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DISSOCIATION PRESSURE AND COHESIVE ENERGY 
OF INDIUM PHOSPHIDE
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T h e  dissociation  pressure o f  solid  In P  has been m easured betw een 700 and 1045°. F rom  the tem perature dependence 
o f  the vapor pressure and the know n h eat o f vaporization  o f indium  and heat o f d issociation  o f P 4 m olecules, the cohesive 
energy o f In P  was calcu lated to  be 154,000 ca l./m o le .

I. Introduction
In view of the current interest in the semi-con

ducting properties of InP,1 a measurement of its 
dissociation pressure as a function of temperature 
is of considerable technological importance. Fur
thermore, such measurements together with exist
ing data on the heat of vaporization of indium and 
the heat of dissociation of phosphorus enable one 
to calculate the cohesive energy of the compound,
i.e., the energy necessary to dissociate the solid 
into the gaseous atoms of its components.

II. Experimental Methods and Results
C rystals o f  In P  heated in a sealed, evacu ated  v ia l, w ill 

p artly  decom pose until the pressure o f the vap or in the vial 
equals the d issociation  pressure o f  the com p ou n d . Since, 
at the tem peratures in vestigated , the phosphorus pressure 
is alw ays m an y orders o f  m agnitude larger than the vapor 
pressure o f in d iu m ,2 the dissociation  pressure o f In P  is 
essentially equal to  its phosphorus pressure.

T h e  phosphorus pressure over solid indium  phosph ide 
was m easured b y  the m ethod  of the "d e w -p o in t ,”  i.e., b y  
determ ining the tem perature at w hich  the vap or pressure 
o f pure phosphorus is equal to  the d issociation  pressure o f  the 
com p ou n d . T h is m ethod has lon g been  used for the study 
o f  aqueous solu tion s3 bu t apparently  has n ot been applied 
to  m easurem ents o f the dissociation  pressures o f  phosph ides. 
In  the com prehensive study o f m an y oth er phosphides 
undertaken  b y  B iltz and his co llabora tors4 the d issociation

(1) (a) H. Welker, J. Electronics, [I] I, 181 (1955); (b) O. G. Fol' 
berth and H. Weiss, Z. Natur/orschung, 10a, 615 (1955); (c) O. G. 
Folberth, ibid., 10a, 502 (1955); (d) F. Oswald, ibid., 9a, 181 (1954); 
(e) H. Welker, ibid,, 8a, 248 (1953); (f) 7a, 744 (1952); (g) Physica, 
X X , No. 11, 893 (1954).

(2) L. L. Quill, “ Chemistry and Metallurgy of Miscellaneous 
Materials Chemistry,”  Ch. I l l , McGraw-Hill Book Co., New York,
N. Y., 1950.

(3) See for example, J. N. Friend. “ Textbook of Physical Chemis
try,”  Vol. II, J. B. Lippincott, 1935, p. 125.

(4) W. Biltz, Z. physik. Chem., 189A, 10 (1941).

pressure was determ ined b y  m easuring the total pressure 
over the solid investigated . C om pared to  the m eth od  de
scribed below , this procedure suffers from  the possib le error 
o f  the com pou nd  h aving an appreciable v a p or  pressure so 
th at the tota l pressure does n ot necessarily equal the dis
sociation  pressure.

In  carrying ou t the experim ents, crystals o f high pu rity  
In P  (th e  im purity  con ten t, as determ ined from  electrical 
m easurem ents, was less than one p art in 105), were sealed 
in to an evacuated quartz tu be, as show n schem atically  in 
F ig . 1. T h e  bu lb  contain ing the crystals was m ade o f 
h eavy  w all tu b ing (a p p r . 2 .5  m m . w all th ickness) in order 
to  m inim ize b oth  the danger o f explosions and tem perature 
fluctuations inside th e b u lb . T o  determ ine a pressure, the 
crystals were k ept in the “ fron t fu rn ace”  at a con trolled  
“ decom position  tem perature”  To, w hile the tem perature 
in the “ rear fu rn ace”  was decreased in in tervals. A t  each 
in terval, tem perature equilibration  was perm itted  (5  to  10 
m inu tes), and then a short b last o f air was directed at the 
tip  through  the tapered tu be J . I f  the b last low ered the 
tem perature sufficiently, a condensate o f  phosphorus in the 
form  o f a few  droplets w ould be in d u ced . I f  the tem perature 
o f the “ rear fu rn ace”  was higher than the condensation  
tem perature Tc o f the phosphorus, the condensate dis
appeared rap id ly  after the blast o f  air was turned o ff. As 
Tc was app roached , the droplets w ou ld  d isappear m ore 
s low ly , and eventually  th ey  w ou ld  persist w hen Tc was 
reached; below  Tc the condensate w ou ld  spread rap id ly . 
T h e  condensation  tem perature can b e  established in this 
m anner w ith  an accu racy  o f better than  1 0 °, and the disso
cia tion  pressure o f In P  at To can then  be determ ined from  
the vap or pressure data o f phosphorus at Tc .6 T h e air- 
b last m ethod  prevented  supersaturation o f  the phosphorus 
v a p or , as well as perm ittin g an accurate determ ination  of 
the dew -poin t b y  giving w arning o f  its a p p roa ch .

T h e  determ ination  o f  the dissociation  pressures at the 
tw o  low est tem peratures investigated was carried ou t b y  a 
slightly m odified procedu re, since the dew -poin ts o f  p h os
phorus fell below  room  tem perature. T h e  tip  o f  the vial 
was kept in a  beaker fu ll o f  w ater, first slightly  be low  room  
tem perature, and then at ice tem perature. T h e  tem pera-

(5) (a) F. S. Dairiton, Trans. Faraday S o c 46, 912 (1950); (b)
“ Handbook of Physics & Chemistry,”  1955-1956.
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FRONT FURNACE REAR FURNACE

Fig. 1.— Schem atic d iagram  o f apparatus fo r  determ ining 
d issociation  pressures o f In P .

W  ( * K ) x 10 4 -

F ig. 2 .— D issociation  pressure o f In P  from  700° to  1045°.

ture o f  the crystals, Tn, w as raised gradually  until a con 
densate o f phosphorus appeared a t the tip . T h e  decom 
position  tem perature correspond ing to  a given  “ d ew -p o in t”  
was thus determ ined.

T h e  results o f  four separate runs are show n in F ig . 2, 
where th e logarithm  o f  the dissociation  pressure is p lotted  
against th e reciproca l o f  the absolute tem perature. F or 
each run, a new  quartz v ia l and different crystals were used. 
T h e  data represented true equilibrium  values since the same 
results were ob ta in ed  w hen the data  were taken  w ith  in
creasing or w ith  decreasing tem perature.

T h e  tw o m ain  difficulties encountered during the experi
m ents were due to  the presence o f  an indium  phosph ide 
layer on  th e walls o f the v ia l, and to  th e occasional con ver
sion o f w hite to  red phosphorus. T h e  indium  phosph ide 
layer was due to  slow  sublim ation  o f  the com p ou n d , and o b 
scured th e appearance o f  the phosphorus condensate. 
T h e  trouble was overcom e b y  focu sin g  a strong lam p on the

tip , and b y  occasion ally  heating the tip  to  drive  o ff th e sub
lim ate.6 T h e  occasional conversion  o f the w hite phosphorus 
condensate to  the red m od ification  resulted in an u ncerta inty  
as to  the proper vap or pressure to  be assigned to  the con den 
sate. I f ,  how ever, the condensate in du ced  b y  the air blast 
was k ep t a t a  m inim um , the d ifficu lty  was avoid ed  since 
the phosphorus w ould  evaporate b efore  it had a chance to  
con vert to  the red form . F or the data  show n in F ig . 2 , 
on ly  th ose m easurem ents were used in w hich  th e appearance 
and disappearance o f  the condensate were readily  v isib le , 
and in w hich n o conversion  to  red phosphorus to o k  p lace .

III. Discussion
It is a well known result of thermodynamics7 

that the temperature dependence of the equilib
rium constant for a chemical reaction at con
stant volume can be expressed by the equation

In Ky =  E0/RT +  Ac?v/R) InT +  const. (1 )

provided that Ac°v is constant over the temperature 
range investigated. In this equation, K v repre
sents the equilibrium constant at constant vol
ume, E° is the heat of the reaction over the tem
perature range investigated, Ac°v is the difference 
in heat capacity at constant volume between prod
ucts and reactants, R is the gas constant, and T 
is the absolute temperature. Since for a typical 
chemical reaction, E° is of the order of 10 to 100 
kcal., while Acy is of the order of calories per de
grees, a plot of In K  against l/T may appear 
linear over a considerable temperature range.

The chemical equilibria studied here can be 
represented by the equations

In P s T 'T V  In i +  V J V g )  (2 a )
In i +  2/ .In P , > (In .!/.In P )i w here 0 <  y <  1 (2 b )

The subscripts s, 1 and g stand for solid, liquid and 
gas, respectively. The notation (In.r/.InP)i in
dicates a saturated solution of InP in indium. 
Equation 2b indicates the fact that the free in
dium which is formed by the decomposition of some 
of the indium phosphide, according to equation 2a, 
dissolves some additional indium phosphide until 
the saturated solution (In.y.InP)i results. The 
solid solubility of indium in solid indium phos
phide has been shown to be negligible by electrical 
measurements. The assumption of P4 molecules 
is based on the measurements of Stock and co
workers8 who showed that fewer than 10% of the 
P4 molecules are dissociated at the highest tem
peratures investigated here. Since the vapor pres
sure of indium is negligible at these temperatures2 
the equilibrium constant for the reaction is given 
by the phosphorus pressure to the one fourth 
power, or K  =  P41/i.7 The assumption of vapor 
ideality seems reasonable in view of the high tem
perature and moderate pressures involved.

-The data of Fig. 2 can be fitted by the equation
log  p =  4 log AT =  — 2 3 ,0 0 0 /7 ’ +  21.0 (3 )

(6) The gradual sublimation of InP affects the measurements only 
near the melting point. As long as solid InP is in ecjuilibrium with 
the indium produced by the decomposition the amount of solid InP 
is immaterial. After complete melting, however, the system becomes 
bivariant so that the pressure is no longer a unique function of the 
temperature but depends on the melt composition as well. This 
composition will depend on the amount of InP which had sublimed 
during the course of the experiment.

(7) See, f o r  example: S. Glasstone, “ Textbook of Physical Chemis
try,” Sec. ed., Ch. XI, D. Van Nostrand Co., New York, N. Y., 1946.

(8) A. Stock, et al., B e r 45, 3527 (1912).
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The heat for the over-all reaction (equations 2a 
and 2b), as calculated from the slope of Fig. 2 is 
therefore equal to 26,000 ±  3600 cal./mole. It 
is clear that this heat consists of two terms, the 
heat necessary to dissociate one mole of InP 
(eq. 2a), and the heat involved in dissolving some 
of the remaining InP in the indium resulting from 
the dissociation (eq. 2b). Since the solubility of 
InP in indium increases with temperature,9 the 
heat of solution also increases, so that a linear 
relationship between log p and l/T  should not 
really be expected. It will be shown, however, 
that the heat of the reaction 2b is small over most 
of the temperature range of Fig. 2, and in fact falls 
within the experimental error of the value cal
culated for the heat of the over-all reaction.

The heat required for reaction 2b can be esti
mated from a knowledge of the phase diagram for 
the system In-InP.10 By plotting the logarithm 
of the liquidus composition on the InP side of the 
eutectic against the inverse of the freezing tem
perature, one can calculate the molar heat of solu
tion of InP; if the melt behaves ideally this heat 
should equal the heat of fusion of InP. Only the 
points from about 800° down to the eutectic tem
perature can be used, however, since above that 
temperature the liquidus curve begins to flatten 
markedly, indicating increasing dissociation of the 
compound in the molten state; the interpretation 
of the data is then no longer simple. To calculate 
the heat for reaction 2b, it is only necessary to 
multiply the molar heat of solution of InP by the 
number of moles of InP soluble in one g-atom of in
dium at a given temperature. It was found that 
up to 900° the heat of reaction 2b was less than the 
experimental error of the over-all heat of the reac
tion, as determined from Fig. 2. Above 900° the 
log p vs. l/T curve should increase somewhat in 
slope but this effect apparently is obscured by 
experimental error. From the portion of Fig. 2 
below 900° we can therefore calculate a value of
26,000 ±  3600 cal./mole for the dissociation en-

(9) The phase diagram of the system In-InP has been determined 
by M . W. Shafer of the College of Mineral Industries, Penna. State 
Univ. (to be published). The system is simple, showing complete 
miscibility in the liquid state, immiscibility in the solid state, and a 
simple eutectic. The flatness of the liquidus curve near the melting 
point of InP indicates dissociation of the compound in the molten 
state.

(10) See, for example, ref. 7, chapter X .

ergy of indium phosphide into liquid indium and 
phosphorus.

To find the cohesive energy it is necessary to add 
to this figure the heat of vaporization of liquid in
dium and one quarter of the heat of dissociation of 
P4 molecules into phosphorus atoms. From pub
lished data, we find 56,000 cal./g. atom for the 
former2 and one quarter of 288,000 cal./mole for 
the latter.11 The cohesive energy of InP is thus
154,000 cal./mole in the temperature range 
investigated.

It is of interest to compare this result to the co
hesive energy of InP as calculated on the model of 
purely ionic bonding between the components, as
suming singly charged indium and phosphorus 
ions.12 Using the Madelung constant for the zinc 
blende structure and the known inter-atomic dis
tance for InP, 10 one obtains a value of 84,000 
cal./mole. In making this calculation the ioniza
tion energy of indium was taken as 132,000 cal./g. 
atom,5b while the electron affinity of phosphorus 
had to be estimated by Mulliken’s rule13; a value 
of nine was taken for the compressibility param
eter n. Any reasonable value for n and for the 
electron affinity of phosphorus yield a cohesive 
energy for InP, as calculated on a purely ionic 
model, which is far smaller than that determined 
experimentally. One, therefore, reaches the not 
too surprising conclusion that the bonding in the 
compound is largely covalent.

Comparing the cohesive energy of indium phos
phide to that of two gram atoms of germanium, 
namely, 178,000 cal.,14 one finds that the former is 
somewhat smaller. This result seems to conflict 
with Welker’s prediction1' that III-V compounds 
would have a greater bond strength than the 
bracketed Group IV element due to the partly 
ionic nature of the bond. It seems plausible, how
ever, that this prediction would apply more readily 
to “ horizontal” III-V compounds (i.e., both ele
ments in the same Period) than to “ diagonal” 
ones, in which the atoms differ markedly both in 
nuclear charge and in size.

(11) (a) F. S. Dainton, Trans. Faraday Soc., 43, 244 (1947); 
(b) G. Wetroff, Compt. rend., 208, 903 (1939).

(12) See F. Seitz, “ The Modern Theory of Solids,”  Ch. I, McGraw- 
Hill Book Co., New York, N. Y „  1940.

(13) L. Pauling, “ Nature of the Chemical Bond,”  Cornell Univ. 
Press, Ithaca, N. Y., 1948, Ch. II.

(14) R. E. Honig, J. Chem. Phys., 22, 1610 (1954).
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T w o  m odels for the liquid silicates indicate different courses for the com pressib ility isotherm s as a function  o f  com p osition . 
A n  apparatus is described w hich perm its m easurem ent o f  the com pressibilities o f  liqu ids u p to  T  =  1350°. C om pressibilities 
have been m easured for  the L i20 - S i 0 2 system  over the com position  range 2 4 -5 5 %  Li20 .  R esults are in disagreem ent w ith  
the classical m odel and give som e support to  the discrete anion m odel.

Introduction sition (66.7 mole %  M 20 ) 2 consists of 4M+ and
In the classical view of the structure of liquid SK Y " ions. Addition of silica to this composition 

silicates1 it is assumed that the orthosilicate compo- results m the formation of silicon-oxygen chains m
(1) Cf. H. Stan-worth, “ The Properties of Glass,” Oxford, 1950, p. 89. (2) Throughout this paper, compositions are given in mole %.
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which each Si atom has attached to it two charged 
0  atoms. The M + is assumed to be located in 
wells of minimum potential energy near an O ' 
atom. This theory requires lengthening of the 
chains as the proportion of Si02 increases, the 
length tending to increase indefinitely as the com
position of the mixture approaches 50% Si02. Fur
ther addition of Si02 causes the structure to be
come two dimensional, the extent of the ionic 
sheets increasing until the Si02 content is 66.7%, 
when further addition causes the sheets to give 
way to a three-dimensional structure. This three- 
dimensional structure becomes more extensive 
with further addition of Si02, tending eventually to 
the three-dimensional structure of pure silica.

A model for the liquid silicate lattice has re
cently been suggested3-6 which differs from the 
classical one in that instead of the infinite chains 
and two-dimensional sheets of this theory, it postu
lates the existence of discrete cyclic silicate anions, 
essentially polymers of the ion Si30 96-, which exist 
at compositions between 50% M 20  and about 10% 
M 20  in the alkali oxide-silica systems. At compo
sitions near to 10%, three-dimensional bonding is 
supposed to be taken up throughout the structure 
which in these low M 20  contents then becomes iden
tical to that of the classical theory. These two 
theories of the liquid silicate structures therefore 
differ essentially in the composition at which the 
three-dimensionally bonded lattice is supposed to be 
taken up.

As the extent of continuously bonded areas of 
S i-0  becomes larger in the liquid lattice, the com
pressibility of the liquid silicate should become 
less. Thus, if the classical theory were correct, 
inflections should occur on the compressibility- 
composition isotherm at the 50% M 20  composition 
(where a rapid increase of Si-O-Si chain length oc
curs), and again at 33% M 20, where the structure 
commences to exhibit three dimensional bonding. 
Because from a composition of 33% M 20  to pure 
Si02, the three-dimensional bonding is gradually 
taken up, there should be no particular inflection 
in the compressibility isotherm at composition of 
less than 33% M 20. Conversely, according to the 
discrete ion theory, the ion type and shape is sup
posed to remain unaltered between the compositions 
50 and 10% M 20, the size of the cyclic anion uni
formly increasing until this latter composition. The 
compressibility would be expected to decrease 
smoothly over the range 50-10% and undergo a 
rapid decrease at compositions of less than 10% 
M 20, where, according to the discrete anion theory, 
there commences a rapid spread of three-dimen
sional (silica-like) bonding. The compressibility 
isotherms thus proffer a clear diagnostic in distinc
tion between classical and discrete ion theories.

Experimental
U ltrasonic v e lo c ity  m easurem ents were m ade b y  the 

m eth od  o f R ich ards, B rauner and B ock ris .3 4 5 6 Use is m ade

(3) J. O’M. Bockris and D. C. Lowe, Proc. Roy. Soc. (London), 226A, 
423 (1954).

(4) J. O'M. Bockris, J. W. Tomlinson and J. L. White, Trans. Fara
day Soc., 52, 299 (1956).

(5) J. O’M. Bockris, J. D. Mackenzie and J. A. Kitchener, ibid., 
51, 1734 (1955).

o f  phase interference o f  tw o  w ave  trains, one passing 
through the liqu id , and th e oth er, a reference signal.

F or  m easurem ents on liqu id  silicates, several m od ification s 
to  the techn ique o f  R ich ards, et al., w ere m ad e. H eatin g 
was carried ou t in  a carbon  tu be resistance furn ace sim ilar 
to  the one described b y  M acken zie .7 8 C on tro l o f  furnace 
tem perature cou ld  be obtained  b y  m anual ad justm ent o f  the 
“ P ow ersta t”  to  ± 5 °  over 30 m inutes. A s the tim e re
quired to  take 5 duplicate m easurem ents o f  w ave length  is- 
o f  this order, such tem perature con tro l is satisfactory . 
T em perature w as m easured b y  m eans o f  ca librated 2 0 %  
R h -P t  vs. 4 0 %  R h -P t  therm ocouples in A lu ndum  sheaths.

T h e  crucibles for contain ing the m elt were m an ufactu red  
b y  a process described b y  T om lin son , et al.,s from  m o ly b 
denum  sheet o f thickness 0 .0 0 6 " .  Specially  ductile  M o  
sheet was used fo r  the bottom s. T h e  crucibles were 1 .5 "  
in  diam eter and 6 "  ta ll.

T h e  rods used fo r  propagatin g th e u ltrasonic v ib ra tion s  
were high density A lundum . T h ey  were circular in cross- 
section , 0 .6 "  diam eter b y  1 8 "  lon g , w ith  flat ends. T h e  
accu racy  o f  m easurem ent depends largely on  th e flat n ature 
o f  the ends o f these rods. As the alum ina was rap id ly  at
tacked  b y  the liqu id  the end in the m elt becam e seriously 
corroded  after tw o  or three hours and did  n ot allow  accu rate  
m easurem ent after th at tim e. T h e  ends were th erefore  
ground flat after each run.

D uring  a run, the alum ina rods were supported  in  tw o  
clam ps, w hich  were attached b y  m eans o f a lon g  screw  to  
the upper end and low er parts o f  the fram e, resp ective ly . 
T h e  rods cou ld  be advanced or retracted in th e furnace b y  
m eans o f knurled nuts w orking in the clam ps. T o  the coo l 
end o f  each  rod , a barium  titanate, piezoelectric transducer 
was cem ented . T h e  transducers were 0 .5 "  in  diam eter. 
T h e  crucible contain ing the w eighed m ixture o f  lith ium  car
bonate  and pow dered  quartz w as supported on  the top  face  o f 
the low er A lundum  rod . T h e  furnace w as assem bled, helium  
passed in  and th e tem perature brou ght up to  ju st a bou t the 
liquidus tem perature w ithin  5 hours. H eating was con 
tinued a t this tem perature overn ight so as to  decom pose all 
the carbon ate  and m easurem ents o f sound v e lo c ity  were 
begun.

U ltrasonic v ibrations generated b y  the b o tto m  trans
ducer passed via the b ottom  o f the crucib le in to  the m elt 
and after being p ropagated  through it , were p ick ed  up  b y  the 
upper alum ina rod , con du cted  along the rod  to  th e trans
ducer a t the top  and con verted  b y  this transducer in to elec
trica l im pulses. T h e  w ave train from  th e u pper transducer 
was m ixed w ith  the attenuated direct signal in the electronic 
apparatus as described b y  R ich ards, et al., and com plete 
interference resulted when the tw o w ave trains were o u t o f  
phase. W hen  this took  p lace, a null was observed  a t a  cer
tain  position  on  the cathode ray tu be detector . T h e  u pper 
rod  was advan ced  or retracted until a second com plete  null 
appeared in  the same position  on  the ca th ode  ra y  screen. 
T h e  distance traversed b y  the u pper rod  betw een  th e tw o  
nulls was then  the w ave length  o f  the u ltrasonic v ibra tion  
in  the m elt. D uring  this process th e attenuation  w as 
checked to  ensure th at th e direct signal was reduced  in  
am plitude to  the sam e am ount as th at o f the transm itted 
signal. T h e  frequ en cy  (v) was m easured b y  a frequ en cy  
m eter and was checked during each reading fo r  con sta n cy . 
F rom  the frequen cy  and w ave length  (A) the v e lo c ity  o f the 
ultrasonic v ibrations in the m elt was calcu lated from  the 
equation  v = v X. T h e  d isp lacem ent o f  the u pper rod  was 
m ade to  cover three or four com plete  w ave lengths so th at a 
m ore accurate m easure o f w ave length  cou ld  b e  m ad e. 
T h e  displacem ent o f the upper rod  was m easured b y  m eans 
o f a cathetom eter.

A t least six readings were taken  at each tem perature. 
T h e  first m easurem ent was taken  at 2 0 ° ab ove  the liquidus 
tem perature. T h e  tem perature w as increased b y  am ounts 
o f  a bou t 20° and m easurem ents taken  at each  new  tem pera
ture up to  1300°. T h is u pper lim it was the tem perature a t 
w hich  absorption  o f  the ultrasonic v ibrations b y  th e alum ina 
rods oecam e too  greau to  enable further m easurem ents to  be 
m ade.

(6) N. E. Richards, E. Brauner and J. O 'M. Bockris, British J„ 
Applied. Phys., 6, 387 (1955).

(7) J. D. Mackenzie, Thesis, London, 1954.
(8) J. W. Tomlinson, D. C. Lowe, G. W. Mellors and J, O’M. Bock

ris, J. Sci. Instr., 31, 107 (1954).
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T able I

R esults in the Li20 -S i0 2 System
Composition 

mole % 
Li20 1150°

Velocity,
m./sec.
1200° 1300° 1150°

-----Density-----
1200° 1300° 1150°

-Compressibility- 
(cm.2 dyne“ 1) 

1200° 1300°
25 2850 2 .1 7 0 3 5 .7
30 3000 2890 2725 2 .1 7 9 2 .1 6 6 2 .1 6 5 .1 5 .5 6 .3
3 2 .8 3000 2900 2700 2 .1 71 2 .1 5 9 2 .1 5 5 .1 5 .5 6 .4
37 3000 2850 2475 2 ,1 5 9 2 .1 4 8 2 .1 3 5 .1 5 .7 7 .7
43 2490 2120 2 .1 2 8 2 .1 1 7 .6 10 .6
55 1930 1500 2 .0 6 6 2 .0 4 13 .0 2 1 .8

T h e reprodu cib ility  o f  ve loc ity  m easurem ents at each 
tem perature was ± 1 0 0  m eters /sec ., i.e., 3 -6 % .

M ixtures were m ade up b y  w eighing ca lcu lated quantities 
o f lithium  carbon ate  and pow dered  quartz in to a bottle  
which was shaken for 30 m inutes. T h e  quartz was washed 
w ith boiling, concentrated  HC1, fo llow ed  b y  distilled w ater, 
and dried. T h e  lithium  carbonate (A . R . Q uality ) had been 
heated in an oven  at 200° for 4  hours and cooled  in a desicca
tor . D up lication  o f m easurem ents was carried ou t on several 
com positions. R ep rod u cib ility  was obtained  to  within
3 -6 % .

Results
Velocity (v), density (p) and adiabatic compressi

bility (0) are given at 1150. 1200 and 1300° in 
Table I.

Figure 1 shows velocity isotherms as a function 
of composition at the same three temperatures and 
Fig. 2 shows isotherms of the adiabatic compressi
bility (calculated from the general equation v =  
\ / 1 /pfS) as a function of composition.

Discussion
Figure 2 shows clearly that there are no breaks in 

the compressibility isotherms corresponding to the 
changes in nature of the silicate groups present in 
the liquid according to the classical theory.1

The isothermal compressibility does, however, de
crease uniformly, as required by the discrete anion 
model, over the composition range 55% M 20-25%  
M 20. That this change of isothermal compressi
bility (ft) with composition is consistent with the 
form expected according to the discrete ion model 
for liquid silicates may be demonstrated in two spe
cific ways.

Firstly, the discrete ion theory indicates that at 
any given composition of the silicate between 66% 
M 20  and 10% M 20, the predominant silicate an
ions should have a characteristic length. Further, 
between cm2o =  50% and cm,o =  10%, the cross- 
section of the silicate anion should be constant, 
whilst the length, l, should increase with decrease of 
c m ,o - If ft (exptl.) is plotted against the theoreti
cal value of l calculated5 on the basis of the discrete 
anion theory, it is found that

ft °= «  ¡!jt (1)

over the composition range 50% -24%  M 20. Hence, 
as, over this range according to the discrete anion 
theory, the cross-sectional area of the silicate anions 
is supposed to be constant, the empirical result (1) 
is equivalent to the relation

ft “ “ (2)
where Fa is the molar volume of the silicate anion. 
However, according to the theory of liquids in 
terms of holes9

(9) R. Furth, Proc. Camb. Phil. Soc., 37, 252 (1941).

Fig. 1.— V elocity  o f  sound in  m eters per second as a  function  
o f the m olar percentage o f lithium  oxide.

Fig. 2 .— C om pressib ility  in c m .2 d y n e -1 as a fun ction  o f 
the m olar com position  o f the m olar percentage o f lithium  
oxide.

fis Œ oL ( a  V m /V m) (3 )

where AFm is the change of volume on melting and 
F m is the molar volume of the liquid. The change of 
A F m  on composition would not be expected to be 
great in a series of similar liquids such as the lith
ium silicates between the composition range 50-
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24% Li20. Let it be assumed here to be negligible. 
Vu for a pure electrolyte C+A-  can be regarded as 
having effectively the value (F c F a) 1/j, where F c  is 
the molar volume of the cation, which in the sys
tem at present under consideration is Vu, and is 
constant for the series of liquids examined (whilst 
F a varies, if the discrete anion theory is correct). 
Hence, for a system such as the lithium silicates 
over the range of compositions stated, Fm ^ Fa 'A 
It follows that for the systems considered equation 
3, based on the general theory of holes in liquids, 
takes the special form

ft cc AFm 
“  Fa1/*

CC a l
F a1/« (4)

if AFm is assumed independent of composition and 
the discrete anion theory is applicable. The theo
retical equation 4 therefore has the same form as 
the empirical equation 2, thus lending support to 
the assumptions made in the deduction of 4.

Secondly, the dotted line in Fig. 2 (obtained by 
extrapolating the experimental relation shown by 
the solid line to the value for the compressibility of 
vitreous Si02 at the same temperature10) suggests

(10) W. G. Cady,“ Piezoelectricity,”  Academic Press, New York, 
N. Y., 1946, p. 140.

that an inflection in the compressibility-composi
tion relation occurs between cm?o = 25 and cm2o =  
0%. If the inflection implied in Fig. 2 is assumed 
to occur approximately half way between 0 and 
25% Li20, the composition at which it takes place 
is about 12% Li20. However, it is just at a com
position near to this, namely, 10% Li20, that, ac
cording to the discrete ion theory,8 there is a radical 
change in the structure of the liquid, the discrete 
ion structure becoming, for compositions contain
ing clî2o <  10%, a partially broken down three- 
dimensional lattice. The latter structure would be 
expected to have a considerably lesser compressi
bility (i.e., fewer holes per cc.) than that of a series of 
discrete ions of nearly the same Si/O ratio (where 
holes and free space exist), so that the compressi
bility would indeed be expected to undergo a sud
den decrease in just that region of composition where 
the experimental results of Fig. 2 suggest that such 
a decrease occurs.
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Excess free energies and heats o f m ixing h ave been m easured at 35 ° fo r  b inary solutions o f  m ethyl a lcoh ol and m ethylene 
d ichloride, ch loroform  and carbon  tetrach loride, respectively . T h e  excess entropies o f m ixing obta in ed  from  them  show  that 
the system s are v ery  irregular. T h e  abnorm al behavior is m ost m arked for  solutions dilute in a lcohol. F or these solutions, 
the partial m olar properties o f the a lcoh ol becom e v ery  large as d ilution  is increased. T h is behavior requires exponential 
equations for an adequate description  o f the com position a l dependence o f the th erm odyn am ic functions, b u t pow er-series 
equations are applicable at m ost com positions. R efractiv e  indices o f the solutions have also been  m easured at 20°.

Several theories have been advanced recently of 
binary solutions of which one component is an 
alcohol.1 The experimental data with which any 
of them can be compared, however, are often 
inadequate in that the entropy changes which oc
cur on mixing are not obtained from free energy and 
thermal changes measured at the same tempera
ture. As pait of a program2 of investigating prop
erties of solutions, we have measured free ener
gies and heats of mixing of solutions of methyl 
alcohol with methylene dichloride, chloroform and 
carbon tetrachloride, respectively, at 35°. The 
free energy changes for methyl alcohol and carbon 
tetrachloride solutions at this temperature have 
been well denned by Scatchard and his co-work
ers,3’4 and those for methyl alcohol and chloro
form solutions by Kireev and Sitnikov,6 * but the

(1) See, for example, J. A. Barker, J. Chem. Phys., 20, 1526 (1952); 
C. B. Kretschmer and R. Wiebe, ibid., 22, 1697 (1954).

(2) E. A. Moelwyn-Hughes and R. W. Missen, Trans. Faraday Soc., 
in press.

(3) G. Scatchard, S. E. Wood and J. M. Moehel, J. Am. Chem. Soc., 
68, 1960 (1946).

(4) G. Scatchard and L. B. Ticknor, ibid., 74, 3724 (1952).
(5) V. A. Kireev and I. P. Sitnikov, J. Phys. Chem. ( U.S.S.R.), 15, 

492 (1941).

thermal changes have not been similarly treated. 
It is known, however, that these solutions have 
large, non-zero excess entropies of mixing, and are 
thus far from regular in Hildebrand’s sense.6 
As far as we know, there is no other available in
formation about the behavior of mixtures of 
methyl alcohol and methylene dichloride.

Experimental
Purification and Physical Properties of the Liquids.—

T h e purification  and physica l properties o f  the m ethylene 
d ich loride, ch loroform  and carbon  tetrach loride used h ave 
been d escribed .2 A . R .  m ethyl a lcoh ol was purified b y  
fraction ation , the p rod u ct being rem oved  over a tem pera
ture range o f  0 .02  to  0 .0 4 ° . I t  had a re fractiv e  index 
(n 20d ) o f  1.3287 and a density (d 2s4) o f  0 .7867. V a p or pres
sures m easured a t 5 °  intervals in the equilibrium  still from  
25 to  65° are reprodu ced  b y  equation  (1 )  w ith  a standard 
dev iation  o f 0 .4  m m .

lo g «  P° =  17.3506 -  2.9314 log,» T -  2 3 8 3 .7 /T  (1 )  
in w hich  p° is the vapor pressure, m m . and T  the absolute 
tem perature, and the constants were determ ined b y  the 
m ethod  o f least squares. T h e  boiling p o in t ca lcu lated from  
this equation  is 6 4 .5 9 °.

Apparatus.— Excess free energies o f m ixing were ca lcu 
lated from  equilibrium  data  m easured in  a m odified  G illespie,

(6) J. H. Hildebrand. J. Am. Chem. Soc., 51, 66 (1929); Faraday
Soc. Disc., IS, 3 (1953).
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condensate-recirculation  still, w hich  is described elsew here.2 
D ifficu lties similar to  those described b y  Scatchard and 
T ick n or4 were encountered in the operation  o f  the still. 
B oiling and pu m p ing  becam e less sm ooth  as the com posi
tion  o f the contents approached  th at o f  pure a lcoh ol. T h is 
cou ld  be offset b y  using a high current (u p  to  5 a m p .) in the 
internal heater. A  steady state, th at is, a tem perature 
fluctuation n ot exceeding 0 .0 2 ° , cou ld  n ot be attained for  
dilute solutions o f m ethy l a lcohol in carbon  tetrachloride 
and o f  m ethylene d ich loride in m ethyl a lcoh ol. F lu ctu a 
tions as large as 0 .1 to  0 .1 5 °  were experienced . F or  such 
solutions the com position  o f  the vapor differs greatly from  
that o f the liqu id , and it m ay b e  necessary to  use a vapor- 
recircu lation , instead o f a condensate-recircu lation , still in 
order to  elim inate the fluctuation . O therw ise, a steady 
state was attained in less than an h our, and boiling was 
usually interrupted after 1.25 hours.

T h e  calorim eter for  the m easurem ent o f  heat o f  m ixing 
is also described elsew here.2 T h is , to o , d id  n ot operate as 
successfully as w ith  m ethy l iod ide solutions. T h e  first 
therm istor had to  be replaced b y  another o f similar ty p e , 
which was enclosed in  an all-glass en velope. T h e  m ounting 
was n ot as successful in the second case, w ith  the result that 
m echanically the therm istor was n o t com pletely  stable on 
rotation . T h is was offset b y  the fa ct th at the heat effects 
were generally larger, and so the sensitiv ity  cou ld  be re
du ced . In  add ition , there was som e reaction  betw een the 
m ethyl a lcohol and the copper o f the calorim eter. T h is is 
n ot th ou gh t to  h ave seriously a ffected the results, how ever, 
as som e m easurem ents o f  the heat o f  m ixing o f m ethyl a lco 
hol and ch loro form  at 25° agreed w ith  those o f H irob e7 
within 2%. D iscs  o f e lectrolytic cop per fo il were used in
stead o f tin  as the d iaphragm  betw een the pure liquids.

Results
In the following, subscript 1 denotes methyl 

alcohol or component 1 in general, 2 methylene di
chloride or component 2, 3 chloroform and 4 carbon 
tetrachloride. Except where otherwise stated, 
the constants of the empirical equations have been 
determined by the method of least squares.

Refractive Index —The measured refractive 
indices which were used to construct the cali
bration curves for the analysis of the samples 
from the still can best be reproduced analytically 
in terms of volume fractions by the following 
equations with a standard deviation less than
0.0002

(re2°d )i2 =  1.4244 -  0.09570! -  O.OO4O0A (2a )
(M2oD)13 =  1.4462 -  0.117501 +  O.OO2O0!03 (2 b )

(re20d )14 =  1.4604 -  0.13170, (2 c )

Here 6 represents volume fraction and is calculated 
without regard to volume changes on mixing. 
Our data for methyl alcohol and carbon tetrachlo
ride solutions do not agree with those obtained by 
Hipkin and Myers8 at 20°. The average absolute 
deviation is 0.0009, and the algebraic deviation 
changes sign at a composition near that of the azeo
trope. The linearity with respect to volume frac
tion expressed by equation 2c, however, agrees 
with the finding of Pesce and Evdokimoff9 at 25°.

Free Energy of Mixing.— The measured excess 
free energies of mixing, AGE, of the three systems at 
35° are plotted as circles in Fig. 1, 2 and 3. Let 
x and y denote the compositions of the liquid and 
vapor phases in equilibrium, both expressed in 
mole fraction, and P  the total pressure in mm. 
Then AG® may be calculated from the equilib
rium data by means of the equations

(7) II. Hirobe, J. Fac. Sci., Tokyo, [I] 1, 155 (1925).
(8) H. Hipkin and H. S. Myers, Ind. Eng. Chem., 46, 2524 (1954).
(9) B. Pesce and V. Evdokimoff, Gazz. chim. ital., 70, 723 (1940).

Fig. 1.— Excess th erm odyn am ic fu n ction s : C H 3O H -C H 2C I2 
a t 35°.

Fig. 2 .— E xcess th erm odyn am ic fu n ction s: C H 3 O H -C H C I3  
a t 35°.
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M ole fraction C H 3OH.
F ig . 3.— Excess therm odynam ic functions: C H 30 H -C C 1 4 a t 

35°.

Afn-2E =  X]fiiE +  x«ixiE ( 3 )

and
Mie =  R T  In (yiP /xiP i0) (4)

where /uE is the excess chemical potential of com
ponent 1, and a similar relation applies for com
ponent 2. We have here assumed that the vapor 
phase behaves as an ideal solution, so that the par
tial pressure of component 1 is p, =  yiP.

In all three cases the excess free energies do not 
vary symmetrically with respect to composition 
expressed as mole fraction. In order to represent 
the compositional dependence of the experimental 
data adequately, we have found it necessary to use 
two types of equations for different regions of 
composition. An exponential equation has thus 
been used for solutions dilute in methyl alcohol, 
and a power-series equation for other solutions, 
except in the case of mixtures of methyl alcohol 
and carbon tetrachloride, for which two exponen
tial equations nave been used. The forms of these 
equations are

AG® =  Zj.ndfl'o +  gi{xi — X i )  +  g,(xi  — au)2] (A )
AGE = x ,x 2 e x p [00 +  0i(zi -  x 2) +  gi(xi -  z 2)2] (B )

and
AG E = XiXzlgo +  exp (g, +  g2( x i -  x 2))) (C )

where go, gi and g2 are empirical constants. In 
some cases, two-constant forms of these equations 
are adequate. The form of equation A has been 
used extensively by Scatchard.10 The type of equa
tion used, the values of the constants and the valid

(10) G. Scatchard, Chem. Revs., 44, 7 (1949).

composition range are given in Table I, in which a is 
the standard deviation in comparing observed 
and calculated values. The continuous free en
ergy curves of Fig. 1, 2 and 3 were calculated from 
these equations. This smoothing procedure has 
one disadvantage apart from the inconvenience of 
determining and using two sets of constants. 
The two sets should be made mutually consistent 
so that the resulting calculated data rigorously 
satisfy the Gibbs-Duhem equation. This has not 
been done, however, because, as is described later, 
the calculated data reproduce the experimental 
data as closely as the latter obey the above rela
tion.

T a b l e  I

C o n stan ts  o f  t h e  E x c e ss  F r e e  E n e r g y  of M ix in g  
E q u atio n s  a t  35°

System
Eq.
type 00 01 02

cal./
mole

Xl
range

CH30H -C H 2C12 B° 7.082 0.588 0.795 1 <0.2
A 892 -3 5 2 1 >  .2

CHiOH-CHCl, Ba 6.983 0.546 0.772 1 <  .2
A 794 -3 5 4 56 1 >  .2

CHoOE-CCU B“ 11.452 10.735 7.200 2 <  .1
c 12006 4.635 -2 .0 8 6 2 >  .1

° C onstants obtained b y m ethod of averages. 1o

tained b y  inspection from  (AGP/x-iXi) — xi  p lot.

The calculated data for methyl alcohol and 
chloroform solutions agree with those of Kireev 
and Sitnikov6 within an average of 5 cal./mole. 
Scatchard, Wood and Mochel3 have measured 
At?E for methyl alcohol and carbon tetrachloride 
solutions at 35 and 55°. Their data have been 
recalculated by Scatchard and Ticknor4 and 
smoothed in the form of a 5-constant equation of 
type A, which reproduces their data well when xi >
0.1 but not when xi <  0.1. In the former region 
their calculated data agree with the present data 
within an average of 3 cal./mole. Both sets of 
calculated data yield total free energies of mixing 
which barely escape the “ two-phase catastrophe”  
between X\ =  0.1 and 0.2.

These three systems are azeotropic. The com
positions of the minimum-boiling azeotropes were 
determined graphically from y-x  plots, and are xx =
0.143 for methyl alcohol and methylene di chloride, 
xi =  0.295 for methyl alcohol and chloroform and 
xi =  0.503 for methyl alcohol and carbon tetra
chloride.

The equilibrium data were tested for internal con
sistency by plotting ¡xiE — a2E against xi.11 The 
ratios of the areas below and above the composi
tion axis were 1.01, 1.02 and 1.04 for the methyl 
alcohol-methylene dichloride, methyl alcohol- 
chloroform and methyl alcohol-carbon tetrachlo
ride systems, respectively.

Heat of Mixing.— The measured heats of mixing 
for the three systems at 35° are given in Table II 
and are plotted as circles in Fig. 1, 2 and 3. As in 
the case of AGB, more than one equation is required 
to smooth the data adequately for each system. 
The cype of equation used, the values of the con
stants and the valid composition range are given 
in Table III, in which the constants h0, hi and h2 
replace g0, gi and g2 of equations A, B and C. For

(11) O. Redlieh and A. T. Kister, Ind. Eng. Chem,, 40, 345 (1948),



May, 1957 T hermodynamic Properties of M ethyl Alcohol-C hloromethane Solutions 521

dilute solutions of methyl alcohol in carbon tetra
chloride, no equation of the above types with 
less than 5 constants has been found to lit the 
experimental data without introducing inflection 
points. These data have therefore been smoothed 
graphically. The continuous heat of mixing 
curves in Fig. 1, 2 and 3 were calculated from the 
constants of Table III.

T a b l e  II

H e a t s  o f  M ix in g  a t 3 5 ° in C a l . / M ole
CHsOH-CH îCL CHiOH--CHCI. CÎLOH--ecu

X i A tfi!« X I A J i u M A H u \ i

0 .0 1 9 53 0 .0 3 5 63 0 .0 1 9 60
.042 103 .081 105 .035 79
.065 129 .191 105 .070 96
.155 179 .192 105 .119 104
.171 177 .350 35 .120 106
.292 173 .507 -  51 .226 106
.447 125 .669 - 1 2 2 .389 91
.618 53 .792 - 1 3 1 .542 65
.758 4 .883 -  99 .550 64
.854 - 1 4 .949 -  51 .703 29
.929 - 1 3 .827 6

.900 0

T a b l e  III

C o n st an t s  o f  t h e  H e a t  o f  M ix in g  E q u a tio n s  a t  35°
a,

Eq. ca)./ xi,
System type ho h i  h i mole range

CH1OH-CH2CI2 B“ 6.524 0.310 1.886 2 < 0.3
A 420 -8 9 4  191 2 >  .3

CH.OH-CHCh B“ 4.414 -3 .3 9 0  ........ 1 <  .25
A -1 9 8 -1 1 6 6  226 2 >  .25

CHiOH-CCl. Data graphically smoothed <  .35
A 296 -  380 ........ 1 >  .35

“ Constants obtained by the method of averages.

Ilirobe7 has measured the heat of mixing of 
methyl alcohol and chloroform solutions at 25°, 
but there is a systematic deviation between his 
results and ours, which is believed to be caused by 
the temperature dependence cf AHuu. Scatchard, 
Ticknor, Goates and McCartney12 have measured 
AHum at 20° and Scatchard and Ticknor4 have ad
justed these to 35° with the help of data on the 
temperature dependence of AGue. As well as can be 
judged from their graph, our values agree with 
theirs within 2 to 3 cal./mole for X\ >  0.5, but their 
endothermic maximum of 86 cal./mole is con
siderably lower than ours of 106 cal./mole.

Entropy of Mixing.—The excess entropies of 
mixing were calculated from the free energies and 
heats of mixing from

T a S e =  A -  AG E (4)

The calculated data are plotted as the entropy of 
mixing curves in Fig. 1, 2 and 3, which show that 
these solutions are far from regular. For each sys-

(12) G. Scatchard, L. B. Ticknor, J. P„. Goates and E. R. McCart
ney, J. Am. Chem. Soc., 74, 3721 (1952).

tern there is a small region of positive A/SE and a 
much greater region of negative ASE. The former 
is greatest for the methyl alcohol-methylene di
chloride system and least for the methyl alcohol- 
carbon tetrachloride system.

Discussion
The highly irregular behavior of solutions of 

methyl alcohol and the chloromethanes contrasts 
greatly with that of solutions of methyl iodide and 
the chloromethanes, which we have shown to be 
nearly regular.2 Molecules of methyl iodide and 
methyl alcohol have net dipole moments of about 
the same magnitude, 1.6 X ICG18 e.s.u., but, as has 
been pointed out,13'14 this is not a reliable criterion 
for similarity of behavior in solution. The pres
ence of the hydroxyl group in the alcohol molecule 
gives rise to the conventionally accepted view that 
liquid methyl alcohol is a mixture of monomeric, 
dimeric and polymeric molecules held together in 
chain-fashion by transient hydrogen bridges.16 
There is no comparable “ structure”  in methyl io
dide.

The features of the excess entropy of mixing 
curves of Fig. 1, 2 and 3 have been discussed quali
tatively on several previous occasions.1-3-16’17 The 
positive excess entropies of mixing for solutions 
dilute in alcohol have thus been attributed, in part, 
to increased rotational entropy as the hydrogen- 
bridged network of alcohol molecules is endother- 
mally broken up. The large negative excess entropies 
of mixing over the greater part of the composition 
range are due to clustering of like molecules, or 
perhaps even of unlike molecules in definite propor
tions in the case of methyl alcohol and chloroform.16

In agreement with the positive values of ASB for 
solutions dilute in alcohol is the fact that the par
tial molar properties of the alcohol are unusually 
large in these solutions. The excess chemical 
potential (;uE) of the alcohol in dilute solution of 
chloromethane as calculated by equation B is about 
twice that of the chloromethane in dilute solution 
of alcohol. Differentiation of the heat of mixing 
equations would show a similar abnormality for the 
partial molar heat content. It is this feature, 
which results in correspondingly large values of the 
total molar properties in this region, which makes 
it impossible for power-series expansions to de
scribe adequately the compositional dependence 
of the excess free energies and heats of mixing.

Acknowledgment.— R. W. Missen thanks the 
Athlone Fellowships Managing Committee for 
financial assistance during the period of this work.

(13) J. D. Bernal, Trans. Faraday Soc., 33, 210 (1937).
(14) J. H. Hildebrand and R. L. Scott, “ Solubility of Non-electro

lytes,”  3rd ed., Reinhold Publ. Corp., New York, N. Y., 1950, p. 2.
(15) W. H. Zachariasen, J. Chem. Phys., 3, 158 (1935).
(16) G. Scatchard and C. L. Raymond, J. Am. Chem. Soc., 60, 1278 

(1938).
(17) S. E. Wood, J. Chem. Phys. 15, 358 (1947).
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C onstant pressure heat capacities betw een  12 and 3 2 0 °K . are presented fo r  potassium  and an a lloy  o f com position  N a 2K . 
T h e  N a 2K - K  eu tectic poin t w as established to  be — 12.65 ±  0 .01°, and the in congruent m elting poin t or m eritectic p o in t 
fo r  N a 2K  w as established to  b e  6 .90 ±  0 .0 0 °. F rom  the heat ca p a city  data  the entropies at 273.16 and 2 9 8 .1 6 °K ., re la tive  
to  absolu te  zero, are fou n d  to  be, 14.77 ±  0.03 and 15.38 ±  0 .03 e .u ./g . a tom  fo r  potassium , and 12.48 ±  0.02 and 16.07 ±
0.03 e .u ./g . a tom  fo r  N a 2K , respectively . A  residual en trop y  fo r  N a 2K  a t absolu te  zero w as estim ated, assum ing an ideal 
en trop y  o f m ixing, to  b e  —0.05 e .u ./g . a tom ; this result suggests th a t the en trop y  o f  form ation  o f N a 2K  exceeds th e ideal 
m ixing en trop y . N o  low  tem perature “ transition  anom alies’ ’ o f  the ty p e  reported  fo r  sodium , rubidium  and cesium  w ere 
detected . A nom alous rising of the heat ca p a city  o f N a 2K  a bou t 100 degrees below  the incongruent m elting poin t, as fou n d  
fo r  the pure m etals, indicates th at the cause of the excess heat ca p a city  is n ot the open  structure of the b od y -cen tered  cu b ic  
lattice. T h e  a lloy  deviates n egatively  from  the K op p -N eu m a n n  rule be low  5 0 °K . and in a  positive  m anner thereafter.

Introduction
The present study is part of a continuing series of 

investigations being carried out in this Laboratory 
dealing with the thermodynamics of metallic ele
ments and selected intermediate phases.3 Na2K 
was selected for inclusion in the group of studies be
cause it seems to be an excellent example of a size 
stabilized compound.4 In addition the thermal 
and electrical properties of sodium and potassium 
exhibit a number of peculiarities, and there was 
hope that a study of the thermal properties of the 
alloy might further our understanding of the be
havior of these elements.

There are at least three unusual properties of the 
alkali metals. First, the constant volume heat 
capacities of sodium and potassium begin to ex
ceed the Dulcng-Petit limit at 240 and 150°K., re
spectively. Second, Dauphinee, MacDonald and 
Preston-Thomas5 have shown that sodium in the 
Dry Ice range exhibits a specific heat anomaly 
which depends upon the thermal history of the 
sample. Third, MacDonald6 has pointed out that 
potassium, rubidium and cesium have resistance- 
temperature characteristics between 150 and 
200°K. which are time dependent. These phenom
ena clearly indicate complexities with the alkali 
metals which are not in accord with the usual con
cepts of these substances as simple and well under
stood metals. MacDonald’s resistance measure
ments suggested the possibility of a heat capacity 
anomaly in potassium around 175°K. This pos
sibility, the paucity of reliable heat capacity data 
for potassium, and the need for such data in con
nection with the study of Na2K were the factors 
responsible for the decision to redetermine the heat 
capacity of potassium over the range covered in 
the present work.

(1) From a thesis submitted by C. A. Krier in partial fulfillment 
of the requirements for the Ph.D. degree at the University of Pitts
burgh, January, 1955.

(2) This work was assisted by the U. S. Atomic Energy Commis
sion.

(3) L. W. Coffer, R. S. Craig, C. A. Krier and W. E. Wallace, J. Am. 
Chem. Soc., 76, 241 (1954).

(4) B. Chalmers, “ Progress in Metal Physics," Yol. I, Interscience 
Publishers, New York, N. Y., 1949, Chapter 1 by G. V. Raynor, 
“ Progress in Theory of Alloys," p. 34.

(5) T. M. Dauphinee, D. K. C. MacDonald and H. Preston-Thomas, 
P toc. Roy. Soc. (.London), 221A, 267 (1954).

(6) D. K. C. MacDonald, Phil. Mag., 43, 479 (1952).

Experimental Aspects
Apparatus U sed .— T h e  equ ipm en t and techn ique w ere, 

in the m ain , the sam e as h ave been in use in this L aboratory  
for several y ea rs .7 T h e  on ly  change necessary was to  
adap 'j the sam ple container to  a ccom m odate reactive m etals. 
O rdinarily  th e sam ple container is sealed in the op en . This 
practice  can n ot b e  fo llow ed  in the present instance due to  
a tm ospheric a ttack  o f  the sam ples. A ccord in g ly  an inner 
container was p rov id ed  w hich  held the potassium  or N a 2K  
and w hich  was sealed off under an atm osphere o f  helium  
in a special “ d r y -b o x ”  arrangem ent.8 T h e  inner container 
■was a cylindrica l copper vessel w ith  a m onel top  and b o tto m . 
I t  was prov ided  w ith  a tapered hole ly in g  a long the axis o f 
the cylinder and extending entirely through  it . T h e  ta 
pered pin  o f  the regular sam ple container fitted  in to  the 
tapered  h o le . T h e  tapered pin  was lubricated w ith  a sm all 
am ou n t o f  A piezon  grease to  assist in  m aking a g ood  therm al 
b on d  betw een the inner container and th e sam ple container. 
F u rther constructional details o f the inner container are given  
elsew here.9 A fter the sam ple had been in troduced  in to the 
inner container (th e sam ple being liqu id  in each case as it 
was in trod u ced ), and that container sealed, all under an 
atm osphere o f purified helium , the inner container was 
placed  in th e regular sam ple container and sealed in the usual 
w a y .

I t  was o f  course necessary to  recalibrate the sam ple con 
tainer w ith  the inner container in p la ce . T h e  recalibra
tion  consisted o f  109 determ inations o f the heat cap acity  
o f  the em p ty  calorim eter extending from  10 to  3 2 5 °K .

P reparation  o f M ater ia ls.— T h e starting m aterials for the 
sam ples were a pou nd o f  nom in ally  pure potassium  and a 
pou nd o f  sod iu m -potassiu m  a lloy  (ap prox im ate ly  4 4 %  b y  
w eight p otassiu m ). These w ere d onated  b y  the A line Safety  
A pp l.ances C om p an y  o f  C allery , P a .10

T h e potassium  was triple d istilled under high vacu u m  in 
an a ll-P yrex  still and on ly  the first 4 0 %  o f  the m aterial dis
tilling over was retained fo r  use. T h e  purified potassium  
was a sam ple having a volu m e o f 250 c m .3. P ortion s o f  this 
were used fo r  the determ inations on pure potassium  and for 
preparing th e sam ple o f  N a 2K . T o  ascertain  the extent o f  
th e im purities present, sm all sam ples o f  th e pure m etal and 
th e a lloy  w ere con verted  to  th e ch loride and analyzed in this 
state sp ectroscop ica lly . M eta llic  im purities, oth er than 
tin , alum inum , boron  and silicon were fou n d  to  b e  present 
on ly  in spectroscop ic traces. I t  seem s fa irly  certain  th at 
these four elem ents, w hich  were present in on ly  slightly 
greater am ounts, were in troduced  in the process o f con v ert
ing the m etals in to  salts. Further details o f  the analysis 
are given  elsew here.9

T h e  bu lk  supply  o f  a lloy  had a com position  o f  approxi
m ate ly  4 4 %  potassium  b y  w eight whereas the percentage o f

(7) R. S. Craig, C. A. Krier, L. W. Coffer, E. A. Bates and W. E. 
Wallace, J. Am. Chem. Soc., 76, 238 (1954).

(8) E. E. Ketchen, F. A. Trumbore, W. E. Wallace and R. S. 
Craig Rev. Sci. Instruments, 20, 524 (1949).

(9) C. A. Krier, Ph. D. Dissertation, University of Pittsburgh, 
1955.

(10.» The authors acknowledge with thanks the cooperation of Dr. 
C. B. Jackson in obtaining the samples.
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potassium in Na2K is 45.96. To facilitate the preparation 
of Na»K, a portion of the bulk supply was enriched with 
potassium to a percentage of about 47. The compositions 
of these two stock alloys were then determined to be 47.44 ±  
0.02 and 42.95 ±  0.04 weight % potassium by converting 
weighed samples into the chloride. Appropriate volumes 
of the two stock solutions were mixed under helium to 
give an alloy of composition Na2K.

The prepared sample was analyzed in two ways, by con
version to the chloride and with a flame photometer. The 
results obtained by these two independent schemes of an
alysis were 46.07 ±  0.02 and 46.08 ±  0.16 weight % potas
sium, respectively. The Na2K sample therefore contained a 
slight excess of potassium, 0.0030 ±0.0006 gram atom out 
of a total of 2.0027 gram atoms of sodium and potassium.

The presence of excess potassium in the sample also could 
be demonstrated calorimetrically. The calorimetric equip
ment was used to determine cooling curves in the usual way 
and an arrest at —12.65 ±  0.01° was observed. This tem
perature corresponds to the Na2K -K  eutectic point.11 It 
was a simple matter to determine the energy associated with 
this arrest, which was found to be 2.44 cal. From this it was 
possible to estimate the amount of excess potassium present 
in the sample as 0.0018 gram atom. However, this com
putation involves the heat of mixing of the supercooled 
liquid metals, a quantity which is very imperfectly known, 
so that the estimate of the potassium excess obtained in this 
way may be in error by as much as 50%. If this is borne in 
mind, it is seen that the thermal and analytical methods are 
in substantial agreement as regards the excess of potas
sium in the sample.

Synthesis of Na2K .—The preparation of the intermediate 
phase Na2K, which is the stable form of the system below 7°, 
presented some difficulties. Above 20° Na2K is liquid; on 
cooling, sodium begins to precipitate out at 20°. Na2K 
forms by a meritectic reaction beginning at 7°. If this 
reaction is not allowed to run to completion, the system 
below 7° consists of Na2K plus a mixture of sodium and po
tassium. The magnitude of the heat effect at the eutectic 
temperature can be used to estimate the degree of comple
tion of the reaction. In the early attempts there was a 
comparatively large heat effect at the eutectic point indicat
ing the reaction to be far from completion. The preliminary 
work indicated that to effect a complete transformation it 
was necessary to cool through the two-phase region (20 to 7°) 
as rapidly as possible. Under these conditions the precipi
tated sodium is well dispersed and the meritectic reaction 
occurs at a maximum rate. If the cooling through the two- 
phase region is slow, the sodium particles apparently in
crease in size to the point that completion of the reaction 
cannot be achieved in a length of time which is experi
mentally feasible. In the technique which proved to be suc
cessful the sample was cooled using liquid nitrogen. With 
this procedure, its temperature dropped to the meritectic 
point in less than 9 min. and to 198°K. in a total of 70 min. 
It was then raised to 272 °K. and kept there for six hours 
with the adiabatic shield control, and was kept an addi
tional 37 hours at temperatures between 265 and 275°K. 
Since heat is evolved as Na2K forms, it was possible to 
ascertain whether the reaction was still under way by 
noting the temperature rise of the sample container under 
adiabatic conditions. At the end of 43 hours the warm-up 
rate had fallen to essentially zero and the reaction seemed 
to have run its course. After another 24 hours a measure
ment was made to see how much heat was absorbed on 
warming through the eutectic point; from the observed heat 
effect the conclusion was reached that the reaction was bet
ter than 99.8% complete. The sample was held an addi
tional 12 hours at 275°K. and was then permitted to drift 
down in temperature toward the Dry Ice point.

These various operations were, of course, carried out with 
the sample in the calorimeter.

Experimental Results
Heat Capacities of Potassium.— Measurements 

were made using 52.8823 g., or 1.3525 g. atoms, of 
potassium. Six series of determinations were 
carried out as shown

(II) G. L. C. M. Van R. H. Yon Bleiswijk, Z. anorg. Chetn,, 74, 
Rand S 152 (1912).

Temp, 
range, 

Series °K.
1 292-321 

II 277-325
III 200-289
IV 203-289 
V 101-199

Thermal history
As sealed into calorimeter 
As sealed into calorimeter 
Cooled from 294 to 200°K. in 45 min.
Cooled from 289 to 203°K. in 26 hr.
Cooled from room temp, to 134°K. in 65 hr., 

then from 134 to 10°K. in one hr. Me
chanical failure occurred in Collins Ma
chine so that experiments below 100°K. 
could not be performed cooled from room 
temp, to 144°K. in 47 hr., from 144 to 
10°K. in one hr.

VI 10-230

Results of the individual measurements and 
smoothed heat capacities are given in Tables I and
III. Precision of the measurements is of the order 
of 0.1%. The average deviation of the individual 
determinations from a smooth curve drawn through 
all the points is 0.075% and only 11 of the 110 meas
urements deviate by more than 0.15%.

T a b l e  I
H e a t  C a p a c it y  V a lu e s  o f  P o ta ssiu m  fro m  I n d iv id u a l  

D e t e r m in a t io n s

Temp.,°K.
cal./ 

deg. g. atom Temp.°K.

C„, cal./ deg. g. atom ■
Temp.°K.

Gp,cal./ deg. g. atom
Series I Series IV Series VI

295.09 7.048 205.79 6.470 11. 12 0.840
300.32 7.096 210.48 6.497 12.62 1.102
305.68 7.163 215.42 6.519 14.64 1.446
311.50 7.205 220.52 6.536 16.99 1.851
317.61 7.313 225.65 6.567 19.51 2.260

230.91 6.595 22.16 2.685
Seri< s l l 236.34 6.625 25.03 3.092

241.80 0.653 28.10 3.473
279.94 0.898 247.30 6.684 31.36 3.818
284.92 6.931 252.85 6.714 34.76 4.130
290.08 6.976 258.36 6.745 38.29 4.384
295.34 7.036 263.85 6.775 41.98 4.616
300.63 7.069 269.31 6.816 45.82 4.799
306.08 7.154 274.87 6.856 49.80 4.979
311.69 7.218 280.54 6.911 54.14 5.135
317.33 7.295 286.21 6.948 59.06 5.278
322.80 7.404 64.32 5.416

Seri' ;s V 69.67 5.519
Series III 75.32 5.604

103.73 5.917 81.26 5.702
202.17 6.456 109.03 5.965 87.32 5,783
206.63 6.477 114.43 6.000 93.62 5.836
211.31 6.501 119.82 6.036 ]00.05 5.889
216.26 6.522 125.10 6.069 106.35 5.939
221.34 6.544 130.43 6.099 112.46 5.987
220.44 6.562 135.80 6,132 118.43 6.023
231.69 6.606 141.23 6.164 124.27 6.064
237.10 6.626 146.71 0.190 129.99 6.099
242.51 6). 662 152.12 6.225 135.81 6.133
248.00 6.681 157.46 0.267 141.74 6.167
253.48 6.717 162.88 6.290 .147.57 0.205
258.92 6.747 168.36 6.307 153.52 6,230
264.37 6.775 173,85 6.326 .159.61 6.258
269.82 6.820 179.36 6.353 165.63 6.290
275.37 6.854 184.82 6.376 171.77 6.316
281.02 6.894 190.42 C. 399 178.02 6.382
286.62 6.953 196.14 6.424 184.20 6.370

190.37 6.397
196.38 6.423
202.20 6.453
207.39 6.477
212.07 6.499
217.01 6.519
222.09 6.550
227.15 6.568
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Previously measurements of the heat capacity of 
potassium have been made by Simon and Zeidler,12 
Carpenter and Steward,13 and Douglas, et al.u 
Simon and Zeidler covered the range 15 to 275°K. 
but the other ~wo studies were for higher tempera
tures and only a few measurements overlapped the 
temperature range covered in the present study. 
Above 60°K. the deviation of Simon and Zeidler’s 
results from those in this study never exceeds 1%. 
Between 60 and 160°K. the two sets of data are in 
agreement to within about 0.2% but above 160°K. 
their data are consistently higher by about 0.8%. 
Below 60 °K. their data fall well below the present 
determinations, being 10% lower at 15°K. The 
results of Carpenter and Douglas are in most cases 
higher than the present data, but the scatter is 
large, averaging about 2%. After the present 
study was completed, it was learned that Dau- 
phinee, Martin and Preston-Thomas had deter
mined the heat capacities of potassium between 30 
and 320°K. Their results, which have since been 
published,16 are in good agreement with the results 
obtained in this study. Above 50°K. their data 
show an average deviation of 0.2% from the present 
results. The deviations are larger below 50°K. 
but even here the differences average only 0.4%.

Heat Capacities of Na2K in the Single Phase 
Temperature Regions.—-Measurements were made 
using 56.832 g. or 2.0027 g. atoms of alloy.16 
A total of 115 determinations in the range 12 to 
321°K. were made. The original 85 measurements 
were made in six series of determinations. Series 
I (68-205°K .': after being prepared the sample 
was cooled from 275 to 222°K. in 13 hours, from 
222 to 68°K. in two hours. Series II (10-78°K.): 
it was necessary to transfer the calorimeter from 
the liquid nitrogen cryostat used in Series I to the 
Collins helium cryostat without warming above the 
meritectic point for Na2K. The sample was cooled 
to 86°K. and the vacuum broken with helium. 
The assembly then was detached from the nitrogen 
cryostat vacuum line, connected temporarily with 
a portable vacuum system, and placed in the helium

(12) F. Simon and W. Zeidler, Z. physik. Chem., 123, 383 (1926).
(13) L. G. Carpenter and C. J. Steward, Phil. Mag., 27, 202 (1939).
(14) T. B. Douglas, A. F. Ball, D. C. Ginnings and W. D. Davis, 

J. Am. Chem. Soc., 74, 2472 (1952).
(15) T. M . Dauphinee, D. L, Martin and H. Preston-Thomas, 

Proc. Roy. Soc. {London), A233, 214 (1955).
(16) The sample mass was not obtained by direct weighing. Ini

tially the calorimeter was loaded with 57.4049 g. or 2.0229 g. atoms of 
sample. After the entire temperature range had been covered, the 
equipment was taken apart to introduce another sample whereupon it 
was found that the calorimeter had been filled too full. The sample had 
expanded at the highest temperatures, broken open the seal, and a 
small amount had dropped onto the adiabatic shield. Repetition of 
the entire work hardly seemed a justifiable expenditure of time con
sidering that the error in mass was small, about 1 %, and could be esti
mated. It was not clear when the pendulant drop detached itself from 
the calorimeter bur the possibilities were limited to two times: (1) 
before any data were taken, since the sample was, for purposes of 
homogenization, warmed up to 320° K. prior to any measurements and 
(2) at the time solid Na2K was converted into liquid alloy and solid 
sodium, that is, at 280°K. Continuity of heat capacity data excluded 
any other times. Accordingly, the container was resealed with a 
weighed portion of Na2K  and thirty additional heat capacity deter
minations were made, distributed equally above and below 280° K. 
By comparing these with the original 85 determinations it was pos
sible to determine the mass of the sample involved in the original work. 
In this way it was found that the loss in mass occurred before any 
measurements were made. The mass was determined by this proced
ure to be 56.832 g. with a probable error of the mean of ±0.021 g.

cryostat which then was set in operation. When 
it had cooled to about 200°K., the vacuum in the 
calorimeter was broken with helium, the temporary 
system detached, and the permanent system con
nected. During these operations the sample tem
perature was monitored, and it at no time rose 
above 200°K. The sample was cooled to 148°K. 
in 16 hours and from there to 4°K. in 40 min. 
Series III (195 to 263°K.) : the assembly was trans
ferred from the helium cryostat to a Dry Ice- 
acetone cryostat after Series II using the auxiliary 
vacuum system as described above. Series IV 
(237-324°K.) : the sample was held at 196°K. for 
two weeks while results of the earlier series were 
calculated. Series V (301-324°K.): the sample 
was held at room temperature for five days. Series 
VI (281-303°K.) : after Series V the temperature 
was dropped from 324 to about 275°K. in 20 min. 
and a slow heating of the sample was begun to es
tablish the Na2K  meritectic temperature. Heating 
was interrupted four times and the equilibrium 
temperature was measured. The equipment was 
left for 9 hours during which time the temperature 
fell from 281 to 262°K. With resumption of work 
it was heated to 281°K. and the Series VI measure
ments begun.

The results of the determinations are assembled 
in Table II and smoothed results are given in 
Table III. In each case a correction has been

T a b l e  I I

H e a t  C a p a c it y  V a l u e s  o p  Na2K fro m  I n d iv id u a l  D e t e r 
m in a t io n s

Temp.,
°K.

c P,
cal./ 

deg. g. 
atom

Temp.,
°K.

C p, 
cal./ 
deg. g. 
atom

Temp.,
°K.

Cp, 
cal./ 

deg. g. 
atom

Series I Series I I Series IV
71.22 4.995 12.19 0.320 240.21 6.701
80.48 5.226 15.15 0.600 245.52 6.767
86.62 5.349 16.35 0.732 250.80 6.793
93.16 5.462 17.84 0.916 256.13 6.929
99.43 5.547 20.56 1.265 265.49 7.052

105.51 5.617 23.66 1.675 268.68 7.142
111.43 5.687 26.34 2.018 271.89 7.237
117.20 5.742 29.34 2.380 275.89 7.469
122.86 5.796 32.86 2.774 284.91 15.135
128.41 5.850 32.53 2.732 288.17 14.833
133.87 5.890 36.60 3.137 291.55 13.430
139.27 5.934 40.98 3.490 295.33 11.422
14*=. 58 5.967 45.57 3.834 299.71 10.085
149.81 5.999 50.37 4.147 304.50 8.997
154.95 6.032 54.97 4.394 309.73 8.402
160.24 6.062 59.43 4.589 315.51 8.040
165.66 6.094 64.31 4.745 321.42 7.996
171.00 6.126 69.54 4.945
176.31 6.156 74.94 5.092 Series V
181.59 6.192
186.82 6.216 Series I I I 303.57 8.148
192.12 6.258 308.01 8.113
197.51 6.295 197.88 6.309 312.12 8.082
202.84 6.326 202.63 6.350 316.32 8.042

207.56 6.382 321.00 8.007
212.59 6.424
217.70 6.488 Series V I
222.90 6.543
228.11 6.587 282.27 15.973
233.34 6.636 284.12 16,156
238.60 6.698 286.14 16.263
243.89 6.763 288.17 15.996
249.21 6.825 290.42 14.875
254.49 6.884 293.19 12.624

296.65 10.408
300.87 9.142
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made for the heat capacity of the 0.0030 g. atom 
of excess potassium present.

T a b l e  II I
Sm ooth ed  A to m ic  H e a t  C a p a c it y  o f  K  an d  N a 2K

Temp., Cp,
°K. cal./deg. g. atom

Temp.,
°K. cal./deg

c„,
g. atom

K N a 2K K N a2K
12 0.993 0.304 155 6.239 6.030
14 1.337 .483 160 6.263 6.061
15 1.508 .583 165 6.287 6.090
16 1.678 .691 170 6.309 6.120
18 2.014 .931 175 6.331 6.150
20 2.345 1.193 180 6.353 6.181
22 2.CCI 1.458 185 6.375 6.211
24 2.952 1.719 190 6.396 6.243
25 3.088 1.847 195 6.418 6.278
26 3.218 1.974 200 6.441 6.316
28 3.4C2 2.219 205 6.466 6.358
30 3.681 2.454 210 6.489 6.402
35 4.150 2.984 215 6.514 6.448
40 4.494 3.416 220 6.538 6 498
45 4.765 3.791 225 6.564 6.548
50 4.987 4.123 230 6.590 6.601
55 5.163 4.394 235 6.617 6.654
60 5.307 4.611 240 6.644 6.711
65 5.427 4.798 245 6.670 6.769
70 5.526 4.959 250 6.697 6.828
75 5.612 5.094 255 6.725 6.891
80 5.685 5.215 260 6.754 6.961
85 5.749 5.319 265 6.784 7.043
90 5.802 5.409 270 6.818 7.178
95 5.847 5.486 273.16 6.840 7.302

100 5.890 5.553 275 6.854 7.407
105 5.929 5.615 280 6.893
110 5.968 5.671 280.06 7.909 Solid
115 6.004 5.721 285 6.933
120 6.038 5.771 290 6.976
125 6.070 5.816 295 7.022
130 6.099 5.860 298.16 7.052
135 6.128 5.900 300 7.071
140 6.157 5.937 305 7.126 8.140 Liquid
145 6.186 5.971 310 7.188 8.093
150 6.213 6.001 315 7.262 8.050

320 7.348 8.012

The precision of the results is of the order of
0.1%. The average deviation of the individual 
determinations from a smooch curve is 0.06% and 
59 out of the 69 measurements made led to results 
which deviated from the smoothed curve by less 
than 0.1%.

Heat Capacities of Na2K in Two Phase Tempera
ture Regions.— Up to this point, except for Table 
II, data for the temperature region between 280 
and 295 °K., in which range the stable state of the 
system is solid sodium- plus liquid alloy, have been 
excluded from consideration. This range was 
covered in the measurements in Series IV and VI. 
The results, shown in Fig. 1, of the two series of 
determinations reveal (1) an excess in the heat ca
pacity and (2) discrepancies between the two sets 
of measurements. Part of the excess heat capacity 
probably is due to a destruction of local order in 
the liquid alloy, which is just above its solidification 
point. The majority, however, seems to originate 
with the heat of solution of sodium in the alloy, a 
process which undoubtedly is endothermal and 
comparable with the heat of fusion of sodium. 
The existence of the excess heat capacity above 
295 °K. and the discrepancies between the series 
IV and Series V determinations between 303 and 
315°K. show clearly that the measurements above 
280°K. do not refer to the system in an equilibrium 
state. Sodium apparently did not dissolve suffi-

ciently rapidly to maintain saturation in the region 
below the liquidus and solution was continuing 
above 295°Iv. Series VI was carried out more 
slowly than Series IV and the heat capacity excess 
was more nearly concentrated in the temperature 
range expected from the equilibrium diagram.11

It was of interest to ascertain whether the 
integrated excess heat capacity in Fig. 1 agreed 
with that which was expected from the heat of 
solution of the amount cf sodium involved. This 
was possible only for the results of Series IV since 
the sample had not been completely transformed 
prior to Series VI and the amount of sodium present 
was not known. With the aid of Van Bleiswijk’s 
phase diagram it is possible to ascertain the rela
tive amounts of sodium and liquid alloy, and the 
composition of the latter, for temperatures just 
above the meritectic point. One can then write 
down a series of simple thermochemical steps to 
represent the change of state of the system between 
that point and 320°K. Using the thermal data 
of Ginnings,17 et al., for the necessary heat capacity 
and heat of fusion information for sodium the en
thalpy change 'AHc) for raising the temperature 
from 280.06 to 320°K. is calculated18 to be 443 
cal./g. atom. The measured value (A //m) is also 
443 cal./g. atom. The maximum uncertainty in 
AHm — AH0 is estimated to be ±  4 cal./g. atom. 
Thus a good accounting for the excess heat capacity 
is made on the basis of the dissolving of sodium.

Determination of Fixed Point Temperatures and 
the Heat Effect at the Na2K Meritectic Point.—  
The Na2K -K  eutectic point was established during 
the preparation of Na2K by heating the sample with 
low power input and by allowing the sample to cool. 
The heating was interrupted three times and the 
equilibrium temperature determined. The average 
value was 260.524 ±  0.003°K. In the cooling ex
periment the temperature was constant for 16 min. 
at 260.500°K. The eutectic temperature is taken 
to be 260.51 ±  0.01 °K. or -12.65 ±  0.01°. This 
may be compared with —12.6, —12.5 and —12.3° 
obtained by Van Bleiswijk,11 Rinck19 and Miller, 
Ewing, Hartman and Atkinson,20 respectively.

The incongruent melting point, or meritectic 
point, for Na2K was established in an experiment 
in which the sample was heated and the equilibrium 
temperature measured for various fractions of the 
solid melted. The heating was interrupted four 
times and the equilibrium temperature established. 
When the fractions melted were 0.003, 0.015, 0.11 
and 0.65 the observed temperatures were 280.- 
0581, 280.0584, 280.0585, 280.0582°K., respec
tively. The meritectic point is therefore taken 
to be 280.058 ±  0.001°K. or 6.90 ±  0.00°. This 
temperature was determined by Van Bleiswijk11 
to be 6.90° and by Rinck19 to be 6.6°.

(17) D. C. Ginnings, T. B. Douglas and A. F. Ball, J. Research Natl. 
Bur. Standards, 45, 23 (1950).

(18) The calculation is made under two assumptions: (1) that the 
atomic heat capacity of liquid Na-K  alloy is independent of composi
tion between 42 and 33.44% potassium and (2) that the mixing of 
(supercooled) sodium and liquid alloy at 320°K. is athermal. The 
heat of mixing is small and independent determinations vary even as to 
its sign.

(19) E. Rinck, Compt. rend., 197, 49 (1933).
(20) R. R. Miller, C. T. Ewing, R. S. Hartman and H. B. Atkinson, 

Jr., Naval Research Laboratory Report No. C-3105 (1947).
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The phase change occurring at 280.06°K. can be 
represented as
1 /3  Nas-K(s) — ■ 0 .7 9 4 A llo y (l , 42 a tom ic %  K )  +  0.206 N a (s )

To obtain AH for the process one heats the sample 
from Ti to T2, ’.there these are temperatures just be
low and above 280.06°K., respectively. Correction 
for the heat absorbed between Ti and 280.06 was 
made using the measured heat capacities of Na2K. 
A similar correction for the heat absorbed between
280.06 and T2 involved the heat capacity data for 
the two phase region, which as indicated earlier 
are not entirely satisfactory. The correction is 
small, however, and the error introduced into AH 
for the process is slight. Using the Series IV data 
AH =  700 cal./g. atom whereas with the Series 
VI data, AH =  697 cal./g. atom. One can also 
estimate, using the extrapolated data in the Series 
V determinations, together with the data obtained 
in Series IV, the enthalpy change associated with 
the process
1 /3  N a 2K (s )  —» 1 / 3  N a 2K (su p ercoo led  liq .)

AH =  829 ca l./g . a tom

Derived Results
Entropy of Potassium.—The heat capacity data 

were used to establish the entropy changes for 
various temperature intervals. The value of the 
heat capacity at 12°K. indicated a Debye 9 of 88°K. 
Extrapolation below 12°K. was made using a De
bye function with this value as the characteristic 
temperature. The entropies at 273.16, 298.16 
and 320°K. are 14.77 ±  0.03, 15.38 ±  0.03 and
15.89 ±  0.03 e.u./g. atom, respectively, of which
0.33 ±  0.02 is due to the extrapolation below 12°K. 
The result at 298.16°K. may be compared with the 
value recommended by Kelley21 of 15.2 ±  0.2 
e.u./g. atom.

Entropy of Na2K.— Results of the calculations 
are given in Table IV. Extrapolation below 12°K. 
was made using the Debye T3 law. The entropy 
increments associated with the phase transforma
tion at 280.06 Uv. and the increase of temperature 
in two phase region were both slightly uncertain 
due to the lack of (1) reproducibility of the heat 
capacities in the two phase region and (2) knowl
edge of the exact course of the heat capacity curve 
immediately above the transformation tempera
ture. The lack of reproducibility stems from the 
inability to maintain the system in an equilibrium 
state. Sodium is dissolved at too high a tempera
ture. This results in a displacement of part of the 
heat capacity excess upward on the temperature 
scale. The usual integration employing the meas
ured (non-equilibrium) heat capacities will there
fore lead to a AS which is too small. However, it is 
possible to estimate the error in AS by displacing 
the heat capacity excess downward on the tem
perature scale in accordance with expectations 
from the phase diagram. The alteration in AS 
for warming through the two phase region is 0.005 
e.u./g. atom and errors due to failures to maintain 
equilibrium in the two phase region are therefore 
negligible. An uncertainty of ±  0.04 e.u./g. 
atom is assigned to the entropy of the phase trans
formation, 0.03 of which is due to the uncertainty

(21) K. K. Kelley, Bureau of Mines Bulletin 477 (1950).

in the course of the heat capacity curve from 280 
to 283 °K. This is perhaps an overly generous es
timate of the error which could arise in this way. 
The entropy increment between 280.06 and 320°K. 
is the average of values obtained using the two 
series of heat capacity measurements covering the 
two phase range, which differ by only 0.02 e.u./g. 
atom.

T a b l e  IV
E n t r o p y  C h ang es  of N a2K  fo r  V a r io u s  T e m p e r a t u r e  

I n te r v a ls
Temp, interval, °K. AS, e. u./g. atom

0-12 (ex trap .) 0 .1 0 2  ±  0 .0 0 5
1 2 -2 7 3 .1 6 12.381 ± .009
1 2 -2 8 0 .0 6  (solid ) 12 .570  ± .010
Phase transform ation  at 280 .06 2 .5 0  ± .04
0 -2 7 3 .1 6 1 2 .4 8  ± .02
0 -2 8 0 .0 6  (solid ) 12 .67  ± .02
0 -2 8 0 .0 6  (2  phase) 15 .17  ± .06
0 -2 9 8 .1 6  (liqu id ) 16 .07  ± .03
0 -3 2 0  (liqu id ) 1 6 .66  ± .03

The uncertainties listed in Table IV are esti
mated from the scatter in the heat capacities to
gether with allowance for those factors such as non
equilibrium results, etc., mentioned above. As 
298.16°K. is just above the liquidus, it was not 
possible to obtain the result for liquid Na2K at this 
temperature by direct integration from 0 to 
298.16°K. The heat capacity of the system near 
the upper limit of temperature is, as mentioned 
earlier, incorrect due to inability to preserve equilib
rium during the measurements. Accordingly, the 
entropy increment was evaluated by using the 
value for the system at 320°K. and integrating be
tween this temperature and 298.16°K., using the 
resubs of the Cp data obtained in the Series V meas
urements extrapolated downward slightly. The 
result for Na2K as undercooled liquid at 280.06°K. 
can be obtained in a similar way using extrapolated 
Series V heat capacity data. From this one can 
estimate the entropy change at 280.06°K. as
sociated with the congruent melting of Na2K. 
This entropy change is calculated to be 2.88 
e.u./g. atom.

The entropy contribution due to the stoichio
metric excess of 0.0030 g. atom of potassium has 
been neglected throughout this section since it in no 
case amounts to more than 0.005 e.u.

Estimate of the Residual Entropy of Na2K.—  
To make this estimate the entropy data in Table IV 
were extended to 420°K. using data of Douglas, 
et al.u This temperature was chosen since at this 
point both metals are liquid, and in addition Doug
las, et al., have shown that the heat capacity per 
gram atom is independent of alloy composition. 
The system thus has at this temperature one fea
ture of an ideal solution. It is found that 542ook- 
— S,fK■ =  18.74 e.u./g. atom. The entropy of 
2/ 3 g. atom of sodium and V3 g. atom of potassium 
at this temperature is 17.42 e.u. If one assumes 
that the system behaves like a regular solution,22 
that is, that the entropy of mixing is nearly ideal, 
one obtains A,Smixing =  1.27 e.u./g. atom. Thus,

(22) J. H. Hildebrand and R. L. Scott, “ The Solubility of Nonelec
trolytes,’ ’ Reinhold Publ. Corp., New York, N. Y., 1950, pp. 119-154,
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£42o°k- for the system is 18.69 e.u./g. atom which 
leads to a residual entropy of —0.05 e.u./g. atom. 
A similar calculation at 320°K., involving the mix
ing of the undercooled liquid metals, gives 16.66 
e.u./g. atom for <S32o°k - — N e k - for the alloy and
16.61 for >S'320ok- for the mixture, again yielding 
$ o°k- =  —0.05 e.u./g. atom. This estimated 
negative value of the residual entropy suggests 
that the entropy of formation of Na2K exceeds the 
ideal value calculated as the entropy of mixing.

In much work dealing with the thermodynamics 
of alloys one assumes that the heat capacity of the 
alloy is additively related to the heat capacities of 
the components This assumption is without 
theoretical foundation and the small amount of 
suitable experimental work has failed to supply it 
with an experimental basis. Comparison of the 
measured heat capacities of NaJL with those com
puted assuming additivity is made in Table V. 
Data for the pure metals were obtained as follows: 
potassium up to 320°K.— the present work; so-

T a b l e  V

D e v ia t io n  o f  Cp f o r  N a 2K  fro m  V a lu e s  C alc u l a te d  
A ssu m in g  A d d it iv it y  

Deviation 
(C'p)Na«K —
2/ 3 <Cp)Na -

T e m p . ,  ° K . l / 3 ( C p ) i <  
c a l . / d e g .  g .  a t o m

D e v . ,  %

12 - 0 . 2 0 -66
1 4 -  . 2 3 - 4 8

1 5 -  . 2 3 - 3 9

1 6 -  . 2 3 —  3 3

1 8 -  . 2 1 - 2 3

20 -  . 1 9 - 1 6

2 5 —  . 1 5 -  8 . 1

3 0 -  . 1 1 -  4 . 5

4 0 -  . 0 7 -  2 . 0

5 0 -  . 0 9 -  2 . 2

6 0 +  . 0 1 5 +  0 . 3

7 0 . 0 1 7 0 . 3

8 0 . 0 1 9 0 . 4

9 0 .010 0.2
100 . 0 0 7 0 .1
110 . 0 0 6 0 .1
120 . 0 1 5 0 . 3

1 3 0 . 0 2 4 0 . 4

1 4 0 . 0 2 6 0 . 4

1 5 0 .022 0 . 4

1 6 0 . 0 2 3 0 . 4

1 7 0 . 0 2 6 0 . 4

1 8 0 . 0 2 3 0 . 4

1 9 0 . 0 2 4 0 . 4

200 . 0 4 2 0 . 7

210 . 0 7 9 1.2
220 . 1 2 6 1 . 9

2 3 0 . 1 8 4 2.8
2 4 0 . 2 4 9 3 . 7

2 5 0 . 3 1 1 4 . 6

2 6 0 . 3 8 7 5 . 6

2 7 0 . 5 4 5 7 . 6

2 8 0 . 0 6 ( 1 . 2 1 4 ) 1 5 . 3

3 0 5 0 . 3 8 0 " 4 . 7

3 1 0 0 . 3 4 3 4 . 2

3 1 5 0 . 3 1 0 3 .9
3 2 0 0 . 2 9 2 3 .6

C om parison  m ade for supercooled pure m etals.

dium up to 55°K.— Pickard and Simon,23 Parkinson 
and Quarrington24 and Simon and Zeidler,13 55 to 
320°K.— Dauphinee, et al.s

The deviations from additivity are in some cases 
quite large and in most cases outside the experi
mental error. One can see that the Kopp-Neu- 
mann Rule is satisfactory with this system only 
when fairly crude results will suffice.

D is c u s s io n  o f  R e s u lt s
Mention was made earlier of the discovery by 

Dauphinee, et al., of a thermal anomaly in sodium 
in the Dry Ice range. Later work15 has revealed 
the existence of a similar anomaly in rubidium but 
not in potassium. The present measurements 
had been made before these findings had been pre
sented and special care was taken in the potassium 
work to vary the thermal history of the sample so 
as to reveal any unusual behavior. In agreement 
with the findings of Dauphinee, Martin and Pres- 
ton-Thomas there was no indication of a “ sodium- 
type” anomaly in the case of potassium. The only 
peculiarity revealed by the potassium results is 
the well known fact that the Dulong-Petit limit is 
reached at about 150°K. Nothing similar to the 
time-dependent resistance effects observed by Mac
Donald6 appear in the thermal behavior.

Debye d values at various temperatures are 
shown in Table VI. These calculations are made 
only up to 130°K. At and above 150°K. the value 
of 6 is meaningless since Cv exceeds 3/?. The tend
ency toward an abnormally large heat capacity is 
already apparent between 100 and 130°K. as evi
denced by the rapid fall in the 6 values in this tem
perature interval.

T a b l e  V I

D ebits 6 V a lu e s  f o r  P o ta ssiu m  a t  Se v e r a l  T e m p e r a 
t u r e s

T, ° K .  1 2  2 0  5 0  8 0  1 0 0  1 3 0

6, ° K .  8 8  9 6  3 8  9 3  8 5  5 9

In a sense the transformation in Na2K is an 
order-disorder transformation, the disordered alloy 
being a two-phase system. At the outset of this 
work it was of interest to know if Na2K would ex
hibit an excess heat capacity below the transfor
mation point as is the case with the usual disorder
ing of ordered alloys. The metallic radii of sodium 
and potassium differ by roughly 20% and it was 
difficult to visualize a process in which these were 
interchanged in the lattice. The data are plotted 
in Fig. 2 along with results for the two pure metals. 
It is clear that there is a very pronounced rise in 
heat capacity before the melting point. However, 
since there is similar behavior in the pure mater
ials, the rapid increase in heat capacity above 
200°K. cannot be ascribed unambiguously to a dis
ordering of the alloy.

The excess heat capacity of Na2K near its trans
formation point is of some interest in relationship 
to attempts to determine the origin of the excess 
heat capacities of the several pure alkali metals 
near their melting points. One possibility_is that, 
due to their open structures, there is considerable

(23) C. L. Pickard and F. Simon, Proc.. P h ys . S oc ., 61, 1(1948).
(24) D. E. Parkinson and J. E Quarrington, ib id ., 68B, 762 (1955).
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F ig . 2.— T em perature dependence o f the heat capacities o f 
sodium , potassium  and N a2K .

anharmonicity in the atomic vibrations at higher 
temperatures and it is this which permits Cv to 
exceed 3A.26 If so, it seems likely that Na2K 
would behave in a strikingly different way. Its 
structure is one of very close packing and one would 
expect the vibrational characteristics of the oscil
lators in Na2K to differ substantially from those in 
the pure components. The fact that the variation 
of the heat capacities of sodium, potassium and 
Na2K with temperature is similar for all three of 
the metallic species suggests that anharmonieities 
in the vibrations are not responsible for the anom
alous specific heat, thus agreeing with recent 
theoretical treatments of the effect of anharmonic
ity on specific heats.26'27

Carpenter28 has discussed the possibility that 
lattice defects of either the Schottky or Frenkel type 
are responsible for the extra heat capacity. Intro
duction of either of these defects into the lattice is 
an endothermal process and since the number of 
defects increases with temperature, there would be 
a contribution to the specific heat from this source 
over and above that of the lattice vibrations. 
From the observed excess specific heat one com
putes the mole percentage of defects to be 0.5 if 
they are of the Schottky type or about 0.3 if they 
are Frenkel defects. These figures apply to tem
peratures near the melting point. If the rise of Cp 
for Na2K  above 180°K. is due to the same factors 
which are responsible for the excess heat capacity

(25) F. A. Lindemann, Phil. Mag., 45, 1119 (1923).
(26) J. S. Dugdale and D. K. C. MacDonald, Phys. Rev., 96, 57 

(1954).
(27) D. K. C. MacDonald and S. K. Roy, ibid., 97, 673 (1955).
(28) L. G. Carpenter, J. Chem. Phys., 21, 2244 (1953).

in the elements, one would conclude from the data 
in Fig. 2 that the energy of defect formation in the 
alloy is less than the corresponding energies for 
sodium and potassium. This follows from the 
fact that the excess heat capacity appears at a 
lower temperature with the alloy. The notion 
that the energy of vacancy formation is least for 
the intermediate phase is not entirely satisfactory 
in view of the exothermal formation of the alloy 
from the elements. One might reasonably expect 
an increased lattice energy to be accompanied by 
an increase in the energy required to introduce a de
fect into the lattice.

A third possibility for explaining the excess heat 
capacity is in terms of what have been called hetero
phase fluctuations.29 At temperatures near the 
equilibrium temperature between two phases each 
phase experiences rather wide fluctuations from 
its equilibrium properties. Consider a solid, for 
example, near its melting point. Due to fluctua
tion, rather large regions within the solid acquire 
liquid-like characteristics so that a crude descrip
tion of the solid might consist in representing it as 
being partly liquid. The “ liquid fraction”  would 
increase with increasing temperature up to the 
melting point. This is a type of pre-melting which 
results in the appearance of part of the latent heat 
below the melting point in the form of extra heat 
capacity of the solid. In a like manner a portion 
of the heat of fusion would be deferred and contrib
ute positively to the heat capacity of the liquid 
just above the melting point.

The data for the alkali metals suggest the pos
sibility that heterophase fluctuations may be re
sponsible for extra heat capacity in the solid below 
and in the liquid above the melting point. If so, 
perhaps the same mechanism is operating in Na2K 
with it fluctuating either toward solid disordered 
Na2K or liquid alloy of this composition. In this 
connection it is of interest to report on a series of 
measurements which were made but which 
do not appear in Table II. In one of the early 
attempts to prepare Na2K only partial con
version of the alloy into hexagonal Na2K was 
achieved. Heat capacity measurements were made 
on this heterogeneous sample at temperatures im
mediately below the Na2K -K  eutectic point. A 
sharp rise in heat capacity, above that expected for 
the mixture, was found as the eutectic point was 
approached. It is not clear why this should have 
happened, but some type of pre-melting or hetero
phase fluctuation effect seems to offer the best op
portunity for interpreting this result.

The data for liquid Na2K between 310 and 320 °K. 
show the alloy to have a heat capacity about 3% 
in excess of that computed assuming additivity of 
the heat capacities of the pure supercooled liquid 
metals. This again would suggest that there re
mains in the system some solid-like alloy which is 
being destroyed endothermally. It therefore 
seems that much of the unusual thermal behavior 
in sodium, potassium and Na2K can be qualita
tively explained in terms of heterophase fluctua
tions although this kind of explanation leaves

(29) J. F. Frenkel, "Kinetic Theory of Liquids,”  Clarendon Press, 
Oxforc, 1946, p. 387.
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much to be desired since a detailed description of 
this kind of fluctuation is yet to be provided.

The estimated residual entropy for Na2K must 
be regarded with caution until an experimental 
value for the entropy of formation of liquid alloy 
is provided. It will be of considerable interest to 
establish this value without making use of ideal 
solution theory, for if there are lattice defects in 
this alloy in substantial amounts, they may be
come frozen-in and contribute to the residual en
tropy in a way similar to that which has been ob

served for MgCda in this Laboratory.30 Calcula
tions of this type may shed further light upon the 
possibility of the existence of defects to the extent 
of 0.5% or more in these materials.
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their appreciation to Dr. M. G. Zabetakis for his 
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urements reported in this paper.

(30) L. W. Coffer, R. S. Craig, C. A. Krier and W. E. Wallace, J. 
Am. Chem. Soc., 76, 241 (1954).

RETENTION OF LIQUID BY CALCIUM STEARATE-CETANE GELS
STABILIZED BY ADDITIVES1

B y  R o b e r t  D. V o l d  a n d  R i c h a r d  J. C o s w e l l 2

Department of Chemistry, University of Southern California, Los Angeles, Calif.
Received September 4> 1956

D a ta  are presented on the am ount and rate o f  loss o f  liqu id  b y  calcium  stearate gels in cetane as a fun ction  o f gel com 
position  and therm al h istory, together w ith  th e results o f X -r a y  diffraction  studies o f  the gels and visual observations o f 
phase transitions and physica l characteristics. O nly additives w hich reduce the v iscosity  o f the high tem perature m elt are 
effective stabilizers o f th e gels present at room  tem perature. I t  is shown that the observed behavior can n ot be interpreted 
in term s o f the phases present in the gel, or com pou nd  form ation  betw een additive and soap, bu t m ust be related to  such 
variables as particle size and shape, degree and kind o f particle interaction, effect o f rate o f coolin g and degree o f  dispersion 
at the elevated tem peratures of the phase from  w hich th e gel was form ed . T h e  results suggest th at the pore volu m e o f the 
gels is divisible in to tw o  categories, fine pores w ithin  the hom ogeneous soap netw ork and larger pores corresponding to  
irregularities in the structure, w ith  a characteristic difference betw een gels form ed from  solutions m ore or less concen 
trated  than 1 8 %  soap.

This study was undertaken to investigate the 
dependence of the stability of gels of calcium stea
rate in cetane on such factors as the concentration of 
metal soap, the thermal history of the sample and 
the presence of variable small amounts of additives. 
The results obtained show that neither the phase 
state of the soap at room temperature nor the abil
ity or lack of ability of the additive to form an addi
tion compound with the soap are of primary impor
tance. Instead the stability appears to depend 
principally on the degree of subdivision of the soap 
in the solid state, and on the fineness and degree of 
coherence of the gel skeleton formed by aggregation 
of the ultimate particles of soap. This conclusion is 
strongly supported by the observation that all addi
tives which reduce the viscosity of the solutions at 
high temperature are also effective stabilizers of 
the gels formed on cooling.

The data obtained also help to establish the prob
able location of some phase boundaries in systems 
of calcium stearate in cetane !~7 containing a variety

(1) This work was supported by the Office of Naval Research under 
Contract N6-on-238-TO-2 and by the National Lubricating Grease 
Institute, and presented in part at the San Francisco Meeting of the 
American Chemical Society in 1949 and in part at a Symposium on 
Colloids in Bombay, India, in 1956 while the senior author was Guest 
Professor of Physical Chemistry at the Indian Institute of Science, 
Bangalore.

(?) General Electric Co., Pittsfield, Mass.
(3) R. D. Void, “ Phase Studies of Greases,”  First Annual Report, 

Contract N6-onr-238-TO-2, 2-19-48.
(4) R. D. Void, Second Technical Report, Contract N6-onr-238- 

TO-2, Project No. NRO57057, 2-28-49.
(5) R. D, Void, Third Technical Report, Contract NC-onr-238- 

TO-2, Project No. NRO57057, 3-15-50.
(6) R. D. Void, Final Technical Report, Contract N6-onr-238- 

TO-2, Project No. NR057057, 9-1-50.
(7) M. J. Void and R. D. Void, J. Inst. Pet., 38, loo (1952).

of organic. additives, and in a number of liquids 
which have been proposed as oil substitutes in 
greases in recent years.

T e c h n iq u e s  a n d  M a t e r ia ls 3

Materials.— Sources o f  all m aterials used are given in 
T a b le  I . M ost o f  the experim ents were carried ou t w ith  
calcium  stearate 5 R 3 A II  a lthough a few  were m ade w ith  
ca lcium  stearate 4  w ith  no m easurable difference in the re
sults. Unless otherw ise stated the various liqu ids were 
used w ith ou t purification  other than drying over appro
priate desiccants. This latter was done in all cases for  
liquids used for  measurement, o f  liqu id  loss b u t n ot always 
for  sam ples used on ly  for visual observation s. T h e  soap 
was dried to constant w eight at 105° before use. D uring  the 
heating o f  soap and cetane in con ta ct w ith tire air rem aining in 
the sealed tube noticeab le  darkening occu rred  w ith  n itro- 
ethane and n itrobenzene as add itives, bu t n ot w ith  any o f 
the other sam ples.

P reparation  o f Samples.— Soap, solven t and add itive  
(5 .0 -g . sam ples for  liqu id loss experim ents, one to  tw o  gram  
sam ples for visual observation ) were sealed in to glass tu bes, 
heated to  flu id ity , m ixed th orou gh ly , equilibrated a t the 
desired tem perature and quenched in a D r y  Ice -a ce ton e  
ba th . C oolin g in running tap  w ater d id  n ot p rov id e  suffi
ciently rapid crystallization  throughout the sam ple to  give 
gels o f reproducib le liquid loss characteristics.

V isual O bservation s.— These were m ade in an electrically  
heated air oven  w ith  glass w indow s, a dev ice  for rocking the 
tubes, and crossec P olaroid  sheets to  facilitate detection  o f 
phase changes. T ransition  tem peratures reported in the 
present investigation  are slightly higher than the equilib 
rium  values since th ey  were m ade while the tem perature 
was rising 1. to  2 °  per m inute rather than after equilibration  
at eacli tem perature. In  the one case where equilibrium  
values arc available for com parison 5'7 (an h ydrou s ca lcium  
stearate in cetane) the difference is n ot m ore than a few  de
grees .

X-Ray Diffraction Patterns.— These were ob ta in ed  on  a 8

(8) Further experimental details may be found in the M.S. Thesis 
of R. J. Coswell, University of Southern California Library, 1949.
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T a b l e  I

C h a r a c t e r ist ic s  o f  M a t e r ia l s  U sed

C alcium  stearate 
5 R 3 A H

C alciu m  stearate TV 
L i Str.

N u jo l
D eca lin
C etane
Stearic acid 5R 3 
M ethan ol

A cetone

a-T etra lon e
N itroethane
P yridine

n -H eptan ol 
D i-n -b u ty  lam ine 
C alcium  acetate 

m on oh ydrate  
N itrobenzene

, D i-(  2 -ethy lhexy l ) 
sebacate

D ieth ylen e  glycol 

M eth y l stearate

A m y l acetate

A lum inum  grease 
A 1-4

L ith ium  grease L i-6  
L ith ium  grease Li-1 
C alcium  grease Ca-3 
S od ium  grease N a-2

As in ref. 15 

A s in ref. 13
T echn ica l id  Str, M etasap  C hem 

ical C o., 1 to  2 %  free fa tty  
acid b y  titration  o f dried soap 
in ethanol 

M ed icina l grade 
E astm an K od a k  P ractica l grade 
D u  P on t C o ., 7iD 1.4345 
A s in ref. 15
B aker and A dam son, reagent 

grade
D ried  over K 2C 0 3 and distilled, 

b .p . 56 .5°
Student preparation  
C om m ercia l Solvents C om pan y 
E astm an K od a k , K arl Fischer, 

reagent grade
E astm an K od a k , reagent grade 
Paragon T estin g  L aboratories 
B aker and A dam son , reagent 

grade
Paragon T esting  Laboratories, 

redistilled
R esinous and C hem ical P roducts 

C o.
C arbide and C arbon  C hem ical 

C o., m ax. 0 .3 %  water 
Prepared b y  D r. L . L . L y on : 

y ie lded  stearic acid A o f ref. 15 
on h ydrolysis

B aker and A dam son, reagent 
grade

Cf. V o id , H attian gd i and Arold, 
Ind. Eng. Chem., 41, 2539 
(1949)

num ber o f gels using an X -r a y  spectrom eter as previously  
described .9

Liquid Loss under Pressure.— T h e apparatus consisted 
o f a m edium  p orosity  A lundum  filter th im ble o f 22 m m . in
side diam eter and 5 m m . inside dep th , sam ple w eights in 
different th im bles vary in g  betw een  1.4 and 1.9 g . T h e 
th im ble was p laced  in a 6 in . X  1 in . m etal p ipe on a rubber 
washer over a V i in . drain , the p ipe being closed on to p  w ith 
a screw cap w ith  an ou tlet tube far app lication  o f gas pres
sure. In  order to obta in  reprodu cib le  results the thim bles 
were cleaned w ith  carbon  tetrach loride before  and after each 
use and oven  d r ied . Each soap preparation  prov ided  enough 
m aterial to  fill tw o th im bles, the gel being first w orked on a 
w atch-glass w ith  a spatula for  three m inutes, pressed lightly 
in to  the th im ble w ith  the spatula, and sm oothed  off on  top . 
Sam ples were studied im m ediately  after rew arm ing to  room  
tem perature after quench ing, since an isolated experim ent 
had show n that a lthough u ltim ate liqu id  loss rem ained 
v irtu a lly  unchanged after tw o  weeks aging at room  tem pera
ture the rate o f  loss nearly quadrupled, changing m ost 
rapid ly  during the first d a y .

A pp lica tion  o f gas pressure for 60 to  100 m inutes, gener
ally at 10 l b . / in . ' ,  forced  liquid ou t through the pores o f the 
th im ble, w hich drained ou t through the ou tlet drain in the 
b o ttom  o f  the cylinder. L iqu id  loss as a fu n ction  o f tim e 
was determ ined b y  rem oving  and w eighing the th im ble six 
to eight tim es during the course o f a run. R efractom etric 
exam ination o f the expressed liquid show ed it had the same

(9) R. D. Void and M. J. Void, T h i s  J o u r n a l , 52, 1424 (1948V

refractive  index w ith in  experim ental error (0 .0002 ) as pure 
cetane.

A t the conclusion  o f an experim ent the grease cake was 
rem oved  and the small residue o f liqu id rem aining in the 
pores o f the th im ble determ ined b y  w eigh t. T h is am ounted  
to  a bou t 0 .08  g .,  a correction  o f a bou t 5 absolute % ,  w hich 
was added to  the values for am ount o f liquid lost b y  the gel. 
Values reported are generally the average o f  fou r deter
m inations m ade on tw o different sam ple preparations. 
R ep rod u cib ility  o f results for  u ltim ate liquid loss, b o th  on 
duplicate runs on portions o f the same sam ple and on inde
pen den tly  prepared sam ples o f  the same com p osition , were 
usually w ith in  3 %  absolute corresponding w ith  m an y sys
tem s to  abou t 1 0 %  relative dev iation .

D aca  obtained b y  this technique were generally fitted 
v ery  w ell b y  the em pirical linear relationship o f Farrington  
and H u m p h reys.10

t/s  =  a +  bt

where l / o  =  (d s /d i)t -o  and 1 /6  =  St-«; where s is the % 
loss in w eight of the sam ple in tim e t (m inutes) and a and 6 
are constants determ ined from  the in tercept and the slope 
o f the line. N either the observed loss o f  w eight (w) a t a 
given  tim e (f ) ,  nor this quantity  plus the weight, o f  liqu id  re
tained in the pores o f the th im ble at the end o f the experi
m en t (p), gives a proper value for  s since the one procedu re 
assumes n o liquid escapes from  the th im ble until its pores 
are filled com plete ly  while the other assumes th at liquid 
flows ou t through  the larger pores before  the bu lk  o f the 
finer pores h ave filled. A ctu a lly  b o th  the fu n ction s t/w  
and t/w  +  p are linear functions of tim e excep t at short 
tim es (less than five m inutes in the case o f cetane system s). 
In  the first case the reciprocal o f the slope o f the line plus 
the experim ental value o f p gives the u ltim ate liqu id  loss b y  
the sam ple while in the second the reciprocal o f the slope 
gives this value d irectly . W ith in  the experim ental error 
identical values o f St-«, were obta in ed  b y  the tw o  p roce 
dures. H ow ever, values for the initial rate o f  loss, w hich 
are obtained  from  the in tercepts o f the extrapolated  straight 
lines, differed b y  as m uch as 4 0 %  in som e cases, in d icative  
o f the fa ct th at at very  short tim es the cu rve does n ot fo llow  
the sam e linear course as over m ost o f the tim e range.

In  subsequent tables the reported values o f 1 /a  and 
(1 /6  +  p) obta in ed  from  p lots o f t/w vs. t, are used to  repre
sent, respectively , the initial rate o f loss and the u ltim ate 
liquid loss. T h e  values for u ltim ate liqu id loss can be taken 
to  be correct on  an absolute basis whereas the param eter 1 /a  
is not, related entirely unam biguously to  the initial rate o f 
loss, a lthough the reported values are com parable  from  one 
system  to  another.

In  m easurem ents m ade on com m ercial greases, where 
loss o f liqu id occurs very  slow ly because o f the high v iscosity  
o f the oil, the standard procedure was m odified  b y  letting 
the sam ple stand in the th im ble tw o  days before  app lication  
o f pressure, thus allow ing the oil to  fill the pores o f  the 
th im ble. T h is alteration o f technique caused no change in 
the u ltim ate liqu id  loss from  that o f sam ples su b jected  to  
pressure im m ediately  after filling, b u t it greatly  decreased 
the tim e required after application  o f pressure fo r  a tta in 
m ent o f a linear relation  betw een t/w  and t, w hich  am ounted 
to  as long as 500 m inutes in sam ples studied im m ediately . 
H ow ever, values o f 1 /a  calcu lated from  such curves m ay 
n ot be d irectly  com parable w ith  those obta in ed  b y  the 
standard techn ique, since in these cases the experim entally 
m easured rate o f loss at very  short, tim es is slower than this 
extrapolated value, i.e., the actual curve is n ot linear during 
the early stages o f  loss o f oil.

T h e  com m ercia l greases were also exam ined b y  a m od ifi
cation  o f the “ filter paper te s t .” 11 12 Brass rings 13.2 m m . in 
diam eter and 20 m m . in height were com plete ly  filled w ith  
grease, placed on 11 cm . circles o f W h atm an  N o . 1 filter 
paper, and the position  o f the advan cin g oil fron t in the 
paper observed  period ica lly . P lots o f area o f spread oil 
vs. logarithm  o f tim e were linear, results fo llow in g  the 
equation  A =  JO0-66 as contrasted w ith  the equation  for  ra te  
o f  capillary rise, A =  A'i“-6.18 Likew ise a p lo t o f 1 /a , the 
initial rate o f loss, for different greases against the tim e at

(10) B. B. Farrington, and J. Humphries, Ind. Eng. Chem., 31, 230 
(1939).

(11) E. N. Klemgard, “ Lubricating Greases: Their Manufacture 
and Use,” Reinhold Publ. Co., New York, N. Y., 1937.

(12) E. W. Washburn, Phys. Rev., 17, 273 (1921!,
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which A, the area of oil spread in the filter paper, equaled 
1000 m m .2, showed a simple proportionality suggesting that 
the filter paper test may also give an indication of the storage 
stability of a grease.

E x p e r im e n ta l R e s u lt s
V is u a l O b s e r v a t io n s .— As is clear from the 

results assembled in Table II there is a perfect cor
relation between the viscosity of the solutions and 
the stability of the gels formed on cooling. All 
solvents or additives giving rise to fluid isotropic 
solutions also formed firm, grease-like gels, while 
those solutions which, though isotropic, were less 
translucent and very viscous, formed a more paste
like gel readily undergoing syneresis.

T a b l e  II

A p p e a r a n c e  o f  So lu tio n s  an d  G e l s  of 1 8 %  C a lc iu m  
St e a r a t e  w it h  V a r io u s  A d d it iv e s

Solvent Additive

Concn.
(moles/

mole
soap)

Solu
tion

viscos
ity

Gel
type®

Cetane None High B
Cetane Water 1 .0 Low A
Cetane Stearic acid 0 .2 4 Low A
Cetane Methanol 1 .6 Low A
Cetane Acetone 3 .0 Low A
Cetane a-Tetralone 3 .0 Low A
Cetane Nitroethane 0 .9 4 Low A
Cetane re-Heptanol .58 Low A
Cetane Di-(n-butyl)-amine .54 Low A
Cetane Diethylene glycol 1 .1 Low A
Cetane Pyridine 5 .1 Low A
Cetane M ethyl stearate 0 .2 2 High B
Cetane Nitrobenzene 3 .2 High B
Cetane Di-(2-ethylhexyl) 0 .3 High B

Cetane
sebacate 

A m yl acetate 0 .6 High B
Cetane Calcium acetate 1 .0 A 6
Di-( 2-ethyl- None High B

hexyl) sebacate 
Di-(2-ethyl- Water 1 .0 Low A

hexyl) sebacate 
n-Heptanol None Low A

D i-»-butvl- None Low A
amine

Diethylene None Insol-
glycol'

<* Type B gels, formed on cooling in a
uble

D ry Ice-acetone
bath from 120° or higher, are translucent, ‘ pasty, and
spontaneously syneretic. Type A gels, formed by the 
same procedure, are relatively stable, non-syneretic, and 
grease-like in texture. b Instead of dissolving to isotropic 
liquid forms a stiff brilliantly anisotropic liquid crystalline 
phase at 170°; and a firm non-syneretic grease on cooling. 
c Insoluble even at 240° and does not form a gel.

The effect of additive concentration was investi
gated for water, methanol, stearic acid and pyri
dine. With water concurrent reduction in viscos
ity of the hot solution and decreased syneresis of 
the gel at room temperature is already marked at
0.19 mole ratio of water to soap and is maintained 
with increasing amounts of water even up to a mole 
ratio of 14.9, where part of the water remains as 
visible droplets dispersed in the soap solution in 
cetane. With both methanol and stearic acid the 
stabilizing effect of the additive first increases with 
increasing concentration and then decreases 
sharply. ‘ The unstable systems containing large

amounts of these additives are mushy pastes rather 
than transparent gels. The samples containing 
stearic acid exhibited marked age-hardening.

Calcium stearate-cetane systems to which small 
amounts of third components were added become 
nearly transparent homogeneous solutions at tem
peratures a few degrees higher than in the absence 
of additive (115° at 18%) consistent with the hy
pothesis that the position of the isotropic solution 
boundary is qualitatively similar in these cases to 
that of the simple binary system. In di-(2-ethyl- 
hexyl) sebacate, solution occurred at temperatures 
about 13° higher than with cetane and with hepta- 
nol and di-(n-butyl)-amine 15 and 5° lower, respec
tively.

L iq u id  L o s s  u n d e r  P r e s s u r e .— Figures 1 and 2 
summarize the effect of scap concentration on rate 
and amount of liquid loss at 10 p.s.i. for samples 
of calcium stearate monohydrate in cetane 
quenched from 155°. Marked changes in the 
behavior of the gels occur at about 18% soap for 
both properties.

Figures 3 and 4 show the effect on the rate and 
amount of liquid loss, respectively, after quenching 
from 155°, of increasing concentrations of water, 
methanol and stearic acid added to 18% systems of 
calcium stearate in cetane. It is noteworthy that 
there exists an optimum ratio of additive to soap for 
minimizing both initial rate of loss of liquid and ul
timate amount lost, but that these compositions 
are different for the two properties. In agreement 
with the visual observations of the effect of addi
tive concentration on stability, the rate of loss of 
liquid remains low over a wide range of added con
centration of stearic acid and methanol indicative 
of the instability of these gels.

Table III shows the effect of changing the ap
plied pressure or the quenching temperature on the 
stability of 18% gels of calcium stearate in cetane 
containing one mole water per mole of soap. Both 
initial rate of loss and ultimate loss of liquid of gels 
prepared by quenching from 155° is lower than 
from other temperatures investigated.

T a b l e  III

L iq u id  L oss fro m  1 8 %  G els  o f  C a l c iu m  St e a r a t e  
M o n o h y d r a te  in  C e t a n e  as  a  F u n c tio n  of Q u e n c h in g  

T e m p e r a t u r e  an d  A p p lie d  P r e ssu r e
Quenching

temp.,
“C.

Applied
pressure,

p.s.i.
Ultimate 
liq. loss,

% of sample
Initial 

loss rate, 
%/min.

120 10 3 9 .8  ±  1 .0 2 .8  ± 0 . 2
155 10 3 0 .0  ± 2 . 6 0 .5 6  ±  .12
175 10 3 9 .4  ±  0 .6 2 .1  ±  .2
190 10 4 0 .3  ± 0 . 3 4 .1  ±  .5
155 25 3 7 .2  ±  1 .4 2 .9  ± 1 . 0
155 40 3 7 .3  ± 0 . 6 3 .9  ± 0 . 3
280 0 6 3 .3 '

“ This is the %  spontaneously exuded on standing one 
week by an 1 8 %  anhydrous system rather than a molar 
ratio of water to soap of unity as in the other experiments.

Table IV shows that commercial greases behave 
in approximately the same, fashion when studied by 
this technique as do the calcium stearate gels al
though generally the total amount of oil expressed 
is greater while the initial rate of loss is significantly 
slower. This is in accord with the greater storage
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Fig. 1.— Initial rate of outflow of cetane at 10 p.s.i. from 
greases containing calcium stearate in cetane, stabilized by 
the incorporation of one mole of water per mole of soap.

Soap concn. (wt. % ) .
Fig. 2.— Ultimate loss of cetane at 10 p.s.i. from greases 

containing calcium stearate in cetane, stabilized by the in
corporation of one mole of water per mole of soap: I, liquid 
lost (based on original weight of sample), O ; XI, liquid re
tained (based on original weight of sample), • ;  I II , soap 
content of pressed cake (wt. % ) , 3 .

Moles additive per mole of soap.
Fig. 3.— Initial rate of loss of cetane at 10 p.s.i. from gels 

of 1 8%  calcium stearate in cetane, stabilized by various 
additives: O, water; 9 ,  stearic acid; O, methanol.

stability of the commercial preparations and with 
the known empirical relation between storage sta
bility and initial rate of loss (1 /a) in these acceler
ated experiments.10 The variation in rate of ex
pression of liquid is also as would be expected from 
the higher viscosity of lubricating oils as contrasted 
with cetane. This effect of viscosity of the “ oil” 
is also evident in comparison of the rate of initial 
loss of liquid from gels of calcium stearate monohy
drate in various liquids, also given in Table IV.

Fig. 4.— Ultimate loss of cetane from gels of 1 8 %  calcium 
stearate in cetane at 10 p.s.i. stabilized by various additives: 
O, water; O, stearic acid; ® , methanol.

T able IV
L iquid L oss at 10 p.s.i . from Commercial Greases and 
from Calcium Stearate M onohydrate Gels in V arious 

Liquids at 10 p.s.i ., Quenched from 155°

Soap,
wt.

Ultimate 
loss, 

wt. %
Initial 

loss rate, 
%/min.

Obsd. loss 
after

Sample % (1/6) (I/o) % Min.
Grease Al-4 12 5 2 .3 0 .1 7 4 1 .4 870
Grease Li-6 co. 6 7 9 .9 .15 4 4 .9 373
Grease Li-1 10 4 5 .9 .16 2 2 .4 136
Grease Ca-3 18 5 1 .5 .11 4 2 .6 859
Grease N a-2 16 4 2 .6 .08 3 4 .3 1023
Ca(Str)2-H 20 - 18 3 0 .0 .56

acetone
Ca(Str)2-H20 - 18 4 9 .1 4 .3

decalin
Ca(Str)2-H 20 -  18 4 0 .1  

white mineral oil (Nujol)
0 .4 0

Ca(Str)2-H20 -  18 
diethylhexyl sebacate

3 7 .3 1 .8

A few investigations also were made on lithium 
stearate-cetane gels, these results being presented 
in Table V. As expected, the slow-cooled gel, in 
which relatively large crystals can grow, is much 
less stable and loses a much greater fraction of its 
liquid than does the quenched sample. Incorpora
tion of water into the lithium stearate-cetane gels 
decreases their stability, whereas within limits it 
enhances the stability of the calcium stearate-ce
tane system. The X-ray diffraction patterns show 
that the lithium stearate is in the same phase state 
in all samples regardless of differences in their 
preparation.

X -R a y  D a ta .—The phases present at room tem
perature in the calcium stearate gels are identified 
by their X-ray diffraction patterns in Table VI. 
Four principal types of pattern have been re
ported13-16 for anhydrous calcium stearate. The 
VI-N pattern is believed to correspond to a layer
like structure of extended calcium stearate mole
cules, mutually parallel but disordered with re
spect to lateral separation, roughly approximating 
hexagonal packing of cylinders.14'16 It is the least 
crystalline of the patterns and is obtained on 
quenching anhydrous calcium stearate. The VI-H

(13) R. D. Void, J. D. Grandine, 2nd, and M. J. Void. J . C o llo id  
S c i ., 3 ,  339 (1948).

(14) R. D. Void and T. D. Smith, J .  A m . C h em . S o c ., 7 3 ,  2006 
(1951).

(15) M. J. Void, G. S. Hattiangdi and R. D. Void, J . C o llo id  S c i .,  
4 , 93 (1949).

(16) A. J. Stosick, J . C h em . P h y s . , 8, 1035 (1950).
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T a b l e  V

L iq u id  L oss an d  X - R a y  D if f r a c t io n  P a t t e r n s  o f  L it h iu m  St e a r a t e - C e t a n e  System s

%

%
additive 
(basis of

Ultimate 
liq. loss, 

% of
Initial 

loss rato,
Long

spacing, Other values
Li Str. Solvent system) Thermal treatment sample %/min. A. d/77
100 Dried at 105° 4 0 .0 4 .2 3 , 4 .0 1 , 3 .97 , 3 .73 , 

3 .5 8 , 2 .3 7 , 2 .2 8
100 Cooled slowly from 

200°
4 0 .2 4 .2 4 , 4 .0 4 , 3 .9 7 , 3 .7 4 , 

3 .5 8 , 2 .3 7 , 2 .2 8
100 Quenched from 155° 4 0 .6 4 .2 3 , 4 .0 7 , 3 .7 7 , 3 .6 3

18 .0 Cetane None Cooled slowly from 
200°

3 9 .5 3 .1 4 0 .6 4 .2 6 , 4 .0 7 , 3 .9 7 , 3 .77 , 
3 .6 3 , 4 .6 6 , halo

18 .0 Cetane None After heating to 210° 16.9  
cooled to 155° and then quenched

0 .2 2 4 0 .6 4 .2 3 , 4 .0 7 , 3 .7 7 , 3 .63 , 
4 .6 6 , halo

18.0 Cetane 0 .6 %  After heating to 210° 4 5 .0  
cooled slowly to 155° and then quenched

6 .3 4 0 .3 ° 4 .23 , 4 .0 1 , 3 .7 3 , 3 .5 7 , 
4 .6 6 , halo

° In this case the diffraction pattern was obtained on the press cake of 3 2 .6 %  Li Str content after the liquid loss experi
ment rather than on the initial gel.

T a b l e  V I

C h a r a c t e r izin g  F e a t u r e s  of th e  X - R a y  D if fr a c t io n  P a t t e r n s  o f  C a lc iu m  St e a r a t e  G els
Moles Temp. Principal

additive from which Long short
Composition per mole quenched, spacing, spacings,0 Pattern

(%  by wt. of system) soap °c . à . A. Other short spacings type
1 00%  calcium stearate monohydrate“ 155 4 9 .7 4 .1 5 4 .4 2 , 3 .8 6 , 3 .4 2 V I-N , V I-H
8 6 .4 %  calcium stearate,0 cetane 160 4 9 .9 4 .19 V I-N
1 7 .4 %  calcium stearate,0 cetane 160 4 9 .8 4 .2 6 V I-N
1 4 .3 %  Ca(Str)2> 0 .4 3 %  H 20 , cetane 1 .0 130 5 0 .0 4 .3 9 (0 .5 5 )

4 .1 9 ( 1 .0 ) 3 .87 V I-H
1 7 .5 %  Ca(Str)2, 2 .1 %  Str, cetane 0 .24 155 5 1 .0 4 .1 7 (0 .4 0 ) 3 .7 7 , 2 .4 9 , 2 .35 , V I-N

2 .2 2 , 2 .11

1 8 .0 %  Ca(Str)2, 5 .9 %  H  Str, cetane 0 .72 155 5 1 .0 4 .1 8 (  .45) 3 .77 , 2 .5 0 , 2 .23 , V I-N
2 .10

1 7 .4 %  Ca(Str)2, 1 .1 %  methanol, 1 .0 130 50 .1 4 .5 2 (  .15) V I-S  and
cetane 4 .1 7 (  .80) 3 .93 , 3 .77 V I-N

1 8 .0 %  Ca(Str)2, 1 .0 %  methanol, 1 .0 155 5 0 .2 4 .5 5 (  .16)
cetane 4 .4 1 (  .38) 3 .9 2 , 3 .4 7 , 2 .97 , VI-S  and

4 .1 7  ( .53) 2 .5 0 V I-H

1 5 .0 %  Ca(Str)2, 2 .8 %  methanol, 3 .5 4 130 5 0 .2 4 .4 2 (  .19) V I-H  and
cetane 4 .1 6 (  .57) 3 .71 V I A

1 7 .9 %  Ca(Str)2, 0 .6 %  H 20 ,  di-(2- 1 .0 155 4 9 .8 4 .4 2 (  .65)
ethylhexyl) sebacate 4 .1 7 (  .55) 

3 .8 9 (  .29) 
3 .4 1 (  .25)

2 .21 V I-H

1 7 .5 %  Ca(Str)2, n-heptanol 155 50.9 4 .3 8  ( .29) 
4 .1 5 (  .42) 
3 .4 2 (  .13)

3 .94 V I-H

“ Values from ref. 14. b Also present as a short spacing is the broad halo due to the solvent. These values are 4.66 for 
cetane, (P .T .O .).

and VI-S patterns are believed to correspond to 
different types of stacking disorder of layers within 
which the lateral arrangement of the extended cal
cium stearate molecules is similar, and the VI-A 
pattern to a second type of lateral arrangement 
within the layers. VI-A patterns are obtained on 
slow-cooling (1 to 2 °/min.) from the melt of the 
purest preparations of anhydrous calcium stearate. 
VI-H and VI-S patterns occur on slow cooling of 
solutions of calcium stearate in various solvents or 
from melts containing water. The VI-H pattern of 
anhydrous calcium stearate is indistinguishable 
from that of pure calcium stearate monohydrate. 
It is apparent, even though all patterns obtained

conform to one or another of these types, that the 
values of the spacings between interatomic planes 
are affected by the presence of various solvents or 
additives during crystallization.

Figure 5 presents the results of an X-ray study of 
the binary system calcium stearate-stearic acid 
undertaken to ascertain wnether the acid forms an 
addition compound with the soap analogous to mon
ohydrate formation with water. Although no lines 
were found in the pattern of mixtures of calcium 
stearate and stearic acid which are not present in 
one or another of -he modifications of the soap or the 
acid, the over-all behavior strongly suggests that in 
certain ranges of compositions a crystalline addi-
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Diffraction angle (24).
10 20 30 40

4.15 3.74
d/n =  X /2  sin 0 (A .).

Fig. 5.— X -R a y  diffraction patterns of systems of calcium 
stearate with stearic acid: I, Ca(Str)2 with J/s  mole HStr, 
quenched from 155°. V I-N  type pattern; II, Ca(Str)2 with 
0.25 mole HStr, quenched from 155°, mixed V I-A  and V I-N  
pattern; III , Ca(Str)2 with 0.50 mole HStr, quenched from 
155°, V I-A  type pattern; IV , Ca(Str)2 with 1 mole HStr, 
quenched from 155°, V I-A  type pattern; V , Ca(Str)2 with 
1 mole HStr, slow-cooled from 155°; V I, Ca(Str)2 with 2 
moles HStr, slow-cooled from 155 ° ; V II, stearic acid, crystal
lized from ethanol; V III, stearic acid, solidified melt. 
Curve V III  pertains to substantially pure C form of stearic 
acid while curve V II  indicates a mixture of B  and C forms. 
Of the lines marked, Y  is the third order of a long spacing 
of 50.5 A. and pertains to calcium stearate; Z and Z ' are 
third and fifth crders of a long spacing of 43.3 A. (form B  of 
stearic acid). Lines near 4.15, 3.74 and 3.40 A. could belong 
to either acid or soap. Lines near 4.5 and 3.9 A. are present 
in the V I-S  pattern of calcium stearate.

tion compound is formed on cooling.17 Thus, even 
though the patterns of both calcium stearate and 
stearic acid remained unchanged after a certain 
heat treatment similar treatment of a mixture re
sulted in a different value of the long-spacing. 
Moreover, after heat, treatment of mixtures con
taining excess stearic acid and washing with chloro
form the stearic acid peak at 40 A. had disappeared, 
proving that the new peak at 44 A., which re
mained, must be due to an addition compound 
rather than to a polymorphic form of stearic acid 
with a peak at this spacing.

Discussion
Peptization and Gel Stabilization by Additives.—

Presumably the high viscosity of solutions of cal
cium stearate in cetane is due to the presence of 
large aggregates held together in much the same 
way as in the crystal, with the further possibility 
of cross-linking between the aggregates themselves. 
In the crystal, whether of hydrate or of anhydrous 
soap, it appears18 that the calcium ions form a sort 
of one-dimensional lattice perpendicular to the 
direction of the hydrocarbon chains, in which each 
calcium is effectively shared among four carboxyl

(17) E. Stanley, Research Report., “ An X-Ray Study of the Structure 
of Calcium Stearate Monohydrate,”  University of Southern Cali
fornia Science, Library, 1954; personal communication, August 30, 
1955.

(18) E. Stanley, Nature, 175, 105 (1955); Research Report, “ An 
X-Ray Study of the Structure of Calcium Stearate Monohydrate,” 
University of Southern California Science Library, August, 1954.

groups as illustrated in Fig. lb of that paper. Ac
cordingly a tendency toward linear extension of the 
aggregates would be expected in hydrocarbon solu
tions with resultant high viscosity. However, for
mation of additional sheaths, as in the crystal, would 
be difficult in view of the absence of any tendency to 
form two-dimensional ionic planes, because of the 
inaccessibility of the calcium ion to additional oxy
gens, and the virtually identical interaction be
tween cetane molecules and stearate chains.

Effective viscosity reducers are then those sub
stances which are capable of blocking this ex
tended growth of chains. This can be accomplished 
either by coordinating some other atom than cal
cium with oxygens of the carboxylate groups of 
calcium stearate molecules, or by coordinating 
some other atom than oxygen from an adjoining car
boxylate with calcium atom. This conclusion ex
plains the fact that although none of the non-effec
tive additives (forming type B gels) are capable of 
hydrogen bonding there are also some molecules in
capable of hydrogen bonding which are effective 
peptizers and stabilizers (forming type A gels) even 
though most of this group can form hydrogen 
bonds. There seems to be no simple relation be
tween the effectiveness or lack of effectiveness of 
the non-hydrogen bonding additives and such char
acteristics as molecular size or availability of free 
electron pairs.

Recent work on the viscosity of hydrocarbon 
solutions of aluminum soaps19- 0 and of sodium 
phenyl stearate21-23 confirms that also in these sys
tems reduction of viscosity can be due to hydrogen 
bonding or to competition between the additive and 
the carboxylate ion for positions in the coordina
tion sphere of the metal ion. Infrared studies of 
gels of aluminum hydroxy dilaurate in benzene 
showed conclusively that in this system the peptiz
ers acted by breaking chains formed by aluminum- 
oxygen-aluminum coordination with concomitant 
formation of hydrogen bonds with the peptizer. 
With the sodium soap stearic acid was the most 
powerful peptizer and some molecules capable of 
hydrogen bonding, such as amylamine, were inef
fective. The initial conclusion was that only mole
cules with an acid hydrogen were effective for break
ing the soap chains, water and alcohol being effec
tive only because of the formation of stearic acid by 
hydrolysis.21 However, infrared spectroscopy22 
showed that although under some conditions hy
drolysis was rapid, under other conditions it was 
negligible, and X-ray studies14 showed no measur
able formation of stearic acid in the case of calcium 
stearate in cetane heated with excess water. Later23 
it was recognized that the viscosity decrease on 
addition of phenylstearic acid, ethanol or phenol 
to solutions of alkaline or alkaline earth phenyl 
stearates in benzene might be due either to hydro
gen bonding or to formation of coordination com
plexes between the additive and calcium ion.

(19) E. A. Scott, .1. Goldenson, S. E. Wiberley and W. H. Bauer, 
T h i s  J o u r n a l , 58, 51  ( 1 9 5 4 ) .

(20) W. O. Ludke, S. E. Wiberley, J. Goldenson and W. II. Bauer, 
ibid., 59, 222 (1955).

(21) J. G. Honig and C. R. Singleterry, ibid., 58, 201 (1954).
(22) R. E. Kagarise, ibid., 59, 271 (1955).
(23) J. G. Honig and C. R, Singleterry, ibid., 60, 1114 (1956).
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Gelation of alkaline and alkaline earth metal 
soaps in oils is now generally attributed to develop
ment of a three-dimensional fibrous network in the 
system although the nature of the bond at contact 
points between separate ultimate fibers is still un
certain, proposals ranging from simple mechanical 
entanglement at one extreme to common crystalli
zation at contact points at the other.24~26 The sta
bility of the gels (decreased rate of loss of liquid, 
increased yield value, etc.) would be expected to 
be greater the more proliferated the form in which 
the soap exists at room temperature. It seems 
quite possible that smaller size of the micelles in 
the isotropic solution is conducive to formation of 
smaller fibers and more highly organized and inter
connected networks in the solid formed on cooling. 
The same factors which enable additives to re
duce the size of the micelles in solution will also be 
operative in preventing the growth of large coher
ent crystallites on solidification. The lower vis
cosity of the solution brought about by effective 
additives may also facilitate formation of compli
cated “ dendritic”  structures during the short inter
val between incipient crystallization and the pre
vention of further rapid changes because of the 
falling temperature.

The plausibility of this concept is supported 
by electron micrographs26 which show larger crys
tals in slow-cooled systems with correlating lower 
yield values, and also by the present data where 
slow-cooled systems of both calcium and lithium 
stearates in cetane were found to lose liquid much 
faster and in greater amount than those which were 
prepared by quenching. It resembles somewhat 
the mechanism of gelation postulated by Boedtker 
and Doty27 for gelatin in water, where the gel skele
ton is regarded as being formed in part by aggluti
nation of more or less intact micelles of the solu
tion phase. There are difficulties with this hypoth
esis, however, since Table III shows that gels 
formed by quenching from 155° are more stable 
than those quenched from higher or lower tempera
tures, whereas a regular change in stability with 
quenching temperature might be expected if micel
lar size in solution were the primary variable. 
Possibly the explanation is the occurrence of mark
edly different properties in different regions of the 
same isotropic phase field, as found in sodium soap 
solutions in water,28 or a variable extent of rein
corporation of water into the condensed piiase 
from the vapor space on cooling the system.

That melt viscosity may be important is sug
gested by the results shown in Fig. 5, where quench
ing a very viscous melt of pure calcium stearate 
results in the formation of the disordered VI-N 
form while the more fluid systems resulting from 
addition of stearic acid yield the more highly or
dered YI-A form. The VI-A modification is still

(24) A. Bondi, J. P. Caruso, Ii. M. Fraser, J. D. Smith, S. T. 
Abrams, A. M. Cravath, R. J. Moore, W. H. Peterson, A. E. Smith, 
F. H. Stros3, E. R. White and J. N. Wilson, Proc. Third World Pet. 
Congress, Section VII, 373 (1951).

(25) M. J. Void, NLGI Spokesman, 19, 20 (1955%
(26) R. D. Void, H. F. Coffer and R. F. Baker, Institute Spokesman, 

15, 9 (19521.
(27) H. Boedtker and P. Doty, T h i s  J o u r n a l , 58, 968 (1954).
(28) D. G. Dervichian, M. Joly and R. S. Titehen, Kolloid Z., 136, 

6 (1954).

formed when stearic acid is present even in cases 
where slow-cooling of the pure calcium stearate 
results in the VI-H form, the change in type pre
sumably being due to the effect of stearic acid in 
removing traces of adsorbed calcium ion which inhib
its crystallization of the VI-A modification.16

C a p illa ry  C h a r a c te r is t ic s  o f  th e  G e l .— If the size 
distribution of capillary spaces within which liquid 
is immobilized in a gel is treated as an equivalent 
system of uniform cylindrical capillaries the radius, 
r, of the pore which can just retain liquid against 
any applied pressure, P, can be calculated by the 
equation r =  2 y cos d/P, where d is the contact an
gle and y  the surface tension of the liquid. The 
ultimate loss of liquid at a given pressure can be re
garded as being determined by the total pore vol
ume of spaces so small that outflow from them is 
prevented by the surface tension of the entrained 
liquid. On this basis the liquid content of the gel 
after pressing is a measure of the pore volume of 
capillary spaces smaller than the limiting radius 
determined by the applied pressure. That it is not 
due to the residue having a composition correspond
ing to a phase boundary is shown by the fact that 
a new system made at this composition initially 
loses further liquid on exposure to the same pres
sure. Differences in ultimate liquid loss of com
parable gels are then a result of either differences 
in the pore size and pore volume of the initial gels 
or of weaker interparticle binding in one case than 
the other, resulting in a greater degree of collapse 
of the structure under pressure. That some col
lapse of empty pores occurs is evident since a 30% 
calcium stearate gel prepared by pressing a 10% 
system had virtually the same density as a freshly 
prepared 30% gel. Moreover, the ultimate liquid 
loss of 18% calcium stearate-water-cetane gels in
creased gradually as pressure was increased from 
10 to 30 lb./in.2, but at pressures between 40 and 50 
lb./in.2, the liquid loss was less than at lower pres
sures, suggesting that the applied pressure had ex
ceeded some intrinsic collapse pressure of the soap 
network in the oil system, with formation of a sys
tem of finer pores in the pressed cake.

The fraction of the total pore volume made up of 
large pores (>7978 A. for cetane gels at 10 lb./in.2 
pressure, assuming cos 0 = 1  and y =  27.5) may be 
calculated from the difference in liquid content of 
the original and the pressed gel. That many spaces 
of this order of magnitude may actually be present 
in the gel framework has been shown by electron 
micrographs of thin sections of lithium soap-cetane 
gels.29 The fraction of cetane in large pores is 
plotted as a function of initial liquid content in Fig.
6. The proportion of large pores decreases with in
creasing soap concentration, as would be expected, 
but the most striking result is that the points fall on 
two intersecting curves rather than varying con
tinuously with composition. This suggests that the 
total pore volume is composed of voids of two dif
ferent types.

It may be postulated that there is in the gel, in 
addition to the primary soap particles a three-di-

(29) V. Artel, Research Report, “ Electron Microscope Studies of 
Lithium Soap-Cetane Gel Systems,”  University of Southern Cali
fornia Science Library, September. 1955.



536 R obert D. Vold and R ichard J. Coswell Vol. 61

Fig. 6.— Fraction of capillary volume present as large 
pores. Calculated for calcium stearate monohydrate-cetane 
gels under a pressure of 10 p.s.i. assuming 0 =  0 and y — 
27.5.

m e n sio n a l n e tw o r k  fo r m e d  b y  a g g re g a tio n  o f  th e  u l
t im a te  p a rt ic le s , a n d  a  series o f  v o id s  w h e re  p o r t io n s  
o f  th e  n e tw o r k  w h ich  fo r m e d  in  sp a t ia lly  d iffe re n t 
re g io n s  o f  th e  so lu t io n  c o m e  in to  irreg u lar  c o n t a c t . 
T h e  so a p  c ry s ta llite s  o r  fib rils  are  e ss e n t ia lly  n o n -  
p o r o u s , th e  h o m o g e n e o u s  re g io n s  o f  th e  n e tw o r k  o r  
sk e le to n  p r o v id e  a  m esh  o f  p o re s  o f  b o t h  la rg e  a n d  
sm a ll size , w h ile  th e  z o n e s  w h e re  th e  d iffe r e n t  re 
g io n s  jo in  to g e th e r  w o u ld  b e  ch a ra c te r iz e d  b y  
la rg er  v o id s .  A s  th e  so lu t io n  fr o m  w h ich  th e  g e l is 
fo r m e d  is  d ilu te d  th e  a v e ra g e  s ize  o f  th e  p o re s  in  th e  
h o m o g e n e o u s  re g io n s  o f  th e  g e l sk e le to n  w ill in 
crea se  s in ce  less so a p  is a v a ila b le  fo r  c ro ss -lin k in g  
a n d  fo r m a t io n  o f  a  fin e  n e tw o rk , th u s  g iv in g  rise  t o  
a re g u la r  in cre a se  in  th e  fr a c t io n  o f  la rg e  p ores . 
W h e n  th e  s o lu t io n  b e c o m e s  su ffic ie n tly  d ilu te , 
h o w e v e r , th e  e x te n t  t o  w h ich  h o m o g e n e o u s  ge l 
s tru c tu re  ca n  d e v e lo p  m a y  b e  lim ite d  b y  th e  lo w  
c o n c e n tr a t io n , w ith  a  re su lta n t in crea se  in  th e  v o l 
u m e  o c c u p ie d  b y  th e  irreg u la r  c o n t a c ts  b e tw e e n  
su ch  re g io n s . T h is  m a y  a c c o u n t  fo r  th e  ra p id  in 
crea se  in  th e  p r o p o r t io n  o f  la rg e  p o re s  w ith  fu rth e r  
in crea se  in  c e ta n e  c o n t e n t  b e y o n d  8 1 % ,  a lth o u g h  
th e  p o s s ib ility  c a n n o t  b e  e x c lu d e d  th a t  th is  e f fe c t  
m ig h t  b e  d u e  t o  a  ch a n g e  in  th e  n a tu re  o f  th e  m i
ce lla r  s o lu t io n  a t  th is  c o n c e n tr a t io n  re su lt in g  in  
fo r m a t io n  o f  a  ge l sk e le to n  o f  d iffe r e n t  p o r o s it y .

Alternative Explanations of Gel Stability.—  
S in ce  th e  p r o p e rt ie s  o f  s o a p  g e ls  in  o il a t  r o o m - 
te m p e ra tu re  m a y  d e p e n d  b o t h  on  th e  p h ases  p re se n t 
a t  r o o m -te m p e ra tu re  a n d  o n  th o se  a t  h ig h e r  te m 
p e ra tu re s  w h e re  th e  g e l w a s  f o r m e d 9-13-14-30-31 it  
m ig h t  b e  t h o u g h t  p o s s ib le  th a t  a d d it iv e s  o w e  th e ir  
e ffe c t iv e n e s s  t o  a lte ra tio n  o f  th e  p h a se  b e h a v io r , 
a lth o u g h  e v e n  ;n  th e  e a r lie r  w o r k  in  m a n y  ca ses  th e  
c o n tr o ll in g  v a r ia b le  a p p e a re d  t o  b e  th e  s ize  a n d  
sh a p e  o f  th e  s o a p  fib ers  p r e se n t30 -32 ra th e r  th a n  th e  
p h a se  b e h a v io r  itse lf . T h is  s u p p o s it io n  w a s  
s tre n g th e n e d  b y  th e  fa c t  th a t  a fte r  q u e n ch in g  c a l-

(30) D. Evans, J. F. Hutton and J. B. Matthews, J . Applied C h em ., 
2, 252 (1952).

(31) M. J. Void, T h i s  J o u r n a l , 60, 439 (195G).
(32) R. J. Moore and A. M. Cravath, Ind. Eng. C h em ., 43, 2892 

(1951).

cium stearate-cetane systems from 130° X-ray 
data9-14 showed that distinctive changes in dif
fraction pattern occurred sharply at several compo
sitions, with changes in microscopic and visual ap
pearance at roughly the same places, even though 
all systems there and in the present work were iso
tropic solutions at elevated temperatures and, ac
cording to the equilibrium phase diagram,7 should 
have contained only mixtures of the same solvent- 
free calcium stearate and nearly pure cetane at 
temperatures below 100°.

Nevertheless, the stability and consistency of the 
gels are not sensitive to these possible differences 
in the soap phase. Figures 1 and 2 show that both 
the ultimate loss of liquid and the initial rate of 
loss appear to vary continuously with soap content 
with no discontinuities at the compositions where 
the diffraction patterns change, although there is 
an abrupt change of slope at 18% calcium stearate 
monohydrate. Moreover, gels giving the same 
X-ray diffraction pattern often differ greatly in sta
bility while gels of the same stability can show dif
ferent diffraction patterns. Among the former 
group- are 18% gels of lithium stearate in cetane 
prepared by slow-cooling and by quenching (Table 
V), and anhydrous and water-containing lithium 
stearate gels prepared by quenching. Gels of cal
cium stearate-stearic acid-cetane containing 0.24 
and 0.72 mole of stearic per mole of soap have virtu
ally identical diffraction patterns (Table VI) even 
though ultimate liquid loss is minimum at the first 
composition and maximum at the second (Fig. 4). 
Conversely, an 18% calcium stearate-cetane gel 
with 2.1 moles water per mole of soap has nearly the 
same rate of loss of liquid (Fig. 3) and ultimate loss 
(Fig. 4) as a similar system with 1.0 mole methanol/ 
mole soap even though in the alcohol system the 
soap is present as a mixture of VI-S and VI-H 
crystalline forms (Table VI) while in the water- 
containing system it is in the VI-N form.14

It may therefore be concluded that it is not the 
phase which is present but the nature of the solid 
skeleton of the gel which is of primary significance. 
In this connection a combination of factors will be 
important, including not only the size and shape of 
the particles from which the gel skeleton is formed 
but also the number of cross links between particles 
and the strength of the binding at these points of 
closest approach, together with such characteris
tics of the network as its average porosity and pro
portion of “ open”  to “ closed”  pores. On this view 
changes in the soap phase would not per se result in 
changes in gel behavior since they would not neces
sarily alter the geometrical structure of the net
work. Thus the attraction between two fibers di
rectly in contact on their hydrocarbon surfaces,26 or 
separated by a bimolecular film of adsorbed cetane 
or additive, would not be expected to vary appre
ciably because of small differences in packing14 of 
the scap molecules in the crystal lattice.

Another hypothesis which might be proposed to 
account for the action of additives is to postulate 
that they form addition compounds with the soap, 
thus resulting in changes in crystal habit which can 
be very important in determining the physical
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T able  V II

I d e n t if ic a t io n  o f  H y d r a t io n  St a t e  o f  C a lc iu m  St e a r a t e  fro m  X -R a y  D if fr a c t io n  P a ttern s  

Soap from stearic Feasibility of detection of hydration state from diffraction pattern
acid sample

Ref.
I 13 Readily
5R3 14 Possible, but some variations from standard pattern
5R3 15 Only after a considerable aging period
II, I II , 5 13, 15 N ot possible with these less pure fatty acids

Form present at room temp, after thermal treatment

Sample Ref. Phase Prior treatment
5R 3AH 14 V I-N Quenched from cetane-water systems
5R3 33 Hydrate Quenched from cetane-water systems

Ease of rehydration of various forms under different conditions
Sample Ref. Phase Thermal treatment Ease of rehydration

i 13 V l-A N o hydrate after 36 hr. in water at 60°
i 13 V I-A Hydrate present after 1 hr. in water at 100°
i 13 V I-N Quenched from 155° Reverted readily to hydrate at room temp.
5R 3AH 14 V I-N Quenched Rehydrated partially after 1 mo. at room temp.
5R3AH 14 V I-A N o hydrate formation on exposure to labora-

tory air at room temp.
5R 3AH 14 V I-A Hydrated completely at room temp, on seal-

ing in a tube with water

properties of greases.33 Although water can form a 
monohydrate with calcium stearate,13 after equili
bration of systems at 155°, which is above the de
composition temperature, hydrate can be present 
only if it reforms during quenching or on standing 
at room temperature. There is some difficulty in 
identification by X-ray diffraction techniques 
since the pattern obtained is strongly dependent on 
the presence or absence of traces of adsorbed salts,15 
the available evidence as to change of pattern with 
hydration state and ease of hydration of the dry 
soap being summarized in Table VII. Under the 
conditions of the present experiments even in the 
water-containing systems the soap must have been 
present at room temperature predominantly in the 
anhydrous VI-N form in all cases with possible 
traces of VI-A and monohydrate. In the case of 
stearic acid the X-ray evidence (Fig. 5) indicates 
the formation of a molecular compound with cal-

(33) D. H. Birdsall and B. B. Farrington, T h i s  J o u r n a l , 52, 1415 
(1948).

cium stearate under some conditions.17
However, if the effect of the additive were due 

solely to formation of an addition compound with 
the soap it would be expected that the ultimate 
liquid loss and initial rate of loss would be mini
mum at a composition ratio of additive to soap cor
responding to complete formation of the complex, 
and that this would occur at low integral molal ra
tios. Study of Figs. 3 and 4 shows that the molal 
ratio of additive to soap is usually non-integral at 
the minima, is different at the compositions of 
minimum rate of loss of liquid and of minimum ulti
mate loss, and again different at the composition of 
maximum yield value of the gel.-6 34 In view of the 
variability of these ratios and their failure to accord 
with the compositions of any plausible addition 
compound it seems unlikely that compound forma
tion can be adduced as the mechanism of stabiliza
tion by these additives.

(34) H. F. Coffer, Ph.D. Dissertation, University of Southern 
California Library, 1Ç51.

HOMOGENEOUS DECOMPOSITION OF HYDROGEN PEROXIDE VAPOR
B y  C harles N . Satterfield  and  T heodore  W . Stein

Department of Chemical Engineering, Massachusetts Institute of Technology, Cambridge, Mass.
Received September 10, 1956

Studies of the thermal decomposition of hydrogen peroxide vapor under flow conditions in a relatively inert glass reactor 
show a transition from heterogeneous to homogeneous reaction in the temperature range of 400 to 450°, at a partial pressure 
of 0.02 atmosphere. The homogeneous reaction was of 3 /2  order and had an activation energy of 55,000 cal. The decom
position mechanism appears to involve very long straight chains.

Numerous studies have been made of the thermal 
decomposition of hydrogen peroxide vapor (these 
have been summarized1 recently) but only in the

(1) W. C. Schumb, C. N. Satterfield and R. L. Wentworth, “Hydro
gen Peroxide,” A. C. S. Monograph No. 128, Reinhold Publ. Corp., 
New York. N. Y., 1955, pp. 447-458.

study by McLane2 were experimental conditions 
such that at least a portion of the reaction seemed 
to be occurring homogeneously. The present study 
shows quite clearly the conditions under which a 
transition from heterogeneous to homogeneous de-

(2) C. K. McLane, J. Chem. Phys., 17, 379 (1939).
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T E M P E R A T U R E  ' C .
500 450 400 350 300 250

Fig. 1.— Effect of temperature on the decomposition rate of
hydrogen peroxide vapor (P hsOi =  0.02 atm.).

composition may be observed and provides some 
information on the kinetics of the homogeneous 
reaction.

A mixture of hydrogen peroxide and water vapor 
at one atmosphere total pressure was produced at 
a constant rate and composition by boiling an 
aqueous solution of hydrogen peroxide of appropri
ate composition. The vapor was passed continu
ously through a Pyrex tube held in a constant tem
perature bath. The amount of decomposition occur
ring in the tube was determined by continuous re
moval of vapor samples before and after the tube, 
with quick quenching, followed by analysis of the 
condensate with standardized permanganate in 
the usual fashion. The apparatus is described in 
more detail elsewhere.3

In a series of studies at temperatures up to 250°, 
and hydrogen peroxide concentrations up to 0.20 
atmosphere the rate per unit of surface area was 
found to be independent of the surface-volume 
ratio, for the most inert surfaces studied3 showing, 
in agreement with previous investigators, that the 
homogeneous reaction cannot be detected at these 
temperatures. The temperature range from 215 
to 490° was then investigated in three Pyrex tubes, 
each of which previously had been treated with 
4 N  phosphoric acid to provide a highly inert sur
face. Each tube had a surface area of 590 cm.2 and 
a volume of 300 cm.3 The results are shown on 
Fig. 1.

Two facts show quite clearly that a transition 
from heterogeneous to homogeneous decomposition 
occurred in the temperature range of 400 to 450°;

(3) C. N. Satterfield and T. W. Stein, Ind. Eng. Chem., in press.

(1) the sharp increase in the temperature coefficient 
of the decomposition rate and (2) the fact that 
different tubes showed different decomposition rates 
in the lower (heterogeneous) temperature region 
but the same results in the higher temperature 
region. The data in the heterogeneous range were 
obtained at average hydrogen peroxide partial 
pressures of 0.025 to 0.038 atmosphere, those in the 
homogeneous range from 0.006 to 0.029 atmosphere. 
To put the results on a comparable basis, the rates 
of decomposition were recalculated for a hydrogen 
peroxide partial pressure of 0.02 atmosphere, assum
ing that in the homogeneous range the rate is pro
portional to the 3/2 power of the hydrogen per
oxide concentration, and in the heterogeneous range 
that the concentration effect is the same as that 
found at lower temperatures3— slightly greater than 
first order.

The homogeneous reaction is so rapid under these 
conditions that a large fraction of the hydrogen 
peroxide entering the Pyrex tube decomposed 
therein, so that it must be treated as an “ integral 
reactor.”  To determine the correct manner in 
which to average inlet and exit hydrogen peroxide 
concentrations, data obtained at a common tem
perature of 460° and several concentrations were 
plotted as on Fig. 2. The slope corresponds to a 
3/2 order reaction

-  T W  = ( l )

w h e r e  th e  a v e r a g e  v a lu e  o f  P h 2o 2 is  g iv e n  b y

Pu20, =  [ P i "j >°"t-1/2. +  P o .tP .n V r j» /, (2 )

Homogeneous rate data obtained at slightly differ
ent average partial pressures were recalculated to 
a common basis of a hydrogen peroxide partial 
pressure of 0.02, yielding the curve in Fig. 1 for the 
homogeneous reaction. The slope of this curve 
corresponds to an activation energy of about 55 
kcal./g. mole.

The temperatures reported are an average of the 
bath temperature and that of the vapor entering 
the reactor. This is a satisfactory measure of re
action temperature when reaction takes place ex
clusively on the tube wall. However in the homo
geneous range the exothermicity of the reaction 
may cause the vapor to be appreciably hotter than 
the tube wall. To estimate this factor, the tem
perature variation of the vapor as a function of tube 
length was calculated for the various H2Oo concen
trations studied, assuming the heat transfer coeffi
cient to be 3.5 BTU /(hr.)(°F .)(ft.2), the latter being 
based on the Reynolds number with allowance for 
entering turbulence. It was concluded that for 
only one set of runs (those at an average hydrogen 
peroxide partial pressure of about 0.03 atm.) was 
chis factor an appreciable source of error and that 
here the vapor temperature was about 10° higher 
than the wall temperature. For plotting on Fig. 2 
this one set of observed values were therefore cor
rected using the Arrhenius equation with an activa
tion energy of 55 kcal.

Further evidence for a 3/2 order reaction comes 
from the data of Miss Huang4 which were obtained

(4) Y. M. Huang, S.M. thesis in Chemical Engineering,
August, 1955.
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in the same type of apparatus, differing principally 
in that the reaction temperature was determined 
from five thermocouple wells placed equidistantly 
along the reaction tube. A group of nine runs at 
temperatures between 466 and 489° and at average 
hydrogen peroxide partial pressures of from 0 001 
to 0.035 atmosphere were available for evaluation. 
Her rate data were adjusted to the common tem
perature of 475° using the Arrhenius equation and 
an activation energy of 55,000 kcal. Although the 
data scatter slightly, the results, shown on Fig. 3, 
clearly correspond to a 3/2 order expression rather 
than to a first or a second order. The data of Miss 
Huang when recalculated tc 475° and 0.02 partial 
pressure of hydrogen peroxide and allowing for the 
difference in reactor volumes correspond to a rate 
of homogeneous reaction about 30% less than that 
shown in Fig. 1.

McLane2 obtained data in boric acid-coated 
Pyrex at average concentrations of 0.002 atmos
phere pressure of hydrogen peroxide and below 
and at temperatures of 470-540°. His rate report
edly followed a first-order expression and in the 
lowest surface-volume ratio vessel studied (S/V =  
3 cm.-1) he reported an activation energy of 50,000 
cal.

There are several important differences between 
his experimental conditions and those in the present 
study. The hydrogen peroxide concentrations here 
were one to two orders of magnitude greater; the 
surface-volume ratio of the present vessel was 
about 2 cm.-1, compared to 3 cm.-1 of McLane, and 
the flow pattern here approximated slug flow 
whereas that of McLane appeared to be close to that 
of a completely mixed reactor. The present rate 
data are about twice those reported by McLane if 
the rate is taken to be proportional to the 3/2 
power, or about ten times those of McLane if the 
reaction were assumed to follow a first-order expres
sion. This most probably reflects an increase in 
chain length of the reaction as the surface-volume 
ratio is lowered and the H2O2 concentration is 
raised.

The most probable initiating step in the reaction 
is

H 2Oa +  M  — ■> 2 0 H  (3)

The energy required for this reaction is about 52.6 
kcal./g. mole whereas about 90 kcal./g. mole would 
be needed for the only alternate initiating step, 
formation of H and OOH.

Chain propagation is most probably by
O H  +  H 20 2 - - >  OOH +  H ,0 (4)

OOH +  H 20 2 — >  H 20  +  0 2 +  OH (5)

both of which are exothermic whereas all chain 
branching steps are endothermic. Chain breaking 
can occur by adsorption of radicals on the walls or 
by 3-body combination reactions of OH or OOH, 
thus

2 0 H  +  M  — >  H 20 2 (6a)
O H  +  H 0 2 +  M  — >  0 2 +  H 20 2 (6b)

2 H 0 2 +  M  — >  H 20 2 +  0 2 (60)

If the rates of reactions 3, 4, 5 and 6a are formu
lated in terms of the appropriate rate constants and

P a r t i a l  P r e s s u r e  Of H y d r o g e n  P e r o x i d e ,  
A t m .

Fig. 2.— Effect of concentration on the homogeneous decom
position rate of hydrogen peroxide, T =  4 600

P a r t i a l  P r e s s u r e  Of H y d r o g e n  P e r o x i d e ,
A t m.

Fig. 3 .— Effect of concentration on the homogeneous decom
position rate of hydrogen peroxide (from Huang), T =  475°.

reactant concentrations, and the rate of production 
and destruction of each of the free radicals is 
equated, one can derive the expression

driEîOs
v  de (7)

A 3/2 order expression is also obtained if one of the 
other free radical combination reactions is chosen 
instead of 6a. However, if 3-body free radical 
combination reactions are regarded as negligible 
and chain stopping is assumed instead to occur by
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adsorption on walls, the mathematical formulation 
leads to a second-order expression. The fact that 
the decomposition rate in fact followed a 3/2-order 
expression suggests that the 3-body free radical 
recombinations were the chain stopping mechanism 
here and not wall reactions.

It is interesting to compare the observed decom
position rate with the number of collisions of hydro
gen peroxide molecules in which the energy is 
greater than 55,000 cal./g. mole. The measured 
decomposition rate at 460° and hydrogen peroxide 
partial pressure of 0.02 atmosphere corresponds to 
about 1.9 X 1017 molecules decomposing per cc. 
per second. Assuming that the fraction of collisions 
having activation energies greater than 55,000 
cal./g. mole equals e~E/BT, the number of such

activated collisions involving a hydrogen peroxide 
molecule is about 1.8 X  1010 collisions per cc. per 
second. There are, of course, considerable sources 
of error in calculating the number of “ effective colli
sions.”  such as the uncertainty as to the value of 
the activation energy and as to the collision cross- 
sections, and also the possibility that the activation 
energy may be shared between more than two 
“ square terms,”  and therefore that the fraction of 
effective collisions may be somewhat greater than 
e-E/RT' Nevertheless, the enormous difference
between the two numbers clearly indicates that long 
chains are involved here.

Acknowledgment.— The authors wish to acknowl
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CALCULATION OF EXPERIMENTAL ISOTOPE EFFECTS FOR 
PSEUDO FIRST-ORDER IRREVERSIBLE REACTIONS

B y  James Y ing- peh  T o n g  and P eter  E . Y an kw ich

Contribution from the Noyes Chemical Laboratory, University of Illinois, Urbana, Illinois
Received September 24, 1956

Four exact equations are derived for the calculation of experimental isotope effects of systems of pseudo first-order irre
versible reactions. The input data are either measured isotope ratios alone, or a combination of isotope ratios with the 
measured reaction coordinate. The advantages and disadvantages of these equations over those of the zero-time approxima
tion method are discussed.

In tr o d u c t io n
In this paper, we are concerned with a system of 

pseudo first-order irreversible reactions
A ' + p P  +  q Q — B'  +  uU +  vV  (1)
A " +  p ?  +  qQ — B "  +  uU +  vV  (2)

where one atom of the element Z is transferred 
from a molecule of A to one of B during one 
stoichiometric unit of reaction. The symbols A' 
and B ' stand for the compounds A and B contain
ing the lighter isotope Z ', and the symbols A" and 
B" stand for the compounds A and B containing 
the heavier isotope Z". The rate equations are 
assumed to be

-d ( A ') /d <  =  k'(A’)F (3)
— d (A ") /d i =  k"(A")F (4)

where F is a function of the concentrations of reac
tants, catalysts and products, other than A and B. 
Conventionally, the isotope effect is defined as the 
deviation from unity of the ratio of isotopic rate 
constants r; i.e.

O  — l )  =  (fc 'A ")  -  1 (5)

An approximate method1 which has been em
ployed in several studies2'3 involves the deter
mination of the isotope ratios Rbt and Eb«. (or 
Rao), the corrected isotope ratios (B ")/(B ') of prod
uct accumulated to times t and infinity; collec
tion of the sample with which the former measure
ment is to be made is stopped at a value of the reac
tion coordinate, / ,  so small that the time t may be

(1) J. Bigeleisen, Science, 110, 14 (1949).
(2) J. Bigeleisen, J. Chem. Phys., 17, 425 (1949).
(3) P. E. Yankwich, R. L. Belford and G. Fraenkel, J. Am. Chem. 

Soc.. 75, 832 (1953).

considered equal to zero. The isotope effect, then 
is computed from the relation

0  -  l )  =  (Æ b»/Æ bt)t-*o -  1 (6 )

Several other workers'1-6 have published the results 
of studies based on other approximation methods 
which employ isotope ratios determined on prod
uct material accumulated up to large values of the 
reaction coordinate f ;  in all of these, the approx
imation has been the application of an equation 
valid only when one isotope is present at the trace 
level.

In a system of two simultaneous irreversible re
actions involving isotopically different reactants 
and products, one can measure three isotope ratios 
and the reaction coordinate; the isotope effect can 
be computed from any grouping of three of these 
quantities. In this paper we shall examine four 
exact equations applicable to systems of any orig
inal isotopic constitution and each of which em
ploys a different grouping of the input data. For 
each of these equations and equation 6 we shall 
calculate and compare the errors in r arising from 
typical imprécisions in the input data.

D e r iv a t io n s
T h e  fo u r  m e a su ra b le  q u a n tit ie s  a r e : th e  is o to p e  

r a t io  o f  th e  s ta r t in g  m a te r ia l, R&0 (w h ic h  is  th e  
sa m e  as  th a t  o f  th e  a c c u m u la te d  p r o d u c t  a t  c o m 
p le te  r e a c t io n , 7?b=>); th e  is o to p e  r a t io  o f  th e  r e 
s id u a l r e a c ta n t  a t  t im e  t, Rat,‘ th e  is o to p e  r a t io  o f

(4) A. A. Bothner-By and J. Bigeleisen, J. Chem. Phys., 19, 755 
(1951).

(5) J. A. Schmitt, A. L. Myerson and F. Daniels, T h i s  J o u r n a l , 56, 
917 (1952).

(6) A. M. Downes, Australian J. Sci. Research, A5, 521 (1952).
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the product accumulated to time t, Rbt; and the 
reaction coordinate at time t, f. Let us define a 
quantity g as

then
g = (A")t/(A")o = e-k’ fFdt

f  A ' ) t / ( A ' ) o  =  e - k " S F à t  =  g r

(7)

(8 )
The above four input data can be expressed as

Aao -  nb«. -  (A , )o

_  (A " ) ,  _  R.»
“  ( ¿ ' ) .  g'-1

_  [Bf)t = RM  -  g) 
bt (B')< (1 -  g')

{B’ )t +  {B")t (1 -  gr) +  R M  -  g)
(A')o +  (A")o 1 +  RaO

(9)

( 10)

(11)

( 12)

Three exact relations for r are obtained by elim
ination of g between each of the three pairs of 
equations chosen from the triad (10), (11) and 
(12); the fourth such relation requires elimination 
of both g and Ra0 from among the three.

When Ra0, Rat and Rbt are determined
1 T  ( R  b t  R a o ) ~J

L ( R b t  -  R,t)J 
R&t( Rbt R&o)

L .R a o ( R b t  —  R a t ) J

When Ra0, Ra t and/are determined

l n  1

f(l -  /)(R»o +  D1
L  ( R a t  +  1) J

H

f R a t d  -  / } ( R aO  +  D 1L R & o(R & t  +  1) J
When Ra0, Rbt and /  are determined

In f ,  __ / ( RaO +  1)
L  ( R b t 1) 0

In [ ■ -
R b t / ( R a O  1  1 )

Rno'Rbt +  1) J 
When Rat, Rbt and /  are determined 

r 1 __ /(Rht -  Rat)
L d

In ■/) (1 — f)(Rbt t  1)_
In [<t 4 +

f(Rbt — R&t)
/)  (1 — f)R at ( - ß b t  + T)]

( I )

( I I ) 7

(HD

( I V )

In those experimental situations where g and g' 
can be measured directly, r can be obtained by com
bination of the logarithms of equations 7 and 8; 
such a relation has been employed and an analysis 
of the associated errors given by Jones.10

Error Analysis
The deviations in the calculated rate constant 

ratio, Ar, due to deviations in the measured isotope 
ratios, AR, and the measured reaction coordinate, 
A/, can be obtained from an approximation of a 
Taylor series expansion in these quantities.

If r is a function of the variables w„ the Taylor 
series expansion of Ar in terms of corresponding 
Awi’s is

A r E E L dnr
z- ' ,  n\ òw¡n\_n = 1

( Awi) (13)

(7) Equation II can be obtained by rearrangement of the Rayleigh 
distillation formula8 as given by Urey.®

(8) John William Strutt (3rd Baron Rayleigh), Phil. Mag., [5] 42, 
493 (1896).

(9) H. C. Urey, Repts. Progr. Phys., 6, 48 (1939).
(10) W. M. Jones, J. Chem. Phys., 19, 78 (1951).

When Awi’s are small, terms of equation 13 con
taining {Aw\)n for n equal to two or greater may be 
ignored. We have, then, as an approximation

Ar = E ItÒWi (14)

Equation 14 can be modified easily to express all 
the deviations as fractional deviations (or percent
age deviations) to read

A Iy  —  l ) k  A r k _  i p  A W i

(r -  1) (r -  1) Ÿ  m

where
C k i  =  ^  ( £ - )  r — 1 \ow i /k

The calculation of the error in r — 1 by equation 
15 requires the use of the signs of the individual 
contributing deviations; these signs are usually 
unknown and may vary with experimental condi
tions, etc. In order to evaluate the usefulness of 
equations I through IV, we shall consider the 
maximum fractional deviation in r — 1 calculated 
by each equation for a given set of values of frac
tional deviations in isotcpe ratios and reaction co
ordinates.11 The maximum fractional deviation 
in r — 1 (henceforth abbreviated to Sk) is defined 
as

(15)

(16)

sk = E
%

Cki
Awi 
W1 (17)

The expressions for the coefficients Cki and the re
lated g’s are summarized in the Appendix.

A similar analysis has been given by Bigeleisen 
and Allen13 on an equation4 when expressed in our 
notation reads

r = In(l - / ' ) / l n  ( l  (18)

which can be obtained by combining equations 11 
and 19, or by combining equations III and 20.

/ '  =  1 -  gr (19)
f  = / ( R » o  +  1 ) / ( R b t  +  1 )  ( 2 0 )

The approximation made by the authors was / '  
=  /•

Calculations and Discussion
The coefficients Cki were calculated for r values 

of 1.01, 1.03, 1.10, 1.35, 2.00 and 4.00, and for 
Ra0 values of 1, 0.1 and 0.011111.14 Maximum 
fractional deviations in r — 1, Sk, were calculated 
for the above values of r and Ra0 using assumed

(11) A more conventional statistical formulation of the fractional 
error S'k, ia

<S'k =  [ E  (CkiAunM)2? A

If the assumption is made that the measurements of the various input 
data are independent, then both this S 'k and that given by equation 
17 are derived from Taylor’s Theorem expansion neglecting terms of 
higher order than the first.12 Thus the value of &k computed from 
equation 17 is always equal to or larger than S'k-

(12) See for example: J. Reilly and W. N. Rae, “ Physico-Chemical 
Methods,”  fifth edition, Vol. I, D. Van Nostrand Co,, Inc., New 
York, N. Y., 1954, p. 180.

(13) J. Bigeleisen and T. L. Allen, J. Chem. Phys., 19, 760 (1951). 
A factor fl +  (Wx0 — Nx)f/Nx0(1 —/ ) ]  is missing from the denominator 
of the first term on the left of their aquation 6.

(14) The values for pR0, see Appendix, actually employed in the 
computer work were 1, 10 and 90; the last value was chosen to cor- 
respond to the appioximate situation in natural carbon.



542 J. Y. T ong and P. E. Y anicwich Vol. 61

and (6) (short lines on the inside left edge of frame) as a 
function of /  and r — 1 (arabic numbers) at =  0.011111.

Fig. 2.— Maxim um fractional deviation in r — 1, Sk, of 
equation IV  as a function of /  at A / / /  levels of 0.01, 0.005 
and 0.002; R„0 =  0.011111; r — 1 =  0.03. Corresponding 
St of equation 6 is 0.0343.

A R/R and A / / /  of 0.0005 and 0.002, respectively. 
These error levels of 0.05% in an isotope ratio and
0.2% in the determination of a reaction coordinate 
have been found to be representative in the work 
carried out in this Laboratory. All computations 
were performed on the University of Illinois dig
ital computer Illiac; the program was checked by 
hand computation to the same degree of precision 
(~ 8  decimal significant figures).

The calculated values for Rao =  0.011111 for 
equations 6, I, II, III and IV are summarized as 
functions of the reaction coordinate /  in Fig. 1. 
In the calculation of values for equation 6 we as
sume that the ratio Rht is determined at a reaction 
coordinate sufficiently small that the approxima
tion t =  0 does not introduce significant error.

Since the application of equation 6 requires the 
determination of only two quantities while the use 
of other equations requires three, and for some

systems the two quantities involved in equation 6 
are particularly convenient to determine, we base 
the following discussion on a comparison of the 
present four equations with equation 6.

At reaction coordinates of 0.5 or less the &  
values from equation I are between 1 and 1.05 
times the Sk values from equation 6 for all values 
of r between 1.01 and 4.00 and all values of Rao 
between 0.01 and 1. Results obtained by equa
tion I are comparable in accuracy to those derived 
by equation 6. Equation I is the more useful, 
however, in the study of reactions involving large 
isotope effects. For example: if r =  2, Ra0 =
0.0111, and /  =  0.5, Sk = 0.00204; similarly, for 
Eao =  1, Sk =  0.00208. In order to achieve a Sk 
value no larger than 0.00220 with equation 6 for 
r =  2, product collection must be stopped at reac
tion coordinates of 0.0004 and 0.0003 for Ra0 
values of 0.0111 and 1, respectively.

For small isotope effect (r =  1.03) equation II 
yields smaller Sk v a lu e s  at large reaction coordi
nates (f^0.7) than the zero time approximation 
method, equation (6). Equation IV is even more 
advantageous than equations II and 6 at small iso
tope effect. For equation IV, the Sk values at 
some reaction coordinates are still smaller than 
those given by equation 6 even when the reaction 
coordinates are measured with 1% accuracy as il
lustrated in Fig. 2.

Equation III which involves a measurement of /  
in addition to other input data similar to those of 
equation 6 offers no advantage over equation 6.

The changes in Sk due to changes in Ra0 are only 
significant at large isotope effect. The Sk values 
of equations I and III increase and those of equa
tions II and IV decrease as Ra0 is increased. The 
application of equation I is, therefore, more favor
able the smaller the Ra0.

We have also calculated Sk' as defined in foot
note 11 but found that the trends described in the 
above discussion are not seriously altered except 
in the case of equation I. The Sk' values from 
equation I at reaction coordinates of 0.5 or less are 
always slightly less than those obtained with 
equation 6 under the conditions considered.
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Appendix
Coefficients ck; and Equations for g.— In the

expressions summarized below all isotope ratios R 
appear as their reciprocals: pa0 = l/2?a0) etc. The 
coefficients Cki are defined by equation 16 above, 
while g is defined in equation 7; the signs given for 
the Cki below are those which will yield the proper 
deviation in r if values of Ap/p are inserted in equa
tion 15 rather than values of AR/R. The sub
script k =  0 refers to the zero-time approximation 
method, equation 6; the subscripts k =  1, 2, 3 
and 4, refer to equations I, II, III and IV, respec
tively. The second subscripts, i =  1, 2, 3 and 4, 
refer to the quantities Apa0/p ao, Apat/pat, Apbt/pbt 
and A ///, respectively.
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Equation 6.—

( 21)

C24 =  -
T

Equation III.—

I ___  f Cr -  DM
Ding L G - / )  J

Coz == +  — T r — 1
(22)

Equation I.—
Pbt PaO

o — Pbt Pat
(23)

c  1 r (r - l ) Ü - 0) . 1 (24)
“  (r -  1) In g L ? G  -  ® - J) J

c  1 T l (r -  1)(1 -  g)gr~1~I
(25)Cu (i- -  1) In i7 L G  -  3r~1) J

c  ~ i r (r -  d g  -  s-xi -  errI
(26)"  (r — 1) In g L g( 1 -  9r-1) J

Equation II.—

, (PaO +  1 ) /
9 (Pbt +  1)

n 1 r u  -  f )  +  r(l -  g)gr~ l Pao'
(r — 1) In g \L fff(Pa0 +  1)

c  - 1 1[ (1  -  9r) +  r( 1 -  s V - W I
“  (r -  1) In g \L Qr{ Pbt +  1) J

r~Ts11

(r -  1) In g L gr J
Equation IV.—

( p b t  +  1 ) ( 1  —  / )

(  Pbt +  1 )  —  (P b t  —  P a t ) /

g
( 1  — / ) (  PaO +  1 )  

(pat +  1 )
(27)

C2I
— 1 I'rpat) +  1 \

(28)(r — 1 )  In g V pao +  1 /

C22
1 (r Pat +  1 \

(29)(r — 1 )  In g \ p a t +  1 /

1 I (1 -  gr) + r (  1 -  f)p .f|
(r -  1) In g \ 

- 1

Pat +  1 J

r ( l  -  gr) +  r(l -  ¡7 ) p b t l
(r -  1) In g

1 I

L Pbt +  1 J 

' - ( I  -  g') + r ( l  -  .9)1
(r -  1) In g | 1 - /  J

(30)

(31)

(32)

(33)

(34)

(35)

(36)

(37)

(38)
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Freiling’s theory of gradient elution has been extended to include the variation of the number of plates with increasing 
eluent strength. As before, three principal equations are derived. The first equation predicts the peak locations and is 
identical to that obtained previously. The second equation predicts peak shapes on the simplifying assumption of Gaussian 
shaped solute distribution on the column. Since the second equation is manageable only with difficulty, a third equation 
is derived which, while more approximate, is more easily handled. Tests of the theory were performed by eluting N a 22 
and C s137 on Dowex-50 using HC1 eluent. Calibration runs showed a reproducibility of 3 %  in peak location but only 3 0 %  
in the number of plates. Gradient elution runs were next performed under a variety of conditions. Application of theory 
and calibration data to these results indicated that the peak locations could be predicted well within the experimental 
error. The shapes of the gradiently eluted peaks were calculated by both equations. Reasonably good agreement was 
obtained between the data and "he exact equation over 9 8 %  of the elution history curve. Both exact and approximate 
formulas were found to give better fits of the leading edge than of the trailing edge. Goodness of fit appears to be lost 
more by two rapid elutions.

Introduction
Since the discovery of the technique,1-3 gradient 

elution analysis (i.e., elution chromatography 
with continuously varying eluent strength) has been 
applied successfully to numerous chromatographic 
separations. These include the separation of oli
gosaccharides,4 organic acids2-3-6-7 amino acids 
and peptides,3-8-9 high polymer silicones,10 sugar

(1) R. S. Aim, R. J. P. Williams and A. Tiselius, Acta Chim. Scand., 
6, 826 (1952).

(2) K. O. Donaldson, V. J. Tulane and L. M. Marshall, Anal. 
Chem., 24, 185 (1952).

(3) H. Busch, R. B. Hurlburt and V. R. Potter J. Biol. Chem., 196, 
717 (1952).

(4) R. S. Aim, Acta Chim. Scand., 6, 1186 (1952).
(5) L. M. Marshall. K. 0 . Donaldson and F. Friedberg, Anal. 

Chem., 24, 773 (1952).
(6) R. W. Scott, ibid., 27, 367 (1955).
(7) C. Mader, ibid.. 26, 566 (1954).
(8) R. J. P. Williams, Analyst, 77. 905 (.1952).
(9) P. N. Campbell, S. Jacobs, T. S. Work and T. R. E. Kresman, 

Chemistry and Industry, 117 (1955).
(10) D. W. Bannister, C. S. G. Phillips and R. J. P. Williams, A n a l .  

Chem.. 26, 1451 (1954).

a n d  su g a r  p h o s p h a t e s ,11 k e t o s t e r o id s ,12 D N A , 13-14 
n u c le o t id e s ,15 o x y h e m o g lo b in ,16 p u r in e  b a s e s ,17 rare 
e a r th s ,18-19 a lk a li m e ta ls 20 an d  v a r io u s  o th e r  c a t 
io n s .21 In it ia l th e o r e t ic a l w o r k  w a s  p r im a r ily  
c o n c e r n e d  w ith  e ith e r  th e  c a lc u la t io n  o f  th e  in flu 
e n t  c o n c e n tr a t io n  u n d e r  v a r io u s  c o n d it io n s  o f  m ix -  
in g7,2 2 -2 4  or  q u a lita t iv e  d is c u s s io n .1-12

(11) C. W. Parr, Biochem. J., 56, xxvii (1954).
(12) T. K. Lakshmanan and S. Lieberman, Arch. Biochem. Biophys., 

53, 258 (1954).
(13) A. Bendich. I. R. Fresco, Ii. S. Rosenkranz and S. M. Beiser. 

J. Am. Chem. Soc.. 77, 3671 (1955).
(14) R. K. Main and L. J. Co‘,e, paper presented at 129th Meeting 

of the American Chemical Society, April, 1956, Dallas, Texas.
(15) R. B. Hurlburt, H. Schmitz, A. F. Brumm and V. R. Potter, 

J. Biol. Chem., 23, 209 (1954).
(16) M. Morrison and J. L. Cook, Science, 122, 920 (1955).
(17) K. Jackson, t o  b e  submitted to Am. J . Physiol.
(18) W. E. Nervik, T h i s  J o u r n a l , 59, 690 (1955).
(19) L. R. Bunney, E. C. Freiling, L. D. Mclsaac and E. M. 

Scadden, Nucleonics, 15, No. 2, 81 (1957).
(20) B. Drake, Arkiv. Kemi, 3, 189 (1955).
(21) M. Lederer, Nature, 172, 727 (1953).
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More recently, the theoretical details of chromato
graphic elution with a graded eluent have received 
closer attention. Freiling22 23 24 25 has extended the batch 
equilibrium plate theory of Mayer and Tompkins26 
and Martin and Synge27 to the case of varying elu
ent and arrived at equations for predicting peak 
locations and peak shapes. Simultaneously, 
Drake28 formulated peak location equations for the 
cases of both linear and non-linear absorption of 
the gradient and solute substances. For the case 
of a non-absorbed gradient substance, Drake’s peak 
location equation becomes identical to that of 
Freiling.

Freiling’s peak shape equations were derived on 
the basis of a constant number of theoretical plates 
during the course of a gradient elution. Since this 
is in general not the case, they are of limited value.

In this communication the previous peak shape 
equations are first extended to the case of a varying 
number of plates. Experiments are described 
which were designed to test the equations derived 
by eluting a relatively loosely held solute (Na) and 
a relatively tightly held solute (Cs) under conditions 
of constant and variable eluent strength. Predic
tions based on constant strength elutions and theo
retical considerations are compared with the results 
of gradient elutions and the results discussed.

Theoretical
The models to be considered in attacking this 

problem are ¡hose used already to describe con
stant strength elutions, namely, (1) equilibrated 
discontinuous bed with discontinuous flow, ac
cording to Mayer and Tompkins26; (2) equili
brated discontinuous bed with quasi-continuous 
flow, originated by Martin and Synge27; (3) equili
brated discontinuous bed with continuous flow de
veloped by Glueckauf29 and Said30; (4) unequili
brated discontinuous bed with continuous flow de
vised by Glueckauf,31; (5) unequilibrated continu
ous bed with continuous flow used by Vermeulen 
and Hiester.32

Because of the necessity of making P  and C vari
ables, and for the sake of simplicity, it was consid
ered desirable to utilize the methods and results of 
models 1 and 2. The following notation is used:
L =  column length
C =  equilibrium ratio of fraction of solute in resin phase to 

fraction of solute in liq. phase in any given plate 
of the column

P =  no. of theoretical plates P = P(C)
AF =  vol. increment of eluent in free column vols.
F =  total vol. of eluent leaving column in free column vols.

(22) T. K. Lakshmanan and S. Lieberman, Arch. Biochem. Biophys., 
45, 235 (1953).

(23) A. Cherkin. F. E. Martinez and M. S. Dunn, J. Am. Chem. 
Soc., 75, 1244 (1953,.

(24) M. .Bock and N. Ling, Anal. Chem., 26, 1543 (1954).
(25) E. C. Freiling, J. Am. Chem. Soc.. 77, 2067 (1955).
(26) S. W. Mayer and E, R. Tompkins, ibid., 69, 2866 (1947).
(27) A. V. P. Martin and R. L. M. Synge, Biochem. J., 35, 1358 

(1941).
(28) B. Drake, Arkiv. Kemi, 8, 1 (1955).
(29) E. Glueckauf, Trans. Faraday Soc., 51. 34 (1955).
(301 A. S. Said, J. A. I. Ch. E., 2, 477 (1956). Said extends his 

theory to gradient elution assuming a constant number of plates, ar
riving at a peak location equation identical to Freiiing’s and Drake’s 
and an equation for peak shapes.

(31) E. Glueckauf, Soc. Chem. Industry, 27 (1954).
(32) T. Vermeulen and N. K. Hiester, Ind. Eng. Chem., 44, 636 

(1952).

F e =  value of F for which P =  2
Ft — value of F at the peak solute concn. in the effluent 
l =  distance down the column 
t = Gaussian distribution parameter 
C f = value of C  at the peak solute concn. in the effluent

Consider a column of length L containing a unit 
amount of solute adsorbed on an infinitesimally 
thin layer at the top. Let a volume increment of 
eluent (APR be put through the column and fol
lowed by a neutral solution which does not effect 
the solute distribution. Let Pi and Ci be the val
ues of P  and C for eluent of this strength. Proceed
ing on the Mayer-Tompkins assumptions of batch 
equilibrium and linear isotherms one finds a s in the 
previous treatment (ref. 25) that the peak solute 
concentration has moved down the column a dis
tance

_  L ( A n
ll ~ ~~cT~

and has a distribution given approximately by
, 2 _  P iC W  -  h)*
1 (A F )iL 2( l  +  C,)

Consider, now, a second column through which is 
put a volume increment (AP)i,2 of an eluent of 
strength C2 and for which the number of plates is 
P 2. If (AP)i,2 is so chosen that the resulting solute 
distribution is the same as in the previous case

U2 =  i.,*»

from which it follows that

(AP)i
(1 +  Ci)

PiCP =  ( A f % .
(1 +  C.)

p *c y

This situation is illustrated by Fig. 1.
If a volume increment (AP)2 of the second eluent 

is now put through each column, the distribution 
will be the same in each case and be given by

PPPjl -  U)2_________
1(AF).,2 + (AF ) 2] l \  1 + C2) 

(l -  h)2

(AP)i (1 +  Cl) 
P iC P

+  (A  F ) i
0  +  co-

Ac,» . L 2

while the distance of the peak in the first column is 
now

k = L R A F ). L  c\ (A F F I  
Cs J

The movement of the peak down the column is il
lustrated by Fig. 2. Generalizing

L =  L s ( a  F ) .

f  2 =  t-n

Cn 
(I -lu )2

L*X AFn

As she volume increments become infinitesimal 
ie equations become

- l / V / c

(.1 - 1»)2

As in the previous derivation (ref. 25) it is found 
that when F =  Ft and 1 =  L the peak location is 
given by
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1 = Jo dF/C <*>
The elution history curve is easily obtained by 

calculating the amount of solute which has passed 
from the end of the resin bed on to an imaginary ex
tension as shown in Fig. 3. Here l is replaced by L 
and lu by

Then

= u :v \  L f / S f e M (2)

A less exact but more easily manageable equa
tion can be obtained by approximating the elution 
curve with a normal error curve, using the slope of 
eq. 2 at Ft

P C 2
(3)

Although this type of approximation has been suc
cessfully used by a number of investigators,26'27'29-32 
its application to gradient elution history curves 
must be made with caution, as the results will show.

When an arithmetic-probability plot of the data 
is made, eq. 3 predicts the slope of the tangent to 
the curve at the peak. Equation 2 predicts that 
the actual points obtained with an increasing con
centration should lie above this tangent on both 
side of the peak, the degree of departure being 
greater for steeper gradients. For the decreasing 
concentration gradient, the reverse would be ex
pected.

Equation 3 reduces to Matheson’s equation when 
P  and C are constant, t2 is taken as 2 and F as Fe. 
Equation 2 does not reduce to Mayer and Tomp
kins’ equation

,2 =  p(F -  c y
C( l +  C)

but to

0

! 1,2

i r
-  L

(A F ) I 2

Fig. 1.— Comparison of actual and equivalent columns.

F R E E  COLUM N VOLUMES OF 
ELU AN T  COMINfi OFF COLUMN.

Fig. 2.— Progress of solute in a stepwise elution.

’ /2 = n p  -  c y
F {  1 +  C )

because the assumption here is that the solute dis
tribution on the column is Gaussian after the elu
ent is removed, while Mayer and Tompkins as
sumed a Gaussian shape while the eluent was still 
present in the column.

Experimental
Column.— The ion-exchange column used in these experi

ments was constructed from 6 mm. i.d . glass tubing fitted 
with a stopcock on the bottom and a 50-m l. reservoir at the 
top. The glass tubing was calibrated with water at 0.5-cc. 
intervals to determine the cross-sectional area, which was 
0.24 cm .2. The resin bed wras made from analytical grade 
Dowex-50 in the H + form (purchased from Bio-Rad Labora
tories, Berkeley, Calif.) and graded to settle at the rate of 
7 m in ./in . The bed depth was 14 cm. and the free column 
volume 1.34 ml. The drop size was measured at various 
flow rates so that drops could be converted to free column 
volumes.

Reagents.— The absorbates used were carrier free solu
tions of N a 22 and Cs137, purchased from Oak Ridge.

Eluents were made from C .p . grade HC1 diluted with dis
tilled water.

Conduct of Runs.— Prior to a run the column was washed 
free of acid with distilled water until the pH of the wash 
was reduced to 5 . Supernatant water was then withdrawn 
and microliter quantities of tracers added to the top of the 
column in such a manner that contact with the glass tubing

Fig.

ACTUAL
c o l u m n ' '

>

IMAGINARY
e x t e n s i o n ''

3.— Use of imaginary column extension to calculate 
peak shape.
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Fig. 4.— Arithmetic-probability plot of Cs peak in run 10.

Fig. 5.— Value of 1 /C  for N a and Cs as a function of HC1 
concentration.

was kept at a minimum. The tracers were allowed to sink 
into the resin bed and these were followed by two or three 
water washes zo bring any residual tracers down into the 
column. There followed two or three washes of the ex
posed glass stem with eluent, which was pipetted out of the 
top of the column, to free the walls of adhering activity. 
The reservoir was next filled with eluent and the column 
allowed to drip under its own head at a rate of about 80 sec./ 
drop or 0.14 cm ./m in . The reservoir was fitted with a 
capillary tube air inlet to prevent change in eluent concen
tration by evaporation during the course of a run. Three 
drop fractions were then collected in test-tubes using a drop 
counting fraction collector. In the calibration runs, initial 
test-tubes each contained a scrap of pH paper so that the 
presence of acid in the effluent was sharply signalled by the 
color change. The fraction size was then altered to some 
more expedient number of drops. The quantity of tracer 
in each fraction was measured by counting the tubes in a 
well-type 7 -rav scintillation counter. The eluent concen
trations in the gradient elution runs were determined by 
titration.

Fig. 6 .— Number of plates for N a and Cs as a function of HC1 
concentration.

Fig. 7.— Normality of HC1 vs. volume in free column 
volume, units for the gradient elution runs. Positions of 
eluted peaks are indicated with arrows.

Results and Discussion
The first three runs were performed at a flow rate 

of 15 sec./drop. Arithmetic-probability plots of 
these runs indicated that tailing ensued when only 
80-85% of the activity had been removed from the 
column. In order to reduce the tailing, the re
maining runs were carried out at flow rates in the 
neighborhood of 100 sec./drop. Tailing was 
thereby reduced to the order of 5-10%. From the 
initial runs, however, it was established that the 
degree of reproducibility was approximately 3%  for 
C and 30% for P. The values of C and P were de
termined from arithmetic-probability plots as 
described in ref. 25 and illustrated by a typical ex
ample in Fig. 4.
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t .

Fig. 8.— Arithmetic-probability plot of Cs peak obtained 
in run 6. Solid line calculated by eq. 2 or eq. 3.

Fig. 9.— Arithmetic-probability plot of N a and Cs peaks 
obtained in run 8 ; solid lines calculated by eq. 2 ; dashed 
lines by eq. 3.

The results of the calibration runs are summar
ized in Table I and illustrated in Figs. 5 and 6. 
Since the value of C did not vary with flow rate, the 
C values obtained for the first three runs are in
cluded in Fig. 5.

Three gradient elution runs were performed. 
The shapes of the gradients, as shown in Fig. 7, 
cover a wide variety of conditions. Run 6 was per
formed with a relatively slow increase in HC1 con
centration, run 8 with a relatively sharp in
crease, and run 9 is essentially a stepwise elution 
with the Na eluting on a flat portion and the Cs

t .

Fig. 10.— Arithmetic-probability plot of N a and Cs peaks 
obtained in run 9; solid lines calculated by eq. 2 ; dashed 
lines by eq. 3.

Fig. 11.— The value of (1 +  C)/PC2 as a function of HC1 
concentration for N a and Cs.

T a b l e  I

C a l ib r a t io n  R un R esults

HClconcn.
Flow
rate(sec./ Na Peak Cs Peak

Run (AO drop) c p c P

5 1 . 1 0 80 9.90 400 45.1 600 ±  2 0 ( 1

4 1.87 80 5.68 2 1 0 2 0 . 0 450
1 0 2 . 6 8 1 0 0 3.43 53 ±  13 9.39 250

7 4.74 80 4.56 170

T a b l e  II

C o m pa riso n  of C a l c u l a te d  an d  O bse r v e d  P e a k  L o c a 
tio n s  for  th e  G r a d ie n t  E lu tio n  R uns

Flow
rate

Na peak location 
Pre-

Cs peak location 
Pre-

(sec./ dieted Obsd. Error, dieted Obsd. Error,
K mi drop) Pi Ft or Ft Fi %

6 1 0 0 38.2 37.4 + 2 . 1

8 1 2 0 8.47 8.50 - 0 .4 15.0 14.9 +0 .7
9 1 0 0 15.9 15.4 +3.2 27.7 28.4 - 2 .5
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eluting on a very steep portion. Arithmetic-proba
bility plots of the peaks obtained with these runs 
are shown in Figs. 8, 9 and 10.

In order to test the reliability of eq. 1, graphs of 
1 /C vs. F were prepared for the gradient elutions. 
The values of F at unit area were determined by 
graphical integration and compared with the val
ues obtained from the arithmetic-probability plots. 
Observed values obtained in this manner are actu
ally center of mass locations. The results are given 
in Table II and show agreement well within the ex
perimental error in all cases.

Calculations based upon eq. 2 and 3 were ob
tained by plotting (1 +  C)/PC2 vs. F for each run 
and integrating graphically to F{. The variation of 
(1 +  C)/PC2 with IiCl concentration is shown in 
Fig. 11. From the shape of this curve it can be seen 
that differences between experimental and assumed 
conditions at the initial stages of a run are mini
mized by the relatively low value of the function for 
low HC1 concentrations. For most cases the appli
cation of eq. 2 could be simplified by using the equa
tion

t> = j\{F  -  Ff)[ 5  +  K ( r  -  ? ,)] r

[ w  +  -  ™ ]
where K  and IO are the half slopes of the 1/(7 vs. F 
and (1 +  C)/PC2 vs. F curves respectively at Ft.

In Figs. 8, 9 and 10, theoretical curves based on 
eq. 2 are shown as solid lines, while those based on 
eq. 3 are shown as dashed lines. In general reason
ably good fits are obtained, the goodness of fit in
creasing with Ft. The leading edges of the curve 
generally show better fit than the trailing edges, as

would be expected from the tailing found in the 
calibration runs.

The greatest source of error in this work is obvi
ously the poor plate reproducibility. This irrepro- 
ducibility appears to stem from three sources: the 
difficulty of controlling the flow rate, the variations 
inherent in the technique, and the interpretations 
of arithmetic probability curves which are compli
cated by tailing and minor fluctuations. The mag
nitude of the last limitation, when present, is indi
cated by the plus-or-minus figures in Table I. 
Evidently more testing with improved experimental 
conditions is in order. Resin of lower cross link
age, elevated temperatures, and better flow rate 
control should do much to reduce the errors.

The degree of experimental approach to the as
sumed equilibrium conditions is best illustrated by 
reference to Glueckauf’s “ Ion Exchange and its 
Application.” 31 According to Fig. 9 of this report, 
the gradient elution runs were begun under condi
tions in the effective equilibrium zone, but de
creasing C gradually shifted them to the particle 
diffusion zone.

From a practical point of view, the present the
ory would be best utilized in predicting peak loca
tions from distribution curves obtained by equili
brations. The availability of Glueckauf’s theory51 
for predicting H.E.T.P. should materially reduce 
the number of necessary column calibrations. De
velopment of empirical formulas for the indicated 
functions would eliminate the need for graphical 
integration.
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In Sec. II, an earlier Donnan method calculation of the osmotic pressure second virial coefficient, in the Donnan membrane 
equilibrium, is extended to ions of finite size. It is found, as before, that this coefficient disagrees with tne corresponding 
result from the M cM illan-M ayer method. The discrepancy is attributed to missing higher terms in the Debye-Huckel 
interionic potential of average force. In Sec. I l l ,  formal and exact equations are given which show that one can view 
refinements in the Debye-Huckel theory in terms of the introduction of “ local activity coefficients.”  In Sec. IV , an intuitive 
and semi-empirical argument is used to illustrate the application of local activity coefficients and to obtain a refinement 
of the Debye-Huckel interionic potential of average force. Although not satisfactory in some other respects, this potential 
gives the same osmotic pressure second virial coefficient in the Donnan equilibrium problem as does the Donnan method. 
It is pointed out that local activity coefficients might also prove useful in problems involving double layers, adsorption, 
surface tension, etc.

I. Introduction
The osmotic pressure second virial coefficient in 

the Donnan membrane equilibrium can be calcu
lated1 (1) by equating the electrochemical poten
tials of diffusible ions on the two sides of the mem
brane (Donnan method), using Debye-Huckel ac
tivity coefficients, or (2) from the McMillan- 
Mayer solution theory, using the Debye-Huckel

(1) T. L. Hill, Disc. Faraday Soc.. 21, 31 (1956); J. Chem. Phys., 
22, 1251 (1954).

potential of average force between a pair of non-dif- 
fusible ions. In Sec. II we extend our earlier1 
Donnan method calculation of the second virial 
coefficient to ions of finite size and find, as before, 
that this coefficient disagrees with the correspond
ing result obtained from the McMillan-Mayer 
method. The discrepancy is attributed to missing 
higher terms in the interionic potential of average 
force. In Sec. I l l  we give formal and exact equa
tions showing that one can view refinements in the
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Debye-Hiickel theory in terms of the introduction 
of “ local activity coefficients.”  Incidentally, this 
approach provides a very simple way of deriving 
the basic integral equations of Kirkwood’s theory 
of fluid mixtures.2'3 Finally, in Sec. IV, we use 
a strictly intuitive argument, based on the concept 
of “ local activity coefficients,”  to obtain, as an il
lustration, a refinement of the Debye-Hiickel inter
ionic potential of average force. Although not 
completely satisfactory in other respects, this new 
potential gives the same osmotic pressure second 
virial coefficient in the Donnan equilibrium prob
lem as does the Donnan method.

II. Osmotic Pressure Second Virial Coefficient 
in the Donnan Equilibrium.—We consider a Don
nan equilibrium in which the j-th species of dif
fusible ion (valence Zj) has a concentration c0, on 
the “ outside”  of the membrane and Cj on the 
“ inside” ; there is also a non-diffusible species of 
valence z and concentration p on the inside. The 
outside electrolyte is assumed dilute enough to 
follow the Debye-Hiickel theory. All ions are 
considered hard spheres of diameter a and are im
mersed in a continuous medium of dielectric con
stant D (see Fig. 1). The membrane potential is
¡p ' l/'in ~~ '//ont-

On equating inside and outside electrochemical 
potentials for the j-th species, we have

Cj7j(in>e*ie* /* r  =  C°i7j(out) (1)

Fig. 1.— Ions of types i and j in contact in continuous di
electric medium. For most purposes we take all ions of 
same size, a =  2R.

Cj =  c°j +  alP +  . . =  c°j[l -  Z)Ap +
gj’PQ* +  Z )p W S p  "I , a.

4S2 3 +  • •-J  (A

where

P ~ (I  -j- Kay  ^  =  S  03X1,2 iS =  1 - f  ^2 as 

Thus, from eq. 8

« ,  -  -  f a g *  (9)

Now we sum eq. 9 over j (a) as it stands, (b) after 
multiplication by Zj, and (c) after multiplication by 
Zj2. These summations lead, respectively, to the lin
ear equations in 3, 2  and A

where

In

,r ___________ g j»A  , 4xa3c° . ,
In 7j(out) o n t u i  _i_ T  o A )2DkT(l +  na)

2j2ezKin . 4 tta3
7j(i") 2DkT(l +  Kina) ‘ 3

and we have introduced the definitions 
, 47re2Z2

K ~  DkT

c* +  p'j (3)

(4)

(32.,
4 2 2

5 » V _  1 , ^
* -  4 2  -  1 +  T  

2 2A  =  — z —
|fe22 ,
4 2 2

( 10)

( I D
~3 + ( i -  § : ) s + ^  = 0- §  ™  

We neglect terms of order 47ra8c°/3 compared to 
unity (dilute solution). The solution of eqs. 10-12

«**. =  m r  ( £ Cs2s2 + p22)  (5)

C° =  C°a 2 n =
s s

The terms in a3 in eq. 2 and 3 are “ hard sphere” 
corrections for a dilute solution.4

In order to ensure that the inside solution is also 
sufficiently dilute to follow the Debye-Hiickel the
ory, we use expansions in powers of p and retain 
linear terms only. Also, to be consistent with the 
well-known linearization introduced in the deriva
tion of the Debye-Hiickel equations, we use only 
linear terms in a, where

a = e2i</DtcT
We write

Cj = c°j T  ajp +  ■ ■ - (6)
tt/kT  =  A P -  . . .  (7)

where A and the a, are to be determined. Substitu
tion of these series in eq. 1 and expansion of the ex
ponentials leads to

(2) J. G. Kirkwood, J. Chem. Phys., 3, 300 (1935).
(3) T . L. Hill, “ Statistical Mechanics,”  McGraw-Iiill Book Co., 

Inc., New York, N. Y., 1956, Chap. 6.
(4) R. H. Fowler and E. A. Guggenheim. “ Statistical Thermo

dynamics,”  Cambridge, 1939, eq. 704, 5. These terms also follow 
from Xi in eq. 26 and 40.

s  - 1 + ! ( * ■ - * ! ; ) (13)

2  — —023/22 (14)

A = — +  (z2 -  ZZ2 ^  4 2 2£ v X j (15)

Eq. 7 and 15 give the membrane potential, and the 
second virial coefficient is,1 from eq. 9
R 1 «i /„ _  2« ï3 z2 
Bï 2 c°j '' ‘ 1 3 +  2 2 ,

« .. 2 * y
822(1 Kd)2 \ 2/2/ (16)

Turning now to the McMillan-Mayer method, we 
have seen1 already that the Debye-Hiickel poten
tial of average force

W{r)
AAf = + m r < a

z2e2c~ K(r — G) ^
“  DrhT(l +  na) 1 -  a (17)

when substituted in

Bi =  -2 ir  J*o” [ e -» (r ) /i-T _  1] r2dr (18)

gives
2 îra3 z2 azi 

~ H F +  2Z2 8 2 ,( 1  +  na)2 (19)



550 T errell L. Hill Voi. 61

This differs from eq. 16 through the omission of the 
terms in z2a and z3a.

Because it is possible to obtain B2 in the Donnan 
method without going beyond linear terms in p and 
a, we can have confidence in eq. 16. On the other 
hand, as Mayer has pointed out in another connec
tion,5 higher terms in eq. 17 will contribute to the 
virial coefficients, including possibly B,. This will 
be illustrated in Sec. IV where we find that a2 
terms in e~w/kT lead to a terms in by the Mc- 
Millan-Mayer method while a2 terms in yj (from 
a2 terms in e~w/kT) lead to a2 terms in B2 by the 
Donnan method. This is at once an advantage of 
the Donnan method and a way of checking the self- 
consistency of the a and a2 terms in e~,v/kT.

III. Electrolyte Theory— General.— We are 
specifically interested here in spherically sym
metrical electrolyte ions, so we restrict the general 
argument to monatomic molecules. However, the 
extension to the polyatomic case is straight
forward.2’3

We write the Helmholtz free energy as A =  
A ' +  A e where A' would be the free energy in the 
absence of intermolecular forces. Then

Pi =  dh/diVi =  pi' +  pi8 (20)

where

TFi® =  kT In 71 =  W. A  J [r mse HCsim/AU’drsihi

( 20)

Now consider an element of volume dr near a 
fixed molecule of species j (chosen as origin of the 
coordinate system for r and rs), and the equilibrium 
between i molecules in dr and i molecules at a very 
large distance from the fixed j molecule. We can 
write
Pi(oo) =  -|- kT hi c°i +  kT In 77

=  pi(>) =  p°i +  kT In c,‘ (r )  +  kT In 7 »  (r) +  ua (r)
(27)

where cj is the average concentration of i molecules 
in dr, 7i*j is a “ local activity coefficient,”  and u\\ is 
included because we are considering a concentration 
equilibrium in the field of the fixed j molecule (anal
ogous to, say, a gravitational field). The term in 
7i*J in eq. 27 represents the work that has to be done 
against intermolecular forces (excluding the fixed j 
molecule) in order to add an i molecule to the sys
tem at r.

The average number of s molecules in drs, when a 
j molecule is fixed at the origin and a partially cou
pled i molecule is at r, is

c\e ~ JE“ij (r.rs.i i) /k iy  rs
Pi' =  Pi1 +  kT In Ci° (21)

Pie =  kT In Yi (22)

Eq. 21 gives the “ ideal” chemical potential and yi is 
an activity coefficient which corrects for the effects 
of intermolecular forces. Also 

pi8 =  bA‘ /bNi =  A°(Ni) -  A‘(Ni -  1) =  W-,e (23)

■where IVie is the isothermal, reversible work that 
has to be done against intermolecular forces in or
der to add one more molecule of species i to the sys
tem.

Let Uis(r) be the interaction energy between a 
molecule of species i and one of species s. Let £; 
be a coupling or “ charging” parameter such that 
£it<is(r) is the interaction energy when the i molecule 
is coupled to ‘ he extent &.

In electrolyte theory
UiS(r) =  +  co r <  ai8 . (24)

where u\H is actually a free energy. For present pur
poses, however, the solvent is treated as a contin
uum of dielectric constant D and not one of the mo
lecular components of the system. The model of an 
ion of type i implicit here is a point charge im
mersed in the dielectric continuum with a hard shell 
of radius a\ centered about the point charge (see 
Fig. 1).

The average number of molecules of species s in 
the element of volume drs in the neighborhood of a 
partially coupled molecule of species i is

c V ^ V m .f O /M ’dra (25)

where TFjs is the potential of average force.2'3 
The contribution to W f, arising from interactions
with these molecules, when L is increased by d&, is 
(25) multiplied by ii;3(ris)d£i. Therefore, if we in
tegrate over rs and &, and sum over s, we have

(5) J. E. Mayo-. J. Clicm. PI,us., 18, 1 120 (1950).

where IFsij is an unsymmetrical2'6 potential of aver
age force. Then the total work of coupling or 
“ charging” i at r is

kT In Yi** (r) =  Y , f  f  U‘S e-WH-m/kTi]rsd£i 
s JO  J  1

From eq. 27

Cij ! »

We also have the relation

• , , c°iyie~uij(r)/kT r.-J ' r ' —
7»  (r)

(28)

(29)

ci* (r) =  <?ie~Wii(r)/&2T

On combining eq. 29 and 30, we obtain
WAr) * 31

kT
TMj(r ) 
kT

[e-w ‘ vm/kT -  e-W i.({i)/*r]d r,d fi

(30)

(31)

This is the basic integral equation for the pair po
tential of average force (or the negative of the log
arithm of the distribution function) in Kirkwood’s 
theory.2'3 By choosing a group of fixed molecules 
(instead of just one j molecule), analogous equa
tions3 in higher distribution functions can also be 
deduced. The introduction of a local activity 
coefficient provides a relatively simple derivation of 
eq. 31, and an alternative approach to electrolyte 
theory, which we now point out.

Electrolyte Solutions.—The same equilibrium as 
in eq. 27 may be considered, but here it is more con
venient to write
jui( ° ° ) =  Mi° +  kT In Ci° +  kT In Yi

=  mi(r) — Mi° +  kT In cp(r) +  kT In 7 i’(r)
+  2 i^ i(r )  (32)

where ^¡(r) is the mean electrostatic potential at r, 
a distance r from the fixed j ion, with ^¡(oo) =  0. 
This defines a new “ local activity coefficient”  yd

(6) See pp. 186-188 of ref. 3: e Ws;j/fcr =  0(3)(;r i , rji rs).
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analogous to the “ bulk”  activity coefficients con
ventionally used with electrostatic potentials in 
electrochemical systems. Of course yd and y;*-' 
must be related by

7 i i(r)e2ie\U(r)AT = 7 i *i(r)c“'iW/iî'
From eq. 32, and corresponding to eq. 29

.. . CiQy ie ~ Zl&J/i (r )/ k T  cM r ) =  — --------7-------------7 iJ(r)

The Poisson-Boltzmann equation for ÿ fr )  is, 
from eq. 30

VVi(r) = -  E  * M r )
S

= -  y  E
s

Alternatively, from eq. 34

V 0 ( 0  = -  I T  Ç ------ 77(7 )--------

whereas the approximate equation

v W O  =  -  7 T  I ]  z ^ e - * * * h W / k T
S

is often used. Equations 35 and 36 are both exact, 
though eq. 35 is simpler. However, in theories 
which attempt to improve eq. 37, yet which are 
still approximate, eq. 36 may prove quite useful 
since it suggests' an alternative way (via the local 
activity coefficient) of considering the correction to 
eq. 37 which has to be introduced. Section IV pro
vides an illustration.

We now derive an exact expression for yd(r). 
Corresponding to eq. 24, the electrostatic potential 
a distance r from and due to an ion of species s is 
zse/Dr. The contribution to the potential at r, due 
to s ions in drs, is then

(35)

(30)

(37)

(33)

(34)

~  c*e-w>Dr is

where ris =  |rs — r|. Hence the total potential at 
r, arising from the fixed j ion and its ion atmosphere, 
is

H r )  =  g  +  E  f y  y  ' 11" !'r'\r„ (38)

This is, of course, the solution of eq. 35.
We now use eq. 24 for ins in eq. 26 and 28. It is 

then convenient to divide the integral over V into 
two parts: the region rm <  ais and the region ( F ') r is 
/  «is. From the first region we obtain a small 
term4 which we denote by Ai in eq. 26 and by Ay in 
eq. 28. For consistency, we break up V in eq. 38 
in the same way, even though there is no disconti
nuity in the integrand here. From the region ns <  
ais we obtain, in eq. 38, a small term which we de
note by Ai/. If we now substitute eq. 28 and 38 in 
eq. 33, we find, for r /  ay,
kT In Yi'(r) =  Xij -  X'ij +  c»°

s

f 1 f  \e -W «vm /kT  -  c -Wei/kT\ dr5dia (39)
JoJv 'Dr\e

In eq. 39, the concentration cs°[ ] of s ions at rs is 
that in the ion atmosphere of an i (with &) and a j 
ion less that in the ion atmosphere of a j ion alone. 
This is equal to the concentration of s ions at rs

in the ion atmosphere of an i ion (with &), as per
turbed by the presence of the j  ion. In the Debye- 
Hiickel linear approximation, there is superposition 
in the potentials of average force and hence the per
turbation does not exist. In general, however, the 
perturbation is responsible for departures of the 
quotient ys/y sj(r) from unity in eq. 36. Explicitly, 
from eq. 26 and 39

kT In ^ ‘ - r) = Xij -  X'ij -  Xi +
71

[e Ŵ iiizO/JcT — £ W s j / k T _

e-TfisdO/AiTjdrad̂ i (40)
It is easy to see that ~n3(r)/yi 1 in the Debye-
Hiickel approximation or when r —*■ co.

Finally, for completeness, we should rewrite eq. 
26 in more conventional form. Let T iatni (0, £;) be 
the potential at r due to the ion atmosphere of an i 
ion (with £) fixed at r. Then

H 1 (o, io = E  *° / ,V  D  r -„ lUis(fi)/ii7’drs (41)

Comparing this with eq. 26

kT In -/j z,<Viatm(0, fi)d$i (42)

IV. Electrolyte Theory—Approximate.— In this 
section we give a rough argument which serves two 
purposes. First, it shows that it is possible, by 
modifying the Debye-Hiickel potential of average 
force (eq. 17), to obtain a Donnan membrane, 
osmotic pressure second virial coefficient from the 
McMillan-Mayer method which agrees with eq. 
16, deduced by the Donnan method. Second, the 
argument illustrates the use of local activity coef
ficients to improve the Poisson-Boltzmann equa
tion as ordinarily written (eq. 37). Although 
local activity coefficients are introduced in this 
section in a very approximate way, it is hoped that 
the present treatment will at least serve to stimu
late other, more refined, applications of this point of 
view.

As a first approximation, we assume that 7/(7-) 
has the Debye-Hiickel form but that the parameter 
k depends on the local ionic strength a distance r 
from a j ion rather than on the bulk ionic strength. 
That is, ignoring the small term in a3

In Yi>'r)
_ — Zj2A j(r )

2Dk f [  1 + Kj(r)a]
(43)

where

*i2(r) = jfjT f E  c*KrW (44)

We use the Debye-Hiickel linear approximation for 
c/(r) to obtain the desired first-order correction

and therefore
Hfr) =  x

«  [ ‘  -  n T ’]
(45)Ca° L1 D k T r a + y ]

aZj±:,ei e x 0(ff2) 
2o(l + b )  x  ^  ' ’

(46)

where
x =  KT b =  Ka
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It should of course be noted that 23 =  0 for a sym
metrical electrolyte. For the ratio y j  y7(r) we then 
find, to the term in a2

yi__ _  exp [ —gj2gv/2( 1 +  na)]_____
Yi'(r) exp [ - g ;2a(KjA)/2[l +  ««(kj/ k)] | 

A'z¡222 e~
1 -

2., ' T  +
(47)

where
, =  aH&J#

42,2(1 +  by
We use eq. 47 for ys/y 3j in eq. 36, and retain up to 

the quadratic term in xpi in the expansion of the ex
ponential, giving a non-linear differential equation. 
But since we are not keeping terms beyond those 
in a2, the only contribution to \¡/2 that concerns us is 
from the Debye-Hiickel term. Hence, with the 
substitution of the Debye-Hiickel in the \f/t2 
term, the non-linear equation becomes linear

d2 y 
Ax2 - y  =  A 1' +  B (48)

where
V = x<p, tp =  (\pi/kT 

c d z j^ e 24
22a(l +  b)2

The solution of eq. 48, satisfying the usual bound
ary conditions of the Debye-Hiickel theory, is

BF(b) B{ 1 -  b)e2!T(3b)~|
2 +r — 2)1Li +

A'b1
H- Ò ' 2 ( 1 + 6 ) 2(1 +6) J

X
A ’

+  o
B erxF(.r) B 3x)

where

Then from

F(x) f : di

(>~W\i/kT = 'y ' _ Q~Z\(:\p\/kT 
7 i J

' z2X2 A'Zib2 
" * " 2 ( 1 + 6 )

BziF(b) . Bz¡(1 — 6)e2fcF(36)l e~x , A'zx _r 
2  ̂ 2CI -  b. J '2 +

Bzi e~xF ( x )
*  2  e ~

~j2y.2y. 2/2 2 Ò
+  2  X  +  2 ( 1  +  by X 22 x

Eq. 51 satisfies the neutrality condition
J ^  Cgl,zae ~ w <‘i/kT47rri — _ Zj

J  b

(49)

(50)

and eqs. 47 and 49, we obtain, to terms in a2 
e-wii/kT =  i _  Yay±zjt  _|_ (L2Li + 5 :

r (51)

(52)

But we note two deficiencies in this equation. (1) 
While there :s one term in zrzj, there are four in 
ZjZj2; thus Wjj is not symmetrical in z; and z, as it 
should be. (2) Substitution of eq. 51 (putting z\ =  
z\ =  z) in eq. 18 gives almost but not quite the cor
rect second virial coefficient B> (eq. 16): the term in 
az3 in eq. 16 is multiplied by an extra factor 

(1 +  b)ebF(b) -  (1 -  b)e3lF(3b)
though otherwise B2 is correct. These results con
firm, as expected, the fact that eq. 43, though a 
plausible semi-quantitative correction, is not exact.

As an essentially empirical further step, let us 
symmetrize eq. 51 with respect to z; and zj by the 
arbitrary substitution of

A 'ziZjSî e_y 
23 x (53)

for the four terms in ZiZj2 referred to above. This 
gives
e -W \JkT _  i _  f “ ~iZj£

U  +  i +
q 2( Z i  +  Z j ) z j Z j 2 3 ê

b 1 4z2(i +  by
“I c " ’ a 2ZiZj2sV

8222(1 +  byJ ~x +  82?(1 +  Vf e

+

+

2(1 +  by x2 (54)

Rather surprisingly, we then find that eq. 54 satis
fies die neutrality condition, eq. 52, and also gives 
the correct second virial coefficient (eq. 16).

To find the potential associated with IF;, in eq. 
54, we integrate eq. 35 using the Debye-Hiickel 
boundary conditions. The result is

. . I” azje4 ¿dzjX^bV . a2z;223e’ l e  "
~ U  +  b +  8222(1 +  by +  422(1 +  b)3J x 

a2Zj23V  _T a2Zj223e2,>
8222(1 +  b)3 6 427(1 + b y  x +

a 2Zj223e26f ( 2 .]-)
222(1 +  by ( ■

The corresponding yi/y^’ is, from eq. 50, 54 and 55
Yi ' a 2Zi2Zj23e,> e  x a 2ZiZj22 3e26 e  ix  

7)1 _  “  427(1 +  by 7c 422(i +  by A T  +
a2ZiZj22 3e24F(2x)

22,(1 +  b y -  (5Q)
The activity coefficient y\ can be calculated 

either from eq. 26 and 54, or from Eq. 42 and 55 
(using the fact that \pytm (0) =  ^¡atm (a)). The re
sult is (omitting the term in a3)

In yì
aZi

2(1 +  b)
___ahysy___________ o:2Zi32 3
iG 222( i  +  by  i2 2 2( i  +  by  +  

aW2ze2bF(2b)
622(1 +  b)2 { ’

In view of the approximate nature of the present 
argument, there seems little point in calculating 
other thermodynamic functions or in comparing re
sults with, say, the work of Mayer.6

It is easy to see that, if eq. 57 is used in the Don- 
nan method, eq. 1, a2 terms in In y, lead to a~ 
terms in B2, as already mentioned in Sec. II.

Differentiation shows that, in common with most 
approximate treatments of electrolyte solutions, 
eq. 55 fails to satisfy the well-known condition

d A atm (n) =  £>Aatm (0) (58)
dzj c>Zi 4

The same is true of eq. 49, incidentally.
While eq. 54-57 are undoubtedly improvements 

over the Debye-Hiickel theory (for unsymmetrical 
electrolytes), they clearly have only an intuitive 
(eq. 43) and semi-empirical (eq. 53) foundation. 
However, it is believed that this treatment achieves 
the modest goals set forth in the first paragraph of 
the present section.

It should be emphasized that both the general dis
cussion of local activity coefficients in Sec. I l l  and 
approximate applications as in Sec. IV might prof
itably be extended to any problem that involves 
concentration gradients on a molecular scale, at 
equilibrium. For example, (1) plane (see the 
Appendix), spherical and cylindrical double layers,
(2) adsorption of a gas or solute at a surface, (3)
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the interface between two fluid phases, etc. In 
(1) and (2), the molecules or ions on or in the sur
face take the place of the “ group of fixed mole
cules” referred to following eq. 31; and in (1) we 
would have a Poisson-Boltzrnann equation as in eq. 
36.

Finally, the comparison of Donnan equilibrium 
osmotic virial coefficients, obtained by the two 
methods considered here, might well be used as a 
consistency check on any theory of electrolytes.

Appendix
We discuss a plane double layer here in a manner 

analogous to Section IV. There is a fixed surface 
charge density a on the plane q =  0. Electrolyte 
ions of diameter a (Fig. 1) and a continuum of di
electric constant D occupy the region q ^ 0, except 
that ionic centers cannot approach the surface q =  
0 closer than q =  d. The potential \p(q) satisfies 
Laplace’s equation for q <  d and (see eq. 36)

dVO?) z ac B° y ae ~ 11i“ 'H v )/ !cT  , .
Ah?2 "  “  ~d  ^  ^ T ,)

for q ^ d, where ys" is the local activity coefficient of 
species s. Using the local ionic strength at q from 
the linearized Poisson-Boltzmann equation (eq. 
37), we find, as in eq. 47, to quadratic terms in a and
e

-  _  1 _  G » 2.2:2 e-p
7a <r(ÿ )  S 3

where

(TO)

y = Kq, 5 = Kti
ae 2 32e«C =

4 2 22(1 +  by
4:TT(Te/DkTK

Instead of eq. 48, we have

where

^  -  v = Ce'« +  D’e~iy

<p =  exJs/kT

( 61)

D ’ =  -
22.

With appropriate boundary conditions at q = 0 and 
q = d, we find, for q ^ d

C(S -  1) 2D‘e~»~
2 3<t> =  yi 

and

+
H  C D’
J e y ~ 2 ye~V +  IT  e~2 

( 02)

e.-Ws/kT y8e Zs<f 
Is*

- 1 -  [*■ ,e* +
Cza(S -  1) 2D'z,e~t

+
affza2Zaes

4 2 2(1 +  b)
C Z g  , Id Z ß  ~ ! 1

ye v +  - 3-  e 2"  +  2

X  eWe^e-ty (63)

Equation 63 satisfies the condition of electrical 
neutrality but not the symmetry condition that Wa 
should remain unchanged if both <7 and zs change 
sign.

The formal expression :’or y f  is easily seen to be 
(compare eq. 39)

kT In 7 8°-(l)) =  Xio- — X'io- +  V  ca°

[e - W * M H ) / b T  _  e- J F . / ir ] d , 8d { i  (64)
■D ?) ia

where the notation is obvious or has been used be
fore.

STUDIES OF DIFFUSION FLAMES. III. THE DIFFUSION FLAMES OF
THE BUTANOLS

B y  S . R u v e n  S m i t h , A l v i n  S. G o r d o n  a n d  M a y n a r d  H . H u n t

Michelson Laboratory, U. S. Naval Ordnance Test Station, China Lake, Calif.
Received October 15, 1966

Using a quartz probe technique in conjunction with precision mass spectromster analyses and gas chromatographic 
analyses, samples of the precombustion products have been removed from the diffusion flames of the four isomeric butanols 
and analyzed. Analyses of these products indicate that the mechanism of burnirg involves an oxygen induced pyrolysis 
of the alcohol followed by oxidation of the ultimate pyrolysis products, H 2, CO and carbon particles. The mechanisms of 
these pyrolyses are discussed.

Introduction
In the earlier papers of this series1’2 it has been 

demonstrated that the main process occurring in
side the flame cone is oxygen induced pyrolysis of 
the parent compound. The present paper shows 
that the same process occurs inside the diffusion 
flame mantle of the more complex alcohols. The 
ultimate pyrolysis products, H2, CO and carbon 
particles burn at the edge of the flame.

The original free radical formed by hydrogen ab
straction from the parent compound decomposes to 
give a smaller free radical, and an olefinic com-

(1) S. R. Smith and A. S. Gordon, T h is  J o u r n a l , 60, 759 (1956).
(2) S. R. Smith and A. S. Gordon, ibid., 60, 1059 (1956).

pound because the energy regained in the formation 
of the double bond results in an over-all considera
bly lower activation energy than competitive paths 
involving just the breaking of a carbon-carbon 
bond.

Experimental
The apparatus and procedures are similar to those de

scribed previously2: an alcohol burner with a Pyrex glass
wool wick set up on a micromanipulator in a Plexiglas hood. 
A  quartz probe with a ground diaphragm opening wras sealed 
into position above the burner and the samples probed from 
the flame were expanded into previously evacuated flasks. 
Samples have been probed along the central axis near the 
wick and toward the tip of the flame.

The samples probed from the flames were analyzed with a 
Consolidated Analytical Mass Spectrometer. Analyses
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were carried out in triplicate. After proper equilibration 
and conditioning of the sample system, the second and 
third analyses gave reproducible results for the water and 
alcohol components.

The identification of the components in the mass spectra 
was aided by three techniques. The samples were thermally 
fractionated from a series of temperatures from liquid nitro
gen to room temperature, and the spectra of each fraction 
were examined. High mass resolution was used to identify 
formaldehyde in the presence of ethane at mass 30, using 
the mass difference between C^H AO 16 and C V H e .1 The 
positive identification of products in the C 3 and C4 region 
has been accomplished by gas chromatography used in con
junction with the mass spectrometer.3 Samples of the ef
fluent gas from the chromatography column coincident with 
peaks in the region of interest were collected and analyzed 
with the mass spectrometer. In this manner it has been 
possible to identify quantitatively allene in the presence of 
propyne and to separate the butene isomers.

Temperatures of the flame zones were measured with a 
0 .0 0 1 " P t-P t-R h  hairpin thermocouple enclosed in a 0 .0 0 4 "  
o.d. quartz tube to prevent catalytic reactions on the plati
num. Temperatures were recorded simultaneously with 
photographic records.

The temperatures measured on the central axis of all the 
butanol flames are shown in Fig. 1 . Figure 2 is a typical 
temperature profile across the flame. Although catalysis 
errors have been removed, the errors due to conductivity 
along the thermocouple exist. Because of thermal con
ductivity by the wire in the thermocouple, the measured 
maximum temperature at the edge of the flame is too low; 
however, in the central pyrolysis region, the temperature 
gradients are small and the conductivity corrections are 
small.

Discussion
The product distribution at any volume element 

is influenced by diffusion of the various species as 
well as by the reaction taking place in the given vol
ume. Also, secondary reactions play a prominent 
role. Thus we cannot interpret our data quantita
tively. However, the data show qualitatively 
which homogeneous processes are most important.

1-Butanol.—The analyses of the samples probed 
from the various regions on the central axis of the 
1-butanol flame are reported in Table I. Sample 1 
was probed aoout 1 mm. above the wick of the 
burner, sample 2 was probed halfway between the 
wick and the tip of the flame, and sample 3 was 
probed two thirds of the way to the top of the 
flame.

It will be observed that in sample 2 although the 
concentration of 1-butanol has dropped to 0.01%, 
pyrolysis of ethylene causes the concentration of 
acetylene to continue to increase. In sample 3, 
however, where the ethylene has almost disappeared, 
the concentration of acetylene falls.

In the following the primary free radical abstrac
tion is illustrated by using O2 as the abstraction 
agent.
CH3CH2CH2CH2OH + 02 — >-

CH2CH2CH2CH2OH + H02 (I) 
CH3CH2CH2CH3OH + 02 — >-

CH3CHCH2CH2OH + H02 (2) 
CH3CH2CH2CH,OH +  02 — >

CH3CH2CHCH2OH + H02 (3) 
CH3CH2CH2CH2OH + 0, ■— >

CH3CH2CH2CHOH + H02 (4)
OH3CH2CH2CH2OH + 02---

CH3CH2CH2CH20 + H02 (5)
(3) O. M. Drew, J. R. McNesby, S, R, Smith and A. S. Gordon, 

Anal. Chem., 28, 979 (1956).

The primary free radicals formed decompose to form 
a doubly bonded compound and a smaller free radi
cal.

C H 2C H 2C H 2C H 2O H  — >- C 2H 4 +  C H 2C H 2O H  ( 6 )

CH2CH2OH radical abtracts II and forms ethanol. 
In certain regions the temperature is high enough so 
that the radical can also lose OH and simultaneously

T a b l e  I

Sa m p le s  P ro bed FROM B -B uTTL A lco h o l D if f u sio n
F la m e
No. 1 No. 2 No. 3

n-Butyl alcohol 16.61 0 .01 0 .0 1
Toluene 0 .01 0 .01
Benzene 0 .03 0 .13
Cyclopentadiene 0 .0 2 0 .01
Butene-1 0 .3 8
1,3-Butadiene 0 .0 9 0 .02
Vinylacetylene 0 .0 7 0 .1 0
Diacetylene 0 .01 0 .0 7 0 .0 2
Ethyl alcohol 0 .0 5
Acetaldehyde 0 .35
Carbon dioxide 7 .22 8 .91 10.63
Propylene 0 .3 8 0 .0 5 0 .01
Prooane 0 .01
Propyne
Allene

0 .09
0 .09

> 0 .1 2 1 0 .01

Ethylene 3 .01 1 .47 0 .01
Acetylene 1 .37 2 .4 8 0 .4 9
Oxygen 0 .0 8 0 .01 0 .02
Argon 0 .4 4 0 .63 0 .71
Water 11.88 13.84 12.76
Methane 1 .26 1.25 0 .0 7
Ethane 0 .1 7 0 .0 2
Formaldehyde 0 .1 0 0 .01 0 .01
Carbon monoxide 6 .53 8 .8 7 7 .69
Nitrogen 4 7 .18 59 .26 6 5 .84
Hydrogen 2 .5 8 2 .73 1 .72

100.00 100.00 100.00

T, °C . 550 950 975

give a C2H4 molecule. This process has a much 
higher energy of activation than the hydrogen ab
straction process; however, it probably has a much 
more favorable steric factor.

CH3CHCH2CH2OH — s- CH3CH=CH2 + CH2OH (7)
with the CH2OH radical pyrolyzing into formalde
hyde and an Ii atom.

CH!CH2CHCH2OH — ^ CH3CH2CH=CH2 + OH (8) 
|—»  CH3CH2 + CH2=CHOH (9)

CHjCHsCHoCHOH-
>—> CH3 + C2H4 + CH20 (10)

The CH3=C H O H  rearranges itself to acetaldehyde 
and the ethylene radical stabilizes itself as ethane 
and ethylene, ethylene predominating in the higher 
temperature regions of the flame.

CH3CH2CH2CH20 — >- CH3CH2CH2 + CH,0 (11)
and the n-propyl radicals pyrolyze to CH3 and 
C2H4.

Methyl radicals form CII4 by H abstraction and 
C2H4 by combination; the ethane is pyrolyzed sub
sequently to ethylene and this in turn to acetylene. 
Only butene-1 is found in the products as would be
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Fig. 1.— Central axis temperature of butanol diffusion flames (D =  ratio of distance above wick to height of flame).

Fig. 2.— Temperature profile of re-butanol flame at wick 
(R =  ratio of distance of thermocouple to central axis over 
the radius of the flame).

expected from the pyrolysis mechanism (reaction 3 
followed by reaction 8).

In the remainder of the paper, the primary H 
atom abstraction step will not be discussed, since it 
is entirely analogous to the 1-butanol flames.

sec-Butyl Alcohol.—The analysis of the sample 
probed from the sec-butyl alcohol flame is reported 
in Table II. Sample 1 was probed on the central 
axis about 0.5 mm. above the wick and sample 2 
was probed about a quarter of the way to the tip 
of the flame. The radicals formed by H abstraction 
from the parent molecule are pyrolyzed by the 
mechanisms shown

CTTCHoGHCHa

OH

C,H., +  C H C H , (12)
I

OH

and the CH3~CHOH radical forms ethanol by H 
abstraction and acetaldehyde by loss of an H atom.

T a b l e  II
Samples Probed from sec-BuTYL A lcohol 

F lame
D iffusion

No. 1 No. 2

Styrene 0.01 0 .01
Ethynylbenzene 0.01 0 .0 4
Toluene 0 .02 0 .03
Benzene 0 .07 0 20
Cyclohexadiene 0 .0 2 0 .01
sec-Butyl ale. 18.42 0 .0 5

M ethyl ethyl ketone 0 .0 9
2-Methyl-2-butene 0 .0 3
1,3-Pentadiene 0 .03
Cyclopen tadiene 0 .03 0 .0 4
Acetone 0 .4 4 0 .06
Propionaldéhyde 0.01

Butene-1 0 .45
| 0 .07

Butene-2 0 .1 9

1,3-Butadiene 0 .21 0 .1 7
Vinylacetylene 0 .11 0 .15
Diacetylene 0 .0 2 0 .04
Propane 0 .01

Acetaldehyde 0 .6 7 0 .16
Carbon dioxide 7 .29 8 .5 2
Propylene 0 .3 9 0 .2 3
Propyne 0 .15

| 0 .1 8
Aliéné 0 .0 5
Argon 0 .51 0 .71

Oxygen 0 .03 0 .13
Ethanol 0 .12
Ethane 0 .3 7 0 .24
Ethylene 3 .0 8 2 .01
Acetylene 0 .9 5 1 .84
Water 8 .0 8 11.65

Methane 1 .98 2 .4 4
Carbon monoxide 5 .62 5 .79
Nitrogen 4 8 .00 62 .05
Hydrogen 2 .5 4 3 .1 5

100.00 100.00

O O 375 800
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CH3CHCHCH3 — CHjCH=CHCH, + OH (13) 
OH 1

'-----> CH3 + CH3CH=CH (14)
IOH

CH3CH=CHOH rearranges to propionaldéhyde. 
Since the propionaldéhyde is present in very small 
percentage, we may conclude that reaction 14 is 
inefficient.

C H 3C H 2C C H 3 — C H 3C H 2C C H 3 +  H  (15)
. I
OH O

1-----^ CH3 + CII2=C—CH3 (10)
¿E

The CHo=C— CH3 rearranges to acetone.
I
OH

CH3CH2CHCH3 — CH3CH2CCH3 + H (17)
I II

O O

C H 3C H  +  C H 3C H 2 (18)
II
O

Methyl ethyl ketone is present in small concentra
tion so that over-all reactions 14 and 16 are compara
tively slow.

C H fC H 2C H C H 2 — >- C H 3C H „C H = C H 2 +  OH (19)
I

OH

1------->  C H ^ C H  +  C H 3C H 2 (20)

OH

T able III
Samples P robed from I sobutyl A lcohol D iffusion 

F lame
No. 1 N o. 2

Toluene 0 .01 0 .0 2
Benzene 0 .0 5 0 .1 7
1,3-Cyclohexadiene 0 .01
Iscbutyl alcohol 22 .8 7 0 .0 9
2-M ethyl-l-butene 0 .0 4
2-Methyl-l,3-butadiene 0 .0 3
Cyclopentadiene 0 .0 2 0 .01
Propionaldéhyde 0 .4 0
Isobutylene 0 .4 7
1,3-Butadiene 0 .1 0 0 .0 3
Vinylacetylene 0 .0 8 0 .0 8
Diacetylene 0 .0 2 0 .0 5
Carbon dioxide 6 .51 8 .2 0
Propane 0 .01
Propylene 1 .00 0 .0 6
Propyne 0 .0 6

1 0 .1 8
ALene 0 .1 8
Oxygen 0 .0 6 0 .0 5
Argon 0 .4 4 0 .6 5
Ethane 0 .2 8 0 .0 3
Formaldehyde 0 .2 7 0 .0 6
Ethylene 1 .23 1.01
Acetylene 1 .19 2 .11
Water 10.96 14.31
Methane 1 .64 1.61
Carbon monoxide 6 .31 8 .4 8
Nitrogen 44.21 5 9 .75
Hydrogen 1 .56 3 .0 5

100.00 100.00

o p 400 800

The CH2= C H  rearranges to CH3CHO.
I

OH
It is noted that both butene-1 and butene-2 are 

present in the products, consistent with the mech
anism proposed.

Isobutyl Alcohol.— The analysis of the samples 
probed from the isobutyl alcohol diffusion flame 
are reported in Table III. Sample 1 was probed 
on the central axis about 1 mm. above the wick, 
and sample 2 was probed about a quarter of the 
way to the tip of the flame.

H 2Ck
> C H C H 2OH — >-

H ,C /
c h 3c h = c h 2 +  c h 2o h (21)

and CH2OH pyrolyzes to CH20  and H.
H 3C\ h 3c x

> C C H 2OH — ; > C = C H 2 +  OH (22)
h 3c / H 3c /

H  H
h 3c x 1 1

> c h c h o h  — c h 3 +  c h 3c = c o h (23)
H 3c /

The CHgCH=CHOH rearranges to propionalde-
hyde.

h 3c x h 3c v
> c h c h 2o  - > C H  +  C H 20 (24)

h 3c / h 3g /

The isopropyl radical rearranges to the n-propyl 
radical which pyrolyzes to CHS and ethylene or 
loses an H to give propylene. The isopropyl radical

at lower temperatures abstracts H to give propane. 
Propane is more stable thermally than formalde
hyde, and so should appear in at least equal con
centration. Since propane is present as only a few 
per cent, of the formaldehyde, the isopropyl radical 
does not primarily disappear by H abstraction.

¿-Butyl Alcohol.—-The analyses of the samples 
probed from the ¿-butyl alcohol flame are reported 
in Table IV. Sample 1 was removed from the 
central axis about 2 mm. above the wick, and 
sample 2 was removed from the central axis about 
a quarter of the distance to the tip of the flame.

C H 2
C H 3CO H  — C H 3 +  C H 2= C C H 3 (25)

CH' ¿ h
and the CH2=CCH3 rearranges to acetone.

OH
ch2 H:,CX
ch3coh — > >C=CH, + OH (°6)CHa n /y

ch3
ch3co -
CH3

—> CH3 +  CH3CCH3
II

(27)

It is of some interest to compare some of the 
products in the butanol flames. It may be noted 
that ethylene is present in large concentrations in 
the 1-butanol and secondary butanol flames, and 
in considerably lower concentrations in the isobu-
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T a b l e  IV

Sa m p le s  P r o b e d  fro m  ¿-B u t y l  A lco h o l  F lam e
No. 1 No. 2

¿-Butyl ale. 12.18 0 .0 4
Toluene 0 .03 0 .0 7
Benzene 0 .1 4 0 .3 9
1,3-Cyclohexadiene 0 .03 0 .0 3
Acetone 0 .41 0 .1 6
Isobutylene 1 .78 1 .04
1,3-Butadiene 0 .1 7 0 .2 2
2-Methyl-2-butene 0 .1 0 0 .0 4
Vinylacetylene 0 .1 2 0 .1 9
Diacetylene 0 .0 5 0 .0 5
Carbon dioxide 8 .49 9 .3 2
Propylene 0 .23 0 .3 0
Methylacetylene 0 .0 7

j  0 .7 4
Allene 0 .4 3
Ethane 0 .2 8 0 .2 6
Formaldehyde 0 .0 2 0 .0 4
Ethylene 0 .8 2 1 .07
Acetylene 1 .03 1 .53
Water 11.55 1 4 .K
Methane 2 .19 3 .51
Carbon monoxide 4 .13 5 .2 8
Nitrogen 52 .9 0 58 .2 4
Hydrogen 2 .0 9 2 .6 0
Oxygen 0 .0 8 0 .03
Argon 0 .6 8 0 .7 4

100.00 100.00

ÜO

450 750

tanol flame, as would be predicted from the mech
anism. It is interesting to note that butene-1 does 
not isomerize. As would be predicted, both bu
tene-1 and butene-2 are formed in the sec-butyl al
cohol flame. Contrary to our observations we 
would predict that butene-2 should be present in 
greater concentration than butene-1, since both 
the relative rates of hydrogen abstraction from the 
sec-butanol as well as the relative stabilities of the 
butene-1 and butene-2 would favor butene-2. No 
butene-1 or butene-2 is found in the 2-butanol or 
¿erf-butanol flames, and no mechanism is available 
for their formation. Instead, consistent with the 
mechanism, isobutene is found in these flames, but 
not in the 1-butanol and sec-butyl alcohol flames.

Propyne and aliéné must be formed from the py
rolysis products of the butanols.

It may be noted that aliéné is especially high in 
the ¿-butyl alcohol flame. Propylene pyrolysis 
results in aliéné,6 but the isobutylene flame, which 
is richest in propylene, is not richest in aliéné. It is 
probable, therefore, that isobutylene is the major 
precursor of aliéné.

H 3C

H 30>€ = C H 2 +  R  • R H  +
H 2C

h 3c

\
P > C = C H 2 (29)

H 3C.

IRC-
>C = C H 2 C II3 +  C H 2= C = C H 2 (30)

Propyne probably results from the pyrolysis o- 
propylene and butene-2.

tyl alcohol and ¿-butyl alcohol flames. The etiiane 
concentration is no greater in the first two flames, 
so that pyrolysis of ethane is not the important 
route for ethylene formation. Rather, hydrogen 
abstraction reactions such as reaction 1 followed 
by reaction 6 give rise to ethylene. In addition, 
ethyl radicals are formed by reactions such as reac
tion 9. Since ethane is not appreciably increased in 
this flame over butanol flames in which no ethyl 
radicals are formed, it may be concluded that the 
ethyl radicals form ethylene. Ethylene also may be 
formed by reaction 2, followed by

C H 3C H C H 2C H 2O H  — >  C H 2C H 2 +  C H 2C H 2OH (28)

At this time there is experimental evidence indi
cating that reaction with hydrogen migration can 
occur.4

Methane and ethane probably are formed from 
methyl radicals by abstraction and recombination, 
respectively. In the acetone flame6 methyl radi
cals must play a dominant role. Here we find the 
methane/ethane ratio roughly the same as in the 
butanol flames.

Propylene is in especially high concentration in 
the isobutyl alcohol flame since a direct path for 
its formation is available in reaction 21. Its 
formation in the other butanols is probably by py
rolysis of some of the stable primary products. 
Thus isobutene and butene-1 have been shown to 
generate propylene.

Butene-1, but no butene-2, is formed in the 1-bu-
(4) J. R. McNesby and A. S. Gordon, J. Chem. Phys., 25, 582 

(1956).
(5) S. R. Smith and A. S. Gordon, “ Diffusion Flames of Ketones,” 

in preparation.

C H 3C H = C H 2 +  R  — >  R H  +  C H 3C = C H 2 (31)

‘------->- R H  +  C H 3C I I = C H  (32)

C H 3C = C H 2 — n>- C H 3C = C H  +  H  (33) 

C H 3C E = C H  — >  C H 3C = C H  +  II (34) 

C H 3C H = C H C H 3 +  R  — R H  +  C H 3C = C I IC H 3
(35)

C H 3C = C H C H 3 — >  C H 3 +  C H 3C = C H  (36)

As would be expected, formaldehyde is found in 
the 1-butanol and isobutyl alcohol flames where 
R -CH 2OH group is present.

Acetaldehyde is found in the sec-butyl alco
hol and 1-butanol flames where the structure 
R -C H C H 3  or R C H 2C H 2O H  is present. The first 

I
O H

structure does not involve a hydrogen shift along 
the carbon skeleton and is probably an easier path, 
so that a higher concentration of acetaldehyde is 
found in the sec-butyl alcohol flame than in the 1- 
butanol flame.

Propionaldehyde is rarely found in any alcohol 
flames; an exception is the isobutyl alcohol flame 
where reaction 23 is quite favorable.

Acetone is found only in the sec-butyl alcohol and 
¿-butyl alcohol flame where the structure of the 
parent butanol has the skeleton of the acetone 
molecule.

Methyl ethyl ketone is found only in the sec- 
butyl alcohol flame because only this butanol has a 
methyl and an ethyl group on the carbon containing 
the OH.

(6) Observation in our laboratories.
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CONTRIBUTIONS TO THE THERMODYNAMICS OF THE SYSTEMS
PbS-Sb2S3, Cu2S-Sb2S3, Ag2S-Sb2S3 AND Ag-Sb

By A. G. V erduch  and  C ar l  W agner
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Received October 15, 1956

Formulae for the calculation of the free energies of formation of double sulfides from measurements of reduction equilibria 
and from e.m.f. measurements are derived and applied to the systems PbS-Sb2S3, Cu2S -Sb 2S3 and Ag2S -Sb 2S3. On the basis 
of reduction equilibrium measurements by Schenck, Hoffmann, Knepper and Vogler, the free energies of formation of the 
double sulfides Po3Sb2S6, PbSb2S4, CuaSbS3, CuSbS2, Ag3SbS3 and AgSbS2 from the corresponding simple sulfides at 400° 
are found to be —286, —242, —725, —787, — 751 and — 538 cal./equivalent, respectively. The values for Ag3SbS3 and 
AgSbS2 deduced from e.m.f. measurements at 275° are —710 and —565 cal./equivalent, respectively. As an auxiliary 
value, the free energy of formation of the intermetallic compound Ago.75Sbo.25 =  V 4Ag3Sb has been determined with the help 
of e.m.f. measurements between 200 and 375° and has been found to be [ — 745 — 1.16(i — 300)] cal./g.-atom  where t is 
temperature in °C .

Many sulfides of heavy metals form double sul
fides, e.g., Ag3SbS3, Cu3SbS3, PbSb2S4) which are es
pecially known as minerals. In view of geological 
and metallurgical problems, an attempt has been 
made in order to determine the free energy of for
mation of double sulfides from the constituent 
simple sulfides by using investigations on reduction 
equilibria and galvanic cells.

General Equations for the Evaluation of Reduc
tion Equilibria.— Darken1 has shown that the 
molar free energy of a ternary system may readily 
be obtained from measurements of the partial 
molar free energy of a single component. A similar 
treatment is used for the present problem, but 
certain modifications are profitable.

The sulfide-forming metals are denoted by A and 
B and their valences in the sulfides under considera
tion by z a  and z b , respectively. Thus the formulas 
of the binary sulfides are A2Sza and B2Szb. Let ua, 
nb and ns be the number of moles of A, B and S, 
respectively. Then the number of equivalents are 
z a U a , zbìib and 2ns. The composition of the ternary 
system A-B-S is determined by two independent 
variables, e.g., by the ratio of the number of equiv
alents of B to the sum of the number of equiva
lents of A and B

£ =  zb71b / ( za« a  +  zb» b ) ( 1 )

and by the ratio of the number of equivalents of 
sulfur to the sum of the number of equivalents of A 
and B

y = 2jis/ ( za» a +  z hhb) ( 2 )

The partial free energies _of the_components per 
equivalent are denoted by Eueq), Emeq) and TS(eq), 
respectively. Hence the free energy F  of a sys
tem involving (1 — £) equivalent of metal A, £ 
equivalent of metal B, and y equivalent of sulfur is

F =  (1 — GGuoq) +  iPB(cq) +  vA(oq) (3)
In view of the Gibbs-Duhem equation

(J “  £)cFA(eq) +  idpB(c,,) +  TjĴ Weq) = 0 (4)
it follows from equation 3 that

(1) L. S. Darken, J. Am. Chem. Soc., 72, 2909 (1950).

i>F/dy =  Fsieq) (5)
Integration of eq. 5 with y =  0 as the lower limit 

and y =  1 as the upper limit at constant £ yields

F(£, v =  1) =  F(£, ri = 0) +  FS(eq) (.£, i?) Ay (6)

The free energy of formation AFeq(£, y — 1) of one 
equivalent of a phase or a mixture of phases of the 
quasi-binary system A2iSza-B 2Szb from (1 — £) 
equivalent of sulfide of metal A, and £ equivalent of 
sulfide of metal B is
AFeq (£, 7) =  1) = F(i, y =  1)

-  (1 -  £)F(£ =  o, ,  =  1) -  |F(( = 1, y =  1) (7)

where E(£ =  0, y =  1) and /'’(£ =  1, y =  1) are
the free energies of one equivalent of the sulfides of 
metals A and B, respectively.

Substitution of eq. 6 in eq. 7 yields
AFeq (£, V = 1) =  AFeq (£, 7? = 0)

+  G — £) [A(eq) (£, v) — Fs(eq) (£ = 0, !))] Ay

+  £ J 'g  [Fs(eq) (£, y )  — Fs<„q) (£ = 1, y ) ]  67; (8)

where AFeq(£, y =  0) is the free energy of formation 
of the alloy from (1 — £) equivalent of metal A and 
£ equivalent of metal B
AFeq (£, y = 0 )  =  /'’(£, y = 0) -  [(1 -  £)F(£ =  0, y =  0) 
+  £F(£ = 1 , y = 0)] = (1 -  £)Fam/ za +  £FbmA b (9)
and Fak and Fbm, respectively, are the partial molar 
free energies of mixing of metals A and B in the 
alloy. Equation 9 holds for homogeneous or heter
ogeneous alloys involving solid solutions or inter
metallic compounds.
_ The partial equivalent free energy of sulfur, 
Es(eq), is given by the equilibrium ratio q =  pus/ 
Ph2 of the gas phase

Fs(eq) =  constant +  y 2 RT In q (10)

Measurements for various systems have been 
made especially by Schenck and his associates.2-4

(2) R. Sclienck, I. Hoffmann, W. Knepper and H. Vogler, Z. anorg. 
allgem. Chem., 240, 173 (1939).

(3) R. Sclienck and P. von der Frost, ibid., 241, 145 (1939).
(4) R. Sclienck and P. von der Frost, ibid., 249, 70 (1942).



May, 1957 T hermodynam ics of D ouble Sulfide  Systems 559

Substitution of eq. 10 in eq. 8  yields 
AF«, (£, t] =  1) =  AFcqii, v =  0)

+  1 -B r i ( i  - »X1In id, v) 
id  =  o, v)

dr,

*J. id, v) 
o qd = 1, v)In dr, (11)

tion AFecid, tj = 1) is a polygon shown in Fig. 2. 
The most conspicuous phases have the formulas 
Pb3Sb2S6 (falkmanite) and PbSb2S4 (zinckenite), 
whose free energies of formation from PbS and 
Sb2S3 at 400° are —286 and —242 cal./equivalent, 
respectively.

Equation 11 also holds for systems involving in
termediate phases with a sulfur content i) <  1 which 
have been claimed to occur, e.g., in the system A g- 
Sb-S2.

If metal A has a much higher affinity for sulfur 
than metal B, and no sulfide phases involving lower 
valences of metals A and B exist, removal of sulfur 
from a system of the initial composition £0, v =  1 

leads to the formation of metal B and phases along 
the quasi-binary section ?? =  1 with values of £ 
smaller than £0. Thus H2S/H 2 ratios for phases of 
the quasi-binary system A 2S2A-B 2S«b in equilib
rium with metal B are obtained. The reduction 
reaction

OMdBsSiB +  7*H2(g) = (V ^ b)B +  7 2H2S(g) ;i2) 
has the equilibrium condition

AF° +  7s FT  In q — (FB.S(eq) — F°B,S(eq)) = 0 (13)

where AF° is the standard free energy change of re
action 1 2 , pB.S(eq) is the partial equivalent free 
energy of the sulfide of meial B in the mixture be
ing reduced, and F°B,s(eq) is its standard free energy 
value. From eq. 13 it fellows that the relative 
partial equivalent free energy of the sulfide of metal 
B is

pB.S(eq) — P°B,S(eq) = 1/i RT In (q/qd) (14)
where q0 denotes the H2S,/H„ equilibrium ratio over 
pure B2Szb and pure metal B.

The partial equivalent free energy of the sulfide 
of metal A may be calculated from that of the sul
fide of metal B with the aid of the Gibbs-Duhem 
equation. Finally the value of AFecid, r, =  1) may 
be calculated as6

.  n  /  -  i \  A  7 "b  . S ( eq) —  P ° B ,S ( e q )
A u ,  d , V =  1 )  =  ( 1  -  V J 0 ---------(Y  _

(15)

If the quasi-binary system of the sulfides of met
als A and B involves only compounds without ap
preciable homogeneity ranges, the plot (pB.sieq) — 
F°B,s(eq)) vs. £ is a staircase curve. In this case, the 
integral in eq. 15 can be evaluated as a sum.6

Thermodynamics of the Systems PbS-Sb2S3 and 
Cu2S-Sb2S3.— Reduction of the systems PbS-Sb2S3 

and Cu2S-Sb2S3 gives virtually pure antimony as 
the only reduction product. The corresponding 
H2S/H 2 equilibrium ratios at 400° have been deter
mined by Schenck, Hoffmann, Knepper and 
Vogler.2 These data can be substituted in eq. 14 
and 15. For the reduction of the system PbS- 
Sb2S3, there have been reported seven steps, each 
representing supposedly the equilibrium between 
three solid phases, viz., pure antimony and two sul
fide phases. Hence the relative partial equivalent 
free energies of the quasi-binary system PbS-Sb2S3 

are staircase functions shown in Fig. 1. The func-
(5) C. Wagner, “ Thermodynamics of Alloys,”  Addison—Wesley 

Press, Cambridge, Mass., 1952, p. 14.
(6) Ref. 5, p. 28.
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Fig. 1.— R elative  partial equivalent free energies for the 
system  Sb2S3-P b S  at 4 0 0 °: 1, Fpb,S(0q) — F 0ph,S(eq) (ca l.)  vs.
7 2, FsbjSioq) — F 0S b ,S (e q )  (ca l.) VS. £.

Í .
0 . 0  0 . 2  0 . 4  0  6  0 . 8  1 .0

Fig. 2.— Free energy o f form ation  AFqq for  the quasi-binary 
system  P b S -S b 2S3 a t 400°.

For the system Cu2S-Sb2S3, there have been re
ported two regions involving a continuous varia
tion of the HoS/Ho ratio with £ corresponding sup
posedly to solid solutions in phases having the ideal 
formulas Cu3SbS3 and CuSbS2 whose free energies 
of formation from Cu2S and Sb2Ss at 400° are found 
to be —725 and — 7S7 cal./equivalent, respec
tively.

Although details of the plots ASb,s(eq) — F 0Sb,s(oq) 
vs. £ in Figs. 1 and 3 are uncertain and the re
ality of small steps may be questioned, these un
certainties introduce only small errors in the calcu
lation of the values of AFeq(£, r, =  1) shown in Figs. 
2 and 4 because integration smooths the resulting 
function.
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C.

Cu2 S Cu3 S b S 3 CuSbS2 Sb2S3

Fig. 3.— Relative partial equivalent free energies for the 
system Sh2S j-C u :S at 400 °: 1, F c „ ,s (eq) — F ° c u,S(eq) (cal.)
vs. £; 2, F s b,s Ceq) — F 0s b,S(cq) (cal.) vs. {.

£ .
0 . 0  0 . 2  0 . 4  0 , 6  0 . 8  1 .0

Fig. 4.— Free energy of formation AFeq for the quasi-binary 
system CmS-Sb^Ss at 400°.

Fig. 5.— Electromotive force E of the cell I I : Ag [ A gl [ A g - 
Sb alloy: □ , xsb =  0.322; Oi s s b =  0.420; + ,  zsb =  0.469; 
A, xsb =  0.622.

Electrochemical Measurements on Ag-Sb Alloys.
—-The reduction of the quasi-binary system Ag2S- 
Sb2S3 yields various phases of the system Ag-Sb .2 

In order to evaluate available data for the reduc
tion equilibria with the help of eq. 1 1 , it is, there
fore, necessary to determine the free energy of 
formation of Ag-Sb alloys at 400° between £ =  0.5

and £ =  1 where the alloy consists of virtually pure 
antimony and the intermetallic compound 
Ag3Sb.7- 10

Weibke and Effinger11 have tried to determine 
thermodynamic quantities of Ag-Sb alloys be
tween 400 and 500° with the aid of the cell

Sb 1 S b C V K C l-L iC l melt | A g-S b  alloy (I)

The observed e.m.f. values, however, were ill- 
defined. Presumably, the displacement reaction 
Ag +  y 3 SbCl3 =  Va Sb +  AgCl interferes.

To minimize the effect of displacement reactions, 
the free energy of formation of the salt used as elec
trolyte must be sufficiently more negative than that, 
for the salt of the other component of the alloy. 12 

This requirement is satisfied when the cell
A g(s) | A gl(s) 1 A g-Sb  alloy (s) (II )

is used since the heats of formation of Agl and Sbl3 

at 25° are —14.91 and —7.7 kcal./equivalent, re
spectively.13

Cell II involving small pellets of Ag, Agl and the 
alloy was assembled in the same way as recently 
described for cells involving solid oxides as elec
trolyte.14 Results are shown in Fig. 5.

Frcm the observed values of the e.m.f. E, the 
partial molar free energy of mixing of silver has 
been calculated from the formula

F Kgw =  -E S  (16)

where is the Faraday constant.
Values of E and F\gM were found to be independ

ent of £ in accord with the fact that the alloy con
sists of the solid phases Ag3Sb and Sb if 0.5 <  £ <
1.0, or 0.25 <  £sb <  1.0 where zsb is the mole frac
tion of antimony. The dependence on temperature 
t in °C. is represented by the formula
T V ’ (cal.) =  - 9 9 4  -  1.55(t -  300)

if 0.25 <  xBb <  1.0 (17)

whereas FsbM =  0  since virtually pure antimony is 
present.

Available phase diagram data7 -1 0  indicate that 
the compound co-existing with Sb deviates only 
slightly from the formula Ag3Sb. Thus the integral 
free energy of formation of this compound is found 
to be
F M (Ago.;6Sbo.26) (cal./g .-atom ) =  0.75F Abm +  0 .25FSbM 

=  - 7 4 5  -  1.16(i -  300) (18)

The heat of formation calculated from eq. 18 
with the help of the Gibbs-IIelmholtz equation is 
t fM(Ago.75Sb0.26) =  —80 cal./g.-atom at 300°. A 
direct calorimetric determination at 450° by 
Kleppa16 gives a value of +26  cal./g.-atom, which 
has to be regarded as the more accurate value since 
deviations from the ideal formula Ag3Sb have been 
ignored in the evaluation of the e.m.f. measure-

(7) G J. Petrenko, Z. anorg. allgem. Chem., 50, 139 (1906).
(8) A. Westgren, G. Iiagg and S. Erickson, Z. physik. Chem., B4, 

453 (1929).
(9) M. Hansen, “ Der Aufbau der Zweistofflegierungen,”  Springer, 

Berlin, 1936, pp. 55-58.
(10) F. Weibke and I. Effinger, Z. Elektrochem., 46, 53 (1940).
(11) F. Weibke and I. Effinger, ibid., 46, 61 (1940).
(12) Ref. 5, p. 91f.
(13) Circular 500 of the National Bureau of Standards, Washing

ton, D. 0., 1952.
(14) K. Kiukkola and C. Wagner, J. Eleclrochem. Soc., in press.
(15) O. J . Kleppa, T h is  J o u r n a l , 60, 846 (1956).
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ments. In view of this neglect, the difference be
tween the two values is within the limits of error.

Electrochemical Measurements on the System
Ag2S-Sb2S3.—The phase diagram of the system 
Ag2S-Sb2S3 has been investigated by various 
authors, especially by Jaeger and van Kloosoer16 

and by Jensen, 17 whose results agree closely. Two 
double sulfides, Ag3SbS3 (£ =  0.50) and AgSbS2 

(£ =  0.75), with congruent melting points have 
been found. Gaudin and McGlashan18 have con
firmed these compounds by microscopical examina
tion of solidified mixtures and have found one addi
tional phase designated as B phase with excess sul
fur at Ag/Sb ratios greater than 3 (£ <  0.5), 
whereas no phase involving a noticeable excess of 
sulfur in mixtures richer in antimony sulfide has 
been found. In accord with the observations by 
Gaudin and McGlashan, Ag2S-Sb2S3 pellets heated 
at 275° in nearly saturated sulfur vapor did not 
change their weight if £ >  0.5, ivhereas a weight in
crease of about 1.3% was found for a pellet in
volving £ =  0.40.

Since phases of the system Ag2S-Sb2S3 show elec
tronic conduction, thermodynamic measurements 
on galvanic cells require use of an auxiliary elec
trolyte involving ionic conduction. To this end, 
silver iodide is suitable. In view of available data 
for the heats of formation at 25°, it can be estimated 
that neither the displacement reaction Agl +  1/% 
Sb =  Ag +  V 3 Sbl3 nor the displacement reaction 
Agl +  V 6 Sb2S3 =  Vs Ag2S +  Vs Sbl3 is likely to 
interfere.

Three different types of cells may be considered.
(1) In the cell

Pt, Sffg) | A g2S(s) | Agl(a) | (Ag2S, S b & )(a)|P t, S ,(g )
(III )

the half-cell reactions on the left-hand and the 
right-hand side, respectively, on passing one fara- 
day are

VjAgjSfe) =  Ag + (in A g l) +  e~ +  (7»®)S*(g) (19)

A g + (in A g l) +  e -  +  (Vax) S ,(g)
=  'A A g .S  (in Ag2S-Sb2S3) (20)

Upon combining eq. 19 and 20, the over-all cell 
reaction is found to be

y 2A g2S(s) =  ‘ M g i S  (in AgsS-SbsS,) (21)

Hence
V i l ^ s  -  F°a 6!s ] =  ~ m  (22)

where pAKia is the partial molar free energy of Ag2S 
in the system Ag2S-Sb2S3 on the right-hand side of 
cell III.

Since the over-all cell reaction does not involve 
sulfur vapor, the e.m.f. of cell III is supposed to 
be independent of the sulfur partial pressure pro
vided that the sulfur partial pressures at the two 
electrodes are equal.

Investigations on cell III were confined to Ag2S- 
Sb2Ss mixtures with values of £ greater than 0.5 at 
which no B phase is formed. To prepare a mix-

(16) F. Jaeger and H. S. van Klooster, Z .  anorg. allgem. Chem., 78, 
245 (1912).

(17) E. Jensen, Avhandl. Norske Widenskaps. Akad. Oslo, I . Mat.- 
Naturv. Klcsse, No. 2 (1947).

(18) A. M. Gaudin and D. W. McGlashan, Econom. Geol., 33, 143 
(1938).

17 5 -  2 5 0 ° C .  2 7 5 ° C .

Pt Pt

ture, appropriate amounts of Ag2S and Sb2S3 ob
tained by synthesis from the elements were melted, 
the solidified melt was ground in an agate mortar, 
and tablets 6  mm. in diameter were pressed in a die.

Figure 6  shows schematically the vessel used for 
measurements on cell III. The vessel was installed 
in a two-stage furnace which had a total length of 
50 cm. A gentle stream of nitrogen entering the 
vessel at the left-hand side was saturated with sul
fur vapor at temperatures ranging between 175 and 
250° and was passed along electrodes of cell III at 
275°. The temperature of 275° was selected be
cause above 315° a liquid phase of the ternary sys
tem Ag2S-Sb2S3-AgI is formed.

The e.m.f. of cell III was found to be well defined 
and independent of the sulfur partial pressure when 
the temperature of the sulfur saturator was be
tween 200 and 250°, whereas at lower tempera
tures the e.m.f. was lower and not well reproducible 
presumably because equilibrium between the elec
trodes and sulfur vapor of low partial pressure is 
attained slowly. Results are listed in Table I.

T a b l e  I

E l e c tr o m o tiv e  F o rce  E o f  C e l l  I II  a t  275°
i P h a s e s E (m v .)

0.580 AgsSbSs +  AgSbS2 43 ±  0.4
.603 Ag3SbS3 +  AgSbS2 43 ±  .4
.670 AgäSbS3 J- AgSbS2 43 ±  .4
.820 AgSbS2 +  Sb2S, 99 ±  1.0
.885 AgSbS2 +  Sb2S3 98 ±  1.0
.900 AgSbS2 +  Sb2S3 97 ±  1.0

(2) In the cell
Ag(s) | A gl(s) | (AgaS, Sb2S3)|Pt, S(l) (IV )

the cell reaction on passing one faraday would be 
Ag(s) +  V 2S(1) =  y 2Ag2S ( in  Ag2S-Sb2S3) (23) 

Hence the e.m.f. of cell IV gives the free energy 
of formation of Ag2S in the system Ag2S-Sb2S3 from 
silver and sulfur. Upon combining results with 
the e.m.f. for a cell involving Ag2S alone14 the dif
ference V 2 [FasS — F°Ag,s] is obtainable. Since this 
difference has been determined directly with the 
help of cell III, no measurements on cell IV have 
been made, but cells of type IV may be found to be 
profitable for investigations on other systems.

(3) In addition, the cell
Ag | A gl | AgSbSü +  Sb2S21 Sb (V )

has been investigated. Assuming that the anti
mony electrode is réversible, the cell reaction on 
passing one faraday would be

A g +  y ,S b ,S , =  VaSb +  AgSbS2 (24) 

The e.m.f. of cell V was found to be about 300 
mv. at 300°. Considerations not presented in de
tail in this paper show that this value is in conflict 
with results obtained for cell III. When the anti-
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monjr electrode in cell V was replaced by a plati
num electrode, the e.m.f. was found to be about the 
same as for cell V. This result indicates that the an
timony electrode in cell V is not reversible at 300° 
but shows some kind of passivity which prevents 
adjustment of the sulfur activity in AgSbS2-Sb2S3 

mixtures to the two-phase equilibrium value of the 
system Sb-Sb2S3. This interpretation is in accord 
with the fact that antimony reacts very slowly with 
sulfur. An antimony pellet having a surface area 
of 0.5 cm .2 showed a weight increase of only 4.6 
mg. after heating in sulfur vapor at 400° during 64 
hours.

Thermodynamics of the System Ag2S-Sb2S3.—
In the first place, AFeq for the phases Ag3SbS3 and 
AgSbS2 may be calculated from eq. 11 by using 
reduction equilibrium data obtained by Schenck 
and his associates2 and data for Ag-Sb alloys 
reported above.

Upon reduction of Ag3SbS3(£ =  0.5) with hydro
gen, the H2S/H 2 ratio was found to be constant 
over most of the ranges of q. Thus the integrals in 
eq. 1 1  may be evaluated as products.

When AgSbS2(i| =  0.75) was reduced, two pla
teaus of the plot q vs. q were found. In addition, 
a further decrease of q at low values of q was ob
served. This tail in the q vs. q plot has been as
cribed to the formation of a phase designated as Z 
with the approximate formula Sb2S3 +  2Ag2S +  
31Ag, but the existence of this phase has not yet 
been proved by other methods, e.g., X-ray investi
gations. In the following evaluation, the tail of 
the q vs. q plot has been disregarded because de
tailed data are not available and the contribution of 
the tail is onR minor.

Substituting numerical values in eq. 11, we ob
tain for Ag3SbS3

AFeq (4 =  0.50, r, =  1; 400°) =  - 5 7 5  -  176
=  —751 cal./equivalent (25)

and for AgSbS2

AFeq (4 =  0.75, v =  1; 400°) =  -2 8 8  -  250
=  —538 cal./equivalent. (26)

In each of these equations, the first term repre
sents the value of AFeq(£, q =  0) for the alloy, and 
the second term is the sum of the integrals involv
ing values of q.

In addition, values of AFeq for Ag3SbS3 and Ag- 
SbS2 have been calculated from eq. 15 with partial 
equivalent free energies of Ag2S derived from e.m.f. 
measurements listed in Table I. Equation 15 
yields for Ag3SbS3

AFC q(4 = 0 .5 ,7 )  =  1 ;2 7 5 °)  =  —710 cal./equivalent (27)

and for AgSbS2

AFeq (4 =  0.75, 7, =  1; 275°) =
— 565 cal./equivalent (28)

In spite of different temperatures, 400 and 275°, 
the values of AFeq in eq. 25 and 27 for Ag3SbS3 and 
in eq. 26 and 28 for AgSbS2 differ only to a minor 
extent in accord with the rule that the free energy 
change of reactions involving solid phases of 
virtually invariable composition varies only slightly 
with temperature.
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The effects of electric dipole interactions on electronic band frequencies in solution spectra are analyzed theoretically. A  
general expression for the frequency shift is derived by perturbation theory. The frequency shift is the sum of contributions 
from dispersive and static dipole interactions. The dispersive contribution represents the general red shift, which is present 
in all solution spectra; it depends in part on the weighted mean wave length characteristic of the solvent. In the electrostatic 
contribution the role of the quadratic Stark effect is emphasized. The introduction of a simple electrostatic model permits 
the derivation of formulas relating frequency shifts in both emission and absorption spectra to the refractive index and static 
dielectric constant of the solvent. Illustrative numerical applications are described.

I. Introduction
In several recent discussions of solvent effects on 

electronic spectra, solvent-induced frequency shifts 
have been interpreted in terms of electric dipole 
interactions. The well-known red shift2 in the 
spectra of ncn-polar solutes has been related by

(1) This work was carried out under a contract between the U. S. 
Air Force, Office of Scientific Research, ARDC, and the Florida State 
University.

(2) Shifts to lower frequencies relative to the vapor frequency are 
called red shifts, and shifts to higher frequency, blue shifts. In
a lg e b r a ic  e x p re ss io n s , ro d  sh ifts  w ill b e  d e s ig n a te d  b y  a n e g a t iv e  sign , 
b lu e  sh ifts  b y  a p o s it iv e  s ign .

Bayliss3 to the solvation energy of the transition 
dipole, while the work of Ooshika4 indicates that 
the red shift is caused by dispersive interactions. 
Several authors4 -6  have discussed frequency shifts 
in the spectra of polar solutes in terms of the rela
tive solvation energies of the permanent dipoles 
appropriate either to the combining states of the

(3) N. S. Bayliss, J. Chem. Phys., 18, 292 (1950).
(4) Y. Ooshika, J. Phys. Soc. Japan, 9, 594 (1954).
(5) L. G. S. Brooker, Experientia Supplementum II, (XIVth Inter

national Congress of Pure and Applied Chemistry), 229 (1955).
(0) N. S. Bayliss and E. G. McRae, T h i s  J o u r n a l , 58, 1002 

(1954).



May, 1957 T h eory  of So lvent  E ffects on M olecular E lectronic Spectra 50 3

solute, or to the resonance structures contributing 
to those states. As has been stressed by Bayliss 
and McRae,6 it is necessary in general to consider 
the frequency shifts arising from interactions in
volving the solute permanent dipoles as super
posed on a general red, shift,1 which is present in all 
solution spectra.

In this paper we present a further discussion of 
frequency shifts caused by dipole interactions. 
The most important contribution of this study 
is the derivation, by perturbation theory, of a 
general expression for the frequency shift. It is 
hoped that this formulation will serve to correlate 
previous interpretations, and provide the basis 
for a more precise and complete qualitative inter
pretation. A second contribution of the present 
work is the derivation, from the general expres
sion, of formulas linking the frequency shift to the 
solvent refractive index and static dielectric con
stant. The formulas presented here are more 
widely applicable than those previously put for
ward.3’4

II. Theoretical
The method of treatment consists of the ap

plication of second-order perturbation theory to 
the calculation of the electronic state energies of a 
solution containing N identical solvent molecules 
and one solute molecule. We suppose in the be
ginning that the molecules have fixed positions and 
orientations. In view of the comparative rapidity 
of electronic transitions, the same positions and 
orientations are appropriate to the ground and ex
cited states of the solute.

In the zeroth order of approximation, we con
sider the molecules not to interact. The zeroth- 
order electronic state functions of the solution are 
then made up of products of state functions for the 
unperturbed component molecules. Neglecting 
the non-orthogonality of the latter, we shall em
ploy simple product functions, for which we intro
duce notations such as

• ■ ■ <KM ■ ■ ■ 0;
$2(P„• = .■ • <t>lM ■ - ■ • • • <t>lm<t>” and
$2,„,0 =  05“ ’ ■ • ■ 0 ¡(p, • ■ • 05“  • - • 05°° 0S

where for example <t>a(p)&(9)y denotes the zeroth- 
order function representing the state of the solution 
in which the solute molecule is in its jth  excited 
electronic state <f>“, and the pth and gth solvent 
molecules are in their ath and 5th excited states 
4>l(v),4>l(9', respectively.7 8 Throughout this paper 
the notations u and v(p) will refer to the solute and 
the pth solrent molecules, and the subscript zero 
will indicate the ground electronic state of a single 
molecule.

The zeroth-order electronic state energies are 
sums of the electronic state energies of the unper

(7) Bayliss and McRae6 used the term polarization red shift.
(8) (a) It should be noticed that the subscripts for unexcited sol

vent molecules are omitted, but the subscript for the unexcited solute 
molecule is retained, (b) The above notations embrace all of the re
quired zeroth-order functions, for in the approximations of the present 
treatment, matrix elements involving zeroth-order functions corre
sponding to the simultaneous excitation of more than two solvent mole
cules are zero.

turbed component molecules; e.g., the energy 
corresponding to <f>°(p)y is given by W°3- =  (N —
1 )wq +  w'a +  w f where w denotes the electronic 
state energy of an unperturbed molecule. Energy 
differences will be expressed in cm.-1, and denoted 
by v] thus, for example, the energy difference be
tween the 7th and yth states of the solute will be 
expressed by

= (w? -  w';)/hc =

where h and c have the usual meanings.
We represent the energy of interaction of the 

molecules in solution by the classical energy of 
dipole interaction, which is given in the point- 
dipole approximation by

A'
sc' =  -  X  euvW:)ii«jn:'(f) -  ( i / 2 ) x

p  =  i

A’ A’
X  X e v<i»vo)OTiv(p)oriv(«i (i)

p = i « =1

where 311 denotes the instantaneous magnitude of the 
dipole moment of a molecule and 0  is a geometrical 
factor dependent on the mutual orientation and 
separation of two dipoles.

The energy of the state corresponding in the 
zeroth order of approximation to Tj, is governed 
principally by the matrix elements H]x, = W%i +  
y ’<i>°3C,$°dr (Sji is the Kronecker delta), Ifa(Plj,i =  
S  >̂o(p);)'lC,'t)6d7' and -Ha(p)&(5)i,i — J'^°a(xp)b(q)i
fJC'^dr. Here and in what follows, the state func
tions are for simplicity taken to be real. In view 
of (1 ), the matrix elements may be written

A"
/ / ,  =  w ? s H -  X  -

p = i
AT A'

(1/2) V) X
p = l 4=1

(2)
N

U.Mixi *= -  -  (1/2) X
q = l,

=hP

and
N

=  -  (1 /2 )  X  <$&u,MZaMi„ (3)
9 - 1 .
+  P

Here M  denotes a matrix element of the dipole 
moment {e.g., and 0  denotes a
geometrical factor of proportionality between the 
product of the moments of two rigid point dipoles 
and their energy of interaction {e.g., the energy of 
interaction of two rigid point dipoles whose mo
ments are, respectively, and M&, and which 
belong, respectively, to the solute and ptli solvent 
molecules, is given by — 6 $ ^ M^M^).

Confining our attention to non-degenerate states 
of the solute, the energy of the state is given 
according to second-order perturbation theory9 by

(9) II. Kyting, J. Walter and G. E. Kimball, “ Quantum Chemis
try,”  John Wiley and Sons, Inc., New York, N. Y., 1944, p. 9o.
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Wi =  Hi.i +  2
y 4»

IF? -  IF?
N

JV

e
P = 1 a+O J 4=*

p = l  a =|=0
N N

( H a W i . i ) 2 

Wi -  W°i
J- V  V  >~  Z^ Z^ wo _  wo ‘

E E E (# ; ^ + g/2) E E E E
KKai p = lg  = l ,a t 0  6+0

4=P
( H a ( p ) b ( q ) i , i )2 / . n
If? -  iF i w

A similar expression for Wo is obtained by replacing 
i by 0. The frequency shift, Av, is given by

- ¿ E E
V = 1 a 4=0

(egS'iifsMiicegS'MSMj, + E  ) -
_________________________ ï = i , 4=p_____________

N

4 he E E
p = l a 4=0

E QmW'MloMl
.8 = 1, 4=P

he A* = (IFi -  FFo) -  (IF? -  IF§) (5)
where the bar indicates a time-average value.

General Formula.— In order to obtain a simple 
expression for the frequency shift, it will be as
sumed that all the (point) dipoles associated with 
any one molecule (be., transition dipoles as well as 
permanent dipoles) may be considered to lie at 
the same point in the molecule. Equation 4 can 
then be reduced to a form in which the energy is 
related explicitly to environmental contributions 
to the electric field at the solute dipoles. The time- 
average of this expression yields, through (5), a 
general formula for the frequency shift.

In the explicit reduction of (4), it will be as
sumed that the molecules can be considered as 
optically isotropic. However, as will be shown 
later, the formulas given below require only minor 
modification, if either the solute or the solvent 
molecules or both can be considered rod-like, in the 
sense of having all dipole moments parallel.

The term by term reduction of (4) can be accom
plished without further gross approximations. 
Let Eu denote the field at the solute dipoles, due 
to the permanent dipoles of the surrounding solvent 
molecules. In view of (2), the first term in (4) 
reduces to

V  N
IF? -  M,"-E" -  (1 /2 )2  E e5o5K>v<a) (Mj,)2

■p == i  q =  1
4=P

(15)

The terms under summation in (6 ) represent the 
energy of interaction of solvent permanent di
poles, and make no contribution to the frequency 
shift.

The second term in (4) can be written
(Mg-E-)»

For an isotropic molecule, the value of (MF-EU/
MJiEu ) 2 averaged over all states j  ^  i is 1 /3. Con
sequently the second term in (4) becomes approxi
mately

(Æu)! 
3 he E

y*t

(A/?,)2

Making use of the usual expression for the iso
tropic polarizability of a molecule, 10 this becomes 

- ( l /2 ) ( E “)2a? (7)

where a" denotes the static isotropic polarizability 
of the solute molecule in its it\\ excited electronic 
state.

With the aid of (2), the third term in (4) can be 
written

The second sum represents the energy of interac
tion of permanent and induced solvent dipoles, 
and makes no contribution to the frequency shift. 
The first sum can be written

N )( Ep1”''
N

(E?<’”U-M3P>)[ E7(”,u +  E  BvMv<,,> )-MS” 
_  ^2 2 _____________ ' __________- - 1,

p—1a 4=0
where EJ(p)u denotes the field at the dipoles belong
ing to the pth solvent molecule, due to the per
manent dipole of the solute molecule in its zth ex
cited state, and Ev(p)y(«) denotes the field at the 
same point, due to the permanent dipole of the gth 
solvent molecule. The second factor in parentheses 
in the above expression represents the field at the 
pth solvent molecule, due to the permanent di
poles of the surrounding molecules. We shall 
neglect the contribution of solvent dipoles to this 
field, on the ground that the percentage error there
by incurred in the above sum will be large only when 
the solvent is highly polar, and in that case terms 
of the type we are discussing at present make a 
relatively small contribution to the frequency shift. 
Making use of the properties of isotropic mole
cules, we obtain

N
-  ( 1/2) 2  

p = l

where a„ denotes the static isotropic polarizability 
of a solvent molecule in its ground state. Let 
mJ(p) denote the moment of the dipole induced in a 
solvent molecule by the field E l(p)u. The above ex
pression then becomes

N
-  ( 1/2) 2

p - i

which can be written alternatively
—  ( 1/2  ( 8 )

where e“ denotes the field at the solute dipoles, 
due to solvent induced dipoles such as that with 
moment m /(p).

Utilizing (2), the fourth term in (4) can be writ
ten

N / E E E  i -
V = 1 a 4=0 j =M x

(e s S ’Afg)2 J_ vZojMZg)2 
h e  ( v i a ) 2 —  (¡ /? ( ) 2

From the above expression, we obtain

E E E (i -  f )
v — 1 a 4=0 .7 4=i '■ o0/'

I
he (via)2 — {vfi)2

which for isotropic molecules may be written ap
proximately(10) Reference 9, p. 121.
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N / £ £ £(
P = 1 a j =t=i '

_1_____
'Ahc (via)2 — ( i / , ) 2

It is convenient to introduce a weighted mean wave 
length, defined by

Lji y>  ____(Mio)2 / 'y >
h o {via)î -  ( " « l y  ¿ o

« g n /io )2
("Io)2 -  ("S )2

We then obtain, for the fourth term in (4)
N

-  (1/2) £  E (1 - "S£R)(̂ ,rt0)2«S("S)
p = l j j : i

Here a / (i$) denotes the isotropic polarizability of a 
solvent molecule, appropriate to an oscillating field 
of frequency v#. Let m]lp) denote the amplitude 
of the dipole moment induced in a solvent molecule 
by an oscillating field of amplitude E]jv)u and fre
quency Vrf. We then obtain

N
-  (1 /2 )  £  £  (1 -  fitLa)EF>Tntf

p = 1 j
which can be written alternatively

-  (1 /2 )  £  (1 -  vSLit)MMi (9)

Here ejj, for example, denotes the field at the solute 
dipoles, due to a solvent induced dipole with mo
ment

As is made clear by (3), the fifth term in (4) 
represents the energy of an interaction between 
solvent molecules only. Consequently, this term 
makes no contribution to the frequency shift.

From (6 ), (7), (8 ) and (9) we find an expression 
for the energy W%, and a similar expression for Wo 
results on replacing i by 0. The frequency shift 
in the transition between the ground state and the 
fth excited state is given, according to (5), by
A*i0 =  (1 /2 äc) [ £  (1

Ly+o
v%Lio)M}&

£  (1
i =t=»

+  (l/2Äc)(il/'SoeS — Miie“ ) 
+  ( I A cXMSq -M jj) -E u 
+  (l/2hc)(al -  a " ) ( £ " ) 2

( 10)

where the bars indicate time-average values.
If either the solute or solvent molecules or both 

can be considered rod-like instead of isotropic,
(4) can be reduced in a manner similar to that 
described above. If the solute molecule is rod
like, the final formula differs from (1 0 ) only in the 
fourth term, which becomes

zation of the solvent by an oscillating field whose 
frequency is j$ ; therefore it should be related to the 
square of the solvent refractive index at this fre
quency. A slightly different interpretation should 
be placed on the reaction fields r» and r0, which are 
to be identified, respectively, with ep and e„. These 
reaction fields arise from the contribution of in
duced dipoles to the static polarization of the 
solvent, and should therefore be related to the 
square of the solvent refractive index, extrapolated 
to zero frequency. The third term in (10) may be 
written (l//ic )(M “0 — M£)-R, where R denotes the 
reaction field corresponding to Eu. (Obviously, R 
should not be identified with Eu) . R arises from the 
contribution of the solvent permanent dipoles to 
the static polarization of the solvent, and should 
therefore be related to that part of the static di
electric constant attributable to orientation pol
arization.

A difficulty arises in the treatment of the fourth 
term in (10), since (Eu)2 cannot be related to macro
scopic solvent properties through identifications 
such as those indicated above. However we may be 
sure that when R is comparatively large, (Eu ) 2 

will be of the same order of magnitude as R2. 
Somewhat arbitrarily we adopt (Eu) 2 =  37? 2 (R 
large). For a rod-like solute molecule, we choose 
(Mq0-Eu/.M'J10)2 = R2 (R large). The advantage of 
these assumptions is that the last term in (1 0 ) and 
the corresponding expression for a rod-like solute 
molecule become the same, viz., (3/2hc)(a^ — 
a")R2.

We shall utilize the well known expression for the 
reaction field, derived on the basis of a point dipole 
at the center of a spherical cavity in a homogeneous 
dielectric.11 For an absorption transition start
ing from the ground state, we have for an isotropic 
solute molecule

R =
2(H/So +  «g R) D' -  1 

a3 2D' +  1

where D' denotes the contribution of the permanent 
dipoles to the sea tic dielectric constant of the sol
vent, and a denotes the cavity radius. The expres
sion in parentheses represents the dipole moment 
of the solute molecule in solution. For most mole
cules, the ground-state isotropic polarizability is 
about one-half the cube of the most suitable cavity 
radius,12 so that we derive approximately

271/Jo VD -  1 ni -  n
a,3 ID  +  2 nl +  2 j (ID

(3 /2 hc)(«l -  a?)(MS0-Eu/liJ o)2

where au0 and a- again denote isotropic polarizabili
ties. If the solute molecule is not rod-like, the final 
formula is the same as (1 0 ).

Relationship to Macroscopic Properties.—Equa
tion 1 0  may be written in a form involving the re
action fields of the solute dipoles. These may in 
turn be related to macroscopic properties of the 
solvent. We may identify eb, for example, with the 
reaction field r,-,- of the dipole whose moment is M£. 
The reaction field r;i- arises formally from the polari

where we have substituted for (Z)' — 1 )/{D' +  2) 
by the factor in brackets, involving D, the static di
electric constant of the solvent, and n0, the solvent 
refractive index extrapolated to zero frequency.

The value of R appropriate to emission bands 
depends on the degree of dipole reorientation occur
ring in the interval between population of the ex
cited state, and emission. We consider two limit
ing cases: if there is negligible dipole reorientation,

(11) C. J. F. Bottcher, “ Theory of Electric Polarization,”  Elsevier 
Publishing: Co., Amsterdam, 1952, p. 04.

(12) Reference 11, p. 206.
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the value of R is the same as that for the corre
sponding absorption band. On the other hand, if 
there is complete dipole reorientation, we have for a 
transition starting from the fth excited state 

2 (A G  +  a$R) D' -  1 
=  a3 2 D' +  i

Xeglecting terms involving powers of (D' — 1 ) /( /) ' +
2 ) higher than the second, we obtain after a short 
calculation similar to the derivation of (1 1 )

2 A G  p  -  1 _  nl -  11 
a3 \_D +  2 nl +  2 }  X

2(«S  — a?) P  -  1 nl -  n }
a 3 ID  +  2 nl +  2 J J

For the remaining reaction fields, we have in 
both absorption and emission bands

2A/;; yil -  l 
a3 2«.fs +  1

2AG ?i| -  1
a 3 2re? +  1

2M "0 n% — 1 
Vo a3 2?i;0 +  1

_ 2 M q0 Tip 1
r° ~  G T  2ra? +  1

( 12)

(13 )

where for example, denotes the solvent refrac
tive index for light of frequency vl. In (13) it 
would have been more accurate to write +  
aJT in place of Mft, and a similar expression in 
place of M “0. However this refinement would not 
greatly improve the accuracy of the final expres
sion for the frequency shift, because whenever R 
is large, the term involving the reaction fields r,- 
and r0 makes a relatively small contribution to the 
shift.

In view of the above discussion, including (11),
(12) and (13), we obtain for the frequency shift 
in an absorption transition from the ground state 
to the ith excised state of an isotropic molecule

A v =  2.13 X  l t m f E  ( \
L U o  V"’°

n% -  1
2ft/o -j- 1

1 (Moo
he

)2 -  (A G )2 
a 3 X

nl -  1 , 2  M S„(M 0“„ -  M S) f />  -  1 nl -  1 1
+2nl +  1 1 he a3 I D +  2 nl +  2 j

6 (AG„)2(ag -  a?) P  -  1 nl -  l l 2 (14 )he a6 P  +  2 nl +  2 }

where in the first term we have introduced the 
oscillator strength, which, for a transition between 
the ith and j th states of the solute, for example, is 
given by 13

fS =  4.704 X  1029 vfi (A G )2 =  - f a  {M l  in e.s.u .)

Equation 14 is applicable to emission transitions 
only in the cases in which there is no appreciable di
pole reorientation in the excited state. If there is 
complete dipole reorientation, (1 1 '), (1 2 ) and (13) 
are applicable, and give for the frequency shift in 
the emission transition from the fth excited state 
to the ground state of an isotropic solute molecule

Au =  2.13 X  1 0 ' rs (
L i+o  v

n  j y  »  * ? .  n

U ' 7  a 3 2 n%  +  l j

nl -  1 2_ M ;v(M go -  M R)
2 nl +  1 he a3

\ fS> nln - 1
' 7  a32w-7o + 1

(A G ,!2 — (A G )2
h he a 3

P -  1 nl -  n
ID +  2 nl +  2J

(13) R. S. Mulliken and C. A. Rieko, Rep. Prog. Phys., 8, 231
(1941).

2 -  2MSo)(aS -  a?) p  -  1 nl -  l l 2
he ' a3 ' LD  +  2 nl +  2 j

(1 4 ')

where we have neglected terms involving powers of 
[(D — 1)/(D +  2) -  (n l — ] ) / (n l +  2)] higher than 
the second.

From (14) and (14'), the frequency difference be
tween the 0 - 0  bands in the absorption and emis
sion transitions between the ground and the ex
cited states of an isotropic solute molecule is pre
dicted to be

2 nvru — m u-')2
A dab sorption) —  Ar(emission) =  ^  -----n l . x

r  D  -  1 _  nl -  11  ,
Ld  +  2 nl +  l j

+  2_ («g  -  q?)[3(Afgo)* -  5 (A G )2 +  2Mg„-M,“] x
hr. /7.6

[D -  1
0  + 2

nl -  11 2
nl +  2 j

(15 )

III. Discussion
The result of the treatment given in Sec. II is 

embodied in eq. 10, 14 and 14.14
Equation 10 is limited to transitions between 

non-degenerate states of the solute, but is other
wise generally applicable. It is fundamentally cor
rect even though it is approximate, and therefore 
provides the basis for a sound qualitative inter
pretation of frequency shifts caused by dipole 
interactions. Because of the simplifications in
voked in its derivation, especially the point-dipole 
approximation and the approximations inherent 
in second-order perturbation theory, the environ
mental fields appearing in (1 0 ) should not always 
be taken literally. For example, if the solute per
manent charge distribution consists of positive and 
negative charges separated by several A., it does 
not make sense to speak literally of the field at the 
solute dipole. Instead, the environmental fields 
should be considered simply as parameters whose 
qualitative variation from solvent to solvent can 
often be inferred, either from the macroscopic 
properties of the solvent or through consideration 
of hydrogen bonding. Again, if either the solute or 
solvent molecule is non-polar, but contains highly 
polar groups whose moments cancel, it is not realis
tic to put the time-average of the field Eu equal to 
zero, even though this is implied formally in the 
derivation of eq. 1 0 .

Equation 14 represents the frequency shift in 
absorption bands. Unless the solvent and solute 
are both polar, frequency shifts in corresponding 
absorption and emission bands are predicted to be 
equal. When the solvent and solute are both polar, 
frequency shifts in emission bands are represented 
by (14) if there is negligible dipole reorientation in 
the excited state, or by (14/) if there is complete di-

(14) Those equations represent, the solvent effect, on the frequency 
of the 0 - 0  band. As the 0 - 0  band cannot always be identified in 
solution spectra, the equations must be compared with observed fre
quency shifts in band maxima, relative to the corresponding band 
maxima in the vapor spectrum. The latter should be determined by 
drawing the. envelope of the vibrational Structure. Unless the fre
quency shifts are comparable with or larger than the band width, the 
above procedure for applying the equations cited is valid only insofar 
as there is no significant solvent effect on band shape. Similar remarks 
apply to eq. 15.
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pole reorientation. For example, frequency shifts 
induced in fluorescence spectra by rigid-glass sol
vents are represented by (14), since in such solvents 
the dielectric relaxation times are some orders of 
magnitude greater than the lifetime of the excited 
state (~ 10~ s second). On the other hand the 
relaxation times of most liquid solvents at room 
temperature are about 1 0 ” 10 second, 15 so that shifts 
induced by them in fluorescence spectra are repre
sented by (14'). In the application of (14) to 
frequency shifts induced by solid polar solvents, 
the adopted dielectric constant should be the value 
extrapolated from that of the liquid solvent.

Equations 14 and 14' are of course subject to the 
same limitations as (1 0 ), and an additional limita
tion is imposed by the use of the simple model for 
the solute in solution. In particular, (14) and (14') 
do not apply to frequency shifts caused in part by 
hydrogen bonding.

Because of the assumption of identical solvent 
molecules in the derivation of (1 0 ), this formula 
and the formulas derived from it apply to frequency 
shifts induced by pure solvents only. The gener
alization to mixed solvents can be achieved in 
cases in which the solvent composition near the 
solute molecule can be assumed equal to the bulk 
composition. In that case, the weighted mean 
wave length of a mixed solvent is a linear com
bination of weighted mean wave lengths of the sol
vent components, the coefficients being the appro
priate mole fractions.

Dispersive Interactions.— The first term in (10) 
represents a contribution from dispersive interac
tions. It will ordinarily be negative, because 
v l  >  vji i o r j > i  (the states being numbered in order 
of increasing energy). In practice we observe 
frequency shifts in only the first few electronic 
bands of the solute, and these lie at lower frequen
cies than that of the onset of solvent absorption. 
The first term represents the general red shift.

The expression for the general red shift consists 
of a sum of terms, each of which corresponds to a 
virtual transition starting from one of the com
bining states of the solute. Each term contains the 
reaction field of a dipole whose moment oscillates 
with a frequency equal to the appropriate transi
tion frequency and with amplitude equal to the 
appropriate transition dipole moment. Accord
ing to the present formulation, the general red shift 
depends in part on the weighted mean wave length, 
which is a function of the frequency, characteris
tic of the solvent.

If none of the transitions which make an im
portant contribution to the general red shift lie 
close in frequency to a solvent absorption band, 
the weighted mean wave length may be consid
ered approximately as a constant. Whenever this 
is the case, we shall for definiteness adopt the value 
at zero frequency, denoting it by L0.

The weighted mean wave length may be taken 
as a constant in all applications to strong transi
tions ( /  1 ), because any frequency shifts are
governed mainly by the term corresponding to the 
transition in question. In applications to weak 
transitions, the frequency-dependence of the

(15) D. H. Whiffen, Quart. Rev. Chrm. Soc.. 4, 131 (1950).

weighted mean wave length may be important if 
the solvent begins to absorb at a frequency close 
to that of the transition in question.

Limits are set on L0, the weighted mean wave length at 
zero frequency, by the inequalities

where the primes indicate summation over terms corre
sponding to known transitions in the absorption spectrum of 
the solvent in question.

As long as the frequency and intensity of at least one 
strong transition is known, the limits are sufficiently close 
that their arithmetic mean is a good estimate of La. For 
example, we have for the solvent benzene, utilizing the 
known polarizability, the formula relating the oscillator 
strength to the transition dipole moment and the informa
tion in Table I : 1850 >  Lp >  650 (A.) yielding La ~  1250 A . 
This value is quite insensitive to refinements such as taking 
into account some Rydberg transitions. It is appropriate 
to many benzene derivatives as well as to benzene itself.

Unfortunately the ultraviolet absorption spectra of most 
other common solvents are not sufficiently well known for 
the above method to be useful. However we discuss a few 
typical solvents as follows.

T a b l e  I

F r e q u e n c y  Sh ift s  in  th e  B e n ze n e  S pectru m

Contribution to 
At-(cm.“'1)

X2500 A. A2000 Â.
Transition« / y (cm. 0 n band band
Aie ®2u 0 .002b 40,000 1.49-7 - 3 2
Ais -*■ . 12c 50,000 1.56“ 112 -2 3 8
A „  — E,t 1.2° 55,000 1.58“ 951 951

-  E ¿ (0 .72)d 30,000e 1.45“ (-1368U 0
Bin — E2 ( . 50) d 19,00Ce 1 .43/ 0 (-1785)

Obsd. shift -308° -1070°
° Notations and assignments of Pariser.20 6 Reference 21. 

“ Reference 16. d Values required to fit observed shifts. 
” Differences of energies calculated by Pariser.20 f Landolt- 
Bornstein, “ Physikalisch-chemisch Tabellen,”  Springer, 
Berlin, 1935, Part 3 (II ) , p . 1683. “ Extrapolated from 
literature values.

Cyclohexane.— From the absorption spectrum16 we have 
To <  1450 A ., and guess La ~  1000 A . This value should 
be equally applicable to most saturated hydrocarbon sol
vents .

Dioxane.— From the absorption spectrum17 we have 
La <  1800 A . Since the oscillator strength of the first band 
(0.11) is less than that of the A 1800 A . band of benzene, the 
value of La for dioxane probably lies between those for ben
zene and cyclohexane.

W ater.— From the absorption spectrum18 we have L0 <  
1350 A ., suggesting a value of L0 approximately equal to or 
less than that for cyclohexane.

It should be not.ced that the values of La tend to increase 
in the same order as the solvent refractive index.

Comparison with Previous Work.— In the first 
term in (14), the general red shift is related to the 
solvent refractive index. This expression may be 
compared in an interesting way with that previ
ously derived by Bayliss.® To facilitate the com
parison, we write the result of the present treat
ment in the form

1.07 x  10 ~14 2I/.o /“o n;g — 1
a3 2 n% +  1

£  Ki
=M

Ä  wfd 1 
a3 2ri„ +  1

(16) L. W. Pickett M. Muntz and E. M. McPherson, J. Am. Chem. 
Soc., 73, 4862 (1951).

(17) L. W. Picket3'., N. J. H oev lich  a n d  T ie n -C h u a n  Liu, ibid., 73, 
4865 (1951).

(18) K . W a ta n a b c  a n d  M. Z e lik o ff,  J. Opt. Soc. Arner., 43, 7 53  
(1953).
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fa n i -  1 1 /
a3 2n% +  l J i

(16)

whereas the Bayliss expression is

-  1.07 X  1 0 -14 i  f jo  nlo -  1 
v"o a3 2n\o +  1

The first term in (16) differs from the Bayliss ex
pression in that it contains 2 L ,-0 in place of 
Terms such as those under summation in (16) ap
pear also in the treatment due to Ooshika.4 How
ever, the result of the present treatment is not 
identical with that obtained by Ooshika. In 
particular, the weighted mean wave length ap
pears, in the present work, in place of the wave 
length of onset of solvent absorption in Ooshika’s 
expression. This modification is considered to be 
quite important, because the two wave lengths do 
not in general vary in the same way from solvent to 
solvent.

Application to Benzene.— The terms under sum
mation in (16) make a dominant contribution to 
the red shift in weak transitions, since is then 
small. This point may be illustrated by a numeri
cal application of (16) to the shifts induced by the 
solvent cyclohexane in the X 2500 Â. and X 2000 Â. 
absorption bands of benzene. We assume that 
the shifts are caused by the transitions indicated 
in the first column of Table I ,19 the notations and 
assignments being those of Pariser.20 Since the 
intensities of the transitions between excited states 
are unknown, we prefer to apply (16) in an indirect 
way, by calculating the intensities that these tran
sitions must have in order to account for the ob
served shifts. Possible contributions from forbid
den transitions between excited states will be 
neglected. For the radius of the benzene molecule, 
we adopt a =  3.0 A. Since the first absorption 
band of cyclohexane lies at a considerably higher 
frequency than any of the benzene transitions in
dicated in the table, the weighted mean wave length 
may be considered approximately as a constant. 
We adopt the value indicated above, viz., L 0 =  
1000 Â. With the transition intensities, transi
tion frequencies and solvent refractive indices, n, 
indicated in the table, we require in order to fit the 
observed shift of 308 cm . - 1  in the X 2500 Â. band21 

that the oscillator strength of the B 27  —> Etg tran
sition be 0.7. This value is in accord with the fact 
that the transition is allowed. The fifth column 
in the table shows the contribution of each transi
tion to the shift. The Aj~ —■» B27, transition itself 
is seen to contribute only one per cent, of the total. 
A similar calculation shows that in order to fit the 
observed shift of 1070 cm. - 1  in the X 2000 Â. band,21 

the oscillator strength of the B ^ —» transition
must be 0.5, again an appropriate value for an al
lowed transition. The last column of the table 
shows that the Aj~ —> B ^  transition itself con
tributes about one-quarter of the total shift.

(10) Transitions to still higher energy states must unfortunately 
be omitted, for practical reasons. However, the contributions of such 
transitions probably rend strongly to cancel.

(20) R. Pariser, J. Chem. Phys., 24, 250 (1956).
(21) N. S. Bayliss and L. Hulme, Australian J. Chem., 6 , 257 

(1953).

The above example indicates that the frequency 
shifts are caused predominantly by strong transi
tions. The intensities of these transitions are prob
ably not greatly altered upon the introduction of 
substituents into the benzene ring. Consequently, 
we are able to explain Ferguson’s22 observation 
that in the X2500 A. bands of weakly polar sub
stituted benzenes, the frequency shifts are all 
about the same, and in particular are independent 
of the X2500 A. band intensities.

Effect of the Weighted Mean Wave Length.—  
The influence of the weighted mean wave length 
is manifest in the relative magnitudes of the general 
red shift induced by different solvents. The 
general red shift is observed directly only when both 
the solvent and solute are non-polar. In such 
cases, it is known that the frequency shift is ap
proximately proportional to (n2 — l ) / ( 2 n2 +  1 )„ 
where n denotes the solvent refractive index at 
some particular visible or near-ultraviolet fre
quency. s-21' 23 (The linearity is also observed in 
certain other cases, which will be discussed later.)' 
From the relatively few studies in which frequency 
shifts have been referred to the vapor fre
quency, 3-21.24.28 it appears that the plots of Av vs. 
(n2 — l ) / ( 2 n2 +  1 ) do not in general extrapolate 
to the origin, as they should according to Bayliss’ 
theory, but tend to cut the frequency axis beyond 
the origin. This behavior led Bayliss3 to suggest 
that the frequency shift is caused in part by inter
actions other than those accounted for by his 
theory. Actually, the discrepancy may arise from 
the slightly incorrect form of the Bayliss expression. 
According to the present theory, the frequency 
shift is approximately proportional to (ALo +  B) 
(n2 — l ) / ( 2 n2 +  1 ), which is a form of (16) obtained 
by replacing refractive indices and weighted mean 
wave lengths at all frequencies by n and L0, respec
tively. A and B denote constants characteristic 
of the solute. Since the weighted mean wave length 
tends to be shorter for solvents of lower refractive 
index, the plot of Av vs. (ALq-\-B) (n2 — 1 ) /(2n2 +  1) 
should pass nearer the origin than that of Av vs. 
(w2—l ) / ( 2 n 2+ l ) ,  while still retaining the linearity 
of the latter plot. Because of the difficulty of esti
mating Lo, A and B, the possibility of the former plot 
cutting the frequency axis far on the red-shift side of 
the origin cannot definitely be excluded, although 
this appears unlikely if AL0 and B are of comparable 
magnitude. Inspection of (16) suggests that this is 
actually the case; ALo probably predominates 
slightly in strong transitions, B in weak transitions.

Electrostatic Interactions.— The remaining terms 
in (1C) represent the contribution of electrostatic 
interactions. The second term represents the 
contribution of interactions between the solute 
permanent dipoles and the solvent dipoles thereby 
induced, and the third term represents the contribu
tion o: interactions between the permanent dipoles

(22) J. Ferguson, J. Chem. Phys., 24, 1263 (1956).
(23) (a) N. D. Coggeshall and A. Pozefsky, ibid., 19, 980 (1951); 

■(b) G. M. Badger and R. S. Pearce, Spectrochim. Acta, 4, 280 (1951); 
(c) J. Ham, J. Am. Chem. Soc., 76, 3875 (1954).

(24) (a) S. Sambursky and G. Wolfsohn, Trans. Faraday Soc., 36, 
427 (1940); (b) G. Kortiim and B. Finckh, Z. physik. Chem., B52, 263 
(1942). This work has been summarized and discussed by Forster.26

(25) Th. Forster, “ Fluoreszenz Organischer Verbindungen,”  Van- 
denhoeck and Ruprecht, Gottingen, 1951, p. 135.
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of the solute and solvent molecules. The fourth 
term represents the contribution of the interac
tions between the permanent dipoles of the solvent 
molecules and the solute dipoles thereby induced. 
Since it is proportional to the square of the field 
intensity produced by the solvent permanent di
poles, the fourth term may be said to represent the 
quadratic Stark effect.

The representation of the electrostatic contribu
tion as a sum of terms is somewhat artificial, being a 
consequence of second-order perturbation theory. 
The same expressions could have been derived by 
the conventional methods of electrostatics, with 
due cognizance of the non-equilibrium polarization 
of the solvent immediately after the transition. 
The treatment by perturbation theory is prefer
able, because it is consistent with the treatment of 
the dispersive interactions.

In the last three terms in (14) and in (14'), the 
contributions of electrostatic interactions are ex
pressed in terms of the static dielectric constant 
of the solvent and the solvent refractive index ex
trapolated to zero frequency. It will be recalled 
that the third terms were derived on the assump
tion of an isotropic solute molecule, and the fourth 
terms were derived on an assumption which is 
likely to be valid only when both the solvent and the 
solute are highly polar.

The dependence on the solvent of the frequency 
difference between the 0 - 0  bands of corresponding 
absorption and fluorescence bands should be inter
pretable in terms of electrostatic interactions only. 
Since the interpretation is complicated neither by 
the general red shift nor by solute dipole-induced 
solvent dipole interactions, concurrent studies of 
absorption and fluorescence spectra should provide 
more definite information about the dipole moment 
of the solute in its lowest excited singlet state than 
can be inferred from data on absorption spectra 
alone. Equation 15 represents the frequency dif
ference mentioned above.

Comparison with Previous Work.— Equation 14 
may be compared with the formula derived by 
Ooshika.4 As far as the electrostatic contributions 
are concerned the two expressions appear to be 
quite different, but the difference is probably super
ficial. However, the present result has the sub
stantial advantage that the electrostatic contribu
tion is expressed in closed form.

The present theory leads naturally to a classifi
cation of solutions previously adopted by Bayliss 
and McRae.6 In their case I (both solute and sol
vent non-polar) the first term in (1 0 ) alone con
tributes to the frequency shift. In case II (solute 
non-polar, solvent polar) the first and fourth terms 
contribute, while in case III (solute polar, solvent 
non-polar) the first and second terms contribute. 
In case IV (both solute and solvent polar), all 
four terms make a contribution. Case I has al
ready been discussed above. In the following dis
cussion of cases II-IV , we shall avoid unneces
sary duplication of that given in the previous 
paper,6 with which we are substantially in agree
ment, confining our attention to certain modifi
cations or extensions suggested by the present 
work.

Cases II and III of Bayliss and McRae.— In the
discussion of case I, it was mentioned that the 
frequency shifts vary approximately linearly with 
(n2 — l)/(2 n 2 +  1). The same behavior is ordi
narily observed in cases II and III, although in 
case II, apparently anomalous shifts are produced 
by highly polar solvents such as water,21 meth
anol24' 26 and ethanol.21-26 The phenomena in case 
II do not necessarily conflict with the theory, 
since we may say that the first term in (1 0 ) is ordi
narily much larger than the fourth (he., the general 
red shift is dominant) but that if the solvent is 
highly polar the fourth term (he., the quadratic 
Stark effect) may make an important contribution. 
In case III, the dependence of the frequency 
shift on the solvent refractive index is represented 
by the first two terms in (14) (or 14'). Since n0 
ordinarily differs little from n,27 the theory read
ily explains the observed behavior.

Case IV of Bayliss and McRae.—To simplify this 
discussion, we write the last two terms of (1 0 ) in 
the form involving the reaction field, viz., (1  /he)- 
(M „0 — M-‘i)-Rand(3/2/ic)(ao — a“)fi2, respectively. 
Here, the significance of the reaction field is analo
gous to that of E", as discussed at the beginning of 
this section. The nature of the phenomena in 
case IV depends critically on the relative magni
tude of the above terms. In all cases of practical 
interest, the first of the two terms contributes a 
significant proportion of their sum. Whether or 
not the contribution of the second term is important 
can only be judged from the experimental results, 
because the difference between ground and excited 
state polarizabilities (indeed, even the sign of the 
difference) is in general difficult to predict.

If the contribution of the quadratic Stark effect is 
indeed negligible,29 the qualitative interpretation 
is the same as that previously proposed.6 How
ever, we are able to give semi-quantitative expres
sion to the qualitative theory, with the aid of 
(14) or (14'). We illustrate this by the application 
of an approximate form, of (14) to the A 5500 A. 
absorption band of phenol blue.

Application to Phenol Blue.— Solvent effects 
in the phenol blue spectrum have been studied by 
Brooker and Sprague,30 whose results imply that 
the frequency shifts increase in the order of solvent 
dielectric constant. The more extensive study by 
LeRosen and Reid31 shows that there is no correla
tion with the dielectric constant, but that the shifts 
induced by hydrocarbon and aryl halide solvents 
vary regularly with the solvent refractive index. 
LeRosen and Reid found no correlation of the shifts 
induced by other solvents with any solvent macro
scopic property or combination of such properties. 
They did, however, present a qualitative inter-

(2G) R. Schnurmann and W. F. Maddams, J. Ckem. Phys., 19, 1430 
(1951).

(27) The solvent water is exceptional in this respect. The value 
of wo2 is about 5, while n2 for visible light is 1.77.28

(28) R. A. Robinson and R. H. Stokes, “ Electrolyte Solutions,”  
Butterworth, London, 1955, p. 10.

(29) “ Negligible”  has a different meaning in the discussion of case 
IV than in that of the preceding cases, the discussion of case IV being 
carried on at a lower level of approximation.

(30) L. G. S. Brooker and R. H. Sprague, J. Am. Chem. Soc., 63, 
3214 (1941).

(31) A. L. LeRosen and C. E. Reid, J. Chem. Phys., 20, 233 (1952).
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Fig. 1.— Calculated vs. observed frequency shifts in the 
A5500 A. band of phenol blue. The frequency shifts are 
calculated from eq. 17 (A  =  —5.5 X  108cm .-2 , S '  =  — 5500 
cm .-1 , C =  — 1530 cm .-1 ). Hydrogen bonding solvents 
(open circles) are indicated by name. The remaining sol
vents (full circles) are indicated as shown below. In the 
following list of solvents, the refractive index and static 
dielectric constant of each solvent are quoted in that order. 
In a few cases, static dielectric constants are not available; 
values estimated from those for related compounds were 
used in the calculation, and the estimated values are given 
below in parentheses. The solvents are listed in the order 
in which they induce increasing red shifts.

H Heptane 1.390 1 .9
Oc Octane 1.391 1 .9
Ch Cyclohexane 1.419 2 .0
Dd Dodecane 1.417 2 .0
E tE Ethyl ether 1 .345 4 .4
BuE Butyl ether 1 .393 (3 .4 )
IpE Isopropyl ether 1 .363 (3 .9 )
Am E Am yl ether 1 .409 2 .8
D Dicxane 1.417 2 .2
B Benzene 1.493 2 .3
Ac Acetone 1 .360 2 1 .0
C1B Chlorobenzene 1.519 5 .5
C D Carbon disulfide 1 .618 2 .6
BrCh Bromocyclohexane 1.491 7 .9
C1T p-Chlorotoluene 1 .516 5 .6
An Anisole 1 .509 4 .3
PhE Phenyl ether 1 .574 3 .7
BrB Bromobenzene 1.553 5 .2
IT o-Iodotoluene 1 .603 (5)
P Pyridine 1.502 12.4
IN 1-Ic donaphthalene 1 .695 (4)

pretation of the results in terms of various types of 
intermoleoular interactions, including hydrogen 
bonding.

Equation 14 may be written in the approximate 
form

At- = {A Lo +  B ') ni, -  1 
2rai, +  1

D -  1 
/)  +  2

wp — n
iln +  2 j

(ID

where refractive indices at all frequencies have been 
replaced by the value appropriate to the sodium-D 
line, and the quadratic Stark effect has been neg
lected. A, B' and C are constants characteristic of 
the solute. Figure 1 illustrates the fit of the above 
equation to the experimental results for phenol 
blue.

In Fig. 1, points are shown for all solvents whose effects 
have been measured,30-31 except water. In the case of water,
(17) is inapplicable because of the considerable difference 
between no and j i d . 27

For saturated hydrocarbon solvents, broraocyclohexane, 
aliphatic alcohols and w-ater, the value of Lo was taken to 
be 1000 A .; for other solvents, 1250 A . was adopted. The 
fit of predicted and observed shifts was insensitive to B’/A ;  
*he assumed ratio, which is arbitrary, places equal w-eight 
on ALu and B for saturated hydrocarbon solvents. The 
best value of C/A  was determined by the method of least 
squares, omitting the points represented in the figure by 
open circles. The value of A was adjusted to make the 
theoretical straight line pass through the points for ra-hep- 
tane and pyridine (the vapor spectrum is not available). 
The neglect of the quadratic Stark effect is justified by the 
fit of the points to a straight line, as shown in the figure.

A glance at Fig. 1 shows that the solvents are 
separated into two distinct series according to their 
ability to form a hydrogen bond with the solute. 
Although (14) is not applicable to the total fre
quency shifts caused in part by hydrogen bonding, 
it may be capable of predicting that part of the 
shift exclusive of the contribution of hydrogen 
bonding. The points representing non-hydrogen 
bonding solvents are fitted to the full straight line 
with a root mean square deviation of about 1 0 0  

cm.-1, which is of the same order of magnitude as 
the experimental error in the determination of band 
frequencies in solution spectra (~ 50  cm.-1). The 
points representing non-polar solvents illustrate the 
behavior mentioned above as typical of class III. 
The remaining points (non-hydrogen bonding 
polar solvents) show that frequency shifts in class 
IV may be correlated with a particular function of 
both the dielectric constant and refractive index 
of the solvent, even though there is no general 
correlation with either quantity separately.

The theoiy is evidently capable of reproducing 
the gross features of the phenomena, but not all of 
the finer details. For example, all of the points 
representing the aliphatic ethers lie near the full 
straight line, but the relative shifts induced by dif
ferent members of this group of solvents do not sup
port the theory. No doubt the discrepancies are 
due in part to the simplifying assumptions about 
the refractive index and the weighted mean wave 
length, the crudity of the model, and the aniso
tropy of phenol blue. At least one of the discrepan
cies, in the case of the solvent dioxane, may reflect 
a more fundamental failure of the approach based 
on (14). The dioxane molecule has two non-ad- 
jacent dipolar groups whose moments cancel, so 
that the effective reaction field R is probably greater 
than is indicated by the macroscopic properties 
(c/. the discussion of (1 0 ) at the beginning of this 
Section).

LeRosen and Reid31 tried to explain the results 
which they obtained with non-hydrogen bonding- 
solvents in terms of solute dipole-induced solvent 
dipole interactions only. The present work indi
cates that permanent dipole interactions make an 
important contribution to the frequency shifts 
induced by polar solvents.

The constant C, which appears in the approximate form 
of (14), corresponds to (2/7ica3)(Moo — Moo) M,“ in (14), 
so that from the best value of C found as indicated above 
( — 1530 c m .-1 ) we may calculate the excited state permanent 
dipole moment of phenol blue. The ground state dipole
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moment is 5.80 D ebye.32 The most appropriate cavity 
radius probably lies between 4 and 5 A . If we assume that 
the ground and excited state dipole moments are parallel, 
we calculate the excited state dipole moment to be between 
7.5  Debyes (o =  4 A .)  and 9.1 Debyes (a =  5 A .) .  Both 
are of the expected order of magnitude, but they do not offer 
strong support for the suggestion30 that a Zwitterion struc
ture contributes heavily to the excited state.

Application to Merocyanines.—We now discuss 
the remarkable solvent-induced frequency shifts 
observed in the lowest-frequency singlet-singlet 
absorption bands of merocyanine dyes. The re
sults of extensive studies, mainly by Brooker and 
co-workers,33' 34 are typified by those illustrated in 
Fig. 2a. The three dyes IV, V and IX  (notations 
of Brooker, Keyes and Heseltine34) have a com
mon acidic (electron-attracting) nucleus, and basic 
(electron-repelling) nuclei whose basicity decreases 
in the order IV >  V >  IX .34 Almost certainly, 
this is the order of decreasing ground state perma
nent dipole moment. The outstanding feature of 
the frequency shifts, as revealed by Fig. 2a, is 
that the band of the most highly polar dye IV shifts 
to higher frequencies as the water content of the 
solvent is increased, while the band of the least polar 
dye IX  shifts initially to lower and then to higher 
frequencies. Intermediate behavior is exhibited 
by the dye of intermediate dipole moment.

The phenomena have been interpreted by 
Brooker5 in terms of the relative solvent stabiliza
tion of polar and non-polar resonance structures, 
and this approach has been elaborated by Simp
son35 and by Platt.36 As a particular application of 
the present theory, we advance an alternative (but 
not fundamentally different) explanation in terms of 
the quadratic Stark effect.

The merocyanine dyes have just the right com
bination of properties to favor the quadratic Stark 
effect. First, they are highly polar, implying that 
in moderately or highly polar solvents R (and hence 
R2) is particularly large; second, the first singlet 
transition is strong ( /  ~  1). The second property 
makes it reasonable to assume, as is necessaiy in the 
following interpretation, that the polarizability of 
any given dye in its lowest singlet excited state is 
considerably less than in its ground state. This 
can be understood upon inspection of the usual 
formula for the polarizability.10 The lowest singlet 
transition, being strong, makes a sizable contribu
tion to the ground state polarizability, and a nega
tive contribution of the same magnitude to the 
lowest excited singlet state polarizability.

A particularly simple discussion is made pos
sible by writing ( 1 0 ) in a form appropriate to the 
limiting case of large R, viz.
Av — AvTei = (l/7i.c)(MSo — Mj)-R +  (3/2h c ) (a o  — a?) R 2

(18)
where A rref represents the frequency shift induced

(32) C. P. Smyth, “ Dielectric Behavior and Structure,”  Me G raw- 
TTill Book Co., Inc., New York, N. Y ., 1955, p. 348.

(33) L. G. S. Brooker, C>. H. Keyes, R. H. Sprague, R. E . Van 
Dyke, E. Van Bare, G. Van Zandt, F. L. White, H. W. J. Cressman 
and S. G. Dent, J. Am. Chem. Soc., 73, 5332 (1951).

(34) L. G. S. Brooker, G. H. Keyes and D. W. Heseltine, ibid., 73, 
5350 (1951). Brooker and co-workers have studied solvent effects on 
maximum extinction coefficients as well as band frequencies.

(35) W. T. Simpson, J. Am. Chem. Soc., 73, 5359 (1951).
(36) J. R. Platt, J. Chem. Phys., 25, 80 (1956).

Av — Ay„f. (cm .-1 ).
Fig. 2.— (a, top) variation of merocyanine band frequency 

with percentage of water in aqueous pyridine solvent. The 
abscissa is the frequency shift relative to the shift induced 
by pure pyridine. Curves are drawn for three merocyanine 
dyes, whose ground state dipole moments are considered to 
decrease in the order: IV  >  V  >  I X  (see text). The optical 
data and dye notations are those of Brooker, Keyes and 
Heseltine.34 (b, bottom) variation of band frequency with 
the reaction field, according oo eq. 18 (<*u0 — a ui =  0.67 X  
10“ 23 cm .3, M uoo — M nu =  1.5, 0, — 1.5 Debyes). These 
curves are meant to illustrate the general behavior predicted 
by the theory. The numbers are considered to be of the 
correct order of magnitude (see text), but are otherwise 
arbitrary. The curves do not refer specifically to the dyes 
of Fig. 2a.

by a non-polar reference solvent, and the frequency 
shift as again expressed in terms of R instead of Eu. 
We assume that in order to preserve the orthogonal
ity of ground and excited electronic state functions 
in a series of merocyanines of decreasing ground 
state dipole moment, the excited state dipole mo
ments either stay nearly constant or tend to increase 
in the same order as the ground state dipole mo
ments decrease. In Fig. 2b, the frequency shift 
Av — Avre; is plotted against R in the three pos
sible cases: /If“, — M# greater than, less than and 
equal to zero. (In the discussion of visible mero
cyanine spectra, the ground and excited state per
manent dipole moments may be considered paral
lel.) The comparison of Figs. 2a and 2b shows that 
(18) is capable of reproducing the gross features of 
the phenomena, for R may be assumed to increase
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monotonically with water content in an aqueous 
pyridine solvent. The comparison must remain 
purely qualitative, because there is in this case no 
reliable way of relating R to the solvent composi
tion. Indeed, the reaction field has only formal 
significance in the present application. The rea
son for this has been explained, with explicit refer
ence to Eu, at the beginning of this section. Equa
tion 18 itself is far from realistic, because the first 
two terms in (1 0 ) may well suffer significant 
changes on passing from solvent to solvent. How
ever it is unlikely that the consideration of the 
general red shift, for example, would alter the 
qualitative conclusions drawn here.

In spite of the drastic simplifications which have been in
troduced, the present discussion is readily shown to involve 
quantities of the correct order of magnitude. For this pur
pose the ordinate in Fig. 2b was chosen to run to 2 X  105 
e.s.u ., which is the order of magnitude of the reaction field 
indicated by the simple model, for a solvent of high dielectric 
constant and Ml0 =  10 debycs. The difference between 
the ground and excited state permanent dipole moments is 
almost certainly of the order of a few debyes, and 1.5 de- 
byes was chosen for the sake of illustration. In order to re
produce the gross features of the phenomena within the 
chosen range of R, the difference between the ground and 
excited state isotropic polarizabilities must beO.5 -1 .0  X  10-23 
cm .3, i.e., about one-third of the contribution of a strong 
visible transition to the ground state polarizability.

In his discussion of the phenomena, Brooker6 has 
focused attention on the plot of the peak extinction 
coefficient em against the corresponding wave 
length Xm, and he has associated the maxima in 
such curves with the isoenergetic 'point, at which the 
principal polar and non-polar resonance structures 
have equal energies. At the isoenergetic point the 
ground and excited state dipole moments of the 
solute in solution should be equal. From (18) we 
find that the condition for a minimum value of 
Av —  Avrei (M ” >  M„0) is M o„ - f  3a„R = M# +  
3ct"R. For a rod-like solute molecule, 3ao and 3a)' 
are polarizabilities appropriate to a field directed 
parallel to the dipole moments, so that +  
3«oR and Mu +  3a-R represent dipole moments 
of a rod-like solute molecule in solution. Since the 
merocyanines may be considered nearly rod-like, 
the present theory suggests that, in the approxima
tion of neglecting the first two terms in (1 0 ), the 
minimum in Ac — Arref should be associated with 
the isoenergetic point. The minimum in Av — 
A rref and the maximum in the plot of em vs. Am 
ordinarily occur at nearly the same solvent com
position.37 The present discussion thus tends to 
support the views previously expressed by Brooker,5 

and in fact indicates that Brooker’s conclusions
(37) This is not the case in the curves for Brooker, Keyes and 

Heseltine’s dyes IX  and X .34 However, since these dyes are rela
tively weakly polar, the first two terms in (10) may make an important 
contribution.

remain valid even if there are more than two reson
ance structures making important contributions to 
the combining states.

Other Interactions.— Finally we point out that 
not all frequency shifts are caused entirely by dipole 
interactions, but that other types of interaction 
may make important or even dominant contribu
tions in certain cases. For example, charge- 
transfer complex formation is generally accom
panied by shifts in band frequencies; this topic 
has been reviewed recently.38 Again, a large fre
quency shift may arise from intermolecular re
pulsive forces, in the event that the solute molecule 
suffers a marked change of equilibrium size39 or 
shape40' 41 upon excitation.

Since the completion of the present work, some 
important contributions to the theory of solvent 
effects have come to the author’s attention. From 
Ooshika’s formula,4 Mataga, Kaifu and Koizumi42 

have deduced an expression for the solvent effect on 
the frequency separation of the O— O bands in cor
responding absorption and fluorescence transitions. 
This expression differs only slightly from the first 
term of that derived in the present work (eq. 15). 
Mataga, Kaifu and Koizumi have applied their 
formula in the evaluation of excited-state dipole 
moments.43 Another method for evaluating ex
cited-state dipole moments has been proposed by 
Lippert.44

The writer has been privileged to read, in manu
script form, a new treatment by Longuet-Higgins 
and Pople45 of solvent-induced frequency shifts 
arising from dispersive interactions. The conclu
sions drawn by Longuet-Higgins and Pople are 
similar to those reached in the present work, but 
are expressed in a simpler form.
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The theory of ideal van der Waals adsorption from regular solutions of equal sized molecules is developed, and explicit 
limiting forms for high and low concentrations of preferentially adsorbed components and for slightly soluble systems are 
given. Salient properties of the model are the following: (1) one component is preferentially adsorbed over the entire 
concentration range, (2) adsorption of the preferentially adsorbed component is proportional to ln_1/> l /a , where a is the 
component activity at low concentrations and to (1 — x), where x is the component mole fraction at high concentrations,
(3) in slightly soluble systems the adsorption is proportional to log~'/> x'/x  over the entire concentration range except for 
minor corrections. Comparisons with available experimental data are given.

Introduction
A number of idealized models suitable for dis

cussion of unimolecular adsorption of gases have 
been proposed, and have been well summarized by 
Fowler and Guggenheim.2 A number of idealized 
models for multimolecular adsorption of gases have 
been advanced.8" 6 Kipling and Tester,7 in partic
ular, have developed a Langmuir-like model for 
unimolecular adsorption from solution. There have 
been no quantitative models treated for multimolec
ular adsorption from solution, although Hansen, 
Fu and Bartell8 used the Brunauer-Emmett- 
Teller equation in treating their data, and Brown9 

has used the Harkins-Jura equation in treating the 
same data.

In treating adsorption from solution, one must 
consider both component-adsorbent and compo
nent-component interactions. A simple model for 
consideration of component-component interac
tions is the so-called “ regular” solution model ex
tensively developed by Hildebrand and co-work
ers.10 Van der Waals interaction energy between 
adsorbent and polarizable adsorbate, to the extent 
that this interaction can be properly represented by 
the London model, has been shown by Polanyi and 
London11 and subsequently, apparently independ
ently, by Hill5 to be inversely proportional to the 
third power of the distance between component 
molecule and adsorbent surface. Information as to 
the component-adsorbent interactions furnished by 
the Polanyi-London theory can then be combined 
in the general theory of adsorption from solution 
given by Hansen and Fackler12 to give isotherm 
forms explicitly.

(1) Work was performed in part in Hie Ames Laboratory of the 
U. S. Atomic Energy Commission.

(2) R. II. Fowler and E. A. Guggenheim, “ Statistical Thermo
dynamics,”  Cambridge University Press, 1949 (Chapter X).

(3) (a) S. Brunauer, P. II. Emmett and E. Teller, J. Am. Chem. 
Soc., 60, 309 (1938); (b) W. D. Harkins and G. Jura, ibid., 66, 13(50 
(1944).

(4) G. D. Halsey, Jr., J. Chem. Phys., 16, 931 (1948).
(5) T. L. Hill, ibid., 17, 590 (1949).
(6) G. F. Huttig, Monatsh., 78, 177 (1948).
(7) J. J. Kipling and D. A. Tester, J. C h em . Soc., 4123 (1952).
(8) R. S. Hansen, Y. Fu and F. E. Bartell, T his J o u r n a l , 53, 769 

(1949).
(9) C. Brown, ibid., 54, 1278 (1950).
(10) J. II. Hildebrand and R. L. Scott, “ Solubility of Non-Electro

lytes,”  3d Ed., Reinhold Publ. Corp., New York, N. Y., 1950.
(11) M. Polanyi and F. London, Naturw., 18, 1099 (1930).
(12) R. S. Hansen and W. V. Fackler, Jr., T h is J o u r n a l , 57, 034 

(1953).

Theoretical
In a generalization of the Polanyi13 theory of ad

sorption of slightly soluble solutes from solution, 
Hansen and Fackler12 showed that if the Polanyi 
gas adsorption theory14 applied to the pure gaseous 
components, then the surface excess of component 
1 in binary solution with component 2  was given by

r ‘w  -  / o '  
where xir is obtained from

air Gib \----- = ---------exp <
a2ra a2Ba (

- ^ d r (1)B̂

') -  ctE2( r ) )
R T  ) (2)

In eq. 1, IVv) is the surface excess in the Guggen
heim and Adam ' V ’ contention, 16 X\r and v r are the 
mole fraction of component 1 and molar volume of 
solution at a distance r from the surface, and Xib 
and ve, are the corresponding quantities in bulk 
solution (be., at infinite distance from the surface). 
In eq. 2, a]r and a2r are the activities of components 
1 and 2  at a distance r from the surface, referred to 
standard states of pure liquid components also at a 
distance r from the surface, am and a2b are activi
ties of the bulk components, referred to standard 
states of pure liquid components in bulk, a =  
fnr/f'2r, where v,r is the partial molal volume of com
ponent i at r. Ei (r) and E2 (r) are the Polanyi 
potentials at position r. It is assumed that the 
function air/a2ra depends on xir in the same way 
that cub./cub“ depends on .Tib; since this latter de
pendence and the Polanyi potentials can be estab
lished experimentally, x-,r can be established from 
eq. 2 , and hence r N 1 can be obtained from eq. 1 .

We now consider specialization of the theory of 
Hansen and Facxler to regular solutions and Pol
anyi potentials arising from dispersion forces.

For regular solutions the activity coefficients, 
referred to pure liquids (in the same external 
fields) as standard states are given by 10

In 7 i =  (SxN (3a)
In 72 =  /3.Ci2 (3b)

in which 7 i and y2 are the activity coefficients of 
components 1 and 2 , Xi and x2 their mole fractions, 
and d is a constant. For the purpose of this paper 
we shall also assume that the partial molal volumes 
of the two components are equal and constant;

(13) M. Polanyi, Z. Physik, 2, 111 (1020).
(14) M. Polanyi, Verh. physik, Ges., 18, 55 (1910).
(15) E. A. Guggenheim and N. K. Adam, Proc. Roy. Soc. {London), 

A139, 218 (1933).
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strictly speaking this assumption is a part of the 
regular solution model in the sense that it is neces
sary to a statistical derivation of eq. 3a and 3b. 

According to the theory of Polanyi and London11 

E(r) =  K r-*  (4 )

Since ¿¡i = ¿2 , a = 1, and therefore

i f  = ¿ ra ( * 1  -  * .) = ( r ) S (5)
ro is defined by eq. 5, and is a constant with dimen
sion of length.

By combining eq. 3a, 3b and 5 we obtain
X l r

1 —  X l r
e ~ 2 ß x lr  = X l B

1  —  Z lB
e~W*iB e(r°/r)* (6 )

Let z — Xir — » ib, and let u =  r/r0. 
can be rearranged to obtain

In 1 +  z/x 
1 — 2/(1 — x)

Then eq. 6  

(7)

In this and subsequent expressions, x will be used 
to denote when this is the only mole fraction 
occurring explicitly in the expression. For a given 
x, a value of u can be calculated for each choice of z 
in the range o <  z <  1 — x and the function z(u) 
can be plotted.

With the assumptions made as to partial molal 
volumes, vr =  vb =  v, hence by eq. 2

r , w  =  1 f
V J  13 ( X l r  — ^ i ß ) d r  =  j*0 (*1 r  — x i b ) c1 (

/ . )
(8 )

o r
vi\{v) r ° °  ,--------= 1  z du

n  J o
(9 )

Having obtained the function z(u) by means of eq- 
7, we can obtain the dimensionless group vTj^/ro 
proportional to the surface excess lY v) by graphical 
integration. For large u, eq. 7 readily can be ex
panded to show that

x (l — x) 1 
Z 1 — 20x(l — x) u3

as u —> , sc that zu —*■ 0  as u —► co; and since 1 — x
is the upper limit for z, zu —► 0 as u —*■ 0. Hence

O »2
( 2 - ‘A  +  8/3 — 4ß2)x — 4x ln2x  -)— ^— |-

also
i>r/v) _  f 1 

r0 J o udz = f 01~x [ ln ( 1 +  d  -
ln ( *  -  i z r i )  -  2/32]  “ V , <l  (10)

The following limiting forms are of interest.
(a) For large x, let y = 1 — x assumed small, 

and let 1 — z/y =  e~*. Eq. 10 becomes
sry>)

To
= y t V»e ' j b  +  y

U- -  2/3(1 -  y)
i l  — y

1 v
2 (1 -  y)-5(1 -  e“ ') + d t

( 11)

W T  = yV ©  [1 +  y i 2 ' h  ~ 1X2/3 “  13 “
y2{ 2 “A  -  3 ‘/ j +  6 /3 (3V  -  2 'A ) -  2/32( l  -

2V3 +  3 ‘ /» ) }  +  . . . ]  (12 )

where T(2/3) is the T-function of argument 2/3. 
Collecting constants and substituting (1 — x) for 
y we obtain

=  1.354(1 -  x) [ l  +  0.260(2/3 -  1 )(1  -  x)  -  

(1.078 +  1.092/3 -  0.572/32) ( l  -  x)2 +  . . . ] (13 )

Hence as x -*■1, the effect of solution component in
teractions, represented by the parameter 4 , becomes 
apparent only in second order terms, and curves of 
uPjM/ro as functions of x approach x =  1 with com
mon magnitudes and slopes.

(b) As x becomes small, z(u) approaches a step 
function of u, i.e., z «  1 — x if u <  u', and z ~ 0  if 
u >  u'. Let z = 0.5 +  y — x, and obtain
7T,(v)

>'o

w +
I In 1--------- -  /3(1 -  2x)
I x

—Vs r  o.5
J -  (0.5 -  x)

In (0 .5  +  y) — ln (0.5  — y) — 2/3y)  “ 'A

ln ^ — /3(1 -  2x)  f  x \

/0.5 /  1 2
( 1 -  öS +  R (I2 ~  — (0.5 — x) \ 3 9

d y  (1 4 )

• ■ • )  dy 
(15 )

where
A  =  In 1-------*  — 0(1 -  2x),

X

g =  A  “ Min (0 .5  +  y) — In (0 .5  -  y)  -  2/3y}

The integral in eq. 15 is conveniently divided into 
the ranges —(0.5 — x) <  y <  (0.5 — x), in which, 
since g(y) is odd in y, only the term in g2 contrib
utes to the value of the integral, and the range 
(0.5 — x) <  y <0.5. The series expansion of the 
integrand diverges as y -*■ 0.5 but the corresponding 
series expansion of the integral does not; on inte
grating we obtain

üiVv>
To

=  A “ 1/» 1 -  (2 -  2 “ ‘A y 2 “ ‘/w
6A +

“ (1 -  *)n ~ ( y )
4 E ---------— A ? '

n =  1 n2
— %ßx In x — 4/3 (16)

00 ( 7 1
The series Y  ------ y—  converges for 0 <  x <  2,

n = 1
and in particular has a value x 2/ 6  for x = 0. 16 The 
leading term in this expansion, A~l/s, is also to 
excellent approximation equal to ln“ Vl 1/a, where 
a is the activity of the preferentially adsorbed 
component referred to pure liquid component as 
standard state.

(c) A binary system for which /3 >  2 is one of 
limited miscibility with limits given by the two 
roots, other than x =  y 2, of

ln ~ 2z) = 0 ( 17)

Since (1 — e~,:)/t does not exceed 1 forO <  t<  °° the 
second term in the bracket is at most of order re
using the binomial expansion, integrating term by 
term, and ordering terms in powers of y we obtain

Let x' be the lower of these roots, and x" =  1 — x' 
the higher; values of x in the range x' < x <  x" do

(16) R. V. Churchill, “ Fourier Series and Boundary Value Prob
lems,’ ’ McGraw-Hill Book Co., Inc., New York, N. Y., 1941, p. 77.
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not correspond to stable compositions. For a given 
x <  x' there will be a value Ud of u such that if u >  wd, 
z < x '  — x, and if u <  z >  x" — x. For large /3 
x' —*■ o, x" -*■ 1 , and hence
PilW

r0
Ud

Rigorously
(18)

üiV v)
n — w-d(l 2.c ) +  T  +  A ( 1 9 )

where

L f i  J f(z) dz’ 12 = So f{z) ds’
f{z) =  I In +  In

and

x +  z
l — x — z

In 7i, let x +  2 =  1 — y, x and y small, use ln(l — 
x) ~ — x, ln(l — y) ~ —y, and finally xy exp [2/3 — 
(2/3 — l)x] =  e“ 1 to obtain

h =  (x' — x)eB e ‘{t +  (2/3 — l ) (x ' — x)eB ') ’A  d<

«  (x’ — x)eB t ‘A«“ 1

(2/3 ! ) > '  -  x) eB_t
31 dt (2 0 )

where B =  — {2/? — (2/3 .— l).xj — In x(x' — x). 
This can be put in the form

( ! )  ] i  - 1 ( B V I - - 1) S
-  ( * '  -  x)2(2p -  1) eBB ~'A -  e2fir

j i - R ® V ! - j ) l  ( 2 1 )
in which the function

, V i + V ^  di

r(p +  i)

has been tabulated by Pearson17 for arguments of 
interest in the present problem.

An expression for h  in terms of asymptotic ex
pansions can be obtained by repeated partial inte
grations of eq. 2 0

h I n *  ( i  _  _L  +  J l  _
B1 A  \ 3 5  T  9 5 2 )

jx' -  xy  2/3 -  1 /  _2 _7_
5V3 6 V 3 5  9 5 2

The two series in eq. 20 are divergent, but do not 
differ from the functions they represent by more 
than the last term included. Hence if the nth 
term is a small term in one of the series, a repre
sentation of the function differing from the func
tion by not more than half the nth term can be ob
tained by summing the first n — 1 terms and adding- 
half of the nth term to this sum. This procedure is 
satisfactory for our purpose. In h, let x +  z =  y, 
x and y be small, use ln(l — x) «  — x, ln(l — y) «  
— y, and y/x = el to obtain

I, =  X' f P t-V>e‘ +  ~  *—  f- 1A  (e2‘ -  ef) At (23)
J o  3

(17) K. Pearson, “ Tables of the Incomplete r-Function,”  Cam
bridge University Press, 1934.

in which p = In 'i -(- x'/x). This can be integrated 
in infinite series form to obtain

=  x'p V» 1 +  5  —, X )  (ô  x  “ j (» — 1/3)»! +

(2/3 -  l)a; 
3 Ê 1 -  2 - "  (2p)n

n — 1 /3  n\ (24)

Both series converge rapidly if p is small, and make 
small contributions to I2 if p is large (because x is 
then small). By combining eq. 18, 19, 21 and 24, 
we obtain

=  ( 1  _  2x') jin  ( x-  X  ^ L , )  -  r0 I \x 1 -  x'J

2ß(x' -  * ) }  - A  +  ( * ' -  x)eBT ( J )  j l  ~  I (B  y j  

(2/3 -  1)[:i)l

E

(x' — x)

' ( ‘ 4 - 1 ) 1 1

eBB Wz — e2BT

+  x'p~1/ ’ 1 +  J w X3 x

; + (2/3 -  \)x A  1 -  2 - "  (2p)»
3 Z-, ,,, _ (25)(n — l /3 )n ! 3 n — 1 /3  n!n —1 v ‘  n = 1 '

A form of this expression, correct to first order in x' 
is

ST'M - 1„- A  i l
xTo 1 +  X' 

(1 -  x/x ’)(̂

-2  + (2/8 -  1 ) ( 1  -  x/x’)

1 ------— +  - -
3 5  ~  9 5 2

3 In x'/x 

)
( — )\ln x'¡X)

V 3 +

1 + 1 A  y  _____ ;
3 _3 ? ' , ^  («  -  1 /3 )» !

( 1 +  i?-(i +  * / * ,).y A
\ in x /x /

( 2 6 )

The coefficient of a/ is a:, most 0.9 for /3 =  3, at 
most 1.3 for /8 =  4, and at most 2.3 for /3 =  6 ; 
since for higher /3 x' «= e~P it is apparent that for 
large /3 ln^I/s x'/x is an excellent approximation to 
v Y /vy r a.

The dependence of the dimensionless group 
ITjA/Zr,, on x, the mole fraction of preferentially ad
sorbed component and on /?, the component inter
action parameter, is shown graphically for com
pletely miscible components in Fig. 1; the depend
ence in the case of incompletely miscible compo
nents is illustrated in Fig. 2, except that reduced 
mole fraction (x/x'), mole fraction divided by 
saturation mole fraction, has been used as ab
scissa. ff’he trend toward increasing adsorption, 
at a given mole fraction, with increasing value of /3 
is pronounced in the completely miscible systems; 
the comparative independence of />Ti(vVr0 on ,5, 
provided reduced mole fraction is used as ab
scissa, is also evident in the slightly soluble sys
tems.

By establishing the general behavior of the di
mensionless group ylVv>/>o, we establish the surface 
excess rVv) except for a constant factor r0/v; cer
tain comments can be made as to the character of 
this factor. An approximate form for estimating 
van der Waals forces between two molecules is dis-
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Fig. 1.— Variation in adsorption with mole fraction for completely miscible components.

x/x'.
Fig. 2.— Variation in adsorption with reduced concentration 

for incompletely miscible components.

cussed by Pauling and Wilson.18 The interaction 
energy between two molecules A and B, of polariza
bilities aa and ab, ionization potentials 7a and 7b 
separated by a distance R is approximately

3 «a «b Rib 
2 R6 / a +  Ih (27)

Suppose that the B molecule is located at a dis
tance r from a semi-infinite solid slab of A molecules 
in which the density of A molecules is p molecules 
per cc.; the total interaction energy between B 
molecule and the slab is readily found to be

(18) L. Pauling and K. B. Wilson, Jr., “ Introduction to Quantum 
Mechanics,”  McGraw-Hill Book Co., Inc., New York, N. Y., 1935, 
pp. 387-8.

, , r  t r p  I J b
U =  . OfaOb j . j-4r3 A  +  /  b (28)

Hence if s denote the adsorbent, 1 and 2 the solu
tion components, by comparison with eq. 5 
E j — E% NoTrpasIB

RT

whence

4 r3RT ( r +  / , / / ,  1 +  I./h )  -  ( ? ) '
(29)

r 0
/ N0rpaJ,\ V» / ___a,__________a; \'/»
\ 4RT )  Vl + IJh 1 +  I./h) 1 ^

The first factor is a constant for a given adsorbent; 
the second factor depends on both adsorbent and 
adsorbate, but dependence on adsorbent could be
come small if Is «  Ii, h  and this situation might 
occur with metal adsorbents. In this case r0, and 
hence r i (v), will be proportional to the cube root 
of the difference in polarizabilities between the 
two components. In any event a polarizability 
difference is a significant cause for preferential van 
der Waals adsorption.

Comparison with Experiment
There appear to be available no extensive adsorp

tion data involving regular binary solutions with 
molecules of approximately equal size; comparison 
of existing adsorption data with adsorption behav
ior to be expected from the present model therefore 
burdens the model a 'priori. It should be noted, 
however, that adsorption inversion (preferential 
adsorption of one component over part of the con
centration range and of the second component over 
the remainder of the concentration range) is not 
consonant with the present model, nor is this lack 
of consonance likely to be removed by a modifica
tion of the theory to account for different molecular 
sizes, or by a different (but physically reasonable)
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assumption as to character of activity coefficients. 
Such adsorption inversion frequently has been 
reported. 19-"23 The inversion may be explained by 
assuming a heterogeneous surface, part of which 
preferentially adsorbs one component and part of 
which preferentially adsorbs the second compo
nent. It might also be due to a short range attrac
tion of one component (e.g.. hydrogen bonding to 
an oxidized surface) and a long range attraction of 
the second component, as has been suggested by 
Hansen and Fackler. 12

Several systems have been investigated over the 
entire concentration range in which no significant 
inversion occurs. Of these, perhaps the most 
suitable test of the model is the system water- 
formic acid-charcoal investigated by Blackburn 
and Kipling.24 Judging from the activity behavior 
of the aqueous-higher fatty acid systems25 the 
formic acid-water system should be nearly ideal. 
Assuming ft =  0 , the maximum in the surface ex
cess mole fraction plot should occur at x =  0.15, 
compared to 0.17 observed; the isotherm should 
approach x =  1 almost linearly as is observed, the 
ratio of maximum adsorption to intercept of tangent 
at x = 1 on the ordinate axis should be 0.56 com
pared to 0.73 observed. The methanol-benzene- 
silica gel system investigated by Bartell and Schef- 
fler21 shows a maximum surface excess at mole

(19) Wo. Ostwald and R. de Izaguirre, Kolloid Z . ,  36, 289 (1925).
(20) F. E. Bartell and C. K. Sloan, J. Am. Chem. Soc., 51, 1643 

(1929).
(21) F. E. Bartell and G. H. Sheffler, ibid., 53, 2507 (1931).
(22) J. J. Kipling and D. A. Tester, J. Chem. Soc., 4123 (1952).
(23) R. S. Hansen and R. P. Craig, T his J o u r n a l ,  58, 211 (1954).
(24) A. Blackburn and J. J. Kipling, J. Chem. Soc., 1493 (1955).
(25) R. S. Hansen, F. A. Miller and S. D. Christian, T his J o u r n a l , 

59, 391 (1955).

fraction 0 . 2 0  and a ratio of maximum adsorption to 
tangent intercept of 0.61 approximately. As
suming /3 =  1 (the methanol-benzene system is of 
course not regular but does show appreciable posi
tive deviation from ideality10) the calculated maxi
mum surface excess occurs at x =  0 .2 2 , and the 
maximum adsorption to tangent intercept ratio 
is 0.65. Results published by Hansen and Craig23 

for the systems water-acetic acid-graphon and 
water-ethanol-graphon do not agree at all well 
with behavior predicted by the model, in that the 
adsorption maxima occur at about half the expected 
mole fraction and the surface excess mole fraction 
curves approach x =  1 with approximately zero 
slope.

Behavior predicted by the model for slightly 
soluble systems agrees fairly well with that ob
served for aquecus solutions of higher alcohols and 
fatty acids using carbon blacks and graphites as 
adsorbents by Hansen and Craig.23 Especially 
noteworthy are the generally similar behaviors of 
the isotherms for different solutes when compared 
as functions of x/x', and the approximate In- '/ 1 

x/x' behavior as x —*■ x '.
In so far as the model predicts a surface excess 

proportional to ln~I/Ja as a —*■ 0 , it predicts a 
behavior rather similar to the frequently reported 
Freundlich isotherm behavior and the principle 
dependence on activity rather than mole fraction 
also has been emphasized by Hansen and Craig.23 

It must be noted, however, that isotherms investi
gated at sufficiently low mole fractions are almost 
invariably linear and not logarithmic, and that at 
these concentrations the fact that the molecules 
are not arbitrarily small makes a continuum theory 
unrealistic.

THE MERCURY PHOTOSENSITIZED OXIDATION OF ETHANE
B y  J. S. W atso n1“ and  B. deB. D a r w e n t113
Olin Maihieson Chemical Corp., New Haven, Conn.

Received October 15, 1956

The kinetics of the mercury photosensitized oxidation of ethane have been investigated at a variety of pressures, composi
tions and intensities at temperatures between 40 and 200°. The rate is essentially independent of pressure, composition 
and temperature within prescribed limits. The quantum yield is approximately unity and independent of the intensity. 
The reaction is not a chain process and a mechanism has been proposed that is consistent with the kinetics.

I. Introduction
Investigations of the mercury photosensitized 

reactions of ethane have been reported, in single 
pass flow systems, by Nalbandyan2a and Gray.2*3 

Nalbandyan’s experiments were conducted at high 
relative oxygen concentrations ( [02 ] / [C2IIe] =  
r =  9.0), and at temperatures up to 310°. He con
cluded that peroxides were the initial products and 
that conditions could be reached such that they 
were the only products of the reaction. He sug
gested a mechanism involving the formation of free

(1) (a) Department of Applied Chemistry; National Research Coun
cil, Ottawa, Canada; (b) Department jf  Chemistry, Catholic Uni
versity of America, Washington 17, D. C.

(2) (a) A. B. Nalbandyan, Doklady Akad. Nauk U.S.S.R., 66,
413 (1949); (b) J. A. Gray, J. Chem. Soc., 3150 (1952).

radicals, by the action of excited mercury on eth
ane, which reacted with oxygen to give peroxy 
radicals. The peroxy radicals reacted with ethane 
to form organic peroxides and regenerated active 
free radicals—thus resulting in a chain reaction. 
At long contact times the peroxides decomposed to 
form aldehydes which then either decomposed or 
were oxidized to CO and CO2. The peroxides were 
not identified but the aldehydes were found to be 
formaldehyde and acetaldehyde, in the ratio of 
about 5:1 and approximately independent of con
tact time.

Gray’s experiments,213 at lower temperatures and 
r ~ 0.1, confirmed Nalbandyan’s conclusion that 
peroxides were the primary products and also 
showed that ethyl hydroperoxide was the only
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peroxidic substance produced in the initial stages of 
the reaction. He did not find significant quantities 
of diethyl peroxide, hydrogen peroxide or water 
in the produces and suggested the mechanism

Hg('So) +  hv — >■ H g (3Pi) (0)
H g (3Pi) +  C2H c — ^  C 2H„ +  H  +  H g ( « 0) (a)

C ,H 5 +  0 2 — >  C 2H 5-0 -0 - (1)
C2H 5-0 -0 - +  C 2H 6 — ^  C2H 50 -0 H  +  C 2H 5 (2)

containing the chain reactions 1 and 2.
However, from the known values for the quench

ing cross-sections of ethane3 and oxygen,4 it may be 
shown6 that, even with r as small as 0.1, more than 
90% of the Hg(3Pi) atoms should be deactivated by 
oxygen

H gpPO  +  0 2 — ► ( V  +  HgOSo) (b) 

thus requiring fairly long chains if the quantum 
yield is of the order of unity.

Since neither of the previous investigators2 at
tempted to study the kinetics of the reaction there 
is very little proof of the suggested mechanism, 
other than the fact that ethyl hydroperoxide is the 
sole initial product. Such a kinetic study forms the 
basis of this communication.

II. Experimental
Materials.— High purity, research grade ethane and pro

pane, from the Phillips Petroleum Company, were used to 
avoid possible complications due to the presence of unsatu
rated hydrocarbons. Those gases were further purified 
by trap-to trap distillations in vacuo and the middle fractions 
stored in 2-liter flasks. The oxygen was usually taken from 
a commercial cylinder and roughly purified by evacuating 
a sample condensed at — 195°. In some experiments high 
purity oxygen, prepared by heating mercuric oxide, was 
used to test the effect of possible impurities in the commer
cial product. The results were found to be independent of 
the purity of the oxygen.

Apparatus.— A  closed system, in which the gases were cir
culated by a suitable pump, was used to enable the rates of 
disappearance of 0 2 and C 2I16 to be measured. The ap
paratus included a quartz spiral reaction vessel of 15-ee. 
capacity, separated by a cylindrical copper shutter from an 
axially placed low pressure mercury lamp, enclosed in an 
electrically heated furnace. The gases were circulated over 
the surface of mercury warmed to about 8 0 °, through the 
reaction vessel and traps, maintained at —80° to remove the 
ethyl hydroperoxide, and through a Beckman Oxygen 
Analyzer, by which the concentration of oxygen was meas
ured throughout the experiment. The total volume of the 
reaction system was 720 cc. The pump permitted the con
tact time (t ) to be varied between 0 .5  and 20 sec. with 
slightly pulsating flow. The measurements of the total 
pressure and concentration of 0» were not unduly affected 
by the pulsation of the pump. Connections were provided 
to the storage, analytical and vacuum systems.

Procedure.— Before starting an experiment the whole 
system was thoroughly evacuated. Ethane was added to the 
requisite pressure and then frozen at — 195° in one of the 
traps which was then isolated from the rest of the system. 
Oxygen was admitted to the rest of the apparatus to the re
quired pressure and the Beckman analyzer checked against 
the manometer. The gases were mixed by evaporating the 
ethane into the rest of the system and operating the pump. 
The lamp was brought to its steady operating condition with 
the shutter closed and one of the traps cooled to —80°. 
The reaction was started by opening the shutter and allowed 
to proceed for a measured time, during -which the total 
pressure and the 0 2 pressure were observed.

Analysis.— The uncondensable products (C O , H 2, C H 4), 
together with m y unreacted 0 2 were separated by freezing 
out the ethane and condensable products at — 195°. The 
pressure of the uncondensable gases was measured and they

Cl) B. del). I).invent,, ./. ('hem. I‘hm „  18, I.Vid (1050).
14) M. W. /„.uiancky. VUm. Her*.. 36, 919 (1930).
(5) B. deB. 1).invent, ./. Client. I'/tys., 20, 1979 (1952).

were then transferred by a Toepler pump to a gas buret. 
The 0 2 was removed by absorption on yellow phosphorus 
and the residue analyzed by oxidation on copper oxide or 
mass-spectrometrically.

A  second fraction, consisting principally of unreacted C 2H 6 
with some C 0 2, was separated at —8 0 °, measured and sub
mitted to mass-spectrometric analysis.

The heavier products, contaning C2H 5OO H , aldehydes, 
etc., were obtained as a residue at —80° and were analyzed 
for peroxides iodometrically.6 The peroxide was not further 
characterized in view of the very complete identification by 
G ray.2

Light Intensity and Quantum Yield.— The intensity was 
measured by observing the rate of production of 1 h in the 
mercury photosensitized decomposition of propane and 
adopting the values for the quantum yield of that reaction 
at the requisite temperature as found by Bywater and 
Steacie.7 The intensity of the light was varied by altering 
the current to the primary of the transformer and the rela
tionship between current and intensity determined with 
propane.

III. Results
Preliminary experiments at room temperature 

(24-28°) gave rather erratic results. A solid, pre
sumably mercuric oxide, was deposited as a thin 
film on the walls of the reaction vessel and as a 
thicker film immediately beyond the illuminated 
portion of the vessel. A similar complication had 
been observed previously in the mercury photo
sensitized oxidation of hydrogen.8-9 At a slightly 
higher temperature (40-45°) there was no visible 
deposit and the results were usually reproducible; 
this is consistent with a previous observation by 
Evans.8 Accordingly, only results obtained at 40° 
or higher are reported here.

The course of a typical experiment (no. 59) is 
shown in Fig. 1. The rates of total pressure de
crease and of the consumption of oxygen were 
found to be independent of time, and the rate of 
consumption of 0 2 (0 . 2 1  mm./min.) was very close 
to half of the rate of decrease of the total pressure

T a b l e  I

E ff e c t  of P r e ssu r e  on R ate  an d  Y ield  
Volume of cell, 15 cm .3; incident intensity, 6.8 X  10-4 
cinst. h r .-1 ; volume of system, 720 cm .3; temperature, 

72° ±  2 ° ; contact time, 0 .6  sec.
Initial Total O2 ROOH

pressures rate con- pro-
(mm.) (m m ."1 sumed duced

Expt. CiHc O: 10r" In-.- 1) (mmole) (mmole) Yield b

43 92 10 1 ,09 19
31 108 12 1 .1 3 24 1 . 0 0 1 . 0 2 0 . 9 8
36 150 17 1 . 1 4 21 0 . 7 1 0 . 6 3 .8 9
34 21 0 26 1 . 2 4 21 .56 .5 2 .9 2
32 271 30 1 .1 0 20 .61 . 65 1 . 0 6
38 377 42 1 .1 2 16 .4 4 .51 0 . 8 7
45 387 82 2 . 1 0 19 1 .1 8 1 . 3 0 .91
40 405 45 1 .1 1 20 0 . 5 5 0 . 4 5 1 .2 2
30 460 48 1 .0 6 22 .2 8 .2 8 1 .0 0
44 562 62 1 .1 1 23 1 .6 1 1 . 3 2 1 . 2 2
37 655 82 1 . 2 4 24 1 .0 6 1 . 1 6 0 . 9 2
42 704 68 0 . 9 7 22 2 . 5 6 2 . 4 7 1 . 0 4
11 718 36 0 . 5 0 21 1 . 2 0 1 . 1 0 1 . 0 0
" r =  ( [O2I / [ C 2H 6] )— at start of experiment. 
h yield =  moles of peroxide formed per mole of 0 2 con

sumed.

(6) E. J. Harris, I1 roc. Roy. Sue. (London), A173, 126 (1939).
(7) S. Byvvater and E. W. R. Bteaeie, J. Chum. Phys., 19, 319

(1951).
(8) M. (I. Evans, ib id .. 2, 726 (193d).
(9) 1). Volinan, ib id .. 12, 707 (1940).
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Expt.
68
95
4 7  ( B )

48
89

102
53
54

T e m p .
(°C.)

42
80

100
120
120
150
200
200

T a b l e  II

E ff e c t  of T e m p e r a t u r e  on  R a te  an d  Y ield  

(Conditions as in Table I except for temp.)
In it ia l  p ressu res  

(mm. Hg)
O2C2H6

513
208
215
180
159
124
221
208

25
23
24 
20 
20 
24 
14 
12

T o t a l

19 
16
20
19
18
21
29
23

R a t e s -  
(ra m . h r . “ 1)

0-2

9
8

10
9
9

10

O 2 c o n 
su m e d  

(m m o le )

t . o e
0.93

.57

.60

.54

.51

.41

.61

ROOH
p r o d u c e d
(m m o le )

1.05  
0 .75  

. 54 

.50

.43

.33

.18

.21

T o t a l  ra te  
O 2 ra te  

2.1 
2.0 
2.0 
2.1  
2.0 
2 .1

Y ie ld

1.00
0 .81

.95

.72

.80

.64

.44
.33

(0.41 mm./min.). Hence ethane and oxygen dis
appeared at equal rates. In that experiment the 
concentration of ethane changed only by about 
10% whereas the pressure of oxygen varied from
18.2 mm. at the start to less than 1 mm. at the end 
of the experiment. Accordingly, the rate was in
dependent of the pressure of oxygen and of the ratio 
of O2/C 2H6, at least over the range covered in that 
experiment.

The effect of total pressure of the rate and yield 
of the reaction are shown in Table I. In those ex
periments the total pressure was varied between 
102 and 754 mm. and the percentage of 0 2 in the 
initial mixture from 5 to 21. The rates of the reac
tions were essentially constant at 20 ±  4 mm. hr.-1 
and did not vary with change of the pressure. Simi
larly, the yield of ethyl hydroperoxide was unity, 
within 20%, and did not vary with the pressure.

The effect of temperature on the reaction is shown 
in Table II. The rate appears to be independent of 
the temperature and, at least up to 150°, the rate of 
consumption of 0 2 is accurately one-half of the 
rate of decrease of the total pressure. The yield de
creased slowly with increasing temperature up to 
about 120° and more rapidly as the temperature 
was further increased.

The relationship between the contact time (r) 
and the yield of ethyl hydroperoxide is shown in 
Fig. 2. At all temperatures studied the yield de
creased with increasing contact time in a manner 
which suggests that, at least up to 150°, it ap
proaches 100% as t — 0. If this suggestion is 
valid, ethyl hydroperoxide is the sole initial prod
uct of the mercury photosensitized oxidation of 
ethane, up to at least 150°, and the decrease in 
yield at the higher temperatures of Table II was 
caused by the subsequent decomposition of the hy
droperoxide, since the yield decreased with in
creasing contact time more rapidly at the higher 
temperatures.

The effect of intensity on the rate of the reaction 
was investigated and the results are shown as 
logarithmic plots of the relative rates against the 
relative intensity (Fig. 3). If the rate varies as / “ 
the slope of the experimental line in Fig. 3 will give 
the value of n. Three lines are shown correspond
ing to values of 0.50, 0.66 and 1.00 for n. Al
though the points are rather badly scattered, they 
are not inconsistent with a value of unity for the 
exponent and show quite clearly that n must lie 
greater than 0.66.

Duration of exposure, min.
Fig. 1.— The pressure-time relationship (expt. no. 59): 

A , total pressure; o , Oj pressure.

IV. Discussion
At low temperatures, low percentages of oxygen 

and short contact times, the results were fairly re
liable and allow reasonably accurate conclusions to 
be drawn. Those experiments have shown the 
rate to be independent of pressure, 0 2/C 2H6 and 
temperature and the quantum yield to be of the 
order of unity (0.5-0.75) and independent of the 
intensity. We shall show that a chain mechanism 
of the type suggested by Nalbandyan1 and Gray2 
is inconsistent with those observations and then 
propose another mechanism that is consistent with 
the kinetics of the reaction.

For a chain mechanism to be amenable to kinetic 
test it is, of course, necessary to include the chain 
terminating steps. Although such reactions have 
not been proposed for the process under considera
tion, (3), (4) and (5)

R  +  RO , — ^  R O O R  (3)
2R — R  R  (4)

2 R 0 2 — >  Products (5)

where R  represents the ethyl radical, are likely 
termination reactions. These reactions are in
trinsically probable and have been suggested10'11 as 
termination steps in hydrocarbon oxidation.

(10) J. L. Boliaiul, Trans. Faraday Soc., 44, GG9 (1949).
(Jl) L. Bateman, G. Gee, A. L. Morris and W. F. Watson, Disc. 

Faraday Soc., 10, 250 (1951).
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Fig. 2.— The relationship between contact time and yield: O, 3 0 °; A , 8 0 °; A,  150°; 200°.

A further possibility of chain termination arises 
from the likelihood that H atoms, produced in reac
tion (a), react rapidly with 0 2, probably in the 
presence of a third body, to form II02

Ii +  0 2 — > H02 (6)
which causes termination by reacting with RO2 

RO. +  II02 — >  ROOH +  0 2 (7)

The various termination reactions lead to the 
rate equations
R =  72d/’W 2-[0 2;[R H ]/(fefc4V2)[RH] +  hWHCh ] (A )

for termination by reactions 3, 4 and 5, assuming 
that k3 =  (kjcty /' (for this assumption see ref. 10 
and 11).

R  = H][02]/2fc3)V2 (B)
for termination by reaction (3) alone

R  =  R i  +  R ' ^ k i  [RHJ/fcjVi (C)
for termination by reactions 6 and 7. Equation C

is based on the assumption that [H„0] ~ [R02]. 
This assumption probably is correct, since stoichi
ometry requires [H] +  [H02] =  [R] +  [R02]andit 
is very likely that the concentrations of the peroxy 
radicals are very much greater than those of H and 
R. The first term represents the non-chain and the 
second the chain reaction.

The proposed chain mechanism thus requires the 
rate to be proportional to the square root of the 
absorbed intensity and to increase wish increasing 
concentration. Both of these requirements arc 
contrary to the experimental results (Figs. 1 and
3), so that it may safely be concluded that the 
mechanism previously suggested2 does not repre
sent the reaction under the conditions of our ex
periments.

The quantum yield of about unity, in the ab
sence of chains and under conditions such that 
more than 90% of the Hg(3Pi) atoms are deacti
vated by oxygen, requires the products of reaction
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(b) to be effective in initiating the oxidation. Al
though the products of reaction (b) are not well 
established, they are likely to be either 0  atoms or 
excited oxygen molecules (0*). The results favor 
the latter possibility since, if 0  atoms were formed 
the products would have contained copious quanti
ties of H20, CO and C 02, which were not found in 
significant amounts in the experiments at short 
contact times and temperatures lower than about 
120° .

Although very little is known about the reac
tions of excited oxygen molecules, the reactions

OR +  C2H 6 — c 2h 5 +  h o 2 (8)
- >  C 2H 50 2 +  H (9)
- >  C2H 6OOH (10)

are plausible and are not in disagreement with the 
results obtained. They are kinetically indistin
guishable from one another if R 0 2 and H 02 dis
appear principally by reaction 7, since reactions 1 
and 6 are certainly very fast. Mechanisms con
sisting of reactions b and 10 or of (b), (8), (9), (1)
(6) and (7) give identical kinetics which, in agree
ment with experimental results, require the rate to 
be equal to the absorbed intensity and independent 
of the pressure, composition and temperature.

During the course of any one experiment, reac
tion (a) will assume increasing importance as the 
reaction proceeds, since r then increases, and reac
tion (a) will account for about 50% of the quench
ing when r =  130. In experiment 59 that point 
was reached when the pressure of oxygen had fallen 
to about 5 mm. but it is evident that there was no 
observable diminution in the rate (Fig. 1). Hence 
the oxidation is initiated with equal efficiency by 
both reactions (a) and (b). This observation is 
also in accordance with the kinetics, provided that 
the pressure of oxygen is not so low that the com
bination of ethyl radicals

2C2H 5 — >  C4H 10 (11)

becomes important compared with reaction 1. If 
the pressure of ethyl radicals is not greater than

Log %  relative intensity.
Fig. 3 .— The relationship between intensity and rate:

Point 0 © © □ A
Temp. °C . 
Initial

75 75 75 98 120

press.— (mm.) 1C2 450 624 239 200

10~4 mm. and if kn is not much greater than 102/q, 
the rates of reactions 1 and 11 will not be equal un
til the pressure of oxygen has fallen to 0.1 mm., at 
which point it was not possible to follow the reac
tion.

At long contact times and at high temperatures 
the products become much more complex. However 
the manner in which the yield varies with contact 
time (Fig. 2) indicates strongly that ethyl hydro
peroxide is still the primary product. Accordingly, 
the complications arise from subsequent thermal or 
photochemical reactions of the ethyl hydroperoxide. 
This aspect of the reaction has not been fully in
vestigated and :s not further considered in this com
munication.

PHYSICO-CHEMICAL PROPERTIES OF SOLUTIONS OF 
PARA LONG CHAIN ALKYLBENZENESULFONATES

B y  Jacqu eline  W ise  G ershman  
Contribution from Colgate-Palmolive Co., Jersey City, New Jersey

Received October 18, 1956

Solubility-temperature curves were determined for the branched alkylbenzenesulfonates with the general formula sodium 
p-(l-methylalkyl)-benzenesulfonate where the alkyl group contained from 10 to 16 carbon atoms. Krafft temperatures 
and C M C  values were derived for each compound. Surface tension measurements were made for aqueous solutions of 
alkylbenzenesulfonates with the general formula of either sodium p-(l-methyla_kyl)-benzenesulfonate or sodium p-alkyl- 
benzenesulfonate, where the alkyl group varied from 10 to 16 carbon atoms in the former and 8 to 10 in the latter. The 
surface tension and critical micelle concentration are seen to be lowered by the addition of a methyl group. Electrical 
conductance measurements were made for aqueous solutions of the above compounds and for sodium p-dodecylbenzene- 
sulfonate. The C M C  values obtained by solubility, surface tension and conductance are compared and their differences 
discussed. Contrary to prior experience with commercial sulfonate, it was found possible to form slow draining films with 
some of the compounds studied.

Introduction of pure para-substituted alkylbenzenesulfonates.
In some recent work, there has been occasion to Data of this sort, especially for pure isomers, are 

determine certain physical properties on a series very limited in the existing literature.
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Experimental
Materials.— The compounds studied were sodium alkyl- 

benzenesulfonates, where the alky] group was p-( 1-methyl- 
decyl), p-(l-m ethyldodecyl), p-(l-methyltetradecyl), p-( 1- 
methylhexadecyl), p-octyl, p-decyl or p-dodecyl. The 
preparation and purity of these compounds are discussed 
by Gray, et al.,1-'-

Solubility.— The solubilities at various temperatures were 
determined using the apparatus described by Epstein, et al.s 
Sulfonates which are not reported either had a solubility too 
high for the amount of available material, or too low for 
convenient operation.

Surface Tension.— Equilibrium surface tensions were de
termined by the ring method as described by Shedlovsky.4 
In addition, the flask was thermostated in a water-bath so 
that all except the neck was immersed. Sodium p-dodecyl- 
benzenesulfonate was not studied because of its low solu
bility.

Conductance.— A high precision conductance bridge built 
on the principles of Edelson and Fuoss5 was employed (at 
1000 cycles) to measure the conductance of sodium p -( l-  
methyldodecyl)- and p-(l-methyltetradecyl)-benzenesul- 
fonate, while a Leeds and Northrup 60-cycle conductance 
bridge was used for the remainder of the measurements. 
The bath was filed with mineral oil and jacketed with 
sheets of asbestos covered with aluminum foil. Tempera
ture control of ± 0 .0 0 3 °  was achieved using an Electron-O- 
Therm controller.

A  cell (2 m l., cell constant 0.9315) whose electrodes con
sisted of truncated cones of platinum was employed to meas
ure the conductance of sodium ¡»-(l-methyldodecyl)-ben- 
zenesulfonate while a Shedlovsky flask cell6 (cell constant, 
0.8967) was used in the other conductance measurements. 
With the former cell, it was necessary to prepare a series of 
solutions. When the flask cell was used, a weighed amount 
of deionized water was added to the cell and the desired con
centrations obtained by stepwise addition of a stock solu
tion. For the less soluble compounds, where it is necessary 
to operate at temperatures of 5 0 -6 0 ° , it was found neces
sary to modify the above technique to prevent crystalliza
tion of the stock solution. A weighed amount of stock 
solution was placed in the cell and diluted with successive 
additions of deionized water from a weight buret. The 
tendency of the solution to crystallize in the side arms was 
eliminated by warming the exposed parts of the cell with an 
infrared lamp.

Film Drainage Transition Temperatures.— Film drainage 
transition temperatures were measured by the method de
vised in this Laboratory.3'7

Results and Discussion
Because of special methods of preparation and 

purification, the sulfonates used are thought to be 
exceptionally free of homologs, unsulfonated mate
rials, ortho isomer, or other impurities. The surface 
tension measurements indicate that the samples are 
of a high degree of purity.4

The solubilities of the alkylbenzenesulfonates 
(Fig. 1) decrease with increasing chain length as 
would be expected.8 The critical micelle concen
trations (CMC) and Krafft temperatures as deter
mined by the break in the solubility curves are 
given in Table I. The CMC decreases and the 
Krafft temperature increases as the molecular 
weight increases.

(1) F. W. Gray, J. F. Gerecht and I. J. Krems, ./. Org. Chum., 20, 
511 (195.5).

(2) F. W. Gray and I. J. Krems, to be published, Research and 
Development Deparzment, Colgate-Palmolive Company.

(3) M. B. Epstein, A. Wilson, C. W. Jakob, L. E. Conroy and J. 
Ross, T h is  J o u e n a i ,, 5 8 ,  860 (1954).

(4) L. Shedlovsky A n n .  N . Y .  Acad. Sci., 46, 430 (1946).
(5) D. Edelson and R. M. Fuoss, J. Am. Chem. Soc., 73, 269 (1951).
(6) A. Weissbergcr, “ Techniques of Organic Chemistry, Physical 

Methods of Organic Chemistry," Vol. I, Part II, Interscience Pub
lishers, Inc., New York. N. Y., 1949, p. 1667.

(7) G. D. Miles, J. Ross, and L. Shedlovsky, J. Am. Oil Chemists' 
Soc. 27, 268 (1950).

(8) H. P. Elevens, Chem. Revs., 47, 30 (1950).

In the case of sodium p-(l-methyldodecyl)-ben- 
zenesulfonate (curves B and B ', Fig. 1), the crys
tals in some solutions appeared to dissolve and then 
to reform on continued aging of the solutions at the 
same temperature. This phenomenon, which was 
not observed with other compounds, is thought to 
be due to the formation of a metastable phase dur
ing the initial precipitation by rapid cooling. Where 
two solid phases were observed, both solubility 
temperatures were determined. The values ob
served for the stable phase were used in determin
ing the Krafft temperature and CMC.

It is apparent from the solubility relationships, 
that effective separation of homologs could be ob
tained by crystallization at a temperature which is 
above the Krafft temperature for the lower and be
low the Krafft temperature for the higher.

For the branched-chain alkylbenzenesulfonates 
(Fig. 2), the surface tension values in the micellar 
regions are in the range of 37 to 39 dynes per cm. 
for all members of the group. The concentration 
necessary to attain this lowering of surface tension 
is, of course, less as the chain length increases. A 
comparison of the concentrations required to ob
tain a surface tension of 40 and 41 dynes per cm. 
gives ratios from 3.2 to 4.0 between successive com
pounds in the series. This corresponds to a factor 
of about 1.6 to 2.0 as a measure of the additional 
energy of adsorption required for each CH2 group, 
suggesting a relatively flat orientation on the sur
face.9

For straight-chain sulfonates (Fig. 3), the sur
face tension in the micellar region is somewhat 
higher than for branched. Comparison of the 
decyl and methyldecyl compounds shows the effect 
of the methyl group in lowering the surface tension 
for a given concentration and in decreasing the 
CMC. For all of the above compounds, a value 
for the CMC was estimated from the surface ten
sion data (Table I). This was taken as the con
centration at which the surface tension^concentra- 
tion curve flattens out. When the curve showed a 
slight minimum, the concentration at the minimum 
was taken.

T able  I

C ritical M icelle C oncentrations of 
para-ALKYLBENZENESTJLFONATES

From From From surface
solubility conductance tension

Alkyl m X T, m X T, m X T,
group 102 °C.a 102 °C. 102 °C.

1-M ethyl-
decyl 0 .245 19.0 0 .253 35 0 190 40

1-M ethyl-
dodecvl .071 2 7 .7 .072 35 .062 40

1-Methyl-
tetradecyl .050 3 2 .6 .031 40 .022 40

1-Methyl-
hexadecyl .014 4 5 .5 .013 50 .014 50

Octyl 1 .47 35 1.11 25
Decyl 0 .381 50 0 .3 1 4 50
Dodecyl

“ Krafft temperature.

0 .120 60

(9) N. K. Adam, "The Physics and Chemistry of Surfaces,”  Third 
Edition, Oxford Press, London, 1941, p. 121.
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The conductance data are presented in Table II. 
For brevity, all experimental points are not re
ported. The data do not permit direct compari
sons between compounds because the measure
ments were not carried out at the same tempera
ture. They may be compared, however, by making 
corrections for the variation of the viscosity of wa
ter with temperature according to Walden’s 
rule.10’11 Although Walden’s rule usually is ap
plied to equivalent conductance at infinite dilution, 
it can be used for higher concentrations. For ex
perimental data available in the literature,12 the 
application of Walden’s rule has proven satisfactory 
at concentrations up to 0.1 m (Table III). The 
product of the equivalent conductance (A) and 
viscosity (rj) varies over an 0.8% range at a low

T a b l e  I I

S pec ific  C o n d u c t a n c e  of para-ALKYLBENZENESULFONATEs
Molality 

X 104
K  X 10b 
ohms-1 a

Molality 
X 104

K  X 104, 
ohms 1 a

Sodium p-(l-methyldecyl)-b3nzenesulfonate (35 °)

48 .1 3 .0 5 2 5 .9 2 .0 9
4 3 .1 2 .8 4 2 2 .3 1 .84
3 8 .5 2 .6 6 12 .0 1 .00
2 8 .1 2 .2 0 7 .12 0 .59 5

Sodium p-(l-methyldodecyl)-benzenesulfonate (35°)

2 7 .7 1 .592 7 .7 8 0 .6669
2 2 .0 1 .324 5 .5 2 .5196
16.5 1 .083 3 .1 4 .3093
8 .7 7 0 .7308 1.21 .1322

Sodium p-(l-methyltetradecyl)-benzcnesulfonate (40°)

8 .8 6 0 .5675 3.21 0.2801
6 .8 0 .4825 2 ,2 8 .2133
4 53 .3522 1 77 .1674
3 .2 3 .2790 0 .75 0 .0680

Sodium p -( 1-methylhexadeey] )-benzenesulfonate (50 °)

5 .1 6 0 335 1 .2 4 0 .131
3 .8 3 .274 1 .00 .110
2 .61 211 0 .8 8 .100
1 .36 .137 .693 .079

Sodium. p-octylbenzenesulfonate (35°)

3 .4 6 1 .80 1 .44 1 .11
2 .5 6 1.51 1 .26 0 .99 8
2 .2 7 1 .40 1 .13 .904
1 .55 1 .15 0 .95 2 .763

Sodium p-decylbenzenesulfonate (50°)

0 .47 6 0 .46 9 0 .3 4 4 0 .377
.451 . 455 .285 .316
. 399 .424 .222 .249

Sodium p-dodecylbenzenesulfonate (60°)

0 .207 0 .211 0 .115 0 .140
.164 .184 . 105 . 137
.143 .171 .081 . 106
.123 . 155 .056 .074

“ Specific conductance minus that of water at the corre
sponding temperature.

(10) S. Glasstone, “ Textbook of Physical Chemistry,”  2nd Edition.
D. Van Nostrand Co., New York, N. Y., 1950, p. 897.

(11) H. S. Harned and B. B. Owen, “ The Physical Chemistry of 
Electrolytic Solutions,”  Reinhold Publ. Corp., New York, N. Y., 
1943, p. 184.

(12) R. G. Paquette, E. C. Lingafelter and H. V. Tartar. J . Am. 
Chem. Soc., 65, 686 (1943).

Fig. 1.— Solubilities of the branched sodium alkylbenzene- 
sulfonates: A, methyldecyl; B, methyldodecyl (stable
phase); B ', methyldodecyl (unstable phase); C, methyl- 
tetradecyl; D , methylhexadecyl.

Fig. 2.— Surface tension data of the branched sodium 
alkylbenzenesulfouates: A , methyldecyl, and B, methyl
dodecyl, etc.

Molality X  10s.
Fig. 3.— Surface tension data of the straight-chain sodium 

alkylbenzenesulfor.ates: E  refers to octyl and F  to decyl.

concentration (0.005 N) and by about 10% in the 
micellar region (0.1 N).

For the compounds studied here, the concentra
tion corresponding to any given Atj value in the 
micellar region is lower as the chain length is in
creased.

The specific conductance plot is the most accu
rate and precise method for determining the CMC.
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T a b l e  ITT

A p p l i c a t i o n ! o f  W a l d e n ’ s R u l e  t o  S o d i u m

J)-OcTYLBENZENESULFONATE

Molality D e g .  C.
A

(ohms - ! )
ri (poises
X 102) 13 Ail

0 .1 2 5 3 4 .9 0 .8949 3 1 .2
4 0 4 9 .7 .6536 3 2 .5
6 0 73 .5 .4699 3 4 .5

0 .005 25 6 8 .7 0 .8949 6 1 .5
4 0 93 .3 . 6536 6 1 .4
60 129.9 .4699 6 1 .0

The method used is illustrated in Fig. 4 and the 
results are given in Table I which presents a com
parison of CMC values obtained by the various 
methods. Because of the different temperatures in
volved, the comparisons are only approximate.

Fig. 4.— Specific conductance o: sodium p-(l-m ethyldecyl)- 
benzenesulfonate at 35°.

(13) “ International Critical Tables,”  Vol. 5, McGraw-Hill Book 
Co., New York, N. Y., 1927, p. 10.

Roughly, the surface tension method gives values 
which are 5-30% lower. On the other hand, the 
solubility method shows good agreement with the 
CM C’s obtained from conductance, with the ex
ception of one compound. The experimental data 
on this compound, l-methyltetradecyl)-benzenesul- 
fonate, have been carefully rechecked.

It has been stated previously4 that alkylarylsul- 
fonates do not give slow draining films in the pres
ence of organic additives. This conclusion was 
based on a study of commercial sulfonates. In the 
present study, we have found that slow draining 
films may be obtained in certain cases. The data 
in Table IV illustrate this point.

T a b l e  TV

F ilm  D r a in a g e  T r a n sitio n  T e m p e r a t u r e s  f o r  para-
A l k y l b e n ze n e s u l f o n a t e s  w it h  M y r is t y l  A lco h o l

Molality 
X 102

Sulfonate,
g . / 1 0 0  g.

soin.
Sodium

p- ( 1-methyldecyl) - 
benzenesulfonate

Myristyl
alcohol,

g./100 g.
soin. X 10!

Film 
drainage 
transition 
temp., °C.

0 224 0 .0750 1 10 2 7 .0
0 .7 5 2 6 .4

.40 2 4 .0

111 0 .0370 .55 4 1 .5
.37 3 6 .5
.18 a

Sodium p-octylbenzenesulfonate
1 37 0 .4000 2 .0 3 2 .3

1 .0 3 0 .0
0 .4 0 2 3 .0

0 685 0 .2000 1 .0 43 .1
0 .5 0 4 2 .8

.20 3 3 .6
a Only fast draining film observed.
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REACTION HEATS OF ORGANIC HALOGEN COMPOUNDS. VIII. 
THE HEATS OF CHLORINATION OF PERFLUORINATED BUTENE-1,

PENTENE-1 AND ISOBUTENE1
B y  J. R. L âch er , A. K ianpour  and J. D. P ark

Contribution from the Department of Chemistry, University of Colorado, Boulder, Colorado
Received October 22, 1956

The heats of chlorination of perfluorobutene-1, perfiuoroisotutene and perfluoropent.ene-1 have been measured in vapor 
phase reactions and found to be — 44.97, —42.22 and —45.61 kcal./'mole, respectively. Some physical properties of the 
reaction products together with their infrared absorption spectra have been determined. The thermochemical data are 
discussed in connection with the heats of chlorination of some simple perfiuoroolefins.

In earlier papers2'8 we have described a calorim- 
meter which could be used to measure the heat of

(1) This research was supported by the Office of Scientific Research, 
Air Research and Development Command under Contract No. AF 
18(600)-1151.

12) J. It. Lacker, J. D. Park, et al., J. Am. Chem. Soc., 71, 1330 
(1949).

(3) J. R. Laeher, J. D. Park, et al., ibid., 71, 1334 (1949;.

vapor phase reactions. More recently4-8 we have 
modified it to permit the use of condensing vapor 
baths as a source of constant temperature. The 
present paper deals with the vapor phase heats of

(4) J. R. Laeher, E. Emery, E. Bohmfalk and J. D. Park, T hts 
J o u r n a l , 60, 492 (1956).

(5) J. R. Laeher, L. Casali and J. D. Park, ibid., 60, 608 (1956).
(6) J. R. Laeher, A. Kianpour and J. D. Park, ibid., 60, 1454 (1956).
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chlorination of perfluorinated butene-1, isobutene 
and pentene-1. The experimental procedures used 
were essentially those previously described.

Experimental Details.— Perfluorobutene-1 and perfluoro- 
pentene-1 were prepared by the pyrolysis of the sodium salts 
of perfluorovaleric and perfluorohexanoic acids, respec
tively.7 The olefins were carefully purified by distillation 
in a Podbielniak column. The infrared spectra of the puri
fied material were identical to those reported in the litera
ture.8 Perfluoroisobutene was obtained as a gift from the 
Minnesota Mining and Manufacturing Company. It also 
was purified by repeated distillation in a 100-plate column. 
Infrared analysis of the various fractions suggested that the 
main impurity was perfluorobutene-2. W e believe our 
product was 98 to 9 9 % pure.

The catalyst consisted of ferric chloride on activated 
carbon. The carbon was sized to pass 6 and be retained on 
14 mesh. Affer treatment with dilute hydrochloric acid, 
it was washed with water, dried at 120° and finally heated 
in vacuo at 350° for 24 hours. Twenty grams of ferric 
chloride was sublimed and then dissolved in 50 cc. of anhy
drous ether. This solution was mixed with 120 g. of treated 
carbon. The ether was driven off by a stream of dry nitro
gen. The mixture was transferred to +he calorimeter 
catalyst chamber and heated under vacuum at 120° for 
three hours. After cooling the catalyst chamber was filled 
with nitrogen and closed to the atmosphere.

In making a run, an excess of olefin was used. The re
action was quantitative and no chlorine could be detected 
in the exit line by means of the potassium iodide-starch 
paper test. The rate of formation of product was taken to 
be equal to the rate of consumption of chlorine. This was 
determined by diverting the chlorine to a collecting tower 
filled with glass beads for a known length of time. The 
gas was absorbed in a 3 N potassium iodide solution and the 
iodine which was liberated was titrated with standard so
dium thiosulfate in the usual way.

The products of the reactions were distilled in a micro- 
Podbielniak column and some physical properties measured 
which are listed in Table I .

T a b l e  I

Fig. 1.— Infrared spectra of products of chlorination of 
perfluorinated butene-1, pentene-1, and isobutene.

T a b l e  II

C h lo r in a t io n  of P b r f l u o r o ö l e f in s  a t  128°
Chlorine rate, Energy rate, -  AH,

moles/min. X 104 cal./min. cal./mole
(a) Perfluoropentene-l

1.195 5.478 45,841
1.298 5.876 45,503
2.041 9.389 46,002
1.955 8.819 45,109

P h y sic a l  P r o p e r t ie s  o f  P e r h a l o a l k a n e s

Compound B.p., °C. 
(760 mm.)

Density at 
20°

Refractive 
Index at 

10°
CF3CF2CF2CFC1CF2C1 85 1.7225 1.3095
c f 3c f 2c f c i c f 2c i 67 1.6695 1.3082
c f 3V

) c c i c f 2c i

c f /
65 1 .708 1.3118

Their infrared absorption spectra are shown in Fig. 1. 
Perfluorobutene-1 and pentene-1 were chlorinated photo- 
chemically in the vapor phase. The infrared spectra of the 
products were identical to those produced by catalytic chlo
rination.

The results obtained on calorimetric runs which were 
carried out without experimental difficulty are given in 
Table I I . It would have been desirable to have made more 
runs on each of the compounds; however, sufficient material 
was not available.

Discussion of Results.— The data obtained in 
these experiments together with the chlorinations 
previously reported2’3 are summarized in Table III.

For this series of compounds there are strong 
deviations from the additivity rule. The heat of 
chlorination of tetrafiuoroethylene is strongly 
exothermic being 57,323 cal./mole as compared to 
43,600 cal./mole9 shown by ethylene. When one 
fluorine is replaced by a trifluoromethyl group, 
the heat of reaction drops 10 keal. Within experi-

(7) J. D. Lazerte, L. J. Hals, T. S. Reid and G. H. Smith, J. Am. 
Chem. Soc., 75, 4525 (1053).

(8) “ Fluorine Chemistry,”  Vol. IX, J. H. Simons, editor, Academic 
Press, Inc., New York, N. Y., 1954.

(9) J. D. Conn, G. B. Kistiakowsky and E. Smith, J. Am. Chem. 
Soc., 60, 27G4 (1938).

— Aifav =  45 .61  ± 0 . 4 0  keal./mole

1.465
(b) Peril uorobutene-1 

6 .527 44,698
1.694 7 .618 44,970
1.408 6 .369 45,234

- A  Htiv =  44 .9 7  ±  0 .31  kcal./m ole

2 .298
(c) Perfluoroisobutene

9 .770 42,552
1.899 7 .920 41,706
2 .070 8 .782 42,415
1.390 5 .867 42,217

— A/fav =  4 2 .2 2  ±  0 .51  kcal./m ole

T a b l e  I I I
V a p o r  P h ase  H e ats  of C h l o r in a t io n  a t  128°

Ccmpound -  AH, cal./mole
c f 2= c f 2 57,323
c f 2= c f - c f 3 47,149
c f 2= c f —c f 2—c f 3 44,966

o II Q T 0 1 Q 1 O 45,612
/CFa

C F f = C / 42,222
x c f 3

o f = c f
1 \ 37,376

c f 2— c f 2
c f 2= c f c i 48,815
c f 2= c c i2 41,076

mental error, a perfluoroethyl and perfluoropropyl 
group give the same drop of about 12 keal. When 
both trifluoromethyl groups are on the same
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carbon, the lowering of the heat of chlorination is 
15 kcal.; with a cyclobutene the lowering is 20 
kcal. A chlorine atom is less effective if only one

is present. One gives a lowering of 8.5 kcal. but 
two on the same carbon gives a lowering of 16.2 
kcal.

THE ELECTROCHEMICAL DOUBLE LAYER ON SILVER SULFIDE1
B y  W. L. F r e y b e r g e r  a n d  P. L. d e  B r u y n

Department of Metallurgy, Massachusetts Institute of Technology, Cambridge, Massachusetts
R eceived  O ctober 29 , 1 95 6

Adsorption densities of silver and sulfide ions at the silver sulfide-solution interface were determined as a function of 
pAg and ionic strength. Silver and sulfide ions were identified as the potential determining ions for this system. The 
zero-point-of-charge for silver sulfide in solutions containing sodium acetate and sodium metaborate was observed to lie 
at pAg 10. This zero-point-of-charge was also shown to be independent of the concentration of hydrosulfide ions below 
10“ 9 mole/liter and of pH in the pH range 4.7 to 9.2. From the adsorption data the magnitude of the changes in free energy 
at the solid-liquid interface was calculated at different pAg values. The differential capacity of the double layer w;as deter
mined from the adsorption curves. The results indicated that the capacity values were in good agreement with those 
found for silver iodide and mercury except at high positive polarization of the surface.

Introduction
In the separation of a valuable mineral from the 

worthless solids by means of the froth flotation 
process, reactions at the solid-solution and solid-air 
interfaces are very important.2 The reagents used 
in flotation vary widely in their chemical nature and 
in the effects they produce at the solid interfaces. 
The mechanisms by which these changes are ac
complished are not clearly understood and have 
been the subject of much investigation in recent 
years.

One approach to this problem would be to at
tempt a correlation between the electrical proper
ties of a specific solid-liquid interface under a given 
set of conditions and the flotation behavior of the 
same solid under identical conditions. The de
sirability of such a correlation has been recognized 
for a long while and a few experiments have been 
carried out.3-6 However, the success of this ap
proach until now has been limited by the lack of 
quantitative knowledge of the electrical properties 
of the solid-liquid system except for the mercury- 
solution7 and silver iodide-solution system.8 
Neither one of these two systems is of much prac
tical interest from a flotation standpoint.

A program of research was initiated to study the 
electrical and electrochemical properties of a solid- 
liquid system which is more closely allied to flota
tion practice. The solid chosen was silver sulfide 
and this paper reports the results of an electro
chemical study of the adsorption of silver and sul
fur-bearing ions at the silver sulfide-solution inter
face in the presence of controlled concentrations of 
an indifferent electrolyte.

Silver sulfide was chosen as the solid because it is 
a heavy metal sulfide typical of the ore-forming

(1) Based on a dissertation submitted by W. L. Freyberger in par
tial fulfillment of the requirements for the degree of Doctor of Science, 
MIT.

(2) P. L. de Bruyn, J. Th. G. Overbeek and R,. Schuhmann, Jr., 
Trans. Am. Inst. Min. & Met. Engrs., 199, 519 (1954).

(3) D. Talmud and N. M. Lubman, Kolloid-Z., 50, 163 (1930).
(4) P. A. Lintern and N. K. Adam, Trans. Faraday Soc., 31, 564 

(1935).
(5) B. Kamienski, Z. physik. Chem., A158, 441 (1932).
(6) O. Jo, J. Mining Inst. Japan, 68 , 439 (1952).
(7) D. C. Grahame, Chem. Revs., 41, 441 (1947).
(8) E. L. Mackor, Rec. trav. chim., 70, 763 (1951).

metal sulfides; because in contact with silver it 
forms a reversible electrode of the second kind; be
cause it can be prepared as a well flocculated precip
itate with high specific surface and because silver 
has only one important valence state, which simpli
fies greatly the interpretation of electrochemical re
sults.

Experimental
The experimental technique adopted in this researches 

similar to that used by Mackor8 for his studies on silver io
dide. This technique consists of adding measured quanti
ties of silver acetate to an aqueous suspension of finely 
divided silver sulfide and then determining electrochemically 
the concentration of silver ion in solution after equilibrium 
has been reached. The amount adsorbed at the solid sur
face is determined by difference.

Materials.— Finely divided silver sulfide was prepared 
by precipitation with hydrogen sulfide from an ammoniacal 
solution of silver hydroxide.8 After precipitation, the silver 
sulfide was allowed to stand overnight in contact with the 
saturated hydrosulfide solution. The precipitate was then 
washed free of foreign electrolytes by decantation. The 
precipitation and subsequent washings were carried out as 
much as possible in a nitrogen atmosphere. Chemical 
analyses of two of the precipitates gave 86.99 and 8 6 .1 2 %  
silver and 13.48 and 12 .96%  sulfur, respectively. Stoichio- 
metrically, silver sulfide should analyze 8 7 .1 %  silver and 
1 2 .9 %  sulfur. X -R a y  diffraction patterns of these two pre
cipitates checked with the data listed by the A .S .T .M . 
for (3-silver sulfide, the low temperature form of silver sulfide. 
A  value of 7.32 g ./c m .3 was used for the density of silver 
sulfide. The aging characteristics of several precipitates 
were checked by measuring electrochemically the change in 
silver ion concentration in a solution in contact with the 
precipitate for periods up to six days. This check was 
necessary because the experimental technique required that 
the solid should not change its specific surface by recrystalli
zation at a rapid rate. The aging tests showed that during 
the time of testing, the precipitates decreased in surface area 
by only a few hundredths of one per cent. A  precipitate 
was used in an experiment for about fourteen days and was 
not re-used.

Tank prepurified nitrogen which was further purified, 
provided an inert atmosphere for the electrochemical titra
tions and was used to remove dissolved oxygen from the 
solutions. The tank nitrogen was purified by passing it 
over hot copper punchings, then through a solution of 
chromous chloride, next over activated charcoal and finally 
through a suspension of silver sulfide of the same composition 
as the one being titrated at that time.

Tank hydrogen sulfide, purified according to the recom
mendation of Dodd and Robinson,10 was used as a source of

(9) W. L-. Freyberger, Sc.D. Thesis, Mass. Inst, of Tech., 1955.
(10) R. E. Dodd and P. L. Robinson, “ Experimental Inorganic 

Chemistry,”  Elsevier Publishing Co., New York, N. Y., 1954.
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sulfide for all experiments. The water used in the tests was 
redistilled in a block-tin still from an alkaline permanganate 
solution. No water was used which had a specific con
ductance greater than 0 .7  X  10” e ohm “ 1 c m .“ 1.

Except for silver acetate and sodium hydroxide, all the 
chemical reagents were of reagenc grade and were not puri
fied. Silver acetate of an unspecified purity was recrystal
lized once from w'ater and was stored in a dark bottle after 
being pumped dry in a vacuum desiccator. The salt ana
lyzed 6 4 .1 %  silver as compared to the theoretical value of 
6 4 .6 % . Sodium hydroxide, free from sodium carbonate, 
was prepared according to the method of Kolthoff and San
ded11 and was used immediately after preparation.

Apparatus.— The titrations of the silver sulfide suspen
sions were conducted in a Pyrex glass vessel having a total 
volume of about 500 ml. Normally 250 ml. of suspension 
was used in a test. A  rubber stepper sealed the vessel and 
provided entrance for the silver sulfide electrodes, the refer
ence electrode, a thermometer, two microburets and an inlet 
and an outlet for nitrogen gas. The suspension was stirred 
with a magnetic stirrer and the temperature o f the suspen
sion was maintained between 20 and 25° by placing a copper 
plate carrying a 'water coil between the vessel and the stirrer.

The electromotive force of the cell was measured by means 
of a Leeds and Northrup Student Potentiometer with a 
Vibrating Reed Electrometer serving as a null-point indi
cator. E .m .f. measurements were accurate to ± 0 .5  mv. 
The titration vessel was placed inside a grounded copper 
box and shielded cable was used in the circuit to prevent 
interference from electrical pick-up.

The electrode system for determining the concentration 
of silver ion in solution consisted of a reference electrode and 
a silver-silver sulfide indicating electrode. Two different 
reference electrodes were used depending on the pH  of the 
suspension. A t a pH of about 5, it was possible to use a 
glass electrode as reference electrode. When the pH  was 
buffered at 9, the glass electrode was sluggish in its response 
so a saturated calomel electrode connected to the system by  
means of a salt bridge, was used. The salt bridge was 
copied from the one described by Mackor.8 The liquid 
junction solution in the bridge was 2 N N H 4N 0 3.

Silver-silver sulfide indicating electrodes were prepared 
by first plating a platinum wire with silver and then anodiz
ing electrically the silver in the presence of a solution of so
dium sulfide.9 Several sets of these electrodes were pre
pared. Each set contained two or three electrodes which 
were used simultaneously during a titration.

From measurements of the standard potential of the sil
ver-silver sulfide:glass electrode couple, the standard poten
tial (E°) of the half cell reaction

2Ag(s) +  S -(aq ) Ag2S(s) +  2e“  (1)

was calculated. The average of 23 determinations with eight 
different silver-silver sulfide electrodes indicated that at 
22.5°

E nAg(S)/AK2Si9) — 0.7180 ±  0.0035 volt (2)

The standard potential of the glass electrodes was deter
mined to be

E \ lara =  -0 .7 0 4 0  =  0.0044 volt (3)

E sat  c a lo m e l =  -0 .2 4 1 5  +  0.00076 [f( °C .) -  25] volt (5)

A check on the stability of the indicating electrodes was 
obtained by measuring the standard potential of a pair of 
electrodes three times over a period of three months. Dur
ing this time the standard potential varied by about three 
millivolts.

Procedure.— At the start cf an experiment, a suspension 
of freshly prepared silver sulfide, precipitate in an aqueous 
solution of reagents needed to fix the pH  and ionic strength, 
was introduced into the titration vessel. Experiments were 
run at either pH  4 .7  or pH 9.2 and at several values of ionic 
strength of solution. A t pH 4.7 the electrolyte used to fix 
the ionic strength was sodium acetate and the solution was 
buffered by maintaining equal molar concentrations of acetic 
acid and sodium acetate. A t pH 9.2 boric acid and sodium 
hydroxide in the molar ratio of 2 :1  were used to give equal 
concentrations of boric acid and sodium metaborate. The 
latter salt fixed the ionic strength.

Aqueous solutions of silver acetate and sodium hydrosul
fide to be used as titrating agents, were prepared essentially 
free of oxygen and were stored under nitrogen in a modified
5-rnl. Koch microburet, from which they were added to the 
suspension when required. The sodium hydrosulfide solu
tion was prepared by bubbling purified H ;S through a solu
tion of approximately 0.1 Ar sodium hydroxide.

Titrations were run by measuring the equilibrium poten
tial of the silver-silver sulfide electrode against the reference 
electrode. Then a measured number of moles of silver 
acetate was added and the new equilibrium e .m .f. value was 
determined. Equilibrium was usually attained in less than 
four hours after the addition of silver acetate. The addi
tions of silver acetate were made stepwfise until the pAg 
value was just less than 4 . Below pAg 4, the measurements 
became exceedingly inaccurate because small changes in 
cell e .m .f. were produced by relatively large additions of 
silver acetate. A t this point sufficient sodium hydrosulfide 
was added to raise the pAg to about 13. It proved imprac
tical to carry out the addition of sodium hydrosulfide step
wise as wms done with the silver acetate addition because in 
spite of all precautions taker. H 2S gas continually escaped 
from the sodium hydrosulfide solution thereby changing 
the concentration of the solution. The titration procedure 
was then repeated, usually three times, until enough points 
have been obtained to establish the curve of the cell e .m .f. 
versus moles of silver acetate added for a particular value of 
the ionic strength. The pAg was then again adjusted to 
about 13 and the ionic strength of the system was increased 
and the whole sequence wras repeated.

Calculation of the Adsorption Density of Silver 
ions.— To obtain the amount of silver adsorbed at 
a given pAg value and fixed ionic strength from the 
experimental e.m.f. values and the known amount 
of silver added to the system, it is necessary to 
account for the various forms in which silver might 
exist in solution. Depending on the reference elec
trode used, the electrical cell whose e.m.f. is 
measured corresponds tc either

(A ) Agfs) Ag2S(s)
indifferent electrolyte and 
small concn. of A g +, S” , HC1 (dil. aq.) AgCl(s)
H +, etc.

indifferent electrolyte and KCI
(B ) Ag(s) Ag2S(s) small concn. of A g +, S ", 

H + e t c .
N H 4N 0 3 aq. (2 K) (sat.) H g2Cl2(s)

Determinations were made wfith the salt bridge-calomel 
electrode assembly in order to evaluate the effect of the 
liquid junction potential. The average of 41 such deter
minations with 13 different A g /A g 2S electrodes gave at 22 .5 °

E 0Agfs)/Ag2S(s)/1 iq. junction ■ 0.7090 ±  0.0028 volt (4)
The potential of the saturated calomel electrode was taken 
as11 12

(11) I. M. Kolthoff and E. B. Sandell, “ Textbook of Quantitative 
Inorganic Analysis,”  The Macmillan Co., New York, N. Y., 1936.

(12) S. Glasstone, “ An Introduction to Electrochemistry,”  D. Van 
Nostrand Co., New York, N. Y., 1942.

For cell A it is apparent that, provided the pH is held 
constant, any change in cell e.m.f. (E) can be re
lated directly to changes in the chemical potential 
(p) of the sulfide ion, the hydrosulfide ion and the 
H2S molecule, b y  the relation

F dE = V id a s' =  Vid^HS“ =  VidpHiS (6) 

The same interpretation can be given to changes in 
the e.m.f. of cell B provided the liquid junction 
potential between the cell solution and the salt 
bridge does not vary.
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By using the relation expressing the solubility 
product of silver sulfide

dMAg+ = —'Ad ms" (7)
Equation 6 may be written as

F dE — —dMAg+ =  — RT d Id  aAg+ (8)

where, R is the gas constant, T, the absolute tem
perature and iAg+, the activity of the silver ion. 
From equation 8 the activity of the free silver ion in 
solution is obtained. The other forms that silver 
could assume in the system include insoluble preci
pitates, adsorbed ions at the solid-liquid interface, 
complex ions and undissociated molecules in solu
tion. Care was taken to avoid precipitation of 
insoluble compounds except, of course, silver sul
fide. Possible insoluble compounds that could be 
formed are silver acetate (AgAc), silver hydroxide 
and silver metaborate.

The concentrations of sulfide ion, hydrosulfide 
ion and undissociated hydrogen sulfide were calcu
lated from the measured silver ion activity and the 
equilibrium constants at 22.5°
Ag2S(s) < > 2 A g +(aq) +  S "(a q );

K = 1.96 X  1 0 "62 (9) 

H 2S ( a q ) ^ Z ? :H +(aq) +  H S -(a q ) ;
K =  1.00 X  10 “ 7 (10) 

H S -(a q ) H +(aq ) +  S“ (aq);
K  =  7.08 X  IO” '6 (11)

The free energy data used for calculating these con
stants are given in Table I.

T ab u s  I

St a n d a r d  F r e e  E n e r g y  o f  F o r m a t io n  o f  S il v e r  Su l f id e , 
Sil v e r , Su l f id e  an d  H y d r o su l f id e  I ons  an d  H y d r o - 

su l f u r ic  A cid  a t  25°

Substance 
Ag2S (s) 
S”  (aq.) 
H S - (aq.)

A F°,
cal./mole
— 9 ,5 6 2 13 
2 3 ,4 5 0 14 15 

2 ,9 8 0 14

Substance
A g+ (aq.) 
H 2S (aq.)

A F°,
cal./mole

18 ,4 4 8 14 
— 6 ,4 9 0 14

Equilibrium data on complexes involving silver 
and acetate are given by MacDougall and Topol.16 
The equilibrium constants for these complexes are
AgAc(aq) < > A g +(aq) +  A c ffa q ); K  =  0.186 (12)

AgAc2_ (aq) A g +(aq) +  2Ac~(aq);
K =  0.230 (13)

The concentrations of these complexes were appre
ciable under conditions of high silver and acetate 
concentrations but, in this investigation, the cor
rections never exceeded 15% of the total amount of 
silver added to the system.

Concentrations of complex ions of silver and sul
fide or hydrosulfide ions were calculated from data 
given by Treadwell and Hepenstrick.16
AgH S(aq) ^ ± 1  H +(aq) +  A g S "(a q );

K  =  5 X  10~6 (14)

(13) J. R. Goates, A. G. Cole, E. L. Gray and N. D, Faux, J. Am. 
Chem. Soc., 73, 707 (1951).

(14) “ Handbook of Chemistry and Physics,”  34th Ed., Chemical 
Rubber Publishing Company, Cleveland, 1952.

(15) F. II. MacDougall and L. E. Topol, T h is  J o u r n a l , 56, 1090 
(1952).

(16) W. D. Treadwell and II. Hepenstrick, Helv. Chim. Acta, 32, 
1872 (1949).

A g +(aq) +  H 2S(aq) AgH S(aq) +  H + (a q );
K  =  1.76 X  109 (15)

The concentrations of AgS-  and AgPIS were never 
of any significance under the conditions used in this 
investigation.

To convert the ionic activities calculated from the 
above equilibrium constants to ionic concentrations 
the ionic activity coefficients were estimated from 
the Debye-Hiickel relation

log fi
—0.513zì2V /

1 + v7 (16)

where f\ is the activity coefficient of ion i of valence 
z\ at ionic strength I, was used in these calculations.

The calculated increase in the amount of free 
silver ion and in the amount of silver ion tied up in 
solution in the various forms discussed above are 
subtracted from the total amount of silver added to 
the system in passing from one pAg value to a lower 
value. The difference thus obtained is assumed to 
represent the amount of silver adsorbed. The ad
sorption densities were thus calculated in moles of 
silver per gram of solid as a function of the silver ion 
activity in solution and also of ionic strength.

Results
Zero-point-of-charge.— Experimentally, it is only 

possible to determine the change in adsorption 
density of silver ion with pAg. In order to plot 
an adsorption isotherm, it is necessary to know the 
absolute value for the adsorption density at at least 
one pAg value. From the experimental results, 
therefore, an adsorption isotherm can be constructed 
only with adsorption density in arbitrary units 
versus pAg. These adsorption curves are shown in 
Figs. 1 and 2. Figure 1 shows a series of adsorption 
curves at pH 4.7 and at five different ionic 
strengths: 2 X  10-3, 5 X 10—3, 5 X 10~2, 0.1 and
0.2 N. Figure 2 shows a series of adsc^pti n 
curves at pH 9.2 and at ionic strengths 5 X  10%  
5 X 10 ~2 and 0.2 N. The set of curves in each 
figure was obtained on the same precipitate; the 
titration was started at the lowest ionic strength. 
The horizontal dotted lines connecting successive 
curves indicate the changes in pAg when the ionic 
strength was increased at constant total silver and 
sulfide content of the system. These lines are 
drawn horizontally and are therefore lines of con
stant adsorption density because the solutions 
were so dilute with respect to silver and sulfide ion 
concentration that no measurable change in ad
sorption density would be expected to take place 
even though the pAg value changed at times by as 
much as one-half a unit.

It will be seen from Figs. 1 and 2 that the arbi
trary adsorption curves do not cross exactly at one 
point but that the intersecting points lie very 
close to a pAg value of 10 for both sets of curves 
with the exception of the curve at ionic strength 2 
X 10~3 N in Fig. 1.

Even though the curve at 2 X  10 ~3 N  ionic 
strength does not intersect the other curves in the 
vicinity of pAg 10, its shape, nevertheless, has been 
determined quite accurately. The anomalous be
havior of this curve must be attributed to an ex
perimental error which occurred when changing the
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ionic strength from 2 X 10~3 N to 2 X 10~2 N. A 
more recent investigation of this system under the 
same conditions as to pH and nature of indifferent 
electrolyte17 has shown that even at an ionic 
strength of 10~3 N, the adsorption curve intersects 
at pAg 10.

Since it has been demonstrated that the adsorp
tion density of silver is a function of ionic strength 
as well as pAg (see Figs. 1 and 2), the point common 
to all the adsorption curves must represent the 
point of zero charge on the silver sulfide surface. 
For silver sulfide there is, therefore, no excess of 
silver or sulfur-bearing ions at the surface at pAg 
10. With the zero-point-of-charge established, the 
absolute adsorption curves can be plotted.

The reproducibility of the curves shown in Figs. 
1 and 2 has been illustrated by redetermining the 
curves under identical conditions but by using dif
ferent precipitates.

Adsorption Isotherms.— To express the adsorp
tion density in terms of charge per cm.2, the specific 
surface of the silver sulfide precipitates must be 
known. Several attempts to measure the surface 
area by the B.E.T. nitrogen adsorption method 
gave unsatisfactory results. The specific surfaces 
obtained by this method indicate that the aver
age particle size lies between one and three microns 
whereas observations with the electron microscope 
showed that the maximum particle size was less 
than half a p.

The specific surface of the silver sulfide precipi
tates was estimated by the same method used by 
Mackor8 in determining the surface area of silver 
iodide. This method involves the assumption that 
the minimum differential capacity of the double 
layer for silver sulfide in contact with an aqueous 
solution of an indifferent electrolyte at low ionic 
strength has the same value as the minimum dif
ferential capacity of mercury in contact with an 
aqueous solution of sodium fluoride at the same 
ionic strength. The differential capacity is defined 
as the differential change in charge with change in 
potential at constant ionic strength. The change 
in charge is calculated from the experimental data 
and the change in potential is measured by the 
change in pAg.

The validity of this method of arriving at the sur
face area depends on satisfactory proof that the 
electrolyte (sodium acetate or sodium metaborate) 
which fixes the ionic strength of the system is not 
specifically adsorbed at the interface and that the 
ionic strength is low enough so that the Gouy 
model of a diffuse double layer7 is applicable. If 
these two conditions are met, then tfie differential 
capacity of the double layer should have only a very 
slight dependence on the chemical nature of the 
solid surface. From Figs. 1 and 2 it follows that 
the electrolytes, NaAc and NaB02, act as indiffer
ent electrolytes since all the curves cross in a nar
row pAg region. A specifically adsorbed electro
lyte could cause a shift in the zero-point-of-charge of 
as much as two or three pAg units as the electrolyte 
concentration is varied. Furthermore, at the low
est ionic strength, 2 X  10~3 N used in these experi
ments, the diffuse layer model should apply reason-

Fig. 1.— Adsorption density of potential determining ions 
on silver sulfide as a function of the pAg. Adsorption 
density calculated directly from the titration data. In
different electrolyse: sodium acetate; pH 4.64.

Fig. 2.— Adsorption density of potential determining ions 
on silver sulfide as a function of the pAg. Adsorption cal
culated directly from the titration data. Indifferent elec
trolyte, sodium metaborate: pH 9.19.

ably well. Grahame18 obtained an experimental 
value of 7.6 p farads per cm.2 for the minimum dif
ferential capacity at this ionic strength. By using 
this value and knowing the total capacity for a 
given weight of silver sulfide, specific surfaces vary
ing from 25,000 to 65,000 cm.2/g . were calculated.

In Fig. 3 adsorption density expressed in p cou
lombs per cm.2 is plotted against pAg at an ionic 
strength of 0.2 N, to show that pH has no effect on 
the adsorption density of silver or sulfide ions in the 
pH range 4.7 tc 9.2. Similar results were obtained 
at ionic strengths 5 X  10-2 N  and 5 X 10"~s N.

Figure 4 combines all the experimental results in 
the form of one series of adsorption isotherms for 
different ionic strengths. The individual curves 
have been adjusted to cross at pAg 10, the estab
lished zero-point-of-charge. Adjustments were 
made only in the value of the ordinate since the pAg 
value was established by the experimentally deter
mined e.m.f. of the cell. The curves at ionic 
strength 5 X  10“ 3, 5 X 10~2 and 0.2 N have been 
obtained at pH 4.7 and pH 9.2: the curves at the 
other ionic strengths were determined only at 
pH 4.7. It is interesting to note the unsymmetrical 
nature of the adsorption isotherm. A smaller 
change in pAg below the zero-point-of-charge than 
above this point gives the same adsorption density.

(18) D. C. Graharre, J . Am. Clem. Soc., 76, 4819 (1954).(17) Unpublished results by I. Iwasaki, Mass. Inst, of Tech.
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Fig. 3.— Adsorption density of potential determining ions 
on silver sulfide as a function of the pAg. Curve deter
mined at two pH  values with two different electrolytes at 
the same ionic strength.

Fig. I. Adsorption density of potential determining ions on 
silver sulfide as a function of the pAg.

Discussion
Thermodynamical Considerations.— By applying 

the well-known Gibbs adsorption equation and by 
making use of the general theory of the electro
chemical double layer Grahame,7 Mackor8 Kruyt 
and Overbeek19 have succeeded in improving our 
understanding of interactions at the solid-solution 
interface.

The general form of the Gibbs equation
d y  =  - s r i d p i  ( 1 7 )

where y  is the interfacial free energy, F; the adsorp
tion density of component i, and pi the chemical po
tential of component i in the bulk solution, may be 
expanded for silver sulfide in contact with a solution 
of sodium acetate at constant pH and constant 
ionic strength to yield
d y  =  —  r Ag+ d p Ag+ —  T s -  d p s ------- T h s -  d p n s ---------- E a - s  d p H ss

r AiAc dpAgAe F AgAe2 dp Ag AC2* r AgS dpAgS
Ta^HS dpAgHS (18)

Equation 18 may be simplified if the assumption is 
made that the adsorption density of the silver ace
tate and silver sulfide complexes is negligible. This 
assumption is reasonable because the activities of 
these complexes were always kept very low. Fur
thermore, by making use of the definition of the 
solubility product of Ag2S (equation 7) and by real
izing that at constant pH

dpH8- = dpHjs = dps* (19)
Equation 18 simplifies to

dy =  —( r Ag+ — 2 [Ts-  +  Fhs-  +  rH2s])dpAe+ (20)

When working at constant pH there is no means of 
distinguishing among the adsorptions of S” , HS”  
and H2S. Experimentally, only the total charge 
due to an excess of sulfur-bearing species over silver 
ion at the interface is obtained. However, equa
tion 20 can be simplified further and the specific 
roles of the S= and HS”  ions and the H2S molecule 
will be clarified by recalling that identical adsorp
tion isotherms for a fixed ionic strength but two dif
ferent phi values were obtained (see Figs. 3 and 4). 
At a given pAg, the sulfide ion concentration is 
fixed regardless of the pH, but the HS”  ion activity 
in going from pH 4.7 to pH 9.2 changes by a factor 
of 104. The experiments at different pH values 
therefore indicate that Ths”  and Th2s are negligibly 
small or perhaps zero and that the sulfide ion alone 
determines the adsorption density at pAg values 
above the zero-point-of-charge. Equation 20, 
therefore, reduces to

dy =  — ( r Ag+ — 2 rs_)dpAg+ (21)

By introducing now the electrochemical relation 
F dE — — dpAg+ (8)

which defines the change in free energy of the re
versible cell used in this investigation at constant 
pH, equation 21 reduces to

dy =  + F ( r Ag+ — 2 rs - )di? (22)

The silver and sulfide ions are common to both 
the solid phase and the solution phase; furthermore 
these ions are involved in the electrode reaction at 
the Ag/Ag2S electrode. As a consequence these

(19) II. R. Kruyt, “ Colloid Science,,”  Vol. i, Klsevier Publishing 
C o .,  N e w  Y o r k , N . Y ., 1952.
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ions are known as potential determining ions be
cause their activity in solution determines the 
change in the potential difference (Nernst poten
tial) between the solid and liquid. It should be 
realized that at constant pH the electrode reaction 
at the Ag/Ag2S electrode can also be written in 
terms of H2S or HS_ and under such conditions 
these species could also be considered as potential 
determining. However, by changing the pH at 
constant ionic strength, the role of the S= ion as the 
only potential determining anion has been estab
lished.

Since adsorbed silver and sulfide ions cannot be 
distinguished from the silver and sulfide ions con
stituting the silver sulfide crystal lattice, the term 
E(rAg+ — 2IV ) is referred to as the surface 
charge. The surface charge will be positive or 
negative depending on whether an excess of silver or 
sulfide ions is present. By the establishment of a 
surface charge, the electrochemical double layer is 
built up at the interface because an equivalent 
counter charge must be present in the solution phase 
adjacent to the solid surface. A surface charge of 
potential determining ions will have a significance 
only if the concentration cf these ions in solution is 
small compared to that of the indifferent electro
lyte. Only under this condition will the contribu
tion of the potential determining ions toward the 
counter charge in the solution phase be negligible. 
This condition was met by working at high ionic 
strengths.

Equation 22 neglects an}r contribution to the sur
face charge by free electrons in the solid. Beta 
silver sulfide is known to be an electronic as well as 
an ionic conductor.20 The role of free electrons in 
this system may be explained as follows.21 These 
electrons will have to come from somewhere since 
neutral substances are the starting materials (e.g., 
AgN03, NaHS, H20 , etc.). Free electrons may be 
generated by some disproportionation reaction as, 
for exa mple

S " — i h +  e~ (23)

The S " ion is certainly not stable in the solution. 
It might exist in the solid Ag2S but in the technique 
used, the influence of an electron plus a S-  ion is in
distinguishable from that of a S= ion. At the sil
ver sulfide electrode where electrons can be sup
plied from the silver, the situation might be dif
ferent, but as long as the electrode behaves accord
ing to the Nernst equation, the actual mechanism 
is not of importance in this study.

By integrating equations 21 or 22 the change of 
interfacial free energy with silver ion activity in 
solution may be obtained. From equation 21 it 
follows that the interfacial free energy will be a 
maximum at pAg 10, the zero-point-of-charge, and 
will decrease above and below this point. However, 
since the absolute value of the interfacial free en
ergy at the zero-point-of-charge is not known only 
changes in interfacial free energy with respect to 
the zero-point-of-charge can be determined. In 
Fig. 5 the difference in interfacial free energy at the 
silver sulfide-solution interface versus pAg for vari-

(20) M . H. Hebb, J. Chem. Phya., 20, 185 (1952).
(21) This suggestion was made by Dr. J. Th. Ci. Ovtwbeek, Uni

versity of Utrecht, Netherlands, to  the author«.

Fig. 5.— Changes in surface tension of the solution-silver 
sulfide interface due to the adsorption of potential deter
mining ions. Indifferent electrolytes: sodium acetate at 
pH 4.64; sodium metaborate at pH 9.19.

ous ionic strengths is plotted. This figure has 
been obtained by graphical integration of Fig. 4.

Differential Capacity and the Electrical Double 
Layer.—The electrical double layer at the silver 
sulfide-solution interface, for the conditions inves
tigated, is visualized to consist of a surface charge 
due to an excess of silver or sulfide ions at the solid 
surface and a counter charge contributed by non- 
specifically adsorbed ions in the adjacent solution. 
Sodium acetate and sodium metaborate have 
been shown to act as indifferent electrolytes and 
depending on the pAg value of the solution an ex
cess or a deficiency of sodium, metaborate and ace
tate ions will contribute toward the counter charge. 
Neither H+ r.or OH-  ions showed any specific af
finity for the silver sulfide interface; of course, the 
concentration of these ions was always kept below 
10 ~4 molar. The behavior of these ions is of great 
interest to the flotation chemist since pH regulation 
has always played an important role in effecting 
good mineral separations.

The slope cf the surface charge (ir5) versus poten
tial (or pAg) curves measures the differential capac
ity (Cd) of the electrical double layer. Since all the 
potential jumps except that at the silver sulfide- 
solution boundary are kept constant, any change in 
pAg or cell e.m.f. (E ) will also measure the change 
in potential difference across this interface. For the 
conditions maintained in this investigation, the 
differential capacity is defined, therefore, by the re
lation

O',i = all ju’s constant except (¿Ag+, ( ms b (24)

The interpretation of <rH versus K  or C'a versus K
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Fig. 6.— Differential capacity of the double layer on 
silver sulfide as a function of pAg. Indifferent electrolytes: 
sodium acetate at pH 4.64; sodium metaborate at pH 9.19.

curve lies outside the field of thermodynamics and 
depends on the choice of the particular physical 
model to represent the electrochemical double layer.

In Fig. 6 the differential capacity of the double 
layer on silver sulfide is plotted as a function of pAg 
for five different ionic strengths. These curves were 
determined by measuring the slopes of the curves 
in Fig. 4. Since the adsorption isotherms are quite 
steep below pAg 8, a small change in the way the 
adsorption isotherm is drawn will have a profound 
effect on the slope and the capacity in this region.

The most striking feature of the capacity curves 
is the steep rise of capacity to the left of the zero- 
point-of-charge (pAg 10). This is more marked 
than the measurements made by Mackor8 on silver 
iodide and even more so than with mercury in 
contact with aqueous solutions of sodium fluoride.7

The drop in the capacity in the pAg range of 7 to 
6 and the minimum indicated between pAg 5 and 6 
may or may not be real due to difficulties in estab
lishing the very steep portions of the adsorption iso
therms. Grahame7 has observed a similar behav
ior for solutions of several electrolytes in contact 
with mercury.

The minimum in the capacity curve for ionic 
strength 2 X  10“ 3 N  occurs near pAg 10 and is in

accord with the model of a diffuse double layer in 
the vicinity of the zero-point-of-charge at low ionic 
strengths. This minimum is, however, not as 
marked as in the case of mercury.7 The failure of 
the curve at 5 X 10 ~3 N  to reach a minimum near 
pAg 10 is, however, puzzling. It might be that the 
data are not smooth enough to show this minimum.

The capacity curves approach a plateau at about 
15 n farads per cm.2 for negative polarization. This 
is in good agreement with the qualitative behavior 
predicted by the theory of Stem and Grahame7 and 
with the quantitative results obtained with silver 
iodide8 and mercury.7 The adsorption isotherms 
plotted in Fig. 4 show that all the curves coincide at 
high pAg regardless of ionic strength. Thus it would 
appear that the properties of the double layer on 
silver sulfide under the conditions investigated, be
come independent of ionic strength for moderately 
high negative polarization. This same behavior 
was observed with silver iodide where it was found 
by Mackor that the surface charge at negative po
larization approaches a limiting value of —4 n 
coulombs per cm.2.

Conclusions
This electrochemical investigation of the silver 

sulfide-solution system established the silver and 
sulfide ions as potential determining ions in the pH 
range 5 to 9. Sodium acetate and sodium meta- 
borar.e were used to determine the ionic strength of 
the solution and were shown to behave as indifferent 
electrolytes. Within the pH range 5 to 9 hydroxyl 
and hydrogen ions showed no specific affinity for 
the silver sulfide surface.

The zero-point-of-charge for silver sulfide was 
found to lie at pAg 10; above this pAg, an excess 
negative charge; and below this pAg an excess posi
tive charge is found at the surface. This surface 
charge is a function of pAg and ionic strength.

Estimations of the differential capacity from the 
adsorption isotherms indicate that the structure of 
the double layer is in qualitative agreement with 
the models set up by Stern and Grahame. The capac
ity reaches a plateau in the region of moderately 
high negative polarization. In general, the capac
ity curves agree well with those obtained by Gra
hame for mercury and by Mackor for silver iodide 
except that a much steeper rise in the capacity 
curve on positive polarization was observed.
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Heats of dilution of aqueous solutions of several paraffin chain salts have been measured calorimetricallv in the concen
tration range about the C.M.C. Our experimental data are in agreement with the normally accepted view that the relative 
amount of paraffin chain salt present in micellar form only becomes significant in the neighbourhood of the C.M.C. and con
tinues to increase smoothly as the total concentration is increased. The heat of micelle formation at 25° is small and posi
tive for the systems studied. It is shown that structural effects exist in water surrounding the single ions and on this basis 
the small heats of micelle formation can be explained.

I. Introduction
In a recent publication4 a theoretical treatment 

was presented for the calculation of heats5 of 
micelle formation from experimentally determined 
thermal data on paraffin chain salts in water, and 
for “ ideal”  solutions in which there is aggregation 
the heat of solution (or dilution) curve was pre
dicted. Measurements were confined to sodium do- 
decyl sulfate and it was shown that the results were 
apparently not in accord with the theoretical pre
dictions in view of the sudden jump in the heat data 
in the range of the critical micelle concentration 
(C.M.C.). Such a discontinuity is quite incon
sistent with the normally accepted model which is 
based on the law of mass action. Because of the 
smallness of the measured heats of dilution and the 
above-mentioned jump, discussion of this phenom
enon was withheld until more reliable data became 
available. It is therefore unfortunate that the title 
of the above publication, “ An Attempt to Measure 
the Heat of Micelle Formation of Sodium Dodecyl 
Sulphate”  was shortened without the knowledge of 
the authors to omit the first four words.

Interest in these studies was heightened by the 
fact that Hutchinson and his co-workers have re
ported a sudden break in the heat data of paraffin 
chain salts at the C.M.C. in at least three cases.6-7 
These workers calculate heats of micelle formation 
by application of “ Hess’s law”  to the data just 
above and below the C.M.C. An implicit and in
correct assumption involved in this procedure is 
that there is an abrupt transition from single ions to 
micelles at the C.M.C. and that only micelles are 
present above the C.M.C.

In order to pursue these studies and elucidate the 
nature of the heat change at the C.M.C. we have 
made measurements on paraffin chain salts of 
shorter chain length which have a higher C.M.C. 
and hence enable measurements of the heat to be 
made with greater accuracy. In addition, for the 
work on the alkyl sulfates, a calorimeter of some
what different design, with improved stability and 
sensitivity, has been used. Measurements on a

(1) Issued as N .R .C . N o. 4308.
(2) National Research Laboratories Postdoctorate Fellow, 1954- 

1956.
(3) National Research Laboratories Post-doctorate Fellow 1955-1956.
(4) E. D . Goddard and G . C. Benson, Trans. Faraday Soc., 52, 409 

(1956).
(5) In the present paper the terms heat of solution, dilution and 

micelle formation are used to denote the increase in heat content, A ll, 
of the system during the respective processes.

(6) E. Hutchinson, K . E. Manchester and L. Winslow, T h is  Jo u r 
n a l , 58, 1124 (1954).

(7) E . Hutchinson and L. Winslow, ibid., 60, 122 (1956).

fatty acid soap were carried out in the original 
calorimeter.8

II. Experimental
The calorimeter used in most of these studies has been 

described recently9 10; it differs from that used in the previous 
work in that an electrically heated shield is used for, and 
permits somewhat greater precision of, adiabatic control. 
Also the sensitivity of the instrument is increased due to the 
increase in the number of thermocouple junctions from ten to 
twelve. Changes of 5 X 10_5° can be detected which 
corresponds, when the calorimeter contains 170 cc. of water, 
to co. 0.01 cal. As before, two electrical calibrations were 
carried out for each run from which heat capacities of the 
solutions were derived.

The heat of dilution technique w-as used exclusively. 
Various quantities of concentrated stock solution were con
tained in thin -wall glass bulbs and broken by a guillotine 
arrangement within the calorimetric vessel which con
tained water or other specified aqueous solution. An im
provement has been the use of precision bore glass tubing for 
blowing glass bulbs; in this -way a tight fit between Teflon 
stopper and bulb can be ensured. A further improvement9 
was the introduction of a detachable pin above the guil
lotine weight; this allowed stirring of the calorimeter 
vessel before brealdng the bulb and was used in the experi
ments with sodium octyl sulfate and potassium octanoate.

Some of the results at the higher concentrations w-ere ob
tained by multiple dilution. This involved diluting the 
stock solution not into water but into the paraffin chain salt 
solution formed during the preceding run. For alkyl sul
fates at the higher concentrations the dilution was at most 
threefold and usually twofold, but in the case of potas
sium octanoate up to sevenfold dilutions were performed. 
The values obtained by this technique -were compared with 
those obtained by single dilutions. Smooth curves could be 
drawn when all data were plotted on one graph, thus at
testing the reliability of the multiple dilution method.

One series of dilutions of sodium octyl sulfate was car
ried out in the presence of 0.6941 m sodium chloride. The 
addition of potassium hydroxide (final molality 0.0417) to 
the potassium octanoate solutions served to suppress hy
drolysis.

All dilution experiments w-ere carried out at 25°.
A . M ateria ls.— In preparing the solutions conductivity 

water ( k =  1.1 X  10_6ohm_1 cm .-1 at 25°) was used.
The sodium alkyl sulfates were all prepared from carefully 

fractionated normal alcohols. The octyl sulfate w-as a high 
purity specimen prepared for us through the courtesy of 
Lever Brothers Company. The decyl sulfate w-as prepared 
by the method of Dreger, et al.,w recrystallized three times 
from ethanol and finally extracted four times with light 
petroleum.

Fractionated octanoic acid having an acid value of 388.0 
(ealed. 389.04) and a melting point of 16.48° was used for 
preparing the potassium octanoate.

Potassium hydroxide was AnalaR grade.
Sodium chloride was AnalaR grade recrystallized three 

times from water.
The molalities o: the stock solutions used in the dilutions 

were: sodium decyl sulfate 1.0767; sodium octyl sulfate (i)

(8) G. C. Benson and G. W. Benson, Rev. Set. Instr., 26, 477 (1955).
(9) G. C. Benson, E. D. Goddard and C. A. J. Hoeve, ibid., 27, 725 

(1956).
(10) E. E. Dreger, G. I. Keim, G. D. Miles, L. Shedlovsky and J. 

Ross, Ind. Eng. Chem., 36, 610 (1944).
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Fig. 1.— Intermediate heats of dilution: A
plotted as a function of the final molality m: curve A, 
sodium octyl sulfate in water at 25°; m '— 2.9701; curve B, 
sodium octyl sulfate in 0.6941 m NaC-1 solution at 25°; 
m' =  1.2959.

Final molality (m ) X  1.02.
Fig. 2.— Intermediate heats of dilution AH(m'-*m) for 

sodium decyl sulfate in water at 25° plotted as a function of 
the final molality m; m' =  1.0767. Solid points are ob
tained by subtracting 5.85 kcal./mole from the heats of 
solution tabulated by Hutchinson, Manchester and Wins
low.6

Final molality m.
Fig. 3.— Intermediate heats of dilution AH(m'->-m) for 

potassium octanoate in 0.0417 m KOH solution at 25° 
plotted as a function of the final molality m; m '=  3.1890.
2.9761, (ii) 1.2959 in 0.6941 m sodium chloride solution as 
solvent; potassium octanoate 3.1890 in 0.0417 m potassium 
hydroxide solution as solvent.

III. Results
The data are presented in Figs. 1, 2 and 3, where 

the increases _n heat content per mole on dilution 
are plotted against the molality of the final solu
tion. Values of the C.M.C. (estimated from tables

given by Goette11 are also indicated on the graphs. 
In Figs. 4, 5 and 6 a |unction related to the partial 
molal heat content, Ht, of the paraffin chain salt is 
plotted against the final molality, m. This function 
is given by

a +  m d Agdw~*'!")’ = ~ ^
where Hz° is the partial molal heat content of the 
paraffin chain salt at infinite dilution, <f>i/ is its rel
ative apparent molal heat content at molality 
m' and A H is the intermediate heat of dilution 
per mole of paraffin chain salt.

When the heat capacities of the paraffin chain 
sale solutions were plotted against their molality, a 
change of slope was observed in the region of the
C.M.C. This change could be measured most ac

curately for the system having the highest
C.M.C.: accordingly the results for potassium 
octanoate are presented in Fig. 7.

IV. Discussion
A. Comparison with Other Data.— There is 

a pattern in common to all the curves in Figs. 
1, 2 and 3: as the concentration is increased 
through the C.M.C. a change of slope but no 
discontinuity is observed. This is in accord with 
earlier predictions. The only data in the litera
ture available for comparison with our heats of 
dilution are those of Hutchinson, Manchester 
and Winslow6 for the heat of solution of sodium 
decyl sulfate in water. Owing to the difference 
in the experimental quantity determined the 
two sets of data should differ by a constant 
value. However, in contradiction to our results 
these investigators found a discontinuity in 
the heat of solution in the range of the C.M.C. 
By subtracting a constant value of 5.85 kcal./ 
mole from the data of Hutchinson, et al., the two 
sets can be brought into correspondence at the 
higher concentrations where experimental accu
racy is greatest. In this way experimental data 
from reference 6 have been included in Fig. 2 

and at the lower concentrations they are seen to 
be scattered about the smooth curve drawn through 
our points.

In our calorimetric system, one mm. deflection on 
the scale of the galvanometer indicating the tem
perature of the calorimeter (total heat capacity 
about 200 cal. deg.“ 1) corresponds to 5 X 10“ 60 
or 0.01 cal. The estimated experimental error in a 
single determination is three times this value in 
unfavorable cases. Each dilution experiment in
volves two temperature readings and hence there is 
a possible error of 0.06 cal. in the measured heat 
effect. The error in determining the heat capacity 
of the system is negligible in comparison with the 
error in determining the temperature change in a 
dilution. The abrupt change observed by Hutch
inson, et al., in the integral heat of solution of 
sodium decyl sulfate in water amounts to 0.2 kcal./ 
mole or about 0.95 cal. for the quantity of ma
terial used in our determinations. Such a change 
would have been detected readily in our calorim
eter; a similar change in the heat of solution at 
the C.M.C. of the shorter chain compounds studied

(11) E. K. Goette, J . C o llo id  S c i .,  4, 459 (1949).
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in the present work would have involved a much 
larger change in the measured heat and would cer
tainly not have escaped detection.

The apparent discontinuity in the heats of dilu
tion of sodium dodecyl sulfate reported previously4 
corresponded to a difference of 0.1 cal. in the ex
perimentally measured heat and was comparable in 
magnitude with the estimated error. In view of the 
failure to find a discontinuity in the heats of dilu
tion for any of the paraffin chain salts in the 
present work, it is evident that the measurements 
on sodium dodecyl sulfate should be repeated. A 
new microcalorimeter more suitable for this pur
pose is now under construction.

B. Heat of Micelle Formation.—The heat of 
micelle formation is the increase in heat content 
when one mole of paraffin chain ions in the 
single ion form aggregate to the micellar form. 
In the case of an ideal solution a simple procedure 
was suggested4 for obtaining this quantity. It is 
clear from the variation with concentration of the 
partial molal heat contents plotted in Figs. 4, 5 and 
G that departures from ideal behavior are consider
able. As a result of this and the fact that the C.M.-
C. as determined by these thermal measurements 
covers a considerable range, exact assessment of the 
heat of micelle formation is not possible. Esti
mated values are given in Table I and all values are 
seen to be small and 'positive. It is probable that at 
concentrations above the C.M.C. the values would 
be different.

T a b l e  I
H e a t s  o f  M i c e l l e  F o r m a t i o n , A F m , o f  V a r i o u s  P a r a f f i n

C h a i n  S a l t s  i n  t h e  R a n g e  o f  t h e  C .M .C . a t  2 5 °
AHu

Paraffin chain salt (kcal./mole)
Sodium decyl sulfate 0.5
Sodium octyl sulfate 0.8
Sodium octyl sulfate in 0.0941 m NaCl 0.3
Potassium octanoa.te in 0.0417 m KOH 1.7

According to the “ sketch of a theory of the 
micelle”  given by Debye12 and later developments 
and treatments by Nagagaki13, Ooshika14, and 
Reich16, micelles are formed because the state in 
which the hydrocarbon chains are aggregated pos
sesses a lower energy than that in which they are 
surrounded by water molecules. Although the 
electrical energy due to the repulsion of the ionic 
heads increases in the process of micelle formation, 
the first effect is expected to predominate and hence 
micelle formation is an energy effect. According to 
these views no micelles are formed below the C.M.- 
C. since the sacrifice in entropy would be too great. 
However, experimental results do not confirm this 
picture. From measurements on the temperature 
dependence of the C.M.C. several indications 
exist16'17 that the increase in heat content on 
micelle formation may indeed be positive; again our 
direct thermal measurements (Table I) show that 
at 25° it is positive for the octyl sulfate, decyl sulfate

(12) P. Debye, Ann. N . Y . Acad. S c i ..  51, 575 (1949).
(13) M. Nagagaki, J. Client. Soc. Japan, 72, 113 (1951).
(14) Y. Ooshika, J. Colloid Sci., 9, 254 (1954).
(15) I. Reich, T h is  J o u r n a l , 60, 257 (1956).
(16) A. P. Brady and H. Huff, J. Colloid Sci., 3, 511 (iy48).
(17) B. D. Flockhart and A. R. Ubbelohde, ibid., 8, 428 (1953).

Molality in.
Fig. 4.— Plot of the partial molal heat B . against molality 

m. The constant subtracted in the ordinate is H .° +  <t>l' 
as defined in the text. Curve A, sodium octyl sulfate in 
water at 25°; Curve B, sodium octyl sulfate in 0.6941 m 
NaCl solution at 25°.

Molality (m) X 102.
Fig. 5.— Plot of the partial molal heat H. against molality 

in, for the system sodium decyl sulfate-water at 25°. 
The constant subtracted in tiie ordinate is Ih °  +  0l ' as 
defined in the text.

Molality in.
Fig. 6.— Plot of the partial molal heat against molality

m for potassium octanoate in 0.0417 m KOH solution at 25°. 
The constant subtracted in the ordinate is _ff2 +  0l ' as de
fined in the text.

and potassium octanoate. A smaller change in the 
heat content would be expected in the presence of 
added salt as a result of reduced electrical repulsion 
within the micelles; this is confirmed experiment
ally in the case of sodium octyl sulfate (Table
I ) .

Stainsby and Alexander18 were the first to at
tempt an explanation of the small heat effects,in
volved in aggregation. They assumed that, where
as the hydrocarbon part of the micelle can be 
regarded as essentially the same as a liquid hydro
carbon, the hydrocarbon part of the single ions sur-

(IS) G. Stainsby and A. E. Alexander, Trans. Faraday £#«., 46, ®S7 
(19S0).
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Molality m.
Fig. 7.— The specific heat of potassium octanoate solutions 

in 0.0417 m KO I solution at 25° plotted as a function of 
molality m. One point (specific heat =  0.7681 cal. de
gree-1 gram-1 at m' =  3.1890) is beyond the range of the 
graph.

rounded by water is curled up tightly and the in
ternal motions are consequently considerably re
stricted. According to these views changes in 
entropy and heat effects due to internal motions in 
the process of micelle formation should approxi
mately be equal to those in the melting process of a 
crystalline hydrocarbon and should largely compen
sate the external effects; the latter consist mainly 
of the contribution resulting from a reduction of the 
hydrocarbon-water interface, as electrical effects 
are shown to be small. It is, however, unlikely 
that the hydrocarbon part of the single ion sur
rounded by water is restricted in its internal mo
tions to such an extent as to become comparable 
with a hydrocarbon in the crystalline state; fur
thermore one may question the validity of equating 
the interfacial energy per square centimeter be
tween the hydrocarbon chain of a single ion and 
water to that between a macroscopic oil drop and 
water.

1. Structural Effects in Water.— An explana
tion of the small heat effects is now made in terms 
of structural effects exhibited in water, as dis
cussed by Frank and Evans.19 According to these 
ideas water molecules tend to form a kind of ice 
structure around the molecules of non-polar solutes. 
This structure would lower the energy and entropy 
of the solution and result in an extra specific heat 
because of the gradual breakdown of the structure 
on increasing the temperature. It has been shown 
experimentally20 that the decrease in heat content 
on dissolving non-polar gases in water is much larger 
than in organic solvents and this is paralleled by 
corresponding entropy effects, and a higher specific 
heat of the water solutions. If these views also 
apply to the hydrocarbon part of the single ions, 
the water solutions of single ions should show this 
extra specific heat. However, a complicating factor 
is the ionic head. In the treatment given below 
for potassium octanoate the contribution of the

(19) H. S. Frank and M. W. Evans, J. Chem. Phys., 13, 507 (1945).
(20) D. D. Eley, Trans. Faraday Soc., 35, 1421 (1939).

ionic heads to the specific heats is allowed for by 
comparing the specific heat at 25° of a potassium 
octanoate solution with that of a potassium ace
tate solution of the same molality. On the as
sumption that no long range order effects exist, 
below the C.M.C. the heat capacity of a potassium 
octanoate solution should approximately be equal 
to that of the potassium acetate solution in -which is 
dissolved an equimolar amount of (CH2)6 chains. 
From the specific heat data of potassium acetate21 
and of potassium octanoate plotted in Fig. 7, 
the partial rnolal heat capacity of (CH2)6 chains 
surrounded by water was found to be 120 cal. de
gree-1 mole-1, which corresponds to 1.4 cal. de
gree-1 gram-1. It is more difficult to draw con
clusions above the C.M.C. of potassium octanoate 
since the CH3 group of potassium acetate is sur
rounded by water, whereas the CH3-(C H 2)6 group of 
potassium octanoate is mainly surrounded by the 
same groups of other paraffin chains forming the 
interior of the micelle. In order to account for 
this, we can tentatively put

Cp!CH3| -  Cp{CHsU 1 mol, wt. |CHd 
6 mol. wt. j CH2 )

(Cp{(CH2M -  Cpi(CH2)6}aq)

where Cp is the partial molal heat capacity of the 
groups which follow in brackets; if the environ
ment is water this is indicated by the subscript 
“ aq.” ; otherwise the environment is hydrocarbon. 
Knowing Cp {CH3 +  (CH2)6 -  (CH3)aq.} from the 
value of potassium octanoate above the C.M.C. and 
the heat capacity of potassium acetate solutions of 
the same molality,21 and having obtained above a 
value for Cp {(CH2)6}aq-, we are now able to calcu
late the value of Cp { (CH2)6} , the partial molal heat 
capacity of (CH2)6 groups in the micelle. In this 
calculation the experimental value for the specific 
heat 0.7681 cal. degree-1 gram-1, of the stock solu
tion {in' =  3.1890) also was used to determine 
Cp {CH3 +  (CH2)6 -  (CH3)aq.}. It is found that 
Cp {(CH,).} =  47 cal. deg.-1 mole-1 which corre
sponds to 0.55 cal. degree-1 gram-1. The above 
treatment neglects other contributions to the heat 
capacity which are considered small. These re
sult from the shift with temperature of the equilib
rium between micelles and single ions, surface con
tributions due to the contact between hydrocarbon 
and water, and electrical effects due to the repulsion 
of the ionic heads.

It is interesting to make a comparison with data 
for liquid paraffins at 25° given by Timmermans.22 
These data show that the specific heat varies only 
4%  in the series liquid n-hexane to n-dodecane, the 
average value being 0.53 cal. degree-1 gram-1. 
The agreement between this value and the above 
calculated value strongly supports the suggestion23 
that the interior of the micelle is liquid in char
acter. On the other hand the partial molal heat 
capacity of hydrocarbon surrounded by water in 
the single ion form is nearly three times as large

(21) “ International Critical Tables,”  Vol. 5, McGraw-Hill Book 
Co., New York, N. Y., p. 124.

(22) J. Timmermans, “ Physico-chemical Constants of Pure Organic 
Compounds,”  Elsevier Press, New York, N. Y., 1950.

(23) G. S. Hartley, “ Aqueous Solutions of Paraffin Chain Salts,” 
Hermann et Cie, Paris, 1936.
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as in the liquid state, substantiating the view that 
structural effects exist in the water surrounding the 
single ions.

It is now possible to provide a qualitative ex
planation of the change of the heat of micelle for
mation with temperature in terms of the water 
structure around the hydrocarbon chains. As a 
result of the stability of the structure at low tem
perature aggregation is accompanied by an in
crease in the energy of the system and is therefore 
an entropy effect. On elevation of the tempera
ture there is a progressive breakdown of this struc
ture, the energy of the single ion state increases and 
consequently the increase in heat content on ag
gregation is smaller and becomes negative.

If the above views are correct, then anomalous 
volume effects should exist in the single ion state 
of solutions of paraffin chain salts since the “ ice
berg”  structure around the hydrocarbon chains 
should decrease the volume of water solutions. 
It has indeed been observed24'26 that the partial 
molal volume of the single ion state is smaller than 
that of the micellar state, although the difference is 
small.

2. Estimation of the Heat of Micelle Formation.
—An estimate of the heat of micelle formation now 
can be made. We note first that the environment 
of the ionic part of the paraffin chain ions is water in 
both the single ion and micellar state and hence the 
main contribution is expected from the change of 
state of the hydrocarbon part. Therefore, it 
would be expected that energy and entropy changes 
in the process of micelle formation are approxi
mately equal to the corresponding quantities for 
the process hydrocarbon in water ->  hydrocarbon 
in the bulk liquid with added terms arising from 
surface effects. No data exist for the hydrocarbons 
of interest, but it is possible to obtain a rough esti
mate as follows. From the data given by Egloff26 
we can calculate energy and entropy changes for the 
process hydrocarbon gas hydrocarbon liquid at 
25°. Morrison27 determined the solubilities of the 
hydrocarbon gases from methane to butane in 
water at different temperatures. From these 
data the entropy and energy changes can be cal
culated for the process hydrocarbon gas —*- hydro
carbon in water at 25°. By extrapolation, a 
rough estimate can be made of the corresponding 
changes for the higher hydrocarbons. If the 
same standard states are taken in the gas phase for 
both processes, it is possible to estimate energy 
and entropy changes for the process

hydrocarbon in water —*■ hydrocarbon liquid at 25°

(standard state: mole fraction unity referred to 
the infinitely dilute solution). We find for decane

AH =  —1.4 kcal./mole
AS =  + 29  cal. degree-1 mole-1

These values are used to estimate the heat of micelle 
formation of sodium decyl sulfate.

(24) D. G. Davies and C. R. Bury, J. Chem. So«., 2263 (1930).
(25) K. Hess, W. Philippoff and H. Kiessig, Kolloid-Z.t 88, 40 

(1939).
(26) G. Egloff, “ Physical Constants of Hydrocarbons,”  Vol. 5, 

Reinhold Publ. Corp., New York, N. Y .( 1953.
(27) T. J. Morrison, J. Chem. Soc., 3184 (1952).

So far we have neglected surface effects of the 
micelle. These effects can be regarded as being 
composed of the surface free energy of an uncharged 
hydrocarbon drop and the electrical free energy 
of the charged particle. The latter effect is con
sidered to be rather small since the effective charge 
on the micelle is known to be small28 and in view of 
the already crude procedure this effect is neglected. 
The former effect can be evaluated approximately 
for the case of sodium decyl sulfate in the following 
way. The micelle consists of approximately 50 
single ions29 as determined by light-scattering ex
periments. Mclar volumes of 32.63 cc. for a CH3 
and 16.21 cc. for a CH2 group as given by Tartar30 
are used to calculate the size of the micelle. Ap
proximate values of 50 ergs cm.-2 and 0.035 erg 
cm.-2 degree-1 S1 are adopted, respectively, for the 
surface free energy and entropy of a hydrocarbon- 
water interface. The surface energy of the micelle 
is calculated to oe 5.1 kcal. mole-1 and the surface 
entropy term 3 cal. mole-1 degree-1. Experi
mentally the C.M.C. is found to be 0.03 m; hence 
we estimate for the process

single ions (0.03 m) —*■ micelles at 25°
AHu =  + 3 .7  kcal./mole 
AiSm =  17 cal. degree-1 mole-1 

TASu =  +  5.1 kcal./mole.

It is observed that the calculated values of TASm 
and AHm are approximately equal, as required for 
equilibrium. Tne agreement between these values 
and the experimental value of AHm =  0.2 kcal./ 
mole given in Table I is rather poor, presumably in 
view of the roughness of the extrapolation proce
dures. However, the treatment given shows that 
the small positive values of micelle formation can be 
understood on the basis of the fact that structural 
effects exist in the water surrounding the single 
ions, although these effects are probably less pro
nounced than those existing in the water solutions 
of smaller non-polar molecules.

It is interesting to compare the value calculated 
here with that based on the assumption that no 
structural effects exist and that the single ions are 
curled up to a sphere with the same surface energy 
per square centimeter as a macroscopic oil drop; 
electrical effects are neglected, as before. The 
value obtained in this way is AHm =  —13 kcal./ 
mole.

It may seem surprising that the terms due to 
electrical forces are neglected altogether in the 
present treatment. Admittedly a complete theory 
of micelle formation must necessarily take ac
count of the electrical terms, for it is known32 that 
extraneous salt lowers the C.M.C. considerably, 
indicating a reduction of the free energy of the 
micellar state. Salting out effects on the single 
ions also exist, hut these effects are generally small 
in comparison with the former. The correctness of 
these views can be judged from the following ex
ample. If sufficient salt be added to a system to

(28) D. Stigter and K. J. Mysels, T h is  J o u r n a l , 59, 45 (1955).
(29) H. V. Tartar and A. L. M. LeLong, ibid., 59, 1185 (1955).
(30) H. Y. Tartar, ibid., 59, 1195 (1955).
(31) “ International Critical Tables,”  Vol. 4, McGraw-Hill Book 

Co., New York, N. Y., p. 437.
(32) W. D. Harkin3, “ The Physical Chemistry of Surface Films,”  

Reinhold Publ. Corp., New York, N. Y., 1952, p. 304.
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lower the C.M.C. by a factor of ten and this effect 
is ascribed wholly to the lowering of the electrical 
free energy of the micelle, the latter term is de
creased by only 1.4 kcal./mole. Therefore it is 
believed that in view of the crudeness of the 
prerent treatment, wre are justified in neglecting

the electrical terms as a first approximation.
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The reaction of sodium atoms with the series CH3C1, CFH2C1, CF2HC1 and CF3C1 has been studied. After primary 
abstraction of chlorine, subsequent reactions of sodium with fluoromethyl radicals are of importance. A new tipper bound
ary condition for the limiting visible sodium pressure has been applied. Various models for the calculation of specific 
rate constants are discussed and compared. The activation energies of the primary step in the series are found to be 9.8, 
10.1, 10.0 and 9.2 kcal./mole, respectively. These are used to obtain D(CFH2-C1) =  81-82, D(CF2H -CP =  81-82, and 
D(CFs-Cl) =  80-81 based on D(CH3-C1) =  81.2 kcal./mole. These enabled calculations of A ii/(C F 3) =  —119.5, D(CF3-F ) 
=  117.5 and D(CF3-C F 3) =  64 kcal./mole. Some other relevant thermochemical quantities for fluorocarbons and limits 
of rate constants for sodium atom reaction with radicals are calculated and discussed.

In a previous paper,3 an analysis of the experi
mental variables of sodium diffusion flames was 
presented. In the present work, application is 
made to the reactions of sodium atoms with the 
series of compounds CH3C1, CFH2C1, CF2HC1 and 
CF3C1. The nature and limitations of some of the 
assumptions made in experimental models used to 
describe the steady-state phenomena are examined 
in the light of the experimental findings, in an ef
fort more accurately to define the rate constants. 
Corrections for radical reactivities are explicitly in
cluded. From these reactions, information con
cerning the effect of fluorine substitution on the 
magnitude of the carbon-chlorine bond dissociation 
energy has been obtained, as well as some knowledge 
of the chemistry of the fluoroalkyl radicals and the 
magnitude of some bond dissociation energies for 
fluorocarbons. A brief report of an early value of 
the heat of formation of CF3 radical obtained in 
this work already has appeared.4

Experimental
M ateria ls .— Methyl chloride- was an Eastman Kodak 

white label product purified by repeated bulb to bulb dis
tillation.

Monofluoro-, difluoro- and trifluoromethyl chlorides were 
obtained from the Kinetic Chemicals Division of the E. I. 
du Pont de Nemours Co. They were distilled in a low tem
perature fractionating column and the middle fractions were 
used.

Nitrogen was purified by passage through a metal ketyl 
solution5 and then through several cold traps, including one 
containing silica gel.

Sodium was cut from a large block and was refluxed under 
vacuum for about 10 hours at 500° to drive off volatile im
purities and was handled under dry nitrogen.

(1) Presented before the Physical and Inorganic Division of the 
American Chemical Society at Los Angeles, March, 1953.

(2) Abstracted in part from a thesis submitted by John F. Reed 
in partial fulfillment of the requirements for the degree of Doctor of 
Philosophy at the University of Washington, 1953.

(3) J. F. Reed and B. S. Rabinovitch, T h is  J o u r n a l , 59, 2G1 
(1955).

(4) B. S. Rabinovitch and J. F. Reed, J. Chem. Phys., 22, 2092 
(1954).

(5) L. F. Fieser, “ Experiments in Organic Chemistry,”  D. C. Heath
and Co., New York 2nd Ed., 1941, p. 396.

A pparatus.— A flow system modeled after those of Po- 
lanyi6 and of Heller7 was employed. The reaction vessel, 
a Pyrex tube 6 cm. in diameter with plane windows, was 
heated by a furnace provided with plane windows for ob
servation of the flame. Nitrogen carrier gas streamed over 
sodium at 529°K. in the carburetor, and through a nozzle 
of radius 1.00 mm. into the reaction zone. The flow rate of 
nitrogen, which was maintained by a three stage mercury 
vapor pump, was determined from the pressure fall across 
a capillary, measured by means of a double McLeod gage. 
Halide was fed to the reaction zone through a calibrated 
capillary tube. The reaction zone was illuminated with a 
sodium lamp monitored and controlled at constant irradia
tion intensity. Volatile products were collected in cold 
traps, and salts were collected on a plate under the flame. 
Reaction system pressure was measured by a McLeod gage. 
Temperatures were measured with calibrated thermocouples. 
The inside of the reactor was blackened by a soot deposit 
to provide a uniform dark background for flame observa
tions.

P roced u re .—Temperatures, nitrogen pressure in the sys
tem and carrier gas flow rate were brought to constant con
ditions before the halide was introduced. The fluorescence 
zone was reduced to the steady-state size in a few minutes. 
The flame radius was measured by sighting at right angles 
to the flow axis along a thin steel plate mounted on a lucite 
travelling arm of a steel rule. The lucite allowed observa
tion of the entire flame or, when covered, only the flame edge 
so that the intense flame center could be obscured. Several 
readings of flame size together with relevant pressure and 
temperature readings were made and constituted the meas
urements of a single run. After these measurements, halide 
flow was closed off and new conditions were established.

There was no chemiluminescence under dark conditions. 
Products were isolated in runs of several hours duration.

Sod iu m  P ressu re .—The sodium pressure in the carburetor 
was obtained from the data of Gordon.8 The limiting visible 
pressure, pi, was determined by raising the temperature of 
the carburetor and reaction zone (the latter always 20° 
higher than the former), and noting the temperatures when 
sodium fluorescence was first visible both within and just 
outside the nozzle tube, while nitrogen was circulated at 
rates and pressures comparable with a run. The appro
priate value to be taken is discussed below.

H alide P ressu re .—The halide partial pressure was cal
culated from the nitrogen and halide flow rates and the total 
reaction pressure.

D iffu sion  C oefficient o f S od iu m .— The ternary diffusion 
coefficient of sodium into the mixture of halide and nitrogen

(6) H. V. Hartel and M. Polanyi, Z. physik. Chem., B l l ,  97 (1930)
(7) W. Heller, Trans. Faraday Soc., 33, 1556 (1937).
(8) A. R. Gordon, J . Chem. Phys., 4, 100 (1936).
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was calculated using Wilke’s equation,9 in which the binary 
diffusion coefficients of sodium into nitrogen and into halide 
are required along with the mole fractions of the gases. 
The binary coefficient in nitrogen is in the literature,10-11 
but that of the halide was calculated from kinetic theory12 
using molecular diameters of halides calculated from vis
cosity data.13

Analysis o f P rod u cts .— Products could be grouped as 
volatile and non-volatile. The former included products 
of reactions of the radicals, the latter included halide salts 
and carbon.

Volatile products were analyzed using a Consolidated 
Model 21-103 mass spectrometer. The mass spectra of the 
original reactants, of the total products, and, to assist in 
identification, of high and low boiling fractions of the prod
ucts were obtained.

The halide salts were sodium chloride and sodium fluoride. 
Samples from various portions of the collection plate were 
analyzed for the chloride to fluoride ratio. The chloride 
was determined by a semi-micro Mohr method and the fluor
ide by a spectrophotometric method.14 Both methods were 
calibrated against samples of known composition.

Results
Volatile Reaction Products.—Although not all 

the mass spectral patterns of the products were 
known, a sufficient number of those of the simpler 
compounds were available from the API tables 
to enable deduction of the nature of the products, 
but not always of their relative amounts. The 
principal results are listed in Table I. Only trace 
quantities of higher molecular weight compounds 
were found.

The product of the reaction of CFH2C1 was 
C2FH3 and no C2F2H4 was detected. The latter 
would arise from radical recombination of CFH2 
after Cl abstraction by sodium. However, it has 
been pointed out that this ethane is very unstable 
toward HF elimination which occurs even at 0°.16 
Likewise in the products of the reaction of CF2HC1, 
both C2F4H2 and C2F3H were detected, the latter 
presumably also arising by HF split from the some
what more stable tetrafluoroethane.

T a b l e  I
V o l a t il e  R e a c t io n  P rodu cts  

Products
CP3C1 C2F6and C2F4( 1.00:0.74); C4F8 (trace)
CFjHCl C2F4H2, C2F2H2 and CoF„H
CFH2C1 C2FH3j C2H4 (small)

The products of the reaction of sodium with 
methyl chloride were not analyzed.

Non-volatile Reaction Products.— In general the 
molar ratio of fluoride to chloride salt found de
creased slightly with increasing distance from the 
nozzle. Significant amounts of a dark carbon 
deposit were evident only with CF3C1. Average 
values over the entire reaction zone of the molar 
ratios, for the various reactants studied, are given

(9) C. R. Wilke, Chem. Eng. Prog., 46, 95 (1950).
(10) H. V. Hartel, M. Polanyi and N. Meer, Z . physik. Chem., B19, 

139 (1932).
(11) R. J. Cvetanovic and D. J. LeRoy, J. Chem. Phys., 20, 343

(1953).
(12) E. H. Kennard, “ Kinetic Theory of Gases," McGraw-Hill 

Book Co., Inc., New York, N. Y., 1938, p. 194.
(13) John F. Reed, Thesis, University of Washington, 1953, avail

able on microfilm from University Microfilms, Ann Arbor, Michigan.
(14) D. Morrier, R. Vaucher and P. Wagner, Helv. Chim. Acta, 31, 

929 (1948).
(15) A. L. Henne and T. Midgley, J, Am. Chem. Soc., 58, 882 

(1936).

in Table II. The ratio at any point on the collec
tion plate fell within 10% of the average.

T a b l e  II
A v e r a g e  N a F / N a C I  D e p o s i t  R a t i o s , c 

Reactant 0F,C1 CFzHCl CFHiCl

c 0.75 0.20 0.05

Calculation of Specific Rate Constants.— Four 
methods of calculating the specific rate constant 
were used. The first three models have been dis
cussed previously3 and only their definition and 
calculation are described here. The fourth model 
is introduced below.

k{0).— This is the conventional Polanyi diffusion 
model rate constant, which employs the boundary 
condition that the pressure of sodium at the nozzle 
is the carburetor pressure, p*.

fc<°> = y y . (i)
(R  -  r0) V

where the observables on the right-hand side have 
their customary meaning.

ka).— When the nozzle boundary condition is' 
modified by setting the flow rate of sodium into 
the system equal to the total amount of reaction 
per second, kll) is obtained.

km = [In ypr̂ -p*/ ±DpiR{l +  CVo)]2.D ,2>
(R  -  r0) V

where v0 is the linear streaming velocity of the gas 
in the nozzle and C2 =  k^p'/D. Since k(1) oc
curs in C, it was evaluated by successive approxi
mation.

fc(2>.— This constant utilizes the same boundary 
condition as k(1) but with a different model. An 
average streaming velocity is inserted into the equa
tion of continuity and the solution contains a fac
tor exponential in the coordinate along the stream
ing axis, with a resultant asymmetric flame shape 
dependent on the streaming velocity.

km = \ p ° (W p ifl)  +  aZT  _  A  & (3)

where Z is the displacement of the flame center 
along the flow axis, a — v/2D, R2 = P 2 +  Z2 and 
ttq =  r0Vop*/[4:D(l +  /3ro +  a2r02/ 2)]; P is the flame 
height; /P = a2 +  ¥ xp'/D: v is the average 
streaming velocity, obtained by averaging an as
sumed velocity distribution (initially Vo and de
creasing as an inverse square function of the dis
tance from the flow axis), weighted by the sodium 
pressure over the flame. Typical values of v were 
of the order of 0. lvo, while Z was of the order of 0.2 
to 1.0 cm. Since /3 contains fc(2), the latter was ob
tained by successive approximation.

/c<3).—This constant was evaluated with the same 
lower boundary condition as for ka), but utilizes a 
newly applied boundary condition at the flame 
edge. Observation of the limiting visible fluores
cence pressure of sodium at the flame edge actually 
represents integration of the intensity over the 
line of sight by the eye. The edge of the flame is 
characterized by a value of the integral of the so
dium concentration over the line of sight, S, 
normal to the radius at the flame edge. The value 
of this limiting quantity of sodium was determined 
by observing the first appearance of sodium fluores-
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T a b l e  III

Spe c ific  R a t e  C on stan ts  fo b  R eactio n  w it h  So d iu m “

Compound CH3CI CFHsCl CFaHCl CF3CI OF3CI
No. of runs 14 11 11 11 6

T, °K. 

Over-all rate

586

constants

586 586 586 525

fc(o) 1 .49(0.08) 1 .13(0.17) 1.24(0 .14) 3.82(0 .29) 1.01 (0.17)
7c(l) 0 .5 5 ( .05) 0 .4 4 ( .06) 0 .5 2 ( .06) 1 .85( .08) 0.17 ( .02)
U 2> 0.50 ( .04) 0 .4 1 ( .06) 0 .4 9 ( .05) 1 .70( .07) 0 .1 4 ( .02)
k<s) 1.26 ( .05) 

Primary step rate constants

0 .9 8 ( . 1 1 ) 1 .19( .08) 3 .46( .15) 0 .9 7 ( .08)

nj a 1.49(0 .08) 1.08(0 .16) 1.03(0 .11) 2 .18(0 .17 )
b  (l) ma 0 .5 5 ( .05) 0 .4 2 ( .06) 0 .4 3 ( .05) 1 .06( .04)
fca(2) 0 .5 0 ( .04) 0 .3 9 ( .06) 0 .4 1 ( .04) 0 .9 7 ( .04)
k ^ 1 .26( .05) 0.93 ( .10) 0 .9 9 ( .07) 1 .98( .09)

Units are 1011 cm.3/mole sec.; standard deviation of average in parentheses.

cence, under the same irradiation intensity used in 
rate studies, both within and outside the nozzle 
tube. Within the tube, the concentration is con
stant along the line of sight bounded by the tube 
walls. Outsice the tube, the sodium concentra
tion varies in space and this variation was cal
culated on the basis of a radial diffusion and stream
ing model, the latter contribution being negligible. 
The results for a number of measurements within 
and outside the tube showed good agreement and 
the value of 4.7 X  10-u  mole/cm.2 was used in 
rate calculations. The corresponding values of pi 
were 3.2 to 6.5 X  10-6 mm., depending on reaction 
vessel age, while the integrated intensity showed 
much less variation. Using this boundary condi
tion, /t(3) was determined from the relation

4.7 X  10-14 = i>o?,o2p*eCVo
L - ds (4)4D(1 +  Cr„)

where C2 =  k^p'/D. A family of plots were 
made of the above integral versus C for various 
values of the parameter, R, the flame radius which, 
with the reaction vessel size, determines S. From 
the appropriate value of the integral to fit equation 
4, C was obtained.

For all halides the correction to the rate constant 
for halide depletion in the flame was found to be 
low, of the order of 2 to 5%, using the diffusion 
model16 treatment of Smith.17 Instead, the Heller8 
correction modified for nozzle size3 was employed, 
in as much as this takes into account the effect of 
streaming on the halide impoverishment in the 
flame.

The results are summarized in Table III. The 
data are too numerous to tabulate.13 The maxi
mum range of experimental variables employed 
in any run is as follows: halide pressure in the 
flame from 0.08 to 0.4 mm.; y0/D from 4.9 to 24 
cm.-1 ; total reaction pressure from 2.5 to 5.5 
mm.; flame radius from 1.49 to 1.86 cm. Typical 
data bearing on a discussion of the experimental 
models is given in Table IV for CF:iCl.

Correction of Rate Constants for Radical Re
activities.— In the past, corrections have not been 
made for the further reaction of halogen-containing

(16) R. J. Cvetanovic and D. J. LeRoy, C a n . J. Chem., 29, 597 
(1951).

(17) F. T. Smith, J. Chem. Phys., 22, 1605 (1954); cf. R. J . Cvetano
vic, Can. J. Chem., 34, 54 (195G).

radical products which also deplete sodium in the 
flame. Since reaction of sodium with these radi
cals is bimolecular (Discussion), the over-all rate 
of depletion of sodium at any point in the flame, 
in the case of CF3C1, is given by

k»PPCF3Cl +  kbPPCF, +  hppcT, +  kdPPCF

If the ratio of formation of sodium chloride to so
dium fluoride in the flame is c, then the rate of dis
appearance of sodium due to all reactions is fca(l +  
c)ppcF3Ci, and the over-all rate constant is equal to 
(1 +  c)fca. It will be recalled that the average 
value of c agreed with the value at any point of the 
flame within 10%. The value of 7ca is obtained by 
dividing the over-all rate constants in Table III by 
(1 +  c) for the particular chloride.

It is to be noted that irrespective of the model 
employed for calculation, the order of reactivity 
among the various halides is the same (the minor 
discrepancy between CFH2C1 and CF2HC1 for the 
Polanyi model actually falls within the limit of ex
perimental error). The reactivity of CFSC1 is 
greater than that of CH3C1, while CFH2C1 and 
CF2HC1 react more slowly.

Activation Energies.— From the specific rate con
stants at 586°K. of the primary step, fca(3), activa
tion energies were computed assuming a unit steric 
factor and a value of <r2 =  3.5 X  10~15 cm.2, and 
are given in Table V. The difference between the 
activation energies recorded here and those re
ported earlier4 is due to the fact that the latter 
values were based on 7ca(1). The approximate ac
tivation energy computed from the temperature 
dependence of the rate of CF3C1 between 525 and 
586°K., assuming the same product distribution at 
both temperatures, was 12.7 kcal./mole.

Discussion
Evaluation of Experimental Models.— It is seen 

from Table III that in all cases fc(0) >  fc(3) >  fc(1) >  
k{2), as expected.3 The values of the first two 
constants are roughly the same as are the last two, 
the first pair being about twice the value of the sec
ond pair.

The specific rate constants, 7c(0) and &(1), are re
lated as

(7c(o))>/2 = (fc(D)'A +  c ;  5 = -  — - X —^  (5)
( i t  —  r  o)
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T able  IV
E xperim ental  D ata for CF3C1 at 586°K

va/D. 
cm. ~1
8.06
8.93

13.8
14.5
14.6 
16.2
16.3
16.9 
17.8
18.4 
24.2

V ,
dynes 
cm. -z
158
129
156
273
143
128
145
336
264
352
245

D, 
cm.2 

sec._1
185
178
108
213
138
176
131
199
193
190
167

Pressure,
mm.
3.01
3.19
5.31 
2.53 
4.11 
3.23 
4.35 
2.76 
2.82 
2.85
3.31

Flame
radius,
cm.
1.51 
1.54 
1.46 
1.49
1.52 
1.86 
1.68 
1.70 
1.57 
1.41 
1.48

id°>

5.20
5.75
3.12

1011 em.3/mole sec.

Compound
CH:¡C1
CFH2C1
c f 2h c i
CFsCl

E,
keal./
mole
9.8

10.1
10.0
9 .2 '

1.786 
1 .76 ''d 
1.73d 
1.75*

eQq
( 2 0 ° K . ) M c . “

68.4 
67.6
70.5
77.6

eQq
(gas)

75.13d
70.46e

78.05'

80
46
62
18
02
14
16

3.60

1.66 
1.99 
1.44 
1.88 
2.20 
1.91 
1.69 
1.65 
1.77 
1.81 
2.43

1.60 
1.89 
1.31 
1.75 
2.00 
1.71 
1.60 
1.46 
1.64 
1.57 
2.14

km

3.49
4.16
3.02
3.33
3.97
3.68
3.10
2.99
3.06
2.94
3.91

T able  V

A ctivation E nergies of P rimary  R eactions and Some 
P hysical P arameters for F luorometiiyl C hloriees

° W. Gordy, J. W . Simmons and A. G. Smith, Phys. Rev., 
74, 243 (1948). b L. S. Bartell and L. O. Brockway, J. 
Chem. Phys., 23, 1860 (1955). c N. Muller, J. Am. Chem.. 
Soc., 75, 860 (1953). J L. O. Brockway, T h i s  Jo u r n a l , 
41, 747 (1937). 'D .  K . Coles and R. H. Hughes, Phys.
Rev., 76, 858 (1949). / J. W . Hodgins and R . L. Haines, 
Can. J. Chem., 30, 473 (1952), report 6.2 keal.

where 8 arises only from the difference in lower 
boundary conditions. The experimental range of 8 
was greatest (fourfold) for CF3C1 at 586°K, and a 
plot of (/c(0>) 1/! versus 8 is shown for CF3C1 in Fig. 1. 
If k(m is a physically correct quantity, then it 
should show only random variation with 8, but if 
7e(1) is more precise, the points should cluster about a 
line of slope one. It can be seen that the data fit 
the variation expected on the basis of the model as
sociated with fc(1). The slope of the least squares 
line calculated from the data for each of the halides 
is 0.9 for CFsCl, 0.8 for CF2HC1, 1.4 for CFIRCl 
and 0.3 for CH3C1. Although the calculated slopes 
vary somewhat due to experimental error, the con
clusion may be drawn that there is a positive slope 
in all cases which is of the order of magnitude pre
dicted from the boundary condition of fc(1>. The 
smaller standard deviation of the average of fca) as 
opposed to that of fc(0) further emphasizes the bet
ter fit of the data to 7c(1>.

The improvement in the standard deviation of 
fc(2) over that of fc(1) is small enough so that it is 
felt that the introduction of an average streaming 
velocity into the equation of continuity has not 
materially altered the results, even though the 
model more adequately describes the flame con
tour and does provide some improvement. This is 
expected since the asymmetry of the flame was not 
pronounced, the ratio of the flame height to center 
displacement from the nozzle being of the order of 
2 to 5 in all cases. It may be concluded that within 
this range of flame asymmetry, there is little need 
for a velocity model. The effect on halide distri
bution is, of course, an associated problem.

sec)1 ) '/28 (cmr dyne'
Fig. 1.— Relation between k(°PA and S; solid line is 

theoretical fit with slope unity, broken line is least squares 
fit, for reaction of CF3CI.

Adoption of tne new upper boundary condition 
yields improved precision in the rate constant, k(s>, 
and also readjusts the magnitude of the rate con
stant to a greater value. The fortuitous approach 
toward the value of fc(0) stems from the partially 
compensating errors in both boundary conditions 
of the model for the latter quantity. The exact ex
tent of the variation of k(0) from k{3) will depend on 
experimental conditions.

The values of fc(8) are not only the most precise, 
but are here considered to be conceptually the most 
nearly correct derived from the models examined. 
The earlier comparison of k{0) and k(1> above is still 
valid, however, since it may be shown that use of 
the incorrect upper boundary condition in both 
models tends to be mutually compensating.

Range of v0/D.—-The range of v„/D employed 
extends beyond that recommended by Heller.7
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Justification for extending the lower limit has been 
discussed previously and a correction for the sodium 
depletion, d, due to back diffusion of halide, 
derived3

e =  ____________ 2kpo'/D'____________  f6)
(Bo/ D T U  +  (1 +  ± kv*D '/v< ?yh) w

where po is the pressure of halide at the nozzle and 
D' is the diffusion coefficient of halide into the gas 
mixture. Calculations of 6 at the lowest Vo/D val
ues employed were made for the various halides and 
found to be negligible, e.g., for CH3C1 at Vq/D =
4.9 cm.“ 1, the lowest value used, the sodium de
pletion was less than 1%. From the data for CF3- 
C1 at 525 °K., it is estimated that a value of v0/D of 
less than 2.0 cm.-1 would result in sodium depletion 
of only 2% ; the depletion is significantly greater 
at lower values of v0/D but, in such cases, a correc
tion may be made readily from the calculated de
pletion, d.

Heller’s upper limit of ViJD =  12 cm.-1 was ex
ceeded in this work; however, the rate constants of 
the improved models suffered no pronounced drift 
to lower values (Table IV). The smaller size of the 
nozzle employed here, relative to that used by Heller, 
extends the allowed v0/D range without onset of 
turbulence.

Warhurst,18 working with a nozzle of unspecified 
size, found no drift in the rate constants for bromo- 
benzene when values of v0/D up to 19 were used in 
the modified life period method, the calculations of 
which are more akin to those of k(3) than of km. It is 
concluded that Heller’s upper limit may be ex
ceeded under suitable circumstances.

Mechanism of the Over-all Reaction.— It is 
clear from previous work19 that the reaction of 
sodium atoms with an alkyl halide involves re
moval of the halide atom leaving a free alkyl 
radical. In the present study, some radicals 
produced contained fluorine atoms capable of 
further reaction with sodium, as evidenced by 
NaF found in the products. From a consideration 
of the reaction with CF3C1, a general mechanism 
may be deduced for all the compounds studied.

Primary Reaction.—
Na +  CFaCl — >  NaCl +  CF3 (a)

This reaction is evidenced by the preponderance of 
NaCl in the salts collected (Table II), by the simi
larity in rates and activation energies found for 
CF3C1 and CH3C1 (abstraction of F by Na from a 
fluorinated methane has an appreciably higher ac
tivation energy than 10 kcal.19), and is physically 
reasonable since the C-Cl bond is the weakest. In 
addition, no chlorofluoroethane dimer products (see 
below) were detected, but only C2F6.

Secondary Reactions.—The secondary reactions 
involve the subsequent reactions of CF3 radicals 
and secondary products and the further reactions 
of sodium. These reactions are

Na +  CF, — ->  NaF +  CF2 (b)
Na +  CF2 — NaF +  CF (c)
Na +  CF — ->  NaF +  C (d)

2CFS —h-  C2F6 (e)
2CF2 — c 2f 4 (f)

(18) E. Warhurst, Trans. Faraday Soc., 35, 674 (1939).
(19) E. Warhurst, Quart. Revs., 5, 44 (1951).

Reactions (b), (c) and (d) are evidenced by the 
NaF and carbon found in the products. The forma
tion of CF2 by reaction (b) leads by recombination 
(f) to C2F4, found in the products in significant 
amount. Any reactions of CF other than (d) were 
not detected or recognized.

It is now well known that recombination of CF3 
radicals (e) occurs at these pressures without any 
concomitant disproportionation.20

Abstraction of F by CF3 is not favored under 
these conditions.21 Also, pertinent to reactions of 
the less fluorinated chloride, hydrogen abstraction by 
fluorinated radicals is not expected, as known spe
cific rates of hydrogen abstraction by both methyl 
and trifluoromethyl radicals22 are much slower than 
processes occurring in the flames studied here.

This mechanism adequately accounts for all the 
products of the reaction. Trace amounts of higher 
compounds, such as CiFg in the reaction of CF3C1, 
could arise from polymerization of unsaturated 
products. The extent of each of the reactions in 
the above scheme, x,, was calculated on the basis of 
one mole of sodium consumed and is given in Table 
VI. For the reaction of CF2HC1 with sodium, 
since the extent of fluorine abstraction compared 
to chlorine abstraction is low (0.20), and since the 
ratio of reactions (c) to (b) are low for CF3C1, it was 
arbitrarily assumed that the extent of reaction (c), 
stripping of the last fluorine of the radical by so
dium, may be taken to be zero; sufficient informa
tion was not available to determine the ratio of re
action (c) to (b). Thus the entry in Table VI for 
this reaction implies an assumed value. A dash in 
the table indicates that, no reaction exists.

T a b l e  V I
E x t e n t  o f  R e a c t io n , M oles  o f  P r o d u c t / M o le  of 

So d iu m  C onsum ed
Reaction .Ta #b x 0 3d x e  x f

CF*C1 0.57 0.28 0.072 0.072 0.14 0.11
CFJHCl .83 .17 (0) . . .  .33 .085
CFH2C1 95 .048 .............................45 .024

Specific Rate Constants of Secondary Reactions.
— Consider first the case of CF3C1. The specific 
rate constant of the reaction of sodium with CF3 
may be written

A'b =  x bbo^ J 'ppcf, 4irr2dr (7)

Since all the quantities in equation 7 are known ex
cept pcF3, the evaluation of kb rests on the approxi
mation necessary to specify the nature of the vari
ation of pcF3 in the flame, and its magnitude. Two 
such approximations will now be discussed.

The first approximation is based on the observa
tion that the F “ /C1“  ratio in the salts was relatively 
constant throughout the flame. Since NaF is pro
duced mainly b_y reaction of Na with CF3, the rates 
of reactions (a) and (b) are assumed to be in con-

(20) J. R . Dacey, Disc. Faraday Soc., 14, 84 (1953); P . B. Ays- 
cough and II. J. Emeleus, J. Chem. Soc., 3381 (1954); G. O. Pritchard, 
H. O. Pritchard and A, F. Trotman-Dickenson, Chemistry and Indus
try, 564 (1955); J. R. Dacey and D . M. Young, J. Chem. Phys., 23, 
1302 (1955).

(21) R. A. Siegerand J. G. Calvert, J. Am. Chem. Soc., 76, 5197
(1954).

(22) P. B. Ayscough and E. W . R. Steacie, Can. J. Chem., 34, 103 
(1956).
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stant ratio. To this approximation, p c f s  may be 
taken constant throughout the flame at an average 
value, p c f s , whose magnitude may be obtained from 
the extent of the recombination reaction (e)

x eb0 =  k g J ' p 2CF3 4ttr2 dr  (8 )

The value of ke has been reported recently.23 All 
other quantities in equation 8 are known. The re
sult obtained at 586°K. is /cb =  2 X 1014 cm.3/mole 
sec., which should be divided by a factor of 3 for 
reaction per C-F bond. On assuming a unit steric 
factor and using a collision number of 5 X  1014 
cm.3/mole sec., common to sodium atom reactions, 
an activation energy, 2?b, of 2.4 kcal./mole is ob
tained.

A second approximation, which embraces the 
first, leads to a less definite but more rigorous result 
by use of the Schwarz inequality.24 Application to 
the functions involved, p and pcF3, integrated over 
the flame yields

f p 2cf3 r 2 A r - f p 2 r2 dr >  { f p p c v 3 r 2 d r) 2 (9)

By inserting the experimental value of the integral 
given in equation 8, and evaluating the known so
dium pressure function, it is found that kb >- 7 
X 1013 cm.3/mole sec. Treatment of this quantity 
as before yields an upper limit to the activation 
energy of 3.5 kcal./mole.

By application of the Schwarz inequality in a 
similar manner to the other radical reactions with 
sodium, estimates of the lower limits of the rate 
constants per C-F bond may be obtained. The re
sults are given in Table VII in terms of the radical 
recombination rate constant. This latter quantity 
is known only for CF3. A good assumption is that 
all the recombination constants of the fluorine sub
stituted methyl radicals are approximately 2 X 
1013 cm.3/mole sec., in line with the values for CF3 
and CH3.23'25 It must be concluded that these 
radical reactions with sodium occur with small ac
tivation energy. Furthermore, it appears that 
CF3 is more reactive than CF2H or CFH2 per C-F 
bond.

T a b l e  V I I

L o w e r  L im it s  o f  S p e c if ic  R a t e  C o n s t a n t s  p e r  C - F  
B o n d  in  c m .3/ m o l e  s e c . f o r  R a d ic a l  R e a c t io n  w it i -i 

S o d iu m  (586°K.)
Radi

cal CF3 CF2H CFH2 CF2
kb (2.5 X (7 X (1.8 X (5 X

1013/fe)1/2 10nfce)‘A 1012/ce)'A 10,2/b)‘A

Activation Energies and D(C-C1).—The dif
ferences in observed activation energies for the 
primary reactions of sodium atoms can be related 
to differences in bond dissociation energies of the 
C-Cl bond in these molecules. Consideration of 
the factors affecting an estimate of these differ
ences is made most easily on the basis of the model

(23) P. B. Ayscough, J. Chem. Phys., 24, 944 (1956).
(24) H. Margenau and G. M. Murphy, “ The Mathematics of 

Physics and Chemistry,”  D. Van Nostrand Co., Inc., New York,
N. Y ., 1943, p. 130.

(25) A. Shepp, J. Chem. P h y s . ,  24, 939 (1956); E. W. R. Steacie, 
“ Atomic and Free Radical Reactions,”  Vol. II, 2nd Ed., Reinhold 
Publ. Corp., New York, N. Y., 1954.

suggested by previous workers.26 Ogg and Pol- 
anyi26a pointed out there should be parallel changes 
in the activation energy and bond dissociation en
ergy of the bond reacting with sodium, namely, 
AE =  a AD (a' <  1). This relation is valid when 
the differences i:r bond dissociation energy arise 
mainly from differences in radical stabilities and 
when the ionic repulsion curves of R and X - Na+ 
are of the same shape. If this relation is applied to 
the compounds studied in this work with a! set at 
its conventional value27 of 0.28, the following result 
is obtained: the C-Cl bond in CF3C1 is weaker by 2 
kcal./mole than that in CH3C1 (D(CH3-C1) =  
81.228), and the bonds in CF2HC1 and CFH2C1 are 
stronger by 0.6 and 1.0 kcal./mole, respectively. 
The relative magnitude of these experimental ac
tivation energies and bond dissociation energies 
correlate very reasonably with the variation of C - 
C1 bond distances in this series (Table V).

Actually, a number of complicating factors enter 
in the application of the simple relation between 
AE  and AD to the compounds studied in this work, 
and estimation of their magnitude and direction 
has been made by construction of the appropriate 
potential energy curves on the basis of the Polanyi- 
Evans model.26 First, the polarizability, a, of the 
various methyl radicals are not the same but in
crease with increasing fluorine substitution. This 
effect is greatest for CF3 relative to CHS. There is 
no reliable value of a for CF3, but it is calculated 
that this factor would decrease the activation en
ergy for CF3C1 by an amount of roughly 1.4 kcal/ 
mole from that for CII3C1.

A second complicating factor is the fact that the 
equilibrium intemuclear C-Cl bond distances of 
these compounds differ. This causes a shift of the 
initial and final srate energy curves on a cut along 
the C-Cl bond distance axis through the transition 
state of the potential energy surface representing 
the reaction. A decrease in the C-Cl equilibrium 
intemuclear separation results in an increase in ac
tivation energy, for this factor alone. This effect 
would raise the activation energy for CF2HC1 by 2 
kcal./mole over that of CH3C1, and by 1.2 kcal./ 
mole for CF3C1.

A third and smaller effect is the decrease in the 
observed activation energy resulting from resonance 
in the transition state, which increases with the 
number of fluorine atoms in the molecule. The 
magnitude of this factor was roughly estimated from 
the treatment which has been given by Warhurst,19 
in conjunction with some cf our preliminary results 
on the reaction o: sodium with CF3Br and CH3Br, 
the bond dissociation energies of which are known29 
to differ by only 3 kcal. The greatest decrease in 
activation energy to be expected is for CF3C1 and 
here this effect was estimated at 0.5 kcal./mole.

(26) (a) R. A. Ogg and M. Polanyi, Trans. F a ra d a y  Soc., 31, 1375
(1935); (b) M. G. Evans and E. Warhurst, ibid., 35, 593 (1639);
(c) however, compare also R. P. Smith and H. Eyring, J. Am. Chem. 
Soc., 74, 229 (1952); R. P. Smith, Am. Chem. Soc. Meeting, Buffalo, 
1952.

(27) E. T. Butler and M. Polanyi, Trans. Faraday Soc., 39, 19 
(1943); A. G. Evans and H. Walker, ibid., 40, 384 (1944).

(28) C. F. Mortimer, H. O. Pritchard and A. Ii. Skinner, ibid., 48, 
220 (1952).

(29) A. H. Sehon and M. Szwarc Proc. Roy. Soc. (London), A209 
110 (1951).
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These various factors operate as a whole in the 
direction of cancellation, and together with the 
small spread in experimental E  values leads to the 
conclusion that there is little variation of .D(C-Cl) 
in the series studied, and that based on Z)(CH3-C1) 
=  81.2 kcal./mole, a reasonable estimate is Z>(CF3-  
Cl) =  80-81 kcal./mole, while Z>(CF2H-C1) and 
D(CFH2-C1) =  81-82 kcal./mole.

Our data are too sparse to justify any detailed 
attempt to correlate the bond dissociation energies 
measured here with the various factors and theories 
relating to valence binding. It may be remarked 
that in addition to the qualitative agreement of the 
observed activation energies, and probable rela
tive order of the dissociation energies, with the 
variation of the parameter rc -c i in this series, a 
similar correspondence may be found with the quad- 
rupole coupling constant for Cl34 35 in these molecules 
(Table V), of which the relative gas phase values 
are the more unequivocal. The explanation of this 
relation may involve the decreasing importance of

H
I

structures such as F _ C=C1+ with increasing
I

H
fluorine substitution. The variation of eqQ is such, 
in any case, as to show that inductive factors alone 
do not determine its magnitude (see reference 26c). 
However, the nature of this binding, particularly in 
mixed polyhalogenated methanes, is notoriously 
complex.

It is possible to give a qualitatively consistent ex
planation of the relative magnitudes of carbon- 
halogen bond dissociation energies of mixed poly
halogenated methanes, based on a competition be
tween two competing factors along the lines first 
pointed out by Scanlan and Warhurst30: namely, 
that the greater is n, in a molecule of the type, 
CH4_ mX m, the greater the ionic resonance energy 
and stabilization, the effect of which is also to re
duce the M -X  bond length; on the other hand, in
creasing substitution of H by X  or another atom, 
Y, increases the non-bonded repulsion between the 
X  atom and the other substituents of the central C 
atom, the more so, the larger the van der Waals 
radius of Y .31 Such an explanation has been ap
plied by Szwarc to the analogous bromides.29

Some Derived Thermochemical Quantities for 
Fluorocarbons.— In an earlier note4 we gave the 
following thermochemical quantities, AHf(CF3) = ' 
-120.5, D (GFr-F) =  116.5 and D(CF3-C F S) = 
62, all in kcal./mole at 25°. From Z)(CF3-C1) 
taken from this study as 80.5 kcal./mole, the above 
quantities, when recalculated on the same basis as 
before, become —119.5, 117.5 and 64 kcal./mole, 
respectively. Although some question has been 
raised recently32 regarding the possible inexactitude 
of D(F2) =  38 kcal./mole, this value has been re
tained in the. above calculations. Very recently, 
Lossing, et ai.,3a from electron impact studies have

(30) J. Scanlan and E. Warhurst, Trans. Faraday Soc., 45, 1000 
(1949).

(31) D. F. Heath and J. W. Linnett, J. Chem. Phys., 18, 147 (1950).
(32) K. L. Wray and D. F. Hornig, ibid., 24, 1271 (1956).
(33) J. B. Farmer, I. H. S. Henderson, F. P. Lossing and D. G. H. 

Marsden, ibid., 24, 348 (1956).

reported A/7f(CF3) =  -1 1 7  kcal./mole, whil 
Pritchard, et al.,3i have estimated this quantity a
— 119 kcal./mole, both quantities being in satis 
factory agreement with our values. Correspond 
ence for Z>(CF3-F ) and Z)(CF3-C F 3) follows also.

Some limits may also be set for other related 
quantities. From the activation energy for the 
reaction of sodium with CF3, which has a maximum 
value of 3.5 kcal./mole, a limit on the heat of forma
tion of CF2 may be obtained. Using the value of 
AFf(CF3) =  -119.5  kcal., Afff(Na) =  26.0 
kcal.,36 and AHf(NaF) =  -7 2  kcal.36 values of 
Ai7f(CF2) ^ —18 kcal./mole and Z)(F2C-F) ^
120.5 kcal./mole are obtained. There is an indica
tion that the second bond in CF4 is weaker than 
the first, since the data of sodium atom-alkyl halide 
reactions, in general, show that a reaction charac
terized by a low activation energy of <3.5 kcal. is 
not endothermic, i.e., Z)(CF2-F ) Z)(NaF) =  117 
kcal./mole, and AHi(CF2) —21.5 kcal./mole. 
Similar limits may be set for D (CF-F), D(H2C-F) 
and D(HFC-F). The above values, when coupled 
with L{C) =  170 kcal., give D (C-F) ^ 112 kcal./ 
mole. (c/. reference 42).

Recently, heats of formation of C2F4 have been 
determined. The values for C2F4 are —151,
— 152 and —162 kcal./mole.36-37 Using AHf(CF2) 
obtained above, the double bond strength in C2F4 
is calculated to be <108-119 kcal./mole in agree
ment with the 112 kcal./mole limit deduced by 
Atkinson from kinetic studies.38

From the value Ai?f(CF2CH2) =  —77.5 kcal./
T a b l e  VIII

B ond  D isso c ia tio n  E n e b g ie s  ( k c a l . / m o l e ) o f  F an d  H  
A n alogs

X  =  H X  = F
D (C X 3-H ) 102.5“ 10333

102“
D( CXa-F) 107“ 118“

10839 12 133
143“

D (C X i-C l) 8128 80.5“
D (C X j-B r) 67s9 64“
D (C X j-I) 55“ 4 9 »2

5733

D (C X 3-C X 3) 85“ 64“
6933 41
6534

This work. 11542 43

(34) G. 0 . Pritchard, H. O. Pritchard, H. I. Schiff and A. F. Trot- 
man^Dickenson, Chemistry and Industry, 896 (1955).

(35) Rossini, et al., “ Selected Values of Chemical Thermodynamic 
Properties," Circular 500 of the N. B. S., Washington, D. C., 1952.

(36) H. V. Wartenberg, Z . anorg. Chem., 278, 326 (1955); H. C. 
Duus, Ind. Eng. Chem., 47, 1445 (1955).

(37) C. A. Neugebauer and J. L. Margrave, T h is  J o u r n a l , 60, 
1318 (1956).

(38) B. Atkinson, J. Chem. Soc., 2684 (1952).
(39) V. H. Dibeler and R. M. Reese, J. Research Natl. Bur. Stand

ards, 54, 127 (1955).
(40) G. O. Pritchard, H. O. Pritchard, H. I. Schiff and A. F. Trot- 

man-Dickenson, Trans. Faraday Soc., 52, 849 (1956).
(41) F. P. Lossing, K. U. Ingold and I. H. S. Henderson, J. Chem. 

Phys., 22, 1489 (1954).
(42) V. H. Dibeler, R. M. Reese and F. L. Möhler, J. Research 

Natl. Bur. Standards, 59, 113 (1956).
(43) A. 8. Carson, J. Hartley and H. A. Skinner, Proc. Roy. Soc. 

(London), A195, 500 (1959).
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mole,37 and reasonable limits on both A77f(CH2) 
and Ai7f(CF2) as currently known, it appears that 
the double bond in CF2CH2 is stronger than that in 
C2F4.

One further point is worth mentioning. For some 
time, the presence of three fluorine atoms on a 
carbon atom has been generally thought to confer

extra stability on the fourth bond. There is an ap
preciable amount of experimental evidence that 
this notion has no general validity (Table VIII).
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The decrease in the scattered intensity of actomyosin solution caused by pyrophosphate was measured quantitatively 
in the presence of Mg + + and Ca + +, over a wide range of concentration of pyrophosphate and these cations. From the 
analyses of the results, it was concluded that there are two kinds of sites for the binding of pyrophosphate with actomyosin, 
one is for the direct binding of pyrophosphate with protein and the other is for the mediated binding by the cation absorbed 
on the protein. On the basis of the analyses a mechanism of the overoptimal inhibition of actomyosin-ATPase was pro
posed.

Since Szent-Gyorgyi2 showed that various physi
cal changes can be evoked in actomyosin as a re
sult of the interaction with ATP, this reaction has 
been studied by many investigators. It has thus 
been established that this phenomenon is the 
fundamental mechanism of muscular contrac
tion.2'-4 But the mechanism of this reaction is 
much complicated, mainly owing to the breakdown 
of ATP by actomyosin-ATPase.5’6 PP evokes the 
same physical change in actomyosin solution as 
ATP, but it is not decomposed by actomyosin. 
Therefore, it appears likely that the mechanism of 
the reaction of PP will be elucidated more readily 
than that of ATP.

The drop of the viscosity of actomyosin solution 
by the addition of PP was qualitatively studied by 
Mommaerts.7 Recently, Matsumiya, et al.,s have 
observed that the reduced viscosity caused by PP 
recovered to the original value when the added PP 
was decomposed by the subsequent addition of 
yeast pyrophosphatase, thus showing that the 
aetomyosin-PP system is a reversible one. A 
quantitative study on the actomyosin-PP system 
already has been performed by Tonomura, et al.,9 
but it was under limited experimental conditions. 
In this report, the effect of PP on the turbidity of 
actomyosin in 0.6 M  KC1 solution was described 
in various ionic media, and the results were an
alyzed in greater detail, in the expectation that

(1) The abbreviations ATP for adenosine triphosphate and PP for 
inorganic pyrophosphate will be used.

(2) A. Szent-Gyorgyi, “ Chemistry of Muscular Contraction,”  1st 
ed., Academic Press, New York, N. Y., 1947.

(3) A. Szent-Gyorgyi, “ Chemistry of Muscular Contraction,”  2nd 
ed., Academic Press, New York, N. Y., 1951.

(4) H. H. Weber and H. Portzehl, Prog. Biophys. Phys. Biochem., 
4, 60 (1954).

(5) Y. Tonomura, J. Research Inst, for Catalysis (Ilokkaido Univ.), 
4, 87 (1956).

(6) J. J. Blum, Arch. Biochem. Biophys., 55, 486 (1955).
(7) W. F. H. M . Mommaerts, J. Gen. Physiol., 31, 361 (1948).
(8) H. Matsumiya, F. Morita, S. Kitagawa, K. Yagi and Y. Tono- 

mura, J. Biochem. {Japan), in press.
(9) Y. Tonomura, S. Watanabe and K. Yagi, ibid., 40, 27 (1953).

these analyses might throw some light on the 
nature of action of polyphosphates on actomyosin. 

Experimental
Materials.— Myosin B (natural actomyosin) was pre

pared from fresh skeletal muscle of rabbit as described in an 
earlier paper.9 Pyrophosphate was recrystallized twice 
from a commercial product. Other materials used were 
commercial samples.

Procedures.— Relative intensity of the light scattered at 
90° by myosin B solution was measured by means of an 
apparatus described in an earlier paper.8 The protein solu
tion, containing 0.22-0.28 mg. protein/ml., 0.01 mole of 
tris-(hydroxymethyb-aminomethane-maleate, 0.6 mole of 
KC1 and a measured amount of a divalent cation, was fil
tered three times through a filter paper. Ten ml. of this 
protein solution was carefully pipetted into a cell and the 
intensity of the scattered light was controlled by an iris stop 
and a slit so that the reading cf the ^-ammeter became 95 
pa. Two-tenths ml. of PP was added into myosin B solu
tion, with gentle stirring of the solution. About 10 minutes 
after the addition of PP the reduced intensity reached a con
stant value. This reading was used for computation of the 
grade of the light scattering drop (see below).

Amounts of Mg and Ca contained in myosin B were de
termined by the following procedure. A measured amount 
of the stock solution of myosin B preparation, which con
tained 0.6 mole of KC1 besides some amounts of Mg and 
Ca, was ashed. Quantitative separation of cations con
tained in the ash was effected by chromatographic analysis 
on a column (2.3 cm. diameter, 23 cm. high) of colloidal 
Dowex 50 according to Sutton and Almy.10 The spectro- 
photometric determination of Mg + + and Ca ++, using the 
dye Eriochrome Black T, in the basic solution, was per
formed with a Shimazu photospectrometer.11

The protein was determined by the Ivjeldahl method. 
pH was measured with a Beckman type G pH meter.

Results
Contents of Magnesium and Calcium.—The con

tents of magnesium and calcium contaminated in 
the preparation of myosin B was about 3.5 M  and 
below 1 M  per 105 g. of protein, respectively. As 
the content of magnesium intrinsically bound on 
the protein is about 1 M  per 105 g. of protein,12 the

(10) W. J. h.  Sutton and E. F. A lm y, D airy  Sri., 36, 1248 (1953).
(11) A. Young, T. S. Sweet and B. B. Backer, Anal. Chem., 27, 356

(1955).
(12) E. T. Friess, M. F. Morales and W. J. Bowen, Arch. Biochem. 

Biophys., 53, 311 (1954).
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content of magnesium contaminated in our prepara
tion is about 2.5 M  per 10s g. of protein. There
fore the reaction solution was contaminated with 
about 0.005 m l  Mg and below 0.002 rnJli Ca, 
because the concentration of myosin B in the solu
tion was about 0.2 mg./ml. The intensity of the 
scattered light of myosin B solution decreased to a 
certain degree by the addition of PP even when 
neither Mg++ nor Ca++ was added. In some 
cases, this may be partly due to the contamination 
of these cations, because, as described below, they 
enhance powerfully the effect of PP.

Effect of Magnesium Ion.—As in the case of 
the change of viscosity studied by Mommaerts,7 
the decrease of the scattered intensity caused by 
PP was enhanced by Mg++. Let us denote, the 
grade of the drop (A) as13

7, -
where I 0 and / c represent the scattered intensities 
before and after the addition of a certain amount 
of PP, respectively. I stands for the intensity 
with a sufficiently large amount of PP.

As shown in Fig. 1, the relation between the 
grade of the drop and the concentration of PP was 
dependent remarkably upon the concentration of 
Mg++. When the concentration of Mg++ was 
low enough, the relation was given as a dissociation 
curve of the first order

A =  1 +  A /[P P ] or A =  2 +  2 tauh ( 2"303 2 log )

where [PP] is the concentration of PP and K  is a 
constant appropriate to [PP] that effects 50% 
drop. When the concentration of M g++ was con
siderably high, the relation A- [PI3] was described 
as a dissociation curve of the second order

A = f  +  7c2/[PP ]2 or A = 2 ~  2 tanh ( 2-303 loS ' 7y~)

In this case, the K  value decreased with increasing 
the concentration of Mg++. When the concen
tration of M g++ was high enough, the relation 
A-[PP] became a mixed curve of the first and the 
second order, e.g., over a range of high concentra-

-  log (P P ).
F ig. 1.— R elation  between the grade of the drop of light, 

scattering (A ) and the concentration of P P . 0.6 M  of K C 1, 
5 -6 °, abou t 0.2 mg. protein/m l. T h e  solid and the dotted 
lines correspond, respectively, to A =  1/2 +  V-> tan h (2.303 
( ‘ A ) log [P P ]/7 f) and A =  %  -  i/ 2 tanh (2.303 log [PPJ/A'). 
•  . protein no 1, 10 m Af of M g + +, pH  7.5. O, protein no. 2, 
10 mil/ of M g 1 /  pH  6.7 X , protein no. 2, 0.1 m ilf M g + +, 
pH 6.7. A, protein no. 2, 0.1 m M  of C a  M , pH 7.5. A, pro
tein no. 2, 0.01 mil/ of C a H /  n il 7.5.

(18) A small aoiTeotiou due to dilution is necessary.

t.ions of PP the relation was the first order but over 
a range of low concentrations the relation was the 
second order.

Values of K  observed for three preparations of 
myosin B are summarized in Table I. It is ap
parent from the table that the relation A-[PP] was 
somewhat different from one preparation to an
other. For example, at 5-6° and at pH 7.5, this 
relation for no. 2 appeared always to be the second 
order over a full range of concentration of Mg++ 
and the values of K 2 were proportional to the con
centration of Mg++, but for no. 1 and 3 the relation 
of this sort was valid only in a limited range of 
M g++ concentration.

Influence of pH, Temperature, etc., on the 
Myosin B-Magnesium Ion-Pyrophosphate System.
— The effect of PP was greater at pH 7.5 than at, 
pH 6.7. One of nhe causes of the pH effect might 
be the dissociation of PP, PP~3 ^  PP-4 +  H+. 
The effect of PP was somewhat greater at low tem
perature than at room temperature, e.g., for the 
preparation no. 2, at pH 7.5 and in the presence of 
10 m l  of Mg++, the values of K  at 5-6° and 
16.5° were, respectively, 1.6 X 10~5 and 3.2 X 
10“ 6 M. This result accords with other workers’ 
qualitative finding concerning viscosimetryF14

The relation between A and [PP] was found to 
depend scarcely on the concentration of the pro
tein. For example, at both concentrations of 
0.22 and 2.0 mg. protein/ml., and at 16.5°, pH
7.5 and in 10 m l  of Mg++, the relation A-[PP] for 
the sample no. 2 obeyed the dissociation curve of 
the second order, and its K -value was 2.5-3.2 X 
1(H5 M. The relation was also seemingly inde
pendent of the extraction time of myosin B.

Effect of Calcium Ion.—Not only Mg++ but also 
Ca++ enhances the effect of PP. However the 
relation A — [PP] in the presence o: Ca++ was re
markably different from the one in the pres
ence of Mg++, i.e., it followed the dissociation 
curve of the first order independently of the con
centration of this cation (Fig. 1). At high tem
perature the value of K  was somewhat dependent 
on the concentration of Ca++, but at low tempera
ture it was independent of its concentration. The 
enhancing effect of Ca++ was largely hindered at 
higher temperatures, namely, at pH 7.5 and in 0.1 
mM  of Ca++, K  of the preparation no. 2 increased 
about 10 times when the temperature was raised 
from 5 to 17° (see Table I). For these reasons at 
low temperatures and in low concentrations of the 
divalent ion, Ca++ was even more effective than 
Mg++.

Discussion
According to Szent-Gyorgyi’s view, which has 

been supported by many experiments, polyphos
phate brings about actomyosin to dissociate into 
myosin and actin.3>16 But Blum and Morales16 
suggested by means of the light-scattering method, 
using Zimm’s extrapolation method, that ATP 
causes an elongation of myosin B and leaves the

(14) F. B. Straub, S tu d ies  Inst. M ed . Chem, , Unin. S zeged , 3, 38 
(Mi 18).

(15) A. Weber, Biochim. Biophys. A ria , 19, 845 (1950).
(JO) J. .1. Blum and M . I1'. Morale«, A rch . Bioche/u. Biophys., 43, 

208 (1953).
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T a b l e  I

A p p a r e n t  D isso c ia tio n  C o n st a n t s  f o r  th e  M y o sin  B - P ybo p h o sph a te  System

Protein Temp., Divalent cation added, concn.,
no. °C. pH mmoles/l. mg./ml. Order“ pKb
1 5 -6 7 .5 1 0 M g 0.25 2  (?)c 1 5 .2 5  —*• 5 .2
1 5 -6 7 .5 1 M g .25 2 —  1 5 .1  — 5 .1
1 5 -6 7 .5 0 .1 M g .25 2 4 .7
1 5-6 7 .5 0 . 0 2 M g .25 2 4 .5
1 5-6 7 .5 0 .0 15 M g .25 2  (?) 4 .3 5
1 5-6 7 .5 0 . 0 1 M g .25 1 3 .6
2 5-6 7 .5 1 0 M g 0 . 2 2 2 4 .8
2 5-6 7 .5 0 .1 M g .2 2 2 3 .9
2 5 -6 7 .5 0 . 0 1 M g .2 2 2 3 .4
2 16 .5 7 .5 10 M g .2 2 2 4 .5
2 16 .5 7 .5 10 M g 2 . 0 2 4 .4
2 5-6 0 .7 10 M g 0 . 2 2 2 4.4 5
2 5-6 6 .7 0 .1 M g 0 . 2 2 1 3 .6
3 6 7 .5 10 M g 0 . 2 2 2 4 .7
3 6 7 .5 0 .1 M g . 2 2 2 4 .4 5
3 6 7 .5 0 . 0 1 M g . 2 2 1 3 .9
2 5 7 .5 0 .1 C a 0 . 2 2 1 4 .2
2 5 7 .5 0 . 0 1 C a .2 2 1 4 .2
2 17 7 .5 0 .1 C a .2 2 1 3 .2
2 17 7 .5 0 . 0 1 C a .2 2 2 .7

3 5 7 .5 0 . 1 C a 0 . 2 2 1 3 .7
3 5 7 .5 0 . 0 1 C a 0 . 2 2 1 3 .7

° The arrow indicates the transition of the order at higher concentrations of PP. h Minus logarithm of K  (mole/liter). 
c When [PP] is smaller than 10"5-5 M, [PP|f may be decreased by its absorption on the protein, because concentration of 
the absorbing sites is probably about 2 X 0.25/2 X  10~s =  2.5 X 10~® Af.9 The apparently second order observed in 
presence of 10 mM  Mg + + and low [PP] may be attributable to this situation.

molecular weight unchanged.1'’ Therefore it seems 
to be unsettled whether polyphosphate dissociates 
myosin B into myosin and actin or leaves the molec
ular weight unchanged. In either case the value 
of K  obtained from the relation A-[PP] may be 
treated as the “ apparent dissociation constant”
(see Appendix), because the myosin B-PP system 
is a reversible one8 and K, as described above, is al
most independent of the protein concentration 
used. As listed in Table I, the relation A-[PP] 
was extremely affected by divalent cations and, 
moreover, even in the same ionic medium the value 
of K  changed slightly but clearly from one prep
aration to another. Similar fluctuation with the 
“ apparent dissociation constant”  has also been 
recognized on the myosin B-nucleotide triphos
phate system.6 The structural basis of this fluc
tuation is not clear, except that the length of the 
extraction time of myosin B scarcely influences on 
the value of K .IS The variation would not be 
due to the heterogeneity of actomyosin in each 
preparation, because, by the ultracentrifugal16 and

(17) Recently, J. Gergely (J. Biol. Chem., 220, 917 (1956)) showed 
by means of the Zimm method that the weight-average molecular 
weights of his actomyosin preparations became smaller by the addition 
of ATP. However, whether this was due to the complete dissociation 
of actomyosin into myosin and actin, as he postulated, is not clear.
If the dissociation is to take place, the average molecular weight of 
“ actin” in the dissociated state must be calculated from his data and 
the known molecular weight of myosin. Thus, the present authors 
have found that the molecular weight of the assumed actin thus calcu
lated is almost equal or sometimes even larger than that of actomyosin.
Therefore, it may be concluded that under certain experimental condi
tions ATP disaggregates actomyosin to a small extent but it does not 
dissociate actomyosin completely into myosin and actin.

(18) Whether the first-order relation can be observed in the presence 
of low concentration of added M g + + or not may depend upon the 
content of contaminated M g + 1 in each preparation.

the electrophoreticaP9 studies, it has been shown 
that only one major macromolecular component is 
contained in myosin B prepared according to the 
method almost identical with ours. Since the 
qualitative properties of the reaction are common 
to all the preparations, as described above, it may 
be assumed, in spite of these difficulties, that the 
fundamental mechanism of the reaction of PP and 
divalent cations with myosin B is the same in either 
preparation but the “ true dissociation constant” 
of each step of the reaction varies from one prep
aration to the other.

Considering that the change of the light scatter
ing can be evoked even in the presence of suffi
ciently low concentration of divalent cations and 
that in the presence of appropriate quantity of 
M g++ the relation A-[PP] is given by a dissocia
tion curve of the second order but in the presence 
of Ca++ the relation is always given by the one of 
the first order, the mechanism may be proposed20

PP
m  +  p p ^ ± : m * ( l )

K,

M +  Me ^ 5  M.Me (2)
K ,

M.Me +  PP M.Me.PP (3)
K -

(19) M . L. II. Harkness and A. Wassermann, J. Chem. Soc., 1344 
(1954).

(20) The simplest mechanism might be as follows: Me -f  PP ^  
Me.PP, M +  Me ^  M.Me, M.Me -f  PP M*.Me.PP. But this 
could not account for the above facts. Also a mechanism, where the 
actual reagent was the chelate compound PP—Me—PP, was found to 
conflict with the data.
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PP
M.Me +  PP M *.M e (4)

K4
PP PP
M *.M e +  PP M*.Me.PP (5)

lu

Me +  PP Me.PP (6)
K ,

where M and M* are the original and the physically 
changed myosin B, respectively, and Me is a di
valent cation and K-, is the dissociation constant of 
each step. The exact value of Ks is not known but 
in 0.6 M  of KC1 it might be within the range be
tween 10-3 and 10-2 M .-1

The feature of this mechanism is that there are 
two different sites for the binding of PP to myosin 
B, one is the site on the protein molecule,22 and the 
other the divalent cation absorbed on the protein.23 
If we assume that the physical state of the protein 
is violently changed b y  the combination of PP with 
the former site and that the light scattering due to 

PP
the species M* is practically identical to the one 

PP PP
due to the species M*.Me and M*.Me.PP, the rela
tion between A and [PP] is given by the formula

a  =

i-pp -i rP P  1  rP P  -|
l_M*J +  LM*.MeJ +  LM*.Me.PPJ 

' [ZM ]

. , K¡_______KjKtKs__
+  [PP], +  A',[ Me 1[ PP]f

1 + PP], + W ,  , K ,K * 
A ,[M e][P P ]f +  X ,[P P ],

KiK,
[PP]8i(1 + Kt \

[ M e ] /

and

[PP] = [PP]f ( l  +

(7)

(8)

where [PP]f and [PP] are the concentrations of 
free and total PP, respectively.24

(1) In the case of sufficiently high [Me]
(i) if K i »  Ki and K s > >  [PP]f

1 + K -, K  =

[PP]

' ( 1 +  1T f r ) ( 1 +  w ) . m ‘
and (ii) if À 5 < <  [PP]f

(21) J. R. Van Wazer and D. A. Campanella, J. Am. Chem. Soc., 
72, 655 (1950).

(22) This site may be Mg + + fixed intrinsically on the protein,'2 
because K. Uchida (personal communication) has recently observed 
that in certain ionic media PP activates myosin-ATPase just as 
EDTA does.

(23) These sites should be separated with each other, because if 
they are situated closely with each other two PP molecules cannot bind 
due to the strong repulsive electrostatic interaction.

(24) Concentration of free M g + + is practically equal to the one of 
total Mg + +, because in almost all experiments [PP] >  10“* M  <  Ke.

(25) Eq. 9 indicates that when [Mg + + ] becomes to be larger than 
Kt and Kt, the K  value increases with increasing [Mg + +J. But this 
conclusion did not hold good, especially for the preparation no. 2. 
This might be due to the situation that the step 4 or 5 could be pro
moted by exceedingly high [Mg + +],

1
i +

A4A5

A 2
[PP]2

(■ + t O X 1 + r i j) (9*>’

-, K2

(2) On the other hand, when [Me] is smaller 
than 10 “ 3 M, then

[PP], ~  [PP]

(i) When [Me] > K ,K J K h and [PP] »  K,, Ki, 
K 2Kt/[ Me ]

1 +
_  KtKi 

K  ’ K s 
[PP]

( 10)

(ii) when [Me] > K^Ki/Ki and Ki (1 +  Ki/ 
[Me]) »  [PP] > >  IU

1 +
- j p - ,  K* =  K iK id  +  W /[M e ]) (11)

[PP]
and (iii) when [Me] < <  K it [PP] < <  KiK%/[Me], 
and 1 «  7Y6/[PP1 +  (7a2A 4A6/AT [Me][PP])

KiK, /  . K,K, \ . 0.
\ M e ]  V  +  K t[ U e ] J  { U )

1
1 + J Í -

^  [PP]

K  =

These deductions fit well with the data observed in 
the presence of M g++, that is, when [Me] is suffi
ciently high, the relation follows a dissociation 
curve of the first order and when [Me] is relatively 
high, it obeys the one of the second order, and when 
[Me] is low, again the first order.

If, in the presence of Ca++ smaller than 10“ 3 
M, K 3 and K 6 are very large, A reduces to

1 _  K j(l  +  AW [Me]) . .
' (1 +  K 2K , / I u \ M d )  K 11 + K

[PP]
and when 7v2 is sufficiently small 

1 77
1 K

I P P l

(14)

that is, K  becomes independent of [Me]. These 
deductions are also consistent with the experimental 
data.

Because of the rather complicated mechanism 
the valuation of K, could not be carried out. But, 
if she above mechanism is admitted, some interest
ing conclusions can be deduced. That is, 772 for 
Ca++ is much less than for M g++ (for example, at 
5-6° and at pH 7.5 Ki for Ca++ of the preparation 
nc. 2 is less than 10-6 M  (cf. eq. 13 and 14), while 
K « for M g++ must be larger than 10-3 M  (cf. eq. 
11)). On the other hand, the binding of PP with 
Mg++ adsorbed to the protein is fairly strong but 
the binding with Ca++ is weak and almost imper
ceptible (for example, K¡ for M g++ and Ca++ of 
the preparation no. 2 should be sufficiently smaller 
than 10-4-6 M  (cf. eq. 7 and 11) and larger than 10-3 
M  (cf. eq. 7 and 13), respectively).

In the case of the actomyosin-ATP system, the 
relation A-[ATP] follows the dissociation curve of 
the first order, regardless of whether divalent cat
ions are present or not.5'6 Considering the sim
ilarity of the chemical structure of ATP to that of 
PP, it might be possible to expect that the former



May, 1957 Combination op Pyrophosphate with Actomyosin 609
could also combine, though weakly, with M g++ 
absorbed to the protein but not with the bound Ca++. 
The inhibitory effect of ATP at higher concentra
tions on the ATPase was reported by Hasselbach26 
and Perry27 who showed that M g++ activated 
ATPase is more readily subjected to this inhibition 
than Ca++ activated ATPase, and there is a close 
relation between the concentration of M g++ and 
the concentration at which ATP becomes in
hibitory. If we presume that the overoptimal in
hibition is caused by the chelation of ATP with a 
divalent cation bound to actomyosin, these phenom
ena could be interpreted as follows: the reaction 
M.Mg +  ATP M.Mg.ATP may proceed to the 
right only when the concentration of M g++ is ap
propriate (at rather higher concentrations of M g++ 
the reaction is inhibited by the chelation of ATP 
with M g++ and, on the other hand, at lower con
centration of M g++ it is accompanied by a diminu
tion in M.Mg), but the reaction M.Ca - f  ATP 
M.Ca.ATP cannot proceed to the right. It seems 
also possible that the various kinases26-30 act as 
inhibitors of ATPase by increasing the “ effective 
concentration” of ATP near M g++ absorbed on the 
protein.31 As is well known ATPase and the phy
sical change of actomyosin caused by ATP are 
simultaneously affected by many substances such 
as cations,6 -SH inhibitors32'33 and EDTA.34 So 
these suggestions may be worthy of consideration.

It has been shown by Portzehl35 and Bozler36 
that PP has a softening action on glycerol-extracted 
muscle fibers and that this softening action is 
closely related with the action of PP on the vis
cosity of actomyosin solution. Bozler36 and Ben
dali28'37 found that PP induces relaxation of 
fibers contracted by ATP, but its mechanism is not 
yet quite clear, although several suggestions have 
been proposed. In the present paper the binding 
of PP with actomyosin has been followed by the 
change in light scattering. Here, we may expect 
that existence of such bindings by which the scat
tered intensity, at low concentration of actomyo
sin, does not change substantially may participate 
in the softening and relaxing action by decreasing 
the intermolecular cohesive force between acto
myosin molecules. So, it seems to be premature 
to discuss detailed mechanisms. However, the 
reaction mechanism could be much more clarified

(26) W. Hasselbach, Biochim. Biophys. Acta, 2 0 , 355 (1956).
(27) S. V. Perry, 3éme Congr. Intern. Biochim., Rapports, Liège, 

1955, p. 159.
(28) J. R. Bendali, Proc. Roy. 8oc. {London), B 1 4 2 , 409 (1954).
(29) L. Lorand, Nature, 172, 118 (1953).
(30) L. Lorand and C. Moos, Federation Proc., 15, No. 1, 393 

(1956).
(31) W. Hasselbach and H. H. Weber, Biochim. Biophys. Acta, 11, 

160 (1953).
(32) K. Bailey and S. V. Perry, ibid., 1, 506 (1947).
(33) G. Kuschinsky and F. Turba, ibid. 6 , 426 (1951).
(34) Y. Tonomura, H. Matsumiya and S. Kitagawa, ibid., in press.
(35) H. Portzehl, Z. Naturforsch., 7b, 1 (1952).
(36) E. Bozler, J. Gen. Physiol., 38, 53 (1954).
(37) J. R. Bendali, Nature, 172, 586 (1953).

by comparing the result presented here with that 
of the equilibrium dialysis method, which the pres
ent authors are now in a position to perform.
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Appendix
(1) When PP dissociates actomyosin (AM) into 

myosin (M) and actin (A)
AM +  PP ^ ± 1  M.PP +  A 

K

provided that the second virial coefficients can be 
neglected, then

h
kC p = AfamPa:

h
kCv

1
1 +  -  -K-  ^  [PP]

A  =  AfmPm.Ym +  AfaPaXa

(AGPmXm +  MaP*XJ +

K
[PP]

1 + K
[PP]

AT„mP ,

where Pi is the shape function for the molecule i of 
molecular weight M\ and weight fraction X,, Cp 
is the weight concentration of protein, k is a con
stant,38 and the subscripts am, a and m represent 
actomyosin, actin and myosin, respectively.

(2) On the other hand, if PP changes the shape 
of actomyosin but leaves the molecular weight un
changed

AM +  PP AM*.PP 
K

Then, as described by Blum5
A
kCp AAmPa,

A  = AfamPTm<cGp

kC, = M. 1
11 + K P* +

JC_
[PP]

[PP]
Therefore, in either case

A  =
7o -  7 »

1 + K
[PP]

1 +  r[PP]
(38) J. J. Blum and M . F. Morales, J. Chem. Phys., 20, 1822 

(1952).
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THE HEATS OF ADSORPTION OF HELIUM AND NEON ON 
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The partial molal heats of adsorption of helium at 17.3°K. on graphitized carbon have been measured and also calculated 
from isotherms interpolated to 17.0 and 20.3° from measured data. The partial molal heats of adsorption of neon at 29°K. 
have likewise been measured and also calculated from isotherms interpolated to 28 and 30°K. The data are in reasonable 
agreement.

Introduction
Recent investigations of the adsorption of gases 

on certain samples of highly graphitized carbon 
black have revealed characteristics of energetic 
uniformity for adsorption.2-4 Systematic studies 
of the heats of adsorption for the systems argon on 
Spheron-6 (2700°) and krypton on P-33 (2700°) 
have been published by Beebe and co-workers.6

Fig. 1.— Calorimeter, shield and heat exchanger assembly 
(dimensions approximate): A, calorimeter filling tube;
B, difference couple wires; C, calorimeter couple junction; 
D, shield couple junctions; E, soft solder thermal contact; 
F, upper cone, for wire wrap; G holes for wire outlet; H, 
adiabatic shield; I calorimeter; J platinum separators; K, 
resistance thermometer; L, aluminum cover; M, radiation 
cap; N, copper cylinder around which supply wires art 
wrapped for thermal contact; O, lower cone for wire wrap; 
P, wire bundle; Q, heat exchanger.

(1) This research was carried out under Contract DA-36-061-ORD- 
509 of the Office of Ordnance Research.

(2) M. H. Polley, W. R. Smith and W. D. Schaeffer, T his Journal, 
57, 469 (1953).

(3) W. D. Schaeffer, W. R. Smith and M. H. Poiley, Ind. Enj. 
C h em 45, 1721 (1953).

(4) J. H. Singleton and G. D. Halsey, T his Journal, 58, 10J 1
(1954).

Fig. 2.— Cryostat assembly (dimensions approximate): 
A, the electrical terminals; B, sealed take-out cup for 
supply wires; C, thermocouple take-out tube; D, to “ U”  
tube manometer; E, to high speed vacuum pump; F, siphon 
tube; G, calorimeter filling tube; H, brass can; I, Balsa 
block; J, to high vacuum system; K, refrigerant filling tube 
(to accommodate vacuum jacketed transfer tube); L, 
gasket; M, gasket; N, Dewar case; O, outer Dewar; P, 
re-entrant cup (can be filled with water while soldering); 
Q, heat exchanger; R, ring.

For a more detailed interpretation of the charac
teristics of adsorption on these carbon black sur
faces, it is necessary that data be available for the 
lower boiling members of the rare gas series. This 
paper, therefore, presents the results of an investi
gation of the heats of adsorption and isotherms of 
helium and neon on P-33 (2700°). A paper pre-

'5 ) (a) C. H. Amberg, W. B. Spencer and R. A. Beebe, Can. J. 
Chem., 33, 305 (1 955 ); (b ) R. A. Beebe and D. M. Young, T h is  J o u r 
n a l , 58, 93 (1954).



May, 1957 Heats oe Adsorption of Helium and Neon on Graphitized Carbon Black 611

Fig. 3.-

senting an interpretation of all the avail
able data for adsorption on these carbon 
blacks follows.

Experimental
1. Apparatus and Method.— For the measure

ment of the heats of adsorption, an adiabatic 
calorimeter was constructed based primarily on 
the designs of this Laboratory.6 Incorporated into 
the system was a small heat exchanger whose 
purpose was to ascertain and control the tempera
ture of the gas entering the calorimeter. Tem
peratures were measured with a platinum re
sistance thermometer and pressures with a wide 
bore mercury manometer in conjunction with a 
Gaertner cathetometer.

A scale drawing of the adiabatic shield, calorim
eter and heat exchanger assembly, with explana
tory legend, is shown in Fig. 1. The apparatus 
was entirely rebuilt using the calorimeter vessel 
(I) and the platinum resistance thermometer (K ) 
which were previously used by Morrison and 
Szasz.7 The details of construction involved im
provements which have been described else
where.6 The resistance thermometer was cali
brated by Morrison and Szasz, and their tem
perature scale was used. A determination of its 
ice point resistance was made previous to install
ing it into the equipment. The change was in
significant. The method of mounting and general 
method of operation of the calorimeter and shield 
is evident from Fig. 2 which is a scale drawing 
of the entire cryostat assembly with legend.
The heat exchanger serves to bring the gas to the 
temperature of the calorimeter. Such a heat ex
changer was not included in the apparatus of Mor
rison and Szasz. It is made of a copper cylinder 
in which 12 feet of y 8"  copper tubing are coiled 
and held securely by a lead cast which was poured 
into the cylinder. At the top and bottom of the 
exchanger are two difference couples which meas
ure the temperature difference between the ex
changer and the calorimeter. The efficiency of the 
exchanger was determined while doing the experi
mental measurements. No deflection of its 
lower difference couple was noted with the input 
of a gas increment. The gas therefore is known 
to have entered the calorimeter chamber at the 
temperature of the vessel.

To obtain the heat of adsorption, the tempera
ture rise in the calorimeter was measured after 
adding gas under adiabatic conditions.

2. M ateria ls .— The adsorbent consisted of 58 grams of 
a Fine Thermal carbon black, P-33, which had been graphi
tized at 2700°. This was obtained from the Godfrey L. 
Cabot Company through the courtesy of Dr. W. R. Smith. 
The calorimeter vessel was vibrated for several days after 
introduction of the adsorbent to make the packing as uni
form as possible. A nitrogen surface area determination 
using the standard B.E .T. procedure yielded a monolayer 
capacity of 2.76 cc. S.T.P. per gram. The adsorbent was 
out-gassed at 350° until the residual pressure in the calo
rimeter was less than 1 X lO-6 mm. Thereafter, the cal
orimeter was evacuated before each run at room temperature 
to the same pressure.

The neon was a reagent grade from a cylinder supplied by 
the Air Reduction Corporation. A mass spectrometric 
analysis supplied with the cylinder showed less than 0.01 
mole %  of helium and no other impurity. The helium was 
that supplied by the U. S. Naval I.akehurst Air Station and 
contained less than 0.01 mole per cent, impurity as deter
mined by thermal conductivity. Both gases were passed 
through a trap packed with activated charcoal and cooled 
to liquid nitrogen temperatures before their entry into the 
calorimeter chamber.

3. C alcu lations.— The equations used for calculating the 
heat of adsorption were those derived by Kington and Aston8

(G) J. G. Aston, J.' L. Wood and T. P. Zolki, J. Am. Chem. Soc., 75, 
6202 (1953).

(7) J. H. Morrison and G. J. Szasz, J. Chem. Phys., 16, 280 (1948).
(8) G. L. Kington and J. G. Aston, J. Am. Chem. Soc., 73, 1929 

(1951).

-Partial molar heats of adsorption of helium on P-33 (2700°) 
at 17.3°K: O, calorimetric; ©, isosteric.

Fig. 4.— Isotherms for helium adsorbed on P-33 (2700°):
O, 20.3 °K .; * .  19.0°K.; ©, 17.0°K.

and are
_
22414 — ( C G l  -f -  C PE +  C Ns

A T A P
' AT 1 °“1 AT (1)

where
T
P
AV
C cal

temperature 
pressure
volume adsorbed in cc. S.T.P. 
heat capacity of the calorimeter plus the adsorb

ent
(7pg =  heat, capacity of the gas in the calorimeter free 

space
heat capacity of the adsorbed gas 
volume of the calorimeter free space 
partial molar heat of adsorption

Cy.
T e a l
5s t

and

C to t  =
A Q , p
a t  =  (r7“ ' Cpg +  Cy a) gst A T

22414AT -  To»: AP 
AT 
( 2 )

where Q is the energy input in a heat capacity measurement. 
Since q,t appears in both equations, its final value is estab
lish ed  by making both heat capacity and heat of adsorp
tion measurements for a given point and using both equa
tions in a series of successive approximations.

A variety of pressure, temperature and coverage values 
were available from the heat of adsorption and heat capacity 
measurements. The initial and final temperatures, re
spectively, rarely deviated more than several tenths of a
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0 2.0 4.0 6.0 8.0
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Fig. 5.— Partial molar heats of adsorption of neon on P-33 
(2700°) at 29° K .: O, calorimetric; ©, isosteric.

100 200 300 400 500 600
Pressure, mm.

Fig. 6.— Isotherms of neon adsorbed on P-33 (2700°): O, 
30°K .; ©, 28°K.

degree from a mean value. Thus isotherms could be con
structed at the mean initial and final temperatures, respec
tively. The integrated form of the Clapeyron equation

1» f t  -  In a  -  -  g !  ( L  -  A )  (3)

was used to correct for deviation of the temperatures from 
the mean initial or final temperatures. These isotherms 
were then used to calculate values of the heat of adsorption 
from the Clapeyron equation for comparison with the meas
ured values.

Results and Discussion
1. The System Helium Plus P-33 (2700°).—

Calorimetric heats are recorded in Table I. Figure 
3 is a graph showing the partial molar heats of ad
sorption measured calorimetrically at 17.3° and the 
calculated isosteric heats from the 19 and 20.3° 
isotherms. Isotherms constructed from pressure- 
coverage data are plotted in Fig. 4.

The estimated precision of the measured heats is 
±20  cal. where the compression correction is 
small. The point shown at the highest coverage 
is probably in error. Its compression correction is 
about 26% of its value as compared to 10% or less 
for the other points. It is noteworthy that the 
heat of adsorption curve is essentially flat. A very 
slight downward trend is shown at low coverages. 
Here the values of the heats are most reliable, hav-

T a b l e  I
Partial  M olar  H eats of A dsorption of H elium  on 

P-33 (2700°) at  17.3°K.
Coverage, 
cc. S.T.P. Çflt,

Coverage, 
cc. S.T.P. 9st,

per g. cal./mole per g. cal./mole
1.740 379 .079 377
1.421 354 1.897“ 346
0.912 350 1.724“ 312

.6624 346 1.552“ 301

.390 336 1.379“ 304

.252 341 1.207“ 300
“ Calculated from 19 and 20.3°K. isotherms.

ing low heat of compression corrections so that the 
effect is certainly real.

The calculated isosteric heats deviate from the 
measured values by about 13%. This deviation 
and the obvious scatter in the isotherms is attrib
uted to difficulty in making the measurements 
since, under these conditions, a warm drift of the 
calorimeter was difficult to avoid. While there 
was no difficulty in correcting for heat leak, the 
drift made the pressure uncertain.

The theoretical interpretation of these data to
gether with those which follow for neon is discussed 
in the following paper.

2. The System Neon Plus P-33 (2700°).—-The 
values of the measured heats of adsorption of neon 
are listed in Table II and plotted in Fig. 5. Iso
therms at 28 and 30° are shown in Fig. 6. The 
calculated isosteric heats are shown for comparison 
in Fig. 5.

T able  II
Partial  M olar H eats of A dsorption of N eon on P-33 

(2700°) at 29°K.
Coverage, 
cc. S.T.P. 

per g.
çst,

cal./mole
Coverage, 
cc. S.T.P. 

per g.
£st,

cal./mole
0.136 878 4.591 790

.407 847 4.784 672

.640 862 4.983 574

.990 830 5.786 492
1.457 836 5.021 522
1.895 838 6.891 474
2.352 880 5.172“ 623
2.779 929 5.603“ 519
3.207 928 6.034“ 448
3.660 944 0.465“ 445
4.012 924 6.896° 445
4.276 897 7.758“ 456

8.620“ 473
° Calculated from isotherms.

The heat curve, like that of helium, tends down
ward initially and then rises to a maximum, falling 
rapidly toward the value of the heat of liquefaction 
of bulk neon. The estimated error in these meas
urements is ±  10-15 cal. per mole with compres
sion corrections no greater than 20%. It is to be 
noted that the calculated heats are in fair agree
ment (about 4-6% ) with the calorimetric values.

The isotherms have their knee at 4.65 S.T.P. per 
gram and are concave upward in shape, the 28° 
curve being more so than the 30° curve.

Adiabatic conditions were maintained through
out the experimental runs and provided for better
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pressure data for isotherm construction than in the 
case of the helium data. This is plain from the 
curves and the agreement between the measured 
heats and those calculated from the isotherms.
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The use of a model whereby the adsorbent surface is composed of edge sites and flat sites, the former being twice the energy 
of the latter, shows that the effect of edge sites on the surface is too small to be seen with any great precision. The graph
itized carbon black surface, therefore, appears to be essentially uniform for adsorption. The observed lateral interaction 
energies of neon, argon and krypton on graphite indicate patchwise adsorption with each patch under compression.

1. Introduction.— Experimental investigations 
of adsorption on a  uniform surface have been greatly 
facilitated by the preparation of samples of essen
tially uniform graphitized carbon black of rela
tively high surface area.2’3 Heats of adsorption of 
argon and krypton on these blacks have been 
studied by Beebe and co-workers.4 Heats of ad
sorption of helium and neon have been obtained in 
this Laboratory.6

This paper presents an interpretation of the 
heats of adsorption for the series of gases on 
P-33 (2700°), a partially graphitized carbon black, 
which is applicable to other uniform surfaces.

2. Heats of Adsorption of Helium and Neon on 
P-33 (2700°).—The adsorbent was P-33 carbon 
black which had been partially graphitized by heat 
treatment at 2700°. Figures 3 and 5 of the previous 
paper are curves showing the partial molar heats of 
adsorption of helium and neon on P-33 (2700°) as 
measured ordinates with the coverage as abscissa. 
The partial molar heats refer to the change

X(gas) +  graphite — >  X (cn  graphite, 6 -  x)

This quantity frequently has been loosely called 
the “  differential heat of adsorption.”

It is to be noted that the helium curve is essen
tially parallel to the abscissa except at low cover
ages. A similar downsweep at low coverages is 
present in the neon curve also. The rise in heat of 
adsorption as the monolayer value of the adsorbent 
is approached in the neon data is in agreement with 
the data of Beebe and co-workers4 for argon and 
krypton and indicates lateral interaction in the ad
sorbed film.

3. The Low Coverage Heats.— It has been 
pointed out3 that one would not expect a partially 
graphitized carbon black to appear energetically

(1) Tills research was carried out under Contract DA-36-OG1-ORD- 
509 of the Office of Ordnance Research.

(2) M . H. Polley, W. R. Smith and W. D. SchaeSer, T his Journal, 
57, 469 (1953).

(3) W. D. Schaeffer, W. R. Smith and M. H. Polley, Ini. Eng. Chem., 
45, 1721 (1943).

(4) (a) C. H. Amberg, W. B. Spencer and R. A. Beebe, Can. J. 
Chem., 33, 305 (1955); (b) R. A. Beebe and D. M. Young, T his Jour
nal, 58, 93 (1954).

(5) J. Greyson and J. G. Aston, ibid., 61, 610 (1957).

uniform since the characteristics are so strongly 
dependent upon surface topology. In particular, 
the effect of high energy edge sites for adsorption 
should play an important part in the values of the 
heat of adsorption.

Using the procedure of Aston, Tykodi and Steele6 
it is possible to calculate approximately the heats 
of adsorption of helium and neon on this surface at 
low coverages for comparison with the experi
mental data. The equations derived by these au
thors are

A » = ]  £  **.(«. +  RT)

= (1 +
f(T )e -« /*> T \  -1

) '
ff.T) = {2rm kT)'hkT

h3

q, t = AH +  e òH*

(D

( 2)

(3)

(4)

where e; is the energy of the i-th site, AH is the 
integral molar heat of adsorption, 6, is the fraction 
of the i-th sites covered, and gst is the partial 
molar heat of adsorption. The value of g\ (a nor
malized distribution function which is the fraction 
of the i-th type sites) can be picked if it is assumed 
that the adsorbent has just two kinds of sites, one 
kind that of a flat surface, and the other kind on 
either side of the boundary of the crystallites with 
double the energy of the flat sites. If every crystal
lite is considered to have double energy sites around 
its surface perimeter and single energy sites across 
its flat surface, then the ratio of edge sites to flat 
surface sites is simply the ratio of the perimeter of 
the crystallite to exposed surface area. The 
average crystallite size as determined by X-ray 
diffraction3 is about 200 A. Thus, the maximum 
fraction of edge sites is 2% of the total number of 
adsorption sites in any particle of the carbon.

Choosing the value of a as equal to the energy of 
adsorption given by the flat part of the heat of ad
sorption curve and e2 equal to 2ei, one can then 
calculate the effect of the edge sites at low cover-

(6) J. G. Aston, R. J. Tykodi and W. A. Steele, ibid., 69, 1053 (1955).
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ages. It is easily seen from Fig. 1, which is an ex
panded plot of the low coverage experimental heats 
(solid curve) compared to those calculated (dotted 
curve), that edge effects approximated even as an 
outside limit are small. It is interesting that the 
break in the calculated heats occurs just beyond 
the x value of the first experimental point. If the 
value of e2 was chosen as 1.5ei rather than 2ei, 
the calculated curve would be essentially the same 
in shape but would be lower in energy at zero cover
age. Thus the integral heat would have a lower 
value.

.1 .2 .5 .« .5 .6 7 .8 .9 IO l.l 1.2 13 1.4 li 1.6 1.7 1.8

COVERAGE IN CC. CS.T.R PER  G M ).

Fig. 1.— Partial molar heats of adsorption of helium (curve 
A) and neon (curve B) on graphitized carbon at low cover
age.

Since the first, experimental point5 is, strictly 
speaking, an integral heat value, it is interesting to 
compare it to calculated integral heats. For the 
curves shown, the calculated integral heat is of the 
order of 1.5 times the first experimental point. If 
thè value of e2 is chosen equal to 1.5 ei, the integral 
heats agree more closely. It would seem then 
that the model is very close to the actual case, 1.5 
ti being an average energy for sites other than single 
faced. Beebe and co-workers did not observe 
higher heats at very low coverages but comment 
on their absence. An examination of Fig. 1 shows 
that the position of the downsweep of the cal
culated curve relative to the ordinate would make 
it very easy *o miss surface heterogeneity.

4. Interaction Energy from the Heats of Adsorp
tion of Neon, Argon and Krypton.—-A reasonable 
estimate of the integral lateral interaction energy at 
any coverage up to the monolayer can be deter
mined from78

where a and b are the van der Waals constants: 
9, the coverage; and E\, the interaction energy.

(7) R. H. Fowler and F. A. Guggenheim, "Statistical Thermo
dynamics,”  Cambridge Univ. Press, Teddington, England, 1939.

(8) T. L. Hill, "Advances in Catalysis," Vol. IV, Ed. P. H. Emmett. 
Academic Press Inc., New York, N. Y., 1952,

This formula can be expected to give values within 
about 50% of the true values if there is a mobile 
first layer and the layer behaves as a two-dimen
sional fluid.

Figure 2 shows the heat of adsorption curves for 
neon,5 argon,45 and krypton4“ on partially graph
itized carbon black. The interaction energies can 
be approximated by a graphical integration of the 
area enclosed between the bump in the heat, curve 
and an extrapolation of the flat portion of the heat 
curve to the monolayer value. Table I shows these 
experimental values at a monolayer, the values cal
culated from equation 5, and the heats of liquefac
tion of each gas. This table also includes values 
for second and higher layer interaction energies. 
These will be discussed in the next, section.

T a b l e  I

M e a su r e d  E n e r g y  of L a t e r a l  I n t e r a c t io n  E n e r g y  ( E i )

1st layer meas.

Neon 
Ei (cal.)

44

Argon 
Ei (cal.)

169

Krypton 
Ei (cal.)

330
2nd layer meas. 370 1400 2520
3rd layer meas. c 2650
ne/2b, e = 1 150 510 710
Liquefaction 405 1600 2500 (sublim.'

It is apparent that the observed energy of lateral 
interaction is between one-quarter and one-half of 
the value predicted by equation 5. If the lateral 
interaction energy is calculated at a portion of a 
monolayer and compared with the experimental 
value, the measured value is an even smaller por
tion of the calculated value. This is evident from 
the downward concavity of the graphs below a 
monolayer, whereas, theoretically, the graphs 
should be straight lines with a slope of a/2b. One 
is therefore led to conclude that the surface film 
does not behave a.s a simple two-dimensional fluid.

Since a Leonard-Jones potential adequately de
scribes the behavior of a bulk material in its var
ious states of aggregation, it seems worthwhile to 
attempt t,o examine the adsorbed phase in terms 
of such a potential curve.

In Fig. 3 the Lennard-Jones curves for neon, ar
gon and krypton are reproduced9 with the values of 
the observed lateral interaction contribution to the 
energy of adsorption superimposed upon them 
(dotted lines). Tf it is assumed that the nearest 
neighbor distances between adsorbed molecules on 
the surface are determined by the intersection of 
the Lennard-Jones potential curve and the dotted 
line, then two possible values for the area per cubic 
centimeter, under standard conditions, for each 
gas can be calculated. If the computation is based 
on cubic packing on the surface, the values listed 
in Table II are obtained for the volume of gas 
under standard conditions per square meter of 
surface. The first row of the table is that value 
calculated by using the distance from the ordinate 
to the intersection at the repulsive side of the poten
tial curve. The second row is that value calculated 
from the distance between the ordinate and the 
attractive side of the well. The last row contains

(9) J. O. Hirschfelder, C. F. Curtiss and R, B. Bird, "Molecular 
Theory of Gases and Vapors,”  .John Wiley and Sons, Inc., New York, 
N. Y., 1954.
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values for the volume under standard conditions of 
gas per square meter if it is assumed to liquid pack.

T a b l e  II
V o lu m e  o f  G as  (S t a n d a r d  C o n d it io n s ) A d so rb ed  p e r  

Sq u a r e  M e t e r  o f  Su r fa c e

Neon
Volume, ec. (S.T.P.)/m . 

Argon
2
Krypton

Repul. 0.50 0.32 0.29
Attract .12 .08 .08
Liquid .39 .28 .22

Distances in the monolayer corresponding to the 
attractive side of the potential curve can be dis
carded since it is generally agreed that monolayers 
are liquid packed.

The solid vertical lines on the graphs of Fig 2 
indicate the position of the monolayer calculated 
assuming that the atoms are liquid packed (i.e., 
using the liquid density of the elements in question) 
and that the correct area is obtained from the 
nitrogen isotherm using B.E.T. theory The 
dotted vertical lines are drawn at the quantities of 
rare gas calculated for the monolayer from the 
nitrogen isotherm using B E.T. theory to compute 
the number of sites; a rare gas molecule is then 
assumed to occupy each site. There is no ques
tion that the solid vertical line is a better indication 
of the position of the true monolayer than the 
value calculated from sitewise adsorption.

There is a serious discrepancy between the liquid 
packing value and the value of the area per cubic 
centimeter of gas calculated from the expanded 
side of the well. At coverages below a monolayer 
the assumption of sitewise adsorption already ex
cluded would be needed to keep the molecules on 
the expanded side of the well. Therefore any ex
planation must deal with the compressed side of 
the well. Thus, there is at coverages below a 
monolayer, a need for some sort of compressive 
constraint for a film without which the adsorbed 
molecules would pack as a van der Waals liquid. 
That is, adsorption in compressed patches must be 
explained. On the other hand, Crowell and 
Young10'11 have shown that the energy of interaction 
between an argon atom and a uniform graphite 
surface is independent of the position of the argon 
atom relative to the carbon atoms in the surface. 
It can be inferred then that there is no force acting 
tangentially to the surface; therefore, there can 
be no constraint which could maintain an expanded 
film if the surface is truly planar. Nevertheless, 
the assumption of a compressed film implies a con
straint and closer approach than liquid packing be
tween adsorbed particles. This can therefore only 
arise if patches occur in hollow depressions in the 
surface, thereby giving a tangential component. 
The result is, of course, the observation of an ab
normally low lateral interaction term due to the 
addition of repulsive terms to the total force be
tween particles. A small reduction in the distance 
corresponding to liquid packing would significantly 
affect the interaction energies due to the steep de
cline of the repulsive side of a Lennard-Jones po
tential curve.

(10) A. D. Crowell, J. Chem. Phys., 22, 1397 (1954).
(11) A. D. Crowell and D. M. Young, Trans. Faraday Soc., 49, 1080 

(1953).
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Fig. 2.— Partial molar heats of adsorption of NE, A and 

K R  on graphitized carbon. Abscissas in cubic centimeters 
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Fig. 3.— Potential energy curves for neon, argon and kryp
ton; ordinates in ergs X 1015.

The argument for compression remains consist
ent for the second and higher layers as an exam
ination of Table I for the higher layer values will 
show. The numbers were calculated by assuming 
that the heat of adsorption curve for the second 
layer and above is flat enough to equate integral 
energies to partial molar energies. The cube law 
for the decay of the energy due to surface interac
tion was assumed. The higher layer lateral inter
action energies were then calculated by subtract
ing the part due to surface interaction. Figure 4 
is a reproduction of typical potential curves cal
culated for highly compressed liquids and dense 
gases.10 These curves show that a compressed 
liquid (curve C) upon expansion experiences a 
variation in potential energy which passes through 
a minimum (curve B) corresponding to a maximum 
in the lateral interaction energy. It can be seen 
that an analogous situation occurs in the case of 
krypton, the second and third layer energies being 
somewhat higher than the heat of sublimation of 
the gas. Since the adsorbed film must, at higher 
coverages, take on the properties of the bulk mate
rial, the lateral interaction energy must fall with 
increasing coverage.

Work to be reported elsewhere12 has been done 
on the temperature of the second order transition 
of solid methane adsorbed on titanium dioxide as 
a function of coverage. This transition is pre
sumably due to onset of rotation in the solid as the 
temperature is increased. In the bulk there is a 
narrowing of a broad line in the nuclear magnetic 
resonance adsorption due to the onset of rotation. 
This narrowing is complete at 70°K. For four 
layers of methane on titanium dioxide the narrow-

(12) N. Fuschillo, C. A. Renton and J. G. Aston, to be published.
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Fig. 4.— Potential curves for condensed gases (curves A, B, 
and C are for successive stages of compression).

ing is also complete at about 70°K. There is thus 
little difference in cooperation between the four 
layers and the bulk solid. As the coverage is 
lowered, the temperature at which the line narrow
ing is complete falls until at the monolayer the 
temperature is about 21 °I\. As the coverage is 
further lowered, this temperature starts to in
crease slightly and continues to increase slightly 
until about 0.3 monolayer. Experimental difficul
ties make it hard to get data below this coverage.

This increase of temperature below the mono- 
layer indicates an increase in cooperation which can 
only be due to an increase in density due to com
pression. Although the line shape changes with 
coverage and the range of temperature for broaden

ing of the line to the maximum also varies, the gen
eral conclusion from the above result is not changed.

This is a striking confirmation of the theoretical 
conclusions reached in the foregoing discussion. 
The fact that titanium dioxide has other sites than 
those of the flat surface6 does not affect the argu
ment since more than half of the sites in the mono- 
layer are those of a flat surface. The methane in 
the high energy sites could only change the line 
shape slightly and would not affect greatly the de
gree of cooperation. Previously Mastrangelo and 
one of us have shown13 that there is a sharp inflec
tion in the 2.41 °K. isotherm of helium on titanium 
dioxide at the end of the second layer. This was 
attributed to a decrease in surface pressure occur
ring rather suddenly in the formation of the second 
layer. It was pointed out that such an effect im
plied that the density of the film was relatively 
constant throughout a layer. It was thus con
cluded that “ the film consists largely of regions of the 
surface completely filled.”
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(13) S. V. R. Mastrangelo and J. G. Aston, J. Chem. Phys., 19, 1370 
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T h e D-glucose-water phase diagram  has been investigated between — 30 and + 6 2 ° . Solubility  curves have been estab
lished for all of the known solid phases: ice, a-D-glucose, 0-D-glucose and a-D-glucose m onohydrate. T h e  ice-a-D-glucose 
m onohydrate and ice-/3-D-glur;osc eutectics have been observed experim entally. M u tarotato ry  equilibrium  betw een a- 
and /3-isomers in n-glucose solutions is found to be nearly independent of tem perature bu t m ay be affected b y  concentration.

The discovery of new crystalline hydrates in re
cent studies of phase equilibria in the sucrose- 
water2 and d- fructose-water3 systems, the prac
tical importance of the crystallization of a-D- 
glucose monohydrate in fruit preservation,4 ana 
inconsistencies in available data on the D-glucose- 
water system prompted this new investigation of 
phase equilibria in aqueous n-glucose solutions.

The temperatures at which ice and D-glucoso 
solutions are in equilibrium have been reported by 
Abegg5 and by Pozner and Amerkhanov.6 The 
results of these two studies are in good agreement 
for solutions more dilute than 23% by weight of 
anhydrous sugar, but at higher concentrations 
significant differences occur which increase with 
sugar content. Abegg’s ice curve, based on meas-

( l j California State Polytechnic Institute, San Luis Obispo, Calif.
(2) F. E. Young and F. T. Jones, T his Jo u r n a l , 53, 1334 (1949).
(3) F. E. Young, F. T. Jones and H. J. Lewis, ibid., 56, 1093 (1952).
(4) R. W. Olsen and E. L. Moore, Food Tech., 8 , 175 (1954); G. M. 

Cole, ibid., 9, 38 (1955).
(5) R. A. Abegg, Z. physik. Chem., 15, 209 (1894).
(6) E. Pozner and A, X, Amerlyhanov, J. Phys. Chem,, U.S.S.R., 15, 

1137 (1941).

urements on solutions containing up to 42% glu
cose, is essentially the same as that found for 
fructose solutions.3 On the other hand the Rus
sian investigators found higher ice points at high 
sugar contents, the result at 71% glucose being 
about 12° higher than the ice point of a fructose 
solution of the same concentration and only 1.5° 
lower than 71% sucrose solution.

Solubility data for a-D-glucose and its mono
hydrate have been reported by Jackson and Sils- 
bee.7 Their two measurements at 28° for the an
hydrous sugar are in poor agreement with the value 
obtained by extrapolation of their other data ob
tained at higher temperatures. No solubility 
data have been reported for /3-n-glucose.

New determinations of the solubility curves of 
ice, a-D-glucose, /3-n-glucose and a-D-glucose mono
hydrate are reported here for the range from —30 
to -f62°. These curves have established new 
values for the eutectics of this system. No crystal-

(7) R. F. Jackson and C. G. Silsbee, Natl. Bur. Standards Sci. 
Papers, 17, 715 (1922)(No. 437).
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line phases were found which had not been ob
served heretofore. Observations on the ice-a-n- 
glucose monohydrate eutectic and the ice-/3-d- 
glucose eutectic enable estimates to be made of the 
isomer composition of D-glucose solutions at 
mutarotatory equilibrium at these temperatures.

Experimental
M ateria ls .— M easurem ents were m ade on solutions which 

had been allowed to  stand overnight a t room tem perature 
to reach m u tarotatory  equilibrium . These solutions were 
prepared from  distilled w ater and reagent grade a-D-glucose 
which gave [ a ] ^  52.79° in w ater (c 4, l 4). A t  several 
points, the results w ere checked on solutions of N ational 
B ureau of Standards dextrose Stan dard Sam ple N o . 41. 
/3-D-Glucose w as prepared from  th e above a-D-glucose by  
the m ethod of H udson and D a le ,8 a fter which it  w as dried 
in  vacuo  over anhydrous calcium  chloride to  rem ove alcohol 
and w ater. Since the solubilities o f both a - and /3-D-glucose 
rem ained unchanged when the ratios of solid phase to solu
tion were increased, th e am ounts of im purities rem aining 
in these m aterials were too sm all to  affect the results.

A n alysis.— Concentrations were determ ined b y  refrac- 
tom eter readings a t  room  tem perature. T hese were con
verted to  D-glucose percentages b y  th e table  of Y o u n g  and 
Jones.9 A ll concentrations in this paper are expressed in 
gram s of anhydrous D-glucose per 100 g. of solution.

Isotherm al M easu rem en ts.— T h e solu bility  curves for 
a-D-glucose, its m onohydrate and :ce in the regions in which 
th ey  are the stable solid phases were determ ined b y  equilib
rium  m easurem ents in constant tem perature baths as de
scribed p rev iou sly .2 Equilibrium  was not considered a t
tained until the concentrations of solutions which had 
approached equilibrium  from  both above and below satura
tion differed b y  less than 0 .10 %  and rem ained constant for 
several d ays. A greem ent of m easurem ents for in itia lly  
under- and oversaturated solutions also ensures attainm ent 
of m u tarotatory equilibrium  when th e solid phase is not 
ice. T h e  final result for each tem perature represents the 
average of a t  least 4 m easurem ents. A lthough several 
successful m easurem ents were m ade b y  this m ethod on the 
m etastable portion of the ice curve down to — 9 °, the fre
quent spontaneous crystallization  of a-D-glucose m onohy
drate made it necessary to investigate the rem ainder of the 
phase diagram  b y  other m ethods.

W arm ing C u rves.— -Points on the ice curve were also de
term ined b y  the w arm ing curve m ethod2 over the entire 
range reported here. E xcep t for th e point at — 29.55° each 
result is the average of tw o or more determ inations. T h a t 
ice points above — 9° obtained from  w arm ing curves are not 
in error from lack of tim e for m utarotation  is shown b y  their 
agreem ent w ith those determ ined b y  isotherm al m easure
m ents. T h a t ice points at lower tem peratures are also not, 
affected b y  m utarotation  was indicated b y  excellent agree
m ent found for the ice points of tw o 60 %  D-glucose solutions, 
one of which had been allowed to  reach m u tarotatory 
equilibrium  and the other contained p ractica lly  all the solute 
in the /3 form .10

Solubility of A nhydrous P h a se s .— Points on the solu
bility curves for anhydrous a- and /3-D-glucose were deter
mined by stirring powdered D-glucose in excess of the amount 
needed to produce saturation into a solution containing 
about 0.1%  less D-glucose than the expected equilibrium 
value. Samples were then withdrawn through fritted glass 
filter tubes at intervals of several minutes. Usually the 
concentration rose to the equilibrium value during the first 
few minutes and then remained constant until a-D-glucose 
monohydrate began to crystallize. When this occurred,

(8) C. S. Hudson and J. K. Dale, J. Am. C h em . Soc., 39, 320 (1917).
(9) F. E. Young and F. T. Jones, J. Assoc. Official Agr. C h em ., 37, 

932 (1954).
(10) T h e  s o lu t io n  o f  /3 -D -g lu cose  w as p r e p a re d  b y  s h a k in g  15 g . o f  

p o w d e re d  /3 -D -g lu cose  w ith  10 g . o f  w a te r  a t  0° f o r  se v e ra l s e c o n d s , 
fo l lo w e d  b y  ra p id  s u c t io n  fi lt r a t io n  a n d  im m e d ia te  tra n s fe r  t o  a  p r e 
c o o le d  w a r m in g  c u r v e  t u b e  in  w h ic h  i t  w a s  ra p id ly  c o o le d  t o  a b o u t
— 2 0 ° .  R o t a t io n  m e a su re m e n ts  s h o w e d  th a t  th is  s o lu t io n  c o n ta in e d  
in it ia l ly  o n ly  1.4% a -D -g lu c o s e . M u t a r o t a t io n  a fte r  c o o l in g  th e  s o lu 
t io n  w as a ssu m e d  t o  b e  n e g lig ib le , s in ce  th e  e n t ir e  p r o c e d u r e  re q u ire d  
o n ly  12 m in u te s  a n d  e u t e c t i c  h a lts  w e re  r e p r o d u c ib le  o n  re p e a te d  
w a r m in g  c u r v e s  below — JQ° on t h e  sa m e  solution,

u su ally  after 20 to  30 m inutes, the sudden evolution of heat 
caused a m om entary increase in concentration before crys
ta llization  rendered the solution too p asty  to filter. E ach 
result obtained b y  this technique was checked b y  repeating 
the procedure w ith a  solution whose initial concentration 
w as the equilibrium  valu e indicated b y  earlier measurem ents. 
I t  w as not feasible to check these results w ith  in itia lly  over
saturated solutions, because crystallization  of the m eta
stable solid phase proceeds so slow ly th a t equilibrium  is not 
attained before crystallization  of a  stable solid phase begins.

F requent spontaneous crystallization  of glucose mono
h yd rate and extrem ely slow m utarotation made it  im prac
tical to hold these solutions long enough to ensure m u ta
ro tatory  equilibrium  a t the tem perature of m easurem ent. 
Separate experim ents were perform ed to determ ine how 
m uch the solubilities of anhydrous D-glucose measured as 
ju st described were in error due to lack  of attainm ent of 
equilibrium  betw een the a - and /3-isomers in solution. For 
this purpose am m onia was used to cata lyze  m utarotation.

M easurem ents first were made to dem onstrate th a t am 
m onia is effective in speeding m utarotation a t low tem pera
tures. A  D-glucose solution to which 2 drops of concen
trated am m onium  hydroxide had been added w as allowed to 
equilibrate a t — 10.65° in the presence of solid a-D-glucose. 
T h e solution w as then diluted 0 .40%  and again allowed to 
equilibrate in the presence of the solid phase. T h e concen
tration  qu ickly  rose to 5 0 .25 % , its valu e before dilution. 
R epetition  of the dilution and equilibration in the presence 
of solid a-D-glucose produced the same con cen tration . H ad 
m utarotation not occurred rapidly in the presence of am 
m onia, each successive dilution would have reduced the 
final valu e b y  an am ount corresponding to the reduction of 
the /3-D-glucose concentration.

Solubilities determ ined b y  this procedure were higher for 
a-D-glucose b y  0 .3 5 %  a t — 10.65° and b y  0 .10 %  a t 0 °, and 
lower for ,8-D-glucose b y  0 .2 5 %  a t — 16.80°, than those 
measured w ithout adding am m onia. T hese figures indicate 
the equilibrium  between a- ana /3-isomers is not shifted much 
b y  rather large changes in tem perature, a  conclusion in ac
cord w ith  d ata  of Isbell and P igm an 11 a t  0 and 20° for a 
4 %  D-glucose solution. T h e m agnitude and direction of the 
shifts indicated b y  our solubility d ata  are also in agreem ent 
w ith  their rotation d ata . T h e sm all corrections indicated 
b y  these figures have been applied to solubility  d a ta  obtained 
for a - and /3-D-glucose below  20° in the absence of am m onia. 
A t 40° or higher, m u tarotatory  equilibrium  was attained 
before m easurem ents were com pleted.

T h e solubility measurem ents on anhydrous a - and /3-D- 
glucose at or below 40° were made on about 100 g. solution 
in a 25 X  200 mm. test-tube in a constant tem perature bath . 
T h e solutions were agitated  w ith  a ro ta ry  stirrer and tem 
peratures were read on a calibrated therm om eter graduated 
to 0 .1° . A bo ve 40°, solution and excess solid phase were 
rapidly tum bled enc-ovcr-end in p a rtly  filled vials in a  con
stan t tem perature bath .

Results and Discussion
Figure 1 shows the phase diagram established in 

this investigation and includes the experimental 
points which determine the solubility curves. It 
should be emphasized that these curves represent 
eciuilibrium between solid phase and solution in 
which a-D-glucose and ^-D-glucose are present in 
equilibrium proportions at the indicated tempera
tures. These curves are expressed below as equa
tions fitted to the data by the method of least 
squares.

Ice
(p -  100)1 =  1 1.38p -  9.07 X  10 - y  +  3.455

X  10~3;»3 -  2.653 X  10 “ 5p 4 (1) 
a =  0.10°, n  =  19; t =  0 to - 2 7 ° ;  p  =  0 to 67%,

a-D-Glucose Monohydrate
p  =  33.78 +  0.62151 +  3.08

X  1 0 - 3;2 -  2.31 X  10~5;3 (2)
<r =  0.05% , n  =  7; t =  - 4  to + 5 2 ° ;  p  =  31 to 7 1 %

(11) H. S. Isbell and W. W. Pigman, J. Research Natl. Bur. Stanfr
arc*«, 18, HI (1937) (RP 909),
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Fig. 1.—d-G1ucosc- water phase diagram. 
Anhydrous a-D-Glucose

p =  53.80 +  0.835« +  3.65 X IO-1/2 (3)
<t =  0.04%, n =  6; « =  —11 to + 62 °; p =  50 to 76%

Anhydrous 3-D-Glucose
p =  67.00 +  0.224« (4)
<r =  0.07%, n =  8; t =  - 1 7  to + 6 3 °; p =  63 to 81%
In these equations p is the anhydrous glucose con
tent of the solution in weight per cent., t is the tem
perature in °C., <r is the standard deviation of the 
experimental data from values calculated by the 
equation, and n is the number of values used in de
riving the equation. The range of composition and 
temperature data on which each equation is based 
is also shown. Values calculated from these equa
tions at selected values of the composition and tem
perature are given in Table I.

Ice.— The warming curve method gave readily
T a b l e  I

So l u b il it ie s  in  th e  d-G lucdse- W a t e r  S yste m “
Temp., Concn., Temp., Concn.,

°C. wt. % °C. wt. %
Ice a-D-Glucose monohydrat

0.00 0.00 -  4.93* 30.79
-  1.20 10.00 0.00 33.78
-  2.70 20.00 10.00 40.28
-  4.74 30.00 20.00 47.26
-  7.72 40.00 30.00 54.57
-1 2 .1 7 50.00 40.00 62.09
-1 8 .9 7 60.00 50.00 69.67
-3 0 .0 1 70.00 54.71“ 73.22

Anhydrous «•■D-glucose Anhydrous /3-d--glucose
-1 2 .0 6 49 .81‘ - 2 1 . 026 62.29
-1 0 .0 0 50.49 -2 0 .0 0 62.52

0.00 53.80 -1 0 .0 0 64.76
10.00 57.19 0.00 67.00
20.00 60.65 10.00 69.24
30.00 64.18 20.00 71.48
40.00 67.78 30.00 73.72
50.00 71.46 40.00 75.96
54 .7T 73.22 50.00 78.20

The data in this table were calculated from the eq
tions given in *he text. 6 Eutectic: ice and solid phase of 
table. c Transition: a-D -glucose monohydrate <=i anhy
drous a-D-glucose.

reproducible data for the ice curve except for the 
lowest two temperature points shown in Fig. 1 at
— 27.69 and —29.55°. These two points were not 
used in obtaining equation 1, since they were of 
doubtful reliability due to the difficulty in inducing 
crystallization in these highly viscous solutions. 
The —29.55° point represents the only successful 
attempt to induce crystallization of ice from solu
tions containing over 68% glucose.

The ice curve reported here coincides with that 
found for D-fructose solutions3 at sugar contents 
below about 50%. For solutions containing 60% 
hexose, the ice point is only about 0.3° lower for a 
solution containing D-fructose than for one con
taining D-glucose. Thus structural differences be
tween the two sugars have little net effect on the 
activity of water in their concentrated solutions.

The ice points of Fig. 1 are markedly lower than 
those of Pozner and Amerkhanov6 at high glucose 
contents. This unexplained discrepancy amounts 
to 9° at 70% sugar.

a-D-Glucose Monohydrate.—The solubilities of 
the monohydrate calculated from equation 2 are 
in good agreement with those of Jackson and 
Silsbee7 except at +0.50° and at +50.00°, where 
their results are about 1% higher.

During the present investigation it was found 
that anhydrous a-D-glucose dissolves readily in a 
solution at equilibrium with the solid monohydrate 
at 50°. Apparently the relatively low rate of 
crystallization of the monohydrate under these 
conditions allows the solution to become saturated 
with respect to anhydrous a-D-glucose. Over
saturation with respect to the hydrate continues 
as long as anhydrous solid is present. This be
havior appears to provide a reasonable explanation 
for the earlier observation7 of solid a-D-glucose and 
its monohydrate apparently at equilibrium with a 
solution containing 70.91% glucose at 50.00°. If 
this datum is omitted, the remaining data of Jack- 
son and Silsbee extrapolate to essentially the same 
transition point between hydrate and anhydrous 
sugar as found from equations 2 and 3, viz., 54.71° 
and 73.22% glucose.

The a-D-glucose monohydrate-ice eutectic is 
determined by the intersection of the ice and the 
hydrate solubility curves (equations 1 and 2) to be
— 4.93° and 30.79% glucose. This point corre
sponds to (mutarotatory) equilibrium between a- 
and +isomers in solution. It is difficult to observe 
by the warming curve technique since melting of 
monohydrate-ice eutectic initially yields only 
a-isomer in solution. The eutectic corresponding 
to no /3-isomer in solution can be visualized as the 
intersection of the ice curve and a solubility curve 
for solid hydrate in equilibrium with solution con
taining only a-isomer. This hypothetical solu
bility curve can be estimated by reduction of the 
hydrate solubility shown in Fig. 1 by the propor
tion of /3-isomer present at mutarotatory equilib
rium at each temperature. Although accurate 
isomer composition data are not available for thus 
calculating this curve, it is apparent that this hypo
thetical eutectic for /3-isomer absent must occur at 
a higher temperature and lower glucose concentra
tion than the values cited above.
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Eutectic halts lasting up to 105 minutes in the 
range —2.29 to —1.83° were observed in warming 
curves for a number of samples which might be ex
pected to contain monohydrate-ice eutectic. Since 
mutarotation rates at these temperatures are too 
slow to produce significant changes in isomer com
position during the time required to obtain a warm
ing curve, these variations in observed invariant 
temperatures presumably correspond to different 
amounts of /3-isomer present, depending upon the 
seeding and temperature history of the sample prior 
to the warming curve. If it is assumed that 
— 1.83° is the eutectic temperature for solution 
containing only a-isomer, it is found from equation 
1 that the concentration of a-D-glucose in equilib
rium with solid hydrate at this temperature is 
14.59%. Since the solubility of hydrate at this 
temperature is found from equation 2 to be 32.65%, 
the portion of D-glucose in the a-form at mutaro- 
tatory equilibrium at —1.83° is estimated12 as 
35%. This value probably should be regarded as 
an upper limit since the correct ice-hydrate eutectic 
temperature in the absence of p-isomer may be 
higher than —1.83°.

Anhydrous a-D-Glucose.—Since the results of 
this investigation showed the solubility of a-D- 
glucose below 50° to vary with temperature some
what more than reported by Jackson and Silsbee,7 
additional measurements were made at three higher 
temperatures, viz., 52.22, 62.21 and 75.28°. At 
the highest temperature, considerable difficulty 
was encountered in determining the solution con
centration refractometrically at room temperature 
due to crystallization of a-D-glucose on the re- 
fractometer prism. This effect usually gave con
centrations too low by several tenths per cent., 
but one well-defined and one poorly defined index 
were obtained corresponding to 80.64 and 80.80%, 
respectively. These values are consistent with 
those at lower temperatures.

No experimental evidence was obtained for the 
existence of an anhydrous a-D-glucose-ice eutectic. 
All attempts to obtain this eutectic resulted in 
crystallization of the hydrate.

Anhydrous [3-D-Glucose.—According to equa
tions 3 and 4, the solubility curves for a- and /3-d -  
glucose intersect at 91.4° and 87.5% glucose. 
Little confidence can be placed in these a-p transi
tion point figures because extrapolation of curves 
of similar slopes (Fig. 1) is involved. A transition 
temperature of 108.6° has been reported from 
solubility measurements of a- and /3-D-glucose in 
methanol.13

(12) The assumption is made here that the number of moles of 
water per mole of D-glucose isomer in solution in equilibrium with solid 
phase of the same type isomer is independent of the presence of the 
other type isomer in solution. Results now being prepared for publica
tion show that the presence of D-glucose in solution has little effect 
on the solubility of D-fructose dihydrate and that D-fructose in solu
tion has little effect on the solubility of D-glucose monohydrate when 
the solubility is expressed in molality of the saturating sugar,. It 
therefore seems reasonable to assume that the molality of the saturat
ing isomeric form of D-glucose will not be significantly affected by the 
presence of the other mutarotatory form in solution.

The 0-D-glucose-ice eutectic is determined by 
the intersection of the ice and /3-D-glucose solu
bility curves (equations 1 and 4) to be —21.02° and 
62.29% glucose. This point corresponding to 
mutarotatory equilibrium in solution is not readily 
observed in warming curves for the reason dis
cussed above in reference to the a-n-glucose mono
hydrate-ice eutectic. However, eutectic halts at 
— 16.52° were observed in 5 different warming 
curves on a /3-D-glucose solution10 which was seeded 
with ^-D-glucose. This temperature corresponds 
to equilibrium between ice, solid /3-D-glucose and a 
solution which contains a total of 56.9% a- and 
/3-D-glucose. When the small amount of a-D- 
glucose present is taken into account, the solu
bility of /3-D-glucose at —16.52° in the absence of 
the a-form is calculated to be 56.2%. The corre
sponding value for /3-D-glucose and solution at 
mutarotatory equilibrium is 63.30%. Thus about 
74.4% of the focal dissolved glucose at —16.52° is 
in the /3-form.12 From these results, the /3-d -  
gluc.ose-ice eutectic temperature and concentra
tion are estimated to be approximately —16.1° 
and 56.4% in the absence of the a  form.

Mutarotation of D-Glucose.—Some new informa
tion on the effect of temperature and concentration 
on the mutarotatory equilibrium of D-glucose has 
been obtained in the course of this study. The 
temperature effect can be approximated from dif
ferences in solubilities cf either a- or ^-D-glucose 
in solutions at mutarotatory equilibrium at room 
temperature anc. at the temperature of measure
ment, as already discussed in the Experimental 
section. These differences indicate a shift in 
equilibrium isomer composition of at most a few 
tenths per cent, between 25 and —15° for solutions 
containing 50 to 65% by weight of D-glucose. 
The rotation data of Isbell and Pigman’ 1 likewise 
indicate a shift of only one-tenth per cent, between 
20 and 0° for a 4% solution. The conclusion 
seems justified that mutarotatory equilibrium in 
D-glucose solutions has a very low temperature 
coefficient at all concentrations.

Observations on the ice-a-D-glucose monohy
drate eutectic temperature indicated a maximum 
of 35% of the D-glucose in the a-form in a 33% 
solution. An isomer composition of 74% p was 
indicated by ice-/3-D-glucose eutectic observations, 
this value being a maximum for a 63% solution. 
In 4%  D-glucose solution, an a-isomer percentage 
of 36 has been found.11 These data suggest either 
a significant shift in isomer composition with sugar 
concentration or a dependence of activity coeffi
cient on conceniration which could account for 
this apparent shift.
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(1934).
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Red phosphorus and molecular hydrogen were the only products of the reaction between hydrogen atoms and phosphine. 
It is postulated that hydrogen abstraction is followed by combination of PH2 radicals to give the products. The atomic 
hydrogen concentration was estimated by measuring the extent of the reactions of HBr and HI with hydrogen atoms under 
the same experimental conditions.

Introduction
The reactions of atomic hydrogen with a large 

number of organic compounds have been investi
gated under a variety of experimental conditions. 
It is generally accepted that the primary reaction 
with saturated hydrocarbons is hjnirogen abstrac
tion whereas with alkyl halides and alkenes it is 
thought to involve halogen atom abstraction and 
hydrogen atom addition, respectively.

Reactions between atomic hydrogen and gaseous 
inorganic compounds have not been extensively 
studied in quantitative experiments, although the 
qualitative effects upon many inorganic substances 
have been reported in the literature. Phosphine 
has been subjected to the action of hydrogen atoms 
produced in an electrodeless discharge3 in a search 
for higher hydrides of phosphorus, but no attempt 
was made to determine the products of the reaction 
or its mechanism.

In the present work the reaction of hydrogen 
atoms with phosphine was studied in a Wood-Bon- 
hoeffer fast-flow system. A limited examination of 
the corresponding reactions with hydrogen iodide 
and hydrogen bromide was also made with a view 
to obtaining a measure of the atomic hydrogen con
centration in the system.

Experimental
The apparatus and the experimental techniques were 

similar to those described in an earlier paper from this Labo
ratory.4 * The pressure in the apparatus before each experi
ment was always less than 5 X 10“ 3 mm. Hydrogen from 
a cylinder was passed through a trap immersed in liquid 
nitrogen and was admitted through a capillary flow meter to 
both sides of a V-shaped discharge tube. The total pres
sure of atomic and molecular hydrogen in the reaction sys
tem was 0.87 mm., with a molecular hydrogen flow rate of 
1.24 X  10-4 mole/sec. Experiments were made at high 
temperature with an electrical heater surrounding the reac
tion vessel and the lower 5 cm. of the tube that connected 
it to the discharge tube. The temperature was measured 
with a glass-enclosed, copper-constantan thermocouple 
located just below the reactant inlet in the center of the re
action vessel. The inner surfaces of the discharge tube and 
reaction system were poisoned with 2%  metaphosphoric 
acid solution. All experiments lasted 100 seconds.

Phosphine was prepared using three different methods:
(i) by decomposing phosphonium iodide with dilute base;
(ii) by treating calcium phosphide with dilute acid; (iii) by 
treating white phosphorus with boiling aqueous potassium 
hydroxide solution. In each case, hydrogen was passed 
through the reaction flask, and the mixture of hydrogen and 
phosphorus hydrides passed through 6 N  HC1 and 25% 
KOH solutions, through two traps immersed in freezing 
ethanol, and finally through a liquid nitrogen trap to con

(1) With financial assistance from the National Research Council 
of Canada.

(2) Holder of National Research Council Studentships, 1955-1956, 
1956-1957.

(3) K. G. Denbigh, Trans. Faraday Soc., 36, 1432 (1939).
(4) P. A. Gartaganis and C. A. Winkler, Can. J. Chem., 34, 1457

(1956).

dense the phosphine. Prior to use, the condensate was dis
tilled twice from a trap cooled to —130°. Phosphine flow 
rates were controlled by maintaining a constant pressure 
behind a capillary jet. The flow meter was calibrated by 
distilling the gas collected during “ blank”  experiments into 
a small removable trap that contained dilute silver nitrate 
solution. The precipitated silver was removed by filtration 
and excess silver nitrate was determined by the Volhard 
method.6 Estimation of unreacted phosphine by the same 
procedure enabled the amount of reaction in each experiment 
to be determined.

Hydrogen iodide* and hydrogen bromide7 were prepared 
by standard methods. The gases were carried in a stream 
of dry hydrogen through two traps at —100° before they 
were condensed with liquid nitrogen. They were purified 
further by bulb-to-bulb distillations and care was taken in 
subsequent experiments to prevent their contact with mer
cury. Hydrogen halide flow rates were measured in 
“ blank”  experiments by distilling the condensate from the 
product trap (kept at —100° for HBr, —60° for H I) into a 
removable trap containing standard NaOH solution and 
back-titrating the excess alkali with standard acid. The 
extent of reaction was determined by collecting and measur
ing unreacted hydrogen halide in the same manner.

Ethyl chloride (b.p. grade) was obtained from Ingram 
and Bell, Ltd., Montreal, and was vacuum distilled before 
use. The extent of its reaction with hydrogen atoms was 
estimated from the amount of hydrogen chloride produced.

Results and Discussion
Figure 1 shows the results obtained in the reac

tions of HI, HBr and C2H5CI with atomic hydrogen 
at 65°. The hydrogen halides reacted with 3 times 
as many hydrogen atoms as did the alkyl halide and 
the fact that hydrogen iodide and hydrogen bro
mide reacted to the same extent is a good indication 
that both consumed all the hydrogen atoms. The 
following elementary steps must have occurred in 
the hydrogen halide reactions.

H +  H X — > H 2 +  X  (1)
X  +  X  +  M — >  X 2 +  M (2)

H +  X 2— >■ H X +  X  (3)

The activation energy for reaction 1 is approxi
mately 1 kcal./mole.8 Reaction 3 has a small but 
significant activation energy, practically the same 
as for reaction 1. According to Williams and Ogg,9 
the ratio k3/ki is 3.5 for HI and is essentially inde
pendent of temperature. For HBr the ratio k3/k, is
8.4.8 However, since hydrogen atom consumption 
is apparently complete with excess of either hydro
gen halide, the consumption of H atoms by I2 or by 
Br2 under these conditions seems to represent a 
negligibly small percentage of the total H-atom con-

(5) I. M. Kolthoff and E. B. Sandell, “ Textbook of Quantitative 
Inorganic Analysis,”  3rd ed,, The Macmillan Co., New York, N. Y., 
1952.

(6) A. I. Vogel, “ A Textbook of Practical Organic Chemistry,”  
Longmans, Green and Co., New York, N. Y., 1951.

(7) J. W. Mellor, “ Mellor’s Modem Inorganic Chemistry,”  revised 
ed., Longmans, Green and Co., New York, N. Y., 1939.

(8) J. C. Morris and R. N. Pease, J. Chem. Phys., 3, 796 (1935).
(9) R. R. Williams, Jr., and R. A. Ogg, Jr., ibid,, 15, 691 (1947),
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centration available. It is assumed, therefore, 
that the plateau value for the amount of reactant 
destroyed may be taken as a measure of the hydro
gen atom concentration. On this basis the flow 
rate of atomic hydrogen in the reaction system was 
1 0 '“ mole/sec. and the ethyl chloride reaction was 
32% complete at 65° (c/. 10). It is of interest that 
a previous study of the HBr-H atom reaction10 11 12 in
dicated 100% consumption of hydrogen atoms.

The only products of the reaction of phosphine 
with atomic hydrogen were molecular hydrogen and 
red phosphorus. The latter was deposited in a 
uniform layer on the inside wall of the reaction ves
sel and it changed from a light golden to a deep am
ber color as the thickness increased. When hydro
gen atoms reacted with this coating it was con
sumed completely in such a manner that the clearly 
defined horizontal boundary between clean and 
phosphorus-covered glass moved gradually down 
the reaction vessel and few hydrogen atoms ap
peared to exist beyond the phosphorus level. This 
process resulted in conversion of the red phosphorus 
to phosphine and a small amount of diphosphine. 
The reactions

P,ed +  H — >  PH lJ ] 3  (4) i
PH +  H2— »-P H , (5)

would account for the formation of phosphine, and 
the small amount of disphosphine could have been 
formed by

PH, +  H — >- PH2 +  H2 (6)
2PH2 -)- M — P2H4 +  M (7)

Because of the trace of P2H4 formed, the conversion 
of the layer could not be used to determine quanti
tatively the amount of phosphorus produced in the 
phosphine-atomic hydrogen reaction. The action 
of hydrogen atoms on red phosphorus to produce 
phosphine was observed by Langmuir13 who found 
that the process would proceed either in the gas 
phase or on the vessel wall. The conversion of 
phosphorus to phosphine observed in the present 
work occurred at an appreciable rate for tempera
tures at which the vapor pressure of red phos
phorus is quite low. Under these conditions there 
must have been a considerable proportion of wall 
reaction.

The results obtained in the reaction of phosphine 
with H atoms at three temperatures are given in 
Fig. 2. It is apparent that phosphine reacts with 
all the available hydrogen atoms at 73°, since the 
plateau corresponds closely to the maximum 
amounts of hydrogen iodide and hydrogen bromide 
destroyed under similar conditions. It is prob
able that phosphine reacts according to the follow
ing mechanism.

PH, +  H — >  PH2 +  H2 (8)
PH2 +  PH2 — >- P, +  2H2 (9)

P 2 — >T?rei (10)

(10) H. M. Chadwell and T. Titani, J. Am. Chem. Soc., 55, 1363 
(1933).

(11) E. Cremer, J. Curry and M. Polanyi, Z. physik. Chem., B23, 
445 (1933).

(12) The values of heats of formation found in Circular 500, U. S. 
National Bureau of Standards were used for species occurring in this 
and subsequent reactions. Values of 30 and 55 kcal./mole were 
estimated for PH2 and PH radicals, respectively.

(13) I. Langmuir, J. Am. Chem. Soc., 34, 1310 (1912).

PH , FLOW RATE MOLE /  SEC. X lO6

Fig. 2.

The abstraction of hydrogen is typical of the reac
tions of atomic hydrogen and, because of its exo- 
thermicity, reaction 8 is the most reasonable pri
mary step. Reactions 9 and 10 are substantiated 
by evidence obtained in investigations of the 
photochemical and mercury photosensitized de
composition of phosphine. Melville, et al.,u stud
ied the photochemical decomposition of PD3 and 
PH3 and found evidence that PH2 radicals decom
pose to give molecular hydrogen. Melville and 
Gray,15 in a study of the polymerization of phos
phorus, obtained experimental evidence that P2 
molecules condense to red phosphorus so that 
equations 8 to 10 can account for the products 
found in the present study.

The following reactions are also possible, al
though they appear to occur only to a slight ex
tent at room temperature.

p h 2 +  H — ■> PH +  H2 (11)
PH +  PH.  — ^  P2 +  H +  H2 (12)

PH +  H — P +  h 2 (13)
PH +  PH - P, +  h 2 (14)

Reactions 11 and 13 should lower the plateau at 
73° relative to that representing the available 
hydrogen atoms, but this was not observed. It is 
therefore reasonable to assume that, at phosphine 
flow rates corresponding to complete consumption 
of hydrogen atoms, the unstable PH2 species re-

(14) H. W. Melville, J. L. Bolland and II. L. Roxburgh, Proc. Roy- 
Soc. (London), A160, 406 (1937).

(15) H. W. Melville and S. C. Gray, Trans. Faraday Soc., 32, 271 
(1936).
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acts according to equation 9 rather than equation
11. This rules out steps 12, 13 and 14 since they 
depend on the formation of PH radicals.

The rates of phosphine decomposition at 73 and 
186° are typical of a reaction, with a small activa
tion energy, in which the reactant present in smaller 
amount is completely consumed. The experi
ments at 286° indicated that a back reaction with 
a large temperature coefficient appreciably affects 
the net amount of phosphine decomposed. It is 
suggested that this back reaction is the attack of 
hydrogen atoms on phosphorus, represented by 
4 and 5. At lower PH3 flow rates, corresponding 
to the rising portion of the curve for 286°, red 
phosphorus produced in (10) should react with

hydrogen atoms to make PH radicals. Some of 
the species would proceed by (5) to regenerate phos
phine; others in the presence of excess hydrogen 
atoms would be decomposed again to give red 
phosphorus by (13). At higher phosphine flow 
rates where hydrogen atom consumption is vir
tually complete, most of the PH radicals would 
probably regenerate phosphine. Thus, the ob
served phosphine decomposition may be reduced 
not only by consumption of atomic hydrogen by 
red phosphorus, but also by regeneration of phos
phine. Consequently in accordance with the ob
served behavior the curve for 286° might be ex
pected to rise to a maximum and fall off slowly as 
the phosphine flow rate is increased.

A KINETIC APPROACH TO THE THERMODYNAMICS 
OF IRREVERSIBLE PROCESSES1

B y  0 .  K . R ice
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Received December 8, 1956

The study of irreversible processes is considered from the point of view of “ transference units,” or groups of molecules 
in a particular energy state capable of causing a certain exchange of molecules. By considering the equilibrium (or steady 
state) of such a transference unit with the components of the solution, and the relation of this equilibrium in a temperature 
and concentration gradient with that of an inverse unit (one capable of reversing the exchange of molecules), equations are 
set up for fluxes of matter and heat. It is shown that the reciprocal relations between the phenomenological coefficients 
follow from these equations. The usual equations for the Soret effect and for thermocells are derived, and a few remarks 
on experimental values of heats of transport in electrolyte solutions are included. The extension to heterogeneous systems 
(systems containing a membrane) is considered and illustrated by application to the Knudsen flow of a gas.

The theory of irreversible processes is commonly 
based either upon the Thomson principle, which 
states that the second law of thermodynamics can 
be applied to all portions of the process which are 
reversible even though complete equilibrium is 
not established, or else upon Onsager’s reciprocal 
relations.2 There have also been some kinetic 
studies3 aimed partly at evaluating heats of trans
port, but also directed toward the understanding 
of the equations for the Soret phenomenon and re
lated effects. However, no general kinetic study 
of these relationships seems to have been given. 
While this is unnecessary in the sense that these 
relationships are already well established, and the 
rigor of the treatment is not likely to be improved, 
such a study should lead to greater physical insight 
into the nature of these phenomena and of the 
reciprocal relations.

1. Ideal Solutions
The thermodynamics of irreversible processes is 

concerned with flows of heat and matter which oc-
(1) Work supported by the Office of Naval Research.
(2) For reviews see (a) K. G. Denbigh, “ Thermodynamics of the 

Steady State,”  John Wiley and Sons, New York, N. Y .; and (b) 
S. R. de Groot, “ Thermodynamics of Irreversible Processes,”  Inter
science Publishers, Inc., New York, N. Y., 1951. See also E. P. 
Wigner, J. Chem. Phys., 22, 1912 (1954' ; N. G. Van Kampen, Physica, 
20, 603 (1954).

(3) (a) K. Wiruz and J. W. Hiby, Physik. Z., 44, 369 (1943); (b)
K. Wirtz, Z. Naturforschung, 3a, 672 (1948); (c) I. Prigogine, L. de 
Brouckère and R. Amand, Physica, 16, 577 (1950); (d) K. G. Denbigh, 
Trans. Faraday Soc., 48, 1 (1952); (e) K. F. Alexander, Z. physik. 
Chem. (Leipzig), 203, 181 (1954); (f) L. Onsager and R. M. Fuoss, 
T h is Jo u r n a l , 36, 2689 (1932); (g) R. B. Parlin, R. J. Marcus and 
H. Eyring, Proc. Natl. Acad. Sci. U. S., 41, 900 (1955).

cur under gradients of temperature and concen
tration. The flows or fluxes, if not too great, can 
be expressed as linear functions of certain “ forces,” 
related to the gradients, one standard formulation 
being given in Section 4, below. Of special interest 
are steady states in which some of the flows have 
stopped. For example, in the Soret effect, a tem
perature gradient is maintained and flow of heat 
always occurs, but a steady state is reached in which 
the gradients of the different materials present 
have definite values, and flow of matter stops. The 
concentration gradients are then dependent on 
heats of transport, i.e., the heat which must be ab
sorbed from thermostat or surroundings when unit 
quantity of a particular component is removed 
from a certain region or, equivalently, the heat re
jected when the component is added. Before we 
go into the general relationships, it may be of in
terest to consider the special case presented by an 
ideal solution.

A truly ideal solution is presumably one in which 
the types of molecule involved have the same size 
and the same molecular force fields, being distin
guished only by some trivial property; otherwise 
some deviations from ideality would be expected. 
If we have a solution of this sort, placed in a tem
perature gradient, it is clear that the distribution 
of solute and solvent across the gradient will be 
uniform; that is, the mole fraction will be the same 
at all temperatures when the system has come to a 
steady state, because there is no reason for one kind 
of molecule to be preferred to the other at any 
temperature. Likewise, the heat of transport will
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be zero; for obviously, if solute molecules pass from 
one solution to another at constant temperature 
(due, say, to a small concentration gradient) no 
heat will he absorbed or evolved.

The preceding paragraph implies that the num
ber of molecules crossing a given boundary in a con
centration gradient at non-uniform temperature 
depends upon the mole fraction of a given constitu
ent rather than upon the number of molecules per 
unit volume, since in general the density depends 
upon the temperature. The reason for this is that 
transfer actually involves exchange of molecules of 
both solvent and solute, transfer of solute in one 
direction being accompanied by transfer of solvent 
in the other, so that in the whole process of transfer 
there is no dissymmetry with respect to the density.

The conclusions drawn from an ideal solution can 
be carried over to other cases under special circum
stances. When one has a very dilute solution of 
some solute in a solvent one has a situation which is 
essentially ideal with respect to solvent. The solute 
can be considered as a solvated entity. If the 
solvated complex is large enough (this requires 
practically only one or two layers of solvent mole
cules) the interaction with the solvent molecules 
outside the solvated complex is just the same as if 
only solvent molecules were inside the complex. 
Thus if  these complexes moved as a whole, and if the 
solution were dilute enough so that they were never 
broken up, one should be able to make the same 
statement as before regarding the heat of transport 
and the behavior of this system in a temperature 
gradient. Usually, however, the situation will 
not be this simple, and we shall proceed at once to a 
more general formulation. In so doing, we shall 
also generalize our discussion to include multi- 
component systems, but we shall assume that all 
the gradients of concentration and temperature oc
cur along the same direction, thus avoiding vector 
interactions.
2. General Description of the Transport Processes

There have been various theories advanced in or
der to account quantitatively or semi-quantita
tively for the magnitudes involved in various kinds 
of transfer. In one such theoiy, which may be de
scribed as the hole theory of transportSa'b'c’d and 
which is believed to be applicable in many instances, 
it is supposed that transfer occurs if there happens 
to be a hole adjacent to some molecule when this 
molecule simultaneously possesses sufficient energy 
to jump into the hole. Another example is the 
theory recently proposed4 to explain the high con
ductivity of hydrogen ions in aqueous solutions, in 
which it is supposed that there is rotation of a wa
ter molecule followed by quantum-mechanical 
tunneling of the hydrogen acorn.

In any such theory we see that the transfer of 
material results because a certain group of mole
cules in the solution is in a certain energy level. Let 
us call such a group of molecules in a particular 
energy level or a definitely defined group of energy 
levels involving a small energy range a transference 
or transport unit. We shah assume the energy lev
els to be sufficiently closely specified so that the

(4) B. E. Conway, J. O’M. Bockris and Ii. Linton, J. Chem. Phys., 
24. 834 (1956).

probability of a particular exchange of molecules is 
very closely determined. We purposely leave the 
exact description of a transference unit vague, since 
it must depend on the circumstances, but we need 
to include in a unit a sufficient number of mole
cules so that its interaction with the rest of the 
solution is “ average”  and does not change when 
the transference process occurs. In other words, 
the transference process takes place within the 
transference unit. After the transfer process has 
occurred, it would be possible for the reverse proc
ess to take place. A transference unit which is the 
same as the original unit except that the reverse 
process can occur will be called the inverse unit. It 
will now be seen that the flux of any particular com
ponent arising from any particular transference unit 
will be proportional to the difference in concentra
tion of the transference unit and its inverse.

A transference unit may be treated as a chemical 
species in or tending to equilibrium with its environ
ment. Since it is large enough, so that its interac
tion with the environment is on the average the 
same as that of that much of the environment itself, 
and since the concentration of any given transfer
ence unit if stringently enough defined is very low, 
we may assume that the chemical potential of the 
7-th unit is given by

Mr — mt° h tT  In Ct (2.1)

where cy is the concentration. The chemical poten
tial of the inverse unit will be the same function of 
concentration as that of the direct unit5; there will 
be a difference between uhe concentrations of direct 
and inverse units because of the tendency of a trans
ference unit to come to equilibrium with a specific 
component of the solution at that particular point 
(or points) in the gradient where this component 
actually occurs in the transference unit. Thus we 
make the assumption that there exists a given con
centration and temperature and that the thermody
namic quantities can be defined at any point in the 
solution, and that the temperature and concentra
tion gradients have a meaning even in the distance 
across a single transference unit. If a transference 
unit is not of macroscopic dimensions one might 
question whether there can be a definite tempera
ture or concentration gradient across it, and of 
course these would have no meaning for a single 
transference unit. But temperature and concen
tration are statistical quantities, and when one 
considers the average effect over many similar 
units the idea does have significance. The assump
tions regarding the equilibrium are, in my opinion, 
inherent in the assumption that the thermodynamic 
functions can be defined at any point in the solu
tion. The procedure suggested here is applied in 
detail in Section 3. In a general way our hypothe
sis resembles the Thomson hypothesis, inasmuch as 
we apply thermodynamic considerations to the 
equilibrium even though irreversible processes are

(5) Since this statement should be correct regardless of whether 
or not the activity of a transference unit is exactly the same as its 
concentration, as implied by eq. 2.1, and since a small change in 
activity will always be proportional to the corresponding change in 
concentration (so eq. 3.1 would hold with only a slight change in the 
meaning of XT) all our conclusions would be unaltered if ct were inter
preted as an activity instead of a concentration.
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taking place, but it is applied here to elementary 
processes.

There may be some overlapping of different 
kinds of transference units, but this presumably 
will not matter, since we shall calculate the concen
tration of eacli kind of unit, and its effects, sepa
rately, then add all the effects together. The ef
fects are in the nature of probabilities, which 
are thus assumed to be independent; but if they 
were not independent then those particular trans
ference units would not have an independent exist
ence, but would be part of a single larger unit, so 
overlapping would be automatically avoided.

3. Calculation of the Fluxes
Suppose that the transference process associated 

with the rth transference unit results in a transfer 
of the j'th component equivalent to the advance of 
a molecule of this component through a distance a ry. 

aTj has the character of a moment; for example ad
vancement of two molecules through a distance a Ty / 2  

would be equivalent to the advancement of a single 
one through a distance nrJ; we can refer to arJ as 
the moment o: transfer or transport. We shall de
note the excess in the concentration of inverse 
transference units which have a moment — aTj, 
over that of the direct unit by Scr. The total flux 
of component j will then be given by

J j — — r̂ArdriSCr (3.1)

where Xr is a proportionality constant equal to the 
probability of occurrence of the transfer process per 
unit time.

Our next task is to calculate 8cr. The inverse 
transference unit differs from the direct unit only in 
that certain molecules have changed position; its 
external portions are the same and so its interaction 
with the environment is the same. However, it 
may in general be expected to lie effectively at a 
slightly different temperature, depending upon 
where, on the average, it absorbs or rejects heat in 
the process of coming into equilibrium with its en
vironment. Also, since some molecules change po
sition in the transfer process, and since there is a 
concentration gradient, the inverse unit will be in 
equilibrium with molecules at slightly different 
concentrations from those in equilibrium with the 
direct unit. (We shall assume provisionally that 
the transference units are in equilibrium with the 
substrate, but will examine this assumption at the 
end of Section 4.)

Let us consider the entire molal free energy 
change

A Gt =  (It — EjtlTjUj (3.2)

when the separate molecules in the solution, with 
respective average chemical potentials ¡uy, react to 
form the transference unit with chemical potential 
¡xT. The sum 2 y  goes over all components and 
there are n Tj molecules of component j in the unit. 
The free energy change for formation of the inverse 
unit will be AGT +  SAGr. AGr and AGt +  SAGt 
will be zero at equilibrium, assuming that the ther
modynamic functions can be defined in the temper
ature and concentration gradients, and that the 
work-balance principle can be applied to find the 
state of equilibrium. Noting the thermodynamic

relation for constant pressure and concentration, 
ÒAG/ÒT =  — AS, we can write

6AGr =  -ASrST +  (SA Gt)t =  0 (3.3)
The first term between equals signs takes care of 
the temperature gradient and the second term the 
concentration gradient, assuming constant pres
sure. The subscript T means T is held constant in 
the differentiation. When the direct transference 
unit is formed, the heat TASt is absorbed at average 
temperature T, and when the inverse unit is de
stroyed the heat is dissipated at average tempera
ture T +  8T. Every time the transference proc
ess occurs, therefore, the heat is transported 
through a distance equal to 8T/grad T. Thus we 
can say that the moment of heat transport, Qr, is 
given by

Qr =  TAS^T/grad T) (3.4)
For (f A(jt) t we can write

(SAGt)t =  (Ò/ìt/ c>Ct)t8Ct — 2 jTlr j(Sp-j)T (3.5) 
and from the definition of aTy we see that

n Tj(Sp.j)T — arffgrad (3.6)
We can now use (3.4), (3.5) and (3.6) in (3.3), and 
set ònT/òcT =  RT/cr from eq. 21. We thus obtain
8Ct = ( ct/ R T ) [ (Q t/ T )  grad T +  2,arj(grad mj)t ] (3.7)
We now use (3.7) in (3.1) to get Jk (k being an al
ternative designation for the components)

Jk =  -(RT)~^r\rCrark(Qr/T) grad T
— 2 ,L*,(grad m )t (3.8)

where
Lkj =  (R i ) 1 2jt^tCtQt1cQ'Tj (3.9)

The summation 2r is to go over all transference 
units, but if the /rth species is not included in any 
unit the coefficient aTk will be zero. It is of interest 
to note that if there are no transference units with 
more shan one of the aTk different from zero (as is 
presumably the case in the hole transport mecha
nism considered by Wirtz and Hiby3), thenL*y =  0 
unless k =  j.

In analogy to eq. 3.1, but taking into account a 
heat-conduction term — A grad T, we can write for 
the heat flux

Jq — —A grad 7 — ¿̂tAtQtSCt (3.10)
Again using (3.7) we have

Jq =  —(AT +  Lqq) T~' grad T
— 2t(3i;Lu(grad nk)r (3.11)

where
Lqq = (RTy'XrArCrQr* (3.12)

and
Qk =  (RT) '̂ArKrCj r̂drkl Lkk (3.13)

We note that L qq is the expression which would be 
obtained from (3.9) for Lkk, except that QT is substi
tuted for ark, and QkLkk would be obtained from Lkj 
if aTj but not aT* were replaced by Qr; in other words, 
heat is much like a component. Qk, according to its 
definition (3.13), is the heat of transport of species k 
at constant temperature, taking into account that 
part of the flow of k due to the gradient of its own 
potential. On account of the Gibbs-Duhem rela
tion its own chemical potential could not be the
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only one to have a gradient, but if this were possi
ble we would have Q-K =  J jJ k  under these circum
stances.6 If we compare the individual terms in the 
sum (RT)~1’ZT\TCrQT0-Tk with the individual terms of 
the sum in (3.9) we see that the ratio is Qr/ark, 
which can be interpreted as the heat of transfer of 
the transference unit r referred to transfer of com
ponent k in unit r, and Q* is an average value.

4. Relation to Irreversible Thermodynamics
The phenomenological equations for the flow of 

matter and heat can be written2
Jk LkqXq kj jLkjX j
jq — LlqqXq -j- 2 jLqjX j (4.1)

Here the X ’s represent the forces, X q being the 
force associated with the temperature gradient, 
while the others are associated with concentration 
gradients, and the L ’s are the phenomenological 
coefficients. The exact choice of the J ’s and the 
X ’s can vary somewhat6 but they must be related 
to the rate of production of entropy per unit vol
ume d by

Te - - ~£kJ/X k T  JqXq (4.2)
and if (4.2) is satisfied, the Onsager reciprocal rela
tions hold

Tkj — J-Jjk (4.3a)
Lqk = Lkq (4.3b)

Let us examine our results in the light of these 
general ideas. First we shall show that

Te = -Jq T~l grad T — 2t/t(grad w )r (4.4)
where the J ’s are defined as in Section 3. It is con
venient to consider a volume of unit length and 
cross-section with uniform gradients of T  and fik- 
Heat — Jq per unit time7 enters the unit volume 
from the thermostat at temperature T +  grad T 
with loss of entropy of the thermostat equal to
— Jqf[ T  +  grad T )  and leaves the unit volume at 
temperature T  with gain of entropy of the thermo
stat equal to —J g/ T ; if grad T  is small, the net 
gain is — (J q/ T 2) grad T ,  which, if multiplied by T ,  
is the first term of (4.4). There is no change in en
tropy of the unit volume itself due solely to uniform 
flow of heat (any non-uniformity will be taken 
care of in the next paragraph).

Let us now consider the entropy change which 
arises directly from flow of component k. As 
component k flows from one temperature to a 
slightly different one there will be additional ab
sorption or rejection of heat, on account of the par
tial heat capacity of component k, but the gain or 
loss of entropy of the unit volume will exactly can
cel that of the thermostat. However, besides this, 
there will be a change of entropy of component k, 
at a rate /¿(grad Skjr which would have occurred 
even if there were no change in temperature, and a 
change in entropy of the thermostat equal to -  Jk-

(6) Our heat8 of transport do not include transported enthalpy, 
but refer strictly to the part of the energy which will be transferred to 
or from a thermostat when there is any accumulation of material at 
some point in space. (See e.g., ref. 2a, p. 14; ref. 2b, p. 124). They 
have sometimes been called “ reduced heat flows.”  Because of their 
use, our formulas will differ from those of de Groot by some enthalpy 
terms.

(7) We would call Jq positive if the flow were in the same direction 
as grad T’, actually the flow is in the opposite direction, so the flux
— Jq enters the unit volume at the higher temperature T 4* grad T.

(grad hk)r/T (where hk is the partial molal en
thalpy;, because this amount of heat would need to 
be taken from the thermostat in addition to that 
needed to take care of the partial heat capacity of 
component k (it does not matter if the heat is ab
sorbed at T or T +  grad T if grad T is small). The 
total contribution to T6 from transport of all com
ponents is thus

StirJiigrad Sk)r — Jk (grad hk)r] = — 2fe/*(grad /n)r
This is the last term in (4.4), which is thus verified. 
Therefore we can write

Xk = —(grad hJ)t
and

Xq =  —T~l grad T (4.5)

Comparing these with eq. 3.8 we see that the Lk} 
of Section 3 correspond tc ‘ he Lkj of (4.1). Further
more Lkj =  Ljk, by eq. 3.9. Also, Lkq, Lqk, and Lqq 
of (4.1) can be expressed in terms of the quantities 
of (3.11) and (3.8) (compare eqs. 3.8 and 3.13) as

Lqq —  A T -J- Lqq (4.6)

Lqk — Lkq — QkLkk (4.7)

We thus see that the reciprocal relations hold, 
and our formulation gives the laws of irreversible 
thermodynamics quite automatically. Equation 
4.3a holds because the two a’s which enter eq. 3.9 
(one coming from the flow equation, eq. 3.1, and 
the other from eq. 3.7 which, in a sense, gives the 
force for a single type cf transference unit) enter 
symmetrically. Equation 4.3b follows in just the 
same way, but Qr takes the place of one of the a’s.

We have of course made the assumption that the 
transference units come to equilibrium in the partic
ular way described. In so doing we have assumed 
either (1) that the transference process must be 
slow compared to formation and destruction of 
transference units by other means, or else (2) that 
the transference process is an integral part of the 
action by which equilibrium is maintained. The 
second assumption is not really self-consistent, 
and we shall now consider the possibility that 
neither of these assumptions is correct. In any 
event, the transference units should come to a 
steady state and we can write cT =  0 and c /  =  0, 
where the dot means time differentiation and the 
prime refers to the inverse unit. If complete equi
librium were established, the rate of formation and 
destruction of transference units would be aTcT,eq., 
where aT is a constant.7* If equilibrium is slightly 
disturbed by the transference process the rate of 
formation from the substrate will still be aTcT,eq. 
(except possibly for a term proportional to cr,eq. — 
cT, which would not afferr the results), but the rate 
of destruction will be aTcT, and the net rate of 
change of concentration due to transference (i.e., 
from transformation into and from the inverse 
unit) will be Ar(c /  — cT). Thus

Cr = a TCT.e q. — <ItCt +  Xr(Cr' — Cr) = 0 (4.8)
(7a) The constant may of course depend upon the temperature 

and the concentrations of the components; the probability of “ reac
tion” of a given transference unit is independent of other like units
(their concentration oeing small), but dependent on the general en
vironment.
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and
C t  —  d r  C r , e q  d r  C t  A Xx(Cx C t  )  =  0 (4.9)

Solving for ScT' =  c /  — cT we obtain
OC t — [ O r d r  l ^ d r d r  “I- \ r d r  “l“ Xxtix )]5Cx,eq (4.10)

which shows that 8cT is proportional to 5cr.eq.. The 
proportionality constant can simply be absorbed 
into the XT in eq. 3.1 and 3.10 and 8cr treated as 
though it were ScT,eq.. Everything will then go 
through as before.

We might, however, imagine a more compli
cated situation, for a transference unit might be able 
to take part :n several transference processes, hav
ing thus several inverses. This would be allowed 
for by putting one term for each such process in
(3.1) and (3.10). This means that the sum be
comes a sum over what may be designated as coup
led pairs of transference units. For each such pair 
there will be one ScT, but there will be some over
lapping of the separate eT and c / .  Thus if the 
coupled pairs r  and a have their direct units in 
common (in which case we shall say they “ overlap” 
on their direct units), ca =  cT.

If we have to consider a steady state instead of 
an equilibrium we must then attempt to express 
the 8ct as linear functions of the 8cT:eq. Suppose we 
have

XrSCr = Strî xACff.e q (“4.11)
Then (3.1) will become

J j  =  2x2,xiIx;y7cx5C(x,eq (4.12)
As we have noted previously, heat acts like another 
component (aside from the conduction term, — A  

grad T, which we can neglect here), and we will not 
need to consider it explicitly. With this under
standing we can use eq. 3.7 for 8c,,,eq and obtain 

J j =  ( A T 7 j 1 2r2cr2fcC <T ,eqarj‘i77-<7(J(7fc(gr3,(i ( 4 . 1 3 )

where one of the a„k stands for Qa and one of the 
(grad pk) t stands for T~l grad T. We see that

L/jk = (AT1) 1 2x2xC(7,eqCr,'f7x<7(i(7A- (4.14)
and, similarly

Lkj =  (AT ) 1 ^T t̂rC(T,eqdTk§radiTj
—  (AT7) ^^ J T ^ a C T ,e q d / r k f f ( T T d -T i  (4.15)

If gTC 0, cT,eq. and ca,9q, are concentrations of 
transference units which can, at least indirectly, go 
ox̂ er into each other, and hence cTi eq =  c„, eq. Thus 
Ljk = Lkj provided gTa = g„T. To find out whether 
this is true or not we set up more general equations 
like (4.8) and (4.9)
C t  =  C x C x .e q  d r C r  A  X x ( C r  C t ') A  2 p  X p 6 (7 x (C c 7  —  C t )  “

0 (4.16)
C t  ~  d r  C t ,Qq  d r  C t  A Xr(c‘r C t  ) A

2p'Xp5px'(cP -  C t ’ )  =  0 (4.17)

In these equations the subscript r  refers to a partic
ular coupled pair, the inverse unit being indicated 
by primes. The summation 2</ or 2 /  is over all 
other coupled pairs. If a particular coupled pair 
does not overlap with r  on the direct unit of r  then 
bCT =  0; if such overlapping does occur b „  =  1. 
Considering the common unit to be the direct one 
for <j also, ca =  cT and we have written c j  — cT in 
the equation; c j  — cT = 8c„. Similarly bpT' =  0 or
1. In the latter case the common unit is consid

ered to be the inverse unit in each case; we have 
cp =  cT' and we have written cp — cT' , which is 
— Scp, in the equation. Dividing (4.16) by aT and 
(4.17) by aT' and subtracting one from the other, we 
find
Ĉx.eq — (XT-1 A  dT~l A  O r'"1) XxSCx

A  2 /  (W T/dT)\aSCq A  2p' {bpr'/dr’ )\PbCp (4.18)

We note that if we pick out a term in the first sum 
and one in the second such that a =  p, then the cor
responding b^ and bpT' cannot both be equal to 1, 
so we may write
bCr,ec =  Qtt A xSCx A  2cr (jx<7 ApSCcr A  2p Qtp Ap5Cp

(4.19)

where the g~l are elements of the inverse of the ma
trix defined in eq. 4.11 except that if gTa~l ^  0, 
grp~~l =  0 if <7 =  p, and conversely. We see that 
gTq~l =  aT~l or 0 and gTp~l =  ar'~y or 0. Now let 
us consider another 5ceq, say 5cj. eq
6c{,eq =  A  A  2pVfp” 1XpScP

(4.20)
where g ^ 1 =  a{_1 or 0 and g ^ 1 =  a^~l or 0. We 
now consider several possibilities.

1. The pairs r and £ do not overlap. Theng^- '1
= gTr l =  o . .

2. The pairs r  and £ overlap on the direct unit. 
Then gT(~l is to be found among the g in (4.19) 
and (At“ 1 is to be found among the g ^ 1 in (4.20). 
But clearly in this case, since the direct unit r  is 
identical with the direct unit £, aT =  Hence 
gt£ 1 g%T

3. The pairs r and £ overlap on the inverse unit. 
Then gT̂ ~l is found among the gTp~l in (4.19) and 
<7{r_1 among the g%p~l in (4.20). Again aT' =  a(r 
and gTi~l =  S A '1-

The matrix of the inverse transformation of (4.11) 
being symmetrical, the transformation itself must 
be, and the reciprocal relations hold. Thus we 
need to assume only that the equilibrium between 
transference units and substrate would be estab
lished in the way described in Sections 2 and 3 by 
processes involving no net transfer of matter and 
of heat. One might question whether such proc
esses actually exist, inasmuch as any transference 
unit has special properties both with respect to the 
positions of the molecules and the amount of en
ergy it contains; however, by net transfer we refer 
only to the result of motions along the gradients, 
and motions normal thereto will also occur. 
Along with processes involving no net transfer we 
will also have to include in the first terms of (4.16) 
and (4.17) any random transference processes in
volving transference units which are distinct in 
composition and energy from those which are 
coupled, but which happen to overlap with them 
in a trivial or random way, as explained at the end 
of Section 2. We include here as overlapping pairs 
only such as are essentially connected with respect 
to the transference processes. Otherwise we could 
not set cT,eq = Cp,eq in eq. 4.14 and 4.15. Never
theless, the consideration of the steady state of
fers a worthwhile generalization.

The original derivation of the reciprocal rela
tions2 was based on the law of microscopic reversi
bility, and it is of interest to note that this law is in
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volved in our deduction. For it is essential to our 
argument that the rate of a transfer process should, 
at true equilibrium, exactly balance the rate of the 
inverse process. The linear character of the phe
nomenological relations follows from the linear de
pendence of the elementary processes on the ScT. 
Another familiar element in the usual discussion of 
irreversible thermodynamics is also present here, 
namely, the consideration of fluctuations, for a 
transference unit is actually a fluctuation of a spe
cial type. One of the advantages of our procedure 
is that it brings out clearly the relation of the fluctu
ations to the macroscopic process.

The law of microscopic reversibility applies 
directly only to the equilibrium situation. If a 
steady state in which the Jk s are zero is set up un
der a system of gradients, it clearly does not mean 
that the contribution to the flux arising from each 
kind of transference unit (i.e., from each term in 
the sum of eq. 3.1) vanishes separately.8 It simply 
means that there is as much flux in one direction as 
in the other, and the result of net zero flux arises 
from a certain kind of cyclic process in which the 
flux in one direction, arising from certain energy 
levels, cancels the flux in the other direction, arising 
from other levels. Since each type of transference 
unit has its own characteristic moment of heat 
transport Qr, not necessarily directly related to the 
moment of transport aTk, there can be a net flow of 
heat due to flow of component k even when Jk =  0. 
An expression for this heat flow will be given in Sec
tion 5.

5. The Soret Effect
Strictly, since we have shown that the kinetic 

formulation yields the reciprocal relations, this is 
all that is necessary, as we now know that the 
equations for the special effects can be obtained. 
However, it will be of some interest to see their re
lation to the quantities which are defined in terms 
of the kinetic picture.

If we maintain a temperature gradient and allow 
the concentration gradients to adjust themselves 
as the flows proceed we arrive at a steady state in 
which, finally, all the Jk will be zero. Remarking 
that

(grad iij)T = Xi\dni/i>xi) grad Xi (5.1)

where the summation goes oyer all xi but one, 
since they are not all independent, we can set Jk =
0 in eq. 3.8, use eq. 3.13, and obtain
(Qh/T) +  2 ¡'(diik/i>xi) Axi/AT +

2 ?U-)2 1'(.Lie¡/Lkk){£>p¡IAxi) dxi/dT =  0 (5.2)

Equation 5.2 is the equation for the Soret effect, 
but is not quite in its usual form. This is because 
the Qk overlap to some extent, and any transference 
unit which involves the transfer of more than one 
component will contribute to the Qk of all of them, 
as is readily seen from eq. 3.13.

We can define another set of heats of transfer, 
Qj*, which avoid the overlapping but are not as 
readily interpreted in terms of a sum over transfer
ence units, by the equation9

Jq = XjQj*Jj, for grad T =  0 (5.3)

(8) See J. Meixner, Ann. Physik, 4 3 , 2 4 4  (esp. p. 258) (1943).
(9) See ref. 2b, pp. 112, ff.

Using (3.8) with grad T =  0, this gives
Jq — 2j2fcQ,-*I/,fc(grad p.k)T (5.4)

Comparing coefficients of (grad nk)T in (3.11) and
(5.4)

QkUk = ZjQj*Ljk (5.5)
Using eq. 5.5 with eq. 3.13 in eq. 3.8

Jk — 2jQj*L]kT 1 grad 7 2 , /.¿.(grad y..)■/■ (5.G)
Since we have shewn that Ljk = Lkj, it can be seen 
that Jk =  0 if

(Qi*/T) grad T +  (grad Mj)r = 0 (5.7)
or

Qi*/T +  Mdm/i>xk) dxJdT  =  0 (5.8)
which is the expression generally given for the 
Soret effect. It can also be shown that this is the 
only solution. If we set — (Qj*/T) grad T — 
(grad n}) T = i/j, eq. 5.6 can be written Jk =  LjLjuyj. 
The general condition that such a set of equations 
have a solution is that the determinant of the Ljk 
not vanish; then the only solution for all Jk =  0 is 
V, =  0.

As we have noted, when Jk is equal to zero this 
may be only because the amount of component k 
transported in one direction is equal to that trans
ported in the other. Since that transported in one 
direction may carry a different amount of heat than 
that transported in the opposite direction, the 
contribution to </„ from the Qk or Qk* may not van
ish. An interesting formula for the value of Jq at 
the Soret steady state is obtained by substituting 
eq. 5.7 into eq. 3.11. This gives

Jt =  —(AT  +  Lqq — ZkQkQt*L u )T -' grad T (5.9)
It has been noted previously that the expression 

for Jq under the condition that all Jk — 0 involves 
coefficients other than Lqq, and the quantity mul
tiplying grad 2' in (5.9) has been identified with the 
thermal conductivity10; however the interpreta
tion in terms of the cyclic flow of matter and, in par
ticular, the interpretation of the various quantities 
involved through eq. 3.9, 3.12, 3.13 (or 4.14) and
5.5 have apparently not been given.

6. Equations for Charged Particles
Systems with charged particles differ from those 

that we have already considered in that there is a 
condition on the concentrations, in order to main
tain all parts of the system neutral. Actually 
there is a slight separation of positive and negative 
charges where gradients exist, which results in the 
production of a potential. However, the differ
ences in concentration are so small that they do 
not need to be considered explicitly. We will take 
care of the resubant electrical potential <j> by writ
ing for the chemical potential /y of ion species j

Pi =  1 / +  Zje4>F ( 0 . 1 )

fy is the value the chemical potential would have 
if the particle were uncharged, Zj is the valence 
(which may be positive or negative), zye being the 
charge on the particle, and F is a conversion factor. 
Some objections have been expressed to this method 
of dividing the chemical potential explicitly into

(1 0 ) S ee  re f. 2 a , p . 76 .
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electrical and non-electrical parts,11 but for akinetic 
theory it seems entirely adequate.

The condition of electrical neutrality is
2  jV jZ j  =  0 ( 6.2 )

where vj is the number of moles of the jth ion per 
mole of electrolyte.

At the Soret steady state for a strong electrolyte 
we again have Jj =  0 for all species of particle. We 
apply eq. 5.7 to the^th ion, using eq. 6.1, multiply 
by Vj, and adci over all species of ion. The term grad 
6 will have as a factor "LjVjZj, which vanishes, so 
finally we obtain

(S ,i’¡Qj*,'T) grad T +  (grad 2/*#r,-)r =  0 (6.3)
Now 2jVjQj*/T is the heat of transfer of the salt and 
2jVj$j is the chemical potential of the salt. Thus eq.
6.3 actually says that (5.7), or (5.8), holds for a dis
sociated salt just as for any other type of compo
nent.

To get <j> we go through the same process, except 
that we subtract the terms for the negative ions 
from the terms for the positive ones. Noting that 
'Lj+vjZj =  — 2j~vjZj we obtain 
2’Z ,+p,ZjeF grad rb

=  (2 r» :Q i*  ~  Z i+ viQ i*)?-1 grad T (6.4)
+  [2 ,- i 'j grad J, -  2,•+»>,■ grad f ,]r

which gives grad (j> in terms of the heats of transfer 
and chemical potentials of the individual ions.

In the case of a thermocell we have a junction at 
which there is a temperature gradient but no con
centration gradient. Thus in this case grad f  =  0 
for each ion and for the solvent grad n — 0. We 
cannot set Jk =  0, but the condition of neutrality 
when no current is taken from the system demands 
that IkZkJk = 0, where the sum extends over all 
ions. We thus find from (5.6)

0 =  2 t2,'^iQ,'*L,^7, - 1 grad T 
+  ZkZjZkLkjZjeF grad <j> (6.6)

where the sum 2* extends over all ions but the sum 
2j includes the solvent in the first term. If grad T  
and all concentration gradients were zero, but the 
system were in an applied electric field, we would 
have

Jk — XjLkjZjeF grad 4> (6.6)
where in this case 2j goes only over the ions since 
Zj =  0 for the solvent. We see that ZkXjLkjZj is pro
portional to tk the transference number of the kth 
ion, and eq. 6.5 becomes, exchanging,;' and k in the 
first term and noting that 2 ¡Jk =  1 in the last 
0 =  [2k(lk/zk)Qk* +  toQo*] T~' grad T +  eF grad <t> (6.7)
We have used the subscript zero to indicate the sol
vent; t0 is defined by the relation t0 =  (tj/z,)Ja/Jj 
for grad T  and all grad £y equal to zero, and may be 
called the transference number of the solvent.12 
The quantities tk/zk and t0 are proportional to the 
molal flows Jk and J0. The velocities of flow are 
proportional to Jh/xk and Ja/x0, where the :c’s are 
the mole fractions. Thus the velocity of ion k with 
respect to the solvent will be proportional to 
Jk/xk — Jq/xo and the rate of flow relative to the 
solvent will be

( 1 1 )  E. A. Guggenheim, T h i s  J o u r n a l , 3 3 ,  8 4 2  ( 1 9 2 9 ) .
(12) See H. A. Hartung, Thesis, University of North Carolina, 

Chapel Hill, p. 157.

J  k{,J k/%k J  o /%$)/ ( .J  k/%k) — J  k J0%k/%0 (6.8)
Now we note from the Gibbs-Duhem relation, 
since eq. 5.7 can hold for all j, that

2 jXjQj* =  0 (6.9)
where 2/ includes the solvent. This relation has 
been discussed by Denbigh.3*1 Therefore

Q„* = -M x k /x o  )Qk* (6.10)
and so eq. 6.7 becomes

0 =  2 k{tk*/zk)Qk* T~l grad T +  eF  grad <p (6.11) 
where

tk*/zk =  tk/zk -  tt,Xk/xo (6.12)

By eq. 6.8 and the discussion preceding it, tk* is the 
transference number with respect to solvent. 
Equation 6.11 is the equation originally derived by 
Eastman.13 It was also derived by de Groot14 on 
the basis of the Onsager reciprocal relations, a 
derivation which is not fundamentally different 
from that given here; but since the reduction to 
motion relative to the solvent was made at an 
earlier stage de Groot did not go through (6.7).

There have been various efforts to estimate heats 
of transport, but the results are not entirely in ac
cord 13'16 If reliable results for them can be ob
tained, it is clear that they will be quite useful in 
making inferences concerning the mechanism of 
the transference process, especially when taken in 
conjunction with the temperature coefficient of the 
equivalent conductance. In view of the uncer
tainties, however, we will confine our comments to 
some remarks on the heats of transfer of OH “ and 
H + .

The OH-  ion, according to Goodrich, et al. (and in 
this case, the Soret coefficient of KOH agrees rea
sonably well), has a heat of transport of roughly 
4500 cal. per mole (the entropy of transport actu
ally given by them seems to be in error by a factor 
of ter.). If, as seems likely, this is correct at least as 
far as the sign is concerned, it indicates that heat 
must move in the same direction as the ion, and in 
fact farther than the ion, since the activation en
ergy for conductance is only about 3100 cal. per 
mole.16 This would seem to be evidence against a 
mechanism4 in which a water molecule near the 
OH-  undergoes a rotation, a proton then jumping 
from the water molecule to the OH“ . The OH“  
ion would then appear to move into the rotating 
water molecule, and this would presumably be fol
lowed by adjustment to the environment through 
rotation of the newly formed water molecule be
hind the new OH". Since its rotation requires an 
activation energy heat would move in the wrong 
direction. On the other hand, the OH“  itself 
might be the rotating element.

If Eastman’s13 original positive value for the heat 
of transfer of H+ is correct, this is similarly evidence 
against a mechanism in which an H20  molecule ro
tates ahead of the HsO + ion which is to transfer 
the proton.

(13) E. D. Eastman, J. Am. Chem. Soc., 50, 292 (1928).
(14) Ref. 2b, pp. 133, ff.
(15) J. G. Goodrich, F. M. Goyan, E. E. Morse, R. G. Preston and 

M, B. Young, J. Am. Chem. Soc., 72, 4411 (1950); H. J. V. Tyrrell 
and G. L. Hollis, ibid., 73, 2402 (1951); ref. 12, pp. 79 ff, 113. 147.

(10) G. Milazzo, “ Elektroehemie,”  Springer-Verlag, Vienna, 1952. 
p. 43.
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7. Relation of the Fluxes to the Surroundings
Although, as noted, the deduction of eq. 6.11 

from eq. 5.7 is not in principle different from de 
Groot’s derivation of (6.11), it is of some interest 
since it shows how the fluxes which originally came 
out of the use of the transferer.ee units are related to 
the fluxes of solute with respect to solvent. Actu
ally our original fluxes are fluxes with respect to 
the transference units. Since the transference 
units are large enough to have an average interac
tion with the substrate, they must all have the same 
average motion and must effectively move with 
the molecular structure of the substrate. This is a 
somewhat hazy concept, to be sure, but one which 
has been discussed previously by Alexander.36 It 
is certainly precise enough to handle steady states, 
where all the fluxes vanish, and it is always possible 
by a linear transformation to reduce the fluxes to 
fluxes with respect to a particular component. In 
such a transformation the Onsager reciprocal rela
tions are preserved.17

8. Heterogeneous Systems
There has been much interest in the steady state 

for systems in which there are two reservoirs at dif
ferent temperatures, these being separated by a 
membrane of some kind. In such a case the tem
perature gradient occurs in the membrane, and eq.
5.7 holds for the material within the membrane. 
Let the temperature on one side of the membrane be 
T and on the other side be T +  d T. From (dp3/ 
0T)xk =  —Sj and (5.7) we can write

dm/ = -SidT -  (Q,*/T)  dT (8.1)

In the solutions outside the membrane we may 
write
d/x;,o = — Sj.odT +  Zi'idnj.o/dXk.ohdxk.o +  w/.odp (8.2)
where 2*' goes over all components but one, where 
the subscript zero indicates a quantity in the solu
tion, and where we have also allowed for the possi
bility that the membrane can sustain a difference in

(17) Ref. 2b, Chapter XI.

pressure, dp. Equating dpj and d/yt0, since in a 
steady state the component will be in equilibrium 
inside and outside the membrane18-19
O f  — S/.o +  Qi*/T) dT -f- 2*' (¿Vj'.o/dzfc.o)?- dxk.o +

Vj.o dp =  0 (8.3)
Now (s, — Sj,o)T is the heat absorbed when one 
mole of component j is removed from the solution 
and enters the membrane at equilibrium. It can 
therefore be considered to be a contribution to the 
heat of transport. If we write Q]i0 for the total heat 
of transport (8.3) can be written
(Qi.o/T)dT +  Zk'Om.o/bxk.oh dst.o +  L.odV =  0 (8.4)
If there is only one component the summation does 
not occur and we have the well-known equation

(Qu/T) dT +  v„ dp =  0 (8.5)
The application of (8.5) to the Ivnudsen flow of an 

ideal gas through a porous plug is especially inter
esting. The chemical potential of the gas outside 
the porous plug is e0 +  pav0 — Ts0 where e0 is the 
molal energy . Inside the porous plug the gas is ef
fectively “ dissolved”  since a gas molecule makes 
many collisions with the wall compared to the col
lisions with other molecules, and the chemical po
tential is e +  pi) — Ts. If the porous plug does not 
interact with the gas, e =  e0, but we will have v = 0, 
since addition of gas does not affect the total vol
ume. Hence at equilibrium p0v0 — Ts0 =  — Ts, or 
for an ideal gas, T(s — s0) = —RT. On the other 
hand, the heat of transport within the plug is equal 
to fl-Va RT, because the molecules which cross any 
point in a pore in the porous plug have an average 
energy y 2 RT larger than that of all the mole
cules.20 ThusQ0 = -  Vi RT, which gives the usual 
result for the Knudsen flow.

(18) See S. Weller, Nature, 165, 199 (1950); K. G. Denbigh and 
G. Raumann, ibid., 165, 200 (1950); Proc. Roy. Soc. {London), A210, 
377 (1951). Our treatment is a generalization of Denbigh and Rau
mann.

(19) The effect of pressure is generally negligible except for gases. 
Any effect of the pressure gradient within the membrane could be 
taken into account, but will be neglected.

(20) O. K. Rice, Pkys. Rev., 89, 793 (1953).
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Gamma-ray induced thermoluminescence of aluminum oxides depends on the extent of hydration and the crystal form 
produced by different calcining tieatments. A peak at 236° depends on sodium impurity. Surface thermoluminescence 
can be induced by visible light in partially hydrated alumina.

The influence of structure and impurities on the 
thermoluminescence glow curves of aluminum ox
ides was the object of this investigation. It is part 
of a broader program in this Laboratory in which 
an attempt has been made tc understand better the 
factors which determine the thermoluminescence 
of crystals and to find chemical applications for 
this phenomenon. These glow curves may have

(1) Adapted from a portion of a Ph.D. thesis by James IC. Rieke, 
filed in the University of Wisconsin Library, 1954.

a bearing on the catalytic behavior of aluminum 
oxides.

Experimental
Thirty samples of aluminum oxide, representing various 

crystal phases, degrees of hydration and chemical purity 
have been studied. They were prepared and characterized 
by Dr. Allen S. Russell of the Aluminum Company of 
America and kindly given to us for this investigation. In 
general, the samples were crystalline powders ranging in 
size from 5 to 100 mesh. The samples were ground uni
formly to pass a 100 mesh screen and be retained on a 200 
mesh screen.
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T able  I
D e sc r ip tio n s  of A b oa  Sa m ples

Sample
No. Name1,4 Description Purity

1 ¿-Ali l mi mi tri hydrate Monoclinic, from NeuAIOs (Bayer) 0.38%  Na20
2 /3-Alumina trihydrate. Monoclinic, rapid ppt. with CO. at 40° from Na3A10s 0.28%  Na.O
3 a-Alumina. monohydrate Digested no. 1 with H.O at 200°
5 High purity, a-monohydrat c Orthorhombic, hydrolyzing pure A1 isopropoxide < 0 .10 %  impurity
6 Alcoa, Alumina A -l Calcined no. 1 at 1100° 0 .5 %  Na20
7 Alcoa alumina A-14 (porous alpha) Calcined hydrate 0.04%  Na20
8 Alcoa alumina F-10 Catalyst support, 120 m.2/g. 0 .1 %  Na20
9 Alcoa alumina T-61 Highly calcined hydrate 0.02%  Na20

10 x-A12C 3 Cubic (not spinel), calcined 600°
11 •y-AljOj No. 1 calcined at 700°
12 e-AbO ; Cubic (spinel), no. 2 calcined at 800°
13 5-AbO, Orthorhombic, no. 1 calcined at 900° in steam, almost anhydrous
14 9-AbO, Hexagonal, no. 2 calcined at 1000° in steam
15 K-AbOj Orthorhombic, no. 8 calcined at 850° in steam

. 16 a-Al2C3 Hexagonal, no. 8 calcined at 1000° in steam, anhydrous
31 Sapphire Powder fused in elecrric arc

7 -Irradiation of about 145,000 roentgens was accom
plished by exposure of 1-gram samples in gelatine capsules 
to a cobalt-60 source.2 The samples were placed in glass 
containers and stored on Dry Ice until their thermolumines
cence glow curves were determined. The thermolumines
cence apparatus of improved design is described elsewhere.3 
The samples were heated at the rate of 25° per minute to 
450° and the intensity of emitted light recorded.

Effect of Light.- -In  this investigation it was first found 
that thermoluminescence in crystals sometimes occurs with
out previous exposure to y-rays or other high energy radia
tion. For studying this phenomenon samples of aluminum 
oxide powder were placed in the thermoluminescence ap
paratus (without previous exposure to y-radiation) and 
heated to between 350 and 400° until the emission of light 
practically ceased. These “ drained’ ’samples were then 
cooled in the dark in a desiccator evacuated to 0.1 mm. of 
mercury. Repeated heating and cooling failed to activate 
the aluminum oxide to give thermoluminescence, but expo
sure to the light of the room or to a A ll-4  mercury lamp dirl 
activate the samples so that they exhibited glow curves 
when heated in the thermoluminescence apparatus. A beam 
of light from the mercury lamp was focussed through the 
thick Pyrex desiccator and onto the sample. After such an 
exposure the sample exhibited thermoluminescence glow 
curves with broad maxima around 350°. Visual observa
tion showed that the thermoluminescence light is pale blue 
or blue-green. In some cases, the light was emitted for as 
long as ten minutes when kept at 370°. In other experi
ments, before exposing to the light, the drained samples 
were exposed to water vapor in the desiccator at 1 mm. and 
at 15 mm.

Description of Aluminum Oxides.— The thirty samples 
are described in Tables I and II.

Samples 17 to 30 were prepared from monoclinic alumina 
trihydrate, AI203-3H20 , by calcining under conditions re
corded in the tables which follow.

Results
Typical examples of glow curves are shown in 

Figs. 1-3 from the thirty curves which are avail
able. These curves have been corrected for dark 
current with shutters at periodic intervals and for 
black body radiation using an empty dish. In these 
figures the light intensity of the actual experiments 
measured with the photomultiplier cell, has been 
reduced by a suitable factor so as to get all the 
curves on a comparable scale. The reduction fac
tor is labeled on each curve. Thus, in sample 22 of

(2) D. F. Saunders, F. F. Morehead and F. Daniels, J. Am. Chem. 
8oc., 75. 3096 (1953).

(3) J. K. Rieke, T h is  J o u r n a l , 61, 633 (1957).
(4) A. C. Stumpf, A. S. Russell, J. W. Newsome and C. M. Tucker, 

Ind. Eng. Chem., 42, 1398 (1950).

Fig. 3, the relative intensity of the low temperature 
peak is 4 X  10 or 40, whereas the high temperature 
peak is 31 X 40 or 1240. The areas under the 
various peaks of the original glow curves were 
measured with a planimeter. Different determina
tions of area for a given material agreed within 
about 10%.

y-Ray Induced Thermoluminescence.—Thermo- 
luminescence glow curves are produced after ir
radiation with y-rays for nearly all samples of alu
minum oxide, but the intensity of light and the 
peak temperatures at which maxima occur, vary 
greatly. The quantity of light emitted generally 
increases as the degree of calcination increases from 
the lower hydrates through a-alumina and is 
greatest for synthetic sapphire, made in an electric 
arc, which is highly crystalline a-alumina.

All the thermoluminescence peaks are found to 
lie in one of four temperature ranges; 103 ±  5°, 
123 ±  5°, 164 ±  5° and 236 ±  5°. The 103 and 
123° peaks do not usually occur together*in the 
same sample. The thermoluminescence behavior 
is recorded in Table II.

Light-induced Thermoluminescence.—Thermo
luminescence sometimes occurred without previous 
exposure to y-radiation as already described. This 
phenomenon was observed in the hydrated or par
tially hydrated aluminas and did not occur in the 
highly calcined samples or the sapphire. Several 
experiments were carried out with sample 22 which 
had been heated to 220° for two hours and origi
nally consisted of a mixture of a-trihydrate and a- 
monohydrate. The material was heated to 370° 
for varying periods of time to convert more of the 
trihydrate to monohydrate and then exposed to the 
light for varying periods of time before obtaining 
the thermoluminescence glow curves. The results 
are recorded in Table III.

Similar experiments were carried out with sample 
20 which also showed light induced thermolumi
nescence except that after calcining at 370° the alu
minum oxide was exposed to water vapor for 160 
minutes and then exposed to the light for 130 min
utes. The blank run without water vapor gave a 
light induced thermoluminescence area of 15.0 
(square inches on the chart) whereas the one with
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T a b l e  II

C o r r e l a t io n s  of A r e a  u n d e r  D if f e r e n t  P ea k s
Temp, of

Sample calcination, Area under
no. °c.« peak % crystal forms m.yg.

123° Peak
1 140 0. 4 100 moncclinic

28 200 1 . 4 25 orthorhombic 75 monoclinic
22 220 1 . 9 35 orthorhombic 65 monoclinic 7
21 230 1 . 9 40 orthorhombic 60 monoclinic 45
24 245 2. 2 50 orthorhombic 50 monoclinic 169
27 250 2.0 50 orthorhombic 50 monoclinic 110
25 400 3. 3 50 orthorhombic 50 cubic 400
26 300 3. 0 90 orthorhombic 10 cubic 300
23 282 3 . 7 95 orthorhombic 5 cubic 282

3 200(s) 8. 2 100 orthorhombic
10 600 0.2 99 cubic 1 gamma
17 500 1 . 0 95 cubic 5 gamma 310
18 740 60 cubic 40 gamma 172
19 830 0.9 100 gamma 134
11 700 3. 0 100 cubic
12 800 5 . 7 75 gamma
13 900(s) 8 . 7 25 orthorhombic
15 850(s) 13.0 100 orthorhombic
6 1100 22.5

14 1000(s) 64.0
103° peak

18 740 0.4 60 cubic 40 gamma
20 1000 3.9 100 gamma
15 850(s) 11.6 100 orthorhombic
30 1100 7.2 100 theta
29 1200 46.0 100 hexagonal
9 25.0 100 hexagonal

164° peak
28 200 0.9
10 600 0.2
20 1000 3.2
13 900(s) 7.5
15 950(s) 13.0
6 1100 9.0

30 1000(s) 7.2
14 1000 82.0
29 1200 65.6
16 1000(s) 152
7 200
9 240

236° peak
% NajO

9 13.0 100 alpha 0 .0 2
7 25.0 100 alpha .04

16 1000(s) 62.0 100 alpha .1
29 1200 141.2 100 alpha .3

“ (s) indicates that the calcination was carried out- in steam.
T a b l e  I I I

R e l a t iv e  A r e a s  u n d e r  G l o w  C u r v e s  o f  T h e r m o lu m i
n esc e n c e  I n duced  b y  L ig h t  f o r  Sa m ple  22

Time of 
heating 
at 370°, 

min.

Time of 
subsequent 
exposure 
to light, 

hr.

Relative 
thermolu- 

minescenee, 
glow curve 

area

Time of
Time of subsequent 
heating exposure 
at 370°, to light, 

min. hr.

Relative 
thermolu- 

minescence, 
glow curve 

area
20-30 5 23.6 50-30 2 9.2
20-30 10 19.8 60-70 1 6.5
20-30 1 18.4 90-100 3 9.3
30-40 2 1 1 . 7 Over 100 10 7.3
30-40 0. 5 5 . 3 Over 100 10 5.7
40-50 4 9. 3 Over 100 1 5.0
50-60 10 1 1 . 1

1 mm. of water vapor gave 1.3 and the one with 15
mm. of water vapor gave 1.2.

Discussion
The glow curves indicate that thermolumines

cence is induced by high 7-irradiation, but that 
the locations of the maxima and the areas under 
the maxima vary markedly. The quantity of 
thermoluminescent light increases as the removal of 
water increases. It is largest with synthetic 
sapphire which is highly crystalline a-Al20 3 without 
water.

The thermoluminescence glow curves can be re-
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TEMPERATURE °C . TEMPERATURE °C . TEMPERATURE °C ,

TEMPERATURE TEMPERATURE

Fig. 1.— Thermoluminescence of AI2O3 (samples 1,2,3,5-9). Thermolmr.inescence of AI2O3 (samples 10-17).

solved into four peaks occurring at approximately 
103, 123, 164 and 236°. The 123° peak is the most 
characteristic peak for aluminum oxide, hydrates 
and partial hydrates. It is found in almost all 
samples until a very high degree of calcination has 
been reached and then with further removal of wa
ter it disappears abruptly. To a limited extent, 
the area under the curve can be correlated with the 
crystal phases of the material. The area increases 
as the orthorhombic phase replaces the monoclinic 
alpha trihydrate and it reaches a maximum for or
thorhombic a-monohydrate. As the temperature 
is increased and the orthorhombic phase disappears, 
the peak continues, but to a lesser extent than in the 
case of the a-monohydrate. The peak area again 
increases as the orthorhombic a-phase forms at 
still higher temperatures and continues to increase 
as the theta phase appears. It then disappears 
rapidly with further calcination.

The 103° peak occurs in most samples which do 
not show the 123° peak, except in no. 7 and no. 16. 
Only in no. 15 do both peaks appear. Both the 103° 
peak and the 164° peak appear at intermediate 
stages in the calcination which removes water from 
the crystal.

The 164° peak appears first when the alumina 
has been calcined to 600° and then increases pro
gressively as the calcination increases. It is 
greatest for samples 7 and 8 and the synthetic 
sapphire. No correlation with impurities was 
found.

Fig. S.— Thermoluminescence of AI2O3 (samples 22,28,30,31).

The 236° peak occurs only in samples which have 
been calcined above 1000°. The thermolumines
cence area increases in an approximately linear 
manner with concentration of sodium ion present 
as an impurity. The synthetic sapphire no. 31 
shows an additional peak at 300°.

The 103, 123 and 164° peaks appear to be char
acteristic of lattice imperfections rather than im
purity imperfections. The fact that the thermo- 
luminescence shifts to higher temperatures as the 
degree of calcination increases indicates that the 
103 and 123° trapping centers are in regions of par
tial hydration. The loss of water during calcina
tion would tend to make these regions more posi-
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live and these centers may be of the Al(OH)2 + type. 
The 164° peak may be related to Al2(0 )x+(6 ~ 2l) 
where x is between 2 and 3. The 236° peak which 
occurs only in the presence of sodium and complete 
dehydration is probably connected with a sodium 
ion trapping center.

The light-induced thermoluminescence is found 
in the partially hydrated samples. The fact that it 
is quickly quenched by adsorbed water suggests 
that the trapping centers are predominantly surface 
sites and that H20  must be cnemically bound. An
derson5 observed that luminescence occurs at alu
minum anodes after an oxide film has been built up. 
Phosphorescent after-glow decayed rapidly after 
the current was stopped. Anderson concluded that 
the oxide layer acts as an excess conductor under 
these conditions. Work by Charlesby6 supports 
this view and indicates that the traps are at or near 
the crystal surface. Ewles7'8 studied the excitation

(5) S. Anderson, J. Appl. Phys., 14, 611 (1943).
(6) A. Charlesby, Proc. Phys. Soc. (London), 66B, 317 (1953).
(7) J. Ewles and G. C. Farnell, ibid., 62A, 216 (1949).

and emission spectra of several oxides. He found 
that the wave length of the exciting light most ef
fective in producing luminescence lies in the spec
tral region where the hydroxyl ion is absorbing. 
Ewles found further that by chemical analysis there 
■was marked oxygen deficiency at the surface. The 
emission maxima observed by Anderson and by 
Ewles were 4590 and 4500 A., respectively. The 
visible light produced by light-induced thermo
luminescence also lies in this spectral region. The 
electron transition which produces light emission 
appears to be the same in all three cases, and it is 
likely that the emission centers occur in surface re
gions where OH radical or ions exist.

The authors are grateful to Dr. Allen Russell of 
the Aluminum Company of America for furnishing 
the samples of aluminum oxide and characterizing 
them. They are also appreciative of the financial 
support for this research program by the Atomic 
Energy Commission under Contract AT(11-1)-178.

(8) J. Ewles and C. N. Heap, Trans. Faraday Soc., 48, 331 (1952).

THERMOLUMINESCENCE OF SOME INORGANIC CRYSTALS AND
GLASSES

B y  J a m e s  K . R i e k e 1
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Received December 8, 1956

Over fifty inorganic compounds and glasses have been examined for y-ray induced thermcluminescenoe. Impurities are 
important and only limited generalizations can be made now.

When some crystals are exposed to ionizing radi
ation, and then heated in the dark, light is emitted 
at definite temperatures below red heat. The 
emission of light is due to the release of electrons 
trapped in imperfections ir_ the crystal, and re
leased when the kinetic energy becomes equal to 
the trapping energy. The light intensity is plotted 
against temperature (or against time when the 
crystal is heated at a uniform rate) and a “ glow 
curve”  showing a series of peaks is obtained which 
is characteristic of the chemical and physical 
nature of the crystal, its imperfections and its im
purities. These “ glow curves” have been studied 
intensively in this Laboratory, with lithium fluo
ride,2 3 alkali halides,3a aluminum oxides,3b sulfates, 
carbonates and oxides,4 and many limestones and 
minerals.

This communication records the results of a sur
vey of the thermoluminescence of over fifty inor
ganic compounds and glasses in an attempt to find 
how wide-spread the phenomenon of radiation- 
induced thermoluminescence is and to try to ob
tain data from which wider generalizations can be 
made.

Experimental
The inorganic crystals taker, from fresh bottles _ were 

mostly of analytical reagent quality. Usually the purity as

(1) Dow Chemical Company, Midland, Michigan.
(2) C. A. Boyd, J. Chem. Phys., 17 1221 (1949).
(3) (a) L. F. Heckelsberg and F. Daniels, T h is  J o u r n a l , 61, 414 

(1957); (b) J. K. Rieke and F. Daniels, ibid., 61, 629 (1957).
(4) L. E. Moore, ibid., 61, 636 (1957).

given on the bottle was over 99.5% and frequently it was 
better than 99.9%. Thermoluminescence frequently is 
affected by traces of impurities less than 0 .0 1 % .

All samples except a few which were in the form of pow
ders, were ground in a porcelain mortar to between 100 and 
200 mesh, dried at 60° and bottled. They were then exposed 
to a cobalt-60 7 -source,6 giving about 5000 roentgens per 
hour. Each sample received 5000, 25,000 or 100,000 roent
gens at room temperature and was then stored on Dry Ice 
until used.

The specimens were transferred to small iron dishes 0.75 
inch in diameter and 0.15 inch deep and leveled off to give 
an “ infinitely thick”  layer. The dish was then placed in 
the thermoluminescence apparatus6 and heated at the 
rate of 25° per minute, to about 350°.

The apparatus was the result of considerable development 
of earlier types used in this Laboratory. It consists of a 
light-tight box divided in the middle by a horizontal shelf 
with a hole in its center. The furnace in the bottom of the 
box consists of a pancake arrangement with a coil of No. 20 
nichrome wire in spiral grooves of ceramic, covered with a 
silver block which can be heated up to 1 ° per second. Holes 
in the ceramic housing permit air cooling after the completion 
of an experiment. The temperature of the silver block is 
recorded with the help of a thermocouple. Vertical internal 
reflecting rods of clear fused silica 1.1  inch in diameter 
carry the thermoluminescent light directly from the heated 
sample to the photomultiplier at the top of the box. This 
photomultiplier tube (RCA 1P28) is enclosed in a housing 
through which cooled air can be circulated if necessary to 
reduce the dark current.

An automatic switch is attached to the door in such a way 
that the photomultiplier tube is always disconnected when 
it is exposed to the day-light of the room, thus preserving 
the high sensitivity of the tube. Corrections are made for

(5) D. F. Saunders, F. F. Morehead and F. Daniels, J. Am. Chem. 
Soc., 75, 3096 (1953).

(6) J. K. Rieke, Ph.D. thesis, Chapt. II, University of Wisconsin,
1954.
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T a b l e  I

T h e r m o l u m in e s c e n c e  o f  7 - I r h a d ia t 3 d I n o r g a n ic  C r y s t a l s

M a t e r ia

5 0 0 0  ro e n tg e n s  
P e a k  ten  p .,

°C. A r e a

2 5 ,0 0 0  ro e n tg e n s  
P e a k  t e m p .,

° C . • A re a

100,000 : 
P e a k  te m p .,

° C .

ro e n tg e n s

A r e a

LioO 111 9 100 8 114' 11

180 49 183 57 183 99

283 136 296 56 282 23
Li,S04 80 0 93 12 106 29

134 4 146 14 146 41
302 56 318 25 320 29

NasOO;, 100 3050 100 22,000 91 67,000
133 1450 137 9,400 126 18,800

158 20,800
K 2Crs0 7 100 <1 111 2

196 <1 212 2
244 <1

KJIPO, 220 5 219 34 225 90
305 6 320 29 336 51

f M gCo, oo ; 
1 MgO 40%

334 118 350 216 350 424

MgO 115 115 115
200 225 215
325 335

MgF, 01 81 100 200 93 200
153 200 150 570 144 1820

268 140 264 620
338 450 350 1480

Cm (P04), 108 825 110 4780 114 10,400
BaO 106 1300 105 2440 103 2710

184 1240 192 1580 196 1790
BaCOs 84 29 79 80 95 145

158 43 112 68 147 445
153 270 183 165

B a(N 03)2 85 1
192 1 234 1 211 7

BaClî 00 10 89 20 91
330 164 345 240 347 524

BaBr2 87 168 89 266 86 370
A IP O 4 265 4 171 2

305 <1 250 14
325 18

MnO,“ 97 1 102 2 159 13
173 <1 175 4 210 26

MnOj“ 138 4 135 4
202 3 192 4

Pb(NOa)s 114 2 114 4
194 4
247 3

PbCl2 66 2 60 1
102 1 96 2

156 4
“ Chemical, from different sources.

dark current by closing a shutter for brief intervals during the 
determination of the thermoluminescence glow curve, and 
for black body radiation by making the same determination 
in an empty dish.

The current from the photomultiplier tube is amplified by 
a Leeds and Northrup model 9836-A D-C amplifier with a 
wide range of sensitivities. The amplification is raised to 
give maximum deflections without going off the scale and 
the amplification is checked periodically with a standard 
tritiated phosphor button imbedded in clear plastic. The 
intensity of the thermoluminescence light and the tempera
ture of the sample are recorded on a continuous two pen

recorder Model 153, manufactured by the Brown Instru
ment Co.

The temperature increase is controlled by hand with a 
Variac or with an automatic device consisting of a Brown 
Model 152 circular chart proportionating control with an 
integral mounted Electro-line relay, connected to a slide 
wire and valve control of a Brown model M S.801 industrial 
reversing motor geared to a 10 ampere Variac.

The recorder chart was operated at the rate of 1 inch per 
minute The temperature of the maximum and the area 
under each peak was determined. The areas in arbitrary 
units are proportional to the light emitted within the tem
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perature range and are probably correct to within 20% and 
the peak temperatures to within 10°.

Results
The results are summarized in Table I.
The following materials exhibited no thermo- 

luminescence detectable with this apparatus even 
after exposure to 100,000 roentgens: K2SoOs,
K 3Fe(CN)6, KsSsOg, KHS04, K2Cr04, K M n04, 
KNO,( NH4N 0 3, (NH4)2Cr20 7, MnOa (electro
lytic), MnCOa, MnCls, FeCl24H 20, Fe20 3, NiF2, 
CuCla, Cu3(P04)2.3H20, CuI, Ag20, Ag2S04, HgCl2, 
IigBr2, PbBra, Pbl2.

In addition to exploring thermoluminescence of 
several inorganic salts, a few glasses containing 
varying amounts of iron were studied. It is 
known that exposure of some glasses to X-rays or 
7-rays gives coloration, which disappears on heat
ing. Such glasses exhibit thermoluminescence 
and provide information concerning the types of 
imperfections which can act as electron traps. 
Six plates of glass were exposed to 240,000 roent
gens and run in the thermoluminescence apparatus 
with a 1P21 photomultiplier tube. The glass 
plates and the chemical analyses were supplied by 
Mr. J. V. Fitzgerald of the Pittsburgh Plate Glass 
Company. All the glasses had the following ap
proximate composition: Na20, 20%; CaO, 20%; 
Si02, 60% with varying traces of iron oxide.

The results are summarized in Table II.
T a b l e  II

T h e r m o l u m i n e s c e n c e  o f  G l a s s

% iron 
oxide

Peak temp., 
°C.

Peak area, 
arbitrary 

units
0.01 170,210 82

.05 190 45

.10 215 20

.10“ 208 43

.106 185 50

.50 3
All oxidized. b All reduced.

In general, the thermoluminescence decreases 
as the iron content increases, at least after a 
minimum amount is present. The presence of
0.5% iron oxide practically destroys the thermo
luminescence. There is little difference in the 
thermoluminescence whether the iron is in the 
form of the oxidized ferric or reduced ferrous com
pound. There is a difference, however, in the ab
sorption color of the glass. After irradiation, the
0.01, 0.05 and 0.10% iron oxide glasses are brown- 
black, brown and light brown, respectively. All 
become colorless after heating. The glass with
0.50% iron oxide is very light brown after irradia
tion, and after heating it retains the same light 
color. The reduced iron at 0.10% gives a very 
light brown with no apparent change on heating; 
whereas the oxidized iron gives a dark brown after 
irradiation, which disappears completely on heat- 
ing.

A dozen other glasses of varying compositions

were studied also. With exposures of 5000 roent
gens most of them did not exhibit thermolumines
cence; but with 300,000 roentgens most of them 
did.

Discussion
In view of the large number of alkali halides, 

oxides, carbonates and sulfates, and the thousands 
of mineral samples that have shown radiation- 
induced thermoluminescence in this Laboratory, 
it was somewhat surprising to find so many inor
ganic compounds which exhibit no thermolumi
nescence. Probably many of these would show 
thermoluminescence at temperatures below room 
temperature if exposed to radiation at still lower 
temperatures.

The presence of chemical impurities greatly 
affects thermoluminescence, sometimes increasing 
it and sometimes decreasing it. The relation be
tween impurity content and thermoluminescence 
has been studied in calcium carbonate. Impurities 
so low in concentration as to be undetectable by 
many standard methods of analysis can still affect 
thermoluminescence. But impurities are not the 
only factors. The type of crystal, the physical 
treatment of the crystal and the extent of the ex
posure to 7-radiation are variables which affect 
thermoluminescence.

Only tentative generalizations can be offered 
now. Radiation-induced thermoluminescence is 
more apt to occur in hard, colorless crystals with 
simple lattices and small cations and anions as in
dicated in Table III.

T a b l e  III
R o u g h  C l a s s if i c a t io n  o f  T h e r m o l u m in e s c e n c e  

I n t e n s it ie s

Anions Cations
High intensity

F -, C1-, C O r, SiO r, o- Li+, Na+, K+, M g++, Ca++,
Sr + +, Al + + +

Intermediate intensity
H P O r, Br ", I - ,  P 04"  P b++, Cd + +, Ba + +

Low intensity
CrO„-, Cr2O r , s20 r ,  Fe + + +, Fe + +, Mn + + +, Mn + +

Fe(CN6)“ , H S04-, Co++, Ni + +, Cu2 + +, Cu++,
M n04", NOs -  Ag +, Hg + +, NH4 +

These generalizations are only tentative and 
much more needs to be done, particularly with 
crystals of extraordinary purity before firm con
clusions can be drawn. Although the thermo
luminescence glow curves are reproducible for a 
given sample of material, there may be great dif
ferences in the glow curves for a given chemical 
compound prepared under different conditions and 
with different impurity contents.

The author is glad to acknowledge the advice of 
Professor Farrington Daniels and the support of 
the Atomic Energy Commission, Contract AT- 
(11—1)-178 in this work.
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THERMOLUMINESCENCE OF SODIUM SULFATE AND LEAD SULFATE, 
AND MISCELLANEOUS SULFATES, CARBONATES, AND OXIDES1

B y  L o u is e  E. M c o r e 2

Department of Chemistry, University of Wisconsin, Madison, Wisconsin 
Received December S, 1966

Radiation-induced thermoluminescence has been studied for several sulfates, carbonates and oxides. The thermolumines
cence of sodium sulfate is affected by the method of dehydration and by the impurities taken up on crystallization. Lead 
sulfate is not thermoluminescent, but is rendered so by the addition of certain impurity ions.

The thermoluminescence of crystals has been 
studied in this Laboratory,3* particularly the alkali 
halides8b and calcium carbonate. After exposing 
the crystals to y-radiation they are heated in the 
dark and the temperatures at which light is emitted 
are recorded, giving a “ glow curve.”

The glow curve of calcium carbonate is markedly 
affected by the impurities in the solution from which 
the material is precipitated. Maxima in the light 
intensity-temperature curves can be induced, in
creased or decreased by the addition of various 
impurities. In some cases, impurity content can 
be predicted from the glow curve and vice versa. 
This fact suggested that thermoluminescence might 
be useful as an analytical tool in studies of nearly 
pure crystalline compounds. It is sensitive to 
very small quantities of impurities— reagent grade 
purity is far from thermoluminescence purity.

Thermoluminescence may or may not be an in
herent property of the host crystal. The pure 
crystal may give a basic thermoluminescence pattern 
which is modified by imperfections, or the thermo
luminescence may arise from the presence of im
purity ions or from effects of radiation on the 
crystal.

The purpose of this investigation was to deter
mine the thermoluminescence of the sulfates, and 
to study particularly sodium sulfate which can be 
easily purified, and lead sulfate which is free from 
the complication of hydrate formation. Other 
salts such as carbonates and oxides were measured 
also in an exploratory study.

Experimental
Reagent grade sulfates were used with the exception of 

calcium sulfate and manganese sulfate, both of which were 
described as “ purified.”  “ Specpure”  samples obtained 
from the Jarreli-Ash Company, designated as “ spectro
scopically pure,”  were used for the carbonates and oxides.

Any samples which were not powders were ground and 
sieved to 100 to 200 mesh. The “ Specpure”  samples were 
neither dried nor ground.

Sodium sulfate was recrystallized from distilled water and 
from conductance water. The recrystallizations from con
ductance water were made in polyethylene containers (ex
cept for the filtration steps) by cooling from room tempera
ture to 0°. The lead sulfate precipitations and the prepara
tions of sodium sulfate with added impurities were carried 
out in Pyrex containers.

Sodium sulfate samples were ground to 100 to 200 mesh. 
Lead sulfate samples precipitated as powder. All lead sul
fate samples and most of the sulfates, except sodium sulfate, 
were dried at 150°.

Sulfates were tested for thermoluminescence before and

(1) Supported by the U. S. Atomic Energy Commission, Contract 
AT(11-1)-178.

(2) Armour Research Foundation, Chicago, Illinois.
(3) (a) J. K. Rieke, T h is  J o u r n a l , 61, 033 (1957); (b) L, F, Heckels-

berg and F. Daniels, ibid., 61, 414 (1957),

after irradiation in a cobalt-60 source.4 The radiation level 
within this source is approximately 3000 roentgens per hour. 
Most of the sulfates were irradiated for periods of 24, 48 and 
72 hours. The sodium sulfate samples were irradiated for 
24 hours and the lead sulfate samples for 72 hours. The 
samples were irradiated in gelatine capsules and stored on 
Dry lee until used.

Samples were then packed in a thin silver dish, 1.2 cm. 
in diameter and 1 mm. deep, and were heated in a light
tight box from 0 to 400°. A linear temperature rise of 
about 1 ° per second was provided by manual operation of a 
Variac which controlled the furnace current. The furnace 
consisted of heating coils of Nichrome wire, electrically in
sulated from the silver plate on which the sample dish was 
placed.

ligh t was detected with an RCA 5819 phototube with a 
maximum response in the blue. The current from the 
phototube was passed through a Leeds and Northrup am
plifier to a Speedomax recorder. This responded alternately 
to the light impulse and to the output of a copper-constan- 
tan thermocouple. The sensitivity to thermoluminescent 
light could be varied 300-fold.

Results
Sulfates.—The peak temperatures at which max

ima occurred in the glow curves of the sulfates are 
recorded in Table I.

T a b l e  I
R a d ia t io n - in d u c e d  T h er m o lu m in e sc e n c e  o f  Su lfa te s

Compound
Peak

temp.,
CC. Compound

Peak
temp.,

°C.
Li2so4 ■ h 2o 85-120 3CdS04-8H20 110-130

230-260“ PbS04 110-130
Na2S04- 10H2O 80-130 T12S04 60- 80
k 2s o 4 80-100 Ag2S04 None
M g304 ■ 7H20 120-1456 M 11SO4 80-110

90-120 NiS04-6H20 None
SrS04 120-135 CuS04-5H20 None
CaS04 120-140 Fe2(S 04)3-6H20 None
BaSOi 100-120

180-190
° High temperature peak only after grinding. 1 Low 

temperature peak only after heating to 260°.

Drying sometimes increased and sometimes de
creased the area of the thermoluminescence peaks. 
The peak temperature and the peak area could not 
be correlated either with the position of the ele
ment in the periodic table nor with the impurity 
content given by the manufacturer.

Dried LiSOrELO always exhibited a very small 
peak between 85 and 120°. This was a very low, 
broad peak; and it was impossible to determine 
precisely the temperature of the maximum. When 
the material was ground, either before or after dry
ing, a second, large peak appeared at 230 to 260°. 
This peak could be found only in samples which

(4) D. F. Saunders, F. F. Morehead and F, Daniels, J. Am, Chem, 
Soc., 75, 3096 (1953).
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were dried and ground. Since 12 hours or more of 
heating at 150° did not destroy the effects of grind
ing, a relatively permanent type of trap must have 
been produced. The production of a new peak in 
radiation-induced thermoluminescence by grind
ing has been observed before and will be discussed 
in another communication.

In the case of calcium and manganese sulfates 
(which were less pure), thermoluminescence peaks 
were observed before irradiation. This crystal
lization-induced thermoluminescence has been 
noted before.5 These peaks appeared against a 
background rising to red heat. The peak for 
manganese sulfate, previously dried at 260°, came 
in at 290°. The undried material did not give 
this peak. The curve for calcium sulfate had a 
peak at 310° before drying. After the material 
was dried at 150°, two peaks appeared at 345 and 
355°. These pre-irradiation peaks were usually 
not observed in the irradiated samples, probably 
because of a high background from the larger 
peaks induced by radiation.

Carbonates and Oxides.—Table II shows the ef
fect of different radiation periods on a group of 
“ Specpure”  carbonates.

T a b l e  I I

I n f l u e n c e  o f  7 - R a d ia t i o n  E x p o s u r e  o n  
T h e r m o l u m in e s c e n c e

Approx. Peak height after exposure
peak temp., to to

Compound °C. 145,000 r. 215,000 r.
LÌ2C O 3 140 0.025 0.103
Na2C 03 110 1.3 2.8

230 4 4 4.6
Tl2CO, 100 0 0077 0.0153
CaCOs 155 4 8 4.9

235 1.3 1.3
340 1.5 1.2

BaCOa 125 0.25 0.29
165 0.14 0.14

For about half of these materials there was little 
change in peak height produced by additional 
radiation beyond 145,000 roentgens. The elec
tron-traps were largely filled by this exposure. The 
greatest increase produced by additional radiation 
was observed for lithium carbonate which had a 
very low peak. With sodium carbonate a 50% 
increase in radiation did not affect a high tempera
ture peak, but it doubled the intensity of light 
emitted at a low temperature peak.

Figure 1 shows the relative thermoluminescence 
peaks induced in a number of “ Specpure”  com
pounds obtained from the Jarrell-Ash Company 
by exposure to 145,000 roentgens. Each bar in
dicates the temperature of the maximum light in
tensity of a peak, and the length of the bar repre
sents the relative height of the peak. It is to be 
emphasized that the scales cf the ordinates are not 
the same for the different materials.

The following samples of “ Specpure” materials 
gave no thermoluminescence detectable with the 
present apparatus after exposure to 145,000 roent
gens: BeC03, CS2CO3, Iv2C 03, Ag20, Bi20 3, CdO,

(5) E. J. Zeller, J. L. Wray and F. Daniels, Chem. Phys., 23, No. 
11, 2187 (1955).
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Fig. 1.— Relative thermoluminescenee peak heights of 
thermoluminescent “ Specpure”  carbonates and oxides.

Cr20 3, CuO, Fe20 3, Mn30 4, M o03, Sb20 4, Si02, 
Sn02, Ta,0*, T i02, T120 3, U30 8, V20 6, W 03 and Si.

Sodium Sulfate.— Sodium sulfate was studied in 
more detail because it is easy to recrystallize. The 
study is divided into two parts—drying and re
crystallization. Since the material crystallizes as 
the decahydrate, it is necessary to consider the 
effect of drying on the thermoluminescence pattern. 
Removal of the water of crystallization from the 
solid creates crystal defects which contribute elec
tron traps. This complicates any basic thermo
luminescence pattern and its interpretation.

Samples of anhydrous sodium sulfate were used 
to test reproducibility and to determine the limits 
of the apparatus and of the method of determining 
area and peak temperature. Variations of 5 to 
20° are possible for the maximum of a peak. The 
area under the peak, determined by planimetry, 
varied by about 10% .

Anhydrous sodium sulfate also was used to test 
the irradiation time necessary for saturation and 
to show that storage on Dry Ice for periods up to a 
week does not reduce the thermoluminescence. 
The peak area after 72, 48 and 24 hours of ir
radiation was essentially the same. Twenty-four 
hours, about 70,000 roentgens, was sufficient for 
saturation.

Samples of the decahydrate from a single bottle 
were dried at 70, 120, 320°, and at room tempera
ture over concentrated sulfuric acid for periods 
ranging from one hour to 52 days. Peak tempera
tures and areas varied with drying time and tern-
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Fig. 2.— Glow curve of sodium sulfate recrystallized three 
times and glow curves with additions of lead (p.p.m. referred 

to NasSOff. Intensity is in arbitrary units.

perature, but for any given method the reproduc
ibility was fair. Areas generally increased with 
heating time. For samples heated first at low 
temperatures, the area increased with drying at 
320°. Usually the area for a sample heated for 24 
hours at 320° was approximately twice that of a 
sample heated for 1 hour at 320°.

Usually drying at temperatures below 320° pro
duced one peak at 110-140°. Increasing the time 
of heating tended to lower the temperature of this 
peak and to cause a second peak to appear between 
150 and 280°. The contribution of such an unre
solved peak would raise the apparent maximum of 
the low temperature peak. In addition a very low 

.temperature peak appeared between 40 and 60° in 
all samples heated at 320° except those pre
viously dried for 52 days over concentrated sul
furic acid. This room temperature drying was as
sociated with a pink coloration of the sample after 
irradiation.

Apparently, the defects produced by drying play 
an important role in the production of thermo- 
luminescence in this hydrate. Two or three types 
of traps can be produced during drying. When 
water was removed slowly at room temperature by 
standing over concentrated sulfuric acid, the deca- 
hvdrate did not go into solution and recrystal
lize. After prolonged treatment over sulfuric acid, 
no high temperature peak developed even after 
later heating at 320°. Apparently when much of 
the water was carefully removed at room tempera
ture, fewer defects were produced. It may be 
that the 110° peak is characteristic of the material 
and that the peaks at 150-280° and at 40-60° are 
produced by rapid removal of part of the water.

In general, recrystallization of sodium sulfate 
from distilled water or conductance water de
creased the thermoluminescence, but in each series 
of recrystallizations the area increased at least 
once. This occasional increase may have been due 
to variations in crystallization or drying, or possibly 
to accidental traces of impurities. The addition of 
traces of K2S04, CaS04 and PbS04 to solutions of 
the products of several such series gave erratic re
sults although checks on each individual sample 
agreed well. The difficulty probably was due in 
part to differences in the amount of impurity taken 
up in the crystal.

The product of the third recrystallization of a 
sample of Na2SO4T0ILO was used to determine the 
effect of impurities on the glow curve. All samples 
were dried at 120° and later at 320°. The samples 
without added impurities showed a single, sharp 
pealx. All samples have a background of many im
purities, as shown by spectrographic analysis.

Addition of lead sulfate in small amounts pro
duced a second peak, the area of which increased 
roughly with the concentration of the lead sulfate, 
as shown in the thermoluminescence glow curves 
given in Fig. 2. Addition of potassium sulfate 
produced a second peak which was smaller than 
that produced by lead sulfate. Calcium sulfate 
apparently did not affect the thermoluminescence 
pattern.

Lead Sulfate.— Lead sulfate was chosen for fur
ther study because it is not complicated by water 
of crystallization. Reagent grade lead sulfate 
showed very little thermoluminescence. Precipita
tion of lead sulfate by mixing 0.1 M  Pb(NOs)2 with
0.1 M  H2S04 gave a material with no measurable 
thermoluminescence. A thermoluminescence peak 
at 110-140° could be induced in this material by 
deliberate addition of certain impurities. In all 
experiments the lead sulfate was subjected to 
y-radiation of 215,000 roentgens.

A series of lead sulfate precipitates was prepared 
in which silver nitrate, cupric sulfate pentahydrate, 
ammonium sulfate, potassium sulfate, lithium 
sulfate monohydrate, nickel sulfate hexahydrate 
or hydrated ferric sulfate was added to the solu
tion. Equal volumes of 0.1 M  lead nitrate and a 
solution 0.1M  in sulfuric acid and 0.1 M  in the im
purity salt were mixed. The precipitates from 
solutions containing ammonium sulfate, potassium 
sulfate or lithium sulfate gave a thermolumines
cence peak at about 120°.

The thermoluminescence is not due to that of 
the added impurity alone. Pure lithium sulfate 
showed less thermoluminescence than lead sulfate 
precipitated in the presence of lithium sulfate. 
Silver sulfate, calcium sulfate, strontium sulfate, 
magnesium sulfate and manganese sulfate were 
also used as impurities and none of the lead sulfates 
prepared with these impurities gave thermolumi
nescence peaks although most of these sulfates alone, 
as reagent grade chemicals, are thermoluminescent.

Concentration effects were studied with added 
sodium sulfate. Equal volumes of 0.1 M  lead 
nitrate and 0.1 M  sulfuric acid containing various 
amounts of sodium sulfate were mixed. The pre
cipitated lead sulfate was not thermoluminescent
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if the sodium sulfate concentration in the sulfuric 
acid was 6 X  10~6to3  X 10-2 M. It was thermo
luminescent if the concentration of sodium sulfate 
in the sulfuric acid was raised to 0.2 to 0.8 M. If 
the precipitating solution contained only sodium 
sulfate, a thermoluminescent lead sulfate could be 
prepared by mixing equal volumes of 0.1 M  lead 
nitrate and 0.1 M  sodium sulfate. As the sodium 
sulfate solution was increased to 0.8 M, the area of 
the thermoluminescence peak increased. In each 
case the thermoluminescence of lead sulfate pre
cipitated from a solution containing a given con
centration of sodium sulfate was greater if no acid 
was added.

Two concentration series were run with potas
sium sulfate. When potassium was the added im
purity, an increase in acid concentration increased 
the area of the thermoluminescence peak. The 
area also increased with increasing concentration of 
potassium in the solution. If a small amount of 
silver sulfate was added to the solution of potassium 
sulfate, the thermoluminescence area was changed. 
For high potassium concentrations it usually in
creased, while for low concentrations it generally 
decreased. If sulfuric acid was present, the de
crease in area seemed to be greatest for high potas
sium concentrations. Both acid and silver sulfate 
alone gave lead sulfates with no thermolumines
cence.

The results may be due to complex combinations 
of the effects of several impurities in the lattice or 
to changes in the amount of impurity taken into the 
lattice when other impurities are present in the 
solution.

Lead sulfate was precipitated from solutions con
taining one of several sodium or potassium salts. 
The salt was added to the sulfuric acid solution in 
each case. Lead sulfate precipitated in the pres
ence of chlorides, bromides and acetates was not 
thermoluminescent, but lead sulfates precipitated 
in the presence of iodides and hydroxides were 
thermoluminescent. Potassium carbonate, potas
sium nitrate and potassium phosphate gave ther
moluminescent precipitates while the correspond
ing sodium salts did not.

These results indicate that anion impurities also 
affect the thermoluminescence pattern. All sam
ples gave the lead sulfate X-ray pattern with some 
modifications. Samples from the solutions con
taining iodides showed the X-ray pattern of lead 
iodide in addition to that of lead sulfate. There 
were minor changes in line intensities, perhaps 
due to the substitution of sodium or potassium for 
lead.

Conclusions
Radiation-induced thermoluminescence glow 

curves provide a means for studying factors in crys
tallization and the purity of the crystals. Many of 
the sulfates exhibit thermoluminescence even when 
highly purified. Others definitely require the 
presence of impurities.

The quantity of impurity which affects the ther
moluminescence may be so low as to be difficult to 
measure by analytical methods.

The effects on thermoluminescence of various 
impurities at different concentrations are very com
plicated. In order to affect thermoluminescence, 
the impurities must be taken up into the crystal 
structure to give special types of imperfections.

In one reagent bottle of Na2SCL-10II2O of high 
quality, different crystals in the bottle gave widely 
varying thermoluminescence glow curves. The 
variations probably were due to slight differences in 
impurities taken up by the crystals at different 
stages in the crystallization process or to differences 
in the physical conditions of crystallization. Ther
moluminescence measurements might be used as a 
control for uniformity in certain types of crystalli
zation operations.

The thermoluminescence of sodium sulfate is 
changed by the method of heating the decahydrate. 
Apparently the rate of heating affects the defects in 
the crystal and their ability to trap electrons. The 
nature and concentration of foreign ions taken up 
into the sodium sulfate crystal also affects the glow 
curve. Lead and potassium produce an additional 
high temperature peak.

Pure lead sulfate is uncomplicated by dehydra
tion. It does not exhibit radiation-induced ther
moluminescence. Large amounts of impurities of 
sodium, ammonium, potassium, lithium and iodide 
and hydroxide added to the solutions from which 
lead sulfate is precipitated, produce a thermolumi
nescence peak while many other impurities are with
out effect. The peak: temperature in lead sulfate is 
always the same with the different impurities, and 
the area depends on the concentration of sulfuric 
acid at the time of precipitation and on an interac
tion of both cation and anion impurities.

It is hoped that studies of thermoluminscence 
will lead eventually to a better understanding of 
the up-take of impurities and the nature of imper
fections in crystals.
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Streaming potential measurements show that corundum is positively charged in water and indicate that H + and O H -  
are potential-determining ions for corundum. The zero point of charge occurs at pH 9.45. Under no conditions do mono
valent ions, such as N a+, C l-  and NOs- , change the sign of the zeta potential, f, and hence they must act as surface-inactive 
counterions. Provided the surface is oppositely charged, multivalent, ions, such as Ba + +, S04"  and S20 :r, change the sign 
of f  and must function as surface-active counter ions. Under conditions of like charge, however, these same ions function 
as surface-inactive ions at the corundum-solution interface.

Introduction
Information concerning conditions which exist 

at solid-solution interfaces has so far been prin
cipally derived from adsorption measurements, em
ploying electrochemical or radiotracer techniques. 
The electrokinetic method affords another sensitive 
approach to elucidating the structure of the elec
trical double layer, especially for oxide systems. 
By using streaming potential techniques to evaluate 
the electrokinetic or zeta potential, f, the structure 
of the negatively charged quartz-solution interface 
recently has been studied extensively.3-6 How
ever, quartz is negatively charged except at low pH, 
and consequently an electrokinetic study of a 
positively charged quartz surface is experimentally 
difficult. Corundum, on the other hand, has been 
reported to be positively charged in water, but pub
lished data on its surface electrical properties are 
exceedingly scant.6-7 Accordingly, the object of 
this paper is to present a study of the effect of 
various inorganic electrolytes on the zeta potential 
of corundum, and to postulate the function of dif
ferent types of ions at the corundum-solution inter
face.

Experimental Materials and Method
Materials.— Srnce natural corundum gi res results that 

range from a high negative charge to a high positive charge in 
water,8-9 synthetic sapphire boules manufactured by Linde 
Air Products Company were used in this investigation. 
This material is extremely pure and has a specific gravity 
of 3.98. A spectrographic analysis indicated the presence 
of several oxides totalling less than 0.02% ; Na20  and Si02 
were present to the extent of 0.001%. The material was 
crushed and sized into the two fractions used for the stream
ing potential studies, namely, a 48/65-mesh fraction for the 
plug and a 28/35-mesh fraction to cover the holes in the 
platinum electrodes. A considerable portion of the iron 
impurity introduced during crushing was removed with a 
hand magnet and the last traces were removed by treatment 
with hydrochloric acid. The material was next washed

(1) Condensed from a thesis submitted by H. J„ Modi in partial 
fulfillment of the requirements for the degree of Doctor of Science 
at the Massachusetts Institute of Technology.

(2) Metals Research Laboratories, Electro Metallurgical Company, 
Niagara Falls, New York.

(3) A. M. Gaudin and D. W. Fuerstenau, Trans. A.I.M.E., 202, 
66 (1955).

(4) A. M. Gaudin and D. W. Fuerstenau, Trans. A.I.M.E., 202, 
958 (1955).

(5) D. W. Fuerstenau, T h is  J o u r n a l , 60, 981 (1956).
(6) F. Hazel, ibid., 42, 409 (1938).
(7) H. R. Kruyt, "Colloid Science," Vol. T, Elsevier Publishing 

Co., New York, N. Y., 1952, Chapters IV, V, and VIII.
(8) D. J. O’Connor, N. Street and A. S. Buchanan, Australian J. 

Chem., 7, 245 (1954).
(9) D. J. O’Connor, P. G. Johansen and A. S. Buchanan. Trans.

Faraday Soc., 52, 229 (1956).

with distilled water till free from chloride ion. Finally, it 
was washed several times with conductivity water and stored 
under the same till used.

To avoid contamination of corundum with surface-active 
impurities, all solutions were prepared with conductivity 
water, which had been double-distilled from a block-tin still. 
Only water with a specific conductance of less than 5 X 
10-7 ohm-1 cm .-1 was used. The water was stored and 
dispensed in an atmosphere free of carbon dioxide.

Except for sodium hydroxide and hydrochloric acid, all in
organic chemicals used in the experiments were of reagent 
grade and were used without further purification. Sodium 
hydroxide, free from sodium carbonate, was prepared by 
the standard methods and stored in a carbon dioxide-free 
atmosphere. Hydrochloric acid solutions of various nor
malities were prepared by dilution from a stock solution of 
constant boiling acid.

Apparatus and Procedure.— The apparatus used in this 
study consists essentially of the cell assembly, a flow system 
and the electrical measuring equipment which have been de
scribed in detail previously.10 The apparatus has been 
suitably modified to overcome polarization difficulties en
countered with platinum electrodes for potential measure
ments in concentrated solutions. Silver-silver chloride 
electrodes, prepared according to the method of Brown,11 
were substituted for platinum electrodes and proved to be 
unpolarizable with respect to all electrolytes investigated. 
The design and construction of these electrodes, as well as 
the manner of their introduction in the experimental setup 
has been described in a thesis by M odi.12

In dilute solutions, surface conductance plays an impor
tant role in the evaluation of the zeta potential from stream
ing potential experiments.10’13 Because of surface conduct
ance, the calculated zeta potential in dilute solutions is de
pressed and it appears to rise initially as the concentration 
of 1-1 valent electrolytes is increased although it may ac
tually be decreasing. In this work, the experimental values 
are strictly correct only if the ionic strength is greater than 
4 X 10“6. If the effect of surface conductance is kept in 
mind, the data can still be interpreted satisfactorily.

Experimental Results
Zeta potentials of corundum were determined in 

solutions of 1-1 valent, 1-2 valent, and 2-1 valent 
inorganic electrolytes. The data are presented 
grapnically in the accompanying figures in plots of 
£ against logarithm of the electrolyte concentration. 
Some of the points have been omitted for the sake 
of clarity. For corundum in conductivity water, 
£ averaged +66.7 mv. The standard deviation 
based on 32 values was less than 1.6 mv.

Monovalent Electrolytes.— Figure 1 presents the 
zeta potentials of corundum in solutions of sodium 
chloride, sodium nitrate, sodium hydroxide and 
hydrochloric acid, f  in conductivity water is

(10) D. W. Fuerstenau, Min. Eng., 8 , 834 (1956).
(11) A. S. Brown, J. Am. Chem. Soc., 56, 646 (1934).
(12) H. J. Modi, "Electrokinetic Properties and Flotation Behavior 

of Corundum,”  Sc.D. Thesis, Massachusetts Institute of Technology, 
1956.

(13) J. Th. G. Overbeck and P. W. O. Wijga, Rec. trav. chiin., 65, 
556 (1946).
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taken as the initial point for the various p-log C 
curves. With sodium chloride and sodium ni
trate, f  increases in absolute value with electrolyte 
concentration up to about 4 X  10-6 M ; there
after, it undergoes a logarithmic decrease with con
centration until 10~2 M  solutions are reached, the 
slope, df/d(log C), being —17 mv. At still 
higher concentrations, f  approaches zero as a 
limiting value, but does not change sign. Both 
the curves are very similar, with the sodium nitrate 
curve being about 5 mv. higher than the sodium 
chloride curve.

In solutions of hydrochloric acid, markedly 
increases with concentration to reach a maximum 
of about +125 mv. at 3 X 10-6 M. Further ad
ditions cause a substantial reduction in its value 
till it finally drops to 45 mv. at 10-1 M. Since 
surface conductance can scarcely be expected to 
play a more significant role in hydrochloric acid 
solutions than in sodium chloride solutions, this 
observation suggests that the role of H + is dis
tinctly different from that of Na+.

Aqueous solutions of sodium hydroxide change f  
from positive to negative values at relatively low 
concentrations. The isoelectric point occurs at a 
hydroxyl ion concentration of 2.8 X 10-6 N. In 
other words, the value of f  is zero at pH 9.45. 
The magnitude of the negative f  decreases some
what beyond 10-3 equivalent per liter. The strik
ing difference between the curves for sodium hy
droxide and sodium chloride once again points to a 
special function of OH-  in the system as compared 
with Cl“ .

Sodium Chloride at Different pH Values.—
To ascertain the effect of ionic strength on the 
zeta potential of corundum when the solid is posi
tively or negatively charged, f  was measured as a 
function of the concentration of NaCl at pH 4,
6.5, 10 and 11. As can be seen from Fig. 2, 
sodium chloride has no effect on f  until the ionic 
strength is changed. For a given pH, f  decreases 
in absolute value as a linear function of the ionic 
strength until the ionic strength exceeds approxi
mately 10-2. The rate of decrease appears to in
crease with increasing surface charge.

Sodium Hydroxide and Hydrochloric Acid in 
10 4 M  Sodium Chloride Solutions.—The effect of 
H + and OH-  on f  indicates that these ions play a 
special role at the corundum surface as compared 
with Na+ and Cl- . To confirm this belief, the 
effect of adding sodium hydroxide and hydro
chloric acid to solutions containing 10-4 M  sodium 
chloride was investigated. Such experiments 
would indicate the effect of H+ and OH-  in the 
absence of surface conductance and initial change 
of ionic strength. Figure 3 shows that relative.y 
small additions of sodium hydroxide and hydro
chloric acid have a marked effect on f  long before 
the ionic strength is changed (compare with Fig.
2). This indicates that the marked effect of II+ 
and OH -  is real.

Effect of Ionic Strength and pH on —Since the 
zeta potential of corundum depends on both pH 
and the ionic strength of the solution, the value of 
f  is plotted as a function of pH for different ionic 
strengths in Fig. 4. The different ionic strengtiis

Fig. 1.— Zeta potential of corundum in solutions of various 
electrolyjes.

Fig. 2.— Zeta potential as a function of the sodium chloride 
concentration at different pH values.

Fig. 3.— Zeta potential of corundum as a function of the 
addition of sodium hydroxide and hydrochloric acid in 
conductivity water and 10-4 A' sodium chloride solutions.

and pH values were obtained by making solutions 
with sodium chlcride, ar.d hydrochloric acid or 
sodium hydroxide. Observation of Fig. 4 shows 
that the only point which is common to all the 
curves is the point where f  is zero, namely, pH 
9.45. These data indicate that f  is determined by 
pH even though the ionic strength of the solution 
remains constant, whereas Fig. 2 shows that if pH 
remains constant, the addition of an inert electro-
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Fig. 4.— Zêta potential of corundum as a function of pH for 
different total ionic strengths.

Fig. 5.— Zaza, potential of corundum in solutions of bar
ium chloride, sodium chloride and sodium sulfate at different 
pH values.

lyte like sodium chloride does not affect f  until the 
ionic strength is changed. The facts presented in 
Fig. 4 firmly establish that, H+ and OH-  have a 
special function at the corundum surface, distinctly 
different from that of either Na+ or Cl- .

Divalent Electrolytes.— Zeta potential-concentra
tion curves for corundum in solutions of barium 
chloride, sodium sulfate and sodium thiosulfate 
are presented in Fig. 1. These electrolytes scarcely 
show the effect of surface conductance, as evidenced 
by the absence of the hump. The reduction in f  
brought about by additions of barium chloride is 
analogous to that by sodium chloride, except that 
it is achieved at lower concentrations; likewise, 
the slope of the f-log C curve is —17 mv. The 
value of f  approaches zero at high concentrations 
but does not change sign. The observed similarity 
in the behavior of sodium and barium chlorides in
dicates that Cl -  has no special effect at the inter
face.

The experiments also show that sodium sulfate 
and sodium thiosulfate exert an identical influence 
on f  of corundum over the entire concentration 
range investigated, f  is positive in dilute solutions 
but negative in concentrated solutions. The re
versal of sign occurs with about 3 X 10-4 molar 
solutions. Thus, SO*“  and S2():r  behave differ
ently from Cl-  and NO*' in that they are capable 
of changing the sign of whereas the latter do not. 
Even though these divalent, ions reverse the sign of 
i', monovalent OH-  reduces the zeta potential to

zero at a concentration nearly twenty times more 
dilute. This further indicates a special role of OH-  
at the corundum surface.

Barium Chloride and Sodium Sulfate at pH 10.—
The behavior of divalent ions at the solid-solution 
interface under conditions of negative surface charge 
was further studied by determining f  in aqueous 
solutions of barium chloride and sodium sulfate at 
pH 10. The experimental data are shown in Fig. 
5, together with measurements for sodium chloride 
added for comparative purposes.

When the corundum surface is negatively charged, 
f  is affected in an identical fashion by additions of 
sodium chloride and sodium sulfate. This simi
larity of behavior suggests that neither Na+, Cl-  
nor S04= have any special effect at the surface. 
Ba++, on the other hand, seem to have a special 
affinity for the negative surface. The zeta poten
tial decreases in absolute value with increasing con
centration of barium ions, and finally becomes 
positive at about 10-3 M. This fact indicates that 
the behavior of Ba++ is remarkably different from 
that of Na+; barium chloride solutions can change 
the sign of f  at high concentrations, whereas sodium 
chloride solutions do not. In addition, it is pos
sible to conclude that Ba++ act just the same at a 
negative surface as S04= or S20 3"  at a positive sur
face.

In brief, all these results seem to indicate that 
the counter ions charged oppositely to the surface 
play the determining role in the electrokinetic be
havior of corundum. It also appears that specific 
adsorption of counter ions depends mainly on 
valency. Thus, divalent counter ions reverse the 
sign of f , but monovalent counter ions do not.

Discussion of Results
In this paper the model of the double layer pro

posed by Stern14 will be used to interpret the ex
perimental results. An excellent discussion of 
Stern’s treatment of the double layer is presented 
by Overbeek.7

The total potential across the double layer, com
monly referred to as the surface potential, \p0, is 
determined only by the concentration of potential
determining ions in solution. Indifferent electro
lytes do not affect its value unless they have second
ary effects.

The zeta potential is more complex and affected 
by all electrolytes, the effect depending not only on 
concentration but also on the valence and sign of 
charge of the ions. Increasing the concentration 
of indifferent electrolytes in solution reduces the 
value of i' by compression of the double layer be
cause more ions are forced into the Stern layer.

In this work, two main types of ions are con
sidered: (1) potential-determining ions, and (2)
indifferent ions, which are subdivided into surface- 
active and surface-inactive indifferent ions. Each 
of these types of ions can be characterized by its 
effect on the zeta potential.

Potential-determining Ions.— Results of stream
ing potential measurements indicate pH plays an 
exceptional role at the corundum surface as shown 
by the following observations.

(141 O. St,t ii . y„ K l r U m r h e m ., 30, VIS (l!l_ '4 ).
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(1) H+ cause f  to become more positive than any 
other cation tested (Fig. 1).

(2) OH-  change the sign of f  at pH 9.45, where 
C l" and NO?-  merely reduce it to zero at infinitely 
high concentrations (Fig. 1).

(3) In solutions of surface-inactive indifferent 
electrolytes at a given total ionic strength (same 
thickness of the double layer), the value of f  is de
termined by pH (Figs. 2 and 4).

(4) Na+ and Cl~ do not affect f  until the ionic 
strength of the solution is changed, but H+ and 
OH-  change f  under conditions where the ionic 
strength remains constant (Figs. 2 and 3).

(5) f  is zero only at pH 9.45 regardless of the 
ionic strength of the solution (Fig. 4).

Because of the manner in which f  is affected by 
the pH of the solution, it must be concluded that 
H+ and OH-  function as potential-determining 
ions for corundum, in agreement with the findings 
of Verwey.15 If H+ and OH are potential-deter
mining ions, they must enter into an electrolytic 
reaction at the surface which leaves the surface 
with a net positive charge in water. Since corun
dum is uncharged at pH 9.45, the double layer 
ceases to exist at this pH and there is an equal 
number of anions and cations in the solution next to 
the surface.

The total double layer potential i/'o may be cal
culated from the relation

, k 'f .i/'o = --- mve
Ch* 
Cho +

kT  . Cou
re C W

where k is the Boltzmann constant, T is the abso
lute temperature, v is the valence of the ion in 
question, e is the electronic charge, Cb+ and C o h - 
are the concentrations of the potential-determining 
ions in solution, and (7h0- and Coho- are their con
centrations at the zero point of charge. Since the 
zero point of charge for corundum occurs at pH 
9.45, in pure water the double layer potential is, 
therefore, positive (i/'o =  +145 mv.). As men
tioned before, in dilute solutions, surface conduct
ance lowers the experimental values of f. In the 
absence of surface conductance a near identity of 
f  and i/'o should, therefore, be expected. Conse
quently, the true zeta potential of corundum in 
conductivity water should be about +125 mv.

Surface-inactive Indifferent Ions.— Since surface- 
inactive electrolytes reduce the value of f  by com
pression of the double layer without changing its 
sign, f  approaches zero as a limiting value at higher 
concentrations. Sodium chloride and sodium ni
trate are electrolytes of this type as seen from Fig. 
1, Cl-  and NO?/“ functioning as counterions. The 
difference between the curves, although small, is 
believed to be due to the difference in anions, and 
points out that valency alone does not determine 
the behavior of counterions at the interface. Ex
perimentally, the results agree with the relative 
positions of Cl-  and NO?“ in the lyotropic series. 
As seen from Fig. 2, the reduction in potential by 
the addition of NaCl is more rapid at pH 4 than at 
pH 6.5. Similar is the case for pH 11 as compared

(15) E. J. W. Verwey, in “ Colloid Chemistry, Theoretical and 
Applied,”  «d. J. Alexander, Vol. ITT, iteinlmld Publ. dorp., New 
York, \\ Y., 1950, p. 50.

with pH 10. Qualitatively, the increased adsorp
tion of counter ions with increasing H+ and OH-  
concentration can be explained by the increasing- 
potential drop across the double layer.

Surface-active Indifferent Ions.— If the counter
ions are attracted to the surface not only by simple 
electrostatic forces, but also by strong chemical or 
covalent forces, they may reverse the sign of f  as 
in the case of Ba++, SOu and S20?= (Figs. 1 and
5). When potential-determining ions, such as OH- , 
change the sign of f, the charge at the surface as 
well as i/'o must change sign; whereas when a sur
face-active counter ion changes the sign of f, there 
must be a higher charge in the Stern plane than at 
the surface. This results in the formation of a 
triple layer.7

At pH 10, Ba++ must be surface active since f  is 
reversed in 10 “ 3 molar solutions. However, this 
affinity of Ba++ for the surface is not apparent in 
neutral solutions, where j' merely approaches zero 
as a limiting value at high concentrations. If 
Ba++ were specifically adsorbed, f  would have be
come more positive on increasing the concentration 
of barium chloride, but this has not been observed. 
Similarly SO4“  are also specifically adsorbed but 
only when the surface is positively charged.

The specifically adsorbed ions, Ba++, S04= and 
S?0?“ , are all divalent; in contrast no monovalent 
ion was found to be specifically adsorbed. It has 
been shown by Gaudin and Fuerstenau3 that Ba++ 
and A l+++ are specifically adsorbed by quartz 
wth a negative surface charge, but significantly no 
monovalent inorganic ion was found to be specifi
cally adsorbed. On the basis of these results, it 
seems that multivalent but not monovalent coun
ter ions can function as surface-active indifferent 
ions and reverse the sign of zeta potential. The 
specific adsorption probably results from a multi
valent ion sitting on a single site at the surface.

Summary and Conclusions
By means of streaming potential techniques, it 

has been shown that corundum is positively charged 
in water. Hydrogen and hydroxyl ions are po
tential-determining ions for corundum, and the 
zero point of charge occurs at pH 9.45. Sodium, 
chloride and nitrate ions function as surface-in
active indifferent ions under all conditions and, 
therefore, cannot change the sign of f. Barium, 
sulfate and thiosulfate ions function as surface- 
active counter ions, provided the surface is op
positely charged, and are able to change the sign of
f. Under conditions of like charge, however, these 
same ions function as surface-inactive indifferent 
ions. Thus the reversal of zeta potential seems to 
be a characteristic property of multivalent inor
ganic counter ions.

Since pH determines the nature of the surface 
charge and also the magnitude of the surface po
tential, i/'o, it will be expected to affect markedly 
the adsorption of all other ions by corundum.
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A LOW TEMPERATURE SCALE FROM 4 TO 300°K. IN TERMS OF A 
GOLD-COBALT VERSUS COPPER THERMOCOUPLE1
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A low temperature scale has been obtained by comparing the e.m.f. from the An +  2.1 atomic %  Co vs. Cu thermocouple 
with the temperature values obtained from a constant-volume helium gas thermometer. By paying appropriate attention 
to considerations concerning temperature gradients and the homogeneity of the alloy, the absolute thermodynamic scale 
can be realized to between 0.1 and 0.2° from 4 to 10°K. and to better than 0.1° above this temperature. The e.m.f.’s are 
shown to be reproducible to within these limits on successive reductions to helium temperatures. The thermoelectric scale 
has also been transferred to wire from a different batch to a precision of 0.2° from 4 to 300°K., using helium and nitrogen 
bath temperatures as fixed points. The use of a composite three limb Au-Co vs. Cu vs. oonstantan thermocouple is described. 
This thermoelement enables the use of the nitrogen temperature fixed point to be avoided, and the Au-Co vs. Cu and Cu vs. 
constantan thermoelectric scales to be checked with respect to each other. The methods described are applicable to a wide 
variety of experimental measurements where moderate precision is required.

Introduction
A large variety of experiments in physical chem

istry, physics and engineering physics requires the 
measurement of absolute temperatures in the range
4.0 to 300°K with a precision between 0.1 and
1.0°. The thermoelectric thermometer is in prin
ciple an ideal instrument2-4 for such purposes. 
Copper vs. constantan thermocouples have long 
been used in temperature measurements down to 
77 °K .4’6 This thermoelement has also been used 
at temperatures as low as 14°K.4-6 The sensi
tivity at this temperature is, however, only 4.0 
jUV./°K.5 Thus temperature measurement to 0.2° 
below 20°K. is somewhat unsatisfactory. This is 
especially the case in view of e.m.f. changes equiva
lent to 0.5° at 14°Iv. on successive reductions to 
hydrogen temperatures,6'7 and the rapid loss of 
sensitivity with temperature.

In a study of the thermoelectric power of the 
alloy system cobalt-in-gold by the differential 
method, Keesom, et. a/.,8-9 found that the alloy Au 
-+ 2.1 atomic %  Co vs. Ag +  0.37 atomic %  Au 
had a thermoelectric power 9.3 pv./°Iv. at 10.3°K. 
and 16 Juv./°K. at 20’ K. It was thus suggested 
that this combination would provide a superior 
low temperature thermoelectric thermometer. It 
has, however, been stated10 that, presumably due 
to instability, such a thermocouple is only of use as 
an indicator of the approximate equality of two 
temperatures. In this investigation it is shown 
that thermocouples of Au — 2.1 atomic %  Co vs. 
Cu instead of Ag +  0.37 atomic %  Au and utilizing 
silver soldered junctions, instead of the rose metal 
junctions of Keesom, et al.,s can be used in various

(1) Supported by the United States Atomic Energy Commission.
(2) (a) W. P. White, Phys. Rev., 31, 159 (1910); 31, 470 (1900); 

'(b) R. B. Scott, “ Temperature,”  Vol. 2, Reinhold Publ. Corp., New 
York, N. Y „  1955. p. 179.

(3) N. Fuschillc, Proc. Phys. Soc., 64, 649 (1953); 55, 896 (1952).
(4) W. F. Giauque, R. M. Buffington and W. A. Schulze, J. Am. 

Chem Soc., 49, 2343 (1927).
(5) J. G. Aston, E. Willihnganz, and G. H. Messerly, ibid., 57, 1642 

<1935).
(6) J. G. Aston, ‘ ‘Temperature,”  Vol. 1, Reinhold Publ. Corp., 

New York, N. Y., 1941, p. 219.
(7) C. C. Stephenson and W. F. Giauque, J. Chem. Phys., 5, 149 • 

<1937).
(8) W. TI. Keesom and C. J. Matthijs, Physica, 2, 623 (1935).
(9) G. Borelius, W. II. Keesom, C. II. Johannesson and J. O. Linde, 

Leiden Comm. No. 217d (1932).
(10) C. T. Linder, Westinghouse Research Report R-94433-2-A 

(1950).

experimental arrangements, in the temperature 
range 4 to 300DK., with a precision between 0.1 
and 0.2°. It is the purpose of this article to de
scribe the use, performance and construction of 
this r.hermometer and to present a thermoelectric 
reference table for use in the manner described by 
Aston5 and Adams11 for the copper vs. constantan 
thermoelement.

Experimental
1. Construction of Thermoelement.— A 500 cm. length 

of 0.0? inch diameter enameled Au +  2.1 atomic %  Co wire 
was doubled by bending at its mid-point. The two wires 
thus formed were silver soldered to single 34 B and S Con
sta n ts  and 36 B and S copper wires to form the cold junc
tion. Borax flux, a thin strip of silver solder and a gas 
microburner were used in this operation. The Au-Co wire 
was doubled in the manner described to average out par
tially any systematic variations in chemical composition. 
Silver solder was used because this material does not become 
superconducting in the temperature range under considera
tion.8 Two separate ice junctions were formed with 
copper wire leads in the same fashion. Thus the thermo
element could be used either as a Au + 2 .1  atomic %  Co 
vs. C i or as a constantan vs. copper thermocouple. The 
constantan wire also served as a structural member sup
porting the fine Au-Co limbs of the thermocouple. Pre
vious to the formation of these junctions, the wires were 
wrapped with silk thread and lightly covered with GE type 
varnish. Insulation resistance was tested at every stage 
of construction. The ice junctions were embedded in tight- 
fitting, thin-walled polyethylene tubing which was sealed 
off at both ends as a precaution against the condensation of 
moisture.

2. Cryostat.—The thermocouple was brought down 
through a vacuum enclosure to the massive copper bulb of a 
helium gas thermometer. This was enclosed in a re-entrant 
well in a brass can of capacity 2 liters, initially containing 
liquid helium or nitrogen, depending on the temperature 
range to be covered. The re-entrant well was designed to 
form an experimental chamber into which an apparatus 
for measuring the mechanical properties of materials could 
be lowered after the establishment of the temperature scale 
and upon removal of the gas thermometer bulb. The he
lium can was contained in an evacuated enclosure which 
could be nitrogen cooled to secure better temperature con
trol below 70°K. The thermoelement was in metallic con
tact with the thermometer bulb and 80 cm. of the thermo
couple wire was wrapped around the bulb as a precaution 
against heat leak. Isothermal temperature control was 
effected by the appropriate use of helium exchange gas and 
non-inductively wound electrical heating coils. For tem
peratures above 10°K. the helium can was evacuated to 10~4 
mm. Thermoelectric measurements were taken to 0.5 
microvolt with a Wenner Potentiometer, using the precau
tions described by White2“ and Giauque.4 The reference 
junctions were maintained at the ice point using the pro-

(11) L, II. Adams, ‘ ‘International Critical Tables,”  Vol. I, McGraw- 
Hill Book Co., New York, N. Y., 1926.
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■cedure recommended in the nternational temperature 
scale.12

3. Gas Thermometry.— The copper bulb of the constant- 
volume gas thermometer had a total mass 1 kg., and volume
80.1 cc. A steel capillary led to the short limb of a mercury 
manometer in the manner described by Beattie, et al . u  The 
i.d. of the Pyrex walls of the manometer was 0.89 cm. 
Corrections for the meniscus volume, surface tension, dead 
space correction and thermal expansion of the mercury and 
bulb, were made as described in the literature.13’14 Four 
copper vs. constantan thermocouples and two me'cury 
thermometers were placed along the dead space for the cal
culation of the gas thermometric dead space correction. 
The gas thermometer was filled with helium after purifica
tion in the manner described by Aston.6 Temperatures in 
the range from 4.2 to 295°K. were obtained with an initial 
filling with helium at 824.0 mm. at 273.16°K. To increase 
the precision of the gas thermometric measurements at tem
peratures below liquid nitrogen temperatures, the thermom
eter was refilled with helium at 77.7°K. to a pressure of 
766.0 mm. This procedure has been described elsewhere.14 
The temperature of the filling was determined under iden
tical conditions by using the thermoelectric results of the 
previous run. Manometric precision of the order 0.01 
cm. enabled temperatures to be determined on the normal 
helium scale to 0.03°K. The normal helium scale was 
corrected where necessary to the absolute thermodynamic 
scale from the data given by Keesom.15 Other details were 
similar to those described in the literature.6’13-16

Results
A shortened form of the thermoelectric reference 

table is shown in Table I. Comparison of the 
thermoelectric scale with the oxygen vapor pres
sure scale17-19 gave a temperature lower by 0.03°K. 
at 77.77°K. than the precise work of Henr.ing. 
The e.m.f.-temperature relationship is approxi
mately linear in the range 90 to 300°K. A cubic 
equation E =  8952.7 -  4.180T -  0.3226T- +
0.001226T3 represents the data between 4 and 
90°K. with an average deviation of 0.17° and a 
maximum deviation of 0.3° at 90°K. The change 
in sensitivity of the thermocouple as a function of 
temperature is shown in Fig. 1. The thermoelectric 
power dE/dT was obtained by first differences 
from the initial e.m.f. versus temperature table. 
A single equation of the form dE/dT =  38 [1 — 
exp ( — 41 /T) ] represents this curve with an average 
deviation irrespective of sign of 0.5% between 30 
and 300°K. These equations, however, are prin
cipally of academic interest since the reference 
table itself provides a more convenient interpola
tion device. The reproducibility of the Au +
2.1 atomic %  Co vs. Cu thermometer was such that 
on five successive reductions to helium tempera
tures in a three-month period, the variation in 
e.m.f. at the helium bath temperature was no 
greater than one microvolt, corresponding to a 
temperature variation of no greater than 0.17°. 
Greater thermoelectric precision may have been 
obtained; however, the accuracy in temperature 
measurement required for the envisaged applica
tions was 0.2°.

(12) Trav. Bur. Int. Poids. Mes., 19 (1934).
(13) J. A. Beattie, Proc. Am. Acad. Arts Set., 74, 327 (1941).
(14) H. J. Hoge and F. G. Briekwedde, J. Research Natl. Bur. Stand

ards, 22, 351 (1939).
(15) W. H. Keesom, “ Helium,”  Elsevier Press, Houston, Texas, 

1942, p. 71.
(16) F. Henning, “ Temperaturmessung,”  Johann Ambrosius Barth, 

Leipzig, 1951.
(17) F. Henning and J. Otto, Pkysik. Z., 37, 633 (1936).
(18) J. G. Aston and G. W. Moessen, J. Chem. Phys., 21, 948 (1953).
(19) G. W. Moessen, J. G. Aston and R. G. Ascah, ibid., 22, 2096 

(1956).
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Fig. 1.— Change in sensitivity of the Au +  2.1 atomic %  Co 

vs. Cu thermocouple as a function of temperat ure.

T a b l e  I
T h e r m o e le c tr ic  R e f e r e n c e  T a b l e “

T, T, T, T.
"K . uv. °K. M V . °K. mv. "K. M V .

4.0 8930 22.0 8721 65.0 7662 145.0 4871
5.0 8924 24.0 8686 70.0 7508 150.0 4686
6.0 8916 26.0 8649 75.0 7345 160.0 4316
7.0 8907 28.0 8610 77.0 7279 170.0 3938
8.0 8898 30.0 8571 80.0 7182 180.0 3561
9.0 8888 32.0 8529 85.0 7015 190.0 3175

10.0 8877 34.0 8486 90.0 6846 200.0 2797
11.0 8866 36.0 8441 95.0 6672 210.0 2417
12.0 8855 38.0 8397 100.0 6501 220.0 2041
13.0 8844 40.0 8348 105.0 6327 230.0 1651
14.0 8831 42.0 8302 110.0 6145 240.0 1262
15.0 8819 44.0 8255 115.0 5967 250.0 873
16.0 8806 46.0 8205 120.0 5786 260.0 494
17.0 8792 48.3 8154 125.0 5605 270.0 117
18.0 8779 50.0 8099 130.0 5424 280.0 -  261
19.0 8765 55.0 7956 135.0 5240 290.0 -  639
20.0 8750 60.0 7808 140.0 5055 300.0 -10 17
“ Thermoelectric reference ‘ able for the Au +  2.1 at. %  

Co vs. Cu thermocouple. The reference junction is at 
273.16°K. and the variable junction is at T °K . Seebeck 
e.m .f.’s are expressed in microvolts (mv.).

Discussion
An inhomogeneity test through liquid nitrogen 

of a typical Au-Co wire, using the reference gradi
ent20 method indicates an average inhomogeneity 
e.m.f. of 4.2 ,uv. and a maximum of 10.0 m v . The 
temperature gradient was of the order 200° in five 
centimeters. The contribution to the Seebeck 
e.m.f. arising from the inhomogeneity e.m.f. is 
indistinguishable in its effects from the e.m.f. due

(20) N. Fuscbillo, J. Sci. Instr , 31, 133 (1954).
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to the Thomson thermoelectric potential.21 Thus 
e.m.f.’s of this kind and their variations with tem
perature are included in the thermoelectric refer
ence table. It is therefore important to keep the 
variation in temperature gradients with tempera
ture as reproducible as possible from one experi
ment to another. This, however, cannot be ac
complished if the Au-Co wire is in direct contact 
with the refrigerant liquid because of the steep 
localized temperature gradient at the liquid surface 
and the changing of the liquid level by evaporation 
as a function of time. Under these circumstances 
fluctuations in inhomogeneity e.m.f. of 5.0 /j.v . can 
easily occur. While this would not prevent a pre
cision of 0.2° down to 70°K., its effect would be to 
give an inaccuracy of one degree near 4°K. How
ever, most of the cryostat designs operating the 
range 4 to 300 °K. are either based on the isothermal 
calorimeter or involve the use of cold helium gas. 
In these designs, the thermocouple limbs are easily 
prevented from coming into contact with the refrig
erant and in addition, the temperature difference 
is spread out over a considerable length of the 
cryostat. The consequent reduction in the mag
nitude of the temperature gradient is usually be
tween 10 and 15. This results in a considerable 
reduction3 in the inhomogeneity e.m.f. In the 
type of cryostat under discussion the position of 
the temperature distribution is far more constant 
and unsystematic changes in the residual inhomo
geneity e.m.f. are substantially reduced. The ap
paratus used in this work is an example of this 
class of temperature control.

The temperature scale summarized in Table I 
has been applied to Au-Co wire from a different 
batch. The thermocouple was a composite Au +  2.1 
atomic %  Co vs. Cu vs. constantan instrument, and 
was used for temperature measurement in the gas 
controlled apparatus described by Kline.22 The 
constantan wire carried the Penn State, copper 
-constantan temperature scale.5 The thermometer 
gave a higher e.m.f. (9167 mv. at 4.2°K.) than the 
previous thermocouple. This difference was most 
likely due to departures from the stated composi
tion of the Au-Co alloy wire. On obtaining a 
fixed point calibration from the helium bath tem
perature and one at nitrogen temperatures, a de
viation plot6 using Table I was obtained. The 
temperatures thus derived agreed with those given 
by the Penn State scale with a maximum deviation 
of 0.2° at 17 temperatures in the range 19 to 70°K.

(21) A. Sommerfeld and N. H. Frank, Revs. Mod. Phys., 3, 1 
(1931).

(22) D. E. Kline J. Polymer Bci., in press (1956).

Similar results have been obtained in a nuclear 
magnetic resonance isothermal cryostat23 in opera
tion between 20 and 295 °K. Here, however, com
parisons were made at only two temperatures.

Conclusion
On taking precautions to ensure the absence of 

steep and fluctuating temperature gradients, the 
Au 2.1 atomic %  Co vs. Cu thermocouple can be 
used in the measurement of absolute temperature 
to at least 0.2° from 4 to 20°K. and to 0.1° from 
20 to 300°K. by utilizing single fixed points at 
helium and nitrogen temperatures and a reference 
table. The use of a composite Au-Co Cu vs. 
constantan thermometer enables the two thermo
electric scales to be checked with respect to each 
other. The constantan limb also provides a con
venient supporting member to prevent the strain
ing of the fine Au-Co wire. A small diameter is 
often desirable because of the high thermal con
ductivity of the alloy. Care should be used in the 
handling of the thermocouple wire as the inhomo
geneity e.m.f.’s are increased by cold work. If 
Leeds and Northrup constantan wire is used, the 
upper fixed point may be obtained from the Leeds 
and Northrup tables to a precision between 0.1 
and 0.2°.

The thermocouple has been shown to be stable 
to at least 1.0 ¡xv. at 4.2°K. The limiting factor 
here is the reproducibility and stability of the tem
perature gradients and associated inhomogeneity 
e.m.f.’s, rather than any intrinsic instability in the 
thermometer. The improvement in the perform
ance of this thermocouple is principally the metal
lurgical problem of producing more homogeneous 
alloy wires. However, until these become avail
able it is better to select, or at least check, the wire 
by test methods.20 The replacement by copper 
wire of the Ag +  0.37 atomic %  Au limb of the 
combination originally suggested enables a ref
erence table to be employed with more certainty, 
and results in no significant loss in sensitivity. 
In addition, the relatively high cost of the thermo
couple is reduced by half. Improvements might 
also be effected by using many loops of Au-Co wire 
in parallel or alternatively in series in the construc
tion of the thermoelement.3-20
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The adsorption of hydrogen on a germanium surface has been studied using a clean germanium film prepared by germane 
decomposition on glass wool. The adsorption was an activated chemisorption and the activation energy of adsorption on a 
bare germanium surface was 14.6 kcal./mole, and the heat of adsorption was 23.5 kcal./mole at 0.05 coverage. Statistical 
mechanical considerations suggest that the initial adsorption is an immobile dissociative adsorption, which is supported by 
a hydrogen deuterium exchange reaction on a germanium surface. The saturation point of the adsorption corresponds to 
one adsorbed hydrogen atom per one surface germanium atom.

Introduction
As has been shown in previous papers,12 the de

composition of germane on germanium is a zero-or
der reaction and its activation energy is 41.2 keal./ 
mole. It was suggested in the papers that during 
the decomposition of germane the germanium sur
face is covered by adsorbed molecules, radicals and 
atoms decomposing at the measured rate. This im
plies that the rate of breaking the bond between 
hydrogen and germanium atoms on the surface to 
form a hydrogen molecule is a comparatively slow 
reaction with high activation energy, which sug
gests that the heat of adsorption of hydrogen on ger
manium might be large enough to enable an adsorp
tion measurement to be made.

Nitrogen gas is not chemisorbed on germanium at 
temperature of 20° or higher according to Law and 
Francois,3 but germanium forms its nitride when it 
is heated with ammonia at 700°.4 Even at a tem
perature as low as 278° ammonia is chemisorbed on 
a germanium surface, dissociating to XIT2(a) and 
H(a).5 This fact shows that nitrogen from ammo
nia is comparatively easily chemisorbed on germa
nium with hydrogen, though no nitrogen is chemi
sorbed at the same temperature from nitrogen gas.

Recently Law6 studied the adsorption of various 
gases on germanium and found that hydrogen ap
peared to be chemisorbed on a germanium surface 
at room temperature or higher, though it was im
possible to calculate the heat of chemisorption from 
the data.

As it was found that fresh pure germanium with a 
large surface area could be prepared by the de
composition of germane on a clean Pyrex glass 
wool, hydrogen adsorption on this surface has been 
studied.

Experimental
The apparatus used for the measurements consists essen

tially of three parts: a glass vessel for germanium film, a 
McLeod pressure gage and a pumping system. A cylindrical 
Pyrex vessel filled with clean Pyrex glass wool was used for 
the deposition of germanium film. The inside diameter of 
the vessel was 2.7 cm. and its volume was 69 cc. Pure ger
mane gas prepared from GeCL a id  LiAlH,4, as has been 
shown in the previous paper,1-7 was decomposed in the vessel * 801

(1) K. Tamaru, M. Boudart and H. S . Taylor, T h is  J o u r n a l , 59,
801 (1955).

(2) P. J. Fensham, K. Tamaru, M, Boadart and H. S. Taylor, ibid., 
59, 806 (1955).

(3) J. T. Law and E. E, Francois, Ann. N. Y. Acad. Sci.. 58, Art. 6. 
925 (1954).

(4) W. C. Johnson, J. Am. Chem. Sor.., 52, 5160 (1930).
(5) K. Tamaru, T h is  J o u r n a l , 60, 612 (1956).
(6) J. T. Law, ibid., 59, 543 (1955).
(7) This preparation was carried out without trouble n* de^ribed 

in the previous paper.1 Dr. M. D. Bairns of Metal Hydrides Inc,,

at 302°. The temperature of this vessel was controlled 
satisfactorily using vapor baths of mercury, diphenylamine, 
acenaphthene and naphthalene under various constant, 
pressures. The vessel was attached to the apparatus via 
a liquid nitrogen trap8 and the pressure of hydrogen was 
followed by a McLeod gage.

A pumping system consists of two mercury diffusion pumps 
backed up by a Cenco Hy-Vac oil pump, which could easily 
give a pressure of less than 10“ 6 mm. Hydrogen was ob
tained from a cylinder and was purified by passing through 
a palladium-kieselguhr tube at 300°, a liquid nitrogen trap, 
and finally through a palladium thimble at 300°.

After the deposition of germanium film, the vessel was 
evacuated to a pressure of less than 1 0 mm.  for at least 
several hours at 302°,9 and then a known amount of hydro
gen was introduced, and the adsorbed amount was deter
mined from the dead space measurement using helium. 
The adsorption rate near equilibrium at 218° was so slow 
that the equilibrium points were obtained by extrapolating 
adsorption and desorption curves.

Experimental Results and Discussion
Adsorption Isotherms at Various Temperatures.

—The adsorption was reversible and the amounts 
of adsorbed hydrogen on germanium film at vari
ous temperatures are shown in Fig. 1. If the log
arithms of the adsorbed amounts are plotted 
against those of the corresponding pressures, it can 
be shown that the Freundlieh isotherm, v = cp1/n, is 
applicable except at lower pressures as shown in Fig.
2. The value of 1/n in the isotherm ranges from
0.20 at 218° to 0.54 at 348°. All the straight lines 
in Fig. 2 appear to converge and meet at one point 
which is assumed to mean a saturation point of the 
adsorption. This “ saturation point”  corresponds 
to 0.40 cc. (S.T.P.) hydrogen adsorption.

Surface Area of the Germanium Film and the 
Adsorption at Full Coverage.—The surface area of 
the germanium film was measured by the B.E.T. 
method using nitrogen adsorption at —196° and 71- 
butane adsorption at —78°. The former gave
2.5 X 104 cm.2 and the latter, 2.8 X 104 cm.2.11
Beverly, Mass., kindly called our attention to the fact that solutions 
of lithium aluminum hydride or any chloride in a glycol ether should 
not be heated or extensively evaporated, as otherwise explosion some
times takes place.

(8) During the germane decomposition experiment a solid carbon 
dioxide trap was used.

(9) This evacuation is thought to be enough to remove practically 
all the hydrogen in the vessel on the basis of the desorption rate of 
chemisorbed hydrogen on germanium, which will be shown later,10 
and also from the fact that the adsorption results were not changed by 
raising the evacuating temperature to 444°.

(10) K. Tamaru and M. Boudarj, submitted to the International 
Congress on Catalysis in Philadelphia, Pa., September, 1956.

(11) The surface area can be roughly estimated from the decomposi
tion rate of germane on the film. The decomposition rate of germane 
on the film was 1.4 X 10~2 cc. (S.T.P.) per minute at 218°. It was 
shown in the previous paper that the decomposition rate on 108 cm.2 
geometrical surface area was 7.6 X 10 "3 cc. (S.T.P.) per minute at 
278° and the activation energy was 41.2 kcal./mole. The comparison 
of tiie two decomposition rates gives the surface area of the film on the
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Fig. 1.— Adsorption of hydrogen on germanium (tempera
tures shown are in °C.).

Fig. 3.— Heat of adsorption at lower coverages.

From the crystal structure of germanium,12 it is 
calculated that 0.90 X 1015 and 0.73 X 1016 germa
nium atoms are exposed on unit surface area of 
(110) and (111) crystal faces, respectively. Conse
quently the total number of germanium atoms on 
the germanium surface is -—-2.15 X 1019. The 
saturation point of adsorption, on the other hand, 
corresponds to 1.1 X 1019 hydrogen molecules, 
which means that the saturation corresponds to 
one hydrogen atom per one surface germanium 
atom. From the saturation point thus obtained 
the fraction of the surface covered by adsorbed hy
drogen (6) can be calculated as shown in Fig. 2. 
It is interesting to note, as will be shown later,10
glass wool as, at least, 2.0 X 10* cm.2, assuming that the roughness of 
the surface is unity.

(12) Cf., “ Crystal Structure,”  by R. W. G. Wyckoff, Vo!. 1, Inter
science Publishers. Inc., New York, N. Y.

that this “ saturation point” agrees well with the 
amount of hydrogen adsorbed on the germanium 
film while germane is being decomposed.

Heat of Adsorption.—The heat of adsorption can 
be obtained by plotting the logarithms of the 
equilibrium pressure at each coverage against the 
corresponding temperatures as shown in Fig. 3. 
The heat is 23.5 kcal./mole at 6 =  0.05 and 23.3 at 
0 =  0.10. At higher coverages it tends to decrease 
with increasing coverages, getting to zero at full 
coverage as shown in Fig. 2.

The Langmuir Isotherm and Theoretical Con
siderations.—The adsorption isotherms at low 
pressures are shown in Fig. 4, where the coverages

of the surface by hydrogen calculated from the 
saturation point are plotted against square roots 
of the corresponding equilibrium pressures. It is 
found in the figure that the Langmuir isotherm of 
dissociative adsorption is applicable at lower pres
sures, that is

r h >  = Vap
This fact suggests that the heat of adsorption of 
hydrogen stays nearly constant at low coverages, as 
is found in Fig. 3.

Statistical mechanics give an approximate value 
of V «  in the Langmuir isotherm from partition 
functions of the hydrogen gas molecule, assuming 
that the adsorption is an immobile dissociative 
adsorption on an uniform surface.13 The ob
served slope at 318° in Fig. 4, for example, is 0.11 
(mm.-1/*), while the calculated slope is 0.12 
(mm.-1/2) using the heat of adsorption of 23.5 
kcal./mole. The agreement of the two values is 
satisfactory, which suggests that the adsorption is 
an immobile dissociative adsorption as has been as
sumed in the calculation.13 The fact that the satu
ration of the adsorption corresponds to one ad
sorbed hydrogen atom per one germanium atom on 
the surface shows that all the germanium atoms on 
the surface take part in the chemisorption. As the 
behavior of the initial adsorption obeys what can be 
expected from the immobile dissociative adsorption 
on an uniform surface, all the germanium atoms on 
the surface may be considered to be homogeneous

(13) T. Kwan, Advances in Catalysis, 6, 67 (1954).
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in their behavior for the initial hydrogen adsorp
tion. It was shown in the previous paper6 that the 
surface of this germanium film behaves as though 
it is homogeneous in its properties for ammonia de
composition, and it is also the case, as will be shown 
in a later paper, for germane decomposition.

Exchange Reaction between Hydrogen and Deu
terium on the Germanium Film.— 2.1 cm. of hydro
gen and 2.9 cm. deuterium were admitted to a ger
manium film, with a surface area comparable with 
those in the preceding adsorption measurements, 
at 302° for 130 minutes. The mass spectrometric 
analysis showed a large amount of hydrogen deuter- 
ide produced in it, which supports the dissociative 
adsorption of hydrogen on the germanium film. 
The increased surface area and the longer reaction 
times account for the deviations from the previous 
observations.1-2

Activation Energy of Adsorption.—The activation 
energy of the adsorption was obtained from the de
pendence of the initial rate of adsorption at 0.065 
mm. hydrogen pressure on a bare germanium 
surface upon temperature. The results are shown 
in Fig. 5 and the activation energy was 14.6 kcal./ 
mole. The initial adsorption rate calculated from 
this activation energy and absolute rate theory,13 
is 4.2 X  109 m!olecules/sec. cm.2, while the ob
served rate is 3.0 X  10u molecules/sec. cm.2, when 
the hydrogen pressure is 0.065 mm. The heat of 
adsorption on a bare surface is approximately 23.5 
kcal./mole and, consequently, the activation energy 
for desorption becomes 38 kcal./mole under this 
condition.
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THE SEDIMENTATION OF DEOXYRIBONUCLEATE IN MgCL SOLUTIONS
By H. K ah ler  and J. Shack

National Cancer Institute, National Institutes of Health, U. S. Public Health Service, Beihesda 14, Maryland
Received December 12, 1956

The sedimentation of DNA in MgCl2 solutions was compared with its sedimentation in KC1 solutions. At infinite dilution 
both sediment with similar velocity. At finite concentrations the S coefficient in MgOL> is higher than in KC1, and the 
boundaries are less sharp. The viscosity in MgCl2 is also less than in KC1. Addition of 0.16 N  KC1 to 0.05 MgCl2 dimin
ishes the sedimentation coefficient at finite concentrations of DNA. The effects are not the result of charge effects as out
lined by Tiselius.4 Mg + + and K + compete for sites on the DNA structure, the resultant effect depending on the concentra
tions of the two ions.

The velocity of sedimentation of DNA (deoxyri
bonucleate) decreases rapidly as the concentration 
increases. This decrease in sedimentation velocity 
with concentration results in self sharpening during 
sedimentation, the sharpness of the boundary 
gradient being greater for greater changes in sedi
mentation velocity across the boundary.

The attempts at a theoretical interpretation of 
the concentration effect in the sedimentation of 
DNA presumably would be more successful if this 
effect were studied under as wide a range of condi
tions as possible. Numerous studies have been 
reported on the sedimentation of DNA in NaCl and 
KC1 solutions, but only a single observation has 
been published1 on its sedimentation in a bivalent 
salt, CaCl2. The present work is concerned with

(1) H. Kahler, T h i s  J o u r n a l , 5 2 ,  676 (1948).

a comparison of the sedimentation of DNA in KC1 
or NaCl and MgCl2 solutions.

Materials and Methods
One sample of DNA was prepared from calf thymus by 

the Simmons method.2 Other samples prepared from calf 
thymus and mouse lymphoma by a modified Mirsky- 
Pollister method previously described3 were used. After 
preparation the fibers were cut into small pieces and thor
oughly mixed so that small portions taken for separate ex
periments would be truly representative of the whole 
preparation.

The concentration of DNA in saline solutions wras esti
mated by measuring the optical density at 260 mu and using 
the e (P ) value determined for each preparation under the 
same conditions.

All sedimentation experiments were performed in a
(2) N. S. Simmons, S. A. Chavos and H. K. Orbach, U.C.L.A. 

Report 184 (1952).
(3) J. Shack and J. M , Thompsett, J, Biol. Chem., 197, 17 (1952).
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Spinco E ultracentrifuge with sehlieren optics and a 
bar or wire at the diaphragm position at speeds of 
50,740, 37,020 and 23,150 r.p.m. It is advantageous to run 
DNA at a relatively low speed since diffusion is negligible; 
leakage, cell distortion and temperature changes are all less 
at low speeds, thus giving higher precision. The photo
graphic image of the D NA boundaries generally consisted 
of a diffraction pattern, and these were directly measured 
with a Mann micron-comparator. The position of a band 
was taken as the central line of symmetry of the pattern. 
All sedimentation coefficients were corrected to 20° and 
standard conditions.

A few viscosity measurements were made using Ostwald 
viscometers.

Results
Stability Tests. -The stock solutions of DNA 

were made in 0.1 M  sodium cacodylate buffer, 
pH 6.8, either (a) cold (3°) or (b) at room tempera
ture. Solutions for centrifugal analysis were 
made by mixing these stock solutions with solutions 
of KC1 or MgCl2 in the same buffer. Since DNase 
is activated by magnesium ions, it was necessary 
to ensure that no active enzyme was present in the 
solutions. This was tested by following the vis
cosity of the DNA solutions in KC1 and in MgCl2 
(0.05 M) for periods up to several days. All solu
tions in KOI (no added Mg) were stable. All 
solutions made from DNA dissolved at room tem-

Fig. 1.— Sedimentation coefficients for 0.1 g./lOO ml. DNA 
(calf thymus) in magnesium chloride.

DNA CONC. gm. / 100 mL.
Fig. 2.— 1 /5  plotted against DNA concentrations in 

different solvents: O, DNA in solutions of 0.3 N  KC1 +  
0.01 M  cacodylate buffer; • , in 0.05 M  MgCl2 +  0.01 M  
cac.; in 0.05 M  MgCl2 +  0.15 N  NaCl 0.01 M  cac.

perature were also stable. The same was true of 
all solutions of mouse lymphoma DNA whether dis
solved in the cold or at room temperature. How
ever, certain of the preparations of calf thymus 
DNA, when dissolved at 3°, exhibited a gradual de
crease of viscosity when tested in 0.05 M  MgCl2 
soon after solution was complete. However, these 
were also stable with constant viscosity if, before 
the addition of MgCl2) the solutions were either
(a) stored at 3° for about one week or (b) stored at 
room temperature for one day. The viscosities 
did not measurably change during this storage and 
also the viscosities in MgCl2 of such stored solu
tions were the same as the initial viscosity in Mg- 
Cl2 of the freshly dissolved (at 3°) DNA.

These results suggest that some DNA prepara
tions may contain trace amounts of enzyme which 
is destroyed when the DNA is dissolved in potas
sium chloride solutions at room temperature but 
not at low temperature. All of the experiments in 
MgCl2 solutions were therefore carried out with 
calf thymus DNA dissolved at room temperature 
or with the mouse lymphoma DNA. The method 
of dissolving the DNA was without influence on 
results in NaCl or KC1.

The specific viscosity of 0.05% DNA in NaCl 
solutions from 0.1 to 0.3 N  was approximately 
10% greater than in 0.05 M  MgCl2.

The sedimentation coefficient for 0.1% DNA 
(calf thymus) in MgCl2 solutions is shown in Fig,
1. It appears from this curve that the maximum 
is reached at 0.04 to 0.05 M  MgClo. Since several 
of the studies reported in the literature have been 
carried out at 0.3 N  KC1 or NaCl the comparison 
between the sedimentation of DNA in Mg and K 
salts was made at 0.05 M  and 0.3 N, respectively. 
Such a comparison is shown in Fig. 2. It is evi
dent from this figure that DNA has a higher sedi
mentation coefficient in magnesium chloride (lower 
values of 1 / <S' where S is in Svedberg units) than 
in KC1 at finite concentrations of DNA and that at 
infinite dilutions the two curves extrapolate to 
values which are similar but which, because of un
avoidable errors at higher dilutions, have not been 
proven to be identical. In addition, there is 
shown an intermediate curve corresponding to the 
case where DNA was sedimented in 0.05 M  MgCl2 
+  0.15 N  NaCl +  0.01 M  buffer. This indicated 
that addition of NaCl at similar ionic strength to a 
solution of MgCl2, in which the charge effect was 
suppressed, diminished the sedimentation coeffi
cient. The addition of 0.002 M  MgClo to 0.1 N 
NaCl caused no detectable increase in sedimenta
tion velocity of 0.1% DNA indicating that the 
change in S depends on the proportions of the two 
salts used.

It was observed that the sedimentation boundary 
of the DNA in MgClo solutions was always broader 
than in KC1 solutions.

No difference was found between the S values 
for speeds of 50,740, 37,020 and 23,150 r.p.m.

These effects were further studied with solutions 
of the mouse lymphoma DNA. Aliquots of a con
centrated stock solution of DNA in 0.01 M  caco
dylate buffer diluted with different salt +  buffer 
solutions to a DNA concentration of 0.1% were
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used in these tests. The first solution in 0.3 N 
KC1 +  buffer gave S =  7.92 with a typical sharp 
boundary. Another aliquot in 0.05 M  MgCl2 +  
buffer was characterized by S =  9.48 with a 
broader and lower boundary. A third solution 
made up in 0.05 M  MgCl2 +  buffer, which stood 
for the same length of time required to make the 
previous run, was then adjusted to 0.05 M  MgCb 
+  0.16 N  KC1 +  0.01 M  buffer and found to have 
S =  8.51 with an intermediate sharpness. Finally 
the solution in 0.05 M  MgCl2 +  buffer was dialyzed 
against 0.3 N  KC1 +  buffer overnight and the 
following day gave an S value of 7.98 which is 
similar to the original value in 0.3 N  KC1 (S = 
7.92) and the boundary was of similar sharp ap
pearance. The results on the mouse lymphoma 
preparation thus show the same qualitative effects 
as the calf thymus preparation.

Discussion
According to the Tolman-Tiselius theory4 of 

the charge effects, the primary charge effect is elim
inated on using salts of sufficient conductivity such 
as 0.3 N  KC1 or 0.05 M  MgCl2. The secondary 
charge effect is caused by differences in sedimenta
tion velocity of the salt cation and anion. For 
salts, with lighter cations than anions such as 
MgCl2, the sedimentation rate of a colloid ion 
would be slightly diminished. Since there is ac
tually an increase in the nucleate velocity in MgCl2, 
this must be attributable to causes other than these 
charge effects.

The decrease in sharpness of the DNA bound
aries in MgCl2 solutions as compared to KC1 is a re-

(4) T. Svedberg and K. O. Peterson, in “ The Ultracentrifuge,”  
Oxford University Press, 1940.

suit of a smaller change in the dependence of sedi
mentation on concentration (see Introduction).

The similarity in sedimentation values at infinite 
dilution for DNA in MgCl2 and KC1 indicates that 
the free particles of DNA have the same diameter 
in both solvents but no conclusions can be drawn 
concerning small differences in length or bending 
of the flexible rods. If the ultimate explanation of 
differences in salt effect is on a morphologic rather 
than on an electrical basis, these results would be 
consistent with a shortening of the DNA particle 
in MgCl2 solutions.

limited observations5 on light scattering at 
higher salt strengths than those used here indicated 
that the length of infinitely dilute DNA is the same 
in magnesium and KC1 solutions. On the other 
hand, Katz6 found a shortening of the length in 
HgCl2 solutions.

The reversal of the magnesium effect by the ad
dition of KC1 to DNA solutions at finite concentra
tions indicates that M g++ ion and Iv+ ion are in 
competition for sites on the DNA, probably at the 
P -0  positions.

The evidence7-9 from experiments on the relative 
binding of M g++ and Na+ indicates that at low 
salt concentrations Mg++ binds to DNA more 
strongly than does Na+, but there is no direct evi
dence as yet indicating that the DNA particle has 
a smaller charge in the presence of large amounts of 
Mg++ than in Na+ or Iv+.

(5) J. W. Rowen, Biochim. Biophyt. Acta, 10, 391 (1952).
(6) S. Katz, J. Am. Chem. Soc., 74, 2238 (1952).
(7) J. Shack, R. J. Jenkins and J. M. Thompsett, J. Biol. Chem., 

203, 373 (1952); 198, 85 (1952).
(8) J. M. Creeth and D. O. Jordan, J. Chem. Soc., 1409 (1949).
(9) L. F. Cavalieri, J. Am. Chem. Soc., 74, 1242 (1952).

THE WATER-CATALYZED OXIDATION OF CARBON MONOXIDE BY 
OXYGEN AT HIGH TEMPERATURE

By C. P. F enim ore  and  G. W. Jones

Research Laboratory, Generai Electric Co., Schenectady, N. Y.
Received December IS, 1956

By sampling burnt gases from lean flat hydrocarbon flames at one atmosphere pressure, the oxidation rate in the presence 
of ample water at 1700-2000°K. is determined to be — 1 / ( 0 2)(dln(CO)/di) =  1.2 X IO9 g~2i'mlRTtmole‘ n-1-1 sec.-1. In 
the burnt gas from carbon monoxide flames, containing very little water, — dln(CO)/di is independent of oxygen and 
roughly proportional to water. The slower rate of comparatively dry carbon monoxide flames is raised toward the value 
appropriate to hydrocarbon flames by adding hydrogen to the carbon monoxide. A partial mechanism is suggested which is 
consistent with these results.

Introduction
In principle, water-cooled porous burners1 offer 

a simple method of studying certain fast reactions 
at high temperatures. The burners produce steady 
flames which are flat, unless the normal burning 
velocity is exceeded. The temperature of the 
burnt gas can be varied several hundred degrees by 
varying the supply of reactants to the burner. If 
the burnt gas, downstream of the flat luminous 
zone, maintains a reasonably constant tempera
ture for a distance of 1 cm. or more, and if some re-

(1) J. P. Botha and D. B. Spalding, Proc. Roy. Soc. {London), A226, 
71 (1954).

action is still occurring in this region, one might 
follow it by probe sampling.

This report will discuss measurements of the 
clean up of carbon monoxide in burnt gases from 
lean flames. The reaction studied is the water- 
catalyzed oxidation of carbon monoxide by oxygen. 
A succeeding paper reports the application of the 
same method to the decomposition of nitric oxide.

Experimental
Two different burners were used in this work. One 

possessed a porous burner surface, made of s/ 32-inch thick 
sintered bronze, of 11.09 cm.2 area. The surface was 
cooled by a water coil pushed against the upstream side.



652 C. P. Fenimore and G. W. Jones Voi. 61

A central tube, also pushed against the upstream side, 
covered 1.9% of the entire area of the burner surface. This 
central tube was fed separately from the remainder of the 
burner with 1.9% of the total reactant flow. Sodium 
chloride dust could be supplied to the central tube when 
desired, and burnt gas temperatures determined by the so
dium line reversal method.

For acetylene flames, cooling was insufficient in the 
burner just described, and we used a burner obtained from 
W. E. Kaskan, of this Laboratory. The burner had a sur
face area of 22.3 cm.2. It was made of a half-inch thick 
layer of sintered copper shot with a cooling coil immersed 
in the layer. Burnt gas temperatures for this burner for 
acetylene flames were supplied by Kaskan’s measurements 
made with quartz coated thermocouples.2

The burnt gas was sampled through small uncooled 
quartz probes. The distance between probe tip and burner 
surface was varied by racking the burner, mounted on a 
micro-manipulator, up or down. The question must be 
considered, does the presence of the probe invalidate our 
measurements of the reaction rate? At the higher tempera
tures, the probe slowly closed up and it was sometimes 
necessary to renew the tip. But this did not change the 
slopes of our curves within experimental error, though it 
might slightly displace the entire curve of logarithm of car
bon monoxide vs. distance. The displacement of the 
curves was presumably due to some cooling of the gas up
stream of the probe tip, different for different size probes. 
Since different probes gave the same slope of ln(CO) vs. 
distance, we concluded that the reaction within this cooler 
region was a negligible contribution to the total reaction 
measured. That is, when the probe was moved out a dis
tance, AX, the burnt gas flowing to it enjoyed a greater 
time, FAX, to react at the temperature measured in the 
absence of the probe ( F  =  streaming velocity of the burnt 
gas).

A second question arises—is the hot burnt gas unaffected 
by its mode of preparation? Or, for example, might an in
ordinate concentration of radicals from the flame reaction 
zone carry over into the burnt gas? Since our results are 
independent of the kind of fuel burnt, wo believe the answer 
to this question is no.

Finally, different sampling positions were converted to 
different reaction times by assuming that the gas flow did 
not diverge and that the velocity of the burnt gas was given 
by multiplying the approach velocity of the reactants by 
the product o: volume change due to reaction and the tem
perature ratio. Some support for this is offered by the fact 
that two different size burners were used and gave consistent 
results.

The gas samples drawn through the quartz probes were 
collected at a pressure low enough (<0 .2  atm.) to ensure 
critical flow through the probe. In this way the sample 
spent the minimum time possible in the probe tip. Water 
in the sample was absorbed on magnesium perchlorate, 
carbon dioxide on Ascarite. The residue was passed 
through a liquid nitrogen trap, compressed to one atmos
phere in a Toepler pump, passed over hot copper oxide, 
and the water and carbon dioxide so formed subsequently ab
sorbed. Sampling times were up to one hour for burnt 
gases containing very little carbon monoxide. The absence 
of hydrocarbons in the sample was proven mass spectro
scopically. Mass spectroscopic measurements also checked 
the relative flow measurements by determining oxygen.

Air and gas flows were measured with calibrated critical 
flow orifice meters. The gases were Matheson C.p. meth
ane, ethane, ethylene and Prest-o-lite acetylene. Acetone 
was removed from acetylene with charcoal traps.

Results
The carbon monoxide in burnt gases from lean 

flames (containing 1.1 times the stoichiometric 
amount of air or more) may amount to several per 
cent, of the total carbon fed in the fuel, far more 
than the equilibrium quantity. As one samples 
further downstream, the logarithm of the carbon 
monoxide content is found to decrease linearly 
with distance. This first-order decrease agrees

(2) W. E. Kaskan, Sixth Symposium on Combustion, New Haven, 
August, 1956.

with Friedman and Cyphers’3 result on a 2.15% 
uncooled propane flame burning at 46 mm. pres
sure.

The amount of hydrogen is generally consider
ably less than carbon monoxide and does not 
change much with distance. For all flames ex
amined, the hydrogen found in the burnt gas corres
ponded to P h, =  4 to 6 X  10-4 atm.

Figure 1 shows the residual carbon monoxide for 
a number of acetylene flames. If the probe is 
placed too close to the luminous zone of the flame, 
carbon monoxide increases to a value greater than 
an extrapolation of the curves. This may result 
from disturbing the zone of vigorous oxidation. 
Curves similar to those of Fig. 1 were obtained 
for other fuels.

From the experimental data, we derive — d 
ln(CO)/d:r. Since the disappearance of carbon 
monoxide by reaction is opposed by its accumula
tion through diffusion down the concentration 
gradient thus formed, the measured slopes must be 
converted to — d ln(CO)/d£ by use of the expres
sion given by Friedman and Cyphers.

d In (CO) 
di

V2 f  /  2D d in  (CO) 
4D Lv F  da:

where V =  linear velocity of the burnt gas, D =  
diffusion coefficient of carbon monoxide in the 
burnt gas. We took D =  3.5, 4.3, 5.1, 6.0 cm.2/  
sec. at 1600, 1800, 2000 and 2200°K., respec
tively.

When the resulting values of — d ln(CO)/d< are 
examined, it is obvious that they vary with oxygen 
concentration in the burnt gas unless the concen
tration of water is very small. Since the consump
tion of oxygen is small over the region sampled, we 
consider it constant and equal to the oxygen in ex
cess over that required to burn the fuel to carbon 
dioxide and water. . In Fig. 2 we plot both — d 
ln(CO)/d/ and — [1 /(0 .)] (d ln(CO)/df) against

O.OOl
0 .5  lem.

DISTANCE O F PRO BE  FROM BURNER SU RFACE .

Fig. 1.— Clean up of CO in burnt gases from various C5H2, 
air flames. %  C2H2 in reactants and burnt gas temperature 
noted on each curve.

the reciprocal of absolute temperature. We con
clude that unless the concentration of water is 
very small

-  77VX ^ 4 “  = 1.2 x  109e-24'000,B7’(moles,1-> sec .-1 (02) at

(3) B. Friedman and J. A. Cyphers, J. Chem. Phya., 23, 1875 (1955).
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If the concentration of water is very small, the 
rate does not depend on oxygen, but rather appears 
to depend on the water concentration in the burnt 
gas. Roughly, at least

1 d In (CO)
(H 20 ) d t = f(T )

when the water concentration is very small in the 
burnt gas. The data are collected in Table I.

T a b l e  I
D a t a  on  CO C l e a n  u p  in  B u r n t  F lam e  G ases

%
T

burnt
gas, d ln(CO) d ln(CO) 1 dln(CO)

Fuel Fuel °K. da: di O2 di
C2H2 5.88 1885 2.70 700 2,1 X 10«

6.18 1870 2.48 500 1.8
6.54 1675 3.00 270 1.1
6.90 1790 1.45 186 1.2
7.20 1800 1.16 140 1.4
7.30 1728 0.91 79 1.0

c h 4 8.01 1905 3.75 540 2.6
8.67 1943 1.82 249 2.3

c 2h 4 5.41 1963 2.31 600 2.7
5.80 2006 0.99 229 2.9

c 3h 8 3.00 1800 3.86 533 1.5
3.24 1780 3.96 386 1.2
3.24 1848 4.20 640 2.1
3.63 1830 2.00 OO OO 1.4
3.63 2020 1.40 314 2.5

CO 26.6 2061 0.26 24 0.17
(0.74% 27.0 1993 0.24 20 0.16

H2)
CO 28 6 1909 0.43 30 0.65
(1.67% 25 2 2093 0.40 50 0.24

H2) 26.3 2170 0.38 53 0.36

Q O 0 25.5 1763 1.80 240 1.4
(46%  H2)

° To the mixture of 25.5% fuel in air, N2 was added =  
1.9 X CO so as to give a burnt gas similar to that obtained 
from hydrocarbon fuels.

Discussion
Figure 2 shows that —d ln(CO)./di varies directly 

with oxygen concentration when ample water is 
present. But when very little water is present, as 
in the CO mixtures, — d ln(CO)/di varies roughly 
with the concentration of water and does not de
pend on oxygen. These observations strongly 
suggest that the oxidation is catalyzed by water. 
A possible mechanism will now be offered.

The reaction
OH +  C O — >  C 02 +  II ( l )

is generally accepted as an important step for the 
oxidation of carbon monoxide in systems contain
ing hydrogen or water. According to Avro- 
menko and Lorentso,4 its activation energy is Ex 
=  7 kcal.

The hydrogen atoms from eq. 1 would certainly 
react, in part at least, with oxygen

H +  0 2 — OH +  O (2)
and Lewis and Von Elbe5 have proposed the value, 
E, =  17 kcal.

(4) L. Avroraenko and Lorentso, Zhur. Fiz. Khim., 24, 207 (1950); 
C. A., 44, 6245 (1950).

(5) B. Lewis and G. von Elbe, “ Combustion, Flames and Explosions 
in Gases,”  Academic Press, New York, N. Y., 1951.

FUEL

Fig. 2.— Temperature dependence of CO oxidation. Same 
data plotted in two ways.

If eq. 2 is a branching reaction in our system, 
that is, if the 0  atom continues the reaction chain, 
and if the radicals reach a steady concentration, 
then eq. 2 must be opposed by some chain ter
minating reaction. We postulate as the terminat-

H +  OH +  M — >- H20  +  M (3)

ing step, whence the steady hydroxyl concentration 
can be obtained by equating the rate of branching 
to terminating reactions, and

1 d ln(CO) hki 
( 0 2) di fa(M)

In this expression, M is any inert molecule which 
absorbs part of the energy released in reaction 3.

The expected activation energy is 24 kcal. — 
E3. Since E3 should be very small, our experi
mental value (24 ±  5) is consistent with the sug
gested mechanism.

The mechanism requires that k vary inversely 
with pressure. The ratic of Friedman and Cy
phers’ single determination at 46 mm. P, 1605°K., 
to our extrapolated result at 1 atmosphere is about 
8, while the inverse ratio of the pressures is 17. 
Thus, the variation of k with pressure is quali
tatively correct, and one can imagine factors which 
would surely decrease the expected ratio of rates 
in a more complete reaction mechanism; for ex
ample, the loss of radicals by diffusion would be 
expected to be more serious at low pressures.

In mixtures poor in hydrogen or water, reactions
1-3 should still occur, but the assumption that re
action 2 is always a branching reaction may be 
false, the 0  atom may not always regenerate OH 
in the absence of ample water. In that case, the 
steady hydroxyl concentration might very well
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become independent of oxygen and proportional 
to water, as is suggested by our results for carbon 
monoxide flames containing 0.74 or 1.67% hydro
gen. On adding 20 or 46% hydrogen to carbon 
monoxide, the rate of clean up of carbon monoxide 
in the burnt gas is raised toward the value ap
propriate to hydrocarbon flames. The rate is still 
low, however, (by about 40%) unless enough

nitrogen is added to give a burnt gas with the same 
nitrogen concentration as was obtained from hydro
carbon flames. Then the rate for the carbon 
monoxide flame becomes the same as the rate ob
tained from hydrocarbon flames. The requirement 
that nitrogen be added may mean that carbon 
dioxide and/or water are more efficient third bodies 
than is nitrogen.

NITRIC OXIDE DECOMPOSITION AT 2200-2400°K.
By C. P. F e n im o r e  a n d  G. W. J o n e s

Research Laboratory, General Electric Co., Schenectady, N. Y.
Received December i 3, 1956

Flat premixed flames of nitrous oxide and fuel are burnt at controlled temperatures on a water-cooled porous burner. 
The nitrous oxide decomposes entirely in the flame, partly to nitric oxide, and the subsequent decay of nitric oxide in the 
burnt gas downstream of the flame is observed by probe sampling The decay is second order in nitric oxide, impeded by 
oxygen, and adequately described by [(02)lA d (l/N O )/d i] =  2 X  1012 e_i8'000,ffi7’(m ole/l.)_1A sec.-1. The range of variables 
covered is 0 2 =  10-3 — 10-7 moles/1., (N O )/(0 2) =  0.5 — 2.000. We agree fairly well with Zeldovich’s experimental results 
obtained by a different technique. However, his proposed mechanism must be modified in part at least.

Introduction
Zeldovich1 carried out an ingenious, non-isother- 

mal study of the nitrogen oxygen reaction at 
2000-2900°K. Assuming that the high tem
perature reactions were

1
O +  NO ~ — *  N +  0 2 

-1  
2

N +  NO t > N2 +  O '”
- 2

and supposing that oxygen atoms were in equilib
rium with oxygen molecules, he derived an ex
pression equivalent to I.

i»-1'7’ j Go)
d<

2 Kk, C _  (NOequ)2/
I (NO)* \ 

U NO)
+  fc-i(02)

( I )

where (NOequ) is the equilibrium concentration of 
nitric oxide and K  =  /cx(O)//c-i(02)1/2 =  the equilib
rium constant for the reaction

NO =  X  +  l /2 0 s, AH =  91 kcal.
Zeldovich set the denominator of I equal to one, 

since (N O )/(02) was generally small, and obtained
2Khz =  5 X  10ue-86'000 + lo-0o«efi’ (m ole)/I.)~ ‘A scc.-i

Two comments can be made about this work. 
First, the higher dissociation energy of nitrogen, 
225 kcal./mole, accepted since Zeldovich published, 
requires that K  contribute 91 kcal. to the activation 
energy of Kk*. This is not a major matter per
haps, for he recognized that his technique would 
give too low an activation energy. He allowed 4 
kcal. correction, but there is room for a larger cor
rection within the assigned error, and one can read 
his result as indicating an activation energy of 
91-96 kcal. if the mechanism is retained.

(1) J. ZeldovioL, Acta Physicocldm. URSS, 21, 577 (I94C).
(la) Zeldovich called his scheme a chain reaction, and so it is as 

written. But his subsequent assumption that oxygen is in equilibrium 
with respect to dissociation destroys the chain character. Reaction 2 
no longer creates an active center to carry on the decomposition, since, 
the number of oxygen atoms is unchanged whether 2 occurs or not..

Second, (0 2) I/! d (l/N O )/d£ should decrease 
with increasing values of the ratio, (N O )/(02). 
Zeldovich never found this to happen up to (N O )/
(0 2) ratios of about one. Consequently, his data 
give no real indication that the nitrogen atom con
centration is maintained by reaction 1 and its re
verse. It is obvious that, granting his mechanism, 
he measured only reaction 2, and that the concen
tration of nitrogen atoms was determined by the 
equilibrium with nitric oxide and oxygen.

At far lower temperatures, 1400-Ì600°K., Kauf
man and Kelso2 showed that the decomposition of 
nitric oxide is strictly second order and independent 
of oxygen with an activation energy of 63.8 kcal. 
They gave reasons for believing this low tempera
ture reaction to be the direct decomposition 
2XO —► +  0 2, involving no intermediates, and
showed that many previously published data agree 
with their determination, so the low temperature 
gas phase mechanism seems well established.

Because of its smaller temperature dependence, 
the low temperature decomposition could not con
tribute appreciably to the reaction in Zeldovich’s 
temperature range. But Vetter3 found a composite 
reaction at 1500-1900°K.

— (N O )2 +  &/s(N O )(0 2)'A approximately

and Kaufman and Kelson recomputed his data, 
assuming that the term in h$ was due to I. Then 
k2 (NO)//,:-](0 2) > >  1 necessarily, and they ob
tained

2/£/c_i =  4.5 X  1012 e wbooM/ir (mole/1.)“*1/* sec.-1

A comparison of Vetter s recomputed result with 
Zeldovich shows that k2/k-i must assume a value 
of order unity at 1800°K., but this is inconsistent 
with the magnitude assigned to k2/k-1 in recomput
ing Vetter’s work. Without further measurements 
it is uncertain in a given situation how the high 
temperature decomposition will be affected bv 
oxygen.

(-) I'\ Kaufman and J. Kelso, ./. ('hem. Phya., 23, 1709 (1954).
(•») K. VeltiT, Z. KUkhurban., 53, Hi9 (1949).
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We have studied the high temperature decom
position again, using a more direct method than 
did Zeldovich, and working at higher temperatures 
than Vetter could obtain. We confirm Zeldo- 
vic.h’s experimental results but partly doubt his 
mechanism, because over a wide range of (NO)/ 
(0 2) ratios, 0.5-103, (0 2) l,/2 d (l/N O )/d£ remains 
constant at constant temperature, and this would 
require incredibly large values of k-x if the data 
were fairly represented by I. The results always 
agree with I, of course, if the denominator of this 
expression is set equal to unity. This suggests 
that nitrogen atoms are always in equilibrium with 
nitric oxide and oxygen, and the measured reaction 
is reaction 2.

Vetter’s results are puzzling. It seems impos
sible that the high temperature term of his com
posite rate could be a contribution of the high 
temperature homogeneous decomposition observed 
by Zeldovich and now confirmed by us.

Experimental Details
The hot gases in which we observed the reaction were ob

tained by combustion of flat premixed flames of nitrous oxide 
with hydrogen or carbon monoxide. The carbon monoxide 
always contained hydrogen. Sometimes, nitric oxide or 
oxygen was also added to the reactants. The flat burner 
had a surface of 22.3 cm .2 area made of a layer of sintered 
copper shot 1.3 cm. thick with a water cooling coil embedded 
in it. The excess nitrous oxide decomposed to nitrogen, 
oxygen and nitric oxide in the combustion zone very close 
to the burner surface. Less than 0.1%  of the nitrous oxide 
fed was ever recovered in the burnt gas. Under varying 
conditions, 5-30%  of the nitrous oxide fed appeared in the 
burnt gas as nitric oxide.

The decomposition of nitric oxide in the burnt gas was 
followed by sampling through stout quartz probes of 1-2.5 
mm. o.d .: very small i.d. at the tip. The probe never at
tained a temperature near the gas temperature and its 
cooling effect on the gas extended upstream an undeter
mined distance. We assume that when the probe was 
moved out a distance A X ,  the burnt gas flowing to it en
joyed a greater time, VAX, to react at the burnt gas tem
perature measured in the absence of the probe ( V  =  stream
ing velocity of the hot gas). The assumption is supported 
by the fact that large changes in the probe diameter did not 
change the measured rate of decay of nitric oxide.

A further assumption is that the flow of the burnt gas is 
one-dimensional, so that its streaming velocity can be cal
culated from the flow of reactants, the burnt gas analysis, 
and the temperature increase on combustion. We think 
that this assumption introduces an error of less than 10% 
in our rate constants, because attempts to approach one
dimensional flow more nearly with a screen did not change 
the rate of decay of nitric oxide. The screen was placed 
downstream of the sampling region so as to force the conical 
sheath of hot gas extending far downstream from the burner 
surface to become strictly cylindrical over the region 
sampled. The hot gas was visible because of the nitrogen 
dioxide emission continuum. It should be added that even 
in the absence of a screen, the hot gases were very nearly 
cylindrical over the region sampled.

Temperature of the burnt gas was controlled by varying 
the reactant flow, and measured by the sodium line reversal 
method. The image of the tungsten strip in the compari
son lamp extended over the region of the burnt gas subse
quently sampled. Thus the measured temperature was an 
average over the region studied. The flame was colored by 
inserting a small salt packed quartz tube into it at the burner 
surface. This occasionally dirtied the burner, but dilute 
hydrochloric acid and water cleaned the surface nicely. 
In a series of runs at ostensibly constant temperature, we 
think our temperature may have varied about 10° ai d we 
consider this our greatest source of error.

The pressure in a collecting bottle attached to the probe 
was maintained below 2 nun., and the sample system flushed 
carefully. Samples were analyzed by the mass spectrome
ter. The advantage of low pressure samples, of course, is

Fig. 1.— Decomposition of nitric oxide in burnt gases 
at 2337°K .: open symbols, H» fuel; solid symbols, CO
(11.6% Hs) fuel.

Fig. 2.—Temperature dependence of nitric oxide decomposi
tion.

that mixtures containing both nitric oxide and oxygen could 
be analyzed easily. No nitrogen dioxide peak was ever 
observed. Water was generally absorbed from the sample 
before analysis by passing the gas over magnesium per
chlorate, and sometimes carbon dioxide by ascarite.

All reactants were analyzed. C . p . Matheson gases were 
used and corrections for impurities were negligible except 
that the nitric oxide contained 1-3%  nitrogen. We metered 
reactants through critical flow orifices to an accuracy of 
about 1%. Nitrous oxide cooled the meter considerably 
as it expanded through it; but the flowr calculated from the 
known fuel flow and the burnt gas analysis agreed closely 
with that metered, perhaps because the cooling in the runs 
was nearly equal to the cooling during calibration.

Results
We sampled at about five positions for each of 

some forty runs, and found that the best linear 
graphs of our cata were obtained by plotting the 
reciprocal of nitric oxide concentration against the 
distance of the probe from the burner surface. A 
sample of the results is shown in Fig. J, and the 
runs are listed i i Table I.
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T a b l e  I

D a t a  on  N o D ecom po sitio n

Reactants 
N20  +

Reactants 
at 298°K.t 
cms/sec T, °K. (N O )“ /(O j)

Burnt gas 
(O2 ) 1/ 2 X 102«, 
(mole8/l.) */2

d (l/N O ) X 
di

(moles/1.) -1 f

0.46 CO (11.3% H2) 1 0 . 2 2188 0.9 2 . 4 1 . 8

0.69 CO 1 1 . 0 1.0 1 . 7 2 . 7

.93 H, 23.9 4.8 0 . 5 1 0 . 2

.58 H2 24.4 0.6 2 . 2 1 8

.80 H2 20.2 0.9 1 . 4 3.3

.42 H2 21.4 0.5 2 . 7 1.4

.79 H2 +  0.28 NO 23.4 2.6 1 . 6 2.5

.79 H2 +  0.38 NO 25.6 3.0 1 . 7 2.6

.88 H2 +  0.43 NO 24.1 4.3 1 . 4 3.1
1.17 H2 34.6 550 0.0386 100
1.31 H2 42.6 1200 0.023s 180
1.52 H2 48.7 2400 0.014s 250
0.59 CO (15.6% Hs) 13.4 2288 0.9 2.1 5.0

.77 H2 23.4 0.9 1.5 8.1

.88 H2 22,4 1.8 1.0 13.4

.77 H2 +  0.23 NO 38.1 1.9 1.7 6.7

.76 H2 +  0.10 NO 38.0 1.4 1.6 7.5

.75 H2 +  0.51 NO 40.0 2.9 1.8 6.1
1.15 H2 38.9 110 0.080s 180
1.36 H2 51.2 410 0.037s 310
1.29 H2 +  0.19 NO 37.2 230 0.088s 160
0.50 CO (11.6% H2) 13.3 2337 1.0 2.3 6.6

.36 CO 12.8 0.9 2.6 5.4

.60 CO 13.2 0.8 2.2 7.3

.71 CO 13.2 1.1 1.7 10.9

.79 CO 12.7 0.8 1.8 10.4

.59 H2 34.1 0.6 2.1 7.7

.77 H2 32.5 1.0 1.5 13.3

.45 H2 43.3 0.5 2.5 6.7

.88 Hj 30.0 2.1 0.9 25.2

.76 H2 +  0.22 NO 40.7 1.7 1.7 10.0
0.84 H2 +  0.23 NO 40.9 2.0 1.5 15.1

.46 CO (0.9% IK) 11.0 2400 1.0 2.3 14
1.10 CO 16.0 1.4 1.2 25
0. / 8 H2 46.0 0.5 1.9 22

.68 H2 47.8 0.7 1.8 22

.58 H2 57.6 0.5 2.2 16

.86 H2 40.9 1.1 1.1 33

.50 CO (10.5 Hs) +  0.25 0 2 10.4 2238 0.8 3.0 1.8

.50 CO + 0 .3 7 10.9 0.7 3.3 1.6

. 60 H2 25.2 0.6 2.2 2.9

.57 H2 27.7 0.6 2.1 3.1

.69 H2 24.6 0.7 1.9 3.8

10-*,

“ Average values of (N 0 ) /0 2) and 
K rP hjo/H ii, with K v =  1.05 X  IO '3

of (Go)1/! over the region sampled. s For these runs, 0 2 determined from Po i '1'2 
at 2188°, 2 X  10~3 at 2288°.

The slopes d(l/N O)/d.r. such as are shown in 
Fig. 1, were multiplied by the velocity of the burnt 
gas to get. d (l/N O )/d f. The disappearance of 
nitric oxide by decomposition is opposed by its 
accumulation through diffusion and this effect 
tends to make d (l/N O )/d i smaller than the decom
position rate. But the difference is not significant 
for our conditions.

The decomposition is always measured in the 
presence of other gases The rate constant is 
unchanged whether the fuel is hydrogen or carbon 
monoxide, containing some hydrogen. Further
more, the presence of unburnt fuel in a few rich 
runs did not affect the rate constant. Oxygen 
markedly hinders the decay of nitric oxide in such

a way that (0 2) '/!d (l /N 0 )/d ( is approximately 
constant at constant temperature.

The second-order constants obtained are always 
at least ten times greater than the values pre
dicted by extrapolating Kaufman s and Kelso’s 
low temperature rate constant. Therefore we 
ignore any correction for a contribution from the 
low temperature mechanism.

Since (NOequ) 2/(N O )2 < <  1, the high tempera
ture mechanism of Zeldovich requires that (Chie
di l/N O )/d f be constant for small (N 0 ) /(0 2), but 
depend on the (N 0 )/(0 2) ratio when this is suffi
ciently large. Our data must be interpreted, how
ever, with allowance for the probable error of ac
tually obtaining a constant burnt gas temperature
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in flames of different mixtures and flow rates. 
Since a single run might miss by about 10° in a 
series at ostensibly constant temperature, we must 
anticipate errors of 10-20% in the determination of 
the rate constant from a single run. Within this 
error, we find (0 2) 1/!d ( l /N 0 )/d i  independent of 
the (N 0 ) /(0 2) ratio over a wide range. For ex
ample, at 2188°K., nine runs with (N 0 ) /(0 2) =
0.5 — 5.0 give (0 2) ‘Ad (l/N O )/d i =  430 ±  30; 
while we find (0 2) * 1/ ;!d (l/N 0 1 /d f =  380, 410, 350 
when (NO)/(Os) =  550, 1200 and 2400, respec
tively. If Zeldovich’s mechanism is accepted, 
h/k-i <  3 X  10-4 conservatively at 2188°K. 
Similarly, k2/ki <  10-3 at 2288°K.

Averaging our values of (0 2) ‘Ad (l/N O )/d i 
at each of five temperatures, we plot the results in 
Fig. 2 and obtain
(O s l'A d fl/ N O l/ d i =  2 X  10 12e _98OP0,ffir (m ole/1. ) -1/! sec . - 1

We consider this in good agreement with Zeldo- 
vich. The two studies agree well within the error 
assigned to his determination by Zeldovich.

According to the Zeldovich mechanism, the rate 
constant above should be 2Klc. as stated in the 
introduction. From the equilibrium constants 
tabulated by Lewis and von Elbe4, one can derive 
K  after correcting for the fact that their tables are 
based on Dn2 =  170.2 kcal./mole rather than 225 
kcal. This leads to A  = 31 e~-9I.ooo/Rr ancj sub- 
stituting in our experimental result

k -2 =  3 X  10 10 e~ 7’m ,RT  (m ole/1. ) - 1  sec. - 1

(4) B. Lewis and G. von Elbe, “ Combustion, Flames, and Explo
sions in Gases,”  Academic Press, New York, N. Y., 1951.

The value of k2 is possible. However, the in
significance of fc2'N0)/7c-i(02) relative to unity at 
2188°K., requires k-1 >  2 X 1013 (mole/1.) sec.-1 
which appears impossibly large. We conclude that 
the Zeldovich mechanism contains a flaw of some 
nature, though we cannot state certainly what it is. 
Probably nitrogen atoms are maintained in equilib
rium with nitric oxide and oxygen by some ad
ditional means than reactions 1 and —1. In this 
case, (0 2) 'Ad(l/N O)/d< = 2Kk2 still but the reac
tions which maintain the equilibrium concentration 
of nitrogen atoms would be unknown, and might 
even change for changing reaction mixtures. Or 
nitrogen atoms may not be involved in the high 
temperature decomposition at all, though this 
seems extreme because other likely modes of de
composition of nitric oxide are ruled out by the 
existence of a low temperature decomposition re
action of known mechanism.2

The oxidation of nitrogen to nitric oxide, the re
verse reaction, was attempted briefly at 2400°K. 
with flames of nitrogen, oxygen and hydrogen. 
About 1-3% of the equilibrium amount of nitric 
oxide was formed in 5 X 10-3 sec. when nitrogen 
and oxygen concentrations in the burnt gas were 
10-3 moles/1. This amount was too little to meas
ure accurately, but is about the yield expected 
according to the equation

j o , y / ^ o )  = 2 ia> (NOecuW 
(N O )2 s

with (NOequ) expressed in terms of nitrogen and 
oxygen.

THE ELECTROMOTIVE FORCE CENTRIFUGE, FACTORS AFFECTING
PRECISION

B y R obert  L. K a y * and D. A. M acI nnes

Contribution from The Rockefeller Institute for Medical Research, New York, N. Y.
Received December 15, 1956

In order to improve the precision of measurements with the electromotive force centrifuge studies have been made of (a) 
the circuit for measuring cell potentials; (b) the commutator for making electrical connection between the galvanic cell in 
the rotor with the potentiometer; (c) the design of the cell and its mounting; (d) thermal effects due to centrifugal compres
sion; and (e) the effect of thermal insulation of the cell and its mounting on the measured potentials. A means for correct
ing these potentials for thermal effects is described.

The electromotive force generated by a simple 
galvanic cell situated in a centrifugal field was first 
studied by des Coudres1 and later by Tolman2 
who used a cell of the type

(Pt) ; I2, KI, I, ; (Pt) (A)
n r%

In this cell two, otherwise identical, iodide-iodine 
electrodes are situated at radii r, and r2 from the 
center of rotation. For the potential E developed 
by this cell Tolman derived the expression in
— E F  =  2 j r 2ra2(r2 2 -  n 2) [ik( M k i  -  F k i p ) -  _

-  K i.p)] (1 )

* Merck Postdoctoral Fellow from Canada, 1952.
(1) Th. des Coudres, A n n . Ph ysik  C h em ., 49, 294 (1893); 57, 232 

(1896).
(2) R. C. Tolman, Proc. Am. Acad. Arts Sei., 46, 109 (1910); J. Am.

Chem. Soc., 33, 121 (1911).

which F is the Faraday, n is the number of revo
lutions per second, ¿k is the cation transference 
number of the iodide KI, M ki and Mi, are mo
lecular weights, F ki and Vi, partial molal volumes, 
and p is the density of the solution. A series of 
papers from this Laboratory3 describe further work 
on this subject. As a method for determining the 
transference number, A, the method has the ad
vantage, over the procedures now in use, that the 
electrodes do not have to carry appreciable current. 
This is of special utility in dealing with non-aque- 
ous solutions. However, in the development of 
the method it has been necessary to eliminate a

(3) (a) D. A. MacInnes, Ann. N. Y. Acad. Sci., 43, 243 (1942); 
(b) B. R. Ray and D. A. MacInnes, Rev. Sci. Inst., 20, 52 (1949); (c) 
D. A. MacInnes and B. R. Ray, J. Am. Chem. Soc., 71, 2987 (1949); 
(d) D. A. MacInnes and M. O. Dayhoff, J. Chem. Phys., 20, 1034 
(1952); (e) D. A. MacInnes, Proc. Am. Phil. Soc., 97, 51 (1950).
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number of disturbing effects which result in errors 
in the potential measurements. Some of these 
efforts to obtain greater accuracy have been dis
cussed in earlier papers, including the precision 
measurement of the speed of rotation, n,4 and the 
elimination of the effects of suspended particles in 
the solution. 3b'3d An investigation of the effect 
on the measured potentials of the ratio of iodine to 
iodide concentrations in the cell solution has been 
made.3b'3d Other researches in this Laboratory 
have been concerned with the determination of the 
density, p, and of the partial molal volumes, F.6

The present paper is concerned with further ef
forts to obtain accuracy in the measurements.

N

C = ! “

X K =

P

e = , > 4
1______

A  “m
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w 3 *
------- \ A A A A A A A / W W W W - - |

5
Fig. X.— The apparatus and the potential measuring system.

The Apparatus and the Potential Measuring 
System.—An assumption underlying the derivation 
of equation 1 is that the solution contained between 
the electrodes in the cell A is uniform as to composi
tion. This can be true only for relatively low values 
of the speed of rotation, n, of equation 1. At high 
speeds, i.e., of the order of 60,000 r.p.nn, both the 
salt and iodine will increase in concentration at the 
end of the cell near the periphery of the rotor and 
decrease at the other end. This will continue 
until the chemical potentials of both components 
are constant throughout the cell, and the resulting 
electromotive force will be zero. The tendency 
toward this sedimentation exists at all speeds, and 
is, as a matter of fact, responsible for the measured 
potentials of the cell. With rotations up to 7,200 
r.p.nn, the maximum used in our work, decreases 
of potential with time that could, with certainty, be 
ascribed to sedimentation have not been observed 
in our study of aqueous solutions. As will be 
shown in a later paper the results are affected by 
sedimentation when using methanol as solvent. It

(4) D. A. MacInnes, Rev. Sci. Inst., 14, 14 (1943).
(5) D. A. MacInnes, M. O. Dayhoff and B. R. Ray, ibid., 22, 042 

(1951); D. A. MacInnes and M. O. Dayhoff, J. Am. Che.m. Soc., 74. 
1017 (1952).

is clear from these considerations that there are 
definite advantages in working with low speeds of 
rotation, involving small values of the electro
motive force, which must be measured with ac
curacy. Disturbances such as thermoelectromo- 
tive forces must be carefully eliminated. This 
has required some alterations of the apparatus and 
of the measuring circuit which will be outlined be
low.

The centrifuge and the potentiometer circuit 
are shown diagrammatically in Fig. 1. The rotor 
R-R, a disk of magnesium 23 cm. in diameter and 5 
cm. thick, is turned in a horizontal plane by the 
pressure of the disk D on the plate P, which is 
rotated by the synchronous motor M, the rotor 
speed being varied by changing the position of the 
disk with relation to the plate. The cell C has 
electrodes E and E ' which are connected through 
the switch L with the commutator T which leads 
to the potentiometer system. The Rubicon po
tentiometer used has a precision of 1 microvolt. 
This has been increased tenfold by means of an 
arrangement, similar to that used by Grinnell and 
Koenig6 in which the cell potential is balanced by 
the drop across the 10 ohm standard resistance W 2. 
The adjustment is indicated by the galvanometer 
G when the key K is depressed. A variable po
tential drop through W 2 is obtained by adjusting 
the resistance W 3 (adapted from a L. and N. type 
K potentiometer), with the primary cell S as the 
source of electrical energy. In series with W 2 
and W3 is the 100 ohm standard resistance Wi, the 
potential across which is determined with the 
Rubicon potentiometer A mentioned above. Thus 
a measured variation of 1 uv. corresponds to 0.1 
juv. in the potential of the cell C. In order to ob
tain accuracy in accord with this precision it is 
necessary to eliminate, or correct for, potentials 
arising at the commutator and from thermoelectric 
effects. The latter have been avoided as much as 
possible by dispensing with soldered joints, by en
closing the whole potentiometer system in a metal 
box provided with means for making adjustments 
from the outside, and by using a constant tempera
ture room. Any extraneous potentials not elim
inated by these precautions, and those arising from 
the commutator, can be measured and corrected 
for by the use of the switch L. Normally it is in 
the position shown in the figure in which the cell 
is connected with the potentiometer circuit. If, 
however, the rod N is depressed the cell is discon
nected, and the residual potential, if any, may be 
directly measured. As described in previous 
papers3b’3c the rotor R-R and the commutator T 
are contained in a vessel in which a vacuum of 
about 10,u is maintained. It was therefore neces
sary to arrange for a vacuum seal for the rod N by 
which the switch L is operated. A change from 
our previous practice is to provide for the exhaust
ing of the channel containing the cell C. This aids 
in insulating the cell thermally from the rotor.

The Commutator.— A very important part of the 
e.m.f. centrifuge is the commutator, T of Fig. 1, by 
which electrical contact of the electrodes of the 
cell C in the rotor is made with the potentiometer.

(fi) S. W. (Jrinnell and Is'. O. Koenig, ibid., 64, (»82 (1942).
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The commutator now in use is shown in Fig. 2 and 
is the result of much research. In this figure the 
relative horizontal dimensions have been expanded. 
The contact C is fitted with a copper needle which 
dips into the pool of mercury M. Projecting from 
the contact C ' is a hollow copper cylinder about 2 
mm. inner diameter projecting into the annular 
mercury ring M '. It has been found quite es
sential to keep the peripheral speed of the contacts 
low to reduce heat effects, which result in thermo
electric potentials, and also to reduce the loss of 
mercury due to spattering. The leads K, K ' and 
L, L' connect, respectively, with the cell in the 
rotor and with the potentiometer. Supporting 
and insulating the two contacts is the plastic cyl
inder P which fits into the rotating element E, 
which is kept in strict alignment with the aid of 
the ball bearings B and B', which are, in turn, 
mounted on the cylinder D. This is held in place 
by the heavy aluminum frame F which is firmly 
connected with the support of the centrifuge. 
The main break with our earlier designs is the use 
of the rubber tube T to furnish a flexible connection 
of the rotor ft with the commutator. This allows 
for precession of the rotor, and also insulates the 
rotor thermally from the commutator. Some 
slack must be allowed in the leads K, K ' to avoid 
breakage during the precession of the rotor. The 
potential developed in this commutator, at full 
speed, is of the order of 0.5 /¿v., and can be measured 
with the aid of the switch L shown in Fig. 1. The 
precision alignment prevents pressure of the needle 
and cylinder of the contacts C and C ' with the thin 
plastic wall S which holds mercury in the annular 
ring. Due to frictional heat such pressure results 
in relatively large and erratic potentials in the cell 
circuit.

The Design of the Galvanic Cells.—As already 
mentioned, the galvanic cells used in these experi
ments consist of vessels containing iodide-iodine 
electrodes at two different radii in the rotor. The 
vessel of the first cell was made of plastic. All later 
ones were formed from Jena glass and are shown in 
Fig. 3. In the form represented by (a) the cir
cular disk electrodes are sealed in place at the ends 
of the cell and platinum leads pass through the 
glass wall. The disadvantage of this type of cell 
is that suspended particles of dust and oil are centri
fuged to the electrodes, and these particles have def
inite effects on the potentials. However, by ultra
filtration of the solutions contained in the cell the 
effect was largely, if not entirely, eliminated. The 
necessity for such ultrafiltration was overcome by 
the design of cell shown by (b). Here the elec
trodes are rings of platinum wire sealed in the wall 
of the cell some distance from the ends. Centri
fugation in this case forces the particles past the 
electrodes. However it has not been found pos
sible to make these cells accurately enough to give 
single values to the radii, r, of the electrodes. On 
account of this fact, in our most recently reported 
work3d it was found necessary to replace the term 
(or — n 2) in equation 1 by an empirically deter
mined cell constant K.

It has however become increasingly evident that 
for maximum precision all points on an electrode

K K"

Fig. 2.— Details of the commutator.

( a )

(d)
Fig. 3.— The galvanic cells.

should have the appropriate value of r, and should 
thus lie on a cylindrical surface, otherwise when 
the centrifuge is in rotation different positions on 
the electrode will be at various potentials with the 
result, that “ local action’ will occur. This action 
amounts to short-circuited galvanic cells, the op
eration of which may tend to change the composi
tion and potentials at the electrodes. Such effects 
of local action have been discussed in a recent 
paper by Uhlig.7 The construction of cells in 
which the electrodes have appreciable areas which 
are cylindrical surfaces around the axis of rotation 
with definite values of the radii represents serious 
mechanical difficulties. One solution is to reduce 
the electrode area as near as possible to a point. 
This has been done in the design of cell shown in 
Fig. 3c. Here the electrodes consist of platinum 
spheres about 1 mm. in diameter sealed into the 
cell wall.

Any of these glass cells may burst if placed in a 
strong centrifugal field. The means for overcom
ing this difficulty is illustrated in Fig. 4. Here a 
cell of the type (c) of Fig. 3 is shown enclosed by a 
shield S made of brass or plastic. In the space 
between the cell and shield is placed a silicone lubri
cant which has a low vapor pressure. The effect 
of this semi-fluid material is to balance, to a suffi-

(7) II. H. Uhlig, Prtic. N at. Arad. S 
thrm. , s 100, 1711

40, H7fci ( I ll»4) ; .7. W r r t r o -
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cient extent, the pressures on the glass wall of the 
liquid in the cell. The spacers A and B hold the 
cell and leads in place in the shield. The cell is 
closed by the Teflon plug G, which furnishes a 
vacuum seal. Other details shown will be dis
cussed later in this paper.

Temperature and Heat Effects.— If the two elec
trodes in the cell are at different temperatures large 
errors can arise in the measurements. The magni
tude of the potential difference is approximately 
660 /xv. per degree8 which means that differences 
must be eliminated to 0.001° if errors of more than 
one microvolt are to be avoided. To study and at
tempt to control this effect, a cylindrical rack hold
ing 25 copper-constantan thermojunctions was 
placed, in some of our earlier work,3c outside the 
brass shield S of Fig. 4. Well-founded suspicion 
that the potential measurement on the thermo
junctions, thus arranged, did not reflect the thermo
gradients in the cell itself, led to the use of the ex
pedient shown in (d) of Fig. 3, where the 25 junc
tions were attached directly to the cell with silicone 
varnish and were inserted into the semi-fluid mate
rial, between the brass shield and the glass wall of 
the cell.

Some of the results of the experiments with this 
arrangement are shown in Fig. 5. During the 
times represented by the abscissa the rotor speed 
was increased, at the intervals indicated, from zero

(8) J. N. Agar and W. G. Breck, private communication.

by three stages to 6000 r.p.m., and then reduced 
to 3600 and to rest. It will be observed that at. 
each change of speed there is a sudden develop
ment of a potential of the set of 25 thermojunc
tions indicating a thermal gradient in the system. 
The potential decreases rapidly, then tends slowly 
toward zero after a new constant speed is estab
lished. On lowering the rotational rates these 
effects occur in the reverse direction.

Beams9 has pointed out that the maximum radial 
temperature difference due to adiabatic compres
sion may be calculated from the equation10 which 

AT =  T (dV\
AP ~  Cp \ b t ) p

for a centrifugal field takes the form

ri2)(n 22 — nr)p

in which ni, ili are the number of revolutions per 
second before and after the change of speed. Com
putations with this equation yield at least the right 
order of magnitude for the effects. However, the 
junctions are in direct contact with the plastic 
material between the shell S and the glass wall of 
the cell, as is shown in Fig. 4, so that the tempera
ture differences observed are affected by the adia
batic compression of this material as well as that of 
the solution in the cell. This is shown by the fact 
that temperature gradients of the same order as 
those shown above are observed if the solution is 
left out of the cell. Conversely, if the viscous 
material is omitted and the solution retained much 
the same effects as those shown in Fig. 5 are ob
served. However, if both the solution and the vis
cous material are omitted very slight temperature 
effects are observed on changing speeds.

Tim e (min.).

Fig. 5.— Measurement of the adiabatic compression effect.

Thermal Insulation of the Galvanic Cell.— In
spite of the fact that the rotor turns in a vacuum 
of 10 /x, thus greatly reducing air friction, our ex
periments indicate that a radial temperature gra
dient may exist and this will necessarily affect the 
potential of the galvanic cell. This effect is how
ever much modified by the way the cell and ac
cessories are thermally connected with the rotor. 
The results of measurements of the potentials, at

(9) J. W. Beams, J. App. Phys., 8, 795 (1927).
(10) Lewis and Randall, “ Thermodynamics,”  McGraw-Hill Book 

To., New York, N. Y., equation 25, p. 137.
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6000 r.p.m., of a cell mounted as shown in Fig. 4, 
containing 1.0 M  KI and 0.C8 M  I2, are shown in 
Fig. 6. In this plot values of the potential in 
microvolts are given as functions of the time. It 
will be observed from curves A, B and C that after 
an initial period of about 30 minutes the values be
come essentially constant for as long as the meas
urements are made. In this initial period the 
effect on the potential of the adiabatic compression 
is dissipated. The observed steady-state poten
tials are however greatly dependent upon the ther
mal connection of the cell sheath with the rotor. 
For curve A the best available thermal insulation 
was used. Contact of the shield S with the rotor 
was made only through the Lucite rings R-R and 
W-W of Fig. 4. In the case of the data shown in 
curve B the brass sheath was replaced by one 
made of Lucite. In obtaining the data for curve 
C the bottom of the brass sheath S was in direct 
metallic contact with the magnesium rotor by re
placing the Lucite ring R-R with an aluminum cyl
inder. The steady potentials of the cell under 
these varying conditions are evidently quite dif
ferent. To arrive at an estimate of the potentials 
in the cell due to thermal gradients the following 
procedure was adopted. After the measurements 
had reached a steady state as shown in curves A, 
B and C, the rotor was stopped as quickly as pos
sible and e.m.f. readings were again taken as func
tions of the time. The results are plotted in 
curves A ', B ' and C ' in the lower portion of Fig.
6. It is interesting to note that these curves con
verge toward a value of zero for the cell potential 
at the moment the rotation was stopped. This is 
undoubtedly due to the fact that an air bubble, held 
in the inner side of the cell by centrifugal force, is 
released when the rotor stops, producing stirring 
which, along with precession of the rotor, tempo
rarily equalizes the temperatures at the two elec
trodes.11 However the temperature gradient ex
isting in the cell wall, the semifluid material, and 
the sheath, soon begins to produce a difference of 
temperature at the electrodes. After about 30 
minutes the potentials become constant for the 
conditions A ' and B ' in which the cell had the most 
thermal insulation. For the case shown by curve 
C ' there was thermal contact with the rotor so 
that the potentials were influenced by temperature 
changes in the rotor. If the linear portions of the 
curves A ', B ', and C ' are extrapolated to zero time 
and resulting values are added to the corresponding 
steady state voltages at 6C00 r.p.m., a constant 
647 ±  1 juv. is obtained, which is presumably the

(11) A  test of this explanation was made by  inserting ground glass 
into tbe cell, thus immobilizing the solution in the spaces between the 
glass particles. A large positive potential due to the adiabatic decom
pression during deceleration was observed immediately on stopping the 
rotor.

Fig. 6.— The effect of thermal insulation on potentials.

potential of the cell as corrected for the effect of 
the thermal gradients. In Table I these figures are 
combined with data obtained in the same manner 
at other speeds. From equation 1 it is evident 
that the quotient E/n2 should be independent of 
the rotational speed n. In the Table Em is the 
measured potential after steady-state conditions 
have been obtained as shown in Fig. 6, and Ec is 
the corresponding correction obtained as described 
above. The final column gives values of E/n2 = 
(Em — Ee)/n2, which, as can be seen, are nearly 
constant. Due to the relative complexity of the 
heat flow the greater variation of the figures for the 
thermal contact condition C, is perhaps to be ex
pected. It is to be noted that the corrections are 
quite small for condition A, i.e., the best thermal 
insulation. It is perhaps significant that these re
sults were obtained with cells of type (c) of Fig. 4 
in which the effects of local action, due to uncer
tain values of the radii ?t  and r2, are reduced to a 
minimum.

T a b l e  I

Thermal
Contact

Speed,
r.p.m. Em E g

Em  —  E c  S/, 
n* X

A 36 00 2 3 2 .4 -  0 .5 6 4 6 .9
48 00 4 1 3 .0 -  2 . 0 6 4 8 .4
60 00 6 4 6 .1 -  1 .5 6 4 7 .6
72 0 0 9 3 2 .2 -  2 . 4 6 4 9 .0

B 60 00 6 3 4 .5 - 1 3 . 6 6 4 8 .1

C 30 00 2 1 5 .0 - 1 9 . 4 6 5 1 .1
48 00 3 8 9 .4 - 2 4 . 9 6 4 7 .3
6000 6 1 4 .7 - 3 2 . 2 6 4 6 .9

A study of solutions of iodides in methanol, with 
the aid of the e.m.f. centrifuge, including the im
provements in technique outlined above, will ap
pear in a forthcoming paper.
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A device for obtaining currents constant to about 1 part per million is described. The value of the current is determined 
by standard cells and resistances. Adjustments are made by the motion of a line of light impinging on differential photocells, 
which, through a relay system, operate a reversing motor which changes the length of a column of electrolytic resistance. 
The apparatus is in use in the determination of the value of the Faraday with the aid of the iodine Goniometer.
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Introduction
The Faraday, i.e., the number of coulombs neces

sary to produce one gram equivalent of electro
chemical reaction by the passage of current across 
a metal-electrolyte boundary, has received rela
tively little study in recent years. Since the work 
of Washburn and Bates* 1 and of Bates and Vinal2 
on the iodine coulometer, the only electrochemical 
research on the subject is that of Craig and Hoff
man3 who employed the electrolytic decomposition 
of sodium oxalate as the coulometer reaction. The 
investigations of Birge, DuMond, Bearden and 
their associates have amply demonstrated that the 
Faraday is of prime importance in evaluating other 
physical constants, such as the charge and mass of 
the electron, and the Planck quantum constant. 
A re-study of the iodine eoulometer using modern 
techniques and standards has therefore been in
stigated. In addition to the coulometer itself the 
research involves methods of purification and an
alysis of iodine, accurate time measurement, and

SC

Fig. 1.— Principle of the apparatus.

a constant current apparatus, the last of which is 
described in this paper. The instrument is a 
development of the constant current devices which 
have been used extensively in this Laboratory in

* Aided by a fellowship from the Dazian Foundation for Medical
Research.

(1) E. W\ Washburn and S. J. Bates, J. Am. Chem. Soc., 34, 1341 
(1912).

(2) S. J. Bates and G. W. Vinal, ibid.. 36, 916 (1914).
(3) D: N, Craig and J. I. Hoffman, ‘ ‘Electrochemical Constants,”

Nat. Bur. Stand. Circular 524, p> 13; Phys. Rev., 80, 487 (1950).

connection with the determination of transference 
numbers by the moving boundary method.4

In its simplest elements the device now in use is 
shown in Fig. 1. The coulometer, Co, is connected 
in series with storage cells, Ba, a standard resist
ance, R, and an adjustable resistance, ER. In 
parallel with It are a standard cell, SC, and a gal
vanometer, Ga. Light from a lamp, F, passes 
through a lens, L, to the galvanometer mirror, and 
an image of the filament is focussed on two differ
ential photo-cells, PC. Movement of the light 
spot on these cells causes a relay, Ry, to vary the 
direction of rotation of a reversible motor, M, pro
ducing small alterations of an electrolytic resist
ance, ER. Thus the current through the coulom
eter is continually in process of adjustment to a 
value determined by the potential of the standard 
cell SC and the standard resistance R.6

The actual apparatus is complicated by the fact 
that it must be operating with the desired current 
flowing through an auxiliary resistance up to the 
instant of commencing the electrochemical reac
tions in the coulometer. Provision must also be 
made for automatic opening of the circuit contain
ing the galvanometer and standard cell in case of 
any failure of the apparatus. Description of these 
details is given below.

The Coulometer.— On passage of electric current 
through a system which may be represented by 

+  Pt,; KI, I2 : KC1 : KI, I2 ; Pt -
the reaction 31- =  I3~ +  2e~ occurs at the anode 
and the reverse reaction at the cathode. The inter
position of a solution of potassium chloride is to 
keep the anode and cathode portions of the system 
entirely separate. After passing a determined 
number of coulombs these portions are titrated 
with a solution of sodium thiosulfate. Fuller de
scriptions of the coulometer and of the method of 
analysis will be given in later articles.

The Adjustable Resistance.—The changes of 
resistance and electromotive force which occur dur
ing the passage of current through the coulometer 
must be compensated if the current is to remain 
constant. Since comparatively slight deviations of 
the filament image from a point between photo-cells 
PC of Fig. 1 can result in failure of the operation of

(4) D. A. MacInnes, I. A. Cowperthwaite and K. C. Blanchard, 
J. Am. Chem. Soc., 48, 1909 (1926); L. G. Longsworth and D. A. Mac
Innes, J. Optical Soc. Am., 19, 50 (1929); L. G. Longsworth and D. A. 
MacInnes, J. Am. Chem. Soc., 60, 3070 (1938).

(5) This is an adaptation of a principle originally suggested by M, 
Gouy, J. Physique, 6, 479 (1897), for securing continuous control of an 
on-off temperature regulator.'
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the constant current apparatus, it is essential that 
the adjustable resistance ER of that figure be free 
from the small but erratic changes of resistance 
such as can frequently occur when one metal con
ductor scrapes or rolls on another. The variable 
electrolytic resistance shown in Fig. 2 has been 
found to be useful in this connection. The copper 
anode A and the copper cathode C are contained 
in a glass cylinder V which holds a solution of cop
per sulfate and sulfuric acid. The anode must be 
on the upper side in order that the copper sulfate 
formed by the electrolysis will descend through the 
solution, maintaining an approximately constant 
concentration. (If the current is reversed a con
centrated solution is formed in the lower layers and 
hydrogen gas may be evolved at the upper elec
trode with an attendant large rise in resistance.) 
The anode disk A is secured to a stainless steel rod,
S, which in turn is supported by a silver chain, D. 
The current is led to the anode by a helix of plat
inum wire, P, which is strung with small glass 
beads to prevent possible shorting across adjoining 
turns. The distance between the anode and cath
ode, and thus the resistance, changes when the 
silver chain winds on or unwinds from the spool R, 
which is on a shaft with the grooved conical pulley
T. This is driven by the pulley T ' which is joined 
to a reversing motor M (Haydon Mfg. Co. Type 
2200A-KEB-1RPM). Different rates of rise and 
fall of the anode disk A can be arranged by shifting 
the elastic belt B along the pulleys T and T '. The 
anode disk A is prevented from going too far up or 
down by a chain E which is attached to the shaft 
of pulley T. If the chain winds too far in either 
direction, it opens a contact X  which is in the cir
cuit operating the motor M. A chuck, F, makes it 
possible to adjust the silver chains D and E inde
pendently. Backlash, which causes unnecessary 
motion of the light from the galvanometer, is 
avoided by having a sufficiently heavy anode 
disk A.

The Electrical Connections.— A diagram of the 
electrical connections of the complete apparatus is 
shown in Fig. 3. The coulometer circuit, indicated 
by heavy lines, contains the standard resistance, 
R l, a variable electrolytic rheostat, ER1, a milli- 
ameter, A1A, the storage cells, Bal, and the adjust
able electrolytic resistance, ER2, described above 
and shown in Fig. 2. Included in this circuit are 
the terminals of a four-pole, double-throw, switch, 
Si, which is shown in the position for sending cur
rent through the coulometer. The standard resist
ance, R l, is connected in series with a Weston 
saturated standard cell, SC, a galvanometer, Gal, 
(Rubicon No. 3202) and the third blade of switch 
SI. The fixed contacts of the first and second 
blades of switch Si are raised so that current passes 
before the galvanometer circuit is completed. This 
prevents wide swings of the galvanometer, arising 
from any surge in the coulometer circuit at the 
moment it is completed. It is also useful to have 
a second galvanometer, Ga2, (Leeds and Northrup 
lamp and scale type 884N) used in place of Gal 
during manipulations other than the operation of 
the coulometer. Also in series with the galvanom
eter are the contacts of a protective relay, Ry3,

Fig. 2.—The adjustable electrolytic resistance.

Fig. 3.— The electrical connections.
further discussed below. A fourth blade of switch 
SI breaks the circuit containing the reversing motor 
M, if current is not flowing through the coulometer 
or through resistance R3.

Automatic adjustment of the variable electro
lytic resistance, ER2, to maintain constant current 
through the coulometer, is accomplished as follows. 
Light from the lamp F. (Sound Reproducer type
G. E. 4A/T8/25) is focussed by the lens, L, and 
the mirror of the galvanometer Gal, normal to a 
line between two cadmium sulfide photo-conduc
tive cells, PC2 and PG3 (Sensiton type SS-2). 
These cells are in a bridge system including as the 
other arms two 10K resistances, R9 and RIO. 
Any deviation of the current through the coulom
eter circuit from that determined by the stand
ard resistance, R l, and the standard cell, SC, will 
cause the galvanometer, Gal, to deflect the line of
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light on one of the photo-cells, PC2 or PC3. If 
the light falls on PC2, a potential will be impressed 
on the grid of the tube VI (RCA type 117L7/ 
M7-GT), in phase with the plate voltage so that 
current passes which operates the relay R yl 
(Allied model BK-6A), with the result that the re
versing motor turns to produce an increase in the 
resistance of the electrolytic rheostat, ER2. 
This diminishes slightly the current in the coulom- 
eter circuit and causes the galvanometer mirror 
to shift the reflected line of light back again from 
photo-cell PC2 to cell PC3. In this condition the 
potentials impressed on the grid will be out of 
phase with the plate voltage of the tube, VI. 
This in turn releases the relay, R yl, so that the 
motor, M, operates in the opposite direction. In 
this way the electrolytic rheostat, ER2, is con
tinually receiving slight adjustments to maintain 
the current constant. A difference of potential at 
the galvanometer terminals of less than one-tenth 
microvolt will cause the motor, M, to reverse its 
direction. Since the standard cell, SC, has a po
tential of about one volt, the regulation, as now 
used, is thus of the order of one part in ten million, 
under the test conditions. Momentum of the 
anode of the electrolytic rheostat, its motor and the 
coil of the galvanometer, causes the image of the 
filament to move somewhat more than the mini
mum needed for reversal: one microvolt at the 
galvanometer terminals deflects the image by two 
centimeters. A conservative estimate of the 
regulation attainable with this apparatus is thus 
one part per million. As shown, the photo-cells 
PC2 and PC3 are each in series with 15K protec
tive resistances R8 and R ll, and form a bridge 
with two 10K resistances, R9 and RIO. The op
eration of the apparatus is thus uninfluenced by 
the illumination of the room since changes in the 
background lighting produce substantially equal 
variations in the resistances of the two photo-cells.

To protect the galvanometer and the standard 
cell in case of any failure in the apparatus, pro
vision is made to release the contacts of the relay, 
Ry3, in case the light reflected from the galvanom
eter mirror reaches the photo-cells, PCI or PC4. 
Normally, current passes through the tube, V2, 
holding the contacts of the relay, Ry3, in closed

position. However, illumination of PCI or PC4
will change the grid bias of the tube V2, thus effect
ing the release of these contacts with the result 
that the galvanometer circuit is opened and the 
relay Ry2 breaks the circuit of the motor M. To 
make this system also independent of the back
ground lighting the photo-cells PCI and PC4 with 
their series resistances form a bridge with the 10K 
resistances R9 and RIO. Normally the mid-point 
between R7 and R12 will be at zero potential with 
respect to the center of the bridge arms R9 and 
RIO. If, however, the light from the galvanom
eter mirror reaches PCI or PC4, this point will be 
subject to a fluctuating potential. This potential 
is converted into a pulsating negative bias on tube 
V2 with the germanium diode rectifier Re (1N68), 
the 10M resistance R13, and a 0.05 microfarad con
denser C2. This bias causes V2 to stop conduct
ing, thus releasing the relay, Ry3, and opening the 
galvanometer and motor circuits. The micro
farad condensers Cl and C3 eliminate the chatter 
of the relays R yl and Ry3. The batteries Ba2 and 
Ba3 furnish adjustable biases on the grids of tubes 
VI and V2.

As already stated, it is necessary for the purpose 
of this research that current be passing through the 
principal circuit, with the value determined by the 
quotient of the values of the potential of the stand
ard cell and the standard resistance, R l, at the 
moment at which the current is started through the 
coulometer. To meet this requirement the switch 
SI is turned to the position opposite to that shown 
in Fig. 3, so that the current is passing through a 
variable resistance, R3, which must have a resist
ance equal to that of the coulometer, Co. In or
der to make the appropriate adjustment, a bridge 
system is provided by opening switch SI and clos
ing switch S4. Audiofrequency current from the 
generator Q is impressed on the bridge as shown. 
Since the resistance arms R4 and R5 are both 100 
ohms, equality of the resistances of Co and of R3 
is secured by adjusting R3 and is indicated by a 
minimum of sound in a telephone connected at 
jack Jl. Switch S4 is then opened, and Si is put 
in the position opposite to that shown in the figure 
until it is desired to pass current through the 
coulometer, when it is reversed.

EXCHANGE AND ISOMERIZATION OF trans-ETRYLENFwi2 ON NICKEL 
IN THE PRESENCE OF DEUTERIUM1

By T e d  B. F l a n a g a n  a n d  B. S. R a b i n o v i t c h

Contribution from the Department of Chemistry of the University of Washington, Seattle, Washington
Received December 17, 1956

The products of the exchange and isomerization reactions of ¿rans-ethylene-d2 and deuterium on nickel wire can be satis
factorily explained by assuming that the reactions proceed through an half-hydrogenated state. The activation energies 
for isomerization and exchange from 0-56° were found to be 6.9 and 7.3 lccal., respectively. In this range of temperature 
and extent of reaction investigated, hydrogenation and excess exchange (ethylene-d, minus ethylene-di) were unimportant.

(1) Abstracted in part from a thesis submitted by Ted B. Flanagan I n t r o d u c t io n
to the Graduate School in partial fulfillment of the requirements for
the degree of Doctor of Philosophy at the University of Washington. The exchange renction; C2H4 -f" D2 —̂  C2H3D
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+  HD, was discovered by Farkas, Farkas and 
Rideal2 in their study of the nickel-catalyzed 
hydrogenation of ethylene with deuterium. The 
mechanism of this exchange has been controversial 
since its discovery. Much support has been given 
a reaction proceeding from associatively absorbed 
ethylene through a half-hydrogenated interme
diate,3 e.g.
H2C— CH2 +  D — >  CHoD— CH2 — >* * * *

H2C— CDH +  H (1)* * *
although there have been a number of different 
proposals regarding the mechanism of the over-all 
process. Jenkins and Rideal4 have recently pre
sented evidence in support of an alternative mech
anism suggested by their adsorption studies of 
ethylene on nickel.
C2H,(g) +  D — DCH2— CH£ — C2H3D +  H (2)* * *

In recent studies of nickel-catalyzed isomeriza
tion and exchange of (rans-ethylene-d2 in the ab
sence of hydrogen, Flanagan and Rabinovitch5'6 
found strong experimental evidence favoring the 
half-hydrogenated state as a.n intermediate.7 Plis- 
kin and Eischens8 have presented spectral evidence 
for the existence of the half-hydrogenated state 
when ethylene was added to a hydrogen covered 
nickel catalyst. Thus, there is strong but not 
unequivocal evidence regarding the half-hydro
genated state as an intermediate in the exchange 
reactions of ethylene in the presence of hydrogen. 
To obtain further information, a study of isomeriza
tion and exchange of (rcms-ethylene-d2 in the 
presence of deuterium was undertaken; circum
stances have prevented as detailed a study as 
would have been desirable.

Experimental
Materials and Apparatus.— The ethylenes were the same 

as used in earlier work.6'6 Deuterium (99.5% ), obtained 
from the Stuart Oxygen Co., was passed over hot platinized 
asbestos and through liquid nitrogen traps before use; mass- 
spectral analysis showed it to be free from contaminants. 
The vacuum apparatus and catalyst (nickel wire) were the 
same as employed earlier. The catalyst was activated in 
the same manner and was protected at all times from stop
cock grease and mercury with a cold trap.

Procedure.—inTOs-Ethylene-efe was frozen into the cata
lyst chamber, the required deuterium was added and the 
fr<ms-ethylene-d2 was allowed to evaporate. To stop the 
reaction, the gases were removed by evacuation through a 
liquid nitrogen trap. The deuterium lost in this way was 
replaced with fresh material after each determination; 
since the reaction was only carried to a small percentage re
action where excess exchange (defined below) was negligible, 
replacement of deuterium made no significant difference in 
the isotopic content of the deuterium.

(2) A. Farkas, L. Farkas and E. K. Rideal, Proc. Roy. Soc. {London), 
A164, 630 (1934).

(3) J. Iloriuti and M. Folanyi, Trans. Faraday Soc., 30, 1164 (1934).
(4) G. I. Jenkins and E. Rideal, J. Caem. Soc., 2490, 2496 (1955).
(5) T. B. Flanagan and B. S. Rabinovitch, T h is  J o u r n a l , 60, 724 

(1956).
(G) T. B. Flanagan and B. S. R.abinovitch, ibid., 60, 730 (1956).
(7) Various mechanisms were eliminated as possibilities in the earlier 

work by virtue of their inability to explain the observed ratios of isom
erization to exchange; upon further examination, however, it is found 
that a mechanism involving an associatively adsorbed vinyl radical,
i.e., CaHrfg) —-  CTL— CH* +  H, cannot be eliminated for these* * *
reasons but is unlikely on other grounds (see ref. 11).

(8) W. A. Pliskin and R. P. Eischens, J. Chem. Phys., 24, 482 (1956).

The catalyst was found to maintain its activity in the 
presence of deuterium, as contrasted to the situation in the 
absence of deuterium, so that no difficulty was encountered 
in working with a catalyst of constant activity.

Analysis.—The isomerization and exchange reactions 
were followed as before by infrared and mass-spectral anal
ysis. Greater weight is attached to the experimental per
centage of ethylene-d3 than those of ethylene-di, since the 
mass spectral analysis for ethylene-^ was more accurate.

Results and Discussion
Time Reaction Order.—Table I shows a typical 

run in which percentages of isomerization and ex
change of ¿rans-ethylene-d2 in the presence of added 
deuterium are shown at various times (0°, 5.8 cm. 
of each reactant); hydrogenation was negligible. 
The rate constants were calculated from the equa
tions

An
= ki(Cn° -  2C0 -  2C3) (3)d.

d(C3d|  Cl) =  fce(C2» -  2C3) (4)

where Cn refers to an ethylene with n deuterium 
atoms, Ca refers to m-ethylene-d2 and C2° refers 
to the initial frans-ethylene-d2. These expres
sions are for first-order reactions (reversible for 
isomerization). Equation 3 is solved by approx
imate methods and (4) may be integrated directly. 
The rate constants for exchange refer to rates of 
inter-exchange; excess exchange, defined below, 
was unimportant where quantitative significance 
was attached to the rate constants, e.g., activation 
energy determination. The justification and ade
quacy of these approximate equations was dis
cussed earlier.6

Relative Rates of Isomerization and Exchange.—
From Table I it may be seen that isomerization pro
ceeded faster than exchange (ethylene-di plus 
ethylene-d3) ; this was also true in all other runs. 
The rates of isomerization and exchange of trans- 
ethylene-d2 were many times faster in the presence 
of added deuterium than in its absence, and isom
erization and exchange were accelerated in a 
quantitatively similar manner by the addition of 
deuterium. Both reactions were also affected 
equally by variation of catalyst activity.

T a b l e  I
Sample run (0°, 5.8 cm. of deuterium and ethylene-d2)

T im e , Gi, C3, n kx X  103, he X  10«,
m in . % % % m in . 1 m in . - 1

4 0 . 5 4 1 . 8 4 . 8 2 . 7

1 0 1 . 2 1 . 2 3 4 . 6 4 . 5 2 . 3

1 2 1 2 . 6 ) 1 . 4 9 5 . 1 4 . 6 2 . 5

1 4 1 . 7 1 . 5 3 5 .9 4 . 4 2 . 2

1 6 2 . 0 2 . 0 3 6 . 5 4 . 5 2 . 6

1 8 2 . 3 2 . 2 0 7 . 4 4 . 5 2 . 5

Inter-exchange and Excess Exchange.9—In spite 
of the presence of added deuterium, excess exchange 
was negligible under the conditions of the run in 
Table I ; in runs with higher pressures of deuterium 
or at higher temperatures (>60°), excess exchange 
became appreciable (Table II). The sample data 
of Table II refer to runs made with a catalyst of es-

(9 ) T h e  d iffe re n ce , e th y le n e -d r -e ^ h y le n e -d i , w il l  b e  ca lle d  e x ce ss  e x 
c h a n g e  a n d  t w ic e  e th y le n e -d i  w il l  b e  ca lle d  in te r -e x c h a n g e ; “ h y d r o 
g e n ”  a n d  “ e t h y le n e ”  w il l  b e  u se d  a s  g e n e ra l t e rm s  w it h o u t  r e g a rd  t o  
i s o t o p ic  c o n t e n t .
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Fig. 1.— Temperature dependence of isomerization and 
inter-exchange of ¿rans-ethylene-c£2 with deuterium at equal 
concentrations (2.1 X  1018 molec. cm .-3).

sentially constant activity: the catalyst activity 
was determined experimentally by the activity 
toward the reactions being studied at particular 
standard concentrations and temperature. Under 
given conditions, the relative proportions of excess 
and inter-exchange depend somewhat upon catalyst 
activity, although this effect was not examined in 
detail.

It has been shown by previous workers that be
low 60° excess exchange is slower than hydrogena
tion and faster above 60°,2 which is a consequence 
of the high heat of desorption of hydrogen. Inter
exchange, however, still takes place much faster 
than hydrogenation at the lower temperatures.

T a b l e  I I
E ff e c t  o f  T e m p e r a t u r e  an d  P r e ssu r e  o f  D e u te r iu m  

on  E x c e ss  E x c h a n g e  a t  C o n st a n t  C o n c e n tr a t io n  of

EthYLENE-Ĉ  (2.1 X 1018 MOLEC./CM. 3)

Temp.,
Concn. deuterium/ 

concn. ethylene- Ci, ft, f t  -  ft,°C. <¿2 % % %
0 1 1.21 1.23 0.02
0 1 2.00 2.03 0.03

22 1 0.76 1.09 0.27
22 1 1.89 2.00 0.11
36 1 1.63 1.17 ( - 0 .4 6 )
36 1 0.63 0.81 0.18
56 1 1.30 1.50 0.20
56 1 2.22 2.06 ( - 0 .1 6 )
90 1 0.76 1.77 1.01
90 1 3.50 4.74 1.24

157 0.05 2.90 2.94 0.04
157 0.28 2.40 4.00 1 60
157 3.50 2.0 12.5 10.5

Activation Energies.— Rate constants have been 
determined from 0 to 56° for the isomerization and 
inter-exchange reactions at equal and constant 
concentrations (2.1 X 1018 molec. cc.“ 1) of trans- 
ethylene-di ar.d deuterium. Most runs were car

ried to about 8% isomerization; at this (constant) 
catalyst activity and extent of reaction, both hy
drogenation and excess exchange were unimpor
tant. The data are given in Fig. 1. The activa
tion energies are 6.9 and 7.3 kcal./mole for isom
erization and exchange respectively.

Mechanism.— From the results given above it 
is seen that for both isomerization and exchange the 
time reaction orders are the same, the absolute 
magnitudes of the rates are closely similar, the 
variation of the catalyst activity affects each reac
tion similarly, both reactions are enhanced equally 
by the addition of deuterium and the activation 
energies for isomerization and exchange are of the 
same magnitude (the small difference may be 
readily explained by the isotope effect for C-H, 
C I) bond rupture). It is concluded that in the 
presence, as in the absence of added hydrogen, isom
erization and inter-exchange take place by the 
same mechanism.

The observed ratios of isomerization to exchange 
may be explained by a mechanism in which the 
double bond is broken to permit isomerization. As 
before, a number of mechanisms cited in our earlier 
work, and which need not be listed again, may be 
immediately eliminated as not accounting properly 
for the product ratios. Some variations which 
have recently been proposed10 may also be elim
inated because they predict either no isomeriza
tion or an incorrect product ratio.

A mechanism involving a half-hydrogenated 
intermediate is successful in interpreting the pres
ent results for exchange and isomerization in the 
presence of deuterium. Such a mechanism was ap
plied to these reactions in the absence of hydrogen 
and the values of a, the C -H /C -D  bond rupture 
ratios in the half-hydrogenated intermediate, were 
determined over a wide range of temperatures.5 
Using these values of a, the percentage of isomeriza
tion may be calculated from the observed amounts 
of exchange and are compared with some experi
mental values in Table III.11

(10) B. M. W. Trapnell, “ Chemisorption,”  Butterworths Pub. Co.. 
London, 1955, pp. 247, 249.

(11) An associatively adsorbed vinyl radical intermediate is nom
inally

C2H4 HoC— CH- +  H* * *
compatible with the ratios of isomerization and exchange observed here 
and in Dur earlier work; however, this mechanism does not appear to 
be correct. The value of a ', the (C—H )/(C -D ) rupture probability 
necessary to explain the observed ratios if C H D =C H D  is adsorbed 
as an associatively adsorbed vinyl radical, is related to a in the follow
ing manner

a' =  (a -f- 1/a) +  \/ex2 -f- 1;
a' is approximately 2a at low temperatures. The values of a' required 
to predict the proper ratios of product at high temperatures5 are much 
higher than the classical limit of 1.4 (viz., a' =  4.1 and «  = 1.4 at 430°): 
a' does not approach the classical limit if extrapolated to infinitely 
high temperature. Values of (C—H )/(C —D) rupture probability deter
mined for the gas phase decomposition of 1,2-dideuteroethyl radicals 
at low temperature (B. S. Rabinovitch and D. H. Dills, unpublished 
results) agree quite well with a values from the lialf-hydrogenated state 
intermediate. The fact that a values appear to be independent of 
catalyst type, e.g., Pd on charcoal gives the same a values as nickel, 
suggests the comparison is valid. The usual arguments against dissocia
tive-type mechanisms apply, e.g., inability to explain double bond 
migration and the close relation of hydrogenation to exchange.

The experimental evidence is vastly in favor of a half-hydrogenated 
state as an intermediate, but an unequivocal differentiation between
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T a b l e  III

C o m pa r iso n  of S om e  E x p e r im e n t a l  an d  C a lc u l a t e d  
P e r c e n t a g e s  o f  I s o m e r iza t io n "

T e m p ., C l, f t , >7c ( c a lc .) . f t  (e x p .) ,
"C . a % % % %

0 4 . 9 0 . 6 9 0 . 7 5 3 . 6 3 . 2

2 2 3 . 9 1 . 7 2 . 1 7 . 2 6 . 2

2 2 3 . 9 0 . 7 6 1 . 0 9 3  1 3 . 3

3 6 3 . 3 0 . 6 3 0 . 8 1 2 . 4 2 . 6

5 6 2  8 1 . 3 1 . 5 4 . 2 4 . 8

5 6 2 . 8 2 . 1 2 . 0 6 . 8 7 . 2

° To illustrate the validity of the mechanism for excess 
exchange, some runs were especially chosen where excess 
exchange was highest. The catalyst activity was in some 
cases quite different from the runs of Table II.

The tremendous increase in rate (100-1000 fold) 
when deuterium is used is readily explained in 
terms of a half-hydrogenated intermediate since 
deuterium species, chemisorbed from the gas phase 
on the surface, furnished many more sites for half- 
hydrogenated state formation than is the case in 
the absence of gaseous deuterium. If no equili
bration of the surface and gaseous hydrogen takes 
place, excess exchange is negligible (the amount of 
excess deuterium adsorbed on the surface being 
negligible). It follows from our previous work,6 
that the product ratio of isomerization, Cc, to 
inter-exchange, 2Ci, should not depend on whether 
light hydrogen or deuterium is the addend, if ex
cess exchange is negligible. At high pressures of 
deuterium and/or high temperatures, excess ex
change (and hydrogenation) increases. Under 
these conditions, the product ratio, (7c/(Ct +  C3), 
should depend on the addend.

Stepwise Exchange.—As in the case of exchange 
in the absence of deuterium, equilibration of the 
surface ethylenes with gaseous ethylene takes 
place after one exchange reaction, since only 
ethylene-di and ethylene-d3 were found initially 
from ¿rans-ethylene-tf2 plus deuterium, and only 
ethylene-rfi from ethylene-do and deuterium. This 
is similar to the results of Turkevich, et al.u

For the observed single step exchange to occur, 
either exchange by an associative mechanism takes 
place on low energy ethylene sites so that the rate 
of ethylene desorption is faster than the experi
mental reaction rate,13 or a Rideal4 type mecha
nism is operative which results in automatic ethyl- 
enic equilibration with the gas phase.

Adsorption studies of ethylene on nickel films
the two mechanisms could bo made by careful determinations of cis- 
ethylene-d2 and exchange percentages at temperatures above 400° in 
the absence of deuterium, and high temperature (200°) experiments 
with added deuterium, where the two mechanisms predict different 
products if excess exchange is significant.

(12) J. Turkevich, D. O. Sohissler and P. irsa, Tins J o u r n a l , 55, 
1078 (1951).

(13) Calculations have been made of rates of desorption of ethylene 
for various heats of adsorption by absolute rate theory (K. Laidler, 
“ Catalysis”  Ed. P. Emmett, Vol. I ll , Reinhold Publ. Corp., N. Y., 
1954, p. 203). 13 kcal. was used as the heat of adsorption on a fully 
covered surface; this is an average of values in the literature and it is 
also a value which is of the correct magnitude for such an interpreta
tion of our results in the absence of hydrogen. The rate of desorption 
is appreciably faster than the rate of reaction at 0° or above, but is 
slower at —100° (cf. Kemball’s data, ref. 14).

led Jenkins and Rideal4 to the conclusion that 
ethylene is not associatively adsorbed, but ad
sorbed irreversibly as acetylenic complexes. How
ever, our earlier work, i.e., exchange in the absence 
of added hydrogen on supported nickel, nickel 
films and nickel wire, shows that some reversible 
adsorption of ethylene on a small area must take 
place on a fully-covered ethylene surface. This 
reversible adsorption of ethylene could still be of
the form C2H4 (g) +  II <=* C2H5, although Kemball14* *
has pointed out that, associative adsorption may be 
a factor in the adsorption of ethylene in the pres
ence of hydrogen, and that the Rideal mechanism 
in any case cannot explain the initial multiple ex
change found under his low temperature ( — 100°) 
conditions; spectral evidence has been found8 for 
associative adsorption when ethylene is exposed to 
a supported nickel catalyst.

Concluding Remarks.— It is of interest to point 
out that the isotope effect is of importance in de
termining the proportions of exchange in the reac
tions of ethylene and deuterium. The three in
vestigations where initial product analyses on nickel 
have been made are those of Turkevich, et al.,12 
at 90°, Kemball14 at —100° and the present in
vestigation. a has been measured from —78 to 
400° and was found to vary considerably with 
temperature.5 For the reaction of ethylene-d0 
and deuterium at 90° (a =  2.4), each time a half-
hydrogenated state is formed, DH2C-CH2, 17% of*
the decomposition events lead to reformation of 
ethylene-r/o, at 20° (a =  4.0), this percentage 
drops to 11%, and at —100° (a — 24 extrapolated), 
ethylene-do is reformed only 2%. This is a factor 
in giving rise to higher proportions of more highly 
deuterated ethylenes at early times in low tem
perature work. Exchange activation energies meas
ured or compared over a large temperature range 
have an isotope effect superimposed on them; 
this is true even if the detailed mechanism for 
which a is defined is supplanted by another mecha
nism.

It will be recalled that the observed activation 
energies for isomerization and inter-exchange are
6.9 and 7.3 kcal ; the small difference is pre
sumably due to the isotope effect. Kemball14 
found 7 kcal. for both hydrogenation and exchange 
of ethylene and deuterium on nickel film at —100°. 
The observed activation energy for inter-exchange 
in the presence cf hydrogen, 7.3 kcal., thus de
clines from the value of 15 kcal. observed in the ab
sence of hydrogen in the same temperature region. 
It is possible to construct explanations for this de
cline on both a Rideal and associative basis. 
However, since the precise meaning of the observed 
activation energy in the absence of hydrogen is not 
established,6 such explanations are of an ad hoc 
nature and need not be presented.
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(14) C. Kemball, J. Chem. Soc., 735 (1950).
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The relaxation field for unassociated electrolytes is obtained as a function of concentration by solving the Onsager-Fuoss 
equation of continuity, subject to boundary conditions for charged spheres (rather than point charges) to represent the 
ions, and with retention of higher order terms. Combined with the previous value of the electrophoretic term, a conductance 
equation is obtained which has the limiting form A = Ao — (aAo +  0 )c‘A +  D c  In c +  {J,c — J iC 3/ * ) ( l  — a c ' A) in which 
the constants J, and J'i are explicit functions of ion size, Ao and properties of the solvent; D  is independent of ion size. 
Up to concentrations of the order of hundredth normal, the equation has the form A =  A» — (aAo +  /3)c 'A  +  c B ( k o ) .  Nu
merical tables are given which permit calculation of 5(«a). A method of obtaining the two parameters Ao and a from 
A ,c-data is described. The equation reproduces experimental data for the alkali halides in water up to about 0.01 N. Limita
tions of the theory are discussed.

Experimental results for a wide variety of electro
lytic systems show that their phoreograms approach 
the Onsager1 tangent

A = Ao — (aAo -j- 0 )c*/a (1)

in the limit of vanishingly small concentrations. 
In most non-aqueous systems, the phoreograms 
lie below the limiting tangent (catabatic phoreo
grams2) ; ion association3 or else incomplete disso
ciation usually provides a satisfactory explanation. 
But an important class of electrolytes, exemplified 
by the alkali halides in water, diverge upwards from 
the limiting tangent (anabatic phoreograms) as 
concentration increases from zero. The question of 
the theoretical origin of the positive deviations from 
the limiting tangent naturally arises: is a new hy
pothesis necessary or is the shape of the curves pre
dictable by further development of present theory?

Underlying eq. 1 is a model in which the ions are 
represented as point charges. An earlier calcula
tion of the electrophoresis term,4 using as the model 
for the ion charged spheres of average diameter a, 
showed that the /3c,/2 term should be replaced by 
/3c'/y ( l  +  Ka) for symmetrical electrolytes; the 
transcendental term Ei (2ko) vanishes. The divisor, 
of course, diminishes the magnitude of the term as 
concentration increases, and produces a curve which 
is concave-up. This result obviously suggests that 
the relaxation term aA0c'b should also be reinvesti
gated, using the spherical model. Integration of 
the appropriate differential equation with electro
static boundary conditions corresponding to 
charged spheres does indeed modify this term in the 
expected direction; Falkenhagen5 has shown that 
terms of first order (and higher) in concentration ap
pear in the limiting equation. But his differential 
equation was already an approximation in which 
terms had been neglected which also would have 
led to terms of order c, and still more important to 
transcendental terms of limiting order c In c in the 
relaxation field. We therefore have re-examined 
the integration with consistency of order of retained 
terms as the guiding principle. In a preliminary 
paper,6 it was stated that integration of the funda-

(1) L. Onsager, Physik. Z., 27, 38S (1926); 28, 277 (1927).
(2) R. M. Fuoss, J. Chem. Education, 32, 527 (1955).
(3) R. M. Fuoss, Chem. Revs., 17, 27 (1935).
(4) L. Onsager and R. M. Fuoss, T his Jo u rn al , 36, 2689 (1932); 

eq. (4.2.10).
(5) H. Falkenhagen, M . Leist and G. Kelbg, Ann. Physik, [6] 11, 

51 (1952).
(6) R. M. Fuoss and L. Onsager, Proc. Nat. Acad. Sci., 41, 274, 

1010 (1955).

mental equation of continuity, with retention of 
higher terms than those linear in the charge of the 
reference ion and subject to boundary conditions 
for spherical ions, would lead to a conductance 
equation which accurately reproduced experimental 
data for the alkali halides in water up to moderate 
concentrations (i.e., less than 0.1 normal). The 
purpose of this paper is to present the details of the 
derivation, and to describe a practical method of 
solving the final conductance equation for the two 
empirical parameters, A0 and a, which appear in the 
theoretical development.

1. Equation of Continuity
Limitations of space prohibit a detailed repeti

tion of essential but previously published introduc
tory material.7 The derivation which follows will 
therefore be presented in the form of the solution 
of a mathematical problem, after definition of the 
variables and a brief recapitulation of their 
significance.

The average concentration of ions of species i is 
rii =  Ni/V where Ah is the number of such ions 
present in the total volume V. Local concentra
tions differ from this value due to mutual attrac
tion and repulsion between the charged ions; the 
concentration of ¿-ions in an element of volume lo
cated by a vector r2i with respect to a j-ion at the 
origin will be denoted by ny;(r2i). The symmetrical 
distribution functions

= n,n,-i( r2i) = n i m / j n )  = (1.1)
satisfy the general conservation condition

divi(/i,vi,) +  div2 {J a v a )  = 0 (1.2)

where v,y is the velocity of a j ’-ion in the vicinity of 
an ¿-ion. The distribution functions and the 
potentials if/j are assumed to satisfy the Poisson 
equation

A =  - ( 4 tt/D)Zifnei/nj  (1.3)

The velocity depends on the various forces, which 
are in turn derivable from the potentials; combina
tion of (1.2) and (1.3) thus in principle should lead 
to the relaxation field as a function of concentration. 
We assume that the external field strength X  is so 
small that no appreciable Wien effect occurs; we 
may then set

(7) Especially pp. 2689-2704 and 2735-2744 of ref. 4 and pp. 274- 
280 of ref. 6. See also H. S. Harned and B. B. Owen, “ Physical 
Chemistry of Electrolytic Solutions,”  Reinhold Publ. Corp., New York, 
N. Y., 1950, pp. 75-85; and L. Onsager and S. K. Kim, T his Jou rn al , 
61, 215 (1957).
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lri(*2i) — +  y ', (  r) (1.4)
H r n ) =  y°.'(r) -  y ', (r )  (1.5)

and

/«(r«i) = f ° A r )  + f ' d r )  =
A M )  - / 'u - ( r )  =  /yy(r12) (1.6)

where the primed terms, denoting the asymmetric 
terms in potentials and distributions, are propor
tional to X . For j(j), the spherically symmetric 
part of the potential of a/-ion (i.e., the potential in 
the absence of an external field), we shall use the 
Debye-Hiickel result

y°y(r) =  e je~ " e^a/Dri 1 +  na) =  eje~^/IJ.Dr (1.7)

where n is an abbreviation for e~Ka(l +  ko). For 
the special case of simple electrolytes (i =  1, /  =  2), 
the equation of continuity8 reduces to a single dif
ferential equation f o r / '2i(r)

m » i  +  eo2)Af'n -  [ ( 4 , r /021/ . D ) ( e i W n 2 +

fi22w2A u)]/'2i — X(eiai — e2̂ ) (d /02i/dx) -j-
r ( f f i )  +  n gi) +  T(gs) +  T{a) +  T(v) ( 1 . 8 )

Equation 1.8 differs from the 1932 equation9 by 
the presence of the new inhomogeneous terms desig
nated by the T's. The latter will be discussed af
ter an outline of the derivation of (1.8) from (1.2) is 
given. In (1.2), let I.represent the current/y»vy», 
where

v,i(r2i) =  Vi(r2i) +  w [K ,i -  hTv2 In /y»(r2i ) ] (1.9)

v»(r2i) is the vector velocity o: an ¿-ion due to the 
presence of a/-ion in its vicinity, Ky,- is the electrical 
force on the ¿-ion and the V2-term is the diffusion 
term due to Brownian motion. In turn, the force 
Kyj is made up of three terms

K,i =  Xed  -  e»V2y»(a) -  a V ifA r2i) (1.10)

where i is a unit vector in the direction of the ap
plied field. The first term is due to the applied 
field, the second to the asymmetry of the atmos
phere of the ¿-ion and the third to the presence of a 
,/-ion and its atmosphere (of which the ¿-ion is, of 
course, a member). The term Xi^i(a) reduces to 
Vi'P'M) because a central force can produce no 
motion.

The following sequence of operations converts
(1.2) into (1.8). Substitute (1.10) into (1.9) and 
the result into (1.2). Expand, except in the six 
gradient terms, using the theorem for divergence of 
the product of a scalar and a vector A: div {<pA) 
=  A-grad <p +  <p div A. Note that V-(const) =  0 
and that v-v* =  0 (incompressibility condition). 
Use the identity / 12 = f 21 and the operator relations 
V2 =  — Vi =  V, VrVi = V2X 2 = A =  laplacian in 
variables (r, 9). Substitute (1.4) and (1.5) to re
duce the potentials to functions of r and r. This 
sequence best keeps track of the sign changes in
volved in reducing the equation to one variable r =

(8) Ref. (G), Eq. 19.
(9) lief. 4, eq. (4.3.6), after specialization to s =  2 and substitution 

of (4.4.1) to eliminate the potentials.

*2i =  —*i2. Then open the remaining terms, sub
stitute fa( r) =  f°ji{r) +  /';,•(*) and drop the f ÿ '  
terms of order X 2. Cancel out the spherically 
symmetric terms because v,» =  v,-y =  0 when 
X  =  0. Reduce the (grad-grad) terms to products 
of scalar derivatives by use of the relations given 
immediately after eq. 14 of ref. 6, which are based 
on the fact that i/'(r) =  <p{r) cos 9. Use the Pois
son equation 1.3 to eliminate the potentials i/'', 
specialize to ¿ =  1, /  =  2 and use A\p°j »  jryCy to 
simplify T(g2). The result is (1.8).

2. Order of Terms in Concentration
The last five terms on the right of (1.8) are ex

plicitly

T{gi) =  -  j 61“ 1 b  (cost)) ~ e2"2 S  (coTe) }
( 2.1)

T(g2) — —(ClO)llfr°2 “h 2̂C02̂ °i)k2/ /21 (2.2)

T(g3) = -  ( ei“ i -J x  +  e2Wi M r )  Yx (cos i) (2'3)

T{a) = \e,ai1  (^ T e )m ~  ^ ¿ (coXe)j
T(v) =  (t>i, -  %r)(d/02i/dr)

df°2i
dr

(2.4)

(2.5)

The origin of the last two is obvious by inspection 
of the expressions for force and velocity. The origin 
of the first three is made clear by considering the 
expansion

div ( /  grad y) = grad y-grad,j +  /  div grad y
=  (v y °  +  v y 'M v / 0 +  v / ' )  +

( ;°  + / ' ) (  Ay° +  Ay')
=  (v y °-v / ° )  +  v y '-v / °  +  v y °- v / '  +  

[vy '-v/'l  +  ( / °A y°)  +  / 'A y °  +
/° Ay' +  [/'Ay']

The final terms in square brackets are quadratic in 
the field and by hypothesis negligible. The terms in 
parentheses are the radial functions for the system 
in the absence of an external field and the sum of 
these terms in the expansion of (1.2) must vanish. 
Hence

div ( /  grad y) — >  i/°A y ' +  v y '-v /°  +
/ 'A y °  +  v y ° -v / 'f

in (1.8). The first of these terms,/°Ai/', is propor
tional to f ° f  /n (cj. Poisson equation) and is moved 
to the left side of (1.8), because it is of the same or
der in concentration as Af  and of course contains 
the unknown function f . (The coefficient of f  is 
/°/n ~  n k2, and application of the laplacian to 
f  brings down a multiplier of order k2, assuming 
th a t/' contains exp( — nr) Hence A f  — .f°A\p' ~  
d f .) The next three contribute, respectively, to 
the gradient terms T(gi), T(g2) and T(gs).

We now proceed to examine the order of the 
various terms of (1.8), considered as functions of 
concentration. The equation has the form

A/' -  7 T  = S ktk cos e (2.6)
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where

r 4t U\e 12C01 4” 7l‘2622OJ2
DkT  coj -f" w2 (2.7)

and the i*’s are of the functional form e^Kr/rk. 
(Some terms have e~XKr instead of e~KT, where X is a 
pure number. Since X is dimensionless, its presence 
will not affect the argument which follows.) The 
solution of (1.8) is, of course, the general solution of 
the homogeneous equation plus a particular solu
tion of the inhomogeneous equation; the latter is 
the sum of particular solutions of equations of the 
form

A,,6 Uk{r, 8) — q-K-Lik = e~«r cos 8 /rk (2.8)

Dividing by k2, this reduces to a function of the 
dimensionless independent variable £ = kr

A(,e Uk — q2Uk =  Kk 2 e t cos $/{*

Hence if LT(£, 8) is the solution of
AUt — q2Uk = e~i cos 0 /fk

the solution of (2.8) is Uk = nk ~ 2Uk where Uk is di
mensionless. Consequently a term e~Kr/rk on the 
right of (1.8) will give a term of order ttk ~ 2 in the 
solution, multiplied by whatever powers of k which 
may appear in the coefficient of that term.

Several examples will be given to illustrate the 
use of the above theorem, and then the final result 
will be stated. Consider the first term on the right 
of (1.8), disregarding irrelevant multipliers. We 
require the order in k of the solution of

Ait — 7  2u =  df°2,/dx

It will be recalled that k2 ~  a, ~  n3 ~  c; to first ap
proximation

f°  2i =  n2rii(l — e\C-ie,~" /  rDkT)

The operator (b/bx) brings in a multiplier e~"(\ +  
nr) cos 6/r2 when applied to e~Kr/r, so we consider

Av — y 2v =  k*c cos 8 /r 2

Integration of e~K,'/r2 gives a multiplier k1 ~ 2, sc 
v =  0(k4).

Now, consider T(gx), the second term on the 
right of (1.8); the corresponding symbolic equation 
is

A k — 7 2u = (dp'/dx )(df° /dr)

Earlier calculations10 show that ip' ~  n~2r~2, so 
b^'/bx ~  ii~2r~2 and we have d/°,/dr <—- n4r~'2; 
the order of the term in f ' 2J arising from T(gx) is 
thus obtained by considering

A» — y 2v =  K2e~«r cos 8/r5

whence v =  0(«5), which is therefore of higher order 
than the integral of the first term of (1.8). In fact, 
since we know that the latter gives rise to a c'h- term 
in the final conductance equation, we already see 
that T(gx) will lead to a term of order nc'/2, i.e., a 
linear term in conductance. (It also produces a 
transcendental term of limiting order c In c, as will 
be shown later. Here, we are considering algebraic 
terms only.) In a similar fashion, we can show 
that the other 7"s of (1.8) are of higher order in k 
than the first term.

(10) Kef. 4, e<|s. 4.5.2, 4.5.1) and 4.5.10. Sint also eq. 4.7 of this 
paper.

This investigation suggests the method of solving
the problem. Let

and
fa  = Pa +  g-2i (2.9)

£+»¡1 (2.10)
and define F2i as the solution of the equation which 
we obtain by dropping the higher order terms of
(1.8), i.e., the T ’s. This requires the solution of
k'T(u i +  co j)A fj i  — \(dirf°.n/D)(ei2ui/n-i +

e-22m/ni)]Fn =  X (exo)i — e20)-2){df°2i/dx) ( 2 .11)

Once the solution of (2.11) is obtained, we can then 
substitute (2.9) in (1.8) and use F«i as an approxi
mation for / ' 2i in the inhomogeneous terms. The 
nx terms will cancel by virtue of (2.11) and there 
will remain a differential equation which will de
termine <72i- (In each of these steps, the number of 
terms retained in the expansion of the Boltzmann 
factor in /°2i is chosen to be consistent with our ap
proximation principle.)

3. Boundary Conditions
The above statement of the problem was delib

erately oversimplified, in order to permit postpon
ing discussion of the boundary conditions. To com
pute the conductance, the potentials, rather than 
the distribution functions, are needed. They are ob
tained from the latter by integration of the Poisson 
equation; in other words, we must integrate the 
fourth order differential equation

A A t f / j  —  y 2 A i p j  = 2 (inhomogen.)

in order to obtain the relaxation field. Conse
quently four boundary conditions are necessary for 
evaluation of the four constants of integration 
which will appear in the formal treatment. Three of 
these are the familiar electrostatic conditions: the 
field must vanish for r =  °° and potential and field 
strength must be continuous at r =  a; that is

( d p ’ / c >/•),_„ = 0 (3 .1)

V(a -  0) = F{a +  0);
( d p ' / d r )a-o =  (d 1p '/d r ) a+o (3.2)

For r < a, the potential satisfies the Laplace equa
tion

A i p ' , =  0

and is given by
ip'¡{r < a) =  —fix = —fir cos 8

where ¡3 is a constant. Then (byj/br)a~o = — ¡3 
cos 6 and (r b\p'/br)a-o = \p'¡(a — 0) = ip'/ia +  0). 
Hence condition (3.2) may be expressed as

()' d i p ' j / d r  —  P ' f a  =  0 (3.3)

The fourth boundary condition requires a little 
more care. Our model for the ions consists of rigid 
spheres of diameter a, which cannot interpenetrate; 
this fact must be used explicitly in the calculation. 
This is the most directly achieved by requiring 
that the radial components of relative velocity of 
any two ions vanish at contact. This leads to the 
res lit.

-  L.vyi)-r]_„ = u (3.4)
1 >y substitution and expansion similar to that 
which led to (1.8), we obtain for the flow vector in 
the above brackel s
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Y — (eiCOl — e2U2)/°2lXi — kT (COl — Uz)Vf'i1 — /°2l(6lOJlV’A,2 — — f\  l(eiC0lV'f/°2 4“
e2M2Vi|i'0i) + /°  2i[eiU:V^,i(a) — ejsttViPsfa)] +  (vi — v2) / ° 21 

For later use, it is convenient to define a scalar function
Z {r) =  (Y-r)/x

the boundary condition (3.4) then may be stated

Expanding as before, we find
Z(o) = 0 (3.5)

(ciwi — e*>t)X f°2i — kT(m  +  w2) — 1°2i je i»i y  (  ^ 0  — e2w2 y  [ -----feiwidr \cos 9 / ( dr \cos 9 / dr Veos 6 / ) cos 9 V
di|t°2

dr +

62CO2 dr - )  +  f°n  jeiwi A  Z_ÉÁ
dr Veos 9) . 62̂ 2 d. /  i/A 

dr \cos 9,)J +(W,r V¡r)/°2i/cos 9 =  Z (r) (3.6)

where v]T is the radial component of velocity of an ion of species j  due to the presence of other ions.
Examination as before of the terms of (3.6) shows that the last three are of higher order in k than the 

first three. The appropriate boundary condition for the solution of (2.11) for PV is accordingly

[< *-. — 62“ 2)X/ci2i — AT(“ i T  "s)(d^£i/dr) — /°21 jeiwi — e2w2 j J = ® (3.7 )

where the radial parts of F21 and Mq- have been separated by the definitions
Fii(r) = h*i(r) cos 9 (3.8)
SF;(r) = $ ,(r ) cos 9 (3.9)

in accordance with the known11 angular dependence 
of Fn and \fq.

4. First Approximation: Finite Ion Size
In preparing (2.11) for explicit integration, the 

equation is divided by kT{o>-_ -j- o>2) and /°21 is re
placed by the approximation

f °  21 =  nin2( l  — e ie -^ y  / pDkTr) (4.1)
where

¡j = e *°(1 +  «a) (4.2)
(The next term in the expansion of the Boltzmann 
factor in /°21 will be included in the calculation of 
the perturbation term g2l.) The neutrality condi
tion

/¡i ei +  noe 2 = 0 (4.3)
and the abbreviation q2 defined by (2.7) aid in sim
plifying (2.11) to

AF21 — y 2F-¿\
n1e1y 2X  
4 7T ,uA 7

The boundary condition Z(a] 
to

ö
ÒX ( T ) (4.4)

0 can be simplified

X  — (4irei/Z)rt272)(dli2i/d r)0 — (d$/dr)a =  0 (4.5)
if we anticipate the result that $1 = $ 2 and write $ 
for both potentials. We must now integrate (4.4), 
substitute the result into the Poisson equation and 
integrate, the latter, subject to (4.6) and the three 
electrostatic boundary conditions. Among these, 
the natural conditions for r -*■ °° serve to eliminate 
solutions of the homogeneous equations in err and 
e". Routine methods give

and

nieiq2X à /e
iirpkT(\ — q2) ò i  \  r

Ae y \  , 
r / 1.6 )

eie2g2A' Ò 
pDkT{ 1 — ç2) dx

Substitution of 4' in 
ing A and B

e “r 
K2r

Ae~y 
7  * r

+

G . - I . )
B)
r Í (4.

(3 .3) g ives an equation  rei,at.-

(11) K ef. 4 , <;fj. 4.3.3 n.mi 1.3.1, nini n(■<•<» 111 ji;in.\'iu«v discussi,>n.

q-e «"(1 +  na +  n2a2/3) —
Ae~r«( l  +  7a +  y V / 3 )  +  (1 -  q2)B =  0

Substitution of $  and hn in (4.5) evaluates B 
B = e- «>(l +  Ka +  /c2a2/  2) — ps2a2/ 2b 

where b is the Bjerrum parameter
h = - eie,/aDkT >  0 (4.8)

this is a positive number because Ci and e2 necessar
ily have opposite signs.

We are now ready to evaluate the relaxation field 
— AX  =  grad* ^ (a ) =  (ÒSF/Òx^a (4.9) 

The potential is of the form
'F =  KxH {r)

where K  is a constant and H depends solely on r. 
Use of the boundary condition (3.3) shows that 
(df//dr) vanishes at r =  a; hence it follows that 

(òAf/àx) a = KH (a)

Making the appropriate substitutions, we finally ob
tain
\Y — a y  ) 1 +  ‘ A^afl +  g )[l — (1 +  *a)/b] l 

0 ) (1 +  xa)(l +  qua +  92«2a2/3 ) (
(4.10)

where AA"0 is the previous solution obtained for the 
point charge model

AXo = emtqhX/S DkTO +  ?) =  ac'BX (4.11)

Examination of the above result shows that it can 
be expanded in powers of Ka

A\ — AA0( 1 +  aina o;2k~<i2 - { - . . .  )

where a\ is negative. Consequently the relaxation 
field for spherical ions increases less rapidly with 
increasing concentration than that for point 
charges; the ir.itial deviation of the conductance 
curve from the limiting tangent can obviously be 
represented by a positive linear term in concentra
tion in the conductance equation. The above ex
plicit form is, however, not very convenient for 
numerical calculations. Since, as we shall see 
later, the range of applicability of our theory is 
limited to m oderate concentrations, expansion in 
lb*' form

A  A  -  j . Y 0( I A 1 )
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followed by approximation of Ai is justified. We 
shall also specialize the result to symmetrical salts, 
for which q2 = l/2. The final result is

A, =  (1  +  q)(b  +  l)« a /2 b p ,; na <  0.3 (4.12)

where
P3 =  1 +  qua +  kW /G  (4.13)

The next step in the derivation consists in return
ing F21 and as approximations for f n  and \j/' in 
the inhomogeneous terms of (1.8) and then solving 
for the perturbation functions <721 and pj. Before 
proceeding to this operation, however, it is neces
sary to obtain an explicit expression for the velocity 
terms in (2.5) and (3.6).

5. The Velocity Field
The external electrical field X i exerts a force F 

per unit volume of the solution; if we assume a con
tinuous charge density p, then

F  =  X Pi (5 .1)

This force on the ions is transmitted to the solvent; 
it is therefore clear that the moving ions will set up 
a velocity field v in the solution which will depend 
on local ion concentrations riji rather than on aver
age concentrations w*. The charge density is re
lated to the potential through the Poisson equation

A ip =  — 4 trp /D  (5.2)

and the force is related to velocity and pressure 
through the fundamental hydrodynamic equation

where Aw is the solution of the homogeneous equa
tion. Since AAw = 0

Aw =  i(<* +  /3/r)

To keep the velocity finite at r — <», a must vanish 
while ¡3 can be absorbed in later constants; we may 
therefore disregard w at this point. In order to 
solve the equation

Au =  - { D X i / 4 w ) t  (5.9)

for u , it is convenient to consider separately the 
potential \f/A due to the atmosphere of the reference 
ion and the potential xps due to the charge on that 
ion itself. Using the Debye-Huckel potential, we 
have

1Pa =  (e/£>)(e_‘-r/i*r -  l/ r)
while

ip, =  e /D r
It can be verified readily that

(d^/d;-)r_a = 0
Substituting (5.10) into (5.9)

Aua =  —{ X e i/4  ir)(e~‘r/i ir  — l/ r )  

for r >  a; at r =  a
A iu  =  (ATei/4ir)[/c/(l +  ko)\

(5.10)

(5 .11)

(5.12)

(5.13)

(5.14)

Equation 5.14 must also determine ua  for r  <  a , 
because there obviously are no charges inside a ex
cept that of the reference ion, whose effect will be 
computed later as us.

Integration of (5.13) gives
j?v X v X v  = F  — v p  (5.3)

Equations 5.1, 5.2 and 5.3, together with the hydro- 
dynamic statement of incompressibility

v -v  =  0 (5.4)

thus constitute a system of equations whose solu
tion gives v in terms of r and cos 9. This problem 
was first solved by Debye and Hiickel12; we shall 
develop an alternative derivation of the velocity 
field below, in which the boundary conditions for all 
but one small term are stated in terms of a, the 
distance of nearest approach.

Let u be a vector defined in terms of v by the 
differential equation

VLa
=  X ei ( r  _  

4t W
eia e~*r

1 +  Ka kV r j
r >  a (5.15)

disregarding a constant which differentiates out by 
application of (5.5), while integration of (5.14) gives

u  A
Xei 
4 7T

/  K r2 
\1 +  m 6 r <  a (5.16)

We require that U4 and its derivative be continuous 
at r =  a; using these conditions to evaluate B and 
C, we find

U  A
Xei 
4:7T

1 +  m +  kV/2 +  k3o3/6 
x2r(l +  na)

e n ( a  —  r)

) r >  a (5.17)

>)V =  v (V -u ) — Au =  grad (d iv  u) — lap u (5.5) 

Constructing curl (curl v ) , we obtain
vV  X  V X  v  =  A A u — v (v -A u )  (5.6)

Equating corresponding terms in (5.3) and (5.6), 
gives

and
u ,  =  ^  ( 1 +  M +  « y 2 +  «v ‘ /6 \ r <  0 (5.18)

Carrying out the differentiation (5.5), we obtain 
for the velocity field due to the atmosphere of the 
reference ion

and13
F =  AAu

V p  =  V (V 'A u )

Combining (5.1), (5.2) and (5.7) gives 
AAu =  —{DXi / 4 tt) Alp 

Integrating once
Au =  —{DXi/4r)ip +  Aw

(12) P. Debye and E. Hiickel, Physiic. Z., 24, 305 (1923);

(5 .7 ) Xe
j r ,  cos  6 ('3  B 1

^  =  4L J 3 2 r
(5 .8 ) £e«(a -_r) (1 +  & +  x2r2/3 )\ +  i ( - D

kV 3(1 + Ka) ) ^  V r3
gn(a-- 6 ( 1 +  KT +  K27

/c2r3( 1 +  ica) )  Î
For later computation of the relaxation field, we 
shall need the radial component of v^; recalling 
that i-rj =  cos 6, we have

VII and VIII.
(13) The pressure is determined by (5.8): integration gives p = 

(div. Au -f- const.) and once u is found, the pressure is obtained by 
simple differentiation. Alternatively, application of (V*) to (5.3) and 
use of (5.4) gives Ap =  V-F. However, we shall not need the pres
sure so the derivation is omitted.

t]VrA
__ X e  cos 6 j 1

4 7T } r
2 [l +  Ka -+ kV / 2 +  K3q3/6 ) -  2e«(«-r)(l 

k2t \  1 +  Kd)
+ «r)j

(5.20)
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We next consider the contribution to v from 
the charge of the central ion. The corresponding 
differential equation for us is

Au, =  —Xei/4ir'-
with the solution

E\

v, = X e  cos 8
C 171]

'1  +  kü +  1 1 A 7 2 4  +  kV / 8 -  e«(a-r) (1 +  Kr)<r)̂

+ 0 (5.21)Xei (
Us 4.r (

Differentiation gives

v(v'Us) = 4̂  ]* (~ 2r “ i )  + (i r)r‘ (¿^ +  w)
The second component above is the radial compo
nent of the velocity (5.5) and must vanish at the 
hydrodynamic surface of the reference ion; i.e., 
at r =  R, where R is the Stokes radius. Accordingly 

E =  -7 2 2/6
Substituting in (5.5), we obtain for the radial com
ponent

\ if2!-3( l  +  Ka)
The algebraic function of in the numerator above 
is closely approximated by

‘Pi — 1 -j- xtx T  k2o2/2

over the practical working range of the variable 
0 ^ Ka <  0.3. We therefore shall use the following 
expression for t>rin subsequent derivations

PrMX ^ P l - r > - r ) ( l + _gO 
Z ttt} /rr3( l  +  Ka)

The velocity term T(v) in the inhomogeneous dif
ferential equation 1.3 thus leads to the equation

A g, -  t Vv =
nn*e\ez{vlr — v2r) d (90 (5.27)

r )V t r  =
X e  cos 8 

4 7T e (5.22)

Finally, combining (5.20) and (5.22), the radial 
component of the velocity field is found to be

iiDkirT\oii -f- « 2) dr

for evaluating the contribution of the velocity field 
to the relaxation effect. Substituting (5.26) in 
(5.27) and using the identity

riin2(e2 — fii) = DkTuhtJkieet 
leads to the equation

Ag, -  7V  = n ieiX
Pi

(xe~KT Kxe~
1 IT? r\ /  f_ J — e * a  I - 2*r 2 Kxe + H i (5.28)

Sw 2fjikTij{ioi - j-  w z ) ( l  T  na)

6. Higher Field Terms
In Section 4, it was shown that the approximate equation 4.4, when applied to charged spheres, leads to 

terms of order c and higher in the conductance equation. The analysis in Section 2 showed that the terms 
of (1.8), the general equation of continuity, which were dropped in order to obtain (4.4), would also lead to 
terms of order c and higher. We therefore proceed to the evaluation of these terms by the perturbation 
method described in Section 2; specifically, the problem is to evaluate the functions g2i and pj defined by 
equations 2.9 and 2.10. Substitution of F21 and E in the inhomogeneous terms of (1.8) and (3.6), followed 
by cancellation of the leading terms by virtue of (4.4) and (3.7), and neglect ofhigher order terms (k3, etc.), 
leads after rearrangement to the equations

n2eie22y 2X  d /e~2l<r\ e,e27 2e- «>7A1 . n~e2y 2 d fe~ Kr\ 5<l> e,e-iK2e~ "F v
dx \ r2 /  jubkTr 4xfikT dr \ r /  dx fiDkTr

d / e " kr\ dhn r.2e27s d (e~ KT\ (d ^ \  , nim e^Vir — v2r) d

A{/21 — 7 2tf21 = 9nvD(p.kTY . r /
eie>

p.DkT dr (90 dx 4nrfi.kT dr (90(2).- p D W T ^ !  +  0.2) dr (90
and

Z\r) = ni«i72Xe Kr 
i-fikTr

d
dr \cos 8)

n2e2y 2e KT d4> c 162/(21 d ( e  Kr
”1” 4 irfikTr dr fiDkT dr (90 + n2y 2D /d4>\ 

4x«i \dr )  a
I'lr — 2r n iT lï

c i -j- 0)2 k l  cos 8

( 6 .1)

( 0 .2 )

_  X e  cos 8 
4 Tnj

2(1 +  Ka +  kV / 2 +  i--2a2/6 ) — 2e«(*-r)(l +  kt) _  R 2 ) 
x2r3( 1 +  Ka) 3r3(

(5.23)
Investigation of the two terms in vr shows time 

the major contribution comes from the first term: 
for <a small, it approaches eKa/r(l +  kîï) ~ 1/r. 
To a fair approximation, the Stokes radius should 
be about equal to half the centei-to-ccnter distance 
a; if we set R = a/2, we find

* " “ ' ( ■ - i f e )  (5-2J)Vr = AiTTTjr
At r =  a, the Stokes term is thus only a twelfth of 
the total, and its contribution decreases rapidly as 
r increases. Consequently, we shall make the 
approximation

R = a/ 2 (5.25)
and use it to simplify (5.23) to

where Z'(r) includes the terms of Z(r) which sur
vive after subtracting those used in Section 4 for the 
first-order solution. The first terms on the right 
sides of (6.1) and (6.2) result from retaining one 
more term than in (4.4) and (3.7) of the expansion 
of the Boltzmann exponential in /°21. The bound
ary conditions for the potentials are of course ex
actly similar to (3.1) and (3.3), with pj replacing -¡pj.

The formal attack of (6.1) would now proceed as 
follows: to a particular solution of the inhomogene
ous equation, we would add the general solution of 
the homogeneous equation. The result would be 
substituted in the corresponding (part of the) Pois
son equation which would then be integrated in a 
similar fashion. Finally, the boundary conditions 
would be used to evaluate the two non-trivial con
stants of integration. Even casual inspection of
(6.1) shows that this approach rapidly leads to alge
braic chaos. A less direct but far more manageable 
method was devised. First, g-n was broken up into 
the sum of four terms
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gn — Qb +  <72,3 +  Ça +  ¡7» (6.3)
to parallel the T’s of (1.8), and Z'(r) was separated 
in a similar fashion. The subscript B terms come 
from the higher terms of the expansion of the 
Boltzmann function, the subscript 2,3 terms from 
the cross-gradient terms in the original expansion, 
the subscript a terms from the v^ '(a ) terms of 
(1.10) and the subscript; v terms from the local veloc
ity field. The potential is also expanded as a sum 
of corresponding terms. The problem is thus re
duced to finding the sum of the solutions of four 
equations, each a component of (6.3).

Even with this simplification, the algebraic ma
nipulations required to evaluate the integration con
stants from the boundary conditions are still for
midable. A method was accordingly devised which 
leads directly from the differential equation and 
boundary conditions to the corresponding contribu
tion to the relaxation field which is

AX' =  A XB +  AZ2,3 +  AX«, +  A J , (6.4)
In order not to break the continuity of the argu
ment, a description of this method is presented in 
Appendix I, where it is shown that 
— A X y =  (iireiK/SDni) { f ay(r) dr +  1/2a2U(a)} (6.5)
Here AXy is the contribution to AX' arising from 
that part of g21 defined by

A g — -y2g =  K j(r) cos S (6.6 )
with

g(r, 0) =  K  |y(r) cos 0 +  A  ^  | (6-7)

as the pertinent part of the complete solution of(6T).
The method will be illustrated by application to 

the Boltzmann term of (6.1). The differential 
equation is

Açb y  § b
nxe^e^X. à 
87rD(nkT)2 àx

— k (

(w ) -
2«r\
- )  (6-:8 )

From the boundary condition
TTr„\ _  /d hs\ niei72X

{a> V dr ) a ~  iwykT a
The integral tables (Appendix II) are used to 
evaluate the functions f a y(r) dr and (dy/dr)a 
arising from the two terms on the right of (6.8). 
Substitution in (6.5) gives

A X b _  5(1 +  g)/caAX0 / I  +  Ka 1 T2\ 
p2{ 1 +  Ka)2 \ 2b 4 2 )1 (6.9)

where
T, = Tr[(2 +  q)m] (6.10)

and

Tr(x) =  ex 1 e~l d t/t
J  X (6.11)

Similar calculations were made for the other 
terms of AX') the results are tabulated below. In 
order to keep the formulas reasonably compact for 
type setting, it is necessary to introduce a number 
of auxiliary formulas, which are also listed. Even 
with these abbreviations, the equations are un
wieldy; a number of simplifications were therefore 
made beforehand. The pattern of these approxi

mations is based on the following arguments. 
The general form of the explicit terms of AX' is 
given by
A X' =  ko, AX0|[A +  Bx +  cx2 +  . . .

+  {a  +  fix +  yx 2 +  . . .) Tr (kx)]/P(x) (6.12)
where x =  k a, P{x) is a polynomial of the form 
(1 +  ax +  bx2 +  . ..)  and the other symbols repre
sent constants. For large values of x, Tr(x) be
haves asymptotically as (1/x) while for small 
values it behaves like (const. +  In x). Since 
AXo contains a factor k, the coefficient aaAX0 
of the bracketed quantity above is linear in con
centration, and a first approximation to [. . .] 
would be simply [A +  a' +  a In x], A numerical 
test showed that a wider range of concentration 
could be covered by retaining the f3x term. Ac
cordingly, the explicit integrals were approximated
by

AX' =  naAXa[A +  (a  +  fix) Tr (kx)]/P(x) (6.13)
In the final calculations, exact rather than ap
proximate values of the transcendental functions 
are used, because the useful working range of values 
comes precisely in the range where neither the series 
expansion nor the asymptotic expansion of Tr (x) 
are good approximations unless a cumbersomely 
large number of terms are retained.14 Further
more, a number of other approximations were 
made which involved inserting terms of order k- a2 
inside the brackets to construct polynomials which 
would cancel against some of the terms in P{x). 
Alternatively, terms of order «a were retained when 
they would cancel against terms in P(x). Due to 
the hazard of making the same blunder on the repe
tition of a calculation, the results presented were 
checked by repeating the whole calculation from 
the beginning with the special value q2 =  1/2 
(symmetrical electrolytes). This result agreed 
with that obtained by setting =  4/ 2 in the final 
formulas obtained for the general case.

The part of AX' arising from the Boltzmann 
t erm is given by (6.9). The other three are

AX a

where

AXo q2bKa£i2(Ka) 
Sp2p3(l +  g)(l +  m )2

(6.14)

where

v , , (1 +  q)«a / ,  1 +  KU\
f l = 1 + -----2-----  V ------- b ~ )

. y  = _  AXp(l +  q)bna (̂Ka) 
p m A  -  ?2)(1 +  Ka)2

(6.15)

(6.16)

= (2 -  q +  4q2 -  7(f +  2r/)/8q -  
(1  -  ? 2)[1  +  (1  +  2qU}T0/4:g2 +

(1 -  <?2)3[1 +  (1 +  g M n / 4 «?2 +  q2( 1 +  q2)
(1 +  ? « i )7 y 4  +  (1 -  2g2)(l +  na)Ti/2 (6.17)

with To =  Tr(/>'«), Tl =  Tr [(1 +  q) m ], T2 =  
Tr [(2 +  q) na] and Tz =  Tr [(1 +  2q) tea].

aX„ X k
0>mj(coi +  )

/  —bi<aÇ3(m)
W l  +  Ka)2

11 KaÇi(Ka)
48p2

where
ri =  (2 +  5q — 2q2)/16q — pip2rT„/8q2 —

P iT ] ( 2 q 2 -  q* -  l )/8q2 +  T,,(4 -  q2)/8 (6.19)
and

(I I) if. M\ i'Uos*, Timm Jockvai,, 58, fiSli (19.r>4),
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$4 =  (1 +  3 * a / l l ) / ( l  +  KO) (6.20)
For the case of symmetrical electrolytes, ei =  

— e2 and q2 reduces to one-hal:; consequently the 
polynomials in q simplify considerably. For this 
case

A A  b —

where 
f = (Ox :

and

A A',. =  ,
0  71

where

e\ e>K l)KCl (  1 1 +  Ka 7Y
WDkT

100+
 

T—1 4b +  4 ,

e\e*K bxa / I  v'2\
'iDkT psps{ 1 +  Ka)2 \2 3 )

a .a e\e>K bicafo(Ka)
•Wk'J p-2p-A. 1 +  Ka)2

-  9)/16 +  '¿P3T2/IG +
p,p3T,/16 ~ PiP-lp.J’a/4

A t bKâ e(Ka) \
7(«1 + ws) \ 48pa pi( 1 +  Kay)

( 6 .21)

(6.23)

) (6¡.25)

h = (v'2 + 5)/16 — pip-iTo/4 +
Pil i/16 -f- ilz/l 0 ((¡.26)

The coefficient of the term arising from the velocity 
field AX„ has several factors in common with the 
leading electrophoresis term; for that reason, it will 
be convenient to combine the two terms in the final 
formula for the conductance.

product which can be written symbolically as
A /A c =  (1 — / i ) ( l  - f , )

where
/  =  c */s( 1 — hiKO, +  k-iKO, In ka +  +  . . . )

Since the derivation started by dropping terms in 
the differential equation which would lead to terms 
of order c3/! and higher in conductance, the prod
uct can, consistent with the initial approximation, 
be expanded as a sum

A /A 0 =  1 — / j  — f i  +  Jifi

where fi / 2 is simply approximated as a/3c and the 
higher terms in the product are dropped. The 
identity

iS c 'A /(l  -|- m )  =  /3c1/2 — ¡3c'/*Ka/( 1 +  ko)

provides a convenient separation of the electro
phoresis term into a sum. Substitution of (7.2) 
into (7.1), followed by expansion as just described 
gives
A =  Ao — (oAo -{- /3)c*/2 -f- aAoc’AfAx — As) —

pAs'c'B +  ape +  /3c ‘ / 2Ka / ( l  -|- Ka) +  0 (ic3a 3)

Substitution of the values of the A’s then gives the 
final conductance equation in a form convenient 
for numerical calculations

A =  Ao — (t»A0 +  p )c 'A  +  (:B{ko) (7 .7 )

where

7. Conductance Equation for Symmetrical 
Electrolytes

For symmetrical electrolytes, the electrophoresis 
term 0 c'/? in the conductance equation is simply 
replaced15 by 0 cl/*/(1 +  na) because the coefficient 
of the transcendental term contains the sum 
n „c2 k„ ~  n ê/' which vanishes. The conductance 
equation is

A = [A» — /3rV2/( l  +  *■'«.)]( 1 +  A.\/A) (7.1)
where

-A X / X  =  « c ’A (l -  Ax +  Ao) +  Pc'AA'3/A„ (7.2)
and the A’s are abbreviations for the higher terms 
which were derived in the preceding sections: 
Ai is the modification due tc finite ion size, A2 
summarizes the contributions arising from AXb, 
AX2)3 and AX0, and A3' is the term from the veloc
ity field. For q2 =  1/i, these quantities are ex
plicitly given below. (In several places, q is not 
replaced by 2I/s/2, in order to keep the formulas 
compact)

Ai =  (1 +  b) ( l  +  q, k  a 12bps (7 .3 )

A, = t o  I <l>a / n  V'2 — 3 1
(1 +  m )2 V 24p-.ps 4p- +  /'’(mi)^ —

( 1 +  (j)M 
2/)o(l +  rnj

and

(7.4)

6«i /  v '2 +  5 . F(wi)\
(f+ T «72 V^32pr +  V )

where

11 Ka
90j»o(l +  Ka) 

(7.5)

FUa) =  (77 ’a +  pil\ — 4p_p-,Tu)/Hp-; (7.6)

The general form of the conductance equation is a

7 i(« i )  =  ( y W / c ) l O  +  2b)d>l/b 2 -  <42]A„ +
(JjKfll)/ c1 )(iA~{- <bs/h) af3 =  7?iA.o h  B-> (/.i ')

The symbol B(kcl) is introduced above as a re
minder of the B in Shedlovsky’s extrapolation 
function16

Ao =  (A +  /3c'/i)/(l — ac'B) — Be =  A' — Be (7.8)
It turns out that B (kcl)/( 1 — ac1/2) is remarkably 
insensitive to kol over a fairly wide range of concen
tration; this result therefore is theoretical justifica
tion for the form of Shedlovsky’s function.

The auxiliary functions17 in (7.7) are

dn{K(i) =

é^rn) =  l / 1 2 p 3 =  1 / 1 2 ( 1  +  qna +  kV/G) ( 7 . 9 )  

1 ______________ _________  *11V 2 -  3 1 A+  —  +  /'(“ ) )6(1 +  Ka)2 \ 24p2p3

, , s 1 / V 2  +  5 , F(*a)
ài\K(l) =  , , --------- ,, I —rrs-------  i

(1  —  Ka)2 \  3 2 p2
(bŝ Kü) =  8 /9 (1  Ka)

(7.10)

V )  (7.11)
(7.12)

These functions18 are given in Table I ; they repre
sent the simplest form into which B(na) can lie 
separated. Attention is called to the fact that 
each of the variable terms of B contains two terms, 
one of which depends on a (through the Bjerrum 
parameter b) and one of which is independent of a. 
The coefficients are independent of a and of con
centration, of course, because

ah =  e2/DkT

(10) T. Shedlovsky, .1 Am. Chem. Soc.. 54, 1405 (1932).
(17) Several minor approximations were made in defining the 4>'s: 

for example, <£4 is explicitly [1/(1 +  Ka) — ll/90p2(l +  kg)] and in 
«/»i, 7)3 approximates ?>2(1 +  Ka).

(18) Grateful acknowledgment is made to the Office of Naval 
Research for funds wliic.i made this compilation and relevant com
putations possible. We wish to express our thanks to the following 
for their patient work: John II. Haldrige, Miss Lue-yung Ghow, Jer- 
rohl Post ami Miss Kli/.ahH I. van Slrneh-n.(IT.) Ref. I, *-<|. 1.1' IG.
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and
«Ve =  Nire2/125DkT 

T a b l e  I

F u n ctio n s  f o b  E q u a tio n  7.7
Ka 4>2 <f>3 (f>i

0.01 0.08275 0.30761 0.4691 0.8801
.02 .08217 .24944 .3826 .8715
.03 .08159 .21534 .3320 .8630
.04 .08102 .19114 .2963 .8547
.05 .08045 .17238 .2686 .8466
.06 .07990 .15720 .2465 .8386
.07 .07934 .14436 .2276 .8308
.08 .07879 .13333 .2116 .8230
.09 .07825 .12370 .1976 .8155
.10 .07771 .11512 .1849 .8081
.11 .07717 .10745 .1737 .8008
.12 .07664 .10050 .1637 .7937
.13 .07612 .09425 .1545 .7867
.14 .07560 .08848 .1461 .7797
.15 .07508 .08313 .1383 .7730
.16 .07458 .07824 . 1313 .7663
.17 .07407 .07375 .1246 .7597
.18 .07357 .06951 .1184 . 7533
.19 .07308 .06560 .1128 .7470
.20 .07258 .06191 . 1073 .7407
.21 .07209 .05850 .1023 .7346
.22 .07161 .05525 .0976 .7286
.23 .07114 .05224 .0930 .7227
.24 .07066 .04937 .0888 .7169
.25 .07019 .04668 .0849 .7111

8. Approximate Form of Conductance Equation
In order to test eq. 7.7, it is obviously necessary 

to have numerical values for the arbitrary con
stants Ao and a. As a consequence of the com
plicated form of B(na), one cannot simply sub
stitute observed values of A and c into (7.7) for 
two concentrations and then solve for the con
stants. A graphical solution of the problem was 
therefore devised: it depends on approximating 
the transcendental functions in B by the familiar ex
pression

Ei(a) =  —r  — In x +  x +  0 (x 2) (8.1)

where T = 0.5772 is Euler’s constant. By ap
proximating the polynomials in F(kcl) by exponen
tials (pi =  1 -f- kcl +  K2a2/ 2 «  eKa, etc.), we first 
obtain
F(na) =  (77t +  eKa T, — 4e(;+«>«i t 0)/8e5*“

+  0(K3a3) «  e2«1 {7Ei[(2 +  g)ra] +
E i[(l +  g)ico] — 4Ei(/ca)l/'8 

Then the (1 +  <ca)2 in the denominators of A2 and 
A's approximately cancels the exponential coeffi
cient e2M in F. Substitution of (8.1) in the expres
sion above for F gives

F{na)/{ 1 +  Ka)2 «  -1.2269 -  (1 /2) In ml +  O(m) 
where the numerical constant is

l - 4 r  -  7 In (2 +  q) +  In (1 +  g )]/8  (8.2)
with q =  2i/2/2.

This result is substituted in (7.7); conventional 
algebraic expansion and neglect of higher terms 
finally leads to an approximation A'" for A0 which 
is the limiting form of (7.7) at low (but non-zero) 
concentrations

A '”  = A ”  -  Jfc  +  B e 3A  (8.3)

The terms of (8.3) are defined by the equations
A " ( l  — a c 'A) =  A +  /3c1/2 — (o /A o  — P’)c In c (8 .4 )

<*' =  «2a 262/24c (8.5)

P' =  Ko6/3/16cV2 (8.6)

Ji =  f?iAo O2  (8 .7 )

J-i =  03Ao +  8/3k2o!/9  c (8.8)
9,(o) = 2a '[6 -2(l +  2b) +  0.9074 +  In (ko/ c’A)] (8.9)
62(a) =  ap +  8/3na/9c‘/ 2 —

2/3'[0.8504 +  in (ko/ c’A )] (8.10) 

03(0 ) =  ( a '^ 'A / c 'A ) [ 6 - 2( l  +  26) -  1.0 774 ] (8 .11)

Equation 8.3 contains a term in c3/’-. It should 
be mentioned that this is not inconsistent with our 
approximation principles. Equation 7.7, which is 
the one we shall finally use, indeed neglects terms 
of order /c3a3 as it should. But it contains trans
cendental functions for which no safe approxima
tion can be made except at extremely low concen
trations. Equation 8.3 is thus a numerical ap
proximation to the explicit function of eq. 7.7. 
Retention of the c3A term (which has its source in 
the linear term in Ka retained in the expansion of 
the exponential integral) simply extends the range 
of usefulness of (8.3) and reduces curvature in the 
functions which will be plotted in order to evaluate 
Ai and a. Also, while (8.4) contains an explicit ex
pression for the coefficient of the limiting c In c 
term, it cannot be expected to agree with values of 
the empirical constant D in the extended Shedlov- 
sky equation

A» =  A ' +  B 'c  +  Dc  In c (8.12)

because the latter has been applied at concentra
tions at which the logarithmic expansion of the ex
ponential integral is invalid. No theoretical signifi
cance can therefore be attributed to the B' and D 
of (8.12), although the B of (7.8) does have an (ap
proximate) theoretical value: it is the average of 
B(ko)/( 1 — acl/2) over a concentration range.

9. Evaluation of A0 and a
In the preceding section, it was shown that the 

conductance equation approached the limiting 
form

A ' "  =  A ”  -  JlC +  J2 C3A  (9 .1 )

at very low concentrations (c <  0.01 N  for 1-1 
salts in water). In this equation, the quantity 
A r =  [A +  pc' A — (a 'A o  — p ')c  In c ] / ( l  — a c '/ y  (9 .2 )

may be calculated directly from experimental data 
(A,c) and an approximate value of A0, because the 
logarithmic term in the numerator is much smaller 
than dc1/2- Extrapolation by Shedlovsky’s A'- 
rnethod is adequate to evaluate A0 for the c In c 
term of (9.2). The J\C term is considerably larger 
than the J 2ci/2 term. Hence (9.1) is effectively

A ' "  =  A “  -  cJi(a) (9 .3 )

When the correct value of a is inserted in Ji{a), 
A"' will equal Ao for any (small) value of c. The 
form of (9.3) suggests the method of finding the de
sired value of a: several trial values of a are chosen, 
and A'" is computed by (9.1) for a series of concen
trations for each value. Then A'" (a) is plotted 
against c; a set of curves should result, all inter-
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secting at c = 0 on the ordinate axis at the final 
value of Ao. These curves become linear in con
centration at low concentrations. If one of these 
lines is horizontal, the corresponding a-value is the 
value sought. In general practice, this coincidence 
seldom occurs, but investigation of J\(a) shows that 
J  is nearly linear in a in the range 3 <  a X 108 <  5. 
Hence a plot of the slopes of the A -c plots against 
the a-values used will be nearly linear, and it is 
then easy to interpolate to find the value of a which 
would give zero slope.

The method will be illustrated by application to 
a specific example: potassium bromide19 in water 
at 25°. Using the literature value for A0 to evalu
ate the coefficient of the logarithmic term, and in- 
inserting the other constants, we have

A " =  (A  +  60.20 c'/s -  59.71c log c ) / ( l  -  0.2289 c'A)
As shown in Table II, the logarithmic term is small 
compared to j8c‘A but by no means negligible. (In 
the example, an extra place was carried in A and 
rounded off at the end of the calculation.) It will 
be noted that A"  is a slowly increasing function of
c. Then Jx and J 2 were computed for a =  3.6, 4.0 
and 4.4 (Jx =  221.72, 246.16, 270.52; J2 =  85.74, 
115.62, 150.01). The table gives the higher terms 
for a =  3.6. A plot of A '" (3.6) (Fig. 1) is nearly

T a b l e  II
C o n d u c t a n c e19 o f  P o ta ssiu m  B ro m id e  in  W a t e r  a t  25°

10* c A /Sc‘A Dc In c A" J,(3.6)c
13.949 148. 27 2. 248 0.238 152.056 0.309
27.881 146. 91 3. 179 .425 152.356 .618
42.183 145. 88 3. 909 .598 152.657 .935
59.269 144. 90 4. 634 .788 153.018 1.314
71.696 144. 30 5. 097 .918 153.286 1.590

J2(3.6)c’A A'" (3.6) .BiAo b 2 B
0.004 151 . 751 - 67 .34 114.31 46.97

.013 151 .751 —45 .65 107.20 61.55

.023 151 .745 - 32 .21 102.89 70.68

.039 151 .743 - 21 .28 99.20 77.92

.052 151 .748 - 15 .27 97.13 81.86
(aAo +
iO c'A AA A (caled.) s

3.545 0. 066 148 .27 0.00
5.013 172 146 .91 .00
6.165 298 145 .89 .01
7.308 462 144..91 .01
8.038 587 144..30 .00

horizontal. Plots of A'u for á == 4.0 and 4.4 are
also shown. It is obvious that the correct value of 
a is near 3.6; a plot of the slopes of the lines of Fig. 
1 against a is linear and interpolates to & =  3.58 for 
zero slope. The three lines intersect at An = 
151.75 for c =  0. Next, with a =  3.58, we have 
ad =  1.174 cI/2; hence «a values at each concentra
tion are determined. Using Table I, values of 
the <t>’s of eq. 7.7 are interpolated, and B is com
puted. Over this range of concentration BxA0 is 
negative and increasing, becoming positive around 
c =  0.01, while B2 is positive and decreasing. 
Both terms change more and more slowly as con
centration increases, so that B approximates con
stancy; for example, B =  92 at c =  0.015 and B =  
111 at c =  0.10. If we denote by AA the distance

(19) B. B. Owen and H. Zeldes, J. Chem. Phys., 18, 1083 (1950).

Fig. 1.—Extrapolation functions (top) and test of eq. 7.7 
for KBr in v/ater at 25°.

from the Onsager tangent to the conductance curve 
AA ~  A -j- (aAo 4- — Ao (9.4)

we may compare observed values obtained by sub
stituting A(obsd.) in (9.4) with the calculated 
value AA(calcd.) =  cB(na). The comparison is 
shown in the lower half of Fig. 1. (The region near 
the origin will be discussed iater. We mention in 
passing, however, that the AA-c curve of Fig. 1 can 
be approximated well within the experimental error 
by a straight line with a negative intercept at c =  0.)

In making such calculations, it is convenient to 
prepare mimeographed work-sheets with spaces 
blank for filling in the quantities: D, T, DT  
(DT)l/t, (DT)s/\ 7), a =  8.204 X 106/
(DTy/\ 0 =  82.43/i? {DTY'\ 8)3/9, a/3, k2/ c =
2529.5 X 10™/DT, 8/3k2/9 c, k/c'/* =  50.29 X 
10*/(DT)'/«, 8/3k/9 c'/\ log (10~8 k/ c1/*), In (10~8 
k/c'/>), ab =  16.708 X 10~i/DT, aHr, k2 aVr/c, 
Kob/c'h, {Kob/c'^Y, K2a'ir/\2c, Dx =  0.09594 
k2 a2b2/c, Kab8/8cl/t, D2 =  0.14391
Kabp/cl/t, 0.05893 (nab/c'^y, A0(initial), D\ A0 
and (Di A0 — D2). While the above expressions 
contain both a and c, these quantities only occur 
in such combinations as (ab) or (k2/c) which are, of 
course, constants for a given DT  product, i.e., for 
calculating data for a given solvent at fixed tem
perature.

10. Comparison with Experiment
Extrapolation plots for potassium chloride, bro

mide and iodide19 at temperatures from 5 to 55° 
were made. All were approximately linear. The 
results of the calculation are given in Table III, 
and the A -c curves for potassium iodide are shown 
in Fig. 2. Since A0 changes by nearly a factor of 
three in going from 5 to 55°, several ordinate scales 
are used as indicated in the figure. The plots 
based on the Owen and Zeldes data were all linear 
up to c «  0.01 within experimental error, except
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at left; A-scale shown between arrows at right.

the 55°-KI curves, which are concave down. 
Back-calculation gave close agreement between cal
culated and observed values, as shown in Fig. 3. 
The Gunning and Gordon KC1 curves were slightly 
concave up at 15°, and increasingly concave-down 
for 25, 35 and 45°, so that it was difficult to obtain 
an a-value; using d =  3.60, the maximum devia

tion between calculated and observed was 0.07, 
with an average deviation of 0.03.

T a b l e  III

C o n st a n t s  f o r  P o ta ssiu m  H at,id e s
1, Ao f, Ao

°c. Ao (in.) a °0. Ao (nt.) <z
Potassium chloride111 Potassium iodide 19

5 94.27 94.26 3.29 5 95.33 95.32 3.94
25 149.89 149.88 3.50 15 121.87 121.83 3.95
55 245.97 245.69 3.39 25 150.49 150.34 3.90

Potassium bromide 13 35 180.70 180.60 4.01
45 212.27 212.13 3.98

5 96.01 96.00 3.58 55 244.86 244.73 4.15
25 151.75 151.G8 3.57
55 247.32 247.15 3.61 Potassium chloride21

15 121.04 121.09 3.55
25 149.90 149.88 3.60
35 180.54 180.50 3.60
45 212.53 212.49 3.60

Figure 4 shows AA at 25° for potassium chloride, 
using A„ =  149.90 and & =  3.50. The agreement 
among the three independent sets of data (Shed- 
lovsky20 1932, Gunning and Gordon21 1942 and 
Owen and Zeldes19 1950) is excellent. It will be 
noted that our value of A0 is somewhat higher than 
the literature value. The difference is due to the 
presence of the transcendental function which 
causes AA to behave peculiarly near the origin. 
For very small values of concentration

AA «  Dc In c +  -he (10.1)
Consequently AA equals zero at c0 =  exp(— Ji/D), 
goes through a minimum at cm =  exp[— ( / i  +
D)/D] and approaches zero from the negative side 
with a vertical tangent. In other words, the con
ductance curve for an unassociated salt crosses the 
limiting tangent from above at a low concentration 
and then approaches the tangent from below as zero 
concentration is approached. When seen on a 
scale which is realistic from the point of view of ex
perimental error, the curve will therefore appear to 
lie directly on the tangent at very low concentra
tions. For potassium chloride at 25°, for example, 
Co = 1.82 X 10-4 and cm =  0.668 X 10~4 where 
AAm = —0.0017. The details are shown as the 
lower curve of Fig. 5; the structure probably would 
be just barely detectable by the highly precise 
methods which Kraus22 has recently applied to 
aqueous systems. (Unfortunately the equation 
cannot be tested against any of Kraus’ published 
data, because all the salts which he studied are 
slightly associated.)

The effect of the transcendental terms on the 
extrapolation for A0 is shown by the upper curves 
of Fig. 5. The solid curve is the theoretical curve; 
as shown in Fig. 4, it quantitatively reproduces the 
experimental data up to c ~  0.01; to avoid con
fusion, the corresponding points are omitted in 
Fig. 5. The circles represent Shedlovsky’s values 
for higher concentrations; within the experimental 
error, the actual data may be closely approximated 
by the linear function

(20) T. Shedlovsky, J. Am. Chem. Soc.., 54, 1411 (1932).
(21) Ii. E. Gunning and A. R. Gordon, J. Chem. Phys., 10, 126 

(1942).
(22) R. W. Martel and C. A. Kraus, Proc. Nat. Acad. Sci., 41, 9 

(1955).
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AA =  kc  (10.2)
through the origin (dotted in Fig. 4). The theoret
ical function, on the other hand, can be imitated 
within the precision of available data by the func
tion

cB ( ko) = k 'c  — 6Ao (10.3)

for concentrations above c =  0.001. Most of the 
limiting conductances in the literature depend on 
extrapolations based on data up to 0.1 N  (or even 
higher!); the data at low concentrations were 
usually given less weight on account of their lower 
precision. Consequently 5A0 was completely 
missed. Testing Fig. 4 with a straight-edge shows 
that a line could be laid through the origin and the 
experimental points, but a A0 based on this line 
would be low because the theoretical function 
approaches from below. The algebraic types of 
extrapolations all imply that cA /dc1/2 is less than 
(ccA0 +  (3) for c >  0, and hence they must under
shoot a limit which is approached by a curve which 
actually has a steeper slope over the last part of its 
course. The empirical extrapolation functions 
containing a c log c likewise miss the mark some
what, because they are three-constant equations, 
applied over a fairly high range of concentrations, 
and inspection shows that the theoretical equation 
can be approximated as [A0 — (aA0 +  |8)c1/2 +  
Be +  Dc log c] only at extreme dilutions.

11. Discussion
In the preceding sections, it has been shown that 

the Debye-Hiickel theory of long range forces 
suffices to account for the shape of conductance 
curves of unassociated electrolytes at non-zero con
centrations. It is now necessary to point out some 
of the limitations of our result.

In the first place, the formulas were specialized 
to symmetrical electrolytes (q2 = 1/2) in order to 
simplify the algebraic form of the equations both 
for convenience in printing and to save labor in 
the numerical calculations necessary for comparison 
with experiment. (For example, the ^-tables ap
ply to all symmetrical electrolytes while their 
equivalent would have to be computed for each in
dividual unsymmetrical electrolyte because single
ion conductances enter explicitly into q2.) This 
restriction was also based on practical grounds; 
some ion association must occur for 2-1 and higher 
type salts, and also the errors due to the incom
patibility of the Boltzmann distribution and the 
Poisson equation are more serious for unsymmetri
cal electrolytes than for symmetrical. Since we 
are unable to evaluate these effects at present, we 
prefer to limit the explicit statement of our result 
to the case where these corrections may be pre
sumed to be small. Furthermore, while the alge
braic forms are correct for 2-2 and (hypothetical) 
higher salt types, their applicability is for practical 
purposes restricted to 1-1 salts in water and other 
solvents of high dielectric constant. Since a 2-2 
salt like copper sulfate in water is electrostatically 
the equivalent of a 1-1 salt in ammonia (4e2/78 
«  e2/22), and since association of 1-1 salts in am
monia is well established, our equations cannot be 
directly applied to data for 2-2 salts in water. 
They may, however, serve as a basis for computing

c .
0.00 0.033 0.067 0.100

upper curve (0 <  c <  0.10) right and above; points, 
Shedlovsky data.

ideal behavior of 2-2 salts in water and thus give a 
reference system with which data for real systems 
may be compared in order to estimate the extent of 
association of the latter.

Ion association also limits the extent to which 
our formulas may be applied to data for 1-1 salts 
in water. The results of Kraus21 for sodium bro- 
mate in water can be fitted by eq. 7.7, but the a- 
value found is 3.00, which seems too small. If a 
Bjerrum association function is assumed, such that 
the same a-value is used in K{a) and in B (ko) ,  the 
more reasonable value of 3.38 results. But then 
this value does not fit the data for sodium bromate 
in 90:10 water-dioxane. This discrepancy will be 
discussed in more detail elsewhere. Also, Kraus’s
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data for a variety of quaternary salts in water 
clearly show association, because the conductance 
curves are catabatic. We may not use the mere 
shape of the conductance curve as a criterion for 
the absence of association: if the curve is concave- 
down at low concentrations, association is neces
sarily present, but if it is concave-up, association 
to a small extent may still be present, as in the case 
of sodium bromate. As a matter of fact, just as 
soon as we introduce ions cf non-zero size, we im
ply by use of boundary conditions for r =  a that 
some ions dc approach to contact, and for the dura
tion of the contact those ions must in principle be 
counted as associated ions which do not contribute 
to conductance. Consequently our results must 
for the present be limited to unassociated 1-1 salts, 
and the only criterion we can offer for the absence 
of association is the magnitude of a which results 
from the application of the equations.

It does not appear practical at present to cal
culate association when K  approaches unity. Tc 
first approximation

A =  A0 — (<xA0 +  /3 )c '/ = +  cB(m) — cAap /K  (11 .1 ) 

which is essentially of the form 
A =  Ao — (o;Ao ~b /3)c ’A  -{- ( 5  — Ao/K )c  -(- 0 ( c 3A ) (11 .2 )

Analysis of the data would give the coefficient of 
the linear term, but the coefficient could not be 
separated into its components. Only if data of 
high precision at low concentrations were available 
could K  be estimated from the 0 ( c 3A ) term above 
which arises from the presence of the activity co
efficient p . But (8.3) is only an approximation; 
we have already seen (Fig. 5) that it is at higher 
rather than at lowrer concentrations that B(na) 
may be approximated by a constant. Within the 
error of approximating the curve of Fig. 4 by a 
straight line, an empirical analysis based on (7.8), 
with B equal to the slope of the line, could give 
useful estimates of K, but then the B has no physi
cal significance. Furthermore, the neglected csA 
terms from the equation of continuity would be 
absorbed in the calculated value of K.

If association could be ascribed solely to electro
static forces, then the same a-value should appear 
both in K(a) and in B (ko). If the functional form 
of K(a) were known, then (11.1) might be used as 
the basis of analysis: as a decreases, B(kcl) de
creases and l/K  increases, so the difference which 
appears as the coefficient of c in (11.2) goes from 
positive to negative as the product aD decreases,
i.e., as b increases. The Bjerrum function appears 
to be an excellent approximation to K(a) when K  
is small, but when K  gets larger than about 0.01, it 
becomes entirely too sensitive to the cut-off value 
at R =  e2/2DlcT. This cut-off is a convenient but 
completely artificial device; (l/K) should ap
proach zero as b approaches zero, rather than as l 
approaches some arbitrary positive value such as
2 .00.

Mention must be made of a number of other 
effects which were disregarded in our derivation. 
They all may be expected to give rise to linear 
(and higher) terms in the conductance equation. 
The fact that our equation duplicates data for the 
alkali halides in water suggests either that these

neglected terms are individually small, or else they 
compensate by being both positive and negative.

We have neglected the change of viscosity and 
dielectric constant with concentration. Linear 
superposition of fields was assumed. No allowance 
wras made for the volume occupied by the ions. A 
kinetic effect due to non-zero velocity of colliding 
ions was not included. The discontinuous nature 
of the solvent has been completely ignored, both 
in electrostatics and in hydrodynamics. There 
majr, of course, be still other sources of higher 
terms which are at present unknown to us.

Finally, the limitations as to concentration range 
must be considered. First, purely mathematical 
approximations limit the validity of the formulas 
to values of «a less than about 0.3. Second, physi
cal approximations limit the range to this or prob
ably to even smaller values. For aqueous solu
tions, k(i is numerically almost equal to c'A for 
ordinary 1-1 salts. Lienee c =  0.1 jV corresponds 
to (1 /k) ~  3a. Our whole theory is based on the 
Poisson-Boltzmann equation, which implies that 
all of the ions except the reference ion may be re
placed by a continuous charge distribution. Now 
( 1 / k) is the distance at which the charge density in 
the ionic atmosphere reaches its maximum. The 
continuum approximation appears hazardous when 
( 1 / k )  reaches the order of a few ionic diameters: 
the total charge in the whole atmosphere equals 
one unit charge, and hence the approach of any one 
ion to the reference ion will produce a large fluc
tuation in potential. We have therefore limited 
the application of our equation to concentrations 
less than 0.02 N, i.e., to (1/ k) ^ 7a. Up to this 
concentration, the deviations between calculated 
and observed values are randomly positive and 
negative; at higher concentrations (cf. Fig. 5), the 
calculated AA’s based on the a-value obtained from 
data in the range c ^ 0.02 are too large. We can, 
of course, force a fit by choosing an a-value that 
will send the calculated curve through any point at 
higher concentrations (say the one at 0.1 N). 
Then a fairly close fit will obtain at all lower concen
trations, but the deviations, although practically 
invisible on a large scale plot, are seen to be syste
matic on a scale where 0.02 A-units is visible. We 
prefer a fit with random deviations over a smaller 
range of concentration to an approximate fit with 
systematic deviations over a wider range. There 
are a number of semi-empirical formulas in the 
literature which are of the latter type; their suc
cess depends on the presence of (1 +  Ka) or its 
equivalent in the denominator. As we have seen, 
this type of denominator is indeed present, but the 
rigorous derivation leads to a sum of terms, each 
with a somewhat different damping denominator.

The problem of concentrated solutions cannot, 
in our opinion, be solved by any extension of the 
present theory, which is based on a smoothed ionic 
distribution. The approach must start by an ade
quate theory for fused salts, which must then be 
followed by the theoretical treatment of the effect 
on the radial distribution function of adding un
charged (solvent) molecules. At high concentra
tions, the distribution function must be a damped 
periodic function of interionic distances; as concen-
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tration decreases, this function will approach the 
e~*r type of functions as the asymptotic limit. 
Unfortunately, knowledge of this limit does not 
permit prediction of the function of which it is the 
limit.

Appendix I.
Evaluation of Constants from Boundary Condi

tions.—Consider the differential equation
A02i(r, e) -  y-gn =  K f(r) cos e (1.1)

where gn =  hn (r) cos 6 in turn defines a function 
Pi by the equation

A pi =  {dve2/D n i)g n  (1.2)

Let the boundary conditions be
[r(dpi/dr)0 -  pi|r_„ =  0 (1.3)

and
(d W d r )r_„ =  F (o) (1.4)

plus the condition that (dpi/dr) must vanish for r 
= co. Assume that f(r) is of the form exp ( — 
Xfcr)/rn~1 and that solutions of the equation

A(y  cos 6) — 7 2y cos 0 — f ( r ) cos 8 (1.5)
are known for relevant values of n (Appendix II). 
Then

0* = K  j y{r)  cos 0 +  A  A  p p j  J. (1 .6 )

is the solution of (1.1); the exp(+  y r)/r term from 
the solution of the homogenous equation drops out 
by virtue of the condition at r =  <». Then

h2l =  K

Integrating again

Pi = 4ttC2 K
Dni \z(r) cos 0 +

A_ ô_ /  6 yr\ 
7 2 dx \ r ) +

B b_
K2 ÒX

(1.7)

( 1.8)

where z satisfies A (z cos 6) =  y cos 9. This im
mediately reduces to

Pi = dire2K  cos 0 
Dni

. , A d  ( e  rr\ B ) ,T 
Z(r) +  T 2 dr (  t )  ( I -9)

The first constant of integration is seen to be

-  { ¥  -  (m a w . <-»>
From the first boundary condition and the above 
values of px and A, B is then determined, and

Pi =  (4 ire2K/Dni)xF{r) =  QxF{r) (1.11)
where F(r) is a known function (too long for con
venient printing). The relaxation field is given by 
(5 pi/d  x) at r =  a

(dp i/d z),.. =  QF(r) +  {Qx2/r)(dF/dr) (1.12) 
but by the first boundary condition, it can be 
shown that

where
V(a)/K  -  {dy/dr)a 

W  1 +  7  a +  y W / 2 (1.16)

The result can be further simplified by use of the 
relation between the functions y and z: expanding 
the laplacian operator in spherical coordinates and 
dividing out cos 9 gives

d 2z 
d r2

. 2 d  2 2 . , .
+  r dr ~  ?  2(r) =  y(-r)

(1.17)

Integrating once, and then performing an obvious 
partial integration, shows that

(S) +lZ(-a) =/°2'(r)dr <L18>
where the expression on the right means the indefi
nite integral of y{r) taken for the value at r =  a. 
The relaxation field is therefore given by the com
pact expression

(£' ). -S f j < L19>
For its evaluation, we need only values of the inte
grals and derivatives of the yn’s; explicit values 
of the 2„’s need not be computed. The method of 
evaluating the functions y(r) for the various values 
of n in f(r) =  exp(—AkFi/V” - 1 is described in Ap
pendix II.

Appendix II.
Integral Tables.— Determination of the poten

tials depends on solving the equation
A A u  — y 2A u = X n,manm xe~ ^r/ r n

whose solution is the sum of constants times solu
tions of equations of the form

A A ; — y 2Av = xe~'>"ir/ r ’1 ( I I .1)

■where v{r, 6) is separable as w(r) cos 9. In the 
following, we shall disregard the solution of the 
homogeneous equation and establish a general 
method of obtaining particular integrals of (II. 1).

Consider
A (j/j cos 0) — y 2ih cos 8 =  x e ^ r / r  ( I I .2 )

This equation cannot be integrated by inspection. 
The right side is a function of x, r and k; X is a 
numerical constant. Since (dr/dx)„iS =  x/r, and 
since the partial operators d/d.r and 5 /5 k commute,
(II.2) is easily shown to be the same as

A(j/i cos 0) — 7 2yi cos 0 =
S_ ( _1_ d _ / e^»r\ ) 
ò x  I à 2k  0 k  \ r ) \ (II.3 )

which now integrates by inspection to

y1 cos 6 = è  I à  h  C w ^ j )  i (IL4)
on recalling the familiar Debye-Hiickel result

Aip = k2i//----ip = e~KT/r
{dF/dr)a =  0 (1.13)

Consequently
(dpL/dx)a =  QF{a) (1.14)

On substitution of the known functions, this be
comes

/òpA _ Lre2K 
\0X  )  a 3 Dill

2z(a) , 
a (1.15)

and using the fact that the laplacian operator com
mutes with the other partial operators above. 
(Caution: while y2 =  q2A, it is to be considered as 
a constant parameter for these manipulations. 
Proof is simple.) Since b/bx commutes with 
5/A2/c 5k, the differentiation with respect to x  may 
now be carried out; on dividing out x/r — cos 6, 
we then obtain
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Viir) = — I d  \e x'!r(l +  Xk r)\ 
XV ÒK j r2(XV -  y2) S

and one more differentiation gives the explicit re
sult

e~x«r \ , 2(1 +  x«r)
yl(r') x2(.2 _  72 }-  ' -  y2)(

Noŵ  consider
A(j/2 COS 0) — 72i/2 COS 0 = xe_X«r/r2

Differentiation with respect to k gives
^0(̂ 2 COS g)X g>(;/2 cos 0) Xxe X«r

Òli

(II.5)

(II.6)

(II.7)da r
Similarity of the right side with that of (II.2) sug
gests integration of (II.2) between limits k and <»

f : yi cos 0 dt — y' s:
f

y,(t] cos 0 dt =
T,P. Xrt T.P, XkTdt = (II.8)Xr2

and comparison then show's that

J*  CO

Vi{r, t) dt (II.9)

By iteration of this process, it is thus possible to 
construct solutions of (II.1) for any value of n, 
starting with the explicit value of 7/1 given by 
(II.5). In the present problem, values 1 ^ n ^ 
6 are involved. A table of these integrals has been 
prepared, together with values of dyn/dr and 
f T yn (s) ds which are also needed in the calculation 
of the conductance.

One term cf y2 will be considered in some detail 
here because it is typical of all the integrals involv
ing n ^ 2 in the inhomogeneous function. The 
first term of ?/> is

i W - x / . h w ? T .  <11.10)
The integration proceeds by the steps

- A rt e ~ A r i

* > - * / : (

/ .

Xt — y Xt y; dt

__ e rr
2y

= f'/s-y) i e ri'Ei[(Xk

err(e " u) om — „
r(\\ — y ) 2 7 r(Xic + 7)

7>] ~ erlSi [(Xk +  y)r] |

(11.11)

(e u/u) dn

The appearance of the exponential integral28 is 
thus a consequence of the terms in the inhomoge
neous equation which contains inverse quadratic 
and higher powers of the distance. These trans
cendental functions are responsible for the ap
pearance of the terms of limiting order c In c in the 
final conductance equation.

fyi(r) dr

f y M  dr

fyz(r) dr 
f  y,(r) dr

fV:fr) dr 

f yM  dr

Table IV 
Integrals of IT. 12
e~x«r n  2 1, \

XV — 72 \Xk r XV — y2/

-(- 7 2 Ei(X/cr) — U/2y3rXk€ X/cr
7 2r(XV — 72) 

e —\nr/y2r — X/cy-2 Ei(X/cr) -|- \i;U/‘¿y3r 
-\Ke-**r/2t V + (XV2/2y2) Ei(Xsr)

-  (XV -  72)I//4T3r 
X2K2e”X(ir/6yZr _  (xV/6y2) Ei(X/<r)

+  Xk(X V  -  3y2)t//12y3r -  G/6r

_g-X*r (  1 . XV2 \ . XV4 . ,
V8r2 + 24y2r/ +  2472 Ll  ̂  ̂ +

Xk
Pif
* r  _  f j y i1 AS „3

y
1 A...

XV\ V

In Table IV, we give the values of f  yn(r) dr for 
n =  1, 2,. . . ,  6, where y jr )  is the solution of the 
differential equation

A(y„cos0) — 72j/„ cos 0 = xe~'K‘ r/rn (11.12)
The functions yn(r) and dyn/dr which are needed 
for the relaxation potential are readily obtained by 
direct differentiation with respect to r. For the 
present problem, X takes the values 1, 2 and (1 +  
q). For possible later use, the solutions are given 
before specialization to q2 =  (A (symmetrical elec
trolytes) in terms of y  where y2 = q~ic. The fol
lowing auxiliary functions are introduced in order 
to make the table more compact 
G(nr) = eTrEi[(X +  q)ar] +  e /rEi[(X — q)nr] (11.13) 
U(nr) — eTrEiffA + q)nr] — c~'uEi[(X — q)nr} (11.14)

(23) E . Jahncke and F. Emde, “ Funktionentafeln,”  Teubner, 
Leipzig, 1933, pp. 83-86. Our Ei (.x) is the [ —E i( —x)] of these tables

KINETICS OF GRAPHITE OXIDATION
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A description of an apparatus for studying heterogeneous gas-solid reactions in the one to one hundred n pressure and 600 
to 1300° temperature range is presented. The data for the graphite-oxygen reaction from 600 to 800° are presented. 
The surface reaction is zero order with an 80 kcal. per mole activation energy. On samples thicker than 0.1 mm., the dif
fusion of oxygen into the pores in the graphite results in an observed one-half order reaction with a 42 kcal. per mole activa
tion energy. Carbon monoxide is shown to be the primary reaction product.

Introduction
A great deal of material has appeared in the 

literature on the reaction of oxygen xvith carbon. 
Most of this deals with coal, coke, charcoal and 
similar materials. The interpretation of the reac
tions of these complex materials is complex and 
difficult, especially in view of the general lack of

understanding of the reactions of pure graphite. In 
the literature one can find activation energies from 
15 to 90 kcal. per mole and pressure dependences 
from zero to greater than first order. It was found 
in this study that not only the impurities, which un
doubtedly account for a great deal of the differences 
in the literature, but also the particle size and poros-
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ity affect the kinetics observed for graphite oxida
tion. There is considerable confusion in the litera
ture as to whether carbon monoxide or carbon di
oxide or both are primary products. A number of 
authors have discussed the significance of a variet3̂ 
of carbon monoxide to carbon dioxide ratios which 
have been observed. With the furnaces used below 
900°, it appears inevitable that whatever the pri
mary products really are, homogeneous and hetero
geneous oxidation of carbon monoxide to carbon di
oxide will result in large amounts of carbon dioxide 
being observed. The presence of free radical in
hibitors for the homogeneous oxidation of carbon 
monoxide to carbon dioxide has been tried.1-7 
This results in the products of the graphite-oxygen 
reaction being about 90% carbon monoxide. How
ever, recently E. Wicke8 has demonstrated that 
these inhibitors have a considerable effect on the 
reaction. Their use is therefore not an acceptable 
way of investigating primary products.

In the work reported here, a constant activation 
energy was found from 600 to 800°. Above 800° 
both the activation energy and order of the reac
tion change with the temperature. Since the theo
retical equations to interpret the reaction above 
800° are not in the literature, the data and tlieo- 
retical treatment necessary will be given in a subse
quent publication.

Experimental System
A general diagram of the apparatus is shown in Fig. 1. 

The system is designed to oxidize graphite samples in the 
600 to 1300° temperature range at pressures o: 1 to 150 p of 
Hg. The furnace, which has been described elsewhere,9 
was designed to preheat the oxygen to the reaction tem
perature before passing over the sample. It is a flow sys
tem in which the primary products are swept out of the hot. 
zone before secondary reactions occur. The pressure range 
was selected to eliminate bulk diffusion effects. Oxygen is 
maintained at 30 to 100 mm. of Hg pressure in the oxygen 
reservoir. Before entering the oxygen reservoir the oxygen 
is dried over Mg(C10j)2- From the reservoir the oxygen 
enters the furnace section through a 10-inch piece of 0.5 mm. 
bore capillary tube. The pressure in the reaction tube is 
maintained by the mercury diffusion pump. The oxygen 
pressure in the reaction tube is controlled by the oxygen 
reservoir pressure. This system of pressure control re
sults in the flow rate of oxygen through the furnace tube in
creasing with increasing pressure in the reaction tube, if, 
as was usually done, the power input to the mercury dif
fusion pump is maintained constant. The reaction rate 
was found to be independent of the flow rate. The pressure 
in the reaction tube is obtained from the readings of the 
two thermocouple gages located just above the furnace. Due 
to the high linear flow rate of over 1000 cm. per second 
through the reaction tube, there is a noticeable pressure 
drop due to flow resistance between these two gages. The 
actual pressure at the sample is found by a linear ex
trapolation of the two thermocouple gage readings. These 
gages were calibrated by comparison with the McLeod gage 
readings. The thermocouple gages are on static side arms 
so that their readings are independent of the flow rate.

(1) C. Duffraise, Compt. ren d , a rad. sr.i. (Paris), 192, 564 (1931).
(2) J, R. Arthur, Nature, 157, 732 (1946).
(3) J. R. Arthur and J. R. Bowring, Znd. Eng. Chem., 43, 528 (1951).
(4) J. R. Arthur and D. H. Bangham, J. chim. phys., 47, 559 (1950).
(5) J. R. Arthur, Trans. Faraday Soc., 47, 164 (1951).
(6) G. W. Bridger and H. Appleton, J. Soc. Chem. Ind., 67. 445 

(1948).
(7) E. Mertens and L. Hellinelex, “ Third Symposium on Combus

tion and Flame and Explosion Phenomena,”  The Wiliams and Wil
kins Company, Baltimore, Maryland, 194S, p. 466.

(8) E. Wicke, “ Fifth Symposium on Combustion,”  Reinhold Publ. 
Corp., New York, N. Y., 1955, p. 245.

(9) J. S. Binford, Jr., and H. Eyring, T h is  J o u b n a l , 6 0 , 486 (1956).

Fig. 1.— Reaction system: A, oxygen tank; B, cartesian 
manostat; C, mercury manometer; D, 3 liter reservoir; 
E, capillary tube; F, furnace; G, graphite sample; H, 
thermocouple gages; I, movable magnet; J, steel rod; 
K, mercury diffusion pump; L, catalyst; M, 3 liter reser
voir; N, McLeod gage.

After the furnace, the product gas which is over 90%  un
reacted oxygen is passed over hot copper oxide in the cata
lyst chamber. Here all carbon monoxide is converted to 
carbon dioxide. The carbon dioxide is removed from the 
oxygen stream by a liquid nitrogen trap. The oxygen is 
then pumped out of r.he system. In actually making a run, 
the oxygen and carbon monoxide mixture from the furnace is 
run through the by-pass around the liquid nitrogen trap 
while steady-state flew conditions are being reached. After 
steady-state conditions are reached, the flow is diverted 
through the liquid nitrogen trap for a given length of time. 
The amount of carbon dioxide collected during a run is meas
ured by allowing it to expand into the previously evacuated 
3.35 liter measuring system, whose pressure is measured 
by the McLeod gage. For some runs, the 3-liter flask on 
the measuring system was replaced by a cap. This re
duced the volume oi the measuring system by a factor of 
8.3. The initial volume of the measuring system was 
determined by measuring the pressure of carbon monoxide 
produced when a known weight of sodium formate was 
treated with an excess of sulfuric acid.

The efficiency of the catalyst and the liquid nitrogen trap 
was demonstrated by weighing a sample before and after 
burning it. The weight of carbon burned calculated from 
the pressure of carbon dioxide collected agreed within a few 
per cent, with the weight loss of the sample.

The sample is suspended on a 10 inch length of platinum 
wire (0.030 inch diameter) which passes through a small 
hole drilled in one end. This heavy wire is in turn sup
ported by a length of fine platinum wire (0.005 inch diame
ter) which is flexible enough to let. the sample hang freely. 
This wire is attached to a small steel rod which may be 
moved by a magnet to raise the sample out of or lower it 
into the reaction tube. This whole assembly is contained 
within the vacuum system. Upon being placed in the sys
tem samples were outgassed at 830° and one micron pressure 
overnight. Following this at least the top few layers of 
carbon atoms were burned off before runs were recorded. 
Between runs on the same sample, it was kept in the system 
at 25° and one micron pressure.

The samples were cut from one-quarter inch diameter 
rods manufactured by the National Carbon Company for 
use as spectroscopic electrodes. These rods were made by 
graphitizing a mixture of petroleum coke and pitch at 30003. 
The spectroscopic analysis furnished by the manufacturer 
shows only traces of impurities in these samples.

Samples are prepared from the quarter-inch diameter 
graphite rod in several ways. For samples numbered 1 
through 4, a hole is drilled down the center of the rod 
leaving walls 1 mm. thick. The resulting cylinder is then 
sawed in half lengthwise. Lengths of these semi-cylinders 
from 0.5 to 2.5 cm. long are used. For samples 5 and 6 a 
thin disk is cut from the end of the solid graphite rod. 
These disks are then sanded and polished to thicknesses 
from 0.0018 to 0.0032 inch. Samples 7 and 8 are prepared 
by rubbing the graphite rod against ceramic rods which are 
2 "  long with lU inch diameter. This leaves a very thin 
coating of graphite which looks much like a pencil mark on 
the ceramic rods. Tne areas and thickness of the samples 
are given in Table I .
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T a b l e  I
Sample Area (cm.2) Thickness (cm.)

1 6.94 0.1
■ 2 1.77 0.1

3 7.78 0.1
4 1.40 0.1
5 0.59 1.26 X  10“ 3
6 0.59 0.71 X  10~3
7 9.88 2 X 10“ 4
8 9.88 2 X IO '4

Experimental Results
One of the major problems in this study is ob

taining reproducible rates. There are two major 
causes of the variation in reaction rate from run to 
run. First, the total surface area of a sample 
changes as the sample is consumed. As the inner 
pore structure of the sample is developed and en
larged, the surface area increases. This process con
tinues until enough of the sample has been con
sumed that continued consumption removes walls 
between pores resulting in a decreasing surface 
area. This has been shown very nicely by Wicke.8 
An attempt was made to burn the sample until it 
was close to its maximum surface area. Unfortu
nately, at all but the lowest temperatures where this 
effect is small anyway, the reaction rate is so fast 
that the reaction does not penetrate very deeply 
into the pores of the sample. This results in the 
surface of the sample becoming powder-like long be
fore a maximum rate is reached. Once graphite 
particles start powdering off the surface of a sample 
incorrect results are obtained. For this reason, the 
reaction rates usually show a 5 to 7% increase from 
one similar run to the next. In order to obtain 
meaningful results, a set of conditions for a run were 
selected as standard. A standard run is then made 
between each run in which the conditions are var
ied. The results are then normalized so that all the 
standard runs are the same. After this adjustment 
the true relationship among runs at varying condi
tions is seen. Where the sample area changes 
slowly, it is not deemed necessary to make a stand
ard run between every other run.

The second major factor causing variation in 
similar runs is the adsorption of vapors other than 
oxygen. Whenever the sample sits overnight in the 
system the reactivity is found to be roughly one- 
half of what it was the previous night. This ef
fect is observed even though the sample whether at 
25 or 800° sits in a vacuum of about 0.1 g of Hg 
pressure. The reactivity of the sample is restored 
by oxidizing off the top layer of carbon. The two 
most likely poisoning vapors are water and mer
cury. The effect may be produced in a few minutes 
by passing water vapor over the sample. In spite 
of attempts to keep all water vapor out of the 
system including leaving liquid nitrogen on the 
trap nearest the sample, the effect is still observed 
upon leaving the sample sitting overnight. This 
effect has not been observed at 1000° or over, but 
no special attempt has been made to observe it at 
these elevated temperatures where the reaction rate 
is quite fast. After being noted and understood, 
this effect presented no particular difficulty. The 
variations in the reaction rate after different runs 
at the same condition are thus seen as understand

able trends rather than as random irreproducibili-
ties.

The pressure dependence of the reaction at 611° 
is given in Fig. 2. In Fig. 3 is given the pressure 
dependence of the reaction at 708°. The data for 
Figs. 2 and 3 were obtained using sample number 1. 
The pressure dependence of the reaction at 807°, 
shown in Fig. 4, was obtained using sample number
2. The temperature dependence of the reaction 
from 600 to 800° at 26 u of Hg pressure was ob
tained using sample number 1. This is shown in 
Fig. 5. Runs from thin samples 5 and 6 are shown 
in Table II.

T a b l e  I I

P r e ssu r e  D e pe n d e n c e  o f  Sam p le s  5, 6 a n d  7
iu/3 min. into a 
system at 300°K. Pressure, fi of Hg Temp. °C.

18.9
Sample no. 5 

21 726
23.7 68 724
15.0 21 724

0.8
Sample no. 6 

18 729
1.4 67 729
1.1 24 729
1.8 44 729

49
Sample no. 7 

27 801
79 66 801
61 27 803

The results show a small, if not actually neg
ligible, pressure dependence for the reaction of these 
samples. The data on the temperature dependence 
of the reaction using the very thin coatings on the 
ceramic rods, samples 7 and 8, are shown in Fig. 6. 
The data extend from 800 to 900° since below 800° 
the reaction was too slow to measure. The pressure 
dependence of sample number 7 is given in Table
II. The rate of the reaction was too slow to obtain 
an accurate determination of the pressure depend
ence of the reaction on sample 7 at 800° but it is 
within experimental error of being zero order.

The results obtained by making runs with the 
copper oxide catalyst cold are recorded in Table III. 
By comparing the results of these runs with previ
ous runs under the same conditions the amount of 
carbon dioxide in the product gases can be deter
mined. The percentage of carbon dioxide in the 
product gases is given in the last column of this 
table.

T a b l e  I I I

R e su l ts  w it h  C a t a l y s t  C old
Rate, fi of Hg/3 

min. into a 0.404 1. 
system at 300° K.

Pressure, 
n of Hg Temp., °C. % COs

16.2
Sample

27
no. 3

702 6
1.5 26.5 606 4

17
Sample

27
no. 4

804 3
63 27 900 6
57 28 800 10

Interpretation of Results
The mechanism which best fits the data is one of a 

zero-order surface reaction of 80 kcal. per mole ac
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tivation energy with diffusion into pores of the' 
sample controlling the rate of the reaction. Ac
cording to Wheeler10, the expression for the rate of 
reaction in a single pore where the surface reaction 
is zero order and is fast enough to consume all of the 
reactant gas in the pore before it can diffuse to the 
end of the pore is given by

R =  2irr\/ rDkiCa (1)
where

R =  reaction rate molecules per pore-sec.
r =  pore radius in cm.

D =  diffusion constant cm.2/sec. 
h~i =  intrinsic reactivity of the surface in molecules O2/  

cm.2-sec.
Co =  concn. of gas outside sample, molecules/cm.8

The total rate of reaction is given by the rate per 
pore multiplied by the number of pores. Equation 
1 states that the reaction rate should be propor
tional to the gas pressure to the one-half power. 
Figures 2, 3 and 4 show that at 600, 700 and 800° 
the reaction rate is proportional to the pressure to 
the one-half power.

If thin enough samples are used, the pore length 
will be short enough so that at low temperatures 
the reaction rate will be slow enough for the react
ant gas to diffuse to the end of the pore. I11 this 
case the observed reaction will be zero order. 
Samples 5 and 6 were prepared in order to observe 
this. From the data given in Table II, it is seen that 
the reaction is close to zero order with these samples. 
Unfortunately, the reaction with these small 
samples is so slow as to be difficult to measure ac
curately. These samples are thick enough for the 
kinetics to revert to those described by equation 1 
when the temperature is raised enough for the reac
tion rate to become appreciable.

Since the rate constant fc_i in equation 1 appears 
under the square root sign, the observed activation 
energy for this equation is one-half the activation 
energy for the surface reaction. An activation 
energy twice that observed for diffusion conditions 
described by equation 1 should be found for condi
tions where the surface reaction is unaffected by 
diffusion. From Fig. 6 it is seen that with the very 
thin coatings of graphite rubbed on ceramic rods 
an activation energy of 80 kcal./mole is observed at 
800°. This is close to twice the activation energy 
of 42 kcal./mole observed in Fig. 5 for samples 1 
nun. thick where the rate is described by equation 1. 
From Table II the pressure dependence of the re
action at 800° on the very thin graphite coatings is 
seen to be small.

In addition to the work in this Laboratory, work 
from other laboratories reported in the literature 
supports the proposed mechanism. Gulbransen 
and Andrews11 working with samples of spectro- 
graphic graphite between 425 and 575c with oxygen 
pressures of 0.15 to 9.8 cm. reported for the pres
sure dependence of the reaction an equation of the 
form

R =  A +  BP (2)
where

(10) A, Wheeler, “ Advances in Catalysis,”  Vol. II, Academic 
Press Inc., New York, N. Y., 1951, p. 250.

(11) E. A. Gulbransen and K. F. Andrew, Ind. Eng. C h em ., 44, 1034 
(1952).

Fig. 2.— Pressure dependence of reaction at 611°.

Fig. 3.— Pressure dependence of reaction at 708°.

Fig. 4.— Pressure dependence of reaction at 807°.

R  =  rate cf reaction 
A and B =  constants 
P  =  oxygen pressure

Gulbransen called the reaction first order but of
fered no explanation for the appearance of the con
stant A. His data also its  quite well an equation 
of the form R =  CP'/l where C is a constant. This 
form of fit is identical tc equation 1. He found 
an activation energy of 37 kcal./mole which is not 
too far from our value of 42 keal.

P. L. Walker12 and associates have demonstrated 
by gasification of graphite with carbon dioxide that 
spectrographic graphite similar to the samples used

(1.2) P. L. Walker, Jr., F. Rusinicc Jr., and E. Raats, T his Jo u r n a l , 
59, 245( 1955).



686 George Blyholder and Henry Eyring Voi. 61

Fig. 5.— Log of rate vs. l/T.

here is consumed throughout the entire sample and 
not just on the surface.

Regarding now the role of pore diffusion in 
graphite oxidation in the 400 to 800° temperature 
range to have been placed on a firm experimental 
foundation, a detailed mechanism of the surface 
reaction is presented. As an oxygen molecule is 
adsorbed on the graphite surface it dissociates so

that oxygen appears on the surface only as oxygen 
atoms attached to carbon atoms by covalent bonds. 
A carbon atom to which an oxygen atom is bonded 
then breaks its bonds with the surface giving a 
carbon monoxide molecule in the gas phase. Since 
the adsorption of an oxygen molecule would be ex
pected to be a process which is first order in oxygen 
pressure, the breaking of the carbon-carbon bonds 
in liberating the carbon monoxide molecule is the 
rate controlling step. With a fast adsorption proc
ess, which completely covers the surface reaction 
sites with oxygen, followed by a slower breaking of 
carbon-carbon bonds, the observed reaction would 
be zero order with respect to oxygen. This mech
anism has carbon monoxide as the primary reaction 
product. From the data in Table III carbon mon
oxide is the observed primary product for the reac
tion in the temperature range below 800°.

The energy variation along the reaction coordi
nate for this mechanism is shown in Fig. 7. The 
value of eh the activation energy for chemisorption 
of oxygen on the graphite surface, is unknown. The 
value of e 2,  the heat of adsorption of oxygen, may be 
estimated in several ways. The value may be 
calculated from the bond energies of the (C = 0 ) 
bond and the (0 = 0 )  bond. This calculation gives 
183 kcal./mole of oxygen. In 1931 Bull, Hall and 
Garner13 measured a value of 97 kcal./mole for 
oxygen adsorption. Trapnell14 points out that this 
value would be expected to be rather low since it is 
doubtful that the carbon surface was really clean. 
The value of e3,  the activation energy for carbon 
monoxide breaking loose from the surface, is found 
to be 80 kcal./mole in this work. The value of e4,  
the heat of reaction of carbon and oxygen to give 
carbon monoxide, is 26.8 kcal./mole. If a value for 
e  near the theoretical value of 91.5 kcal./mole of 
carbon monoxide is taken, Fig. 7 readily shows why 
oxygen is removed only as oxides of carbon and 
never as molecular oxygen whenever it is adsorbed 
on a graphite surface. Considering a chemisorbed 
oxygen atom as the initial state, since the activated 
complex in going either to molecular oxygen or to 
carbon monoxide could be expected to be a surface 
complex, the entropy of activation for either process 
would be very small. This would leave the free 
energy of activation in both processes essentially 
equal to the activation energy. Since e3 is consider
ably less than e2 +  e x , al 1 chemisorbed oxygen would 
leave the surface as an oxide of carbon rather than 
as molecular oxygen.

The rate at which carbon monoxide breaks loose 
from the surface can be calculated from the ab
solute rate theory.15 The velocity of the reac
tion is given by

v =  C,k' (3)
where

v =  reaction rate in molecules of CO per cm.2-sec.
Cs =  surface sites per cm.2 taken as 3.5 X 1015 (the number 

of carbon atoms per cm.2 of graphite lattice) 
k' =  rate constant in sec."1

(13) IT. r. Bull, M. H. Hall and W. E. Garner, Chem. Sac., 837 
(1931).

(14) JB. M. W. Trapnell, “ ( 'hemisorption,”  Butterworths Scientific 
Publications, London, England, 1955, p. 140.

(15) S. Gladstone, lv. .1. Laidler and H. Eyring, “ The. Theory of 
It a to Processes,”  MeGraw I Till Book Go., New York, N . V., PH [.
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The value of k' is given by absolute rate theory 
as

k ’ =  * J p  e-AH+ARor (4)

where
k =  transmission coefficient 

ke =  Boltzmann constant 
h =  Planck constant 
T =  temperature °K.

f *  =  partition function of activated complex 
f ,  =  partition function of surface with oxygen on it 

=  activation energy, cal./mole 
Ä g =  gas constant, cal./mole-degree

k is assumed to be one. Since both partition func
tions involve only vibrational degrees of freedom, 
f*/ fs is taken to be one. Using the experimental 
value of 80 kcal/mole for AH*, the results are 

k' =  1.4 X  10-3 sec.-1
and

Wealed =  5.2 X  1012 molecules of CO per cm.2 sec.

The experimental velocity of the surface reaction of 
spectrographic graphite is taken from Fig. 6. The 
value at 800° from the graph is 53 p per three 
minutes into a 0.404 liter system at 300°K. In 
more conventional units this is 3.83 X 1015 mole
cules per second. Since the surface area of the 
sample is about 10 sq. cm. and the surface rough
ness may reasonably be taken11 as 100, the final re
sult is rcxpti =  3.8 X 1012 molecules of CO per cm.!- 
sec. The experimental and calculated values are 
seen to agree very well.

Having a value for the intrinsic reactivity of the 
surface, the validity of equation 1 may now be 
tested. The total reaction rate per sq. cm. is given 
by

R t  = n pR  (5)

where
F t =  rate per sq. cm.-sec.
?ip =  no. of pore mouths per unit area 
R. =  rate per pore from eq. 1

Substituting in equation 1 gives
R t  =  n p lir fy / rD k iC o  ( 0 )

where f is the average pore radius. According to 
Wheeler10

where
r 2 F g

8g (7)

<Sg =  surface a rea /g . =  l ö  X  103 sq. c m . /g .16 
Vg =  pore v o l . /g .  =  0 .3 cm .3/ g . 16

This gives
f  = 3 .7 X  10 5 cm .

The number of pores per sq. cm. is given by

Tip l i  J
xf2 V2 (8 )

where O' =  porosity (fraction of sample which is 
space).

o' =  PsVe (9)
where p. =  density of sample =  1.3 g./cubic cm. 
Putting in values for pK and F „, O' is evaluated 
as

(16) P. I Wa l k e r ,  Jr., and 10. Haats, Tina Jouun.w,, 60, 36-1 
(1956).

0 Chemisorbed 
on Surface

Fig. 7.— Reaction coordinate oxygen reaction with surface.

6' = (1.3) (0.3) = 0.4

From the value of O' and f, it is found that 
np =  0.5 X  107 porcs/sq. cm.

Since the mean free path of the gas is much greater 
than the pore diameters, the diffusion coefficient is 
for molecular flew. This if given by

D  = 2i. V (10)O
where V is the average molecular speed given by

V = (11)

in which m is the molecular mass of the gas. For 
oxygen

V =  2.19 X  10W 'T

The intrinsic reactivity of the surface, k -1, is v/2, 
which is 2.5 X 1012 molecules of 0 2/sq. cm.-sec. 
The gas concentration is given by

G = (.2)

where
N  =  Avogadro’s number 
P =  pressure in mm.

R g =  gas constant
Putting in numbers gives

Co =  9.65 X 101S P/T

Substituting values of constants but not measured 
variables into equation 6 yields

R t =  1.08 x  10» 8' (13)

At a pressure of 26 ju of Pig and 800° this gives
R t  =  3 X 1015 molecules of 02/sq. cm.-sec.
Rt =  6 X 1016 molecules of CO/sq. cm.-sec.

It should be noted that this rate is per sq. cm. of 
geometric surface. As shown by Fig. 5, at 26 p 
of Hg pressure and 800°, the experimental rate is 
380 p per six minutes into a 3.35 liter system at 
300°K. In more conveidional units the rate is
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1.14 X 1017 molecules per second. Dividing by 
the geometric surface area of 6.94 sq. cm. gives

jRt expti =  16 X  1015 molecules of CO/sq. cm.-sec.

Thus the calculated rate is in good agreement 
with the experimental rate.

We are now in a position to understand the wide 
differences in data on graphite oxidation in the 
literature. Impurities in graphitic materials result 
in a wide variety of low activation energies being 
observed. The appearance of pore diffusion ef
fects, which are influenced by particle size and 
porosity, results in the possibility of observing an 
activation energy anywhere between the value for 
the plane surface reaction and one-half of that 
value. Since impurities may change the rate con
trolling step in the reaction they may also change 
the observed order of the reaction. A surface reac
tion of order n will result in an observed order of 
n +  1/2 if the surface reaction is controlled by pore

diffusion. In this study the true surface reaction of 
graphite with oxygen has been found to be zero 
order with an 80 kcal./mole activation energy. On 
samples thicker than 0.1 mm., the diffusion of 
oxygen into the pores in the graphite results in an 
observed one-half order reaction with a 42 kcal. per 
mole activation energy. In the previous studies no 
successful precautions were taken to prevent the 
secondary reaction of carbon monoxide being oxi
dized to carbon dioxide. This resulted in the con
fusion over whether carbon monoxide or carbon di
oxide or both are primary products. By the use of 
a very fast flow rate of oxygen past the sample this 
study has unequivocally shown carbon monoxide to 
be the primary product from 600 to 800°.
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THE THERMODYNAMICS OF HYDROGEN CHLORIDE IN ETHYL ALCOHOL 
FROM ELECTROMOTIVE FORCE MEASUREMENTS1
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Electromotive force measurements of the cell without liquid junction: Pt, II) (1 atm.) |HC1 in Ethanol (m) [ AgCl-Ag 
have been carried out at 25° over a concentration range from 0.0048 to 0.12 molal. New experimental techniques were 
devised and the best theoretical treatment was employed. The standard molal electrode potential of the silver, silver 
chloride electrode in anhydrous ethanol is —0.08138 volt. This value and the activity coefficients of hydrogen chloride 
computed from the data are recommended for the practical standardization of the silver-silver chloride electrode in an
hydrous ethanol at 25 °.

Introduction
In contrast to the number of measurements of 

the activity coefficients of hydrogen chloride in 
water-ethyl alcohol mixtures, relatively few have 
been attempted in pure anhycrous ethyl alcohol.

Harned and Fleysher2 first carried out an ex
tended series of measurements on the cell without 
liquid junction

Pt, H2 (g., 1 atm.) |HCl(m)| AgCl-Ag I

over the concentration range from 0.001 to 3.6 m 
at 25°. It was estimated by Scatchard3 and 
shown experimentally by Woolcock and Hartley4 
that the ethanol was of 99.9% purity, containing
0.1% water. This led to a discrepancy of about 
12 mv. in the e.m.f. values, Although Danner6 
used cell I with mercury-mercurous chloride elec
trodes instead of silver-silver chloride electrodes, 
his results may be used to evaluate the preceding 
e.m.f. data since the difference in potential between

(1) Abstracted in part from a thesis submitted by Harry Taniguchi 
in partial fulfillment of the requirements for the degree Doctor of 
Philosophy, Rensselaer Polytechnic Institute. Presented at the 
Symposium on Electrolytes, Electrochemical Society Meeting, Wash
ington, D. C., May, 1957.

(2) H. S. Harned and M. H. Fleysher, J. Am. Chem. Soc., 47, 82 
(1925).

(3) G. Scatchard, ibid., 48, 2026 (1926).
(4) J. W. Woolcock and II. Hartley, Phil. Mag., [7] 5, 1133 (1928).
(5) P. S. Danner, J. Am. Chem. Soc., 44, 2832 (1922).

these two electrodes should be independent of the 
solvent. This difference was found to be 0.0467 v. 
in methanol by Nonhebel and Hartley,6 in agree
ment with that in water. Noting that the results 
of Harned and Fleysher and of Danner indicated 
a difference of only 0.0350 v., the possibility of an 
error in one or both series of measurements is ap
parent.

New measurements of cell I in ethyl alcohol 
were presented by Woolcock and Hartley4 at 25° 
from 0.0003 to 1.2 to. Values of the activity co
efficient were based on a standard cell potential ob
tained by direct extrapolation. The value of the 
limiting slope ivas found to be greater than that 
predicted by the Debye theory. Butler and Robert
son7 used cell I with pure ethanol for the concen
tration range of 0.01 to 1.0 to at 15, 25 and 35°. 
This represents the only available estimate of the 
temperature coefficient of e.m.f. for hydrogen chlo
ride in ethanol. While agreement was found with 
Harned and Fleysher at 1.0 to, the results of the 
latter were high by 8 mv. at 0.1 m and 17 mv. at
0.01 to. On the other hand, their results agreed 
with those of Woolcock and Hartley at 0.1 to and 
at 1.0 to, but were about 3 mv. high between these 
limits. It was concluded that the difference with

(6) G. Nonhebel and H. Hartley, Phil. Mag., [6] 50, 729 (1925).
(7) J. A. V. Butler and C. M. Robertson, Proc. Roy. Soc. (London), 

125A, 694 (1929).
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the first series probably was due to insufficiently 
dry alcohol.

The experimental data of Woolcock and Hartley 
were re-examined by Maclnnes8 in 1939, using the 
Hitchcock9 method of extrapolation as extended 
by Brown and Maclnnes.10 The standard elec
trode potentials, —0.0740 and —0.0864 v., on the 
molal and molar scales, respectively, and the ac
tivity coefficients from this re-analysis had been 
accepted as the most reliable values for hydrogen 
chloride in ethanol until new values were proposed 
by Mukherjee11 12 in 1954. Mukherjee, re-investi
gating the system, reported a new value, i.e., 
+0.00977 v., which differed not only in magnitude 
but also in sign from the accepted value.

It is apparent that a serious discrepancy exists 
as to the correct values to be assigned at 25°. A 
redetermination using the best experimental and 
theoretical techniques was, therefore, undertaken 
as one of the prime objectives. In addition, a 
resolution of the uncertainties pertaining to the 
thermodynamics of hydrogen chloride in anhy
drous ethanol could be expected. The determina
tion of the activity coefficient of hydrogen chloride 
in ethanol at an experimentally convenient con
centration, say, 0.01 m, serves to standardize the 
practical potential of the silver-silver chloride 
electrode by the method of Bates, et al.,u as in 
water.

Experimental
Cell Design.— The all-glass cell was basic-all}7 an H-tvpe 

cell, designed to permit the use of three silver-silver halide 
electrodes and two types of hydrogen electrodes— the normal 
platinized foil electrode and the platinum powder catalyst 
electrode, first used in aqueous solutions by Hills and Ives.13 
The silver-silver halide chamber was an 80 mm. length of 30 
mm. tubing, terminating in three mercury-sealed 10/30 
standard taper outer ground glass joints. Tubing of 20 
mm. was chosen for the hydrogen electrode chamber, the 
lower 12 mm. length being constricted to 10 mm. where the 
bright platinum foil was sweat-sealed into the conical bot
tom. The platinum cone was shaped from a 10 mm. diame
ter circle of 0.0004 inch thick foil by cutting out a segment 
subtending a 4 mm. arc at the circumference. A 2 mm. 
wide strip for electrical contact was cut along one of the 
edges left by the removal of the segment. The 1 mm. stop
cock permitted the hydrogen to be by-passed when desired, 
the gas being vented through a bubbler made from a 65 
mm. length of 25 mm. glass tubing. The two pre-satura
tion bubblers for the incoming hydrogen were each made 
from a 150 mm. length of 20 mm. tubing, with a spiral of 7 
to 9 turns of 2 mm. glass rod on a 10 mm. tube to lengthen 
the pass through the solution.

The approximate solution requirements of each part were 
as follows: each bubbler, 35 ml.; hydrogen half-cell and exit 
bubbler, 35 ml.; silver-silver chloride half-cell, 65 ml.

Electrodes.— From a comparison14 of the three main 
types of the silver-silver chloride electrodes, the thermal- 
electrolytic electrodes were selected as most suitable for 
multiple preparation. The preparation, reproducibility 
and stability of these have been described elsewhere in 
detail.15 Stable electrodes of low bias potential (0.01 mv.)

(8) D. A. Maclnnes, “ The Principles of Electrochemistry,”  Rein- 
hold Publishing Corp., New York, N. Y., 1939, p. 213.

(9) D. I. Hitchcock, J. Am. Chem. See., 50, 2076 (1928).
(10) A. S. Brown and D. A. Maclnnes, ibid., 57, 1356 (1935).
(11) L. M . Mukherjee, T h is  J o u r n a l , 58, 1042 (1954).
(12) R. G. Bates, E. A. Guggenheim, H. S. Harned, D. J. G. Ives, 

G. J. Janz, C. B. Monk, J. E. Prue, R. A. Robinson, R. H. Stokes, 
and W. F. K. Wynne-Jones, J. Chem. Ehys., 25, 361 (1956).

(13) G. J. Hills and D. J. G. Ives, J. Chem. Soc., 305 (1951).
(14) G. J. Janz and H. Taniguchi, Chem. Revs., 53, 397 (1953).
(15) H. Taniguchi and G. J. Janz, J. Electrochem. Soc. 104, 123

(1957).

prepared by the aoove method were transferred to alco
holic hydrochloric acid for storage. In the present work, a 
set of electrodes was used repeatedly instead of limiting the 
use of electrodes to one measurement. This had the ad
vantage of using completely equilibrated, anhydrous elec
trodes. The hydrogen foil electrodes, 7 mm. X  9 mm. X 
0.15 mm. platinum, were platinized in 1% platinic chloride 
solution at 3 ma. for 5 minutes to give a very light platinized 
surface. These were thoroughly washed with de-ionized 
water and pre-soaked in alcoholic hydrochloric acid. The 
platinum black catalyst powder was prepared as described 
by Hills and Ives,13 and stored over anhydrous magnesium 
perchlorate. The present work represents the first use of 
the catalyst hydrogen electrode in a solvent other than 
water. It was found that in 0.05 m HC1, agreement to 
0.01 mv. was obtained within 20 minutes for both foil and 
catalyst electrodes. The most notable difference for the 
catalyst electrode in ethanol as compared with water was a 
somewhat longer period of hydrogen gas flow (about 2 hours) 
before equilibrium was attained. The test for equilibrium 
was a constant e.m f. with the gas by-passing.

Chemicals.— The starting alcohol was “ Absolute Ethyl 
Alcohol, U .S.P .’ ’ grade (U. S. Industrial Chemicals, Inc.). 
It was subjected to purification using magnesium ethylate 
after the procedure of Lund and Bjerrum,16 and fractional 
distillation in an ak-glass system with a solenoid controlled 
take-off, a magnetic distributing adaptor,17 with no stop
cocks or greased ground joints in the system. The presence 
of less than 0.005% water, ar.d a conductivity of less than 
1 X 10-8 ohm-1 cm .-1 in the distillate were taken as the 
criteria for ethyl alcohol of sufficient quality for this work. 
Anhydrous hydrogen chloride was prepared by the action of 
concentrated sulfuric acid on sodium chloride in an all-glass 
apparatus describee elsewhere.18 All solution flasks were of 
special design with guard tubes of magnesium perchlorate 
to ensure anhydrous conditions. Solutions below 0.01 m 
were prepared by weight dilution, while the stronger solu
tions were prepared by bubbling HC1 directly into the 
ethanol which was maintained at 0-5° until required for use. 
The ethanol was de-oxygenated by a slow stream of dry 
hydrogen gas before the solutions were prepared. The con
centrations of hydrogen chloride were determined by pre
cision analyses using the differential potentiometrie titra
tion of Maclnnes and Dole.19 All weights were corrected to 
vacuum. The hydrogen gas, an electrolytic grade of 99.8% 
purity (Matheson Co.), was passed over a palladium cata
lyst to remove last traces of oxygen, and through a series of 
magnesium perchlorate, P20 ;, and ascarite towers, and ad
mitted to the e.m.:. cell thiough all-metal packless needle 
valves (Fisher Scientific Co.'i for flow control.

Apparatus and Procedure.— All measurements wore made 
in a water-bath thermostated to 25 ±  0.005°. Tempera
tures were measured with a Type G-2 Mueller bridge (Leeds 
and Northrop Co.) and certified N.B.S. platinum resistance 
thermometers. A type 2782 Bonn five-dial potentiometer 
(Rubicon Co.) was used for the e.m.f. measurements. The 
system was shielded for potential leaks after White.20 
Phe e.m.f. measurements were corrected to 1 atmosphere 
partial pressure of hydrogen gas.21 The solutions were, 
in each case, freshly prepared and analyzed just before use 
in an experiment. The electrodes were conditioned to the 
solutions in a pre-soaking cell with at least four changes of 
solutions over a five-hour period. The cleaned e.m.f. cell 
and pre-saturation bubblers were oven dried at 125°, as
sembled while hot, purged with dry nitrogen to displace 
all the air. With ehe electrodes in place at room tempera
ture and the catalyst powder in, the assembled cell was swept 
with dry hydrogen for a peiiod of 15 minutes before being 
filled with the solution. After a period of one hour, this 
solution was replaced by fresh solution, and hydrogen gas 
was bubbled rapidly through the assembly to displace some 
of the solution from the pre-saturators. This ensured smooth 
operation of the bubblers at a slower rate during the actual 
measurements. After transfer of the assembly to the ther-

(16) H. Lund and J. Bjerrum, 3er., 64B, 210 (1931).
(17) G. J. Janz and E. J. Rock, Anal. Chem., 22, 626 (1950).
(18) H. Taniguchi and G. J. Janz, ibid., 28, 287 (1956).
(19) D. A. Maclnnes and M. Dole, J. Am. Chem. Soc., 51, 1119 

(1929).
(20) W. P. White, ibid., 36, 2011 (1914).
(21) F. A. Berry, Jr., E. Bollay and N. R. Beers, Editors, “ Handbook 

of Meteorology,”  McGraw-Hill Book Co., Inc., N. Y., 1945, 0. 84.
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MOLALITY.

Fig. 1.—E.m.f. of the H2, Ag-AgCl cell at 25°: O, Woolcock and Hartley; • , this investigation.

mosta.t the potentials between pairs of similar electrodes and 
the nine possible combinations o ’ the three hydrogen elec
trodes against the three silver, silver chloride electrodes 
were taken. Equilibrium was considered to be established 
when the potential remained constant to ±0 .01 rnv. for an 
hour.

Results and Calculations
The results are summarized in Table I in order 

of increasing concentration. The measurements 
were made in a random order of concentration so 
that systematic errors, if present, would be de
tected. The average deviation, 5, is presented as 
a measure of the reproducibility of the electrodes. 
The composition of the cell solutions is accurate 
within 0.02%. The weights of the solutions taken 
for dilution were sufficiently great to introduce no 
error from the dilution technique. The corre
sponding molarities were calculated assuming that 
the density of the solution did not differ appre
ciably from that of the pure solvent (do, 0.78056/ 
25°). The equations, and the concentration ranges 
for each, found by the method of least squares and 
the Gauss criterion to express the experimental re
sults were
E =  0.012551 -  0.089381 log m, 0.0048 < m <  0.0064 (1)
E =  0.037821 -  0.068385 log m +  0.0043201 (log m )2

0.0064 < m <  0.044 (2)

In Fig. 1 this composite function is shown as the 
smooth curve together with the e.m.f. data of Wool- 
cock and Hartley and the present results.

For evaluation of the standard electrode poten
tial, when the electrolyte in the cell solution ex
hibits ion association, this must be accounted for 
by an extrapolation of the following form22

(£ » ' -  Ea) =  E  +  2k log acya =  Ec° (3)

where degree of dissociation a, and the activity 
coefficient ya, at an ionic concentration of ac are 
determined from the simultaneous solution of the 
thermodynamic dissociation constant equation 
and the Gronwall, La Mer and Sandved extended 
equation for the activity coefficient

In the present calculations, a dissociation constant 
of 0.0113 mole liter-1, as found by Bezman and 
Verhoek23 was used as the most reliable value. 
This is in close agreement with an earlier value of 
0.0112 mole liter-1 reported by Ogston.24 For 
each value of the distance of closest approach, a, 
the molar activity coefficient was calculated from 
the Gronwall, La Mer and Sandved extension of 
the Debye-Huckel theory at round values of the 
square root of the concentration. The degree of 
dissociation and the activity coefficients were thus 
found by a series of approximations, and used to 
compute Ea°. These calculations are summarized 
in Table II for a =  3.99 A. The results for a series 
of values are shown graphically in Fig. 2, where it 
is seen that the extrapolation based on a =  3.99 
A. is in complete accord with the theoretical pre
dictions of a straight line with zero slope up to a 
concentration of 0.008 in. This led to an unarn-

(22) H. S. Ilarned and B. B. Owen, “ The Physical Chemistry of 
Electrolytic Solutions”  2nd Ed., Reinhold Publ. Corp., New York, 
N. Y., 1950, pp. 122, 334.

(23) I. I. Bezman and F. 11. Verhoek, J. Am. Chtm. Soc., 67, 1330 
(1945).

(24) A. C. Ogston, Trans. Faraday Soc., 32, 679 (1936).
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biguous extrapolation to Ec° = —0.09383 v. at 
25°. In a similar manner, on the standard molal 
scale, the extrapolation gave Em° =  —0.08138 volt.

The variation of the logarithm of the rational 
activity coefficient with the square root of the 
molality is shown graphically in Fig. 3, together 
with the slope predicted by the Debye limiting 
law. For comparison, the corresponding activity 
coefficients for hydrogen chloride in water, ob
tained from the recent results of Bates and 
Bower26 are included with the limiting Debye slope. 25

T able  I
E lectromotive F orces at  25° of the C e l l :

Pt, H2 (g., 1 atm.) |HC1 in ethanol(m)| AgCl-Ag
m, equiv. kg. 1 

solvent
c, equiv. 1. 1 

solution E, volt 8, mv.
0.004872 0 .0038243 0 .2 191 4 0 .0 0 7

.005190 .0040740 .21686 .005

.005488 .0043067 .21477 .02

.005690 .0044661 .21269 .02

.005855 .0045957 .21258 .001

.006091 .0047809 .21016 .04

.007636 .005993 .20237 01

.008744 .006862 .19649 .005

.009154 .007184 .19452 .02

.009915 .007781 .19158 .01

.012642 .009920 .18360 .007

.016152 .012672 .17347 . 005

.017828 .013987 .17196 .007

.019336 .015169 .16742 .003

.023946 .018783 .16008 .006

.029110 .022829 .15334 .004

.029640 .023244 .15671 . 005

.034364 .026944 .14760 .01

.044594 .034952 .13745 .02

.06102 .047798 .12929 .03

.06360 .049813 .12679 .006

.06707 .05263 .12519 .0.1

.09227 .07219 .11479 . 005

.12172 .09514 .10535 . 06

T a b l e  II

E v a l u a t io n  of ( gtc _  E ix) f o r  a -  3.99 A . on M o l a r it y

Scale
c, equiv. 
1. -1 soin.

No.
ĉali-d.
v. a

— 2k log 
occya,

Vet v.

(A'C -  
Ea),-

V.
1 0.0038243 0.21922 0.8820 0 .6696 0.31307 0.09385
2 .0040740 * .21677 .8779 .6627 .31060 .09383
3 .0043067 .21461 .8744 .6564 .30844 .09383
4 .0044661 .21320 .8722 .6522 .30703 .09383
5 .0045957 .21209 .8702 .6491 .30592 .09383
6 .0047809 .21056 .8676 .6448 .30439 .09383
7 .0059930 .20196 .8523 .6192 .29577 .09381
8 .0068624 .19688 .8428 .6037 .290G9 .09381.
9 .0071840 .19517 .8396 .5984 .28898 .09381

10 .0077808 .19219 .8338 .5893 .28603 .09384
11 .0099201 .18319 .8159 .5613 .27716 .09397
12 .012672 .17422 .7973 .5332 .26841 .09419
13 .013987 .17063 .7898 .5218 .26493 .09430
14 .015169 .16769 .7836 ‘ .5125 .26209 .09440
15 .018783 .16000 .7668 .4885 .25469 .09469
« (E 0' -  E a) =  E +  2 h log aCAJa.

The mean molal activity coefficients, ■y  ± . were
calculated from the thermodynamic equation

1 Fm» -  E . , r ,
l o g  7 ±  =  9 / -  - -  t i g  III ( ;> )

(25) R. G. Bates and V. K. Bower, J ¡{warch Bur. Bl-iiukirds,
53, 283 0954).

Fig. 2.—Extrapolation of (E0' — Ea) for Ec°.

Concn.1/* (equiv. kg. 1 ethanol)‘A 
Fig. 3. -L og/± for HC1 solutions at 25°.

using the value of —0.08138 v. for the molal stand
ard electrode potential. The activity coefficients 
at round concentrations are given in Table III, 
where the last figure has been retained only for 
computational purposes. Values of the degree of 
dissociation, calculated in this work, arc given in 
Table IV, the entries at the two lowest concen
trations, enclosed in brackets, being extrapolated 
from the experimental region.

Discussion
As seen in Fig. 1, the present e.m.f.'s are con

sistently lower than those of Woolcock and Hart
ley.4 The difference is 1.2 mv. at 0.1 m, but con
tinuously increases with dilution, being 2.8 mv. at 
0.01 to and 3.3 mv. at 0.005 in. This deviation is 
in the direction to be expected from small amounts 
of water in the earlier woik showing that it becomes 
increasingly difficult tc obtain reliable measure
ments at low concentrations. Solutions below 
0.005 to were not used in the present investigation; 
instead of relying on critical measurements at ex
treme dilutions, theoretical aids to extrapolations 
requiring only moderate dilutions were applied. 
Thus, a value o: —0.08138 v. was realized for 
cvhen the extrapolation was based on the presence 
of ion association. The nature of the extrapola
tions was, however, influenced considerably by the 
choice of the a parameter, the distance of closest 
approach. For values greater than that leading 
I o a linear extranolation, pronounced n m ol tiro was
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observed, decreasing as this value was approached. 
For the latter extrapolation, a variation in the dis
tance of closest approach of only 0.1 A. (3.9 and
4.1 A., respectively) showed a small, but notice
able slope. The value of 6.2 A. found to be most 
satisfactory by Mukherjee11 to account for the 
properties of hydrogen chloride in ethanol, is not 
applicable here. The osmallest distance used in 
the calculations, 3.75 A. and intermediate values' o
of 4.50 and £.00 A. confirm the choice of a =  3.99 
A. as the most satisfactory. The courses of all 
plots oare expected to converge to that for a = 
3.99 A., since in the limiting case the extrapolation 
is independent of the distance of closest approach.o

A distance of closest approach of 3.99 A. in al
cohol is not incompatible with that of 4.3 A. in 
water,25 in spite of the larger alcohol molecule. 
With the more polar water molecule, it is assumed 
that the solvation sheath of water molecules is 
thicker than the sheath of alcohol molecules. In 
water-organic solvents, the ions become prefer
entially solvated with water so that the ion-water 
to ion-center distance remains essentially constant. 
It is of interest to note that the present value 
(3.99 A.) is lower than that used bv Seatchard3 
(4.46 A.) and Maclnnes8 (5.9 A.) and corresponds 
to the value used by Bezman and Verhoek23 in 
accounting for the conductance of hydrogen chlo
ride in ethanol.

T a b l e  III
M e a n  M o l a l  A c t i v i t y  C o e f f i c i e n t s  o f  H C 1  i n  E t h a n o l  

a t  2 5 °
m, equiv. 

kg. _I ethanol Y=fc
77i, equiv. 

kg.“1 ethanol Yd=

0.005 0.5871 0.03 0.3552
.007 .5397 .05 .3000
.01 .4903 .07 .2032
.02 .4018 .1 .2316

Extrapolation of the e.m.f. data by the method 
based on the Gronwa.ll, La Mer, Sandved extended 
term theory22 assuming hydrogen chloride is a 
strong electrolyte was found possible using an a 
value of 2.95 A. but led to an erroneously low value, 
— 0.08022 v., for Em°. The Bjerrum critical dis
tance for ion-pair formation in ethanol is 11.53 A. 
at 25° so that the extrapolation method based on 
ion association is theoretically more sound. Al
though the extrapolations were unambiguous to 
within 0.02 ir.v., the experimental variations of the 
observed e.m.f.’s indicate an accuracy of 0.1 mv. 
in the values —0.08138 and —0.09383 v. on the 
molal and molar concentration scales, respectively, 
for the standard electrode potential of the silver- 
silver chloride electrode in anhydrous ethyl alcohol 
at 25°. The values of —0.0740 and —0.0864 v. 
on the molal and molar scales, respectively, by Mac
lnnes,8 and —0.0883 v. on the molar scale by Wool- 
cock and Hartley4 have represented the accepted 
values to date. The value reported by Mukher
jee11 of +0.00977 v. on the molar scale, on critical 
examination, is unacceptable since the e.m.f.’s 
were at 35° rather than 25°. The present values, 
based on precise data treated by the most theore
tically sound extrapolation, may be accepted as

reference standards for the silver-silver chloride 
electrode in absolute ethanol.

It should be noted that the present value of the 
standard potential of the silver-silver chloride 
electrode suggests the necessity of revising the 
value of Ec° =  —0.0216 v. assigned to the calomel 
electrode by Danner.7 If the values of Bates and 
Bower25 and of Hills and Ives13 for the silver-silver 
chloride electrode and the calomel electrode in 
water, 0.22234 and 0.26796 v., respectively, are 
accepted, the difference between the standard po
tentials is 0.04562 v. Assuming that the difference 
is the same irrespective of solvents, the standard 
potential of the calomel electrode in ethyl alcohol 
would be —0.0358 v. on the molal scale, or 
— 0.0482 v. on the molar scale.

The activity coefficients of hydrogen chloride in 
ethanol calculated from the results of Woolcock 
and Hartley4 deviate from those of the present in
vestigation (Table III) in the direction to be ex
pected by the presence of small amounts of water. 
At the highest concentrations considered (0.1 to), 
the difference is about 0.035 unit. This divergence 
may also be attributed, in part, to the different 
methods used in extrapolating for the standard 
electrode potential of the silver-silver chloride 
electrode. Since the two series of activity co
efficients differ by this relatively large amount, a 
tabular comparison was not attempted.

The relatively great departure from ideality of 
the activity of hydrogen chloride in ethyl alcohol 
noted above may be partially attributed to the 
presence of association of the ions into ion-pairs. 
In this case, the experimentally observed activity 
coefficients are not a true measure of the activity 
coefficients of the ions in the solution. The latter 
coefficients, ya  may be termed the quasi-activity 
coefficients, after Marshall and Grunwald.26 (The 
prefix quasi has been used here since ion association 
is not a typical chemical equilibrium in that the 
two ionized species are parts of a single electrolyte.)

T a b l e  IV
D e g r e e  o f  D i s s o c i a t i o n  o f  HC1 i n  E t h a n o l  a t  25°

m, equiv. kg. 1 
ethanol a

m, equiv. kg. 1 
ethanol

0.001 (0.9595) 0.01 0.8332
.002 ( .9315) .015 . .8030
.005 .8800 .02 .7812
.007 .8582 .025 .7634

Where there is only partial dissociation, a, t
quasi-activity coefficient, ya, is given by the simple 
relation

7=fc = «Ya (6)
where y±  is the experimentally observed value. 
Application of this relation to the present results 
gave complete agreement between observed and 
the calculated activity coefficients up to 0.012 to. 
The concept of ion-pair formation, therefore, is 
completely adequate at this moderate dilution. 
At this concentration, hydrogen chloride in ethyl 
alcohol is 82% present as free ions (Table IV). In 
contrast to the foregoing, when hydrogen chloride

(2ft) II. P. M a rs h a ll a n d  E . G ru n w a ld , J. Chem. Phys., 21, 2143 
(1953).
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in ethyl alcohol is considered as a strong electrolyte 
and the activity coefficients calculated from the ex
tended term theory (with a =  3.99 A.), there is no 
agreement even at the lowest experimental con
centration.

The considerations presented favor the presence 
of ion-pairs in solutions of hydrogen chloride in 
ethyl alcohol at 25°. Since calculations based on 
this conclusion hold up to at least 0.01 to, the re
sults at this concentration cannot be in serious 
error. Therefore, in the practical standardization 
of the silver-silver chloride electrode in anhydrous

ethyl alcohol at 25° by the method of Bates, 
et al.,u the mean molal activity coefficient of hy
drogen chloride in ethyl alcohol may be taken as
0.490 (Table III). This contrasts with the value
0.904 proposed12 for aqueous solutions at 25°.

Acknowledgments.—The authors wish to ac
knowledge with thanks stimulating discussions 
with Dr. Roger E. Bates, National Bureau of 
Standards, in the course of this research. This 
work was supported by the United States Air 
Force, Office of Scientific Research, Air Research 
and Development Command.

NOTES
THE CATALYTIC REDUCTION OF COBALT 
W ITH HYDROGEN FROM AMMONIACAL 

COBALT SULFATE SOLUTIONS
B y  W e l b y  G. C o u r t n e y 1
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Kaneko and Wadsworth2 reported observations 
on the rate of disappearance of Co++ from am- 
moniacal aqueous solution by the graphite-cata
lyzed reduction of Co++ with H2 to form cobalt 
metal plus NH4+ and/or H+ at elevated tempera
tures and pressures.3 They reported linear reduc
tion rates and proposed that the rate-controlling 
step in reduction was a reaction between H2 and 
Co(NH3)2(H20 )2S04 on the surface of the colloidal 
graphite (“ Aquadag,”  Acheson Colloid Company) 
added. This note presents several conflicts be
tween the K-W results and interpretations and this 
writer’s observations.

Experimental
The experimental technique generally followed that out

lined by K-W . Briefly, a three liter stirred autoclave was 
used. Teflon packing without lubrication was used in the 
stuffing box because other work suggested that reduction 
could be initiated with oil particles. Temperature was con
trolled to within 0.5° by an electric immersion heater lo
cated directly in the charge solution inside the autoclave 
together with an electrically heated Dowtherm jacket around 
the body of the autoclave. All metal parts in contact with 
the charge solution were titanium. Bomb samples were 
cooled, the sample filtered on the bench, and the filtrate 
analyzed for cobalt by electrodeposition. Other work in
dicated negligible dissolution of any basic salt or metal in 
the sample with this technique. Reagent grade chemicals 
were used. The H2 was obtained from the Air Reduction 
Company and used from the cylinder without purification.

Results indicated that solutions containing 0.1-0.5 M  
CoS04 and a NH3/C o  + + mole ratio of 1.5-5 (typical K-W  
conditions) precipitated a blue basic cobalt salt at both am
bient and elevated temperatures. The presence of (NH 4)2- 
S04 increased the solubility of this basic cobalt salt, pre
sumably by buffering the NH3-N H 4 + equilibrium. Chemi
cal analysis of the basic salt gave variable results, and a 
variety of basic cobalt salts have been reported in the litera

(1) Experiment Incorporated, Richmond, Virginia.
(2) T . M . Kaneko and M. E. Wadsworth, T h is  J o u r n a l , 60, 457 

( 1 9 5 6 ) .
(3) F. A. Schaufelberger and T. K. Roy, Bull. Inst. Mining Met.,

581, 375 (1955); U. S. Patent 2,694,CQ5.

ture.4 Attempts to measure equilibrium solubilities of the 
basic cobalt salt were unsatisfactory. For example, Co + + 
concentrations which remained constant for 30 minutes at 
204° ranged from 0.10 to 0.26 M  in three runs with solu
tions initially containing 0.5 M  CoS04 and 2 NH3/CO  + + 
and ranged from 0.25 to 0.73 M  in seven runs initially con
taining 0.75 M  CoS04, 3 NH3/C o  + +, and 0.33 M  (NH4)2- 
S04.

T IM E  IN MIN.
Fig. 1.— Rate of reduction of Co + + with H2 (500 p.s.i.g. 

partial pressure) at 204°. Zero time was taken at addition 
of H2 to the hot autoclave. Dotted lines indicate basic 
cobalt salt was observed in microscopic examination of a 
sample; solid lines indicate no basic salt observed. Charges: 
curve A, 44 g./l. Co + + (as the sulfate), 2.1 NH3/C o + +, 100 
g./l. cobalt metal seed powder; curve B, 29 g./l. Co + + 
(as the sulfate), 1.9 NH3/C o  + +, 44 g./l. (NH4)2S04, 100 
g./l. cobalt metal seed.

Typical results of an exploratory study of reduction 
kinetics in the Co + +-H 2 reaction are given in Fig. 1. Both 
runs were made at 204° and a constant 500 p.s.i.g. H 2 par
tial pressure. Curve A was obtained with a charge initially 
containing 0.75 M  CoS04, 2.1 N Ii3/C o ++, and 100 g ./l. 
cobalt metal seed powder ( — 100 mesh), or typical K-W  
conditions except for the metal seed added. Curve B was

(4) C. W. Stillwell. Tins J o itenal , 33, 12(7 (1029); W. Feitknecht 
and W. Bedert, Ilelv. Chim. Acta, 24, 070 (1911).
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obtained with a charge initially containing 0.5 M  CoSO.t, 
1.9 NH */Co++, 0.33 M  (NTIffiSO,, and 100 g ./l. cobalt 
metal seed, or conditions where the Co + +-H 2-H  + equilib
rium3 prevents quantitative reduction of C o+ 1 to metal. 
No colloidal graphite was added to either run.

Discussion
The principal K-W  arguments for their mecha

nism appeartobe: (I) linear reduction rates“  would 
not be expected if the rate-controlling step takes 
place at the surface of the growing cobalt metal par
ticle” ; (2) the reduction rate was “ virtually inde
pendent of the nature of the cobalt metal deposit 
produced” ; (3) the reduction rate was proportional 
to the concentration of colloidal graphite added 
and was extremely small in the absence of the 
graphite; and (4) the excellent agreement between 
the data and their mechanism.

Regarding (1), this writer has observed linear 
reduction rates during 80% cf the reaction in the 
reduction of Ni++ by Ii2 from aqueous solutions 
containing nickel metal seed powder but having no 
salt precipitate or colloidal graphite.5 However, 
these linear rates were proportional to the surface 
area of the metal particles present. No reduction 
could be observed in identical runs without seed, 
indicating negligible homogeneous nucléation of 
metal particles under the conditions tested. There
fore, the rate-controlling step in the seeded runs 
was at the surface of the growing nickel metal par
ticles although linear reduction rates were observed, 
contrary to K-W ’s assumption. This writer docs 
not have strictly similar data for the Co++-H2 re
action, but the assumption in (1) is in question.

It may also be noted thaï K-W  analyzed for 
cobalt in a sample after any cobalt metal had been 
removed with a magnet. They therefore apparently 
analyzed the total Co++ in a sample (solution plus 
salt) rather than the Co++ concentration in the 
solution alone. Although K-W did not mention the 
formation of a basic cobalt salt in their work, this 
writer's results (curve A in Fig. 1) suggest that with 
typical K-W  conditions the Co++ concentration in 
solution remains roughly constant during a large 
portion of the reduction because the basic salt dis
solves, tending to maintain the Co++ concentration 
in solution at its equilibrium value. (The early 
increase in Co++ concentration in each curve in 
Fig. 1 is attributed to the increased equilibrium 
solubility of the basic salt due to the formation of 
(NH4)2SOî during the reduction.) Therefore, a con
stant rate of disappearance of total Co++ during the 
early part of a run would at first glance be not un
expected since growth kinetics are probably con
cerned with solution composition if anything. How
ever, this writer has observed that with conditions 
similar to those used by K-W the growing cobalt 
metal particles were intimately mixed with, and 
sometimes imbedded in, the salt precipitate during 
the early part of reduction. Growth kinetics in 
such a case is difficult to interpret.

Further, linear reduction rates per se when the 
initial mole ratio of NH3/C o ++ is less than about 
2 (K-W’s Fig. 1) is not supported by the present 
work. In curve B in Fig. 1 of this note, the reduc
tion rate decreased markedly oecause of approach 
to equilibrium.

(5) W. G. Courtney, in preparation.

Regarding (2), the “ nature” of the metal deposit 
which K-W produced could perhaps be described 
more fully. The effect of the surface area of the 
metal deposit on the gross reduction rate in metal 
reductions was noted earlier and was also briefly 
discussed by Schaufelberger.6

Regarding (3), this writer had no success in cata
lyzing the C o ++- H 2 reaction with up to eight times 
the concentration of Aquadag used by K-W. 
Whether unknown impurities inhibited catalysis in 
this writer's work or unknown impurities catalyzed 
K -W ’s work is of course uncertain.

Regarding (4), an evaluation of K-W ’s mecha
nism is difficult in view of the above uncertainties, 
particularly regarding the importance of linearity of 
reduction rates. However, the reduction rate of 
about 60 mg. Co++ cc.“ 1 hr.“ 1 obtained in this 
work with cobalt metal seed alone (the latter part 
of curve A) is comparable to or even somewhat 
greater than the reduction rates obtained by K-W 
with their Aquadag catalyst (K-W ’s Fig. 1), sug
gesting that in K-W ’s work the roles of Aquadag 
and the metal powder which is formed once reduc
tion Iras begun must be carefully delineated.

The writer is pleased to acknowledge the advice 
of Dr. F. A. Schaufelberger, Dr. H. M. ITulburt and 
Mr. II. Bocckino. Particular thanks are due to Mr.
J. Slraw, who conducted the experimental work.

(6) F. A. Schaufelberger, J. Metals, 8, 695 (1956).

THE STABILITY OF METAL CHELATES OF 
N.N -ETHYLENEDIANTHRANILIC ACID

By T h o m a s  R. S w e e t  a n d  W i l l i a m  F. H a r r i s 1 
Department of Chemistry, The Ohio State University, Columbus 10, Ohio 

Received August 29, 1956

The stability constants of several transition 
metals with N,N'-ethylenediaiithramlic acid were 
determined during an investigation of the analyt
ical properties of substituted anthranilic acids. 
The Bjerrum2 titration method as modified by 
Calvin and Wilson3 was adapted to the present 
work.

Experimental
Materials.— The N,N'-ethylenedianthranilic acid was 

prepared by modifying the method of Frankel and Spero.4 
Fifty grams of methyl anthranilate and 15 g. of ethylene 
bromide were mixed and heated on an oil-bath for 6 hours 
at 156°. The mixture was cooled and extracted three times 
with 25-ml. portions of 2 N  hydrochloric acid. The dian- 
thranilate is insoluble in dilute acid while the unreacted 
anthranilate is soluble. The insoluble residue was refluxed 
overnight with 250 ml. of alcoholic potassium hydroxide. 
The potassium salt of the dianthranilic acid remained as a 
residue and was filtered and dissolved in water. The di
anthranilic acid was precipitated from the water solution with 
acetic acid. The acid was redissolved in base and repre
cipitated with acetic acid from a solution containing 20%  
alcohol. This gave a slower precipitation and a more crys
talline precipitate. 1 2 3 4

(1) Taken in part from the doctoral dissertation of W. F. Harris 
presented to the Graduate School of The Ohio State University, 
August, 1955.

(2) J. Bjerrum, "Metal Amine Formation in Aqueous Solution,”
P. Haase and Son, Copenhagen, 1941.

(3) M. Calvin and K. W. Wilson, Am. Chem. Soc., 67, 2003 
(1945).

(4) J. Frankel and K. Spero, Tier., 28, 1686 (1895).
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The metal solutions were prepared and standardized as in
dicated in an earlier publication.6

The dioxane was purified by the method suggested by 
Calvin and Wilson.3

Procedure.—The weighed reagent was added as a solid 
to 50 ml. of purified dioxane. Sufficient water, nitric acid 
and metal nitrate, in the order mentioned were added to 
bring the final volume to 100 ml. The titrating procedure 
was the same as that described previously.5

Calculations.—The calculations were made by adapting 
the method of Calvin-Bjerrum to the present situation.
H2H represents the reagent, N,N'-ethylenedianthranilic acid 
K ai and K at represent the acid ionization constants of the 

reagent
Tm represents the total added metal concentration 
Th2r represents the total added reagent concentration 
A represents the total added concentration of H N 03

From the equations for the conservation of species, 
charge balance, and ionization constants the following ex
pressions for R " and n were obtained

(R - )  =
2THlR +  A +  (O H ") -  (Na + ) -  (H +)

(H+)«
Ka,Ka

2 (H +)2 

(R -)  -

(H+)
Ran

(H+)
k ~ (R-) -  (R-)

Tu
Since a titration of the reagent with NaOH showed that 

the pK  value of the protonated nitrogen is less than 2, a 
consideration of this ionization constant was omitted from 
the calculations.

Determination of the Ionization Constants of the Reagent.
— A titration of the reagent showed only one break even 
though two carboxyl groups are present. Therefore the 
ionization constants were determined by Schwarzenbach’s 
graphical method.6 The experimental procedure was the 
same as that used for the determination of the formation 
constants except for the fact that metal salt was not added 
to the acidified 50% dioxane solution of the reagent.

From the equations for charge balance, conservation of 
the reagent, and ionization constants the following equation 
was obtained

1 = (27W -  b) (î ’h.r -  6)(H+)
K h  MH+)2 a! +  5(H+)2

where
b =  (H+) +  (Na+) -  (O H - ) -  (N O ,-)

A graph l/ZCu versus K a% was plotted. Each experimen
tal point of the titration curve was represented by one line 
with a ^-intercept given by [(T h2r — 6)(H +)]/6 (H +)! and 
an ^-intercept given by [(& — rH,R)(H+) ] / ( 2 r H2B, — b). 
The lines were found to intersect at the point where 1 /X ai =  
2.8 X 106 ±  0.4 X 106 and K a,  =  6.7 X 10"8 ±  0.6 X  10“ 8. 
Therefore pKa, =  6.45 ±  0.07 and pKai =  7.17 ±  0.04.

Results and Discussion
Using metal concentrations between 0.9 X 10~3 

and 1.3 X 10 ~3 molar and reagent concentrations 
from 3.5 X 10~3 to 5.2 X 10~3 molar, the following 
K  values for the copper, nickel, cobalt, zinc and 
cadmium complexes were obtained at 35°: 1.8 X 
10l°, 3.6 X 108, 2.8 X  106, 1.2 X W an d  1.1 X 106.

The order of stability of the metals with N ,N '- 
ethylenedianthranilic acid was found to be copper, 
nickel, cobalt, zinc and cadmium.

In general there is a significant increase in sta
bility of metal complexes of the N,N'-derivative of 
anthranilic acid over previously studied stabilities 
of complexes of anthranilic acid and substituted 
anthranilic acids in 50% dioxane.7

ATOMIC NUMBER.

Fig. 1.— O, log K  N N'-ethyler.edianthranilio acid; □ ,  first 
ionization potential; A , second ionization potential.

A correlation between the stability of the metal 
complexes of N,N'-ethylenedianthranilic acid in 
50% dioxane and the second ionization potential of 
the metal is shown in Fig. 1. The figure also shows 
that there is very little relationship between the 
stability and the first ionization potential. This is 
similar to the relationship found by Calvin and 
Melchior8 between metal chelates of 5-salicylalde- 
hyde sulfonate and the ionization potentials of the 
metals.

(8) M. Calvin and N. C. Melchior, J. Am. Chem. Soc., 70, 3270 
(1948).

ON THE MENISCUS IMAGE IN THE 
ULTRACENTRIFUGE

B y P in g - yao  C h e x g * 1

Contribution from the Church Laboratories of Chemical Biology, California 
Institute of Technology, Pasadena, California 

Received November 15, 1956

The recent modification of the Archibald method2 
for the determination of molecular weight, de
veloped by Klainer and Kegeles,3 is reported to give 
results in agreement with those obtained by other 
methods.3'4 In "he modified method the concen
tration gradient, dc/dr, at the meniscus is deter
mined by extrapolation carried out to the center 
position of the image produced by the meniscus on 
a photographic plate.4 The present communica
tion summarizes an investigation of the effect of 
surface tension at the meniscus on the reliability 
of the molecular weight value so obtained.

A cell filled with a solution of 0.1% desoxyri
bonucleic acid (DNA) in 0.2 N  NaCl was balanced 
against a reference cell to within 10 mg. It was then 
ultracentrifuged at 59,780 r.p.m. in a Spinco (Model
E) to form a sharp DNA boundary; after that the 
speed was varied. Photographs were taken at the 
different speeds, and the widths of the meniscus 
and the DNA boundary images were measured at 
the same level well above the base line with the aid 
of a high-precision microphotometer (in the Depart
ment of Astrophysics of this Institute). The 
widths of both decreased, but by different amounts, 
as the speed increased. The width of the meniscus

(5) W. F. Harris and T. R. Sweet, J. Am. Chem. Soc., 77, 2893 
(1955).

(6) G. Schwarzenbach, A. Willi and R. D. Bach, Helv. Chim. Acta, 
30, 1303 (1947).

(7) W, F. Harris and T. R. Sweet, T h is  J o u r n a l , 60, 509 (1956).

(1) The Rockefeller Foundation Virus Laboratories, New York.
(2) W. J. Archibald, T h is  J o u r n a l , 51, 1204 (1947).
(3) S. M. Klainer ar.d G. Kegeles, ibid., 59, 952 (1955).
(4) S. M . Klainer and G. Kegeles, Arch. Biochem. Biophys., 63, 

247 (1956).
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image changed from 0.016 cm. at 10,000 r.p.m. to 
0.010 cm. at 55,000 r.p.m., while that of the DNA 
boundary decreased only 0.003 cm. under the same 
conditions. Part of the decreased width of the 
DNA boundary must be attributed to the strong 
concentration dependence of sedimentation coeffi
cient of DNA.

If the centrifugal force at low speed were suffi
cient to overcome the surface tension of the menis
cus, the decrease in the width of the meniscus 
image would have been somewhat smaller than the 
decrease in the width of the DNA boundary. 
That the contrary was found to be the case indicates 
that at low speed the effect cf residual surface ten
sion is manifested at the meniscus, and that the 
radius of curvature of the meniscus may be meas
urably less than the radius of rotation. Thus the 
effective meniscus position at which the Archibald 
method applies may differ, in general, from the 
center position of the image of the meniscus. As 
shown by the typical example in Table I, the ex
trapolated concentration gradient at the meniscus, 
hence the molecular weight, is inaccurate by 1% , 
when an error of 0.001 cm. is allowed in the calcula
tion of the meniscus position. Therefore, because 
of the surface tension effect alone, the reliability of 
the molecular weight values obtained by the modi
fied Archibald method is greater for experiments 
performed at high rotor speeds.

T a b l e  I
R e f r a c t iv e I n d e x -G r a d ie n t C u r v e  of B o v in e  S eru m

r,

A lbu m in  So l u t io n “
Ordinate,

Ar, cm. Afdc/dr)/
cm. cm. adc/dr (dc/dr)

5.987
-0 .0 2 6 0.126 0.65.961 0.247

5.936 — 0.025 0.428 0.5

5.911 — 0.025 0.648 0.4

5.886 — 0.025 0.867 0.3

" A  1% protein solution in 0.15 M  NaCl and 0.05 M  so
dium acetate buffer, pH 4.4, was centrifuged at 8,500 r.p.m. 
for 32 min. The curve was obtained by the schlieren optical 
system equipped with a phase plate.5

Acknowledgment.—The author is indebted to 
Dr. L. G. Longsworth for his critical examination 
of the manuscript and to Professors G. Munch and
J. E. Snoke for making their instruments available.

(5) R. Trautman and V. W. Burns, Biochirn. Biophys. Acta, 14, 
26 (1954).

SULFATE COMPLEXES OF TIN  (IV)
By C a r l  H. B r u b a k e r , J r .

Kedzie Chemical Laboratory, Michigan State University, East 
Lansing, Mich.

Received December 4, 1956

In an earlier paper1 we described the changes 
which occur in the ultraviolet absorption spectrum 
of tin (IV) solutions as the sulfuric acid concentra
tion is varied and an interpretation of these changes 
was offered. However, later work2 indicated that 
the predominant species of tin (IV) present in

(1) C. H. Brubaker, Jr., J. Am. Chem. Soc., 76, 4269 (1954).
(2) C. H. Brubaker, Jr., ibid., 77, 5235 (1955).

dilute acid is not a partially hydrolyzed one, such 
as the SnO++ we originally proposed,1 but rather 
is SnS04++. In addition, our earlier work was 
based on data on the dissociation of sulfuric acid 
which appear to be incorrect in the light of recent 
studies by Smith.3

Carter4 has suggested that the first spectral 
change corresponds to the formation of SnS04++ 
and has based his arguments on the sulfate ion con
centrations found by Smith.3 However, since our 
later work showed that, even in very dilute sulfuric 
acid, SnS04++ is the principal species, still another 
interpretation had to be sought.

We now believe that the two spectral changes, 
which we observe as the sulfuric acid con
centration is changed from 1 to 17 M, correspond 
to the complex formation steps

SnS04 + + +  S O r =  Sn(S04),(aq.) K , (D 
Sn(S04)2(aq.) +  H2S04 =  H2Sn(S04)3(aq.) K , (2)

Indeed, if we can accept our findings concerning 
SnS04++ and the evidence6 on the probable exis
tence of the tris-(sulfato) complex in concentrated 
sulfuric acid, we could scarcely escape such con
clusions.

Consider, first, reaction 1. We write the equilib
rium constant expression

_  g3n(304)i__________ [Sn(S04)2]_____
1 GESnS04++ aso4" ( SnS04+ +)(S04

where y ±  is the mean activity coefficient for the
2-2 electrolyte (SnS04++)(S04=).

We noted1 that the extinction coefficient, e2, of 
the second species must be much less than, e4, of 
the initial species. Then in less than 4 M  sulfuric 
acid (i.e., when there is negligible H2Sn(S0 4)3) we 
see that since

A W O .l(S lW ) — Cobsd
D o b sd  ÈÉ0.1ii(SnSO4 ++)

and
(SnIV) =* (SnS04 ++) +  (Sn(S04)2)

then, 4.

—  =  -  +  -  K ,(S04- > / *
Cobsd Ci Cl

( 4 )

Dobsd. is the observed optical density, 0.1 is the 
length of cell path and (SnIV) is the total tin(IV) 
concentration.

Following the reasoning we have previously em
ployed,2 we estimate the empirical correction con
stants, « 12, and obtain yx, the corrected activity 
coefficients for (SnS04++)(S04=) from yi0, the ac
tivity coefficients of a typical “ pure”  2-2 electro
lyte. Then 71 are converted to y±, the activity 
coefficients on the molar scale (Table I).

Our values of e0b.d at 240 m/i are taken from the 
earlier work1 and are given in Table I, column 9.

Now according to equation 4, we plot l / e 0bsd 
against (S04=) y2±  (Fig. 1) and find a reasonably 
good straight line. We obtain n =  2.5 X  103 
and Ki =  1.9 X  102.

Previously we had estimated ei =  1.6 X 10s 
on the basis of spectrophotometric examinations

(3) II. M. Smith, Ph.D. thesis, University of Chicago, 1949.
(4) P. R. Carter, private communication.
(5) R. F. Weinland and II. Kuhl, Z. anorg. Chem., 54, 244 (1907).
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T a b l e  I
O b se r v e d  M o la r  E x t in c t io n  C o e f f ic ie n t s , S u lfu r ic  A cid  C o n c e n tr a t io n s , A c t iv it y  C o e f f ic ie n t s  an d  V a r io u s  

D e r iv e d  Q u a n t it ie s  f o r  1.65 X 10 ~3 M  Sn(IV) in  S u lfu r ic  A cid
1 2 3 4 5 6 7 8 9(H2S04), (SOU), ß 710 720 eobsd,

M M (molai) (ZnS04) (H2SO4) — m2 71 y± X  10-»
3.48 1.13 6.70 0.0364 0.174 0.067 0.102 0.119 0.648
3.19 1.03 6.02 .0368 .157 .069 .096 .110 0.743
2.24 0.703 3.98 .0434 .130 .078 .089 .097 1.02
1.80 .554 3.12 .0488 .124 .085 .090 .097 1.33
1.50 .450 2.56 .0543 .124 .091 .093 .099 1.41
1 35 .400 2.26 .0590 .123 .093 .096 .101 1.51
0 910 .248 1.45 . 0759 .130 .105 .107 .110 1.56

Fig. 1.—The dependence of the observed molar extinction 
coefficient on sulfate ion activity.

of tin(IV) in perchloric acid, but in view of our 
later findings that SnSC>4++ is the predominant 
species in dilute sulfuric acid, we can hardly ex
pect the limiting molar extinction coefficient, e1; in 
sulfuric acid to be the same as is observed in per
chloric acid.

In view of the values of the activity coefficients 
for 2-2 electrolytes and the fact that there is 
necessarily some uncertainty in the correction of 
them, we should probably accept a and K\ as 
representing orders of magnitude only. However, 
we have found that the treatment is not partic
ularly sensitive to the magnitude of y±  and thus 
the scatter (Fig. 1) is probably experimental.

Thus it seems safe to conclude that the first 
spectral change does correspond to the formation of 
Sn(S04)-2 from SnSCh"*"1" and that the equilibrium 
constant is about 102.

The second spectral change should correspond 
to equation 2 and the interpretation which was 
offered in the previous work wall still apply.

This work was supported by the U. S. Atomic 
Energy Commission.

LATTICE CONSTANTS OF POTASSIUM 
BROMIDE-POTASSIUM IODIDE 

SOLID SOLUTIONS1
B y  E u g e n e  T .  T e a t u m  an d  N orm an  O. Sm ith

Department of Chemistry, Fordham University, New York, N. Y. 
Received December 20, 1956

(1) Presented before the Division of Physical and Inorganic Chemis
try of the American Chemical Society at Atlantic City, September, 
1956.

In the course of studies of the mutual solubility 
of partially miscible solids it became necessary to 
measure the variation of lattice constant with com
position for solid solutions of potassium bromide in 
potassium iodide. The only previous values of lat
tice constants in this system are those of Havig- 
hurst, Mack and Blake,2 but the range of com
positions studied was very limited and the data 
inconsistent and meager. These two salts form an 
incomplete series of solid solutions at room tem
perature3 but their mutual solubility increases to 
complete miscibility at temperatures well below the 
melting point.4 By quenching molten mixtures of 
the two salts it is easy to obtain solid solutions over 
the entire range of composition at room temperature 
even though the solids in the large central portion of 
this range are then metastable.

Reagent grade potassium bromide and potassium iodide 
were recrystallized from water and dried. Various mixtures, 
weighing about one gram, were placed in Pyrex tubes (7 
mm. o.d.) sealed at one end, and melted together under 
vacuum. (This was necessary to prevent decomposition 
and discoloration.) They were then sealed off while 
evacuated, and quenched ir_ mercury. Compositions which 
fell within the miscibility gap maintained their metasta
bility for a period more than long enough to permit taking 
X-ray powder photographs. This was done using a G.E. 
X RD -3 unit with Cu Ka radiation, the wedge technique 
being adopted in ill cases. The films were measured with 
a G. E. Fluorline Illuminator and the various lattice con
stants calculated. Simultaneously each sample was ana
lyzed by potenticmetric titration with standard silver ni
trate, using silver and saturated calomel electrodes with an 
ammonium nitrate salt bridge. Both the bromine and 
iodide end-points were observed. Such analysis was neces
sary because the composition of the original mixture could 
not be relied upon after the heating under vacuum.

T a b l e  I
L att ic e  C on stan ts  o f  K B r -K I  Solid  S o lu tio ns

Com
position, 

mole 
fraction 
of K l

Lattice
constant,

A.

Dev.
from ad- . 
ditivity 

À. X 103

Com
position, 

mole 
fraction 

of K l

Lattice
constant,

A.

Dev. 
from ad
ditivity
A X 10>

0.0000 6.599 0.568 6.881 +21
.0707 6.624 -  8 .658 6.925 +23
.0977 6.641 — S .740 6.947 +  12
.2128 6.705 +  8 .766 6.949 -  2
.2685 6.734 +  11 .878 7.001 -  2
.3352. 6.760 +  7 .902 7.030 +  16
.448 6.820 +  15 .918 7.060 + 39
.495 6.848 +21 1.000 7.059

(2) R. J. Havighurst, E. Maefe, Jr., and F. C. Blake, J. Am. Chem. 
Soc., 47, 29 (1925).

(3) M. Amadoii t  nd G .  Pampanini, Al.h. accad. Lincei, 20, [II] 473 
(1911).

(4) J. B. Wresnewsky, Z. anorQ. Chem., 74, 95 (1912).
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Table I gives the resulting data. Each lattice 
constant is an average of the values calculated for 
the three or four lines with greatest glancing angle, 
and the average deviation for any one film was 
about 0.005 A. The inherent lack of accuracy of the 
wedge technique, however, is good reason for be
lieving that the uncertainty in the lattice constants 
is about 0.008 A. The compositions are believed 
accurate to a mole fraction of 0.0002. The lattice 
constants for the pure components, viz., 6.599 and 
7.059 A. for the bromide and iodide, respectively, 
may be compared with the most recent figures of the 
National Bureau of Standards,6 6.6000 and 7.0655 
A., at 25°. Lack of temperature control in the pres- 
ent work would not account for differences greater 
than 0.002 A. Except for some irregularity for the 
highest potassium iodide contents, the cause of 
which is not certain, the values lie on a smooth 
curve within experimental error. Shown also in 
Table I are the deviations of the experimental 
values from those predicted by Vegard’s rule of ad
ditivity. The positive deviations in the central 
composition range are believed to be real.

(5) H. E. Swanson and E. Tatge, “ Standard X-Ray Diffraction 
Powder Patterns,”  Vol. 1, National Bureau of Standards, 1953, pp. 
66, 68.

THE INTENSITY OF INFRARED O i l  
ABSORPTION FOR SOME TERTIARY 
ALIPHATIC ALCOHOLS; THE INDUCTIVE 
PROPERTIES OF THE CYCLOPROPYL 

GROUP
B y  T h eo d o r e  L, B r o w n , J. M. Sa n d r i an d  H. H a r t

A Joint Contribution from Noyes Chemical Laboratory, University of 
Illinois, Urbana, III., and Kedzie Chemical Laboratory, Michigan State 

University, East Lansing, Michigan
Received December 21. 1956

Measurement of the integrated intensity of in
frared absorption for compounds in solution is 
capable of providing information about the elec
tronic properties of molecules, particularly when 
the variation in intensity throughout a series of re
lated compounds is investigated. Recently it has 
been shown that the intensity of absorption of the 
O-H group in aliphatic alcohols is determined al
most completely by the inductive properties of the 
groups attachée to the hydroxyl.1 In the present 
paper these results are used in interpreting the 
measurements of the O-H intensity for a series of 
tertiary alcohols.

Experimental
_ Method.— The procedure used in determining the intensi

ties has been described previously.1 In the present work a 
Perkin-Elmer Model 112 spectrometer with lithium fluoride 
optics was employed. Use of a mechanical slit width of 0.1 
mm. resulted in a spectral slit width of about 4.5 cm .-1. 
A cell thickness of 1.00 mm. was employed; solution con
centrations were in the range 0.03-0.01 M .

Materials.—Fresh bottles of reagent grade carbon tetra
chloride were used in making up the solutions. t- 
Butyl alcohol and 3-ethyl-3-pentanol were Eastman White 
Label materials, carefully fractionated prior to use. The 
preparation and properties of tricyclopropylcarbinol have

O') T. L. Brown a:id M. T. Rogers, J. Am. Chem. Soc., 79, 577 
(1957).

been described.2 The other alcohols have been described 
elsewhere.3

Results
The results of measurements on six tertiary al

cohols are shown in Table I. The first column after 
the compound name lists the integrated intensity 
A', in units of 1 X 104 mole-1 liter cm.-2. The 
second column lists the half-intensity width, An/,, 
in units of cm.-1, and the third lists the frequencies 
of band maxima, vm. From the values of An/, 
listed it is possible to apply wing corrections as de
scribed by Ramsey.4 These corrections would be of 
the same order of magnitude for all the compounds 
listed, and would not change the relative values of 
intensity appreciably. The relative intensity 
values are probably correct to 0.02 intensity unit, 
while the values of vm are within 2 cm.-1.

T a b l e  I

R esults  of th e  M e a s u r e m e n t  of th e  O -H  B an d  I n t e n 
sit y  fo r  S ix  T ertiary '  A lip h a t ic  A lcohols

A vx ,2 Vm
Compound A'a (cm. _1) (cm. 1

/-Butyl alcohol 0.33 22 3613
Triethylcarbinol .25 19 3617
T riisopropylearbinol .22 25 3625
Diisopropylcyclopropylcarbinol .28 24 3622
Isopropyldicyclopropylcarbinol .33 25 3617
Tricyclopropylcarbinol .37 20 3620

a  In units of 1 X  104 mole 1 liter cm. 2.

Discussion
It is noteworthy that although different optics 

were used, the result obtained here for f-butyl alco
hol is in excellent agreement with that obtained 
previously.1

The decrease in intensity which accompanies 
increased branching of the alkyl groups attached to 
the carbinol is to be expected, since the intensity is 
known to decrease with increasing electron-donat
ing power of the attached groups.1 The intensity 
for the tricyclopropyl compound, however, is much 
larger than that for the triisopropyl compound, and 
is in fact larger than that for the trimethyl. Since 
the value of intensity for the tricyclopropyl com
pound lies between that for ¿-butyl alcohol and 
methyl alcohol (A ' =  0.45),1 it is to be concluded 
that the cyclopropyl group exhibits a + 1  effect 
relative to hydrogen, but is less electron-donating 
than the methyl group. This behavior may be com
pared with that shown by the vinyl group; the 
intensity result for allyl alcohol (A' — 0.48)1 shows 
that the vinyl group exhibits a — I effect relative to 
hydrogen. The intensity for trivinylcarbinol would 
probably be much larger than 0.48, and considerably 
greater than that for the tricyclopropyl compound.

In the picture of the cyclopropyl group given by 
Walsh the bonds to cyclopropyl are made with car
bon sp2 hybrid orbitals.6 Since this is the same hy
bridization as that possessed by the carbons in the 
vinyl group it might be expected that the inductive 
properties of the two groups would be similar, and 
Walsh has cited some evidence that this is the case.

(2) H. Hart and J. M. Sandri, C h em is try  and I n d u s t r y , 1014 (1956),
(3) J. M. Sandri, Ph.D. Thesis, Michigan State University, 1956.
(4) D. A. Ramsey, J. Am. C h em . Soc., 74, 72 (1952).
(5) A. D. Walsh, Trans. F a ra d a y  Soc., 45, 179 (1949).
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The present results indicate that the vinyl group is 
more electron-withdrawing than the cyclopropyl, 
but are not seriously at variance with this picture. 
The correlation of the intensity results with pKa 
values for the various groups attached to carboxyl 
is reasonably good.6

There does not appear to be any systematic fre
quency effect present, especially in those com
pounds containing the cyclopropyl group.

Acknowledgment.—Thanks are due Dr. H. G. 
Drickamer for his cooperation in the use of the 
infrared instrument.

(G) E. A. Braude and F. C. Nachod, "Determination of Organic 
Structures by Physical Methods,”  Academic Press, Inc., New York, 
N. Y., 1955, p. 573.

STUDY OF THE ISOTOPIC EXCHANGE 
BETWEEN Te(IY) AND Te(VI) IN ACID 

SOLUTION1
By M. W. H a n so n  a n t  T . C . H o e r in g

Department of Chemistry, University of Arkansas, Fayetteville, Arkansas 
Received January 10, 1957

It has been observed2 that there is no appreciable 
exchange at the end of six hours, either at ordinary 
temperature or at 90 to 95°, between tellurium in 
H2Te06 and H6TeOe. An exchange has been de
tected and the rate constant determined3 at dif
ferent temperatures for the system Te/TeCh in
O.LM" hydrochloric acid.

An investigation was undertaken to determine if 
there was an exchange between Te(IY) and Te(VI) 
of the system T e02/HoTe06 in acid solution. It was 
found that both concentrated and 611/ hydrochloric 
acid reduced Te(YI) to Te(IV) so rapidly the reac
tion could not be studied in this medium. Per
chloric acid was then chosen as a reaction medium 
because of its non-complexing nature.

Subsequent studies showed there was no detect
able exchange over a period of four days between
0.05.1/ solutions of the two ions in 6M  perchloric 
acid at a temperature of 30°. Heating an iden
tical mixture at a temperature of 95 to 100° for a 
period of 24 hours did not induce an exchange be
tween the ions.

A solution was prepared which was 6.1/ in hy
drogen ion and 3M  in chloride ion and 0.05.1/ in Te-
(IV) and Te(VI) ions. There was no evidence, 
after a period of 4 days, of an exchange between Te- 
(IV) and Te(VI) in the solution which was main
tained at a temperature of 30°. Heating an iden
tical mixture for 24 hours at 95° to 100° did not 
cause an exchange between the two ions.

The radio-tellurium, 132Te, was separated from 
the fission products of irradiated U3Os. The ex
perimentally determined 77 hour half-life corres
ponds to the accepted value for 132Te. The Te02 
was prepared by the method of Marshall4 and the H6- 
T e06 by the method of Horner and Leonard.6

(1) This work made possible through an A.E.C. contract.
(2) M. Haissinsky and M. Cottin, Anal. Chim. Acta, 3, 22G (1949).
(3) M. Haissinsky, M . Cottin and B. J. Varjabedian, J. chim. 

phy., 45, 212 (1948).
(4) H. Marshall, “ Inorganic Preparations,”  Vol. I ll , McGraw-Hill 

Book Co., Inc., New York, N. Y., p. 143.
(5) H. J. Horner and G. W. Leonard, Jr., J. Am. Chem. Soc., 74, 

3694 (1954).

THE KINETICS OF THE DECOMPOSITION 
OF OXALIC ACID IN NON-AQUEOUS 

SOLVENTS
By  L o u is  W atts  C l a r k

Contribution from the Department of Chemistry, Saint Joseph College, 
Emmitsbury, Maryland

Received January 21, 1957

The decarboxylation of malonic acid has been 
studied in several non-aqueous solvents including 
quinoline, aniline, dimethylaniline, pyridine and 
picolines.1” 4 Ogata and Oda2 observed that the 
undissociated form of the acid decomposed in ani
line and dimethylaniline, and Corey6 has shown that 
malonic acid is not appreciably dissociated in pyri
dine or quinoline. Fraenkel and co-workers1 have 
postulated that an intermediate unstable compound 
is formed between acid and quinoline, in which a 
carboxyl carbon atom solvates with the unpaired 
electrons on nitrogen. The monoion has been 
found to be more stable than the diacid, and the 
malonate ion appears to be unreactive.6 In view 
of the close similarity in structure between malonic 
acid and oxalic acid, it would be expected that 
oxalic acid would undergo decarboxylation in the 
same media as malonic acid and that the mech
anism would be similar in both cases. The decom
position of oxalic acid has been studied previously 
in dioxane7 and in glycerol8 wherein decarboxyla
tion took place smoothly in accordance with first- 
order kinetics.

The present paper describes the results of kinetic 
studies made in this Laboratory on the decomposi
tion of oxalic acid in the solvents dimethyl sul
foxide, triethvl phosphate, quinoline, aniline, N- 
methylaniline and N,N-dimethylaniline.

Experimental
Reagents.—(1) Oxalic ae:d, anhydrous, Analytical Re

agent Grade, Assay 100.0%; (2) dimethyl sulfoxide (99.9% ); 
(3) triethyl phosphate, sp. gr. 20 °/4 °, 1.065-1.070, chlo
rides, less than 5 p.p.m ., sulfates none, acidity not more 
than 0.03% calculated as H3P 04, ester content 97%  mini
mum, b.p. 216°, refractive index n25n 1.404; (4) quinoline, 
Reagent Grade, boiling range 235-237°; (5) aniline, Reagent 
Grade, boiling range 183.9-184.3°; (6) N-methylaniline, 
Reagent Grade, sp. gr. 0.989 boiling range 81-82° (14 mm.); 
(7) N,N-dimethvlanilinc, Reagent Grade, boiling range 
194.0-194.3°.

Apparatus and Technique. -The kinetic experiments were 
conducted in a constant temperature oil-bath by measuring 
the volume of C 02 evolved at constant pressure, as described 
in a previous paper.8 In each experiment a 0.1605-g. 
sample of oxalic acid (the amount required to produce 400 
ml. of CO-2 at STP on complete reaction) was introduced in 
the UvSual manner into the reaction flask containing 100 ml. 
of the solvent which had been previously saturated with dry 
C 02 gas.

Results and Discussion
The final corrected volume of C 02 obtained was

(1) G. Fraenkel. R. L. Belfort! and P. E. Yankwicli, ./. Am. Chem. 
Soc.. 76, 15 (1954).

(2) Y. Ogata and R. Oda, Bull. Inst. Phys. Chem. Research {Tokyo), 
Chem. Ed., 23, 217 (1944); C. A , 43, 7904d (1949).

(3) L. W. Clark, T h i s  J o u r n a l , 60, 134.0 (1950).
(4) L. W. Clark, ib;d., 60, 1583 (1956).
(5) E. J. Corey, J. Am. Chem. Soc., 75, 1172 (1953).
(6) G. A. Hall, ibid , 71, 2691 (1949).
(7) A. Dinglinger and E. Schcber, Z. physik. Chem., A179, 401 

(1937).
(8) L. W. Clark, J. Am. Chem. Soc., 77, 6191 (1955).
(9) L. W. Clark, T h is  J o u r n a l , 60, 1150 (1956).
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98-100% of the theoretical yield for all experi
ments except those in dimethyl sulfoxide at higher 
temperatures. In this solvent a very slow second
ary decomposition of formic acid appeared to take 
place above 170°. When log (a — x) was plotted 
against t, where a is the maximum theoretical yield 
of CO2 and x is the volume of gas produced at the 
time t, straight lines resulted in each case, hence 
the reactions were first order. From the slopes 
of the lines thus obtained the rate constants were 
calculated. Typical plots of the original data and 
their logarithm-plot equivalent are shown in Fig. 
1, and the rate constants in each solvent at each 
temperature studied are collected in Table I.

T a b l e  I

F ir st - o r d e r  R a t e  C on stan ts  f o r  t h e  D e c a r b o x y l a t io n  
of O x a l ic  A cid  in  S e v e r a l  X on - a q u e o u s  So lv e n t s  a t  

V a r io u s  T e m p e r a t u r e s

Solvent.
Temp., k X 10» 

(sec." 1)
Triethyl phosphate 160.9 128

170.8 273
180.8 583

Dimethyl sulfoxide 15.5.9 47.4
166.1 148
170.9 246

Quinoline 165.9 89.7
175.9 251
186.1 676

Aniline 149.4 44
157 .9 118.5
ie 7 .9 350

N-Methylaniline 162.4 76.8
164.1 92
166.4 115
177.6 318

N,N-Dimet.hylaniline 159.4 60
164.1 92
169.8 150
174.3 200

tion in quinoline and in aniline (lines 3 and 4), we 
see that the activation energy and enthalpy of ac
tivation are lower in quinoline than in aniline. 
This suggests that the unshared electrons on nitro
gen are slightly more available in quinoline than 
in aniline. The enthalpy of activation, which is 
related to the probability of the formation of the 
activated complex, is lower in quinoline than in 
aniline. The data for malonic acid in these two 
solvents1’3 parallel those for oxalic acid. These re
sults are in line writh the expectation that an in
crease in molecular complexity should cause a de
crease in the entropy of activation.10

Minutes.
Fig. 1.— Decomposition of 0.1605 g. of oxalic acid in 100 

ml. of aniline at 149.4°: I, volume of C 02 (ml.); II, log 
(a -  x).

The effect on the reaction of varying the struc
ture of aniline by introducing first one, and then 
two, methyl groups on nitrogen is brought out by

T a b l e  II

K in e t ic  D a t a  fo r  th e  D ecom po sitio n  o f  O x a l ic  A cid  in  Se v e r a l  N on -a q u e o u s  So lven ts

k x 10s
Solvent

E*
(cal.)

A
(sec.~■)

MI*
(cal.)

AS*
(e.u.)

A F* 
(cal.)

(sec. l) 
(at 140°)

(1) Dimethyl sulfoxide 40,650 3.0 X 10" 40,600 + 2 0 .7 31,050 9.5
(2) Triethyl phosphate 29,950 1.74 X 10“ 28,850 -  5 .8 31,250 22.0
(3) Quinoline 40,130 1.0 X 10" 38,900 -1 5 .7 5 45,400 5.0
(4) Aniline 41,450 1.45 X 1018 40,280 +  16.2 33,580 14.5
(5) N-Methylaniline 35,850 5.76 X 10“ 35,500 +  8.25 32,100 5 .8
(0) N,N-Dimethylaniline 33,100 3.39 X 1013 32,400 +  1.25 31,900 9.5

_ Straight lines were obtained in each case on plot
ting log k vs. 1/T according to the Arrhenius equa
tion. Activation energies and frequency factors 
for the reaction in each solvent were thus obtained. 
From the Eyring equation enthalpies of activation, 
entropies of activation and free energies of activa
tion at 140° were calculated. The results are sum
marized in Table II.

If we consider the data in Table II for the reac-

the data in lines 4, 5 and 6 of Table II. If the 
mechanism for the decomposition of oxalic acid is 
similar to that for malonic acid, it would be anti
cipated that a methyl group on nitrogen, w’ould, 
due to the positive inductive effect, increase the 
availability of electrons on nitrogen and thus bring 
about a decrease in the enthalpy of activation.

(10) L. P. Hammett, “ Physical Organic Chemistry,”  McGraw-Hill 
Book Co., New York, N. Y „  1940, p. 126.
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At the same time the steric factor would be ex
pected to decrease the entropy of activation, in 
other words render less probable the formation of 
the activated complex. Bosh these expectations 
are verified by the data.

By introducing two methyl groups, doubling the 
positive inductive effect, it would be predicted that 
the activation energy or heat of activation would 
be lowered still further, and, at the same time, the 
increased steric hindrance would decrease the prob
ability of the formation of the activated complex 
still more manifesting itself by a further decrease 
in the entropy of activation. Again the results 
completely confirm these expectations. Two 
methyl groups have almost double the effect, in 
each case, of a single methyl group.

It appears highly probable, in the light of these 
results, that the mechanism for the decomposition 
of oxalic acid in aromatic amines and other n on- 
aqueous solvents is quite similar to that for malonic 
acid. Evidently the unshared pair of electrons 
on the basic atom links with the undissociated acid 
to form the activated complex, facilitating cleav
age.

Acknowledgment.—This research was supported 
by the Raskob Foundation, Wilmington, Delaware.
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In the determination of the differential capacity 
at a dropping mercury electrode there is a minor ex
perimental difficulty which seems to give trouble to 
most investigators, including ourselves. It is neces
sary to measure with precision the time which 
elapses from the moment at which the mercury 
droplet starts to form to the moment at which a 
bridge balance appears on the screen of an oscillo
scope.1 An electric clock (2 r.p.s.) is used for this 
purpose in our laboratory, but considerable elec
tronic and mechanical skill is needed to keep the 
whole mechanism functioning correctly. A much 
simpler method has now been devised, and its ac
curacy is such that it can be used to calibrate and to 
check the older method.

In the new method an electric clock is used as be
fore to produce pulses at the rate of 2 per second. 
It does this by having its fast-moving (electrically 
charged) hand touch “ cat’s whiskers” suitably 
placed at the periphery of the dial. These pulses 
trigger the linear sweep of a conventional oscillo
scope provided with a long-persistence screen (a 
Du Mont type 304-A is used in our laboratory) and 
the sweep speed is set to cover exactly ten centi
meters before the next sweep is initiated half a 
second later. The screen is marked off with ink at 
half-centimeter intervals.

The bridge is set to provide a balance point pref
erably within half a second of the moment of fall

(1) D. C. Grahame, J. Am. Chem. Soc., 71, 2975 (1949).

of the mercury droplet. Under these conditions the 
moment of fall is clearly marked on the screen be
cause of the abrupt change of impedance at that 
moment. The persistence of the image on the 
screen gives one time to read its position relative 
to the inked-on scale. Then when the next balance 
point is achieved, its position can also be read off, 
and the difference gives the fraction of a sweep to be 
added to an integral number of accurately timed 
half-second sweeps. The integer is determined 
simply by counting the sweeps.

The non-linearity of the sweep is not serious in 
our instrument, but its effects can be eliminated en
tirely by adjusting the bridge so that the balance 
point is achieved after an exactly integral number 
of half seconds.

The advantages of this method are that it is rel
atively foolproof and easy to build, and that it elim
inates uncertainties concerning the time lost in 
closing mechanical relays. This last is of major im
portance because the time loss cannot be kept 
strictly constant and may easily become signifi
cantly large as a result of a very slight malfunc
tioning of the apparatus.

Another experimental matter has to do with the 
fact that the rate of flow of the mercury through a 
capillary is not strictly constant owing to the back 
pressure exerted by the surface tension of the 
growing droplet.2 The back pressure is 2 a/r, where 
cr is the interfacial tension and r is the radius of the 
drop. Assuming that m, the rate of flow, is nearly 
constant, the radius of the droplet at any time t is 
(3m¿/47rp)1/s. p is the density of mercury. If h is 
the head of mercury, the effective pressure is hpg — 
2<r(47rp/3m¿) "A

The rate of flow at any instant is proportional to 
the effective pressure P, so that the volume of the 
mercury V in the droplet is proportional to J P dt or

V = kjipgt —  3<r/ci(47rp/3?R)'/>iJ/ j  (1 )
=  k,t[hpg — 3<r(47rp/3)1/3s~1/!!] (2 )

where h  is the constant of proportionality and s = 
The area is proportional to the 7  3 power 

of V, so that
A rea  =  kd~/‘ [h — (3cr/<7p)(47rp/3'),A s~ 1/2 ]!/ i  (3 )

If the area is considered to be proportional to %  
when the computation of the differential capacity is 
made, the result will be too low in the ratio
[h -  C¿o-/gp)(ávrp/sy/>s*-lO}2/> +

[h -  ( 3 0y Sr p )(4 x p /3 ) '/ .s - A ] %  (4 )

where s* is (mi*)!/' and t* is the drop time.
Putting p =  13.53 g./cm .3 and expressing h in 

centimeters gives for small values of the error
error = (0.58cr/%s_IA — s*~‘A) %  (5)

Experimentally, the deviation of the apparent 
value of the capacity with time conforms to this 
equation rather well. Thus in a wholly typical 
case, where an error of 1.32% was predicted, an 
error of 1.45% was observed. In an extreme case an 
error of 3.98% was predicted and an error of 3.75% 
observed. In dilute solutions (<0.01 N) there are 
other sources of error of comparable magnitude 
which tend to mask the agreement, however.

(2) I. M. Kolthoff and J. J. Lingane, “ Polarography,”  2nd ed., 
Interscience Pub. Co., Inc., New York, N. Y., 1952, p. 79.



702 N otes Vol. 61

This work has been supported by the Office of 
Naval Research.

THE CALCULATION OF THE LIM ITING 
RETENTION VOLUME IN GAS-LIQUID 

PARTITION CHROMATOGRAPHY
B y  S. A. G r e e n e

Aerojet-General Corporation, Azusa, California 
Received November 2, 1956

James and Martin1 have shown that the apparent 
retention volume must be corrected to a limiting re
tention volume in order to take into account com
pressibility of the vapor phase and resultant gas 
velocity gradient down the column. The correcting 
equation is

Tm IV  / P l / P o 3 —  1\
m 2 /3  W - P o 2 -  1 /

al vr
R f R f

w here
D m =  limiting retention volume
a =  cross-sectional area of gas phase
i =  column length
R f =  usual chromatographic meaning
P i =  column inlet pressure
P o =  column outlet pressure
V g =  volume of gas phase when column is '

packed
V m =  apparent retention volume

Partition coefficients are calculated from the data of 
gas-liquid partition chromatography by the expres
sion2

Rf is seen to be the ratio of apparent retention time 
of carrier and zone. Although the method out
lined here obviates the correction, ctm is usually a 
small number as compared to tm and the accuracy of 
the ratio might not ordinarily be good. It should 
also be noted that equation 3 permits the calcula
tion of Vg from flow pressure parameters.

THE PERIODATE OXIDATION OF da- AND 
trans-CY CLOPENT ANEDIOL-1,2

B y  V er n o n  C. B u lg r in

Contribution from the Department of Chemistry, University of Wyoming, 
Laramie, Wyoming

Received December 1, 1956

The periodic acid oxidative cleavage of vicinal 
glycols may proceed by at least two mechanisms, 
usually, however, involving the formation of an in
termediate coordination compound between the 
oxidant and the reductant, the rate-determining 
step being the disproportionation of the inter
mediate. Duke and Bulgrin1'2 assigned this type 
of mechanism to the oxidation of ethylene glycol 
and a series of methylated ethylene glycols, includ
ing propylene, meso- and Zero-butylene and tri- 
methylethylene glycols. The reaction scheme was 
suggested

K . k
I 0 4 +  G y  > C ------- >- products

rapid s*ow
F°m =  kV  1 +  Vg (2)

where
k =  partition coefficient 
V 1 =  liquid phase volume

and the rather tedious correction as in 1 must be 
made. We define the quantity eF°m as the limiting 
retention volume of the carrier gas

cV°m = F'nm E  =  U  =  r  (3 )Kf
where

V  =  carrier gas flow rate
ctm =  apparent retention time of carrier gas which is 

measured by a gas such as hydrogen which is 
negligibly soluble in the liquid

Rf =  unity for this condition 
Then

Dm =  F'tm E =  U  (4)
n  F

where
t m  =  apparent retention time of zone 

Dividing 3 by 4 we have

~  =  R f (5)

and

= («)toil
(1) A. T. James uxl A. J. P. Marlin, Biochem. J., 50, (770 (107)2).
(2) P. K. Porter. ('. II. Deal a ml I’. If. Stro.ss, Am. Chew. Sac., 78,

2000 (197>(i).

This scheme leads to the kinetic expression

-  =  fc[C] = k ' [ F h  (1)

where
1 _  1 ,___1 i I 1___, .h ^ io r  l
k ' k +  k K [ G \  P  +  K D +

-4h+ =  activity of hydrogen ion
TIOl- and Thsio6 are the respective activity coefficients 
K i  and K t> are defined by the equilibria

Ki
ILIO» ^ 2 7 H f +  H4I 0 6-

Ah
HjIOe-  ^ 2 : 2H»0 +  IO4 -

[C] =  concentration of intermediate
[G 1 =  concentration of uncoordinated glycol
[P ]t  =  concentration of total periodate

In a study of the effect of pH on the rate of the 
reaction it was found that for all of the aforemen
tioned glycols, equation 1 was followed down to pH 
values of less than one, thus substantiating the 
postulate that a monovalent periodate ion is the 
reactive species in the acid range.

Pinacol, on the other hand, was found to oxidize 
at a much slower rate than any of the others, and to 
exhibit a first-order hydrogen ion catalysis. No 
evidence for any intermediate could be demon
strated from the kinetic data, the reaction being 
second order over the range of concentrations 
studied. It was suggested that the same type in
termediate does not exist in the case of pinacol, and 
that the formation of the intermediate has become

(1) F. R. Duke, J. Am. Chem. Sor.. 69, 307,4 (1947).
(2) I'. R. 1 )ukf- ami V. ('. Hul-nii, ibid.. 76, 3X03 1197,4).
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rate determining. An alternative mechanism, one 
which would account for the observed hydrogen ion 
catalysis, would be the formation of an intermediate 
monoperiodate ester, the disproportionation of 
which is rate determining.

A kinetic study of oxidation of cis- and trans- 
cyclopentanediol-1,2 was undertaken in an effort to 
shed some light on apparently important steric 
factors.

Experimental
Cyclopentene was prepared by dehydration of cyclopen- 

tanol over activated alumina at 150-200°.
cis-Cyclopentanediol-1,2 was prepared from cyclopentene 

by the method of Bartlett.3 The crude glycol was distilled 
at a pressure of 10 mm.; the fraction boiling from 101-112° 
(uncorrected) was redistilled at 7 mm. pressure, the portion 
boiling at 91.5-94° (uncorrected) being collected. Analysis 
by periodate oxidation showed a purity of 97.3%.

/rnns-Cyclopentanediol-1,2 was prepared from cyclopen
tene by means of formic acid and hydrogen peroxide.4 The 
crude glycol was vacuum distilled at 10 mm. pressure; a 
60-ml. fraction was redistilled at 12 mm. pressure, a 30-ml. 
fraction boiling at 110-110.3° (uncorrected) being collected. 
Analysis by periodate oxidation showed a purity of 97.0%.

Rate determinations were made by the procedure outlined 
in a previous paper,2 using 10% K I in saturated sodium 
bicarbonate solution, containing a measured excess of stand
ard sodium arsenite, as a quenching solution, and titrating 
the excess arsenite with standard iodine solution.

Discussion and Results
cis-Cyclopentanediol-1,2.— The rate of oxidation 

of the m-isomer proved to be so rapid at 0° that 
only limited information could be obtained. Only 
the pseudo second-order rate constants expected 
at very low concentrations of both reactants could 
be determined. The pH behavior was found to 
be similar to that predicted by equation 1, the rate 
being independent of pH in the range 2-6, falling 
off rapidly below pH 2. It is presumed that the 
usual type intermediate is involved in the oxidation.

(rcTOs-Cyclopentanediol-1,2.— 'The rate of cleav
age of this compound proved to be quite rapid at 
0° but much slower than that of the czs-compound. 
By using a threefold excess of glycol, pseudo first- 
order rate constants, h’ , were determined as a 
function of pH. The plot is shown in Fig. 1; such 
behavior is predicted by equation 1.

Variation of pseudo first-order rate constants as 
a function of glycol concentration, using a three- to 
sixfold excess of glycol, was determined in the pH 
range 4-5. Figure 2 shows a plot of the reciprocal 
first-order rate constants vs. the reciprocal glycol 
concentrations. For the purpose of the plots, the 
average glycol concentration during the course of 
the reaction was used. The extrapolation of the 
resulting straight line to an intercept of zero indi
cates second-order kinetics over the entire concen
tration range.

Second-order rate constants were determined us
ing glycol-periodate ratios varying from one to five. 
The constants fc2 were calculated by multiplying 
the pseudo second-order rate constants k2 , ob
tained from the slopes of the second-order plots, by 
the factor (1 +  1/A 'd), the term K n having its 
previous significance. The results for five tem
peratures are given in Table L.

(d) P. T). 'Bartlett and A. Baviey, T ins  Jointsal, GO, LM f> (l!»dK).
( 1) A. Rnnhurk and H. Adkins, <)■(;. Synth mu?, 28, dd CltMS).

pH.
Fig. 1.— ¿rans-C3rcIopentanediol-l,2 : pseudo first-order rate 

constants vs. pH at 0°.

0 20 40 GO 80
I/O.

Fig. 2.— iraas-'Tydopenranediol-i ,2: plot of reciprocal
pseudo first-order rate constants vs. reciprocal glycol concen
tration at 0° in the pH range 4-5.

T a b l e  I
S e c o x d - o k d e k R a t e C o n s t a n t s  f o r

tra n s-C rcu i p e x t ANEDTOL-1,2

Temp., (1. Ill
k‘2
[ 0 1 H S

°C. fc ' A'n sec
0.00 0 .86  ±  0 016 7 .4 0 . 96
5.30 0 .936 11.0 1 .02

11.03 1.03 16.2 1. 095
17.88 1.18 25.4 1. 23
25.24 1 .34 40. 1. 37

Tire calculated activation energy, i?a, deter
mined from the straight line plot of log k2 vs. the 
reciprocal temperature, was 2.-11 keal.; the entropy 
of activation, —52 e.u.



704 Communication to the Editor Vol. 61

The observed second-order kinetics might be 
explained on the basis of a small equilibrium con
stant for the formation of an intermediate (of the 
order of magnitude of unity or less) or, more

likely, that the complex-forming step has become 
rate determining. Both explanations seem plausible 
in view of the larger than “ normal” oxygen-oxygen 
distance for this glycol.

COMMUNICATION TO THE EDITOR
ON THE REALITY OF THE LOW pH 

EXPANSION OF BOVINE PLASMA ALBUMIN
Sir:

In a recent paper Loeb and Schcraga1 have pre
sented a theory which attempts to explain the now 
well-known anomaly in the titration behavior of 
bovine plasma albumin. Their calculations arc 
based on the premise that the low pH expansion of 
this protein is minor and, further, independent of 
ionic strength. The purpose of this communication 
is to point out that this premise is in all probability 
false and to attempt to prevent confusion which 
may result from publication of their paper.

They reject the published evidence for expansion 
on the grounds that previous workers have not 
taken cognizance of the heterogeneity resulting 
from aggregation of plasma albumin at low pH. 
On the contrary all workers involved have consid
ered aggregation and have presented reasonable 
proof that such aggregation is either negligible or 
at least not present to a sufficient extent to invali
date the conclusion that expansion2 does occur.3’4”r>.<> 
Further, all of these workers found the expansion 
to be strongly dependent on ionic strength. There 
is thus no justification for applying hydrodynamic 
results obtained at ionic strength 0.5 and pH 4 to 
interpretation of the titration curve at ionic strength 
0.15 and down to pH 3.0.

The importance attached to aggregation by 
Loeb and Scheraga appears to be based to a large

(1) G. I. Loeb and H. A. Scheraga, T h is J o u r n a l , 60, 1033 (1950).
(2) It is not intended to imply by the use of this term that no elonga

tion of the molecule occurs. We used3 the phrase “ essentially iso
tropic”  by no means intending to imply that there is no change in axial 
ratio. Whether some slight increase in asymmetry does occur is in my 
opinion still unknown and of relatively little importance for purposes 
of this discussion.

(3) J. T. Yang and J. F. Foster, J. Am. Chem. Soc., 76, 1588 
(1954).

(4) M. E. Reich mann and P. A. Chari wood, Canadian J. Chem., 32, 
1092 (1954).

(5) C. Tanford, J. G. Buzzell, D. G. Rands and S. A. Swanson, 
J. Am. Chem. Soc., 77, 6421 (1955).

(6) W. F. Harrington, P. Johnson and R. H. Ottewill, Biochem. J., 
62, 569 (1956).

extent on ultracentrifuga! studies conducted at rela
tively high ionic strength (0.3-0.5).7 At low ionic 
strength the results showed clear evidence for 
aggregation only when solutions were aged several 
months, which observation has little pertinence in 
the present case. Related studies,8’9 quoted also 
by Loeb and Scheraga as supporting aggregation, 
actually led to the conclusion that such aggregation 
does not invalidate evidence for expansion. We 
have found Dural ultracentrifuge cells to promote 
gross aggregation cf plasma albumin at low pH .10 11 
A related observation has been reported by Phelps 
and Cann.u Using Kel-F centerpieces we have 
found no evidence for aggregation in some 50 ultra
centrifuge runs conducted over the pH range 2.0-
4.5 at ionic strength 0.02. It is presumed, in ab
sence of any statement to the contrary, that the 
published ultracentrifugal7-8’9 results were obtained 
in the conventional Dural cells; if so, repetition 
in Kel-F cells is most desirable.

Reichmann and Charlwood1 claimed slow aggre
gation and eventual precipitation of plasma al
bumin to take place below pH 2.9 in absence of 
salt. This observation merits further study but is 
in conflict with the observations reported by our
selves3 and by Tanford, et al.b In these latter „«ses 
some apparent a, "ation was observed which 
was traced to impunties, possibly fatty acids, in 
the protein.

We are indebted to the National Cancer Institute, 
National Institutes of Health, and to the National 
Science Foundation for support of this work.
D e p a r t m e n t  o f  C h e m istr y
P u rd u e  U n iv e r s it y  J ose ph  F . F o st e r
L a f a y e t t e , I n d ian a

R e c e iv e d  F e b r u a r y  11, 1957

(7) II. A. Saroff, G. I. Loeb and H. A. Scheraga, J. Am. Chem. Soc., 
77, 2908 (1955).

(8) P. Bro, S. J. Singer and J. M. Sturtevant, ibid., 77, 4924 (1955).
^(9) M. J.  Ivronman, M .  D .  Stern and S. N. Timasheff, T h i s  J o u r n a l , 

60, 829 (1950).
(10) M. J. Ivronman and J. F. Foster, Arch. Biochem. Biophys.,
(11) R. A. Phelps and J. R. Cann, ibid., in press, 61, 51 (1956).
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