of Bordeaux. 
The calculations by the INDO method were carried out 
with the aid of QCPE program number 144 with help 
of Messrs. Faurens and Foucault. Molecular optical 
anisotropies were calculated by means of a Fortran IV 
program, written by Mr. Revesche.

III. Spectroscopic Results
A. Infrared and Raman. The infrared and Raman 

spectra of R D X  in the crystal and in solution are shown 
in Figure 3 from 3200 to 200 cm-1. A complete vibra
tional assignment has been proposed by Rey-Lafon, 
et all The fact that the spectrum of the solution does 
not exhibit more bands than that of the solid suggests 
the existence of but one rotational isomer in solution.

A more detailed analysis of the experimental results 
yields, in addition, some information concerning the 
geometry of R D X  in solution. The interpretation of 
the spectra of single crystals assuming Cs site symmetry 
allows the vibrations to be classified under species A' 
and A ". Observed doublets consisting of one A' and 
one A "  component should reduce to a single, doubly 
degenerate vibration in the spectrum of the solution if 
the molecular geometry has C3v symmetry. This result 
is indeed observed in a number of cases. For example, 
a doublet near 1430 cm-1, which is assigned to an in
plane methylene bending mode, 5(CH2), in the spec-

Figure 2. Thermogram of melting and decomposition of RDX.

Figure 3. Vibrational spectra of RDX between 3200 and 
200 cm-1, a and b, infrared spectra of RDX as a powder and
in acetonitrile solution (CH3CN and CD3C N ),............... ,
spectrum of an oriented polycrystalline film deposited on a 
cesium iodide window, c and d, Raman spectra of RDX as a 
powder and in dimethyl sulfoxide solution (DMSO and
DMSO-d6): X 2 ; ---------------- , 1/2. Slit widths for
the Raman spectra were chosen as follows: 2 cm-1 for solution 
spectra; 6 cm-1 between 3200 and 2800 cm-1 and 4 cm-1 
between 1700 and 200 cm-1 for spectra to the powder.

trum of the solid corresponds to a single band at 1431 
cm 1 in the spectrum of the solution. An analogous 
effect is observed for the doublet near 1030 cm-1 and 
the corresponding band at 1020 cm-1, which is due to a 
skeletal mode. However, a few exceptions are ob
served for modes associated with the N 02 groups. The 
broad feature observed between 1600 and 1500 cm-1 
in the spectrum of the solution, which is assigned to the 
antisymmetric stretching vibration ra(N 02), is com
posed of an intense absorption with two shoulders, 
while only a single band would be expected. Similarly, 
between 670 and 500 cm-1 the spectrum of the solution 
exhibits three maxima, all of which are assigned to in
plane rocking of the three N 02 groups, p(N02). Again,

(6) W . C . M cC rone, A n a l . C h em ., 7, 954 (1950).
(7) M . R ey-La fon , C. Trinquecoste, R . Cavagnat, and M . T . Forel, 
sub m itted  fo r p u b lica tio n  in  J . C h im . P h y s .
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only a single p(N02) band should be observed in the 
molecule possesses a ternary symmetry axis.

From the above results the ring of the R D X  molecule 
appears to have C3v symmetry, the N 02 groups being 
slightly distorted.

B. Nuclear Magnetic Resonance. In all solvents 
used the room temperature, high-resolution nmr spec
tra of R D X  consist of a single line situated at 4.108 ppm 
with respect to tetramethylsilane. When the tem
perature is increased from —75° to +75° only a broad
ening of the line is observed. This effect is due to the 
interaction of the proton with the quadrupole moments 
of the nitrogen nuclei.

The existence of only a single line over the tempera
ture range investigated can be accounted for either by a 
planar ring or by a rapid interconversion of two or more 
cyclic structures. This interpretation is similar to the 
conclusion drawn from an nmr study of derivatives 
of 1,3,5-hexahydro-s-triazine by Lehn, et al.s These 
authors also observed that the inter conversion persists 
at progressively lower temperatures as the masses of 
the substituents on the cyclic nitrogens become heavier. 
Moreover, using epr spectroscopy down to —30°, 
Darnez and Paviot9 observed the equivalence of the 
four protons in the radical.

CH2— n n o 2
/  \

•N CH2

c h 2— n n o 2

IV. Determination of Conformation

A. Assumptions and Choice of Parameters. Various 
structures which are compatible with the experimental 
results presented above have been chosen as the bases 
for conformational calculations. All structures con
sidered thus possess a ring of the “ chair”  form and C3v 
symmetry, with each nitramine group parallel to the 
line joining the two respective a carbon atoms.

Studies of nitramines show that, in general, two pa
rameters vary with the molecular conformation, namely, 
the angle 8 and the N—N bond length. However, these 
parameters are related, as shown in Figure 4.10~12 The 
other geometrical parameters, which are only slightly 
dependent on conformation, were chosen as follows: 
(a) C -N  = 1.45 A, N -0  = 1.21 A, and <  ONO =  126°, 
which are average values measured for crystalline 
nitramines;4-10 (b) C-H  = 1.09 A and <  HCH = 
109°28', which are assumed values; and (c) <  NCN = 
109°28', as its variation as a function of 8 is unknown.

B. Calculations by the Method of INDO. The 
method proposed by Pople13 has been used to calculate 
the dipole moments and the total energies, Et, of the 
conformations considered. The results are shown in 
Figure 5. The curve of Et(8) has a minimum at 5 =  0 
and Ft =  —5313.4 eV. The minimum is quite shallow,

Figure 4. N-N bond length as a function of 5 for various 
nitramines: ®, HM X a ;“  HM X/3;10 X , R D X ,1 nitramine;10 
A, tetryl;12 •, nitroguanidine, dimethylnitramine, ethylene 
dinitramine.12

plans

Figure 5. Total energies Et and dipole moment y as functions 
of S calculated by the INDO method.

as a variation in 8 of 10° corresponds to an increase in 
Et of only about 1 kcal/mol.

(8) J. M . Lehn, F . C. R idde ll, B . J. Price, and J. O. Sutherland , 
J . C h em . S o c ., 387 (1967).

(9) C. Darnez and J. P av io t, I n t .  J .  l la d ia t. P h y s .  C h em ., in  press.
(10) H . H . Cady, A . C. Larson, and D . T . C rom er, A c ta  C rysta llog r ., 
16, 617 (1967).

(11) J. K .  T y le r, J . M o l .  S p ec tro s c ., 11, 39 (1963).

(12) See Tab le  I .  O. Bastiansen, A c ta  C ry s ta llo g r ., 3, 46 (1950) ; E . 
G. Cox and W . Costa in, N a tu r e , 160, 13 (1947); F . J. L lw e lly n  and 
F . E . W h itm o re , J . C h em . S o c ., 262, 1316 (1948); J. M . B iyd e n , L . 
A . B u rk o rd t, E . W . Hughes, and J. Donahue, A c ta  C ry s ta l lo g r ., 9 , 
573 (1956); H . H . Cady, ib id ., 23, 601 (1957).
(13) J. A . Pople, D . L . Beveridge, and P . A . Dobosh, J .  C h em . P h y s . ,  
47, 2026 (1967); M . S. G ordon and J. A . Pople, ib id ., 49, 4643 
(1968).
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Within the limitations of the assumptions made in 
IV-A the conformation corresponding to this minimum 
total energy is that of an idealized “ chair”  ring, with

c  othree planar (-,>N i-N 2< ^  groups (5 = 0°) and N -N
o

distances equal to 1.32 A. This conformation will be 
designated I. Its total energy is 27 and 22 kcal/mol 
less than those observed for the R D X  conformations in 
the sulfolane complex and in the crystal, respectively. 
It should be noted that Orloff,2 using the method of 
CNDO/2, found a difference of 7 kcal/mol between the 
energy of I  and that observed for the crystal. How
ever, he did not specify the values of the angles and 
bond lengths used for I.

The dipole moment calculated for I  is 5.48 D, while 
George and Wright14 found 5.78 D for R D X  in solution 
in dioxane and Weisbecker and Rouquie15 estimated a 
value of 7 D in the case of polar solvents. Considering 
the usual results of theoretical determinations of dipole 
moments, the agreement of these values is satisfactory. 
Furthermore, the same calculations carried out on 
nitramine and dimethylnitramine, whose structures and 
dipole moments are well known, show that the method 
of INDO yields values which are approximately 15% 
too low. It can be concluded, therefore, that for these 
calculations conformations near I  (8 =  0) are satis
factory for both the total energy and the dipole mo
ment.

C. Molecular Optical Anisotropy. The usual meth
od of structure determination has been employed, that 
is, the molecular optical anisotropy is determined by 
measurements of depolarized Rayleigh scattering and 
compared with theoretical results for various structures. 
The theoretical optical anisotropy for a given confor
mation is determined using values of the anisotropy of 
bonds or groups of bonds taken from analogous mole
cules.

1. Experimental Results. The experimental results 
shown in Table I show that the molecular optical an
isotropy of R D X  is, within experimental error, inde
pendent of the nature of the solvent in which R D X  can 
be dissolved. Recent work has shown that in such cases 
it can be assumed that there is no orientational correla
tion between the solute and solvent molecules.16 
Hence, for sufficiently low concentrations the measured 
molecular optical anisotropy is that of the “ free”  mole
cule.

Table I

Solvent
Optical molecular 

- anisotropy Á

Acetonitrile 
Acetone 
Cyclohexanone 
Dimethyl sulfoxide

30 ± 4
36 ± 4
35.6 ±  0.4
34.6 ±  1.0

Figure 6. Conformation of the R DX molecule in solution: 
angles, a = 120°, /3 = 109° 28', & — 0°; bond lengths, 
N-N 1.34 A, N -0  1.21 A, C-N 1.45 I ,  C-H 1.09 A.

2. Calculated Optical Anisotropy. The calculation 
is carried out following the optical-valence theory by 
tensor addition of optical anisotropies 7i of the bonds 
or groups of bonds which make up the molecule. The 
geometry is that described in IV-A. The optical anisot
ropy parameters of the cyclic C -N  bond and the N - 
N 02 groups, as determined from studies of related mole
cules, were used to calculate the molecular optical 
anisotropy of R D X  as a function of 5. The parameters 
employed in the present calculations were17

TCN(ring) 1.11 A 3
O

Yn-no2(sp*) =  4.05 A 3
o

7 n-no2(sP») =  3.68 A 3

It has been shown several times18 that nonbonded 
electrostatic interactions must be considered in the 
calculation of optical anisotropy. In the case of the 
R D X  molecule, one must take into account the non
bonded interactions of the type (1).. .(3) between N - 
N 02 bonds and CN or CH bonds and the nonbonded 
interactions (1). . .  (4) between N -N 0 2 bonds (Figure 6). 
The calculated and experimental values of optical an
isotropy are in good agreement when 8 takes a value 
very near of 0°.

Conclusion
This study implies that the R D X  molecule has ap

proximate C-iv symmetry in solution, with some distor
tion associated with the N 02 groups. The ring under
goes rapid interconversion in which the cyclic nitrogens

(14) M . V . George and V . F . W rig h t, J . A m e r .  C h em . S o c ., 80, 1200 
(1958).
(15) A . W eisbecker and A . M .  R ouquie , C . R . A c a d . S c i .  S e r . C , 
270, 572 (1970).
(16) C . Such, C . C lem ent, and P . B o tho re l, ib id ., 271, 228 (1970); 
P . B o tho re l, P rep rin ts , 42nd N a tio n a l C o llo id  Sym posium , J . C o llo id  
S c i . , 529 (1968).
(17) C. C lem ent and P . B otho re l, C . R . A c a d . S c i .  P a r is , 258 (1964), 
(fo r C -H  bond); G. R ichoux and C. C lem ent, / .  C h im . P h y s . ,  in  
press.
(18) A . C aristan, D oc to ra l Thesis N o . A .O . 1344, U n iv e rs ity  of 
B ordeaux (1968); A . C aris tan  and P. B o tho re l, J . C h em : P h y s . ,  6 6 , 
740 (1969); C . C lem ent, A . C aristan, and P. M a ra va l, ib id ., 6 7 , 542 
(1970); P . F o u lan i and C. C lem ent, B u ll. S o c . C h im ., 2, 450 (1970).
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oscillate about the planar (sp2) position with 5max ~  
0°. The N -N  bonds are short—approximately 1.34 A; 
this conformation is very different from that deter
mined by Harris, et al.,1 in the solid and studied theo
retically by Stals.19 The latter author showed that the 
cohesion of the crystal arises from electrostatic forces 
and not by directional bonds. This state results prin
cipally from an equilibrium between attractive and 
repulsive forces acting between intra- or intermolecular 
nitramine groups.

It has been shown here that the effect of these forces 
is to bring about a change in molecular conformation 
and in particular to modify the state of hybridization 
of the cyclic nitrogens. The result of this effect is an 
increase in the total energy of the molecule in the crystal 
with respect to that of the molecule free or in solution.

Acknowledgment. This research was supported by 
“ Commissariat a l’Energie Atomique.”

(19) J. Stals, A u n t. J .  C h em ., 2 2 , 2505, 2515 (1969).

Association Equilibria of Silver and Chloride Ions in Liquid Ammonium 

Nitrate-Water Mixtures. I. The Molar Ratio Range H20:N H 4N03 

0.4-1.4 at 110°

by Mordechai Peleg
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P u b lica tio n  costs  b o rn e  co m p le te ly  b y  T h e  J o u r n a l  o f  P h y s ic a l  C h em is tr y

The electromotive force of the cells Ag|NH4N03, H20, AgN03||NH4N03, H20, AgN03, NH4Cl|Ag as a function 
of the concentrations of water, silver nitrate, and ammonium chloride has been measured at a temperature of 
110°. Association constants of the silver ion with the chloride ion were calculated to vary between 2580 and 
1760 (mol/mol of nitrate)-1 for molar ratios of water to ammonium nitrate ranging between 0.4 and 1.4. The 
results are discussed in terms of a quasi-lattice model for highly concentrated aqueous solutions.

Introduction
Interest has lately centered on the investigation of 

concentrated aqueous solutions, implying by “ concen
trated solutions”  not more than about six moles of 
water per mole of salt.

Angell1 has proposed that fused hydrated salts such 
as calcium nitrate tetrahydrate and magnesium chloride 
hexahydrate might be treated as molten salts with large 
cations, with the water bound to the cation. The pro
posal of a hydrated cation has been further substanti
ated by studies of transport properties2’3 and volumetric 
properties4 in Ca(N03)24-H20  and in its mixtures with 
K N 03 and by spectrophotometric studies of Ni(II) in 
aqueous magnesium chloride solutions.6 With less 
than 4-6 mol of water per mole of salt there is insuffi
cient water to form complete hydration sheaths about 
the ions, interactions like those in molten salts must 
obtain and as stated by Braunstein6 no description 
of these systems is possible without consideration of 
ion-ion, ion-water, and water-water interactions.

Braunstein6,7 has further proposed a quasi-lattice mode 
based on that of molten salts to explain hydration and 
association equilibria in these highly concentrated 
aqueous solutions. The ammonium nitrate-water sys
tem is one of the simplest systems (from a practical 
point of view) for the examination of highly concentrated 
aqueous solutions. It is possible to cover the entire 
range from water to anhydrous molten salt (using sev
eral temperatures) without having recourse to high

(1) C. A . A nge ll, J . E lec tro ch em . S o c ., 112, 1224 (1965).

(2) C. T . M o yn ihan , J . P h y s . C h em ., 70, 3399 (1966).

(3) J. B raunste in , L . O rr, A . R . A lvarez-Funes, and H . B raunste in , 
J . E lec tro a n a l. C h em ., 15, 337 (1967).

(4) J. B raunste in , L .  O rr, and W . M acdona ld , J . C h em . E n g . D a ta , 
1 2 , 415 (1967).
(5) C. A . A nge ll and D . M . Gruen, J .  A m e r .  C h em . S oc ., 8 8 , 5192 
(1966).

(6) J. B raunste in , “ Io n ic  In te ra c tio n s : D ilu te  Solutions to  M o lte n  
S alts ,”  Sergio P étrucci, E d ., Academ ic Press, New Y o rk , N . Y ., 
in  press.

(7) J. B raunste in , J . P h y s .  C h em ., 71, 3403 (1967).
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2

Figure 1. Electrochemical cell: 1, water vapor; 2, addition 
port; 3, silver wire; 4, reference electrode compartment; 5, 
asbestos fiber; 6, indicating electrode.

pressures or high temperatures.8 It was decided to 
utilize the ammonium nitrate-water system as a me
dium for investigating the association equilibria of the 
silver ion and the chloride ion at various water-salt 
ratios and at different temperatures. The present 
paper reports the work carried out at 110°.

Experimental Section
Electromotive force measurements were made on the 

concentration cell

NH4NO3 NH4NO3
Ag H20 H20

AgN 03 AgN 03
NH4CI

reference half cell reaction half cell

The apparatus was set up as shown in Figure 1. The 
electrochemical cell consisted of an 8-cm diameter 
vessel containing five inlets that provided for the intro
duction of the indicating silver electrode, the reference 
electrode, the stirrer, quantities of the complexing 
(chloride) ion, and the passage of water vapor over the 
solution.

A continuous stream of nitrogen containing water 
vapor at the same vapor pressure as that of the solution 
under examination was passed through the cell in order 
to reduce evaporation of the water. The data of Camp
bell9 were used to calculate the vapor pressure over the 
solution. The indicating electrode was a 1-mm diam
eter high-purity silver wire wound into the form of a 
spiral. The reference compartment consisted of a 1-cm 
diameter tube with an asbestos fiber or glass frit sealed 
into the lower end. Small holes were pierced high up

in the tube so that the water vapor passing over the 
main solution would also blanket the reference solution, 
thus preventing change in the water content.

Procedure. A weighed amount of ammonium nitrate 
was added to the cell together with a known volume of 
water (triple distilled) and a known quantity of silver 
nitrate. The cell was stoppered and suspended in a 
well stirred oil bath thermostated at 110 ±  0.2°. After 
reaching thermal equilibrium, the empty reference 
compartment was placed in position and slowly filled 
over a period of about 1 hr with the ammonium nitrate- 
water-silver nitrate solution. The indicating silver 
electrode was then introduced into the cell and the 
reference electrode wire into the reference compartment. 
After about 15 min the difference of potential observed 
between the two compartments was less than 1 mV. 
The stream of water vapor passing over the solution 
and the rate of stirring were adjusted until the potential 
of the cell remained constant to within ±0.1 mV over a 
period of 0.5 hr. Addition of chloride ions in the solid 
form was done by preparing a solid solution of ammo
nium chloride in ammonium nitrate. Attainment of 
equilibrium on addition of the chloride took approxi
mately 5 min.

On completion of a run (which took no longer than 2 
hr from the first addition of chloride ion) portions of the 
still liquid solution were quickly transferred into glass- 
stoppered bottles. These samples were then analyzed 
for water content by heating in an open vessel at 75° 
to constant weight. Owing to the low values of the 
solubility product for silver chloride (^ 10~ 9 mol frac
tion) in the solvent studied,10 low concentrations of 
silver and chloride ions had to be employed. The silver 
ion concentration was thus limited to a range between 
1 X 10_5and4 X 10~5 mol Ag+/mol ammonium nitrate 
(1.25 X 10~4 to 5 X 10-4 mol Ag+/kg ammonium 
nitrate). Preliminary experiments showed that the 
Nernst equation was obeyed in this region with respect 
to the stoichiometric concentration of silver (Figure 2).

The concentration units are given as mole ratios R ,  

where

R \ g +  =  /¿AgNOa =  riAgNOs/WNmNOj

/ ¿ C l -  =  /¿NHaCl =  Wn HiCi/W n h (N03 

RnaO — ft-mo/W-NIUNOa

where n is the number of moles of A gN 03, NH4N 03, 
NH4C1, and H20.

Results
The emf of the concentration cell was measured as a 

function of changing concentrations of silver ion and 
water at 110°. The Nernst equation is obeyed by the

(8) I .  L .  M illic a n , A . F . Joseph, and T . M . L o w ry , J . C h em . S oc ., 
959 (1923).
(9) A . N . C am pbell, J. B . F ishm an, G . R u th e rfo rd , T .  P . Schaefer, 
and L . Ross, C a n . J .  C h em ., 34, 151 (1956).

( 1 0 )  M .  P e l e g ,  u n p u b l i s h e d  w o r k .
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Figure 2. Typical Nernst plot for the silver-silver ion electrode 
in ammonium nitrate-water solvent at 110°.

silver nitrate in the absence of the complexing ion, and 
the liquid junction potential in such a cell is virtually 
zero since the concentration of chloride and silver in the 
solutions is less than 10-4 mol ratio and the current is 
carried virtually entirely by the solvent ions. There
fore, the change in cell emf on addition of chloride ions 
to the indicating compartment is related to the stoi
chiometric activity coefficient of silver nitrate by the 
formula

— In 7AgNos (1)

where AE is the difference in cell emf between the pres
ence and absence of chloride.11 The potentiometric 
data appear as supplementary material in the microfilm 
edition.12 Thermodynamic equilibrium constants for 
the association reaction Ag+ +  C l- =  AgCl were cal
culated by the graphical analysis of the activity co
efficient as described by Braunstein13

Ki — K \gci = — lim
Rnh<ci-»-0
RabNO3-*-0

/ d  In 7 a8noA  
\ à  /2nh4C1 /fÜAgNOa

(2)

or

Kx =  —lim S0
Rnh4C1-*0
RAgN03~̂ 0

where S0 =  lim
/  d In 7AgNOa\

\ d  J?NH4C1 /ÎÎA gN O î

It was found difficult to repeat the same solvent com
position for different silver concentrations. Thus it was 
more convenient to obtain plots of In 7AgNoa against 
•Kn iu c i for a fixed silver concentration at several solvent 
compositions. The limiting slope S0 was measured as 
shown in Figure 3 and the values of S0 were then plotted 
against RSl0 and the best fitting line was drawn through 
the results obtained (Figure 4). This procedure was 
repeated for the other silver compositions. Finally the 
limiting slope S0 was plotted against RAgNOs for various 
water concentrations and the graph was extrapolated to 
zero silver concentration, the intercept giving K x. 
Values of K x at different water concentrations are given 
in Table I.

Figure 3. R a s+ = 1-25 X 10-6 mol/mol of ammonium nitrate: 
a, RkîO =  0.42; b, RH:0 = 0.65; c, Rhbo — 1.00; 
d, Rmo = 1.25.

Figure 4. Limiting slope Sa vs . Rh2o : a, ffAg+ = 1.25 X 
10-®; b, Rae+ 2.50 X 10“6; c, « Ag+ = 4 X 10“6.

The association constants were also evaluated using 
the computer method as described by Inman.14 Re
sults similar to those obtained by the graphical method

(11) J. M . C. Hess, J. B raunste in , and H . B raunste in , J . I n o r g , 
N u c l . C h em ., 2 6 , 811 (1964).
(12) The po ten tio m etric  da ta  w il l  appear im m e d ia te ly  fo llo w in g  th is  
a rtic le  in  the m ic ro film  ed itio n  o f th is  vo lum e o f the  jo u rn a l. S ingle 
copies m ay be obta ined fro m  the  R e p r in t D epa rtm en t, AC S  P ub 
lica tions, 1155 S ixteenth Street, N . W ., W ashington, D . C. 20036. 
R e m it $3.00 fo r photocopy or $2.00 fo r m ic ro film .
(13) J. B raunste in, M . B lander, and R . M . L ing ren , J .  A m e r .  C h em . 
S oc ., 84, 1529 (1962).
(14) D . Inm an , I .  Regan, and B . G irlin g , J . C h em . S o c ., 59, 348 
(1964).
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Table I : Association Constants of Silver Ion with
Chloride Ion in Liquid Ammonium Nitrate-Water Mixtures“

Ki,
(mol/mol

ammonium
R h2o nitrate)-1

0.4 2580
0.5 2400
0.6 2310
0.8 2090
1.0 1960
1.2 1830
1.4 1760

Error ±75
2.0 1675il

« T = 110°. bExtrapolated from Gal’s results (see ref 16
and 17).

were obtained. Due to the limited range available for
changing the chloride concentration (EcW = 1 X 10-6
- » - I X  10-4 for low silver concentration, Eci~ = 1 X
10-5 - » 3  X 10-4 for the highest silver content) it was 
observed that the computerized Ky values obtained 
varied quite a lot. However, their average values 
agreed remarkably well with those obtained graphically. 
It was possible by examining the results from both 
methods to derive reasonable error limits. An attempt 
to evaluate high association constants (i.e., for Ag2Cl+, 
AgCl2_ etc.) using the computer technique yielded error 
limits greater than the evaluated association contents, 
so this was not pursued further.

The results show that with decreasing water content 
the stability of the AgCl complex increases. Hence it 
appears that as the water molecules are removed it is

Figure 5. Plot of z/Ky vs. Rjmo'. T = 110°; Ky = 1675 
(mol/mol ammonium nitrate)-1 at Amo = 2.0, extrapolated 
from Gal’s results.16'17

easier for the chloride ion to displace the nitrate ion from 
the coordination sphere of the silver ion than it is to dis
place the water dipole. Braunstein6'7 * * 10 has proposed a 
quasi-lattice model to account for the variation with 
water content of the association constant of the solute 
cation in very concentrated aqueous solutions. This 
is based on the quasi-lattice model for molten salts as 
developed by Blander, et al., and Braunstein.16

The basis of the quasi-lattice model is the assumption 
of two interpenetrating sublattices. The assumptions 
are made that the cations (deriving from solvent and 
solute) mix randomly with one another on the sites of 
the cation sublattice while the anions and the water 
dipoles occupy sites, although not randomly mixed, on 
the anion sublattice. Occupancy of the same sub
lattice by water molecules and anions is equivalent to 
the assumption that only the cations are hydrated. 
The association reactions may be interpreted as the ex
change of neighbors on the quasi-lattice

(A g+)(N O r) +  (C1-)(NH4+)
(Ag+)(C1-) +  (N 03-)(N H 4+) 

(Ag+)(NO,-) +  (H20)(N H 4+)
(Ag+)(H20 ) +  (N 03-)(N H 4+) 6h

e0 is the cation-ligand interaction energy and «h is the 
cation-water interaction energy.

The statistical thermodynamic evaluation of the 
association constant based on the Planck-Boltzmann 
relations leads to the expression

ß
1/a  +  -  Eh a

Z

K i + 1  +
Z -  1 
1 +  Eh

Z[
Ky (3)

where a =  e~f°,kT and /3 = e^m/kT; Z is the coordina
tion number, which may have values from 4 to 6, 
6 being the value generally chosen. When EH = 0 
the equation corresponds to the asymmetric quasi
lattice model of anhydrous molten salts.

Equation 3 has been applied to the present results as 
shown in Figure 5 for Z = 6. The only other results 
available for the NH4N 03-H 20  system are those of 
Gal,16 who carried out a series of solubility measurements 
of silver chloride on the NH4N 0 3-2H 20  composition at 
various temperatures. Extrapolation of his results to 
110° shows agreement with the present results (Fig
ure 5).

By extrapolation of the present results to Eh =  0, 
the pure anhydrous molten salt state, and applying the 
limiting form of eq 3

1/a = Z/Ky (4)

(15) (a) M . B lander, J . P h y s . Chem ,., 63, 1262 (1959); (b) M .
B lande r and J. B raunste in , A n n . N .  Y .  A c a d . S r i . , 79, 838 (I9 60 ); 
(c) M . B lander, J . C h em . P h y s ., 34, 432, 697 (1961); (d) J. B raun
ste in , J . P h y s .  C h em ., 71, 402 (1967).
(16) I .  J. G ai, In o r g . C h em ., 7, 1611 (1968).
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a value of e0 equal to —4.9 ±  0.5 kcal/mol is obtained. 
This compares with a value of —4.4 kcal/mol estimated 
by Braunstein17 from values for silver complex forma
tion in molten alkali nitrate. Thus the present results 
agree fairly well within experimental limits with existing 
data.

By measuring the slope of the straight line portion of 
the graph (Figure 5) it is possible to evaluate eH in eq
3. The cation-water interaction energy «Ag-mo was 
calculated to be +0 .5  ±  0.5 kcal/mol, which corre
sponds to a nearly random distribution of water between 
ammonium and silver ions. This agrees with Braun- 
stein’s evaluation17 of Gal’s results.16 Further, the 
heats of vaporization of water from concentrated aque
ous silver nitrate solutions and from concentrated aque
ous ammonium nitrate solutions differ by less than 0.1 
kcal/mol,9 suggesting a value near zero for eAg-mo-

The fact that the present results do not agree entirely 
with the Braunstein equation over the entire concentra
tion range examined may be due to the assumption that 
only the cations are hydrated. In the case of a con
centrated aqueous solution containing lithium ions it 
can be assumed from the work of Peleg18 that for low 
water contents almost all of the water is bound to the 
cation. However, for a salt such as ammonium nitrate, 
anion hydration could well exist as suggested by Kee
nan19 from his cryoscopic measurements.

It does appear that for water contents of less than 1 
mol per mol of salt a straight line is obtained as sug
gested by Braunstein.6'7 It seems possible therefore

that for the ammonium nitrate system the water mole
cules up to a water:salt ratio of 1:1 are held by the 
ammonium cation (the water molecules sit on the anion 
sublattice) while additional water molecules may hy
drate the anion as well. From the work of Kebarle,20 
who studied by mass spectrometry ion-solvent mole
cule interactions in the gas phase, it can be inferred that 
the addition of a water molecule into the first hydration 
sheath of the alkali and ammonium ions decreases the 
hydration energy with respect to any additional water 
molecules which may enter into the hydration layer. 
Similarly in the present system, values up to Rn = 1, 
the cationic hydration energy is stronger than that of 
the anion, while after addition of one water molecule 
into the ammonium hydration sheath anionic hydration 
begins to be more competitive.

Further work on the NH4N 0 3-H 20  system is now in 
progress, including investigation on the pure melt, and 
until these results are available further discussion should 
be delayed.
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NOTES

Hydrogen Promotion of the 

Palladium-Catalyzed Carbon 

Monoxide Oxidation

by Robert L. Goldsmith,*1 Michael Modell, 
and Raymond F. Baddour

M a ssa ch u se tts  In s t i tu te  o f  T e c h n o lo g y , C a m b rid g e ,
M a ssa ch u se tts  0 2 1 3 9  {R ece iv ed  S ep tem b er  2 1 , 1 9 7 0 )

P u b lica tio n  costs  a ss is ted  b y  T h e  N a t io n a l  S c ie n c e  F o u n d a t io n

Several investigators have reported that hydrogen 
pretreatment or addition to a metal catalyst alters the 
activity for carbon monoxide oxidation or the infrared 
spectrum of adsorbed carbon monoxide. Moss and 
Thomas reported that prior exposure to hydrogen in
creased the activity of palladium foils for the batchwise 
oxidation of carbon monoxide.2 Modell suggested 
that palladium-hydrogen alloys decrease the activa
tion energy for the oxidation.8 Changes in the infrared 
spectra of CO chemisorbed on platinum4 and nickel6 
samples, brought about by the the addition of hydrogen, 
have been reported. However, these separate kinetic 
and spectral changes were not correlated because each 
employed different catalyst samples.

It has been shown that the kinetics of CO oxidation 
and the corresponding spectra of chemisorbed species 
on palladium are sensitive to catalyst history (e.g., 
pretreatment and break-in phenomena)6'7 and the con
ditions of reaction (e.g., batch vs. steady state).8 The 
present study was undertaken to determine the effect 
of hydrogen on kinetics and spectra which were mea
sured simultaneously under well-defined conditions. In 
particular, a differential flow reactor was operated under 
steady-state conditions with and without hydrogen 
addition to the reactants. The catalyst was silica- 
supported palladium, the activity of which had sta
bilized after undergoing break-in.

Experimental Section
Carbon monoxide, oxygen, and hydrogen in a helium 

diluent (all CP grade) were treated to remove traces of 
C 02 and H20 , as described elsewhere.7 The mixture 
was passed over a catalyst sample at atmospheric pres
sure. The catalyst was 10% palladium on silica (Ca- 
bosil) pressed into porous disks partially transparent to 
infrared radiation. The palladium existed as approxi
mately 50-A particles dispersed on the silica support, as 
determined by electron microscopy. Details of the

flow reactor design and construction and catalyst 
preparation have been reported previously.7

At steady-state conditions, conversion of reactants 
was maintained below 10%, and as the reaction is not 
product inhibited, the reactor was treated kinetically as 
a differential reactor. The product gas mixture was 
analyzed by gas chromatography for CO, 0 2, and C 02, 
and its flow rate measured. The catalyst disk tempera
ture was determined by measuring the resistance of a 
palladium wire imbedded within the disk. A minor 
correction to the resistivity was required for the effect of 
dissolved hydrogen. Accuracy in the temperature mea
surement was within 2°. The reactor was heated above 
room temperature by infrared heating lamps.

The data reported were taken for experiments at 30 
to 175°, and CO and 0 2 reactant pressures about 12 
Torr, and hydrogen pressures of 0 and 10 Torr. Reac
tion rate was determined as the product of the gas flow 
rate times the C 02 concentration in the reactor effluent.

The reactor had windows transparent to infrared 
radiation, and the beam of an infrared spectrometer 
(Perkin-Elmer Model 21) was passed through the cat
alyst disk. The frequency region in which carbonyl 
bonds absorb, 1800 to 2200 cm-1, was scanned.

Absorption bands of vapor phase H20  and CO were 
used for calibration of the spectrometer, and an accu
racy of better than ± 2  cm-1 was obtained. In this 
manner, absorption spectra of chemisorbed carbon 
monoxide were recorded under reaction conditions.

Results
The presence of hydrogen in the reactant gas mixture 

had a marked promoting effect on the palladium cata
lytic activity. In the presence of 10 Torr hydrogen, the 
apparent activation energy for the carbon monoxide 
oxidation decreased from about 30 kcal/mol (without 
hydrogen) to below 8 kcal/mol at about 100°, and to 
below 0.4 kcal/mol at room temperature, as is indi
cated by the Arrhenius plots of Figure 1. The J series

(1) A bcor In c ., C am bridge, Mass. 02139.
(2) R . L . Moss and D . H . Thomas, T ra n s . F a ra d a y  S o c ., 60, 1110 
(1964).
(3) M . M o de ll, Sc.D . Thesis, D e p t, o f Chem . E ng., Massachusetts 
In s t itu te  o f Technology, 1964.
(4) R . P . Eischens, J . C h em . P h y s . ,  35, 385 (1958).
(5) R . P . Eischens in  “ The Surface C hem is try  of M e ta ls  and Semi
conductors,“  H . C. Gatos, E d., W ile y , N ew  Y o rk , N . Y ., 1960.
(6) R . L . G o ldsm ith , P h .D . Thesis, D ep t, o f Chem. Eng., Massa
chusetts In s t itu te  o f Technology, June 1966.
(7) R . F . B addour, M . M ode ll, and R . L . G o ldsm ith , / .  P h y s .  C h em ., 
74, 1789 (1970).
(8) R . F . B addour, M . M o de ll, and U . K . Heusser, ib id ., 72, 3621 
(1968).
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Figure 1. Effect of hydrogen on catalytic activity.

FREQUENCY (cm"1)
Figure 2. Effect of hydrogen on spectrum of chemisorbed CO 
(123°, 11.7 Torr of CO, 12 Torr of 0 2).

data (catalyst sample no. 1), except point Jl, were re
corded in the presence of hydrogen, and the H series 
data (catalyst sample no. 2) and point Jl in the absence 
of hydrogen. These results were reversible. Follow
ing catalyst evacuation at 10-6 Torr and room tem
perature for several hours, data taken for the J se
ries catalyst fell on the H series line. The hydrogen 
did not noticeably react with oxygen, since oxygen in 
the reactant feed mixture could be accounted for by un
reacted oxygen and C 02 in the product mixture.

The presence of hydrogen slightly changed the spec
trum of adsorbed carbon monoxide, as shown in Figure 
2 (points Jl and J2). Based on band interpretation 
proposed by Eischens, et al.,9 the two absorption bands 
have been identified with “ linear”  and “ bridged”  sur
face CO species. In the presence of hydrogen, both 
bands were shifted to lower frequencies. The shift 
was greater for the “ linear”  band center (2076 to 2065 
cm-1) than for the “ bridged” band center (1982 to 
1978 cm’ 1). Infrared absorption on the low-frequency 
side of the bridged band was increased.

Discussion
In addition to the promoting effect of hydrogen, pro

motion of the carbon monoxide oxidation has been de

scribed for palladium-alloy systems. The activation 
energy for the reaction on silver-palladium10 and 
gold-palladium11 alloys suddenly decreases when the 
palladium content is decreased to the point where the 
palladium 4d band is filled. Thus alloying palladium 
with hydrogen, silver, or gold appears to produce the 
same change in its catalytic behavior for the carbon 
monoxide oxidation.

An explanation in terms of electrons from dissolved 
hydrogen filling the metallic 4d band of palladium is 
proposed. Mechanistically, the promoting effect is 
attributed to the increased ease of oxygen adsorption. 
Oxygen, being very electronegative, chemisorbs by 
partially withdrawing electrons from the metal surface. 
This electron extraction occurs with difficulty with pal
ladium 4d electrons. However, s or sp hybrid elec
trons can be much more easily polarized by oxygen 
molecules at the metal surface, and oxygen chemisorp
tion on metals is thought to involve these electrons.12 
Upon hydrogen dissolution in palladium, the Is elec
trons of hydrogen fill the 4d band. Less energy is re
quired for the subsequent promotion of 4d electrons into 
the 5s band and correspondingly for oxygen adsorp
tion, which is hypothesized to be the reaction rate 
limiting step.

The spectral results confirm this model. Eischens6 
has concluded that any change which increases the ease 
of electron donation by the metal will shift both linear 
and bridged bands to lower frequencies, in accord with 
the present results.
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(9) R . P . Eischens, S. A . Francis, and W . A . P lisk in , J . P h y s .  C h em ., 
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Phase Transitions in 
Tetraalkylammonium Iodide Salts

by J. Levkov, W. Kohr, and R. A. Mackay*
D r e x e l  U n iv e rs ity , P h ila d e lp h ia , P e n n s y lv a n ia  1 9 1 0 4  
(.R ece iv ed  O ctober 1 5 , 1 9 7 0 )

P u b lic a tio n  costs  a ss is ted  by  D r e x e l  U n iv e r s i ty

A report appeared recently on the fusion properties of 
some ionic quaternary ammonium compounds.1 The
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Table I : Transition Temperatures, Enthalpies, and Entropies of Tetralkylammonium Iodide Salts. The AH 
Values Are in Kcal Mole-1, Where the Upper Value Is from the Heating Curve and the Lower Value from the 
Cooling Curve. The AS Are in eu, Calculated from the Upper AH Values. Temperatures Are in °K

l
Salt

RiNI
2 3 4

--------- Trans 1--------------
AH AS T

5 6 7
-------- Trans 2-------------
AH AS T

8 9 10
-------- Trans 3---------------n
AH AS T

11 12 13
------------Fusion--------- ---------s
AH AS T

Methyl
Ethyl 5.1 ±  0.1 11.0 465

5.1 ±  0.3 458
Propyl 0 .7 ±  0.03 3.1 224 3.3 ±  0.3 8.0 418

0.2 ±  0.1 214 3 .6 ±  0.1 398
Butyl 6.7 ± 0 .1 17.2 392
Pentyl 3.3 ±  0.4 8.2 403

3.9 ±  0.1 399
Hexyl 5.8 ±  0.3 16.9 344

1.6 ±  0.1 335 4 .5 ±  0.1 341
Heptyl 2.2 ±  0.1 6.0 358 0 .6 ±  0.05 1.4 392

0.2 ±  ? 342 0.6 ±  0.06 388
p-Dibromobenzene

(reported)
Naphthalene

(reported)

2.2 5.2 418
9.0 ± 0 .1 22.0 410
9.8 ± 0 .2 404

1.4 ±  0.02 4.1 352 4.1 ± 0 .1 11.0 378
1.5 ±  0.06 350 4.2 ± 0 .1 374

8.7 ± 0 .1 21.8 396
9.0 ±  ? 392
4.63 ±  0.19 
4.84

362

4.25 ±  0.17 
4.56

355

results were interpreted essentially on the basis of a 
configurational disordering of the alkyl chains of the 
cation. In the course of studies on the premelting 
transitions of tetraalkylammonium salts, we have ex
amined the series of tetra-n-al kylammonium iodides 
from methyl through heptyl. In addition to the calori
metric studies, we have examined the ir spectra of the 
methyl, ethyl, and propyl iodides, and our data indicate 
that a structural change other than a conformational 
change of the cation occurs in the premelting transition 
for all of the salts.

The enthalpies of transition were measured on a 
Perkin-Elmer Model DSC-lb differential scanning 
calorimeter.2 At least three separate samples of each 
salt were run, and each was recycled several times. 
The enthalpies and entropies of transition and fusion 
for the butyl-, pentyl- and heptylammonium iodides 
are in substantial agreement with those reported by 
Coker, Ambrose, and Janz,1 but their values for the 
propyl salt are more than twice as large as those re
ported here. The ir measurements were performed on a 
Perkin-Elmer 621 spectrophotometer using pressed 
disks composed of the pure salt. Measurements were 
made at several temperatures both below and above the 
temperature corresponding to a transition.

The results of the calorimetric study are presented in 
Table I. The salt is listed in column 1; column 2 lists 
the transition enthalpies and their average deviation in 
units of kilocalories per mole. The upper value corre
sponds to heating, the lower value to cooling. The en
tropy change in column 3 is calculated from the upper 
enthalpy value. In column 4 are the temperatures, in 
absolute units, at which the transitions occur. Col
umns 5-10 list the enthalpies, entropies, and tempera
tures of succeeding transitions if they occur. The

values for the fusion transition appear in columns 11-13. 
Also included in the table are the enthalpies of fusion for 
p-dibromobenzene and naphthalene obtained in this 
work and reported in the literature.

The effect of temperature on the infrared spectra is, 
as expected, to increase bandwidths and decrease band 
heights. In the absence of any physical or chemical 
changes, the total integrated band intensities should re
main constant. Band intensities were estimated by 
taking the product of the height times the width at 
half-height, normalized to the room temperature value. 
Relative absorbances obtained in this manner will de
crease with increasing temperature, approximately 
linearly with l/T since the tails of the peaks will become 
increasingly important. The Me4NI salt showed no 
transitions over the temperature range studied. The 
Et4 and Pr4 salts possess bands at 467 and 511 cm-1, 
respectively, corresponding to the 446-cm_1 band in 
Me4NI. Plots of relative absorbance vs. l/T for these 
salts show breaks at about 459 and 409°K correspond
ing to observed transitions. Upon cooling, the bands 
reappear and the temperature dependence of the spec
tra is “ reversible.”

Transition one in Et4NI, two in Pr4NI, and one in 
Pe4NI all have comparable AH (3-5 kcal/mol) and AS 
(8-11 eu/mol) values. In addition, the behavior of the 
ir band in the 450-500-cm-1 region is the same for the 
two salts examined (Et and Pr). This indicates that 
the cause of these transitions may be essentially the 
same for all three salts.

At room temperature, Et4NI has a distorted wurtzite-

(1) T . G. Coker, J. Ambrose, and G . J. Janz, J . A m e r .  C h em . S oc ., 
92, 5293 (1970).
(2) E . S. W atson, M . J. O ’N e ill, J . Justin , and N . B renner, A n a l.  
C h em ., 3 6 , 1233 (1964).
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Figure 1. Form A, Nordic cross formation of the Et4N + ion. 
Form B, formation found in the Et4NBr-succinamide 
lattice compound.

type structure3 where the conformation of the Et4N+ 
ion is that which in projection forms a Nordic cross 
(swastika). This is form A (Figure 1). Similar possi
bilities exist for the higher homologs. Form B has been 
found in the Et4NBr-succinamide lattice compound. 
It is possible therefore that the above transitions cor
respond to a conformational change from form A to form 
B. Since form B is of higher symmetry (D2d, neglect
ing the protons) than form A, the disappearance of 
some ir bands may be expected. Such a transition may 
also account for the relatively large AH and AS values 
observed. A strong proof that this transition is in fact 
due to such a conformation change could be provided by 
the absence of the ir band in the 450-cm-1 region for a 
compound in which the Et4N + ion is known to be in 
form B. Unfortunately, in the Et4NBr-succinamide 
compound, the tail of a strong succinamide band ob
scures the region of interest. An absorption band at 
463 cm-1 is present in the spectrum of a concentrated 
solution of Et4NBr in chloroform. On the basis of 
steric considerations the energy of form A should be 
somewhat less than that of form B. However, solva
tion by chloroform could reverse this and no conclusion 
can be reached on the basis of the solution spectrum. 
The Pr4N+ ion is in form B in Pr4NBr,4 and this com
pound has a band at 473 cm-1. A DSC scan of Pr4NBr 
revealed two transitions, at 375 and at 393° K, with 
relative areas of 28:1. In light of the above hypothesis, 
the band at 473 cm-1 should have been absent, as should 
have one, or both, of the transitions detected in the 
DSC measurements.

The band at 446 cm-1 in Me4NI has been assigned 
as a 5(NC4) mode; i.e., an F2 ir active bending mode 
(j>4) of the NC4 tetrahedron.6

If the 467- and 511-cm-1 bands in Et and Pr salts 
may be similarly assigned, then a change to higher sym
metry should not cause their disappearance. An X-ray 
determination of the structure of Pr4NI would aid in 
the assignment of this transition and the interpretation 
of the ir data.

Finally, if the 473-cm-1 band in Pr4NBr is an over

Figure 2. Transition enthalpies and entropies for 
(C„H2n+i)4 NI salts as a function of re (odd or even). The 
quantity A(AH )  = A H  (re-even) — AH  (re-odd), and 
similarly for A(A«S).

tone or combination involving torsional or lattice 
modes, the corresponding band in the iodide (511 cm-1) 
frequency should decrease in the order Me >  Et >  Pr, 
while the reverse is found. The fact that the band is 
observed in solution also shows that it is associated 
with the R4N + ion itself. The “ disappearance”  of this 
band is thus associated with an effect of the premelting 
transition on the R 4N + ion. Whether this effect is due 
to a change in unit cell symmetry or to a conformation 
change accompanied by distortion cannot be deter
mined on the basis of the ir data.

Some insight into the problem may be gained by 
examining the AH and AS for the premelting transi
tions. Where there are two or three closely spaced 
transitions, as for hexyl and heptyl, AH =  2AH and 
similarly for AS. A fundamental difference between 
n-odd and n-even for the (C„H2k+i)4NI salts is indicated 
in Figure 2 where AH and AS are plotted vs. n. It is 
seen that in each of these plots two separate curves are 
generated, one for n-odd (the smaller values) and the 
other for n-even (the larger values).

Since the ir band behavior is the same for the Et and 
Pr salts, it is likely that all R4NI salts undergo a similar 
transition with a AH of about 3 kcal/'mol and a AS of 
about 9 eu. In addition, the even-n salts undergo 
another transition which the odd-n do not. The AH 
and AS for this transition increases with increasing

(3) E . W a it and H . M . Powell, J . C hern . S oc ., 1872 (1958).
(4) A . Za lk in , A c ta  C rysta llog r., 10, 557 (1957).
(5) E . A . V . E bsw orth  and N . Sheppard, S p ec tro ch im . A c ta , 13, 
261 (1959).
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chain length. The observed enthalpies and entropies 
of fusion are consistent with this idea, the odd-n salts 
having the higher AH and AS of fusion.

The solid-state transition just preceding melting in 
tetraamylammonium thiocyanate was largely ac
counted for by a kink-block type of rearrangement of 
the alkyl groups within the quarternary ammonium 
cation.6 Here, however, it would seem more reasonable 
to ascribe the “ first”  transition, which we postulate as 
being common to all the salts, to a crystal structure 
change. The magnitude and relative uniformity of 
the AH and AS for this transition as well as the crystal 
structures of Et4N I3 and Pr4NBr4'6 are in accord with 
such an assignment. Both salts crystallize in the trig
onal space group 74, each ion having four nearest 
neighbors of the opposite charge approximately at the 
corners of a tetrahedron. Thus, the salts may have 
similar crystal structures while still having different 
cation conformations, and it is conceivable that a con
formation change and crystal structure change could 
occur either separately or in conjunction. This may 
explain how more than one transition could give rise to 
only one observed DSC peak or why sometimes two or 
three closely spaced peaks of constant total area but 
variable individual area may be observed.

As the chain length increases the number of different 
conformations increase. The differences in energy (at 
least due to intramolecular interactions) between con
formations would tend to decrease with increasing chain 
length. This would explain the increasing difference 
between AH and AS values for both the odd and even-n 
salts, and the fact that the even-n AH values are be
ginning to level off at higher n while the AS values are 
still increasing.

If these considerations are correct, then the confor
mation of the even-n ions in the solid just below the 
melting point should be essentially the same as in the 
melt, while this should not be true of the odd-n ions.

The Et4N+ ion has conformation A (S ) at room 
temperature, and we propose that the propyl and higher 
homologs, due to their greater chain lengths which 
would enable them to “ wrap around”  the iodide ion, 
have conformation B (X). The first transition, which 
may be a change in crystal structure, is designated as

I, and the second transition, postulated to be a confor
mation change, as II. The fusion transition is III. 
This scheme is shown below.7

decomposesEt A
I

A

Pr B
I

B

Bu B
I

B

Pe B
I

B

Hex B
I

B

Hep B
I

B

—> decomposes
ii , in 

—> A — >  A
h i

i i  , i n  
— *■ A — >■ A
¡in

While we have not directly considered it, there may 
be a configuration disordering involved in transition 
I.®

The fact that no transition is observed for the Me4NI 
salt is also consistent with the postulated nature of the 
transitions. There is, of course, no possibility of a 
conformational change for the Me4N + ion, and on the 
basis of radius ratio it is conceivable that the crystal 
structure of Me4NI is different from that of the higher 
homologs. In any event, due to the smaller cation 
size, it is not unreasonable to expect that any structure 
change could occur at a considerably higher tempera
ture which may be above the decomposition point.

In summary, we conclude that all of the R4NI salts 
may undergo a similar transition accompanied by the 
disappearance (or large decrease in intensity) of an ir 
band around 500 cm-1. The even-n salts undergo an 
additional transition, close to the first, which is prob
ably associated with a conformational change of the 
R4N+ ion as discussed by Coker, Ambrose and Janz.1 
This is reflected in the lower enthalpies and entropies 
of fusion of the even-n salts.

(6) T . G. Coker, B . W underlich , and G . J. Janz, T ra n s . F a ra d a y  
S o c ., 65, 3361 (1969).
(7) W e w ish to  note th a t a tra n s itio n  designated as X  -*■ X  (or 
B  —► B ), etc., does n o t necessarily im p ly  no change in  con form ation  
a t a ll, since fo r the  longer chains a change in  con fo rm ation  a t the  end 
of a cha in w il l  produce o n ly  a sm a ll change in  (in tram o lecu la r) 
energy. W e consider, however, th a t a t least the  “ core”  conform a
tio n  (the f irs t tw o  carbons in  each cha in attached to  the n itrogen) 
does n o t undergo any change in  con form ation .
(8) W . W ong and E . W estrum , J r., J . P h y s .  C h em ., 74, 1303 (1970).
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COMMUNICATIONS TO THE EDITOR

Comparison of Energy Partitioning from 
Three-Centered Processes. Bimolecular 
Transfer and Unimolecular 
Elimination Reactions
P u b lic a tio n  costs  a ss is ted  b y  T h e  N a tio n a l  S c ie n c e  F o u n d a t io n

Sir: Infrared chemiluminescence from gas phase 
chemical reactions allows direct measurement of the 
energy partitioning patterns.1-4 We wish to report on 
infrared chemiluminescence from HF and HC1 which are 
products from two types of three centered reactions: 
(1) hydrogen abstraction by fluorine atoms from meth
ane, ethane, neopentane, and dichloromethane; (2) 
unimolecular elimination from vibrationally excited 
halomethanes. The abstraction reactions and their 
thermochemistry5’6 are given below (the small activa
tion energy for abstraction is neglected).

F + CH4 —> H FV.j + CH3
(AH°b =  — 33 kcal mol-1) (1) 

F +  C2H6 — >  HFV.J +  c 2h 6

(AH°0 =  —38 kcal mol-1) (2) 

F +  (CH3)4C - hv H F V j +  CH2C(CH3)3

(AH°0 = —37 kcal mol-1) (3) 

F +  CH2C12 — ► H F V j +  CHC12

(AH°0 = — 42 kcal mol-1) (4)

Vibrationally excited CHFC12* was produced in the F 
plus CH2C12 system via secondary combination of 
CHC12 with fluorine atoms. At the pressures of our 
experiments, all of the chemically activated molecules 
eliminate HC1 or HF; the former is the predominant 
reaction.7

CHC12 +  F — >  CHFC12*

(AH°o = —103 kcal mol-1) (5) 

CHFC12* CFC1 +  HCl+y,j

(Af7°0 =  51 kcal mol-1) (6)

It also was possible to observe HF and HC1 emission 
from two entirely different three-centered unimolecular 
elimination reactions by utilizing the interaction of 
hydrogen atoms with CCl3Br and CF3I.

C X 3Y  +  H — CX3 +  HY (7)

CX 3 (X  =  Cl, F) +  H — > CHX3*

(AH°o = -9 0 , -1 0 0  kcal mol-1) (8)

CHX3* (X  =  Cl, F) — > CX2 +  H X fv,j

(AH°0 = 61, 59 kcal mol-1) (9)

The energy available for partitioning is the difference 
between the C -H  or C-F bond energies and the energy 
change for the elimination reaction. The latter are not 
known well8 but the estimates given above should be 
reliable to within ± 5  kcal mol-1. Since the thresh
olds8'’ for the reverse reactions (CX2 +  H X  -*■ CHX3) 
are probably less than 5 kcal mol-1, virtually all of the 
energy arises from (8) or from (5) and not from release 
of potential energy by elimination of HX.

The reactions were studied in two vessels. One ves
sel was a 4.25-in. i.d. stainless steel Tow reactor which 
was pumped by a liquid nitrogen trap, a 4-in. diffusion 
pump, and a mechanical pump. Observations were 
made through an NaCl window placed 3 cm downstream 
from the reagent and atom mixing zone. The second 
vessel, which had walls cooled to liquid N2 temperature, 
had a diameter of 6 in. and was pumped with a liquid 
nitrogen trap, a 6-in. diffusion pump, and a mechanical 
pump. The vessel was fitted with internal mirrors for 
more efficient collection of light. Hydrogen atoms 
were generated by a Wood’s tube discharge and fluorine 
atoms were formed by passing CF4 or SF6 through a 
microwave discharge. Results from both F-atom 
sources were the same, which provide evidence against 
the possibility of complicating reactions from other 
products from the discharge. Because of the weak 
intensity from the unimolecular elimination reactions, 
the population ratio for the v =  2 and v =  3 levels was 
obtained by scanning the overtone region with a wide

(1) K . G . A n lau f, P . J. K u n tz , D . H . M a y lo tte , P. D . Pacey, and 
J. C . P o lany i, D is c u s s . F a ra d a y  S oc ., 44, 183 (1967).
(2) K . G. A n la u f, J. C . P o lany i, W . H . W ong, and K .  B . W oodall, 
J. C h em . P h y s . ,  49, 5189 (1968).
(3) J . C. P o la n y i and D . C. T a rd y , ib id ., 51, 5717 (1970).

(4) R . L . Johnson, M . J. Perona, and D . W . Setser, ib id ., 52, 6372 
(1970).

(5) B . deB. D arw ent, “ B ond D issocia tion Energies in  S im ple M o le
cules,”  U . S. D epa rtm e n t of Commerce N a tio n a l Bureau of S tan
dards, W ashing ton, D . C., N S R D S -N B S  31, 1970.
(6) J. A . K e rr, C h em . R ev ., 6 6 , 465 (1966).

(7) H . W . Chang; unpublished R R K M  calcu la tions g ive 10~u  sec 
as a typ ica l life tim e  o f the  chem ica lly  ac tiva ted  halom ethanes pro
duced by reactions 5 and 7.

(8) (a) W . J. R . Tye rm an, J. C h em . S o c . A ,  2483 (1969); (b) T .
Sm ail and F . S. R ow land, J. A m e r . C h em . S oc ., 92, 1866 (¿970).
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Table I : Vibrational Distributions of HX Products

--------------------- Relative papulation of H F and HC1------------------------
v = l v = 2 v = 3

Reaction Vessel Pressure, ju Exptl“ Cor6 Exptl“ Cor6 E xptl“ Cor6 %EyC
CH4 +  F 1 1 0.29 0.18 0.64 0.74 0.07 0.08 64

2 3.8 0.33 0.27 0.55 0.57 0.12 0.16
C2H6 +  F 1 0.5 0.19 0.12 0.45 0.42 0.37 0.47 68
C(CH3)4 +  F 1 0.5 0.24 0.17 0.55 0.58 0.21 0.25 62
CH2C12 +  F 1 0.5 0.30 0.26 0.32 0.26 0.38 0.48 >58
CH2C12 +  F* 2 5.0 0.65 0.23 0.12
CHFCV 2 40.0 0.92 0.08
c h f 3* 2 5.0 0.84 0.10 0.06 >6
c h c i3 2 5.0 0.80 0.10 0.10 >5

“Vessel 1 and 2 denote the 6-in. cooled-wall and the 4-in. flow reactors, respectively. Experiments were done at the pressures in- 
licated in the third column. The rotational distributions in vessel 2 were characterized by a single rotational temperature of ~350°K. 
The rotational distributions from vessel 1 could not be fitted to a single Boltzmann temperature, which is evidence that most of the 
vibrational relaxation has been arrested. 6 The steady-state populations were corrected for radiative cascade using integrated absorp
tion data [G. A. Kuipers, J. Mol. Speclrosc., 2, 75 (1955)] which give an emission lifetime of 5 msec for !IF„_i. The observation time 
for our experiments was taken as ~0.5 msec. '  The per cent of energy released to HF or HC1 as vibrational energy; the population 
for v = 0 was obtained from extrapolation of the measured populations in v' = 1, 2, and 3. For the abstraction reactions the popula
tion in v =  0 was taken as zero. d Included so the degree of relaxation of the last two entries can be estimated by comparison with 
the F +  CH2C1 experiments. We suspect that H2-CF3I or H2-CCl3Br mixtures (1:8) are less efficient at vibrational deactivation than 
CF4-CH2C12 mixtures due to the large dipole moment of CH2C12.

slit. However, the intensity from the abstraction reac
tions was sufficient to resolve the rotational lines in the 
fundamental spectra. The area of each rotational line 
was converted into a relative population using the de
tector response and the transition probability for that 
rotational line.9'10 The relative vibrational populations 
were obtained by summing the rotational populations.

The relative steady-state vibrational populations are 
shown in Table I. The distribution obtained from CH4 
is very close to that obtained by Parker and Pimentel11 
in their laser work. Jonathan, Meiliar-Smith, and 
Slater12 have investigated reaction 1 in a fast-flow ap
paratus and found Ni :N 2:N 3 = 0.21:0.64:0.15. All 
three studies are in reasonably close agreement, and we 
conclude that most of the vibrational relaxation was 
arrested in our cold wall experiments with CH4. The 
vibrational relaxation for ethane and neopentane also 
must have been arrested, perhaps even to a greater 
degree than for methane, because (i) the rotational 
distributions are non-Boltzmann, (ii) the pressure was 
considerably lower for the condensable reagents and 
SF6 as the F-atoms source, (iii) moderate variation in 
pressure in the cold-wall vessel did not significantly af
fect the relative populations, and only small differences 
in relative populations were found for experiments in 
the two vessels. Unfortunately, CH2C12 seems to be 
more efficient at removing energy from HF* because 
variation of pressure in the cold-wall vessel caused a 
change in population, as did changing from one vessel 
to another. Nevertheless, formation rates into the 
highest vibrational levels of HF are favored by (4) 
although our data provide only lower limits for the 
formation of v =  2 and 3.13 In general, the abstraction

of hydrogen from a carbon atom seems to favor the 
highest accessible levels of HF and the shift toward 
v =  3 for reactions 2, 3, and 4 reflects the increase in the 
available energy.

The unimolecular eliminations result from secondary 
reactions and they only could be observed in the 4-in. 
flow vessel. Relaxation of the initial HC1V* distribu
tion from the CHFC12 elimination reaction undoubtedly 
is very serious; however, relaxation should be less for 
the HCX3* cases, which were studied at lower pressure. 
The degree of relaxation can be estimated by compari
son (see footnote d) with the distributions from F +  
CH2C12 at the two pressures listed in Table I. We feel 
that the trend of strongly declining populations for the 
higher vibrational levels is a true feature of the energy 
partitioning for the unimolecular three-centered elimi
nation reactions.

The most definitive and interesting result is that re
placing H atoms by methyl groups did not alter the 
energy partitioning for F +  H-CR3 type reactions. 
We also have found the same result for F +  CF3CH3, 
Si(CH3)4, and c-C6Hi2. Evidently the release of po
tential energy occurs in such a way that little energy is 
made accessible to the internal degrees of freedom of

(9) H . S. Heaps and G. Herzberg, Z . P h y s ., 133, 48 (1952).
(10) R . H erm an and R . F . W allis , J . C h em . P h y s . ,  23, 637 (1955).
(11) (a) J. H . P arke r and G . C. P im ente l, ib id ., 51, 91 (1969), 
reported N 2 / N 1 =  2.7 ±  0.6; (b) m ore recent w o rk  by  W . H . Green 
and M . C. L in , p r iva te  com m unica tion, gives a s im ila r b u t som ewhat 
im proved  ra tio .
(12) N . Jonathan, C. M . M e llia r-S m ith , and D . H . S later, M o l .  
P h y s ., 20, 93 (1971).
(13) M . C. L in  and W . H . Green, J . C h em . P h y s ., S3, 3383 (1970).
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the CR3 radical. A similar result was deduced from 
earlier studies4 of H +  SC12 and S2C12. This result from 
covalent reactions seems to be slightly different from 
molecular beam results14 15 for Iv +  RI reactions. Our 
data also demonstrate that any effect of a substituent, 
e.g., R  =  H, Cl, CH3, and CF3, upon the pattern of en
ergy release for H-atom abstraction from carbon by 
fluorine atoms is small.

Our measurements are the second example of in
frared chemiluminescence from products of unimolecu- 
lar reactions16 17 proceeding on ground electronic surfaces. 
Although having more energy and fewer degrees of 
freedom, the elimination reactions partition less energy 
to H X  than the abstraction reactions, even if some al
lowance is made for relaxation in the unimolecular reac
tion experiments. In fact, the H X t distribution from 
three-centered elimination is similar to a statistical 
distribution. According to statistical theories of uni
molecular reactions, any energy in the molecule above 
the threshold is randomly distributed16 among the inter
nal degrees of freedom of the chemically activated 
CHX3* molecule and, consequently, should be distrib
uted statistically to the degrees of freedom of the prod
ucts. Since reactions 6, 8, and 9 have quite small acti
vation energies for the reverse reactions, i.e., the release 
of potential energy is small, the pattern for the energy 
release is expected to be nearly statistical, and these 
data provide a qualitative confirmation for randomiza
tion of the internal energy above the threshold of the 
molecule in a unimolecular reaction.16

We also have measured the energy partitioned to 
HF+ and HCl1 by the unimolecular four-centered elim
ination reactions of chemically activated haloethanes.17a 
Our results agree with Clough, Polanyi, and Taguchi168 
who found the H X vibrational energy to be somewhat 
larger than the statistical amount,17b although the frac
tion of the energy released to HFf is relatively small 
compared with the F +  HCR3 reactions of Table I.
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(14) G . H . K w e i, J. A . N orris , and D . R . Herschbach, J . P h y s .  C h em ., 
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(15) (a) P . N . C lough, J. C. P o lany i, and R . T . Taguch i, C a n . J .
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ib id ., 53, 3453 (1970). T h is  in te res ting  paper describes the HC1 
v ib ra tio n a l popula tions resu lting  fro m  flash photo lys is  o f d ich lo ro- 
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Kinetic Energy Isotope Effects of Bromine 

Reactions Activated by Radiative Neutron 

Capture in Gaseous CH3F and CD3F1
P u b lica tio n  costs  a ss is ted  b y  th e D iv i s io n  o f  R es ea rch ,
U n ited  S ta tes  A to m ic  E n e r g y  C o m m iss io n

Sir: Although there have been many studies2- 4 re
lating to isotope effects (differences in organic yields) of 
(n,7)-activated bromine reactions in condensed state 
hydrocarbons, aromatics, and alkyl halides, no study 
reports, for a single gaseous system, organic yields for 
(n,7)-activated 80Br, 80Brm, and 82Brm +  82Br reactions. 
For condensed-state systems employing high-purity 
reagents and correcting for 82Brm(I.T.) 82Br reactions,5-6 
no bromine isotope effects were generally found.

Unlike the reactions of (n,7 )-activated 128I with 
CH4,7 reactions of (11,7)-activated 80Br with CH48 occur 
principally as a result of the recoil kinetic energy ac
quired by the 80Br in the (n,7)-activation process. 
While other activation processes such as the (7,n) and 
(n,p) processes impart to the atom a very high kinetic 
energy (>105 eV), the (n,7) activation process results 
in a distribution of energies ranging from some very low 
value (near zero) to a maximum of ~ 1 0 2 eV.9 If the 
three activation processes 79Br(n,7)80Br, 79Br(n,y)80- 
Brm, and 81Br(n,7)82Brm +  82Br impart to the respective 
atoms different kinetic energy spectra,10 and if the pop-

(1) T h is  research was supported th rough an A to m ic  E nergy C om 
mission C on trac t N o. AT(11-1)-1617. T h is  is A E C . D ocum ent N o. 
COO-1617-28.
(2) F o r references to  the  earlie r lite ra tu re  see J . E . W illa rd , A n n u .  
R ev . N u c l . S c i . , 3, 193 (1953); A n n u . R ev . P h y s .  C h em ., 6 , 141 (1955); 
N u c le o n ic s , 19 (10), 61 (1961); C h em . E f f .  N u c l .  T ra n s fo rm . P r o c .  
S y m p ., 1 9 6 1 , 1, 215 (1961); C h em . E ff . N u c l .  T ra n s fo rm  1 9 6 4 , 1, 
221 (1965).
(3) J. A . M e rrigan , W . K . E llg ren , J r., and E . P . R ack, J . C h em . 
P h y s ., 44, 174 (1966).

(4) J. A . M e rrigan , J. B . N icholas, and E . P . R ack, R a d io ch im . 
A cta , 6 , 94 (1966).

(5) J. F . E m ory , J . In o r g . N u c l. C hem ., 27, 903 (1965).
(6) O. U . Anders, P h y s . R ev ., B , 138, (1965).

(7) E . P . R ack and A . A . Gordus, J . C h em . P h y s ., 34, 1855 (1961).
(8) E . P. R ack and A . A . Gordus, J . P h y s .  C h em ., 65, 944 (1961).

(9) I n  re f 8 , i t  is seen th a t 80B r  can have m axim um  of about 357
eV.

(10) Since the  com plete neutron, cap ture 7 -ra y  cascade spectrum  is 
n o t know n fo r brom ine isotopes, i t  is n o t possible to  ca lcu la te  the  
d is tr ib u tio n  o f brom ine recoil energies. Because o f p a rtia l cancel
la tio n  of 7 -reco il m om enta in  cascade 7 -emission, brom ine atom s w il l  
be form ed w ith  a d is tr ib u tio n  o f energies.
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ulation of atoms with kinetic energies comparable to 
the reactive region E2-E in is great enough, then we 
would expect bromine isotope effects for systems in
volving endothermic reactions. Wolfgang11 originally 
suggested that the initial energy of atoms produced by 
(11,7) processes may not meet the requirements of 
assumption la  of the kinetic theory, which states that 
the initial energy E0 of the hot atom is sufficiently high 
so that the atom has made a large number of collisions 
above energy E2.

In this communication we report the existence of an 
isotope effect between (n,7)-activated 80Br, 80Brm, and 
82Bm +  82Br in gaseous CH3F and CD3F. A description 
of our sample making techniques, irradiation pro
cedures, and extraction techniques can be found else
where.3'4’8’12-14 Two different kinds of experiments 
were performed: (a) those systems containing only
CH3F or CD3F with varying concentrations of Br2 at 
various system pressures; (b) those systems containing 
CH3F, Br2 source, and rare gas additives. From ex
periment (a) we determined possible pressure effects and 
limiting bromine isotope organic yields at zero mole 
fraction Br2. The results of experiment (b) suggested 
the role of kinetic energy on bromine reactions with 
CH3F and the importance, if any, of thermal reactions 
to the organic yield. The effects of He and Ar 
moderations on the (n,7)-activated reactions of the 
various bromine isotopes are depicted in Figure l .15

Our experimental results can be summarized as fol
lows. (1) A pressure effect between 50 and 200 Torr 
total system pressure for all bromine-isotope organic 
yields was found. The organic yields increased with 
total system pressure from 50 to 200 Torr, remaining 
constant from 200 to 800 Torr, the highest pressure 
studied. Apparently above 200 Torr, energetically 
excited molecules are collisionally stabilized. (2) The 
limiting (n,y) organic yields at zero mole fraction Br2 
in CH3F at 800 Torr system pressure are: 80Br, 8.5 ±  
0.3%; 80Brm, 10.0 ±  0.3%; 82Brm +  82Br, 7.5 ±  0.3%.
(3) The limiting (n,7) organic yields at zero mole frac
tion Br2 in CD3F at 800 Torr system pressure are 80Br,
5.8 ±  0.3%; 80Brm, 7.5 ±  0.3%; 82Brm +  42Br, 5.0 ±  
0.3%. (4) From Figure 1, it can be seen that the lim
iting bromine organic yield at zero mole fraction CH3F 
for both He and Ar additives is zero, indicating that the 
reactions occur entirely as a result of the recoil kinetic 
energy acquired by the bromine in its activation pro
cess.16 Similar results were found in CD3F systems.
(5) The bromine isotope effect appeared regardless of 
additive, concentration of additive, or total system 
pressure. From the several hundred samples irradi
ated, the average organic yields of 50 samples picked at 
random from the CH3F systems studied were; 80Br, 
5.27; 80Brm, 7.66; 82Brm +  82Br, 4.42, showing that the 
effect is a general one and not specific for a particular 
condition. (6) The limiting (I.T.) induced 82Br 
organic yields at zero mole fraction Br2 in CH3F and

Figure 1. Effect of additives on the reaction of gaseous 
CH3F with S0Brm, 80Br, and 823r +  82Brm activated by radiative 
neutron capture: 80Brm with helium, O; 80Br with helium, A; 
82Br +  82Brm with helium, □; 80Brm with argon, •; 80Brwith 
argon, ▲; 82Br +  82Brm with argon, ■.

CD3F at 800 Torr system pressure were 7.5 ±  0.5% 
and 4.5 ±  0.5%, respectively. From moderation plots 
similar to Figure 1, the data appeared to extrapolate at 
zero mole fraction CH3F or CD3F to 1%. This indi
cates for 82Br +  CH3F systems 7.5% — 1% is formed 
via kinetic energy processes and that 1% is formed via 
thermal ionic processes.

A bromine isotope effect can be due to either a dif
ference in the population of positively charged bromine 
species produced by the three (n,7) activation pro
cesses or due to different kinetic energy spectra of the 
(0,7) activated bromine atoms. Since it has been 
previously shown8 that reactions of bromine activated 
by (n,7) occur independently of any positive charge, 
we suggest that the observed bromine isotope effect 
is due to differences in the kinetic energy spectra of the 
activated atoms. The organic yields increase in the

(11) U sing  n o ta tio n  consistent w ith  R . W olfgang, J . C h em . P h y s .,  
39, 2983 (1963).
(12) J. A . M e rriga n  and E . P . Rack, J . P h y s . C h em ., 69, 2795 (1965).

(13) J. B . N icholas and E . P . Rack, J . C h em . P h y s . ,  48, 4085 (1968).

(14) Q uartz  bu lb le ts  (10 m l) fille d  w ith  10 m m  o f B n , C H 3F, and 
CDaF, and rare gas a d d itive  w ith  a to ta l gas pressure of 500 T o rr 
were irra d ia te d  fo r 30 sec. Pressure s tu d y  samples contained on ly  
CH sF and B n  w ith  system pressures ranging from  50 to  800 T o rr. 
Samples fo r (11, 7 ) studies were extracted im m ed ia te ly  a fte r irra d ia 
t io n  (1.5 m in  fro m  s ta r t of rra d ia tio n ). T h is  prevented the pos
s ib il ity  o f the rm a l reactions between labeled inorgan ic brom ine w ith  
im p u ritie s  resu lting  in  an “ im p u r ity ”  isotope effect. The da ta fo r 
80B r, 80B rm, and 82B rm +  82B r  organic y ie lds  were acquired fro m  the 
same sample. Samples fo r 82B rm isom eric tra n s itio n  ( I .T .)  studies 
were a llowed to  stand before ex trac tion . See re f 13 fo r details.
(15) I t  should be noted th a t the  e x trapo la tion  o f the  po in ts  in  
F igure  1 to  zero m ole fra c tio n  m odera to r is fo r a system con ta in ing  
10 m m  Bre. These extrapo la ted results are, o f course, low er than  
the  organic y ie lds reported f:>r ex trapo la tion  to  zero mole fra c tio n  
Brs.
(16) The efficiency of He, A r, and Brs m odera tion o f the B r  endo
the rm ic  reaction w ith  C H 3F is as we w ou ld  expect o f a k in e tic  energy 
m odera tor.
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order 82Brm - f  82Br, 80Br, and 80Brm. This would mean 
that the initial kinetic energies imparted to the bromine 
atoms are not sufficiently high that the atoms have 
made a number of collisions before reaching the upper 
limit of the reaction zone AT11 If the conditions of 
Wolfgang’s assumption l(a )u are met, no isotope ef
fect would be expected. Therefore, we conclude that 
the kinetic energy spectra are such that more 80Brm, 
than 80Br, than 82Brm +  82Br are born with energies 
greater than the reaction zone Ez-Ei.

A simple test to determine if the isotope effect is 
really due to a difference in kinetic energy spectra of the 
bromine atoms is to plot the ratio of individual isotope 
organic yields in CH3F to CD3S as a function of bro
mine concentration. As mentioned previously, the 
organic yields are consistently lower in CD3F than in 
CH3F. Although we really do not know what molecu
lar parameters— moderation effects, difference in reac

tivity integrals, or differences in bond strength— are 
responsible for the target molecule isotope effect, all 
are related directly to the bromine kinetic energy, if a 
sufficient population of atoms have energies near the 
reaction zone E^-Ei. If more 80Brm atoms are born 
with higher kinetic energies than are 80Br, than are 
82Brm +  82Br then we would expect the ratio in organic 
yields to decrease in the order 82Brm +  82Br >  80Br >  
8°Brm. This is what we find. In a plot of organic 
yield ratio in CH3F to CD3F as a function of bromine 
concentration from zero to 0.1 mol fraction bromine, 
the ratios for the three isotopes are parallel to the mole 
fraction axis extrapolating for 8rBrm +  82Br, “ Br, and 
80Brmto 1.625,1.550, and 1.388, respectively.
C hemistry D epartment R. W. H elton
U n iversity  of N ebraska  M. Y oong
L incoln, N ebraska  68508 E. P. R a c k *
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