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KINETICS OF PHASE TRANSFORMATION IN SUPERCOOLED SOLUTIONS
By R. P. Rastogi and A. C. Chatterji

Department o f Chemistry, Lucknow University, India 
Received September 28, 1958

T h e  linear velo city  of crystallization  in supercooled solutions of solids in liquids has been measured a t  various degrees 
of supersaturation. T h e  phenom enon of m axim um  v e lo city  is also observed in solutions. A t  high degrees of supersatura
tion, the v e lo city  is uniform  while a t  low degrees of supersaturation gradually  dim inishing velo city  is observed. A ttem p t 
has been m ade to  explain the results on the basis of F ren kel’s th eory of tw o-dim ensional crystallization  velo city .

1. Introduction
The initiation and separation of a new phase is 

attended by two rate processes, namely, the rate of 
formation of nuclei and the rate of growth of these 
crystal germs. Considerable amount of theoretical 
as well as experimental work has been done on the 
kinetics of these processes in uni-component sys
tems.1-3 The particular case of liquid solutions 
seems not to have received sufficient attention al
though attempts have been made to study phase 
transitions in supercooled mixed vapors and alloys. 
In spite of the elegant technique developed by 
Vonnegut4 for the measurement of the rate of nu- 
cleation in supercooled liquids, it is still difficult to 
determine the rates in solutions. Accordingly an ef
fort has been made to measure the linear velocity of 
crystallization of the solutes in supersaturated solu
tions for which the data are recorded in this paper.

In the over-all picture of crystallization in solu
tions, the kinetics of linear crystal growth has an 
important place. Although it can yield no crystal
lographic information, yet it has been shown that 
in a straight tube, the rate at which the solid front 
of crystallization moves forward is not usually far 
removed from the velocity of crystal growth along 
the longer diagonal.6 The linear velocity of crys
tallization of supercooled liquids has been exten
sively studied by Tamman and his school. It has

(1) M . Volmer, “ Kinetik der Phasenbildung,” T. Steinkoff, Dres
den, 1939.

(2) G. M . Pound and V. K. La Mer, J. Am. Chem. Soc., 74, 2323 
(1952).

(3) W . J. Dunning, “ Crystal Growth,” Discs. Trans. Faraday Soc., 
79, 183 (1949).

(4) B. Vonnegut, J. Coll. Sci., 3, 563 (1948).
(5) H. E. Buckley, “ Crystal Growth,” John Wiley and Sons, Inc., 

New York, N . Y ., 1951.

been reported that the velocity increases as the 
temperature is lowered until it attains the maxi
mum value after which the velocity decreases with 
further supercooling. The pronounced effect of 
the viscosity of the medium has also been stressed.6 
The phenomenon has been theoretically treated by 
Volmer and Marder7 and Frenkel8 for unicompo
nent systems. Following Frenkel, an expression for 
the two-dimensional crystallization velocity for the 
analogous case of supersaturated solution can be eas
ily deduced. In the case of solutions, diffusion is an 
important factor to be considered. For the molecules 
of the solute have to diffuse through the solution to 
get adsorbed on the growing crystal boundary. As 
usual for rate processes, the diffusion of solute mole
cules will require a certain activation energy Au'. 
The activation energy of self-diffusion is related to 
viscosity of the medium. Thus the velocity is given 
by the following expression if we neglect the surface 
diffusion on the crystal

I  =  Const X  e“ 1 /i r [ Au' + T T ^ r ]  (1)

where

a ' = surface tension over the boundary of plane embryo. 
T s = saturation temp.
X = heat of solution

Equation 1 yields the maximum velocity
/max =  Const X  e — Au’/k(?Tms.x — T,) (2)

(6) J. H. Hildebrand and G. J. Rotariu, J. Am. Chem. Soc., 73, 2524 
(1951); R. E. Powell, T . S. Gilman and J. H. Hildebrand, ibid., 73, 
2525 (1951).

(7) M . Volmer and Marder, Z. physik. Chem., 154, 97 (1931).
(8) J. Frenkel, “ Kinetic Theory of Liquids,”  Oxford University 

Press, London, 1946, p. 434.
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by putting dJ/di =  0. From the condition of 
maxima, the value of B is found to be given by

B =  A u\T a -  r raax) V ( 2 r max -  T.) (3)

where Tm̂  is the temperature at which the velocity 
is maximum.

It is not possible to apply various theories to the 
experimental data as the quantities involved in the 
expression for velocity cannot be determined easily. 
Therefore, we shall attempt only to see how far the 
observed facts can be explained, rather in a qualita
tive way. Consider equation (1) viz.

2. Experimental
The experimental arrangement was similar to that 

adopted by W altcn and co-workers.9 The use of U-tube 
as employed by Tamman was avoided since that would 
vitiate the results both because the velocity would be dif
ferent at bends as shown by Buckley5 and also because the 
gravity would affect the rate. Consequently we have em
ployed straight horizontal tubes in our experiments. The 
experimental Pyrex tube was about one meter long having 
a diameter of one cm. It was glass-stoppered at both the 
ends. The tube, filled with the supersaturated solution 
to be investigated, was placed in a specially constructed air- 
thermostat which liad a glass-pane parallel to the tube and 
a meter scale attached to it. W ith a powerful beam of 
light the movement of the crystal boundary could be marked 
very conveniently. In preparing the solution, care was 
taken to free it from dust particles and other possible forms 
of nuclei. The crystallization was induced by freshly pre
pared seed crystals. As soon as the crystallization started, 
the time taken by the crystal boundary to traverse a known 
distance was noted after regular intervals of time to see 
whether the velocity was uniform or not. In most of the 
cases, at high degrees of supersaturation it was found to be 
uniform. Several such readings were taken at the particular 
temperature of the thermostat, which were found to be 
similar. In a similar manner the rate of growth was deter
mined at various temperatures. For determining the rate at 
temperatures well below the room temperature, ice-cold 
water was circulated in a similar tube enclosed in a glass- 
jacket from a big reservoir whose temperature was adjusted 
by adding requisite quantities of ice.

In such experiments the heat of crystallization will en
hance the temperature at the crystal boundary, and conse
quently the measured rates may not be isothermal. The 
solutions cannot be stirred and hence the heat developed is 
still more localized. To have an idea about the magnitude 
of heat developed mention may be made of the experiments 
of Dunning3 in which the increase of temperature at the 
crystal boundary is of the order of 10 “ 4 ° , but the solutions 
were constantly stirred. In our experiments, the tempera
ture increase will be rather significant. However, it ap
pears that a steady state is reached and the temperature 
remains constant throughout the tube, although somewhat 
higher than the temperature of the thermostat. This is 
supported by the fact that for high degree of supersaturation, 
the velocity remains the same at all points of the tube which 
could not have been uniform otherwise.

Standardized thermometers and stop-watches were used 
in the experiment. The mean observations are recorded 
below. The temperatures are given in degrees centigrade 
and the velocity in cm ./m in .

Discussion
From the results given in the Tables I-IV , it is 

clear that the velocity increases very rapidly with 
increase in supercooling. The velocity passes 
through maximum only in the case of sodium thio
sulfate. The phenomenon of maximum velocity 
has also been shown to occur in aqueous solutions of 
sodium and potassium acetates1 by Chatterji and 
Rastogi.10 This clearly establishes that the phenom
enon of maximum velocity occurs in solutions 
also, about the existence of which doubt had been 
cast previously. In the rest of the cases, the spon
taneous crystallization occurs before the tempera
ture of maximum velocity is reached.

(9) Walton and co-workers, J. Am. Chem. Soc., 38, 317 (1916); 
40, 1168 (1918).

(10) A. C. Chatterji and R. P. Rastogi, J. Ind. Chem. Soc.. 28, 599 
(1951).

I  =  Const X  e 1 /i r [ A“ ' +  r „ -  J

T a b l e  I
Temp.,

°C.
Velocity, 
cm./min.

Temp.,
°C.

Velocity, 
cm./min.

( 1 ) System acetanilide- 
chloroform, satn. temp. 50°

(2) System acenaphthene- 
toluene, satn. temp. 40°

4 2 .5 a 3 9 .0 a

4 0 .0 0 .5 6 3 8 .0 0 .5 2
3 7 .5 1.05 3 5 .5 1 .35
3 5 .0 2 .55 3 3 .0 1.80
3 2 .5 4 .53 3 1 .0 2 .0 2
3 0 .0 7 .07 27 .5 5 .40
2 6 .4 8 .02 25 .0 6 .00

(3) System naphthalene- 
toluene, satn. temp. 40°

38 .5 a

3 7 .0 0 .55
3 6 .0 1.03
3 5 .0 2 .3 4
3 4 .0 6

(5) System diphenylamine- 
toluene, satn. temp. 40°

3 5 .0 a

3 3 .0 0 .10
3 1 .5 0 .40
3 0 .0 0 .7 5
2 9 .0 1 .40
2 8 .0 2 .15
26.0 2 .91
2 4 .0 3 .39

(7) System dipheny lamine- 
benzene, satn. temp. 40°

3 5 .0
3 4 .0 0 .21
3 2 .0 .30
3 0 .0 .40
2 8 .0 .65
2 6 .0 .90
2 5 .0 .96
2 4 .0 1.06

(9) System urea-water, 
satn. temp. 40°

3 7 .5 a

3 5 .5 1.75
3 3 .0 2 .59
3 1 .0 3 .70
28 .5 5 .70
2 6 .0 8 .10
2 4 .0 f>

(4) System dipheny lamine- 
methyl alcohol, satn. temp. 

40°
3 8 .0 0 .1 4
3 4 .5 1 .18
33 .5 3 .6 0
3 2 .5 4 .40
3 1 .5 5 .23
3 0 .5 6 .00
2 8 .5 7 .21
2 7 .5 7 .6 0
2 6 .0 7 .81
2 4 .0 8 .4 0

(6) System dipheny lamine- 
ethyl alcohol, satn. temp 

40°
3 7 .5
3 6 .5 0 .7 0
3 4 .0 2 .4 0
3 2 .0 4 .5 0
3 0 .0 5 .8 0
2 7 .0 6 .8 0
2 4 .0 7 .4 0

(8) System dipheny lamine- 
m-xylene, satn. temp. 40°

3 7 .0 a

3 6 .0 0 .0 8
3 4 .0 .16
3 2 .0 .31
3 0 .0 .45
2 7 .5 .62
2 4 .0 3 .1 0

(10) System sodium thio
sulfate-water, satn. temp. 

70° (?)
3 0 .0 a

2 5 .0 0 .6 0
15 .0 2 .0 0
12 .5 3 .0 0
10.0 3 .8 0

7 .8 5 .3 T
6 .0 5 .0 0
2 .0 4 .01

a Irregular velocity, i.e .,  velocity continually diminishing 
with time. b Spontaneous crystallization. c Maximum ve
locity.
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T a b l e  II
In the following cases the velocity was slower than the 

previous cases even at large degrees of supercooling, hence 
the effect of supercooling could not be studied.

System Ts

Obsd.
temp.,

°C.
Velocity, 
cm./min.

Manganese ckloride-water 40 5 .0 0 .01 3
Calcium nitrate- water 32 10.0 0 .4 2

- 2 . 0 0 .81
- 6 . 0 1 .05

Sodium formate-water 54 3 2 .0 0 .1 0

T a b l e  III
In the following systems the velocity of crystallization 

was found to be very slow and sometimes only vigorous 
shaking brought about crystallization. Ta was 40° in each 
case.

1. Resorcinol-methyl alcohol
2. Resorcinol-ethyl alcohol
3. Sodium benzoate-water
4. Acetanilide-water

T a b l e  IV
For the aqueous solutions of following substances, there 

is no linear velocity of crystallization, probably due to lack 
of definite crystal boundary and the occurrence of spon
taneous crystallization.

1. Potassium chloride
2. Potassium bromide
3. Potassium nitrate
4. Potassium nitrite

where

The exponential term contains one term due to vis
cosity and other due to supercooling. As the tem
perature of the solution is lowered, viscosity in
creases rapidly and hence the first term increases 
while the other one decreases. The role at the 
temperature of maximum velocity as played by vis
cosity is revealed by the expression

/max =  Const X  e - ^ M'/*(2Tmax-Ts)

The role of viscosity has been clearly demonstrated 
by Michnevitch.11 It was found by him that the 
product of velocity of crystallization and the vis
cosity rises monotonically as the temperature is 
lowered below the standard crystallization point. 
Consequently those solutions will display a maxi
mum whose energy of self-diffusion is comparable to 
the energy required to form new nets of adsorbed 
layers since at the temperature of maximum vel
ocity we have the relation

Ait' =  B (2T max -  / ’„ ) /(  7’,  -  Tmaxy

studied here, it is quite possible that the activation 
energy of self-diffusion may be sufficiently high to 
cause the phenomenon of maximum velocity to oc
cur in these cases. It may be pointed out here, 
that provided the value of Au' is known from viscos
ity measurements, the value of interfacial tension 
can be calculated from the above expression.

As regards the solutions represented in Table III, 
since the order of factors occurring in B is the same 
and the velocity is not large, it can be conceived 
that the constant ought to be small for such cases. 
The thermodynamic theory cannot give an esti
mate of the constant. Although Reiss12 has tried to 
deduce expressions for the constant, yet it is not 
possible to have an exact estimate because o: cer
tain factors which cannot be evaluated. One reason 
for the low value of velocity may be ascribed to the 
fact that the crystals which grow are not perfect 
and their imperfections provide the steps required, 
making two-dimensional nucleation unnecessary. 
Thus the low value of velocity may be due to the 
absence of dislocations in the surface or to the pres
ence of so many that the mean distance between 
them is much smaller than the crystal nucleus. 
Burton, Cabrera and Frank13 have shown that the 
latter alternative is not possible.

In certain solutions represented in Table I, the 
velocity along the tube for low degree of supersatu
ration diminishes continuously as the boundary 
moves forward. Consider equation 1. The equa
tion suggests that at a particular temperature the 
velocity would remain constant provided the satu
ration temperature all along the tube does not 
vary appreciably. If there is quick diffusion rather 
more significant than the movement of the crystal 
boundary, the saturation temperature will decrease 
as the crystal boundary moves forward and hence 
the factor e~1/kT x t> ancj the velocity will
diminish gradually. Reiss and La Mer14 have 
theoretically solved the problem of diffusion which 
involves moving boundaries. They have deduced 
expressions for the case when the flux of material 
through any surface in the diffusional field is con
siderably greater than the rate of change of con
centration on that surface and vice versa. The in
terpretation of the results on the basis of such a pro
cedure may yield interesting results and will be 
attempted in a future communication.

Lastly it has been shown that the linear velocity 
of crystallization would occur when a sharp crystal 
boundary is formed. No such boundary is formed 
in aqueous solutions of most of the electrolytes 
probably because the solubility and the tempera
ture coefficient is not so high.

Since the solutions of sodium and potassium ace
tates are highly viscous in comparison to others

(11) Michnevitch, Dissertation, Odessa, 1941.

(12) H. Reiss, J. Chem. Phys., 18, 840 (1950).
(13) W . K. Burton, N. Cabrera and F. C. Frank, Phil. Trans. Roy. 

Soc. (London), A243, 299 (1951).
(14) H. Reiss and V. K. La Mer, J. Chem. Phys., 18, 1 (1950).
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SOME THERMAL PROPERTIES OF 1-MONOSTEARIN,
1 -ACET0-3-STEARIN AND 1,2-DIACET0-3-STEARIN1

By T. L. W a r d , E. J. V i c k n a i r , W .  S .  S i n g l e t o n  a n d  R. 0 .  F e u g e

Southern Regional Research Laboratory,2 N ew  Orleans, Louisiana  

Received December 28, 1953

Pure 1-monostearin, l-aceto-3-stearin and l,2-diaceto-3-stearin have been examined calorimetrically over a temperature 
range of —73 to 100°. The properties investigated were specific heat (6'„), heat of fusion, accumulated heat content and 
heat of transition upon changing polymorphic form.

The acetylated glycerides l-aceto-3-stearin and
l,2-diaceto-3-stearin possess the unique property of 
solidifying in a very pliable and stretchable form 
when cooled under normal conditions.3 This 
form has been identified as the alpha modification4’5 
which is stable for many practical purposes, even 
though it is not thermodynamically stable.

The polymorphism and certain other physical 
properties of both the triglyceride l,2-diaceto-3- 
stearin and the diglyceride l-aceto-3-stearin have 
been described by Vicknair, et all' The polymor
phism of the triglyceride has also been described by 
Jackson and Lutton.4 7

Melting points and other constants of 1-mono
stearin have been reported by a number of work
ers,6-9 but apparently there have been no previous 
report of specific heats and heat of fusion.

In the present investigation pure 1-monostearin, 
l-aceto-3-stearin and l,2-diaceto-3-stearin were ex
amined calorimetrically over a temperature range 
of —73 to 100°. Specific heats, heat contents, 
latent heats of fusion, and heats of transition 
when polymorphic transformations occurred were 
either measured experimentally or calculated from 
the experimental data.

Experimental
Preparation o: Glycerides.— The 1-monostearin was pre

pared by esterifying stearic acid in the presence of an excess 
of glycerol and a small amount of soap and then purifying 
the reaction product, principally by fractional crystalliza
tion from solvents, as described by Singleton and Vicknair.9 
The purity of the 1-monostearin obtained was better than 
9 9 % , as indicated by its melting curve and the periodic 
acid method of analysis.10 11

Both the l-aceto-3-stearin and l,2-diaceto-3-stearin were 
prepared by a modification of the method of Malkin, et al.n 
Briefly, the procedure consisted of the direct esterification 
of 1-monostearin with acetyl chloride and purification of the

(1) Presented at the 9th Southwest Regional Meeting of the Ameri
can Chemical Society, New Orleans, Louisiana, December 10-12, 
1953.

(2) One of the laboratories of the Bureau of Agricultural and Indus
trial Chemistry, Agricultural Research Service, U. S. Department of 
Agriculture. Article not copyrighted.

(3) R. O. Feuge. E. J. Vicknair and N. V. Lovegren, J. Am. Oil 
Chemists' Soc., 29, 29 (1952).

(4) F. L. Jackson and E. S. Lutton, J. Am. Chem. Soc., 74, 4827 
(1952).

(5 ) E . J. Vicknair, W . S. Singleton and R. O. Feuge, T h is  J o u r n a l , 
58, 64 (1954).

(6) R. S. Rewadikar and II. E. Watson, J. Indian Inst. Sci., 13A, 
Pt. 11, 128 (1930).

(7) T . Malkin and M . R. el Shurbagy, J. Chem. Soc., 1628 (1936).
(8) E. S. Lutton and F. L. Jackson, J. Am. Chem. Soc., 70, 2445 

(1948).
(9) W . S. Singleton and E. J. Vicknair, J. Am. Oil Chemists' Soc., 

28, 342 (1951).
(10) E. Handsehumaker and E. Linteris, ibid., 24, 143 (1947).
(11) T. Malkin, M. R. el Shurbagy and M . L. Meara, J. Chem.

Soc., 1409 (1937).

product by fractional crystallization from solvent. Ana
lytical data for the two samples of mixed glycerides were as 
follows: Calcd. for C23H 44O5 (l-aceto-3-stearin): C , 68.96; 
H , 11.20; hydroxyl value, 140. Found: C , 69.04 ; H , 11.19; 
hydroxyl value, 142; m .p ., 5 0 .3 °. Calcd. for C kH mO« 
(l,2-diaceto-3-stearin): C , 67.84; H , 10.48. Found: C , 
67.99 ; H , 10.61; m.p., 4 8 .6 ° .

Heating and cooling curves obtained by the method of 
Smit12 12 13 indicated that the two acetoglycerides were at least 
9 8 %  pure.

Apparatus and Procedure.— The calorimetric apparatus 
and procedure and the calculations employed have been 
described in a previous publication.13 The calorimeter 
used was a modification of the vacuum enclosed aneroid 
type modified specifically for use with vegetable fats and 
oils. The instantaneous values for specific heat at the mid
point of approximately three degree intervals were measured 
directly in the calorimeter as was the latent heat of fusion. 
Heat content curves and other thermal data were obtained 
by calculation using the specific heat and heat of fusion data. 
The samples were placed in the calorimeter in the melted 
state and cooled to —73° at a moderate rate (3 to 5 degrees 
per minute).

The thermochemical calorie (4.180 absolute joules) was 
used in all calculations.

The results obtained are believed to be accurate to within
1 % .  . . .

In identifying the polymorphic forms of 1-monostearin 
the nomenclature employed by Lutton and Jackson8 was used.

Lutton and Jackson8 reported that the melting and re
solidification of 1-monostearin always resulted in the forma
tion of the a-form, which on further cooling reversibly 
transformed to the sub-a-form. Therefore, the initial de
terminations of the thermal properties of 1-monostearin 
were obtained on the sub-a-form while later determinations 
probably tended more toward the a-form as the transition 
temperature (49 °) was approached. The (3- and fl'-forms 
were not investigated because for all practical purposes 
they must be obtained by crystallization from solvent,8 and 
hence could not be formed in the type of calorimeter which 
was employed.

Three polymorphic forms of solid l-aceto-3-stearin have 
been identified by Vicknair, et a l.,5 on the basis of crystal 
spacings obtained from X -ray  diffraction patterns. They 
are /3', a  and sub-a. The a-form is the plastic, stretchable 
form whereas the 0'-form  behaves more like a conventional 
hard fat. Vicknair, et al., found that l-aceto-3-stearin 
solidified in the a-form when the melt was cooled at an or
dinary rate. They also found the capillary melting point 
of this form to be 4 7 .5 ° . However, the a-form apparently 
transformed in the dilatometer to the /S'-form at some tem 
perature below 4 7 .5 ° . By a very rapid determination of 
this transformation, they placed it at about 3 6 °.

In the present investigation, data were assembled for the 
two forms of the solid l-aceto-3-stearin identified as the sub- 
a and a . N o data were obtained for the 3 '-form because 
only ten degrees in temperature separated the transition 
point of the a-form and the melting point of the 3 '-form . 
Premelting began within that interval.

It has been observed8 that on solidifying 1,2-diaceto-3- 
stearin at a moderate rate the a-modification is obtained 
and that further cooling results in a transition to the sub-a-

(12) W . M . Smit, “ A Tentative Investigation Concerning Fatty 
Acida and Fatty Acid Methyl Esters,”  Hilversum, Drukkerig *‘ De 
Mercuser,”  1946.

(13) A. E. Bailey, S. S. Todd, W. S. Singleton and G. D. Oliver, 
Oil & Soap, 21, 293 (1944).
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form. In the present work these lower melting polymor
phic forms were produced by this treatment. As an exten
sion of this treatment, the l,2-diaceto-3-stearin was tem
pered just below the melting point of the a-form in an effort 
to obtain the high-melting (3-form. This tempering had 
effected transformation in dilatometers6 but failed to do so 
in the calorimeter.

Results and Discussion.
Specific Heat.—The specific heats of 1-mono

stearin, l-aceto-3-stearin and l,2-diaceto-3-stearin 
were determined from the calorimetric data and 
the values obtained were used to develop equations 
for calculating the specific heat of these glycerides 
in the liquid and various solid states over the tem
perature range of 200 to 370°K. Each equation is 
valid only for the state or polymorphic form and 
temperature interval indicated. Where specific 
heat was determined on two polymorphic forms two 
equations were developed for calculating the spe
cific heat, one equation for each crystalline form. 
These equations, which relate specific heat (Cp) in 
calories per gram per degree to the temperature (*) 
in degrees centigrade (using the proper sign) are:

1-Monostearin : solid state, sub-a-form, ( —13 to 
40°), Cp = 0.4977 +  0.00318*; liquid state, (87 to 
100°), Cp = 0.5118 +  0.00182*.

l-Aceto-3-stearin : solid state, sub-a-form, ( — 73 
to - 1 ° ) ,  Cp = 0.4471 +  0.00133*; a-form, ( - 1  
to 27°), Cp =  0.4513 +  0.00434*; liquid state, (57 
to 87°), Cp =  0.2290 +  0.0068*.

l,2-Diaceto-3-stearin: solid state, sub-a-form, 
( -7 3  to —3°), Cp -  0.4315 +  0.00104*; a-form, 
( - 3  to 33°), Cp = 0.4349 +  0.00213*; liquid 
state, 177 to 97°), Cp = 0.3790 +  0.00195*.

The specific heats observed are given in Table I. 
At —73° the specific heats of the three com

pounds were approximately the same. As the tem
perature increased the specific heat values gradu
ally increased with that for 1-monostearin in
creasing the most. The value for l-aceto-3-stearin 
increased an intermediate amount, while that for
l,2-diaceto-3-stearin increased the least.

At 0° the temperature of transition of the sub-a- 
form of l-aceto-3-stearin to the a-form, the Cp of 
l-aceto-3-stearin was 0.05 cal./g./deg. lower than 
that of 1-monostearin. At 0° which is 3.1° above 
the temperature at which the sub-a-form of 1,2-di- 
aceto-3-stearin transformed to the a-form, the Cp of 
the l,2-diaceto-3-stearin was 0.015 cal./g./deg. 
lower than that of 1-monostearin. At tempera
tures above the point of transition of the a-form 
of l-aceto-3-stearin the Cp values increase at a rate 
approaching that for 1-monostearin. At the melt
ing point of the l-aceto-3-stearin the values are 
about equal. The difference in specific heats of the 
a-forms of l-aceto-3-stearin and l,2-diaceto-3- 
stearin increases as the temperature increases.

The Cp of 1-monostearin is approximately 20% 
higher than that of stearic acid within the tem
perature range of 0 to 50°.

It would appear from the data that the presence 
of an acetic acid group in the glyceride molecule 
causes a lowering of the specific heat of the solid.

The Cp of liquid l,2-diaceto-3-stearin is about 0.1 
cal./g./deg. lower than that of liquid 1-monostearin 
and approximately 0.2 cal./g./deg. lower than that 
of l-aceto-3-stearin.

T a b l e  I

O b se r v e d  S p e cific  H e a t s  o f  1 -M o n o ste a h in , 1 -A ceto-  
3 -ste a r in  an d  1 ,2 -D ia c e to -3 -ste a r in

c p c p Cp
l-Mono- 1-Aceto- 1,2-Diace to-

Temp., Btearin, Temp., 3-stearin, Temp., 3-stearia,
°C. eal./g. °C. cal./g. °C. cal./g.

- 7 4 . 3 0 .3 3 6 - 7 1 . 4 0 351 — 6 9 .1 0 .3 6 0
- 7 0 . 8 .348 - 6 4 . 9 .361 — 6 1 .6 .369
- 6 7 . 2 .359 - 6 1 . 1 .364 - 5 9 . 4 .370
- 6 3 . 0 .361 - 5 7 . 8 .371 - 5 7 . 0 .373
- 5 9 . 1 .368 - 5 3 . 6 .375 - 5 1 . 9 .377
- 5 3 . 6 .405 - 4 7 . 7 .390 - 4 7 . 9 .380
- 4 9 . 9 .382 - 4 4 . 1 .389 - 4 3 . 5 .386
- 4 6 . 9 .388 - 3 9 . 5 .401 - 4 0 . 8 .385
- 4 2 . 4 .394 - 3 4 . 9 .402 - 3 6 . 3 .393
- 3 6 . 9 .404 - 2 7 . 9 .411 - 3 4 . 3 .398
- 3 2 . 6 .415 - 2 4 . 5 .416 - 3 1 . 7 .399
- 2 8 . 3 .422 - 2 0 . 6 .419 - 2 8 . 6 .402
- 2 3 . 0 .434 - 1 7 . 0 .424 - 2 6 . 0 .405
- 1 8 . 6 .444 - 1 2 . 7 .435 - 2 2 . 3 .420
- 1 2 . 4 .462 - 1 0 . 2 .345 - 1 9 . 4 .412
- 9 . 1 .470 -  5 .9 .441 - 1 8 . 1 .413
-  3 .2 .491 -  3 .1 .355 - 1 4 . 4 .418

4 .8 .514 0.6 .291 - 1 2 . 1 .415
7 .3 .521 5 .6 .464 -  8 .6 .422

11 .5 .534 10.1 .502 -  5 .9 .426
15 .1 .543 14 .0 .512 -  2 .8 .433
18 .8 . 557 19 .3 .540 0 .9 .927
21.1 .565 22.2 .547 4 .2 .444
2 4 .8 . 576 2 7 .7 . 568 8.0 .450
2 7 .2 .581 2 8 .8 . 575 1 1 .5 .463
3 2 .0 .597 33.1 1 .1 94 1 4 .4 .465
3 9 .3 .623 4 0 .8 1 .680 1 6 .9 .466
4 2 .2 .630 4 3 .5 1 .9 97 1 9 .8 .477
46.1 1 .156 6 0 .0 0 .6 3 7 2 3 .3 .484
5 0 .3 0 .6 13 6 4 .0 .671 2 5 .5 .489
5 5 .0 .691 6 7 .5 .686 2 9 .2 .498
6 1 .2 .727 72 .1 .719 3 2 .3 .505
6 5 .6 .771 3 5 .5 .508
7 0 .9 1 .3 48 3 8 .1 .570
8 7 .4 0 .6 5 6 4 1 .6 .821
9 0 .9 .677 6 1 .3 .612
9 6 .9 .688 6 6 .4 .589

103.0 .700 7 0 .2 .550
10 7 .8 .707 7 3 .1 .538
114.3 .722 77.1 .530

80 .1 .535
8 3 .3 .542
8 8 .9 .553
9 4 .6 .563
9 6 .9 .568

Heat of Fusion.— The heats of fusion were found 
to be as follows: 1-monostearin, 39.39 cal./g.
(14.12°K. cal./mole) at 74.0°; l-aceto-3-stearin, 
24.87 cal./g. (9.96°K. cal./mole) at 46.7°; 1,2- 
diaceto-3-stearin, 24.60 cal./g. (10.89°K. cal./mole) 
at 35.1°.

The calorimetric melting points of the com
pounds, as determined from fusion data, agreed 
within 1 degree with those found dilatometrically6'9 
for the a-forms. Therefore, it can be assumed that 
each of the fusion determinations was made on the 
a-form.

For both l-aceto-3-stearin and l,2-diaceto-3- 
stearin the heats of fusion, on a gram basis, were ap-
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proximately 63% of the corresponding value for 1- 
monostearin, which in turn was approximately 63% 
of the value reported previously for stearic acid.14 
It is therefore apparent that the introduction of one 
acetyl radical into the monostearin molecule low
ers the heat of fusion to a considerable extent, but 
the introduction of a second acetyl radical causes no 
appreciable additional change. It is possible that 
this relationship holds for the monoglycerides of 
other saturated, fat-forming acids and their aceto 
derivatives.

If the heat of fusion of stearic acid is multiplied 
by the proportion by weight of stearoyl group in the 
monostearin, which is 0.746, a value of 42.9 cal./g. 
is obtained. This value is about 8% above the 
experimentally determined heat of fusion for mono
stearin. The relationship of melting dilation, 
which corresponds to heat of fusion, to content of the 
stearoyl group has been shown to hold in the case 
of stearic acid, 1-monostearin and tristearin.9

A plot of the heat of fusion of l,2-diaceto-3- 
stearin versus the melting dilation of this compound4 
falls very close to but a little below the graphical 
representation of these same values for simple tri
glycerides, as illustrated by Bailey.16 This indi
cates that the melting of this mixed triglyceride 
follows the pattern of the simple triglycerides of the 
saturated acids.

Heat Contents and Heats of Transition.—The
accumulated heat contents of 1-monostearin, 1- 
aceto-3-stearin and l,2-diaceto-3-stearin were cal
culated at the mid-temperature of the experimental 
determinations and are shown in Table II.

The data from Table II are illustrated graphically 
in Fig. 1.

Fig. 1.—Heat of content curves: A, 1-monostearin; B,
l-aceto-3-stearin; C, l,2-diaceto-3-stearin.

Points of possible polymorphic transformation 
are indicated by arrows in Fig. 1. In each of the

(1 4 )  W .  S . S in g le to n , T .  L . W a r d  a n d  F .  G . D o lle a r ,  J. Am. Oil 
Chemists' Soc., 2 7 , 143  (1 9 5 0 ) .

(1 5 )  A . E .  B a ile y ,  “ M e lt in g  a n d  S o l id if ic a t io n  o f  F a ts ,”  I n te r s c ie n c e  
P u b lis h e r s , I n c . ,  N e w  Y o r k ,  N . Y . ,  p . 179 .

T a b l e  I I

A ccu m u lated  H e a t  C o n ten ts  o f  1-M o n o st e a r in , 
1-A ceto -3 -ste a r in  an d  1 ,2 -D ia c e to -3 -st e a r in

1 -M o n o s te a r in  l -A c e t o -3 - s t e a r in  l ,2 -D ia e e t o -3 -s t e a r in
H e a t

c o n te n t
H e a t

c o n t e n t
H e a t

c o n t e n t

T e m p .,
° C .

a c c u m u 
la te ^ ,
c a l . /g .

T e m p .,
" C .

a c c u m u 
la te d ,
c a l . / g .

T e m p . ,
° C .

a c c u m u 
la te d ,
c a l . / g .

- 7 4 . 3 0 .0 0 0 - 7 1 . 4 0 .0 0 0 - 6 9 . 1 0 .0 0 0
- 7 0 . 8 1 .1 97 - 6 4 . 9 2 .3 1 4 - 6 1 . 6 2 .7 3 8
- 6 7 . 2 2 .4 71 - 6 1 . 1 3 .6 9 0 - 5 9 . 4 3 .5 5 2
- 6 3 . 0 3 .9 83 - 5 7 . 8 4 .901 - 5 7 . 0 4 .4 4 5
- 5 9 . 1 5 .4 0 7 - 5 3 . 6 6 .4 6 8 - 5 1 . 9 6 .3 5 8
- 5 3 . 6 7 .5 1 9 - 4 7 . 7 8 .7 2 2 - 4 7 . 9 7 .8 7 4
- 4 9 . 9 8 .9 7 7 - 4 4 . 1 10 .122 - 4 3 . 5 9 .5 5 9
- 4 6 . 9 10 .132 - 3 9 . 5 11 .939 - 4 0 . 8 10 .601
- 4 2 . 4 11 .892 - 3 4 . 9 13 .784 - 3 6 . 3 12 .352
- 3 6 . 9 14 .087 - 2 7 . 9 16 .626 - 3 4 . 3 1 3 .144
- 3 2 . 6 15 .850 - 2 4 . 5 18 .030 - 3 1 . 7 14 .181
- 2 8 . 3 17 .652 - 2 0 . 6 19 .660 - 2 8 . 6 1 5 .424
- 2 3 . 0 19 .920 - 1 7 . 0 21 .1 7 9 - 2 6 . 0 16 .474
- 1 8 . 6 21 .852 - 1 2 . 7 2 3 .028 - 2 2 . 3 18 .002
- 1 2 . 4 24 .661 - 1 0 . 2 24 .003 - 1 9 . 4 19 .208
-  9 .1 26 .199 -  5 .9 2 5 .692 - 1 8 . 1 19 .745
- 3 2 2 9 .037 -  3 .1 2 6 .807 - 1 4 . 4 2 1 .2 8 4

4 .8 33 .061 0 .6 28 .001 - 1 2 . 1 2 2 .2 4 3
7 .3 3 4 .356 5 .6 29 .891 -  8 .6 2 3 .7 1 0

1 1 .5 3 6 .574 10 .1 32 .060 -  5 .9 2 4 .8 5 5
15 .1 3 8 .514 14 .0 34 .037 -  2 .8 2 6 .1 7 9
18 .8 40 .549 1 9 .3 3 6 .825 0 .9 2 8 .6 9 5
2 1 .1 4 1 .839 2 2 .2 38 .400 4 .2 3 0 .1 4 7
2 4 .8 43 .952 2 7 .7 4 1 .469 8 .0 3 1 .8 4 6
2 7 .2 45 .3 4 4 2 8 .8 4 2 .098 1 1 .5 3 3 .4 4 6
3 2 .0 48 .181 3 3 .1 4 5 .9 0 4 1 4 .4 3 4 .7 9 2
3 9 .3 5 2 .6 3 4 4 0 .8 56 .9 6 9 1 6 .9 3 5 .9 5 7
4 2 .2 54 .4 5 2 4 3 .5 61 .9 3 4 1 9 .8 3 7 .3 2 6
4 6 .1 57 .9 3 6 6 0 .0 83 .6 5 7 2 3 .3 3 9 .006
5 0 .3 61 .653 6 4 .0 86 .273 2 5 .5 4 0 .0 7 7
5 5 .0 64 .717 6 7 .5 88 .3 0 7 2 9 .2 4 1 .9 0 5
6 1 .2 69 .113 7 2 .1 91 .536 3 2 .3 4 3 .461
6 5 .6 72 .409 3 5 .5 5 8 .0 0 0
7 0 .9 7 8 .032 3 8 .1 66 .201
8 7 .4 9 4 .575 4 1 .6 71 .121
9 0 .9 9 6 .910 6 1 .3 8 4 .415
9 6 .9 101.008 6 6 .4 8 7 .475

10 3 .0 105.241 7 0 .3 8 9 .6 9 8
10 7 .8 108.620 7 3 .1 91 .221
114.3 113.268 7 7 .1 9 3 .3 5 7

8 0 .1 9 4 .953
8 3 .3 9 6 .6 7 8
8 8 .9 9 9 .7 4 7
6 4 .6 102 .928
9 6 .9 104 .230

three cases the heat content curve was so nearly 
smooth at the transition point that it precluded 
accurate measurement of the heat of transition. 
The heats of transition agree with dilation data6'9 
reported for these compounds in that a small transi
tion contraction was reported for l-aceto-3-stearin 
and small transition expansions were reported for 
1-monostearin and l,2-diaceto-3-stearin at the same 
temperatures indicated here. The loss in heat for 
l-aceto-3-stearin and the gain in heat for 1,2-di- 
aceto-3-stearin are the opposite of what would 
have been expected since a loss in heat content upon
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t r a n s i t io n  t o  a  h ig h e r  f o r m  u s u a l ly  o c c u r s  in  t r i g l y 
c e r id e s .

A  c o m p a r is o n  o f  t h e  h e a t  c o n t e n t  c u r v e s  w i t h  t h e

s p e c i f i c  h e a t  d a t a  r e v e a ls  t h a t  t h e  t r a n s i t io n s  in d i 
c a t e d  a r e  f i r s t - o r d e r  p h a s e  c h a n g e s ,  i.e., c h a n g e s  in  
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The rates of hydrogenation of allyl alcohol and hexene-1 over Adams platinum in ethanol have been measured as a function 
of temperature, hydrogen pressure, agitation frequency, concentration of acceptor and product, and the ratio of catalyst to 
acceptor. The data indicate that the most probable rate-controlling process is the diffusion of hydrogen to the catalyst 
surface. On the assumption of a diffusion-controlled process, an equation relating the mode of variation of rate with weight 
of catalyst has been derived and has been used to correlate the data obtained using Adams platinum and related data ob
tained previously for W-6 Raney nickel, and for rhodium and palladium catalysts prepared by reduction of their salts with 
solutions of alkali metals in liquid ammonia.

For several years there have been in progress in 
these laboratories studies on the catalytic activity of 
Group VIII transitional metals produced by the 
reduction of salts with solutions of alkali metals 
in liquid ammonia.2 In all of the cases studied thus 
far, catalysts prepared in ammonia have been 
compared with corresponding conventional cata
lysts and in certain instances particular attention 
has been given to the nature of the dependence of 
hydrogenation rates upon the weights of catalyst 
employed. All of the rate measurements have 
been made in the liquid phase with ethanol as the 
reaction medium, temperatures of the order of 30°, 
and hydrogen pressures at or below 2 atm.

Studies have been made using Adams platinum 
as a basis of comparison with platinum prepared by 
the reduction of tetrammineplatinum(II) bromide 
with potassium in ammonia.3 The purpose of this 
paper is to present data in support of the view that 
the rate-determining process in the hydrogenation 
of allyl alcohol and hexene-1 over Adams platinum 
and certain other catalysts is the diffusion of hy
drogen through the bulk liquid phase. Since the 
study of most of the usual variables led to results 
essentially no different from those reported by ear
lier workers, these results are summarized only 
briefly and primary emphasis is placed upon results 
having a major bearing upon the importance of the 
diffusional process.

Experimental
Materials.—Some samples of catalyst were prepared by 

the method of Adams, Voorhees and Shriner,4 5 others as de
scribed by Frampton, Edwards and Henze.6 The platinum 
content of these products ranged from 77.7 to 79.8% and 
the average was 79.0 (calcd. for PtCVIfiOtl't, 79.6). It 
has been reported previously4 that the activity of this type

(1) This work was supported in part by the Office of Naval Research, 
Contract N6onr-26610.

(2) (a) G. W. Watt, W F. Roper and S . G . Parker, J .  A m .  C h e m .  
Soc., 73, 5791 (1951); (b) G. W. Watt, A. Broodo, W. A. Jenkins 
and S. G. Parker, i b i d . , 76, 5989 (1954).

(3) G. W. Watt, M. T. Walling, Jr., and P . I. Mayfield, i b i d . , 75, 
6175 (1953).

(4) R. Adams, V . Voorhees and R. L . Shriner, Org. S y n t h e s e s ,  8 , 
92 (1928).

(5) V. L . Frampton, J. D . Edwards and H. R. Henze, J .  A m .  C h e m .

Soc., 73, 4432 (1951).

of catalyst varies as a function of the quantity prepared in a 
given batch and decreases upon storage. These character
istics were observed in the present work, and precautions 
were taken to ensure that the studies of each variable were 
conducted with catalyst from the same lot and over a pe
riod during which the activity of the stock sample did not 
undergo significant change. In addition, cross compari
sons were made in enough cases to ensure that the results 
obtained were not unique to a particular sample of catalyst.

The hydrogen acceptors used were of the same origin and 
quality as those described previously.2“

Procedures.—The apparatus used for hydrogenation rate 
measurements differed from that described earlier2“ in that 
an automatic pressure regulator was used to deliver hydro
gen to the reactor at a known and constant pressure. Hy
drogenation was effected either in the reactor employed pre
viously2“ and operated at 930 r.p.m. or in a mechanical 
shaker of conventional design and operated at 60, 115, 200 
or 380 oscillations/min. Unless otherwise indicated, 1.0 
ml. of allyl alcohol (0.85 g., 14.6 mmoles) in 10 ml. of eth
anol, or 2.0 ml. of hexene-1 (1.35 g., 16.0 mmoles) in 9 ml. 
of ethanol was hydrogenated at 30.0 ±  0.5° at a hydrogen 
pressure of 1450 ±  25 mm. and an agitation frequency of 
930 r.p.m.

At the start of a run, the catalyst sample was introduced 
into the reactor, covered and thoroughly wettec with a 
known volume of ethanol, and the oxide was reduced with 
hydrogen for 15 min. with agitation at a low rate. No up
take of hydrogen was ever observed after the first 3 or 4 min. 
of this treatment. The acceptor and sufficient ethanol to 
bring the total volume to that indicated above was then 
added in a manner which obviated exposure of the reduced 
catalyst to the atmosphere.

For computation of rates of hydrogenation from experi
mentally observed rates of change in the volume of the gas 
phase, the vapor pressure of solutions of the compositions in
volved in the various experiments were determined6 and 
the corresponding corrections applied. Since the vapor 
pressures of these solutions changed only slightly during a 
run, a single average correction was applied to the data over 
the entire range of the run.

Rate vs. Hydrogen Pressure.—The dependence of rate of 
hydrogenation of both acceptors upon hydrogen pressure 
was determined over the pressure range 200-1500 mm. using 
several different lots of catalyst. The weights of catalyst 
employed were within the range 50-100 mg., i.e., weights 
selected so that the rate was not dependent upon the weight 
of catalyst {vide infra). For both acceptors and all catalyst 
samples, the observed rates were linear with respect to hydro
gen pressure.

(6 )  T h e  v a p o r  p re ssu re s  fo u n d  f o r  e t h a n o l - a l i y l  a l c o h o l  s o lu t io n s  
w e re  in  g o o d  a g r e e m e n t  w it h  v a lu e s  c o m p u t e d  b y  a s s u m in g  id e a l  s o lu 
t io n  b e h a v io r .  F o r  e th a n o l -h e x e n e -1  s o lu t io n s  th e  v a lu e s  w e re  h ig h e r  
th a n  e x p e c t e d  o n  t h e  sa m e  b a s is . T h is  is  in d ic a t iv e  o f  a  lo w -b o i l in g  
a z e o t r o p e  c o m p a r a b le  t o  t h a t  f o r m e d  b y  e t h a n o l  a n d  n -h e x a n e  [cj\, 
L . H . H o r s le y ,  Anal. Chem., 1 9 , 5 0 8  (1 9 4 7 )1 .
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Fig. 1.—Effect of weight of catalyst upon rate of hydrogena
tion over Adams platinum: O, hexene-1; □, allyl alcohol.

Rate vs. Temperature.—Values for energy of activation 
were computed from data on rates of hydrogenation at 2 
and 30°. Both acceptors were used in reactions catalyzed 
by 20-100 mg. of several different lots of catalyst. The 
linear dependence upon hydrogen pressure indicates that 
the rates must be proportional to the saturation concentra
tion of hydrogen in the solutions. Accordingly, the ob
served temperature coefficients were corrected to take into 
account the solubility of hydrogen at the temperatures 
involved.7 Values for energy of activation were found to 
range from 1000 to 2000 cal./mole for catalyst weights of 
20-100 mg. and hydrogen pressures of 800-1500 mm.

Rate vs. Concentration of Acceptor and/or Product.— 
Replacement of 10% of the ethanol solvent with ra-propanol 
did not alter the rate of hydrogenation of allyl alcohol. Com
plete replacement of the ethanol by n-propanol gave a rate 
40% lower than with ethanol as the solvent. The rates 
were zero order w:th respect to acceptor. With increase 
in the initial concentration of acceptor, the rate of hydro
genation of allyl alcohol decreases and the reaction is no 
longer zero order with respect to acceptor. At the higher 
concentrations of acceptor, the reaction is between zero and 
first order.

Rate vs. Agitation Frequency.—The influence of mode and 
frequency of agitation upon the rate of hydrogenation of 
allyl alcohol was determined for several different lots of 
catalyst using the magnetic stirrer at 930 r.p.m. in compari
son with the mechanical shaker operated at a frequency of 
200 and 380 oscillations/min. The resulting data showed 
that the use of the mechanical shaker gave increased rates 
of hydrogenation for all weights of catalyst, that this effect 
is more pronounced for larger weights of catalyst, but that, 
the nature of the dependence of rate upon other variables is 
not altered.

Rate vs. Weight of Catalyst.—With all other conditions 
held constant, the dependence of rate of hydrogenation 
upon the weight of catalyst used with a fixed initial quantity 
of acceptor was determined for five different lots of Adams 
platinum, three different lots of allyl alcohol, and one lot 
of hexene-1. Typical data are shown in Fig. 1; data ob
tained in earlier work with other catalysts2 are shown in 
Fig. 2.

V ith Adams platinum in experiments involving low ratios 
of catalyst to acceptor, the rate reaches a maximum in the

(7 )  S in ce  d a t a  o n  th e  s o lu b i l i t y  o f  h y d r o g e n  in  e t h a n o l -a l ly l  a lc o h o l  
a n d  e t h a n o l -h e x e n e -1 m ix tu re s  w e re  n o t  a v a i la b le ,  th e  d a t a  g iv e n  b y  
S e id e ll  (A .  S e id e ll,  “ S o lu b il it ie s  o f  I n o r g a n ic  a n d  M e t a l  O rg a n ic  
C o m p o u n d s ,”  3rd E d .,  V o l .  1 , D .  v a n  N o s tr a n d  C o . ,  I n c . ,  N e w  Y o r k ,  
N . Y . ,  1 9 4 0 , p . 5 6 5 ) f o r  th e  s o lu b i l i t y  o f  h y d r o g e n  in  e t h a n o l  w e re  u s e d ; 
th e  m o le  fr a c t io n  o f  e th a n o l in  b o t h  ca ses  w a s  c o .  0 .9 2 .

C A T A L Y S T , m g
Fig. 2.—Effect of weight of catalyst upon rates of hydro

genation over W-6 Raney nickel, rhodium and palladium: 
O, allyl alcohol, W-6 Raney nickel; A , •, hexene-1, rhodium; 
□, allyl alcohol, palladium.
early stages of the reaction and thereafter decreases at a 
steadily diminishing rate. As the weight of catalyst is in
creased (other variables being held fixed) the maximum 
broadens until a condition is reached wherein the rate rises 
rapidly to a maximum -which is maintained throughout the 
remainder of the reaction. At low catalyst to acceptor 
ratios the reaction order is between zero and first with re
spect to acceptor; at higher ratios the reaction becomes 
zero order with respect to acceptor. The transition to zero- 
order reactions occurred generally wdth ca. 20 mg. of cata
lyst (with 1 ml. of allyl alcohol in 11 ml. of solution, or with 
2 ml. of hexene-1 in 11 ml. of solution). This effect was 
observed only with Adams platinum. With the other cata
lysts studied in earlier work, these reactions were zero order 
with respect to acceptor over the entire range of catalyst 
weights studied.

Discussion
The first-order dependence of rate upon hydro

gen pressure, the zero-order dependence upon ac
ceptor and product concentrations (over certain 
concentration ranges), the low activation energies, 
and the marked dependence of rate upon agitation 
frequency suggest that the rate-limiting process 
involved in these experiments is the diffusion 
of hydrogen to the surface of the catalyst. It is the 
purpose of the discussion that follows to show that 
the rates observed in the present work wdth Adams 
platinum and in earlier work2 with W-6 Raney 
nickel, rhodium and palladium catalysts may be 
expressed by an equation of the form

_  AWPm 
U 1 +  BW 0 )

where R„ is the rate of the zero-order reaction, W  is 
the weight of catalyst, P h, is the hydrogen pres
sure, and A  and B  are constants.

The mode of variation of rate with weight of cata
lyst suggests that the rate is linear with the weight 
of catalyst for small weights, but approaches a limit
ing rate independent of the amount of catalyst as 
the weight of catalyst is increased. This behavior 
is to be expected if the rate is determined by two
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consecutive processes, one of which proceeds at a 
rate proportional to the first power of the weight of 
catalyst and is hence the dominant process as the 
weight of catalyst approaches zero; the rate of the 
other is independent of the weight of catalyst so 
that it becomes the slower process as the weight 
of catalyst is increased. This mode of variation 
obtains if it is assumed that the rate of the sur
face-catalyzed reaction by which hydrogen is con
sumed is limited by the rate of diffusion of hydrogen 
through the liquid phase to the catalyst surface.

The net rate of diffusion of a solute in the posi
tive (x ) direction across a surface of area A  is given 
by the Fick’s law expression

fid = — DA dc/dx (2)
where R d  is the rate of diffusion in moles/unit time, 
D  is the diffusivity of the diffusing species in the 
medium in question, A  is the cross-sectional area of 
the diffusion path (measured normal to the direc
tion of diffusion), and d c/ d x  is the concentration 
gradient for the diffusing species, measured in the 
direction of diffusion. For steady-state diffusion, 
the term A  d c/ d x  is constant; and the rate of dif
fusion can, therefore, be expressed in terms of the 
terminal values of the concentration and the coordi
nate x , thus

We shall assume that the transport of hydrogen 
from the gas phase to the catalyst involves diffu
sion through regions of two types in the liquid 
phase. The effective diffusion area and path 
length of the first are assumed to be fixed constants 
for fixed conditions of agitation and independent 
of the type or quantity of catalyst present. The 
second region is considered to be that portion of the 
liquid in the immediate neighborhood of the cata
lyst. It is further assumed that the effective dif- 
fusional area of this second region is proportional to 
the total surface area of the catalyst. For steady 
state diffusion through the first of these regions the
term I ” dx / A  is a constant (M )  for fixed conditions

J X I

of agitation, so that the rate of diffusion through 
this region is given by

RA = (Dh,/M)(ch,* -  ch, ' )  (4 )

to the total surface area of the catalyst, which in 
turn is proportional to the total weight of catalyst 
for a given catalyst (assuming equal radii or porosity, 
and no close-packing) we may set the denominator 
of equation 3 equal to a function N c/ W , where N c 
is a constant for a given catalyst for fixed conditions 
of agitation, and W  is the weight of catalyst. The 
rate of diffusion through this second region is then 
given by the expression

Rd" =  ( D h j T /Nc ) ( c b /  —  d m )  ( 6 )

where CH,i is the concentration of hydrogen in the 
liquid phase adjacent to the catalyst.

Since the rates of diffusion through these two 
liquid regions must be equal for the postulated 
condition of steady state diffusion, ch/  may be elim
inated from these two expressions; the result is 
an over-all rate equation for the diffusional process

Rd' = Rd' =  fid Pu, (HPH; — CH»i) 

M  +  NJW (7)

The term ch2î is the concentration of hydrogen of 
importance in determining the rate of the surface 
reaction. Since the zero-order reaction was found 
to be first order with respect to hydrogen pressure 
and since any probable surface mechanism would 
yield a rate proportional to the total weight of cata
lyst, it is assumed that the rate R 0 of the zero-order 
reaction may be expressed by

fio. — kcn,dr (8)

where k  is a constant. Since the consumption of

Fig. 3.—Test of equation fio =  AWPnt/{\ BW) for 
hydrogenation of alivi alcohol: O, □ , Adams platinum;
A, W-6 Raney nickel; •, palladium.

where c h 2* is the concentration of hydrogen at its 
point of entry into this region and ch/  is the con
centration of hydrogen at the terminus. We shall 
assume that the hydrogen enters this region from 
either the gas phase or a turbulent region fronting 
on the gas phase; in either case c h 2*  is the satura
tion concentration of hydrogen in equilibrium with 
the gas phase. By Henry’s law, this is proportional 
to the partial pressure of hydrogen in the gas 
phase; and we may set ch2* = H P h. and write

f i d '  =  (Db,/M)(HPb2 -  cH!') (5)
Since the concentration of hydrogen remains con
stant throughout any turbulent regions intervening 
between the two diffusional regions, c h /  is the 
concentration of hydrogen at its point of entry into 
the second diffusional region. Since the effective 
diffusional area in this second region is proportional

w.
Fig. 4.—Test of equation fi0 = A WP\\i/( 1 +  BW) for 

hydrogenation of hexene-1: 0> Adams platinum; □, rho
dium.
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hydrogen by the surface reaction provides the sole 
impetus for the diffusion of hydrogen from the gas 
phase to the catalyst, it is apparent that the rates 
of these two processes must be equal, at least for 
the case of the zero-order reactions where the rates 
do not vary with time. Thus, the concentration 
of hydrogen at the catalyst surface, CH2i, must sat
isfy equations 7 and 8 for the condition that Rd =  
R 0. Using this condition to eliminate ch.; from 
equations 7 and 8 one obtains an equation which 
upon rearrangement may be written in the form

WPh2 MW Na -f- Da,/k , .
«o Dh2H DmH ( >

from which it is apparent that a plot of W P n J R 0 
vs. W  should be linear for systems for which equa
tion 9 provides an accurate description of the

manner of variation of the rate with the weight of 
catalyst. Typical experimental data for Adams 
platinum and several other catalysts studied pre
viously are shown in the form of equation 9 in Figs. 
3 and 4. It is seen that equation 9 provides a rea
sonably accurate representation of the manner in 
which the rate of hydrogenation varies with the 
weight of catalyst for two different acceptors and 
four different catalysts under these conditions of 
low pressure liquid phase hydrogenation. Gol’dan- 
skii and Elovich8 have observed similar variations 
in rate with weight of catalyst in studies of the 
hydrogenation of oleic acid over supported plati
num catalysts.

(8 ) V . I .  G o l ’ d a n sk ii  a n d  S . Y .  E lo v ic h ,  J .  P h y s .  C h e m . ( U . S . S . R . ) , 
20, 1 08 5  (1 9 4 6 ) ;  c f .  V . I .  G o l ’ d a n sk ii, Z h u r .  F i z .  K h i m . ,  22, 1374 
(1 9 4 8 ) .

STUDIES ON ION-EXCHANGE RESINS. XII. 
SWELLING IN MIXED SOLVENTS

By Harry" P. Gregor, Deana Nobel and M elvin H. Gottlieb1
Contribution from, the Department of Chemistry of the Polytechnic Institute of Brooklyn, Brooklyn, New York

R e c e i v e d  J u n e  1 , 1 9 5 4

The swelling of a polystyrene-sulfonie acid resin in the ammonium, quaternary ammonium and silver states in mixtures 
of water and methanol, ethanol, isopropyl alcohol and dioxane was studied. Total solvent uptake and distribution between 
resin and solution phases were determined. The more polar solvent (water) was sorbed preferentially, the degree of prefer
ence being greatest at low water contents. The cationic state of the resin influenced the selective sorption of solvent to a 
marked degree. Swelling appears to be determined largely by the dielectric constant of the sorbed solution; this behavior 
is similar to that predicted by Bjerrum’s theory of ion-pair formation. Similar studies were carried out with a quaternary 
base anion exchanger in the chloride and acetate states in ethanol-water mixtures.

The swelling of ion-exchange resins in aqueous 
electrolytic solutions and at different relative hu
midities has been discussed in previous papers.2,3 
The swelling tvas considered as due primarily to 
the osmotic activity of the movable exchange ions, 
and opposed by the tension of the resin matrix. 
This paper describes the swelling of a polystyrene- 
sulfonic acid resin and of a quaternary ammonium 
resin in various mixed solvents; the equilibrium 
swelled volumes, weights and compositions of the 
resin phases were determined directly.

Experimental
Resins.—A sulfonated polystyrene-divinylbenzene cat

ion-exchange resin (Dowex 50) was used; this material 
had a nominal divinylbenzene content of 8% and a capac
ity of 4.96 meq. per dry gram of hydrogen resin. This 
resin was specially prepared by pre-swelling before sulfona- 
tion to give perfect, low breakage, spherical beads.4

A strong base-anion exchanger of the quaternary am
monium type (Dowex 2) was also used; the exchange group 
is the benzyldimethylethanolammonium ion. This resin 
had a nominal divinylbenzene content of 8%, and an ex
change capacity of 2.26 meq. per dry gram in the chloride 
state.

The resins were first conditioned in the conventional
(1 )  T a k e n  in  p a r t  fr o m  tire d is s e rta t io n  o f  M . H . G o t t l ie b ,  s u b 

m it t e d  in  p a r t ia l  fu lf i llm e n t  o f  th e  re q u ire m e n ts  fo r  th e  d e g re e  o f  
D o c t o r  o f  P h ilo s o p h y  in  C h e m is tr y , P o ly t e c h n ic  In s t it u t e  o f  B r o o k ly n ,  
A u g u s t , 1953 .

(2 )  H . P . G re g o r , F . G u t o f f  a n d  J. 1. B r e g m a n , J .  C o l l o i d  S e t . ,  6, 
2 4 5  (1 9 5 1 ) .

(3 )  B . R .  S u n d h e im , M .  H . W a x m a n  a n d  H . P . G re g o r , T h is  
J o u r n a l , 67, 9 7 4  (1 9 5 3 ).

(4 )  R .  M .  W h e a t o n  a n d  D . F . H a r r in g to n , I n d .  E n g .  C h e m .,  44,
1 79 6  (1 9 5 2 ).

manner.2 However, an additional conditioning procedure 
was required, namely, extraction with absolute methanol or 
ethanol for a few days. This resulted in slightly lowered wet 
weights and volumes, which were subsequently reproducible.

Swelling.—The swelling of the resins was determined in 
some cases by both weight and volume measurements. 
The swelled «'eight wras determined by centrifugation,2 and 
for these systems was reproducible to ±0 .2% . The swelled 
volumes of the particles were determined microscopically. 
Diameters were measured using a filar micrometer micro
scope attachment which read to 0.001 mm. These diameter 
measurements were accurate to ±0.002 mm., and agreed 
with those determined by centrifugation w'ithin experi
mental error.5 Measurements were made at room tem
perature (23-25°). Better temperature control was not 
needed because the solvent densities vary by only 0.1-0.2% 
per degree in this range, and the temperature coefficient 
of swelling of these resin systems is very small.5

For the microscopic measurements, three particles, of suf
ficiently different diameter to render them distinguishable, 
were placed in a flat-polished bottom cavity slide which was 
filled with solution and covered with a slide cover. (The 
relative swelling of each particle wras substantially the same, 
within (0.3%). The solution w'as changed several times to 
ensure equilibrium. Rate experiments established that 
equilibrium was attained within 15 minutes.

Volumes of silver resin could not be determined micro
scopically because of the reduction of silver ions by the or
ganic solvent in the presence of the strong light from the 
illuminating lamp of the microscope. A layer of a white 
precipitate was observed surrounding each particle.

Dioxane and isopropyl alcohol were dried over CaH2 for 72 
hours; methanol and ethanol were dried over magnesium 
turnings and distilled. The resin particles were dried in a 
vacuum oven at 50° for 48 hours to constant weight. This 
presumably removes the last traces of water before equilibra
tion with pure solvent.2

(5 ) H . P . G re g o r , F . C . C o ll in s  a n d  M . P o p e , J .  C o l l o i d  S e t . .  6 , 304  
(1 9 5 1 ) .
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T able  I

D istribution  C oefficients for W ater- N on-A qtjeous Solvent for a Polystyrene- S ulfonic A cid R esin  (DVB 8)
System

wt. %
o f  w a te r  
in  so in , 

ph a se
M e t h 

a n o l

N H 4+ S ta te  

E th a n o l D io x a n e

( C H s) 4N + S ta te  
M e t h 
a n o l  E t h a n o l  D io x a n e

(C 2H 6) 4 N + S ta te  
M e t h 
a n o l  E t h a n o l  D io x a n e

(C 4 H 9)4 N  i‘ S ta te  
M e t h 
a n o l  E t h a n o l  D io x a n e

Ag + 
S ta te  

E th a n o l

80 1.4 1.5 1.5 2.3 1.9 3.2 1.4 0.83 1.7
60 1.9 3.0 3.5 4.7 9.6 1.2 3.0 2.1
40 1.0 2.6 1.5 5.0 1.7 5.3 1.3 1.6 4.3
20 5.8 11.0 11.0 15.5 8.5 38.1 2.6 7.6 9.8
5 8.2 13.2 4.8 4.8

Solvent Uptake.—Two methods for the determination of 
the composition of the solution sorbed by the resin were used. 
For the first, the resin equilibrated with water-alcohol solu
tions was centrifuged, weighed, eluted with distilled water 
and then dried to constant weight. The alcohol in the 
eluate was determined colorimetrically.6’7 For the second 
method, after centrifugation the sorbed solvents were 
completely distilled at 80° and 5 mm. directly from the 
resin contained in the centrifuge basket, and determined 
refractometrically; the validity of this method was estab
lished using pure solvents and by comparison with the first 
method. Distribution coefficients determined by these 
methods were accurate to within about 5%.

Results
Only selected, typical data are presented in this 

paper; the reader is referred to the Thesis1 for 
details. Table I gives selectivity coefficients for 
solvent exchange, defined as

where n w is the moles of water, n s moles of organic 
solvent, and where the superscript r designates the 
resin phase; the solution phase is not designated. 
Data are given in Table I for three non-aqueous 
solvent-water systems and the sulfonic acid resin 
in the ammonium, substituted ammonium and 
silver states. Figure 1 is a plot of the distribution 
of ethanol and water between solution and resin 
phases. Figure 2 shows the swelled volume of the 
tétraméthylammonium form of the sulfonate resin

Ethanol in soin., wt. %.
Fig. 1.—Distribution of water and ethanol between solu

tion phase and polystyrene sulfonate resin phase, with the 
resin in the following states: (C4H9)4N + (.); NH4+ (O); 
Ag+ Q ;  (CH3)4N + (A ); (C2H6)4N + (V ).

(6 ) F . M il t o n  a n d  R .  W a te rs , “ Q u a n t ita t iv e  M ic r o a n a ly s is , ”  
A r n o ld  a n d  C o . ,  L o n d o n , 194 9 , p .  317 .

(7 ) D . A . W e b b ,  Sex. Proc. Roy. Dublin Soc., 2 1, 281  (1 9 3 6 ) .

in mixtures of water with methanol, ethanol and 
dioxane, plotted against the weight per cent, of wa
ter in the solution phase. Similar results were ob
tained with the resin in other cationic states.

Water in soin., wt. %.
Fig. 2.—Specific swelled volume (F e) of tétraméthyl

ammonium sulfonate resin in water-methanol (O), ethanol 
(A ), and dioxane (• )  solutions.

Discussion
The two principal effects observed with the cat

ion-exchange resin systems are that there is a se
lective uptake of the more* polar solvent (water), 
and that the systems deswell upon going from polar 
to less polar solvents. The discussion which follows 
takes up first the sorption of solvents by the polymer 
system as a whole, and then considers the osmotic 
activity of exchange ions.

Distribution of Solvent.—The resin systems sorb 
water selectively from solvent mixtures, this 
selectivity being greatest at low mole fractions of 
water and also increasing as the dielectric constant of 
the other solvent decreases. The distribution plot 
(Fig. 1) is for ethanol-water mixtures; similar 
effects are found with the other systems, shown in 
Table I.

The nature of the exchange cation also influ
ences the selective uptake of water, which is pre
ferred by resins in the sequence: (CH3)4N + =  
(C2H6)4N + >  NH4+ >  (C4H 9)4N+. These results 
are comparable to those for the sorption of water 
vapor by these systems, where the order of in_ 
creasing sorption is exactly the same.8 For a dis

(8 ) B . R .  S u n d h e im , M .  H . W a x m a n  a n d  H . P . G re g o r , This Jour
nal, 57, 9 7 4  (1 9 5 3 ) .
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10 20 30 40 50 60 70 80
Dielectric constant.

Fig. 3.—Calculated degree of dissociation of ion-pairs 
of varying & values as a function of dielectric constant of 
solvent.

cussion of the various factors which may be opera
tive, the reader is referred to the earlier paper.8

Osmotic Activity of Exchange Cations. Ion
exchange resins are osmotic systems9 in which the 
cross-linked matrix, which restricts the fixed ions 
to the resin phase, has a function analogous to that 
of the membrane in a Donnan system. The system 
is thus treated as a polyelectrolyte where the 
spring entropy o: the chain restrains the swelling. 
The exchange ion is restricted to the resin phase by 
electro-neutrality conditions, so that the (mem
brane) system is permeable only to the solvent. 
For this system in equilibrium, xF, =  R T  In o„/ a lr, 
where a-J and a, are the activities of permeable spe
cies 1 in the_resin (r) and equilibrating phases, re
spectively, Vi the partial molar volume of species 1 
and x the thermodynamic osmotic pressure.

A simplified equation of state which relates the 
external volume of a resin system Fe with the os
motic swelling pressure x has been proposed by 
Gregor,9 Fe =  wtx +  b. Here b is the “ rest vol
ume”  or volume when x is zero, and is made up of 
the sum of the matrix volume V m and Fs°, the vol
ume of sorbed solvent when x is zero. If the total 
sorbed solvent volume is Ts, then

Ve =  T m  +  Vs =  m.-n- +  F m  +  V,°
Considering a reasonable dilute and ideal system 

so that xF s =  m R T , where ri\ is the moles of os- 
motically active ions, and neglecting Ts° (which is 
small compared to Fs), Fs2 =  m n\RT. Thus, Fs is 
a function only cf the concentration of osmotically 
active ions and the elastic modulus. This relation
ship applies also to mixed solvent systems.

It can be readily shown that pressure-volume ef
fects will make for the selective uptake of the sol
vent having a smaller partial molar volume. Using 
values of x as calculated by Gregor and Frederick10 
from vapor pressure data, K eIoh would equal only 
about 1.2.

The deswelling of the resin on going to a less po
lar solvent can be interpreted in terms of the forma
tion of ion-pairs as a result of the lowered dielectric 
constant of the sorbed solvent in this osmotic sys
tem. However, lowering the dielectric constant 
also increases the repulsive forces between fixed 
ions; this latter effect by itself would decrease the

(9 )  H . P . G re g o r , J. Am. Chem. Soc., 7 0 , 1 29 3  (1 9 4 8 ).
(1 0 )  H . P .  G r e g o r  a n d  M .  F r e d e r ick , Ann. N. Y. Acad. Sci., 5 7 , 

8 7  (1 9 5 3 ).

10 20 30 40 50 60 70 80
Dielectric constant in resin.

Fig. 4.—Plot of square of sorbed solvent volume (TV) as 
a function of (calculated) dielectric constant of sorbed sol
vent for an ammonium sulfonate resin in mixtures of water 
and the following solvents: water (X ); methanol (O);
ethanol (A ); isopropyl alcohol (□ ); dioxane (V ). Data 
for a silver sulfonate resin and water-ethanol mixtures 
shown (A) .

chain entropy and cause the resin to swell. Fuoss 
and Cathers11 have observed a decrease in the vis
cosity of butylpolyvinylpyridinium bromide solu
tions with decreasing dielectric constant. This in
dicated that the decrease in dissociation of the 
polyelectrolyte more than offset the increased re
pulsion along the chain.

The method of Bjerrum considers the formation of 
ion-pairs in media of low dielectric constant.12 
This theory correlates the degree of association or 
ion-pair formation with the dielectric constant and 
closest distance of approach a  of the ion-pair. 
Figure 3 shows calculated values of the degree of 
dissociation of a 1 molar solution at 25° for a 1-1 
electrolyte for different values of &. Activity co
efficients are assumed to be unity. These calcula
tions become increasingly inaccurate with increas
ing values of the dielectric constant.

The square of the solution volume contained in 
the resin phase (Fs2), which is presumably propor
tional to the number of osmotically active ions 
present, was plotted against the dielectric constant 
of the sorbed solution in Fig. 4. The solution vol
umes were calculated either from the resin volumes 
and resin matrix volumes, or from wet weight meas
urements. The dielectric constant of the sorbed 
solution was obtained from the composition of the 
resin phase, assuming the dielectric constant to be 
the same as for an ordinary solution of the same 
composition.12

In Fig. 4, the curve for the ammonium resin is 
strikingly similar to the Bjerrum plots of Fig. 3. 
It should be noted that each point on this curve is 
for either different compositions of the same solvent 
pairs, or for different solvent pairs. The dielectric 
constant of the sorbed solution is obviously quite 
different from that of the entire resin phase. Inter
actions between a fixed sulfonate group and a mov
able exchange cation are primarily a function of the 
dielectric constant of the sorbed solution.13

(1 1 ) R .  M .  F u o sa  a n d  G . I .  C a th e rs , J. Polymer Sci., 4, 9 7  (1 9 4 9 ) .
(1 2 )  H . S. H a r n e d  a n d  B . B . O w e n , “ P h y s ic a l  C h e m is tr y  o f  E le c t r o 

l y t i c  S o lu t io n s ,”  R e in h o ld  P u b l. C o r p . ,  N e w  Y o r k ,  N . Y .,  1950.
(13) S e e  e.g., J. G. K ir k w o o d  a n d  F. H . W e s th e im e r , J. Chem. Phys., 

6 ,506  (1938).
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The observed strong similarity between the plot 
of IV  vs. D  and the Bjerrum plot suggests indeed 
that ion-pair formation is the primary effect here. 
The horizontal portion of the experimental plot at 
high dielectric constants leads to the conclusion that 
little if any association has taken place. This is 
corroborated by the work of Heymann and O’Don
nell,14 15 who found that the equivalent conductances 
of alkali metal cations in exchange resins are propor
tional to their values in aqueous solution. If asso
ciation is present in these systems, the conductiv
ity data would require that all of the alkali metal 
sulfonates have the same dissociation constants, 
which is highly unlikely. Ion-pair formation con
stants for the alkali metals and the doubly charged 
sulfate ion, as calculated by Davies and others (see 
ref. 12, p. 147) are not the same, but vary by a fac
tor of 1.5 between lithium and potassium. There
fore, it is not valid to ascribe ion selectivities to 
differences in ion association constants with the al
kali metal cations and sulfonate resins.

Consider now the analogous curve for the silver 
resin in Fig. 4. Heymann14 observed from con
ductance data that the silver resinate is apparently 
one-third associated. This can also be inferred 
from the selectivity of this resin for silver, as ob
served for example by Hogfeldt, Ekedahl and Sil- 
len.16 Where ion-pair formation already exists in 
aqueous solution, lowering the dielectric constant 
will cause a sharp decrease in dissociation as shown 
in Fig. 3. This is observed in Fig. 4 for the silver 
resinate system, where in water the silver sulfo
nate ion-pair is apparently more than 40% dissoci
ated, being more or less completely associated at 
values of D  <  50.

Plots of TV vs. D  for the tetrabutyl- and tétra
méthylammonium résinâtes are shown in Fig. 5; 
the dotted line is for the ammonium resin, taken 
from Fig. 4. The same, general deswelling behav
ior shown by the ammonium form resin is ob
served; the IV  values are in the sequence NH4+ >

0.5

0.4

0.2

0.1

0
0 10 20 30 40 50 60 70 80

Dielectric constant in resin.
Fig. 5.—Plot of square of sorbed solvent volume ( V,2) as 

a function of (calculated) dielectric constant of sorbed sol
vent for a tétraméthylammonium and a tetrabutylam- 
monium sulfonate resin for mixtures of water and the fol
lowing solvents: water (X ) ; methanol (o ) ; ethanol (A ); 
dioxane (V ). Points for tetrabutylammonium resin shown 
solid; dotted line for ammonium resin is from Fig. 4.

(1 4 )  E .  H e y m a n n  a n d  I . J . O ’ D o n n e l l,  J. Colloid Sei., 4 , 4 0 5  (1 9 4 0 ).
(1 5 ) E . H o g fe ld t ,  E .  E k e d a h l  a n d  L . G . S illen , Acta Chem. Scand.,

4 , 1471 (1 9 5 0 ).

Me4N + >  Et4N + >  B u4N +. The swelled volumes 
in water of the tetrabutylammonium and the silver 
resins are the same, but the slopes of the deswelling 
curves indicate that association is small in the 
former case. With increasing size of the exchange 
cation the solvent volume decreases; this can be the 
result of increasing association and also of exclusion 
of the solvent by the high osmotic pressure which 
obtains in the presence of large exchange ions. 
While less ion-pair formation should result in sys
tems invoking large exchange cations, one must 
also consider that the van der Waals forces, which 
increase with molecular weight and act here to re
inforce coulombic attraction, can cause a net in
crease in association. Gregor and Bregman16 have 
shown that for loosely cross-linked resins (where os
motic effects are small), the resin preferentially 
adsorbs organic ions in the order of increasing mo
lecular weight.

Results with Anion-exchange Resins.—The
anion-exchange resin-mixed solvent systems showed 
similar behavior to that of the sulfonic acid resins, 
but also significant differences. Chloride and 
acetate state resins were studied, and found to 
behave similarly. These resins sorb water prefer
entially, but to a much lesser extent than the sul
fonic resins. For example, at solution phase water 
weight percentages of 80, 60 and 20, the distribu
tion coefficient for water over ethanol was 0.95,
1.16 and 2.90 for the chloride state resin; corre
sponding values for the tetramethylammonium 
sulfonate resin were 2.3, 3.5 and 11.0.

From Fig. 6 it is seen that the weight of the an-

Fig. 6.—Wet weight (TF6) and moles of solvent sorbed (n) 
of a quaternary ammonium anion-exchange resin in the 
chloride state, in equilibrium with different water-ethanol 
solutions.

ion-resin phase (specific wet weight ITe) increases 
as the percentage of ethanol in the solution (and 
also in resin) phase increases, reaches a maximum, 
and then decreases. Also plotted in Fig. 6 are the 
total moles of solvent sorbed, and it is seen that the 
molar sorption is fairly constant down to 50:50 
mixtures. No explanation is offered for this be
havior.

The authors wish to thank the Office of Naval 
Research for the support given this work.

(1 6 )  H . P . G re g o r  a n d  J. I .  B r e g m a n , J. Colloid Sci., 6 , 323  
(1 9 5 1 ).
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V E L O C ITY A N D  ABSORPTION OF ULTRASO NICS IN  LIQUID SULFUR

B y  A. W. P r y o r  a n d  E. G. R i c h a r d s o n  

K ing’s College, Newcastle upon Tyne, England

Received June 17, 195If.

In order to derive some of the visco-elastic properties of liquid sulfur, particularly in the transition region where poly
merization takes place, measurements of ultrasonic velocity and attenuation over the range of temperature 100 to 250° 
have been made. Comparison is made between the “ultrasonic viscosity”  deduced from such measurements and those 
derived in a conventional viscometer. A model is suggested to account for the acoustic behavior of sulfur above 160°.

Introduction
A number of measurements of the viscosity of 

sulfur in the molten state have been made over the 
past fifty years, using simple transpiration or slow 
oscillatory motion. Sulfur melts at 1110 and in

this state the element exists in the form of 8 atom 
rings. At 160° polymerization occurs and the 
viscosity rapidly rises. The sulfur in this stage 
exists in long chains and traces of hydrocarbons by 
terminating the chain have, according to Gee,1 a 
marked effect on the viscosity. Farr and Mc
Leod2 found that the viscosity varies with time. 
The object of the present research was to measure

(1 ) G . G e e , Trans. Faraday Soc., 4 8 , 5 1 5  (1 9 5 2 ).
(2 ) C . C . F a r r  a n d  D . B . M c L e o d ,  Proc. Roy. Soc. {London), A 9 7 , 

8 0  (1 9 2 0 ) ;  A 1 1 8 , 5 3 4  C 9 2 8 ) .

the velocity and attenuation of ultrasonics of mega
cycle frequencies in sulfur over this transition re
gion and to deduce therefrom values of compres
sibility and ultrasonic viscosity. In view of the 
known difficulty of removing small traces of im
purities and their effects on the flow properties, 
only the more usual efforts at purification, e.g ., boil
ing, as recommended by Bacon and Fanelli,3 
were made, it being considered sufficient for our 
purpose to compare viscosities deduced from ab
sorption with those obtained in a conventional 
viscometer on another sample of the same speci
men.

Ultrasonic Apparatus.—The interferometer built for these 
measurements is shown in Fig. 1. The container of the 
specimen is a brass tube 1.38 in. diameter and 7.5 in. long, 
heavily chrome-plated on the inside to prevent contamina
tion. The tube is covered externally by a layer of asbestos 
and wound with a heating coil, over which a further layer of 
asbestos is placed.

The transducer (a 1-in. quartz crystal), spring-loaded 
against a collar with hole 0.88 in. diameter soldered near the 
lower end of the tube, is mounted on a brass disc insulated 
from the (earthed) furnace by an asbestos disc. The crys
tals were coated above and below by evaporated aluminum 
or baked silver paste.

The steel screw w’hich carries the reflector is of high ac
curacy, has a pitch of 20 turns per inch and is fitted with 
anti-backlash bearings of brass. It has a dial at its upper 
end. Calibration showed the screw to be accurate to bet
ter than 1 in 1000.

The reflector is of aluminum and also carries the iron- 
constantan thermocouple which gives the temperature of the 
enclosure. In order that the reflector and transducer can be 
adjusted in parallelism—a very important point—the 
interferometer tube is supported on the base of the screw- 
carrier through three levelling screws, which are adjusted 
until a good signal echo is returned.

An automatic temperature control assures the tempera
ture of the furnace to ±  1 ° .

Fig. 2.—Velocities of sound at various temperatures: •, 
4 Mc./sec.; O, 0.4 Mc./sec.

(3) R. F. Bacon and R. Fanelli, Ind. Eng. Chem., 34, 1043 (1942).
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Electronic Circuits.—A pulse signal was employed. 
Oscillations from a Hartley oscillator are excited by a 
multi-vibrator. These are gated in the form of short 
pulses of oscillations and applied to the transducer, which 
then launches a short train of waves to be reflected. The 
echo, again energizing the transducer, is amplified at con
stant gain in the receiver. (During the emission of the 
signal the latter must be put out of action by a “ blanking 
pulse” ). The echo is exhibited on a cathode ray oscillo
graph and brought to a determined level through the opera
tion of an attenuator in the receiver circuit. The deter
mination of the absorption coefficient therefore consists in 
moving the reflector away from the source while adjusting 
and reading the attenuator.

To measure the wave length—and so, the velocity—the 
echo is mixed with a fraction of the original oscillations. 
The superposed amplitude, displayed on the oscilloscope, 
will vary as the relative phase of signal and echo varies with 
relative position of source and reflector. This method is 
very useful when—as in the present instance—a highly 
absorbent liquid is in question.

The frequency is checked to a high degree of precision on a 
heterodyne wave-meter.

Velocity Results.— Figure 2 shows the results of 
velocity measurements at two frequencies, 0.4 and 
4 Me./sec. Those at 4 Me./sec. showed no marked 
change at the transition temperature; but at the 
lower frequency, a jump of some 20 m./sec. oc
curred at 160° which eventually subsided into the 
4 Mc./sec. curve above 200°. This effect seemed 
to be a sort of hysteresis and was not apparent 
coming down in temperature. The velocity in 
liquid sulfur was earlier measured by Kleppa4 but 
our results are higher than his by 10 to 20 m./s.

The density of sulfur at 115° is 1.82, of poly
merized sulfur 1.93 g./cm .3 making the adiabatic 
compressibilities at 115 and 160° 32.5 X  106 and
31.5 X 106 dynes/cm.2, respectively. Natta and 
Baccareda6 have shown that the ratio velocity of 
sound/density is an important index for the lengths 
of chains in polymers. At the two temperatures 
noted, this ratio has values 0.74 and 0.66, respec
tively, in their units.

Absorption Results.— Results in the form ampli
tude-absorption coefficient (a) vs. temperature at 
frequencies 5.8, 12 and 15 Mc./sec. are given in 
Fig. 3. All show a rise beginning at 160° and level-

Fig. 3.—Absorption coefficients of sound at various tem
peratures.

ling off at about 200°. Initially, the absorption 
could be as much as 0.1 above the final value on 
standing. In order to get steady readings it was 
necessary to wait some time at each temperature. 
Even so, at the higher temperatures difficulties 
were experienced through fluctuating echos, attrib-

(4 ) o .  J . K le p p a , J. Chem. Phys., 18 , 1 30 3  (1 9 4 9 ) .
(5 )  G .  N a t t a  a n d  M .  B a c c a r e d a , J. Polymer Sni., 3 , 829  (1 9 4 8 ).

uted to the formation and collapse of vapor 
bubbles in the liquid.

In order to make a comparison between the vis
cous behavior of sulfur at high and near-zero fre
quencies an oscillating cylinder viscometer was set 
up, equipped with a furnace, and the viscosities— 
which also showed a tendency to after-effects—de
termined. The results, which agree with the meas
urements of Farr and McLeod (1920), are shown 
in Fig. 4.

IOO 140 180 2 0 0

T em perature ( ° c )
Fig. 4.—Viscosity coefficients at various temperatures. 

Discussion of Results
According to the well-known theory of Stokes6 

the absorption of plane waves of sound in a liquid 
should follow the formula

where /  is the frequency, c the velocity and v the 
kinematic viscosity. The latter being the com
mon coefficient of viscosity v divided by the den
sity p we may divide the data of Fig. 4 by 1.9 ap
proximately to obtain v values for sulfur.

This formula fits few fluids but it is so far true 
that in many liquids a / f2 is constant. Figure 5 
shows that in sulfur at 180°, a rises steadily with 
P  in the megacycle gamut, though with a factor 
which has changed after about an hour’s standing. 
Working back from the formula given above, sub
stituting our values of a / p , we can deduce values 
of v  which we might call “ ultrasonic viscosity.”

(G) S ir  G . S to k e s , Trans. Camb. Phil. Soc., 3  (1 8 4 5 ) .
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Fig. 5.—Absorption coefficients vs. (frequency)2.

Doing this for the whole range of temperature 
to the results of Fig. 3, we can show that below 
transition the flow viscosity is about one third and 
above transition about one thousand times the 
ultrasonic viscosity.

In order to explain this we assume that above 
160° we are dealing with a visco-elastic fluid, 
whose elasticity at high frequencies far outweighs 
the true viscosity. The model shown as inset to 
Fig. 5 will serve our purpose. Here a dashpot of 
viscosity 17 is in parallel with another dashpot i\' 
and a spring of elasticity n '.

In Fig. 5 the slope of the lines gives the ultra
sonic viscosity 77' while 77 +  77' represents the 
“ steady viscosity.”  The intercept, absorption at 
zero frequency, enables the elasticity n '  to be cal
culated.

Thus, the model has a resonant pulsatance «0 =  
n '/7)', =  R C '  in electrical symbols, and the at
tenuation can be written

3 pc‘ + 1 +  {oi/on,}■ ] - 4 B +
1  +  ( o j / o jo ) 1 2_

Thus, on a graph of a  against p ,  the slope B  =  
8tt2/31X  77/pc3, and the intercept on the ordinate 
axis where /  — > 0

2 VW  2 re'2
3 pc3 3 pcW

Inserting the slopes and intercepts, we find for 
example at 180° the following initial and final ap
proximate values for the elements of the model: 
77, 0.32 to 0.27; 77', 300 to 200; n ’ , 5 to 1.7 X 108 in
c.g.s. units.

THE CONDUCTANCES OF SOME POTASSIUM AND SODIUM SALTS IN
DIMETHYLFORMAMIDE AT 25°

B y  D onald  P. A mes and  P au l  G. Sears

Contribution from the Department of Chemistry, University of Kentucky, Lexington, Ky.
Received June 18, 1954

The conductances of dilute dimethylformamide solutions of ten potassium and sodium salts having univalent anions 
have been measured at 25°. For the concentration range of 1-20 X 10 ~4 N, relatively good agreement exists between the 
observed and theoretical Onsager behavior for all salts studied except the nitrates. The limiting equivalent conductances 
indicate a potassium salt to be 0.7 ±  0.4 ohm-1 cm.2 more conducting than the corresponding sodium salt and substantiate 
the Kohlrausch law of independent ion migration in dimethylformamide.

Introduction
Although dimethylformamide has become impor

tant in the non-aqueous solvent field, there exists 
in the literature1.2 a paucity of information con
cerning the conductance of salts in this solvent. 
The purpose of this investigation has been to ob
tain some additional information concerning the 
conductance behavior of several pairs of potassium 
and sodium salts having the same univalent anion 
and to test the validity of the Kohlrausch law of 
independent ion migration in dimethylformamide.

Experimental
1. Purification of Solvent.—Dimethylformamide (East

man White Label) was dried over solid potassium hydroxide 
and fractionally distilled at 5 mm. pressure. The retained 
middle fractions had conductivities ranging from 0.6-2.0 
X 10~7 ohm-1 cm.-1 at 25°.

(1 )  L . R .  D a w s o n , M .  G o lb e n , G . R .  L e a d e r  a n d  H . K . Z im m e r m a n , 
J r ., J. Electrochem. So:,, 9 9 , 2 8  (1 9 5 2 ).

(2 )  L . R .  D a w s o n , M .  G o lb e n , G , R .  L e a d e r  a n d  I L  K . Z im m e rm a n ,
J r ., Trans. Kentucky Acad. Sci., 13 , 221  (1 9 5 2 ) .

2 . Purification of Salts.—Reagent grade potassium and 
sodium nitrates and bromides were recrystallized three 
times from redistilled water and dried for 12 hours in vacuo 
at 70°. Reagent grade potassium and sodium iodides were 
recrystallized three times from water-ethanol solutions and 
dried for 12 hours in vacuo at 70°. Reagent grade potas
sium and sodium perchlorates were recrystallized three 
times from redistilled water and dried in vacuo for 10 hours 
at 100° and an additional 12 hours at 130°. Reagent grade 
potassium and sodium thiocyanates were recrystallized 
three times from redistilled water and dried 48 hours in vacuo 
at 60°.

3. Apparatus and Procedure.—Resistance measure
ments were made with a Jones bridge (manufactured by the 
Leeds and Northrup Company) at a frequency of 1000 cycles 
per second. Periodic resistance measurements were made 
also at 500 and 2000 cycles per second; however, no signifi
cant frequency dependence for resistance was observed. 
For resistances greater than 30,000 ohms, 30,000 ohms of the 
bridge resistance was shunted in parallel with the cell and 
the series cell resistance was computed from the measured 
parallel resistance.

Three flask cells with lightly platinized electrodes, similar 
to those designed by Daggett, Blair and Kraus,3 were em-

(3 ) H . M .  D a g g e t t ,  J r ., E .  J . B la ir  a n d  C . A . K ra u s ,  J. Am. Chem. 
Soc., 7 3 , 799  (1 9 5 1 ).
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T a b l e  I
C o n d u c t a n c e  o f  S o m e  P o t a s s i u m  a n d  S o d i u m  S a l t s  i n  D i m e t h y l f o r m a m i d e  a t  25°

(

C X  10* A C X  10* A C  X  10* A C X 1 0 * A C  X  10* A

(c) Potassium (e) Potassium
a) Potassium iodide perchlorate thiocyanate (g) Potassium bromide (i) Potassium nitrate

1.237 81.1 0.374 81.9 1.256 88.5 0.730 82.8 0.833 86.4
3.616 79.9 1 . 1 1 2 81.4 3.435 87.4 3.614 81.4 1.881 85.5
6.542 79.0 2.757 80.6 7.204 8 6 . 0 13.32 78.5 7.184 82.8

11.71 77.8 6.745 79.2 13.50 84.4 22.94 76.7 13.41 80.6
18.48 76.7 12.49 78.0 21.52 83.1 37.66 74.8 25.39 77.6
28.51 75.3 22.85 76.2 32.35 81.6 39.12 74.7
38.37 74.3 35.15 74.8 46.84 80.0
48.87 73.4
(b) Sodium iodide (d) Sodium perchlorate (f) Sodium thiocyanate (h) Sodium bromide (j) Sodium nitrate

1.661 80.1 0.969 80.7 1.502 87.4 1.059 81.7 0.945 84.9
2.887 79.5 2.919 79.5 2.459 8 6 . 8 2.847 80.7 6.778 81.2
8.375 77.8 6.124 78.5 7.772 84.7 5.599 79.6 14.22 78.0

15.54 76.4 11.69 77.1 14.22 83.0 8.976 78.5 28.72 73.7
26.25 74.8 20.33 75.6 21.80 81.5 14.25 77.2 39.64 71.3
38.64 73.5 26.73 74.8 35.93 79.6 22.92 75.4

32.08 74.2 53.80 77.6 31.76 74.1

ployed in the resistance measurements. The cell constants 
of 6.4204, 0.4224 and 0.4443 cm . " 1 were determined by the 
intercomparison of these cells with two Jones cells having 
constants of 1.0312 and 1.0606 cm . - 1  which were evaluated 
using the accepted value for the specific conductance of a
0.01 demal aqueous solution of potassium chloride at 25° as 
given by Jones and Bradshaw.4 Resistance measurements 
were carried out in an oil-filled thermostat at 25.00 ±
0.03°. The temperature of the bath was established with 
a thermometer calibrated by the National Bureau of Stand
ards.

Although the resistance of the more dilute solutions would 
decrease slightly (in some cases as much as 0 .2 %) with time, 
even though temperature equilibrium had been established, 
it was found that the measured resistance was reproducible 
if the immersed cells were manually manipulated in a man
ner so as to change the solution between the electrodes 
immediately prior to measuring the resistance. A mean of 
3 to 5 resistances, each of which was determined after chang
ing the solution between the electrodes, was used in the cal
culation of the conductivity of a given solution.

The weight dilution method was used for the preparation 
of the solution in the flask cells. The preparation of the 
stock solutions, the filling of the cells and the Friedman- 
LaMer weighing pipets were performed in a dry-box; how
ever, the rapid additions of stock solutions to the conduc
tance cells were made under natural laboratory conditions 
after it had been established that very brief exposures of 
the solvent or solutions to the atmosphere caused no ob
servable change in the resistance. In calculating concen
trations on a volume basis, it was assumed that the densities 
of the solutions were the same as that of the solvent. All 
weights were corrected to vacuum. The conductivity of a 
salt was obtained by subtracting the conductivity of the 
solvent from that of the solution.

The following data for dimethylformamide at 25° were 
used in the calculations: density, 0.9443 g./ml.6; viscosity,
7.96 X 10" 3 poise6; dielectric constant, 36.71.6 The values 
of the fundamental constants were taken from the latest 
report of the Subcommittee on Fundamental Con
stants.7

Results
Values of the equivalent conductance, A, and the 

concentration in gram equivalents per liter, C , for
(4 ) G . J o n e s  a n d  B . C . B ra d sh a w . J. Am. Chem. Soc., 5 5 , 1 78 0  (1 9 3 3 ).
(5 )  E . D . W ilh o it ,  u n p u b lis h e d  d a t a ,  U n iv e rs ity  o f  K e n t u c k y , 

1954.
(b )  G . R .  L e a d e r  a n d  J . F . G o r in le y ,  J. Am. Chem. Soc., 7 3 , 5731 

(1 9 5 1 ).
(7) F. D. Rossini, F. T. Gucker, Jr., H. L. Johnston. L. Pauling

and G. W. Vinal, ibib., 74, 2099 (1952).

one of three independent series of measurements for 
each salt are presented in Table I.8

Discussion
A plot of the equivalent conductance against the 

square root of the concentration for each salt stud
ied in dimethylformamide is given in Figs. 1 or 2. 
The radii of the circles representing experimental 
points on these plots are equivalent to 0.2 A unit or 
approximately 0.25% of the ordinate value. Lin
ear plots were obtained for all salts for concentra
tions less than 0.002 N .  For greater concentra
tions, the plots either remain linear or become con
vex to the concentration axis. The extrapolated 
values of the limiting equivalent conductance and 
the limiting experimental slopes are listed in Table 
II together with the theoretical slopes calculated by

Fig. 1.—Equivalent conductance as a function of the 
square root of the concentration for some potassium and 
sodium salts in dimethylformamide at 25°.

(8 ) M a te r ia l  s u p p le m e n ta r y  t o  th is  a r t ic le  has  b e e n  d e p o s it e d  as 
D o c u m e n t  n u m b e r  4 3 4 7  w ith  t h e  A D I  A u x il ia r y  P u b lic a t io n s  P r o je c t ,  
P h o to d u p l ic a t io n  S e r v ic e , L ib r a r y  o f  C o n g re ss , W a s h in g t o n  25 , D .  C . 
A  c o p y  m a y  b e  s e c u r e d  b y  c it in g  th e  D o c u m e n t  n u m b e r  a n d  b y  re 
m it t in g  in  a d v a n c e  $ 1 .2 5  f o r  p h o to p r in ts ,  o r  $ 1 .2 5  f o r  35  m m . m ic r o 
film , b y  c h e c k  o r  m o n e y  o r d e r  p a y a b le  t o :  C h ie f ,  P h o to d u p l ic a t io n  
S e r v ic e , L ib r a r y  o f  C o n g re ss .
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Fig. 2.—Equivalent conductance as a function of the 
square root of the concentration for some potassium and 
sodium salts in dimethylformamide at 25°.

the use of the Onsager equation9 which may be 
written as follows for a univalent electrolyte

A — Ao —
r  82.42 8.203 X 105

l(DT) hr, +  (.DTY/t AoJVC (1)

The substitution of the proper data simplifies this 
equation to give equation 2 for uni-univalent elec
trolytes in dimethylformamide at 25°

A = Ao -  [99.0 +  0.716A»] V C  (2)
Compared to the theoretical slope, — [99.0 +  0.716 
A0], both more negative slopes (positive deviations) 
and less negative slopes (negative deviations) were 
observed.

T a b l e  I I

T e s t  o f  O n s a g e r ’ s  E q u a t i o n  f o r  S o l u t i o n s  o f  S o m e  

P o t a s s i u m  a n d  S o l i u m  S a l t s  i n  D i m e t h y l f o r m a m i d e  a t  

25 °

Salt Ao

Theoretical
slope
(St)

O b s d .
slope
(Se)

% Dev. 
100(Se -  

St)/St

KI 8 2 .6 - 1 5 8 - 1 3 7 - 1 3
Nal 8 1 .9 - 1 5 8 - 1 3 8 - 1 3
KCIO4 8 2 .7 - 1 5 8 - 1 3 7 - 1 3
NaClOi 8 2 .1 - 1 5 8 - 1 4 5 -  8
KSCN 9 0 .2 - 1 6 4 - 1 5 1 -  8
NaSCN 8 9 .5 - 1 6 3 - 1 7 1 5
KBr 8 4 .1 - 1 5 9 - 1 5 4 -  4
NaBr 8 3 .4 - 1 5 9 - 1 6 5 4
KNO3 8 8 .5 - 1 6 2 - 2 1 4 32
NaNOs 8 7 .9 - 1 6 2 - 2 6 3 62

The conductance 
positive deviations

data for the salts exhibiting 
were analyzed by the Shed-

lovsky extrapolation method10 for incompletely 
dissociated electrolytes. The limiting equivalent 
conductances and dissociation constants obtained 
by this treatment are given in Table III. The An 
values given in Table III should be more reliable 
than those for the same salts listed in Table II inas
much as a more accurate extrapolation procedure 
was utilized.

It was observed that the semi-empirical Shed- 
lovsky modification of the Onsager equation (equa
tion 3) best describes the data for those salts for

(9 ) L . O n sa g e r , Physik. Z., 28, 2 7 7  (1 9 2 7 ) .
(1 0 )  T .  S h e d lo v s k y , J. Franklin Inst., 225, 7 3 9  (1 9 3 8 ) .

T a b l e  III
L i m i t i n g  E q u i v a l e n t  C o n d u c t a n c e s  a n d  D i s s o c i a t i o n  

C o n s t a n t s  f o r  S o m e  P o t a s s i u m  a n d  S o d i u m  S a l t s  i n  

D i m e t h y l f o r m a m i d e  D e t e r m i n e d  b y  t h e  S h e d l o v s k y  

M e t h o d

S a lt Ao K
NaSCN 8 9 .5 0 .1 3
NaBr 8 3 .4 0 .1 3
k n o 3 88.1 0 .0 4 3
NaNOs 8 7 .2 0 .0 2 3

which the Kohlrausch plots become convex to the 
concentration axis. Equation 3 may be rearranged

A = Ao — f  [99.0 +  0.716Ao] VC  (3)Ao
to give equation 4, which indicates that a plot of 1/ 

1 1  m . O + O.716A0H (4 )
A A0 L Ao'5 J

A versus y / C  should have an intercept of 1/A0 and a 
slope of (99.0 +  0.716 A0)/A 02. Figure 3 shows plots

Fig. 3.—Plots of equation 4 for some potassium and sodium 
salts in dimethylformamide at 25°.

of this nature for six salts in dimethylformamide. 
The comparisons of the observed and calculated 
slopes for these plots are given in Table IV and 
show that equation 4 describes the conductance be
havior of most of these salts for concentrations up 
to 0.005 N . Furthermore, except for sodium thio
cyanate, the A0 values obtained by this method 
agree with corresponding values reported in Table 
II.

T a b l e  IV
T e st  o f  E q u a tio n  4 fo r  Som e  P o ta ssiu m  an d  So d iu m  

Sa lt s  in  D im e t h y l f o r m a m id e  a t  2 5 °

Salt An
Theoretical

slope
(St)

Obsd.
slope
(S E)

% Dev. 
100  (Se -  

St)/St

KI 82.6 0 . 2 2 0 0.231 5
Nal 82.0 .224 .235 5
KCIO4 82.8 .217 .231 6
NaClOi 82.2 .232 .240 4
KSCN 90.3 . 2 0 1 .207 3
NaSCN 89.8 . 2 0 2 .237 17

The differences between the A0 values for potas
sium and sodium salts having a common univalent 
anion may be deduced from the data listed in Ta
bles II, III and IV.
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A constant difference of 0.7 ±  0.4 ohm“ 1 cm.2 3 
prevails within experimental and extrapolation 
errors for the five pairs of potassium and sodium

salts studied, substantiating the reliability of the 
Kohlrausch law of independent ion migration in 
dimethylformamide.
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Isotherms from 10 to 800 are presented for the ternary system Li20 -B 20 3 -H 20 . Solubility data for the binary systems 
Li2B40r-H20  and LiB02-H 20, and the system Li2B10Oi6-H2O at temperatures above the transition interval of lithium penta- 
borate decahydrate, Li2B10Oi6-10H2O, are also given. The published data on the binary system LiB02-H 20  and the 
ternary system Li20 -B 20 3-H 20  at 30° are corrected to show the fields of existence of two additional compounds, Li2B4C7-3H20 
and LiB02-2H20. Lithium tetraborate pentahydrate, Li2B40 7-5H20, did not appear in this investigation.

Data on the solubilities of lithium borates in 
aqueous solution are given by Dukelski2 for the iso
therm of the system Li20 -B 203-H 20  at 30° with 
H3B 03, Li2BioOi6TOH20, Li2B40 7-2;H20, LiB02- 
8H20  and LiOH-H20  as saturating solids. Rosen
heim and Reglin,3a Menzel,3b and LeChatelier4 5 
present data for the system LiB02-H 20 , from the 
eutectic at —0.515° saturated with Ice +  LiB02- 
8H20  to and beyond the congruent melting point of 
LiB02-8H20  at 47.1°. Only one hydrate, LiB02- 
8H20, is reported. The work of these authors has 
been summarized by Seidell6 and by the International 
Critical Tables.6 Data relative to the solubilities 
of lithium borates are also given in Mellor.7

The results of the present investigation agree with 
data of the previous authors only when allowance is 
made for supersaturation effects which apparently 
prevented the crystallization of two compounds, 
lithium tetraborate trihydrate, Li2B407-3H20 , and 
lithium metaborate dihydrate, LiB02-2H20, neither 
of which were known to these prior investigators. 
The solid phase borates found to be involved in the 
equilibrium relationships reported herein were Li2- 
B io0 16TOH20 ,  Li2B4(U3H20, LiB02-8H20  and Li- 
B 02-2H20.

Experimental
All available solubility data were used as guides in pre

paring the four lithium borates—Li2Bi0Oi6T0H2O, Li2B40 7- 
3H20 , LiB02-8H20  and LiB02-2H20  needed in this investi
gation.

Merck or Fisher reagent grade lithium hydroxide and 
boric acid of U.S.P. grade (99.95% H3BO3, produced by 
American Potash & Chemical Corp., Trona, California) 
were used as sources of Li20  and B20 3. The amount of C 02 
present in these materials ranged from 0.03% for the boric 
acid to 0.16% for the lithium hydroxide.

A clear solution of lithium Iwdroxide was treated with a 
calculated amount of boric acid and brought to a tempera

(1 ) C o r r e s p o n d e n c e  re g a rd in g  th is  m a n u s c r ip t  s h o u ld  b e  a d d re sse d  
t o  W ill ia m  A .  G a le , A m e r ic a n  P o ta s h  &  C h e m ic a l  C o r p . ,  201 W e s t  
W a s h in g to n  B o u le v a r d , W h it t ie r ,  C a lifo rn ia .

(2 )  M .  P . D u k e ls k i, Z. anorg. Chem., 5 4 , 4 5  (1 9 0 7 ) .
(3 )  (a ) A .  R o s e n h e im  a n d  W . R e g lin ,  Z. anorg. allgem. Chem., 120 , 

103 (1 9 2 1 ) ;  (b )  H . M e n z e l , i b i d . , 1 6 6 , 63  (1 9 2 7 ).
(4 )  H . L e C h a te lie r , Compt. rend., 1 2 4 , 1091 (1 8 9 7 ).
(5 )  A . S e id e ll. “ S o lu b il it ie s  o f  In o r g a n ic  a n d  M e t a l  O rg a n ic  C o m 

p o u n d s ,”  V o l . I ,  th ird  e d ., D . V a n  N o s tr a n d , N e w  Y o r k ,  N . Y . ,  1940 , 
p p . 118 , 89 7 , 8 9 8 , 9 29 .

(6 )  “ I n te r n a t io n a l C r it ic a l  T a b le s .”  V o l .  I V ,  e d . 1, M c G r a w  H ill 
C o . ,  I n c . ,  N e w  Y o r k .  N . Y - ,  192 8 , p p .  2 3 5 , 3 8 0 , 3 9 4 .

(7 ) J . W . M e llo r ,  “ A  C o m p r e h e n s iv e  T r e a t is e  o n  I n o r g a n ic  a n d  
T h e o r e t ic a l  C h e m is t r y ,”  V o l .  V ,  L o n g m a n s , G re e n  a n d  C o . ,  N e w  
Yro rk , N . Y . ,  192 4 , p . 66.

ture sufficiently high to ensure complete solution of all 
solids. After filtering, the resultant clear solution was 
cooled to a temperature that would cause the desired salt to 
crystallize. The compositions of some of the crops of the 
four borates as found by analysis are recorded in Table I.

T a b l e  I

I n d i v i d u a l  C r o p s  o p  L i t h i u m  B o r a t e s

F o u r  C r o p s  o f  

L iîO

LÌ2BloOl6‘ 
W t .  %  

B 2 0 3

IO H 2O

L Ì2B 10O 16
M e le  ra tio  
B 2O 3/ L Ì 2O

5.34 62.09 67.43 4.989
5.36 62.16 67.52 4.976
5.34 62.00 67.34 4.981
5.42 62.15 67.57 4.920

Av. 5.36 62.10 67.47 4.967
Theoretical 5.35 62.37 67.72 5.000

S e v e n  C r o p s  o f  L Ì2B 40?-3H 2 0  Wt. %
L Ì2O  B 2O 3 L Ì2B 4O 7

M o le  r a t io  
B 2O 3/ L Ì 2O

13.32 62.33 75.65 2.008
13.37 62.50 75.87 2.006
13.34 62.20 75.54 2.001
13.40 62.10 75.50 1.988
13.19 62.10 75.29 2.020
13.33 62.30 75.63 2.005
13.41 62.33 75.75 1.994

Av. 13.34 62.27 75.60 2.003
Theoretical 13.39 62.40 75.79 2.000

F o u r  C r o p s  o f  L iB 0 2 * 8 H 2 0  
W t .  %

L Ì2O  B 2O 3 L Ì B O 2
M o le  r a t io  
B 2O 3/ L Ì 2O

7 . 7 3 18.06 25.79 1 . 0 0 2

7.72 18.07 25.79 1.004
7.77 18.27 26.04 1.009
7.83 18.45 26.28 1.011

Av. 7.76 18.21 25.98 1.007
Theoretical 7.71 17.96 25.67 1.000

S ix  C r o p s  o f  L iB 0 2 * 2 H 2 0  
W t .  %

L Ì2O  B 2O 3 L Ì B O 2
M o le  r a t io  
B 23 3/ L i 20

17.38 40.65 58.03 1.004
17.33 40.60 57.93 1.005
17.36 40.74 58.10 1.007
17.33 40.80 58.22 1.012
17.36 40.92 58.28 1.011
17.38 40.91 58.29 1.010

Av. 17.36 40.79 58.14 1.008
Theoretical 17.42 40.59 58.01 1.000
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The solubility data were determined by the usual method 
of agitating complexes in a constant temperature bath until 
equilibrium was attained. This point was reached, in most 
cases, within 24 hours as shown by the constancy of an
alytical results on samples of the saturated solution taken 
on one or two following days. Samples were taken by 
filtering through a cotton plug attached to a pipet. Equilib
rium was approached from below rather than from above in 
order to avoid supersaturation, a tendency exhibited particu
larly by the tetraoorate and the metaborate.

A few sets of duplicate determinations on samples from 
the same complex, taken 24 hours apart, are shown in the 
tables as examples (indicated by “ j ” ). However, all single 
values listed (except those quoted from other sources) are 
the average of at least two such determinations on samples 
from the same complex approximately 24 hours apart. 
In a few cases the points saturated with two solids were con
firmed by analysis of the liquid phase from two separate 
complexes. These results are included in Table V with the 
notation “ k .”

The solid phases in the ternary systems were determined 
by Schreinemaker’s method of wet residues where only one 
solid phase was known to be present. In those cases where 
two solid phases were present, however, the composition of 
the wet residue was not determined.

In the binary systems generated by a single lithium borate 
and water, an excess of the solid borate, known to be the 
saturating solid at the temperature in question was used. 
In some instances wet residues were taken. The analytical 
data for these wet residues along with the analyses of the 
corresponding saturated solutions are shown in the tables.

In a number of cases where only one solid phase was known 
to be present, an attempt was made to confirm its composi
tion by direct analysis. The solid was filtered from the 
mother liquor using suction, and was then dried at a tem
perature such that the solid would not be decomposed. 
The analytical data for some of the solids recovered in this 
manner are recorded in Tables II, III and IV.

The samples were analyzed for alkali and borate by the 
usual titration methods, aliquot portions being titrated 
with standard add (0.1 N HC1) to the methyl orange end
point, boiled to expel any C 02, cooled and then back- 
titrated with standard alkali (0.1 N NaOH) to the phenol- 
phthalein end-point in the presence of mannitol. The re
sults were expressed in terms of wt. %  Li20  and B20 3. The 
lithium borate content was taken as the sum of the per
centages of Li20  and B20 3 present.

Results and Discussion
The System Li2B10Oi6-H2O.— Lithium penta- 

borate decahydrate, Li2BioOi6TOH20, was the only 
lithium borate found to show an incongruent 
solubility. It is stable in its own solution at tem
peratures above 40.5°.

This pentab orate is mentioned in the literature, 
but little solubility information is given. Dukelski2

19 2 !  23  2 5  2 7  2 9  31

Wt. per cent* Li2Bl00|6 .
Fig. 1 .—Solubility of Li2Bi0Oie in the pure solution interval.

gives Li2Bi0Oi6T0H2O for one of the saturating 
solids of the 30° isotherms of the system Li20 -  
B20 3-H 20. Table II gives the results of solubility 
determinations in the pure solution interval of this 
salt. These data are plotted in Fig. 1.

T a b l e  II
S o l u b i l i t y  o p  L i 2B i o O i 6T O H 20  

S o lu t io n :
Temp., wt. % Dried solid phase, wt. %

°C. LiaBioOie LiîO B2Oi LisBioOie
45 19.27 5.32 62.24 67.56
50 20.88 5.32 62.14 67.46
60 24.34 5.32 62.21 67.53
70 27.98 5.33 62.25 67.58
80 31.79

Theoretical composition
of Li2BioOi6-10H20 5.35 62.37 67.72

The System Li2B4C>7-H20 .—The literature does 
not give concordant information regarding the 
degree of hydration of Li2B4C>7. Dukelski2 states 
that only a colloidal form of Li2B4C>7 could be ob
tained from aqueous solution and gives Li2B40 7- 
xH20  as the saturating tetraborate in the system 
Li20 -B 203“ H20  at 30°. He does mention, however, 
that he obtained a white powder which formed as a 
deposit after long standing from highly supersatu
rated solutions of lithium borates, and which ana
lyzed close to the formula Li2B4(V3H 20. This 
reference was the only mention of the trihydrate, as 
such, that was found in the literature. Mellor7 
states that in 1818 J. A. Arfvedson obtained a sir- 
upy liquid by boiling an aqueous solution of boric 
acid with an excess of lithium carbonate. This sirup 
wdien treated with alcohol, furnished a wiiite crys
talline powder having the formula Li2B40 7-5H20 , 
which lost twm-fifths of its water at 200°. This 
hydrate, Li2B40 7-5H20 , however, did not appear in 
the present investigation.

It was found that highly supersaturated solutions 
containing 20 to 25% Li2B40 7 could be prepared by 
adding the calculated amount of boric acid to a 
known amount of lithium hydroxide solution. 
These solutions wrere not stable, and a gelatinous 
material of an indefinite degree of hydration, but 
having a mole ratio of B20 3 to Li20  of 2, separated on 
standing.

It was found, however, that a definite hydrate of 
lithium tetraborate, Li2B40 7-3H20 , could be pre
pared from these supersaturated solutions by boil
ing. A clear solution containing about 10% Li2- 
B40 7, prepared by adding an equivalent amount of

T a b l e  III
S y s t e m  Li2B40 7-H20

T e m p . , L 12B 4O 7, A n a ly s is  o f  d r ie d  s o lid  phase, w t .  %
° C . w t .  % LÌ2O B2O3 LÌ2B 4O 7

0 2.20 13.29 61.95 75.24
10 2.55
20 2.81 13.25 62.15 75.50
30 3.01
40 3.26 13.33 62.30 75.63
60 3.76 13.32 62.27 75.59
80 4.35 13.33 62.26 75.59

100 5.17
Theoretical for

LÌ2B4O7 • 3H20 13.39 62.40 75.79
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T a b l e  IV
S y s t e m  LiB0r-H,0

Temp.,
°C. Soin., wt. % 

LiBCh Ei îO Dried solids, wt. % BsOj LiBO, Solid phase 
(see Table V)

0 0.88 E
(0)» (0.89)“ E
10 1.42 E

(18)“ (2.203)“ E
20 2.51 7.76 18.21 25.97 E

( 2 5  r (3.344)“ E
30 4.63 7.82 18.22 26.04 E

(30)b (4.65)& E
34 5.97 7.63 17.83 25.46 E
35 6.41 E
36 6.84 7.71 18.16 25.66 E
36.9 (extrp.) 7.2 (extrp.) E +  D
37 7.26 17.33 40.60 57.93 D
38 7.33 D

(38.8)“ (9.42)“ E (m)
39 7.34 D
40 7.40 D
40 9.40 E (m)

(42 )b (34.10)6 E (m)
(44.8)“ (14.7)“ E (m)
(46 )b (29.Q7)6 E (m)
(47.1)6 (25.67)b . . • E (m) (m.p.)
50 7.84 17.45 40.58 58.03 D
60 8.43 . . . D
70 9.48 . . . D
80 10.58 17.47 40.61 58.08 D

101.2 13.4 17.63 40.73 58.36 D
Theor. for LiB02-8H20 7.71 17.96 25.67
Theor. for LiB02-2H20 17.42 40.59 58.01

“■6 See Table V.

boric acid to a solution of lithium hydroxide, was 
boiled for several hours. After about an hour of 
boiling the tetraborate began to precipitate. Three 
or four hours boiling was found to bring down most 
of the crystallizable salt from the supersaturated 
solution.

A large portion of Dukelski’s points (Table V) 
given as saturated with Li:,B.i0?--rH20, were found 
to be highly supersaturated. The stable hydrate 
was found to be Li2B407-3H20 . The solubility 
data for this compound from 0 to 1000 are shown 
in Table III and are plotted in Fig. 2.

The System LiB02-H 20 .—Table IV records the 
data determined in this investigation along with 
the relevant data of the previous investigators. 
These data are depicted in Fig. 3. This solubility 
curve shows two segments, one for solutions in 
equilibrium with lithium metaborate octahydrate, 
LiB02-8H20, and the other for those in equilib
rium with lithium metaborate dihydrate, LiB02- 
2H20.

In the above mentioned references on this sys
tem, only one hydrate, LiB02-8H20, is reported. 
However, Menzel3 mentions that the octahydrate 
readily loses 6 moles of water by dehydration, 
while the existence of the dihydrate together with 
a little information regarding its solubility is re
ported by the Metalloy Corporation.8

The transition point, LiB02-8H20  LiB02- 
2H20, was determined graphically from the inter-

(8 ) " L i t h iu m  D a t a  S h e e ts ,”  M e t a l lo y  C o r p o r a t io n , R a n d  T o w e r , 
M in n e a p o lis , M in n .

0  1 2  3 4  5 6

Wt. per cent» L iB  0 , ,2 4 7

Fig. 2.—System L^BiOr-HaO.

section of the solubility curves as being at approxi
mately 36.9° and at a solubility of 7.2% LiB02.

It is evident from Fig. 3 that the congruent
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melting point of 47.1° for LiB02-8H20  and the other 
points beyond 36.9° presented by the earlier in
vestigators were actually metastable. The stable 
phase above 36.9° was found to be the dihydrate, 
LiB02-2H20. This was confirmed by analysis of the 
dried solids at a few temperatures as shown in Table
IV.

The System Li20 -B 20 3-H 20 .—The data for six 
ternary isotherms, from 10 to 80° are recorded in 
Table V. All points in this table were determined 
in the course of this investigation with the exception

of those in parentheses. All values for the binary 
points saturated with H3B 03 or LiOHH20, are 
from Seidell.5

Only the 10, 40 and 80° isotherms have been 
plotted in Fig. 4 for purposes of illustration and 
comparison. The other isotherm given in Table V 
would form intermediate sets of curves. It will be 
noted that the 10° isotherm does not show the pres
ence of Li2BioOi6-10H20  since this is below the ter
nary transition point H3B 03 +  Li2B407-3H20  
Li2Bi0O16T0H2O of the pentaborate. Above 40° the
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isotherms are similar in form since these tempera
tures are above the transition points of the saturat
ing solids and in the pure solution interval of the 
pentaborate, Li2Bi0Oi610H2O.

For purposes of comparison, the data for the 30° 
isotherm of Dukelski, as summarized in the Inter
national Critical Tables,6 are included in Table V 
along with the values found in this investigation.

T a b l e  V
S y s t e m  Li20 -B 20s-H20

Solid Phases: A = H3B03, B = Li»Bi0Oi6TOHzO, C = 
Li2B40 7-3H20 , D = LiB02-2H20 , E =  LiBOz-8HzO, F = 
LiOH H20 , (x) =  Li2B40 7 xH20  (Dukelski), (m) = Meta
stable.

Soin.,
LÌ2O wt. %

b2o3
Wet residue, wt. % 

LiaO B2Os
Solidphase

10°
(o r (2.03)“ A
0.78 8.24 0 . 4 4 26.92 A
1.00
1.00

9.84\,.
9 .74/ A +  C

0.92 8.65 7.23 35.95 C
.45 2.10 6.57 30.79 c
.53
.53

1•88Ì;
1.90j C +  E

.48 1.46 4.06 9.76 E

.42 1.00 3.85 9.01 E
1.88 0.46 4.60 8.59 E
4.91 0.41 6.26 8.77 E
6.71
6.67

0 .50b
0.50/ E +  F

(6.74)“ (0)“
20°

F

(0)“ (2.70)“ A
1.04 11.11 0.85 19.03 A
1.18 12.19]
1.18 12.23 i' A +  B
1.17 12.17]
1.21
1.21

12.301,
12.25/ B +  C

1.03 10.23 5.90 30 88 C
0.50 3.00 5.01 23.89 C
0.49 2.32 7.24 33.97 C
0.61 2.06 6.16 28.32 c
0.84
0.85

2-36Ì,.
2.37/ C +  E

0.74 1.77 E
2.22 1.05 3.61 5.33 E
4.94 1.00 5.79 6.14 E
6.94
6.98

1.18Ì*
1.17/ E +  F

(6.86)“ (0)“
30°

F

(0)“ (3.55)“ A
0.60 8.67 0.21 38.77 A
1.30 14.26/
1.29 14.29 ]•' A +  B
1.31 14 26 J

(1 .30 / (14 .14 / A +  B
1.38 14.49 3.60 41.52 B
1.39
1.38

14.64b
14.57/

B +  C

3.98 26.84 4.70 45.80 B
(5.06)° (30.81)° B +  (x)
1.25 12.87 5.88 31.94 C
0.68 5.63 3.10 16.62 C

0.53 2.48 7.17 33.65 C
(0 .5 3 / (2 .4 7 / (x)

0 . 9 4 2.60 6.76 30.64 C
(0.95)* (2 .6 1 / b )
1.46 3.70 C +  E
1.59 4.39 5.42 12.86 E
3.41 13.74 5.70 16.13 E

(5 .6 3 / (23 .84 / (x) +  E
1.38 3.25 E

(1 .5 8 / (3 .2 7 / E
1.73 2.80 4.74 10.44 E
2.74 2.45 4.04 6.52 E

(2.94 / (2 .5 1 / E
3.91 2.37 6.45 12.36 E

E +  D
5.49 2.47 13.46 27.96 D
6.21 2.28 9.46 13.49 D
6.81 2.13 12.41 22.30 D
7.30
7.30

2.05F
2.05/ D +  F

5.92 2.66 6.73 9.54 E (m)
6.71 2.87 7.21 10.62 E (m)
7.45
7.44

3.04h
2.95/ E(m) +  F

(7 .7 1 / (3 .38 / E +  F
(7 .0 5 / ( 0 /

40°

F

(0)“ (4 .5 2 / A
1.24 15.08 0.50 39.87 A
1.43
1.43

16.52/,.
16.51/ A +  B

1.56
1.58

17.04 U
17.03 B +  C

1.42 15.13 5.15 29.41 C
0.79 7.19 5.81 29.32 C
0.57 2.69 6.57 30.81 C
1.32 3.43 7.65 34.43 C
2.32
2.34

5.62h
5.63/ C +  D

3.74 3.52 10.88 23.01 D
5.60 2.78 10.50 18.51 D
7.56
7.56

2.32b
2.34/ . . . D +  F

(7 .2 9 / ( 0 /
60°

. . . F

( 0 / (7 .2 6 / A
1.46 20.31 A
1.73 21.87]
1.73 2 2 .03 / A +  B
1.73 21.98/
1.93 22.41 B
2.00
2.00

22.70b
22.72/ B +  C

1.82 20.51 5.40 33.47 C
0.64 3.76 3.26 15.83 C
0.66 3.10 6.85 30.09 C
1.82 4.61 5.36 22.49 C
2.64
2.63

6.47b
6.46/

C +  D

2.52 5.91 D
3.83 4.34 D
5.88 3.55 D
8.22
8.29

3 23b 
3 .23/

D +  F

(7 .9 6 / ( 0 / F
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T a b l e  V (Continued)
Soln.,

LiaO
w t . %  

BsO*
W e t  re s id u e , w t .  %  

L isO  BsO*
S o lid
p h a se

80°
(o r (10.76)° A
1.89 27.07 1.42 34.21 A
2.09
2.07

28.69Ì ,■ 
28.71j A +  B

2.47 29.32 B
2.53
2.45

29.471* 
29.41J B +  C

2.32 26.80 5.09 35.81 C
0.85 6.98 8.08 38.96 c
0.77 3.58 6.61 30.94 c
2.30 5.81 8.77 38.62 c
3.16
3.15

7.84Ì,
7.78] C +  D

3.15 7.41 D
3.24 6.30 10.85 24.37 D
7.08 4.74 12.13 21.80 D
9.48
9.48

4.671* 
4.71 J D +  F

(8.87)“ (0)“ F
Seidell,6 and International Critical Tables.6 ’ Sam

ples taken 24 hours apart from same complex. * Samples 
taken from difference complexes.

It may be noted that Dukelski’s isothermal invar
iant point b, given as saturated with the two solids 
H3BO and Li2B10Oi6-10H2O, agrees with the results 
of the present investigation. However, the points 
c and f, given as saturated with the solids Li2BioOi6- 
10H2O +  Li2B4C>7£H20  and LiB02-8H20  +  Li2B4-
0 7-o:H20, respectively, are both highly supersatu
rated. The correct formula for the tetraborate is 
Li2B40 7-3H20  and the two stable invariant points 
at 30° having the tetraborate for one of their satu
rating solids, are saturated with Li2BinOi6-10H2O -f- 
Li2B40 r 3H20  and LiB02-8H20  +  Li2B40 7-3H20. 
The points d and e reported as saturated with Li2- 
B40 7-a:H20  lie on or near the saturation curve of 
Li2B40 7-3H20  found in this investigation. The 
point i given as saturated with the two solids 
LiB02-8H20  +  LiOH-H20  by Dukelski was found 
to be metastable. It lies near a similarly meta
stable point found in this investigation. The stable 
invariant point in this region is saturated with 
LiB02-2H20  +  LiOH-H20. The remaining points 
of Dukelski, g and h, reported as saturated with 
LiB02-8H20  agree as to both solid phase and posi
tion on the isotherm with the results of the present 
investigation. Supersaturation effects had evi
dently preventec. the crystallization of the two 
compounds Li2B40 7-3H20  and LiB02-2H20  in their 
respective regions in Dukelski’s work.

The phase diagrams of the system Li20 -B 20 3-  
H20  show a rough similarity to the diagrams of the 
corresponding systems in which lithium oxide is 
replaced by sodium or potassium oxides. The J- 
like shape of the curve saturated with lithium tetra
borate, Li2B40 7-3H20, in the system Li20 -B 20 3-  
H20  is also exhibited by the saturation curves of 
sodium tetraborate decahvdrate, Na2B4O7-10H2O, 
and potassium tetraborate tetrahydrate, K2B40 7-

4H20 , in the phase diagrams that may be con
structed from the data Dukelski9 gives for the 
systems Na20 -B 203-H 20  and K20 -B 20 3-H 20  at 
30°.

Tie-lines and Residues.—These are not shown in 
the diagrams. In order to avoid the mechanical 
errors of plotting, the tie-line intersections were 
determined by an analytical method described by 
Dukelski.9 In this method the intersections of 
tie-line pairs are found by solving their equations 
simultaneously. The tie-line equation, in the slope 
intercept form, is obtained from the analytical data 
of the solution and wet residue, two points whose 
compositions are known to lie on the tie-line.

The tie-lines for some points, particularly those 
saturated with lithium tetraborate trihydrate, 
Li2B40 7-3H20 , he very close together. In these 
instances the tie-line pairs having the greatest pos
sible angle were selected to determine the composi
tion of the solid phase. In those cases where the 
solid phase was in equilibrium with its own solu
tion, the solid phase was isolated by filtration and 
drying as previously described and its composition 
established by direct analysis.

Ternary Transition Points.—The solubility data 
indicate the approximate temperatures of three 
ternary transition points.

The 10 and 20° isotherms show that the transi
tion point of lithium pentaborate decahydrate, 
Li2Bi0Oi6-10H2O, involving the solid phases H3B 03, 
Li2B40 7-3H20 , and Li2BI0Oi6T0H2O occurs between 
these temperatures.

The incongruent solubility of the pentaborate, 
Li2BioOie-10H20, at 30° noted by Dukelski2 was 
found to be consistent with the present investi
gation. That the pentaborate is incongruently 
soluble at this temperature was confirmed by the 
fact that the pentaborate mole ratio line of B20 3/  
Li20  = 5 intersects the saturation curve of H3B 0 3 
rather than the saturation curve of Li2Bi0Oi6-10H2O. 
The transition interval extends upwards from the 
transition point to approximately 40.5° as inter
polated graphically from the following solubility 
data for points saturated with both H3B 0 3 and 
Li2BioOi6-10H20 '

T e m p . ,
°C.

M o le  r a t io  
B 2O 3/ L Ì 2O

T e m p .,
°C.

M o le  r a t io  
B 2O 3/ L Ì 2O

30 4 .7 1 0 45 5 . 1 2 0
35 4 .8 6 0 50 5 .2 59
40 4 .9 5 7

Above 40.5° the pentaborate becomes stable in 
its own solution up to at least 80°. Above approxi
mately this temperature it would seem, from the 
change in position of the point saturated with 
Li2Bi0Oi6-10H2O and Li2B40 7-3H20  with tempera
ture, that the stable portion of the solubility curve 
will no longer intersect the line representing a 
B20 3/L i20  mole ratio of 5. Thus it is probable tha t 
the pentaborate again becomes incongruently sol
uble.

(9 )  M .  P .  D u k e ls k i, Z. anorg. Chem.f 5 0 , 3 8  (1 9 0 6 ) .
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EQUILIBRIUM INHIBITION OF THE CATALASE-HYDROGEN 
PEROXIDE SYSTEM DURING THE STEADY STATE

By Roland F. Beers, J r .1
Division of Physical Biochemistry, Naval Medical Research institute, Bethesda 14, Maryland

Received June 28, 1954

The possible effects of inhibitors on the kinetics of the steady state system of catalase and hydrogen peroxide have been 
examined analytically. The degree of association between either the free enzyme, the primary complex or both and the 
inhibitor is independent of the substrate concentration hut is dependent on the steady state ratios of the free enzyme and 
primary complex. For this reason, except where the affinities of both enzyme forms for the inhibitor are the same, all 
reversible inhibitors display a competitive type of inhibition. This kind of inhibition can be described according to the 
relative affinities of the two enzyme forms for the inhibitor. The affinity of the primary complex for hydroxylamine, azide, 
fluoride and several monovalent salts is considerably greater than that of the free enzyme. In the special case of cyanide, 
the affinity of the free enzyme is greater than or equal to that of the primary complex. The hypothesis is suggested that the 
main mechanism of inhibition of the primary complex is through the formation of a compound with the inhibitor. This com
pound could be identical with the covalent secondary complex described by Chance.

Introduction
Until Chance2 made the distinction between the 

catalytically active primary and catalytically inac
tive secondary complexes of catalase with hydrogen 
peroxide many of the possible mechanisms involved 
in the inhibition of catalase had not been fully real
ized or subjected to experimental study. The dif
ficulties encountered by investigators in deriving 
suitable kinetic equations describing the inhibitory 
reactions with catalase have arisen primarily from 
faulty or inaccurate analytical solutions of the un
inhibited catalase-hydrogen peroxide system. The 
recently derived analytical solutions of the steady 
state3'4 and the transient state36 systems of cata
lase and hydrogen peroxide provided for the first 
time a rational basis for analyzing the kinetics and 
thermodynamics of the reactions between catalase 
and inhibitors.

Chance, et a l . ,3 have pointed out the interesting 
fact that the degree of inhibition of catalase by com
petitive inhibitors is not influenced by variations in 
the substrate concentration during the steady state, 
i .e . , when the concentrations of the primary com
plex and the free enzyme are independent of time 
and of the substrate concentration. A similar 
conclusion had been reached by Ogura, et a l .,6-7'8 
but on the basis of a system in which all of the en
zyme during the steady state is bound by the sub
strate (c f . Chance9).

It can be shown that the free enzyme and the 
primary complex, i .e . , the steady state components 
of the catalase-hydrogen peroxide system, may be 
in equilibrium with inhibitors, provided the time 
decay of the variable, the substrate, is first order. 
Under these conditions the concentrations of the 
steady state components are a function of the ratio 
of the velocity constants (specific reaction rates) of

(1 )  D e p a r t m e n t  o f  B io lo g y ,  M a s s a c h u s e t ts  In s t it u t e  o f  T e c h n o lo g y ,  
C a m b r id g e  39 , M a s s a c h u s e tts . T h e  o p in io n s  e x p re sse d  in  th is  a r t ic le  
are  th o s e  o f  th e  a u t h o r  a n d  d o  n o t  n e ce s s a r ily  r e fle c t  th e  o p in io n s  o f  
th e  N a v y  D e p a r t m e n t  o r  t h e  N a v a l  S e r v ic e  a t  la rge .

(2 )  B . C h a n c e , Acta Chem. Scand., 1, 2 3 6  (1 9 4 7 ).
(3 )  B . C h a n c e , D . S . G re e n s te in  a n d  F . J. W . R o u g h t o n ,  Arch. 

Biochem. Biophys., 3 7 , 301  (1 9 5 2 ) .
(4 )  R .  F . B e e rs , J r ., a n d  I .  W . S izer , This Journal, 5 7 , 2 9 0  (1 9 5 3 ) .
(5 )  R .  F . B e e rs . J r ., ibid., 5 8 , 197 (1 9 5 4 ) .
(6 )  Y .  O g u ra , Y .  T o n o m u r a , S. H in o  a n d  H . T a m iy a . J. Biochem. 

(Japan), 3 7 , 153 (1 9 5 0 ).
(7 ) Y .  O g u ra , Y .  T o n o m u r a ,  S. H in o  a n d  H . T a m iy a , ibid., 3 7 , 179 

(1 9 5 0 ).
(8 ) Y .  O g u ra , Y .  T o n o m u r a  a n d  S . H in o  ibid., 249  (1 9 5 0 ).
(9 ) B . C h a n c e . J Biol. Chem., 1 7 0 , 1311  (1 9 4 9 ).

the catalyzed reaction, of the equilibrium con
stants and of the concentrations of the inhibitors in 
equilibrium with the various enzyme forms, but are 
independent of the time variable components. 
Conversely, the rate of decay of the substrate re
mains a function of the concentrations of the steady 
state components. By virtue of these facts we .are 
able to calculate the concentrations of the free en
zyme and the primary complex in equilibrium with 
given concentrations of inhibitor.

In the present paper we shall examine in greater 
detail the kinetics associated with the reactions of 
catalase with inhibitors during the period when the 
catalase-hydrogen peroxide system is in a steady 
state. The “ non-competitive”  character of cata
lase inhibition previously described by Chance, et 
a l .,3 is found to embrace many distinct types of in
hibition w'hich may be characterized according to 
the kinetics associated with them. Some of the ex
perimental results published on catalase inhibition 
will be examined in the light of the concepts devel
oped in this paper.

Theory
The reaction scheme under consideration is the 

following
/  S i ' l P

E +  S — >- ES (a)
V s k, f
ES +  S — >- E +  products (b)

The symbols used above the chemical equations 
are the concentrations of the various components 
in the system. Wherever practical the terminology 
introduced by Chance, et a l . ,3 will be adopted in 
this paper, otherwise, the terminology used in pre
vious papers by Beers and Sizer410 will be used. 
In the discussion to follow  ̂it is assumed that no sub
strate-inhibitor interaction occurs in this system. 
The concentrations of the free or unbound inhibitor 
are assumed to be equal to the total inhibitor con
centrations and, therefore, are constant. This is 
justified by the fact that in most studies the con
centration of the inhibitor is several orders of mag
nitude greater than that of the enzyme. We will 
not make any distinction between activities and 
concentrations. As in previous papers46 e, f ,  p , 
etc., refer to the molar concentrations of the react
ing centers of the various forms of catalase com
plexes. In the present paper e is the total active

(10) R. F. Beers, Jr., and I. W. Sizer, ibid.. 195, 133 (1952).
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enzyme center concentration, i .e . , the sum of/and p .
For the postulated scheme (a) and (b) it has been 

shown elsewhere4 that if the time decay of the sub
strate obeys the following equation

ds/di =  — fas = —kses (1)
where fc0 is the observed first-order constant and ks is 
the specific reaction rate of the over-all reaction, 
then the following holds during the steady state

f l k  =  f/ p  =  h / k ,  ( 2 )

where we define Rk as the steady-state constant of 
this system. The presence of inhibitors in equilib
rium with E or ES does not alter the necessary 
conditions for simultaneous satisfaction of equa
tions (1) and (2). Therefore, if in a given set of 
experimental conditions equation (1) is valid the 
steady state conditions have not been altered by 
the presence of an inhibitor. Where progressive 
inhibition of catalase occurs during the catalysis of 
the substrate equation 2 may be valid despite the 
absence of a steady state. This will be discussed 
in a forthcoming paper.11 In general in the pres
ence of reversible inhibitors or under conditions of 
partial and irreversible but constant inhibition of 
the catalase-hydrogen peroxide system from any 
number of causes, except at high pH,12 the rate of 
catalysis has been found to follow equation 1.1(U3

In the present paper we will abandon the conven
tional classification of inhibition according to 
w'hether it is competitive or non-competitive and 
adopt a classification based on the relative affinities 
of the inhibitor for thejree enzyme and the primary 
complex. The reasons for this will become appar
ent as we proceed.

Inhibitor Complex Formation with Free Enzyme 
Only. (See Figure 1 for generalized reaction

X4 [S]

Fig. 1.

(1 1 )  R .  F . B e e rs , J r ., in  p re p a ra t io n .
(1 2 ) B . C h a n ce , J Biol. Chem., 1 9 4 , 471 (1 9 5 2 ).
(1 3 ) R .  K . B o n n is c h e n , B . C h a n c e  a n d  H . T h e o r e l l ,  Acta Chem. 

Scand., 1 , 6 8 5  (1 9 4 7 ).

scheme.).—The possible reactions between inhibitor 
and enzyme are

/  i ks q' (c)
E +  I El 

k- 5 

• h-' /p i q s
E S + I i ^ E I  +  S (d)

k'~ 5
For the moment we exclude reaction (d) from fur
ther consideration; first, this reaction need not 
account for the displacement of S by I; second, we 
assume that the formation of ES is practically ir
reversible (reaction a) and, therefore, Ay' is negli
gible; and third, if we assume that E l is completely 
inactive with respect to S, fc'_5 is negligible.

The dissociation constant, K -„ of reaction c is
Ks =  k-s/ks = fi/q' (3)

At equilibrium
/  =  q'Ks/i (4)

Substituting equation 4 into 2, wre obtain
p/q' = Ks/Rki (5)

We observe that the ratio p / q ' is independent of s 
(c/. Chance, et a l .3) . Therefore, the degree of inhi
bition does not vary with the substrate concentra
tion. However, since some of the free enzyme is 
converted to the primary complex by the substrate 
a smaller fraction of the inhibited complex is formed 
in the presence than in the absence of the substrate. 
From the previously derived rate expression4

ds/di = —2ktps (6)
and equation 1 we have after appropriate substi
tutions from equation 6 the following

ds/di = -2*1 Ksq/s/i) =  -* „*  (7)
where fc0* is the observed first-order constant in the 
presence of the inhibitor. From the conservation 
of material equations: e — f  +  p  and E  (total ac
tive and inactive enzyme) =  e +  q ', wre may make 
appropriate substitutions into equation 7 and solve 
directly for iv5 from the rate of catalysis of the 
substrate, i .e . , from the observed first-order con
stant

jr   ___ ksei___  _ ____Hk___ ikp______ / o \
6 ~  2 H E  -  e )  ~  ( f l k  +  l ) ( * o °  -  * o ’ )

A'0C is the observed first-order constant in the ab
sence of the inhibitor.

Inhibitor Complex Formation with Primary Com
plex Only.—The reaction between the inhibitor 
and the enzyme is

p i ks q"
ES +  I ESI (e)

*— 6
(See below for discussion of reaction between inhibi
tor enzyme complexes and substrate.) The dis
sociation constant of reaction (e), K e, is

Ks =  k-s/ks = pi/q’ (9)
The corresponding solution for K 6 from first-order 
constants is

*  = ( & + T x I h s =) (10)
Equation 10 is of the same general form as equation 
8 except that the factor, R i/ (R k  +  1), now becomes
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l / ( / 4  +  1). Obviously, from simple kinetic data 
equation 10 cannot be distinguished from equation
8. This type of inhibition is analogous to but not 
identical with “uncompetitive inhibition” as de
scribed by Ebersole, et a l .14 The inhibitor is react
ing with the intermediate complex rather than with 
the free enzyme. However, the similarities extend 
no further. The distinction between the free en
zyme and the primary complex is in this case rather 
arbitrary because both react with the substrate.

Inhibitor Complex Formation with Both Enzyme 
Species.— From reactions (a), (b), (c) and (e) 
three conditions are to be met: equations 2, 3 and
9. One consequence is the relation between q ' and 
q"

q'/q" =  K tR k/K6 ( 1 1 )

In other words, the ratio of inhibited complexes is 
independent of both s and i . Following the same 
procedure adopted in the simpler cases, we obtain

fcf)T _  Kb(Rk A 1)
-  fe)* ~ Hk + K5/Ke UZj

We need know only K $  independently in order to 
determine K g  from kinetic data. Two limiting 
solutions are found by setting K g  <C iv6 or K g  »  
Ia6, in which case equation 12 reduces to equations 8 
and 10, respectively. For the special case where 
K & — K b, equation 12 reduces to equation 13

Equation 13 is the usual form employed by most 
investigators for comparing inhibition constants 
determined from activity measurements and spec- 
trophotometric data.16 Equation 13 represents, in 
fact, a true case of non-competitive inhibition, i .e .,  
the affinities of the free enzyme and the enzyme- 
substrate complex for the inhibitor are identical. 
However, this does not imply that under the cir
cumstance that the affinities are different the inhibi
tor is competitive in its mechanism. In particu
lar, it is not necessary to assume that the inhibi
tor and the substrate are competing for the same 
locus of the enzyme. It is possible that the differ
ences in the affinities may simply reflect the ef
fects of site interaction as a result of binding of the 
substrate. In view of this possibility, it would ap
pear desirable to substitute for the term “ competi
tive,” some quantitative relationship between the 
respective dissociation constants, K b  and K 6.

One such relationship expresses the percentage 
difference in affinity of E and ES for I; which we 
will designate as D.A.

D.A. = 100[(X6 -  /{K„ +  X 6)] (14)
When the sign of equation 14 is positive, the af
finity of the complex for the inhibitor is greater 
than that of the free enzyme by the above percent
age. If the sign is negative, the affinity is corre
spondingly greater for the free enzyme. If the 
value is zero, the inhibition could be described as 
true non-competitive.

Reactions between Inhibited Complexes and 
Substrate.— If an inhibitor reacts with both forms

(1 4 ) E . R .  C . E b e rs o le , C . G u t te n ta g  a n d  P . W . W ils o n , Arch. 
Biochem., 3 , 399  (1 9 4 4 ).

(1 5 )  B . C h a n c e , J. Biol. Chem., 1 7 9 , 1 29 9  (1 9 4 9 ).

of the enzyme, then the following reaction is also 
possible

q' s k7 q"
El +  S ESI (f)

k-7
A reasonable assumption to make is that k7 /c_7. 
The free energy drop which occurs in going from 
El to ESI is of the same order of magnitude as 
that which occurs in reaction (a), an essentially 
irreversible reaction where A'i exceeds k2, the reverse 
reaction constant, by a factor of at least 107.3 
However, w e  cannot make any approximate as
sumptions regarding the value of k7 since we know 
nothing about the free energy of activation of this 
potential reaction. It is, therefore, of considerable 
interest to ascertain whether we can detect this 
reaction from kinetic studies of the steady state sys
tem. The rate of destruction of the substrate is 
given by

ds/di = — k,fs — kips — k7q's (15)
which during the steady state can be integrated to 
yield

s = (16)
However, in order for q ' to be constant in equation 
16 the following equation must be satisfied

d q'/dt =  kbfi — k̂ sq' — k7q's =  0 (17)
But if the inhibitor is in equilibrium with the free 
enzyme (reaction c), then equation 17 becomes

Aq'/At = —k7q's = 0 (17a)
In other words, if reaction (f) occurs to an appreci
able extent, then during the steady state the inhibi
tor cannot be in equilibrium with the free en
zyme. However, from equation 17 the ratio, q '/ f, 
is

q'/f = hi/(k7s +  k-s) (18)
But since s is a variable, q '/ f  must also be a variable. 
Therefore, under these conditions the catalase-hy
drogen peroxide system cannot be in a steady state. 

For the special case where k 7 =  k7, then
ki/ki = k7/ki =  {q‘ +  f)/p (19)

But since fc4/fci =  f/ p  =  R k  in the absence of the 
inhibitor, the sum of q ' and /  must represent the 
effective or active fraction of the enzyme not bound 
as p  or q ". In other words, E l is not an inhibited 
complex. However, the ratio, q '/ f, continues to 
vary as a function of the substrate concentration.

In a similar manner to the above we may exam
ine the possible effects of the reaction

q" s k& q’
ESI +  S c > E l +  products (g)

k-s
where for the same reason as given above we may 
assume that h  k— 8 The transient value of 
q "/ p  is

q"/p = k6i/(kss + k-t) (20)
and is found to vary inversely with the substrate 
concentration. Consequently reactions (f) and (g) 
cannot be distinguished by the observations on the 
effect of the substrate concentrations on the de
gree of inhibition.

For the more general case in which both k7 ^  0 
and ks ^  0, we have an example of two enzyme sys-
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terns, E and ES as well as E l and ESI, in equilib
rium with each other and differing with respect to 
their kinetic constants. One requirement to be 
satisfied is

h/k, =  RkK6/K6 (21)
The observed degree of inhibition is found to be

1 — kô /ko” ( fci -f- +  k$i/Ki)
kiki[Ri +  1 +  i{/.'a/A'? -{- k)/Kt\ (22)

where fc0c, the control, is the observed velocity con
stant in the absence of 7. With large i  this reduces 
to

1 — ki*/ktF= 1 — (h\ 4 - k^hjkji,
(¿7 +  k^hk, (23)

and with small i  to

i - v / * . - - i - ( g J <2«

In other words, the degree of inhibition will vary 
from 0 to a maximum less than unity and independ
ent of i . This type of inhibition of catalase has 
not been described and will not be considered fur
ther.

Discussion
Perhaps, the most unexpected result of this analy

sis of the kinetics of inhibition of the catalase- 
hydrogen peroxide system is the finding that the 
degree of inhibition bears a fixed relationship with 
the steady state ratio of the enzyme forms. The 
algebraic solutions presented above are identical 
with those of competing equilibria. Formally, 
there is no mathematical distinction between 
72k as a steady state constant or as an equilibrium 
constant.

The steady stace solutions of the catalase-hydro
gen peroxide system have exposed a new area for 
theoretical and experimental investigations which 
could not be fully appreciated heretofore. Certain 
obvious experimental studies are suggested which 
have not been done. These can be appraised at 
the outset with respect to the precision required 
for identifying the various possible mechanisms of 
inhibition of the catalase-hydrogen peroxide sys
tem. This we can ascertain from the known values 
of R i .  The difference between K s and ho calcu
lated from the empirical quantity, ik 0*/ (k 0c — 
ho*), is only 40 to 25% for bacterial (72k =  1.5)16 
and erythrocyte (72 k  =  3)13 catalase, respectively. 
The differences between 7l6 and 760 are 60 and 75%. 
Fortunately, as illustrated below, most of the inhibi
tors have very large K b/K o  values. Therefore, the 
identification of the major mechanism of inhibition 
is no particular problem. The single and impor
tant exception is the inhibition by cyanide.

K b has been determined by several investigators 
wi th spectrophotometric methods based on changes 
in the absorption spectrum of the heme. These 
changes are proportional to the degree of associa
tion of the heme and inhibitor.16 Conceivably, K b 
could be determined by this method both in the 
absence of and in the presence of the substrate. 
Only one such set of experimental studies has been 
done.16

Cyanide Inhibition.— The competitive mecha
nism of inhibition of cyanide was first observed by

(1 6 )  B . C h a n c e  a n d  D . H e rb e r t ,  Biochem. J., 4 6 , 4 0 2  (1 9 5 0 ).

Chance16 and Chance and Herbert15 during the 
transient phase of the kinetics of this system. By 
varying the concentration of the substrate they 
were able to show spectrophotometrieally a dis
placement of the cyanide from the catalase heme. 
They concluded that the mechanism but not the 
kinetics of inhibition by cyanide is competitive.

The value of K b in the absence of the substrate 
for horse erythrocyte catalase (72k =  3) was found 
to be 4 X 10~6 717. Based on the hypothesis that 
the mechanism of inhibition is “ competitive”  for 
the free enzyme, the concentration of inhibitor nec
essary to produce 50% inhibition of the enzyme, 75o, 
may be calculated from equation 8, (7\ 6 =  co), 
where the term, k0*/(ka — fco*), is unity, h o  turns 
out to be 5.33 X 10“ 6 717. The observed value was
4.7 X  10“ 6 717. Whether these differences are sig
nificant is not clear. The observed value happens 
to lie halfway between the extreme values of ho, 
when A'fi =  7\6 and K b =  °°.

Calculation of K s spectrophotometrieally in the 
presence of the substrate, assuming that any spec
tral changes due to the formation of the primary 
complex are compensated for, can be obtained by 
making appropriate substitutions into equation 3

Ks =  Rkei/(Rk +  1 )q' (25)

The corresponding 76o, obtained by setting e/q ' 
equal to unity, was found to be 1 X 10“ 6 717.16 
K b is, therefore, only 7.5 X  10 " 717. The discrep
ancy between the 75n values calculated spectropho
tometrieally and from activity measurements can
not be accounted for by the present theory, since 
regardless of the mechanism the two values should 
coincide. However, the ho value determined from 
activity measurements is more consistent with K & 
calculated spectrophotometrieally in the absence of 
the substrate. As indicated above, depending upon 
the value of K b, ho can have any value between 4 X 
10“5 and 5.33 X 10“ 6 717. Unless there is a signifi
cant Ay reaction, 7so can never be smaller than 7l5, 
although it may be equal to K b.

An alternate interpretation of cyanide inhibition 
is suggested by the results of Ogura, et a l.* They 
report a value of 1.6 X 10 ~6 M  for horse liver cata
lase (72k =  2) for both K ,, and ha- This suggests 
that K 6 =  K e. Such a conclusion need not neces
sarily conflict with the experimental observations of 
Chance during the transient phase when peroxide 
can displace the cyanide. However, it is necessary 
to make the assumption that during this transient 
phase the K $  reaction does not occur to any extent. 
During the transient period the cyclic synthesis and 
breakdown of the primary complex results in a net 
increase in the concentration of this complex. This 
effectively removes some of the free enzyme from 
equilibrium with cyanide. Consequently, the cy
anide complex dissociates. The probable sequence 
is

E 4- S — ES (h)
E l E +  I (i)

The net reaction is the sum of equations (h) and (i), 
which by virtue of reaction (h) is driven irreversibly 
in one direction, thus

E l +  S (d)ES +  I
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(See text for details)
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I n h ib ito r
Kb,M / m,M KM D .A . ,

% R e f .

Cyanide 4 X 10~6 4.7 X 10-6 9.9 X 10"8 74.2 -4 2 15
Cyanide 4 X 10 ~ 6 1 X 10- 60 ( - 4 .5  X 10-’ ) 15
Cyanide 1.6 X 10-6 1.6 X 10- » 1.6 X IO“ 6 1.0 0 6
Azide 6.45 X 10-* 6.3 X 10- 8 2.14 X 10~8 6.6 X IO"6 100 17

Azide 2 X lO“ 6 5 X 10- s 1.71 X IO“8 2.56 X IO“ 2 91) 6

Hydroxylamine 1.08 X 10~3 6.3 X 10- 7 2.1 X IO”7 3.9 X 10~4 100 1 7

Hydroxylamine 1 X i o - 6 1.25 X 10~7 5.18 X IO“8 1.55 X IO“ 2 99 6
Fluoride 6.3 X IO“ 2 2 X 10-2 1 X 10-" 4.8 X IO“ 3 99 6

° Calculated spectrophotometrically in the presence of the substrate.

This may be the basis for the “ competitive”  nature 
of cyanide inhibition. In order to account for the 
fact that K t  has some finite value, perhaps equal to 
Kb, we must also include reaction (e)

ES +  I <— > ESI (e)
In contrast to the above sequence of reactions which 
results in a displacement, reaction (e) is an addition 
reaction. Either the time required for this reac
tion to reach equilibrium may be considerably 
longer than that allowed during the transient 
phase, or ESI may not be detected spectrophoto
metrically, a less likely possibility. Presumably, 
if such a complex exists it has a covalent structure 
with characteristic light absorption properties simi
lar to those of the simple cyanide complex. Accord
ing to this hypothesis, the ESI complex would not 
be detected during transient phase. An addition 
reaction between the catalase-cyanide complex and 
the substrate is not supported by the kinetics of the 
time decay of the substrate which remains first or
der throughout.

Azide Inhibition.— It has been known for many 
years that azide can inhibit catalase by two distinct 
mechanisms17 through the formation of complexes 
with both the free enzyme and the primary com
plex. These phenomena can be observed spectro
photometrically and from activity measure
ments.6’7,8'12,18 From spectrophotometrie studies 
by Keilin and Hartree17 on the affinity of azide for 
horse liver catalase (R k  =  2) we may calculate a 
reasonable value of Kb'. 6.45 X 10-4 M  (pH 6.8, 
room temperature).19 From activity measurements 
they report an 750 value of 6.3 X 10~8 M .  There
fore, K 6 =  2.14 X  10-8 M .  A more recent value 
for K b  has been reported by Ogura, et a l.,6 for the 
same enzyme: 2 X 10-8 M  (pH 7.0, 0°). This 
compares favorably with that reported by Chance21 
for human erythrocyte catalase: 3 X 10-® M  
(pH 6.8. 25°). h o  from their activity measure
ments was 5 X 10_8 M .  The calculated value of 
K o  is, therefore, 1.71 X 10~8 A/.

Although there is a wide discrepancy between the
(1 7 ) D . K e il in  a n d  E .  F . H a rtre e , Biochem. J., 3 9 , 148  (1 9 4 3 ).
(1 8 ) R .  L e m b e r g  a n d  E .  C. F o u k e s ,  Nature, 161, 131 (1 9 4 8 ).
(1 9 ) E s t im a te d  b y  th e  a u th o r  f r o m  th e ir  r e la t iv e  a ffin ity  d a t a  o f  

a z id e  a n d  c y a n id e  f o r  ca ta la se , 1 :1 5 0 ,  r e s p e c t iv e ly .  A s s u m in g  th a t  
Ki =  /so fo r  th e  c y a n id e  in h ib it io n ,  th e  d is s o c ia t io n  c o n s t a n t  o f  th e  
a z id e  c o m p le x  is  4 .3  X  1 0 ' (  M  X  150  ( c / . ,  h o w e v e r , R .  L e m b e r g  
a n d  J . W . L e g g e ) .20

(2 0 ) R . L e m b e r g  a n d  J. W . L e g g e , 11 Hematin Compounds and Bile 
Pigments," I n t e r s c ie n c e  P u b lish e rs , I n c . ,  N e w  Y o r k ,  N . Y . , ,  1949 , p. 
40 9 .

(2 1 ) B , C h a n c e ,  J. Biol. Chem., 194, 4 8 3  (1 9 5 2 ).

K b  values of the two groups of investigators, this 
has relatively little effect on the calculated value of 
Kr,. According to equation 14, the main mecha
nism of inhibition is via  the primary complex. Ac
cording to the data of Ogura, et al.,* less than 2% of 
the inhibited enzyme is free from the substrate.

Similar results are reported by both groups of in
vestigators for hydroxylamine. Table I summa
rizes the available data and computations based on 
the concepts developed in this paper. There is no 
gross distinction in the kinetics of any of these re
actions. The mechanisms underlying the inhibi
tory phenomena appear to be very similar in each 
case.

Conclusions.—The catalase hydrogen peroxide 
system affords one more example of the necessity 
for classifying inhibition in accordance with kinetic 
thermodynamic principles. We have seen that 
a steric type of competitive inhibition, wherein the 
inhibitor and substrate compete for the same site, 
is not a necessary requirement to account for some 
of the competitive types of inhibition in this sys
tem. We have suggested that the inhibition be 
described by the relative magnitudes of the various 
enzyme-inhibitor dissociation constants. This 
provides us with a simple indicator of the modifying 
effect the substrate may have on the affinity of the 
enzyme for the inhibitor. A measurement of the 
effect of an inhibitor on the affinity of the enzyme 
for the substrate is impossible during the steady 
state, since it is implicitly assumed that the disso
ciation constants of ES and ESS are zero. In fact, 
ESS has never been identified.

In theoretical studies of the effects of modifiers 
on enzyme-substrate systems, where the modifier 
may be an activator, an inhibitor or a substrate, it 
has been assumed that the enzyme must be multi
valent; i .e . , it must have two or more sites for 
binding of the substrate and the modifier. This has 
been treated with considerable detail by Botts and 
Morales22 for the Michaelis-Menten enzyme-sub
strate system. By sites we mean simply forces of 
attraction or repulsion between the enzyme and 
the substrate and inhibitor which may or may not 
have any structural counterparts. In the catalase- 
hydrogen peroxide system the substrate is acting as 
a modifier for the inhibitor. It is entirely possible 
that the addition of the substrate to the heme site 
results in a suitable electronic and molecular rear
rangement of the heme, such that a new site is

(2 2 ) J . B o t t s  a n d  M . M o r a le s , Trans. Faraday Soc., 49, 69G 
(1 9 5 3 ).
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created. This new site may have a greater or less 
affinity for the inhibitor than the original site. A 
similar argument can be made for the affinity of the 
new site for the second substrate molecule.

We have suggested that cyanide may inhibit cata
lase by reacting directly with the primary complex 
at a rate too slew to be detected during the brief 
transient phase of the kinetics. The rates at which 
azide, hydroxylamine and other monovalent an
ions23 react with the primary complex are suffi
ciently slow to be detected even during the steady 
state phase.6-8'12-13'20’24 Because of the slow rates 
of inhibition, it is very probable that the main in
hibitory reaction is not a simple addition complex of 
primary complex and inhibitor but the electronic 
rearrangement (oxidation-reduction, perhaps) 
which occurs within the ternary complex subse
quent to its formation. This could result in a 
change in the bond type of the heme from essen
tially ionic to covalent in character.26 Presu
mably, the secondary complex described by Chance2 
is spectrophotometric evidence for this covalent 
compound. However, the picture has been com-

(2 3 ) R e c e n t  s tu d ie s  b y  C h a n c e 21 in d ic a te  t h a t  th e  r e a c t iv e  sp ecies  
o f  b o t h  th e  in h ib ito r s  a n d  th e  s u b s tr a te  are  th e  u n d is s o e ia te d  a c id s  
r a th e r  th a n  th e  a n io n s .

(2 4 ) R .  F . B e e rs , J r ., a n d  I . W .  S izer , Science, 1 2 0 , 32  (1 9 5 4 ).
(2 5 ) H . T h e o re ll  a n d  A . E h re n b e r g , Arch. Biochem. Biophys., 4 1 , 

4 2 2  (1 9 5 2 ).

plicated by the recent discovery of another inactive 
complex by Keilin and Hartree.26 There have as 
yet been no correlation studies between spectro
photometric properties of these inactive complexes 
and the inhibitory reactions between monovalent 
anions and the primary complex. Various aspects 
of this will be discussed in forthcoming papers.12'27

Should the main mechanism of inhibition of the 
primary complex be through the formation of a co
valent structure, we would have to consider the fol
lowing sequence of reactions

v i q"* (j)
ES +  I ESI*

A«* = pi/q"* (26)
a"* q" (k)

ESI* ESI
Xe = q"*/q" (27)

where ESI* and ESI are the ionic and covalent 
complexes, respectively. The correct value of K 6 
is, therefore

K6 = (pi/K6*)/q" (28)
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(2 6 )  D . K e il in  a n d  E . F . H a r tre e , Biochem. J., 4 9 , 88  (1 9 5 1 ).
(2 7 )  R .  F .  B e e rs , J r ., in  p re p a ra t io n .
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X-Ray diffraction patterns have been obtained for two series of aluminum soaps. The first series consisted of aluminum 
di-soaps made from the following fatty acids, caproic, enanthic, caprylic, pelargonic, capric, lauric, myristic, palmitic and 
stearic. The second series was prepared from lauric acid with varying fatty acid-aluminum ratios. In the first series the 
most prominent characteristic is the presence of two or more definite orders of a long spacing which is proportional linearly 
to the number of carbon atoms in the hydrocarbon chain. A second feature is the appearance of a diffuse halo between 4.2 
and 5.2 A. units. In the second series, soaps having a fatty acid to aluminum ratio greater than that of the di-soap show 
sharp patterns and the presence of fatty acid lines while those below the di-soap show no new lines but less distinct patterns.

Introduction
In view of the importance of aluminum soaps as 

gelling agents for hydrocarbons it is surprising that 
so little X-ray diffraction work is available on these 
compounds. Ross and co-workers1'2 have pub
lished X-ray diffraction data on aluminum dilaurate 
and aluminum distearate prepared by the addition 
of an aqueous solution of potassium laurate or 
stearate to a large excess of an aluminum chloride 
solution. The precipitates obtained were then ex
tracted with boiling acetone to presumably form 
the corresponding di-soaps. These investigators 
reported the existence of free fatty acid spacings in 
the unextracted material. Mysels3 studied the 
X-ray diffraction patterns of Napalm (a mixture 
of aluminum di-soaps) and aluminum dilaurate. 
He found the patterns to be strikingly similar, but 
that the sharpness of the patterns differed markedly

(1 ) S . R o s s  a n d  J. W . M c B a in , Oil and Soap, 2 3 , 2 1 4  (1 9 4 6 ).
(2 ) S. S. M a r s d e n , K .  J. M y s e ls , G . H . S m ith  a n d  S . R o s s , J. Am. 

Oil Chemists Soc., 2 5 , 4 5 4  (1 9 4 8 ).
(3 )  K .  J. M y s e ls , Ina. Eny. Chem., 4 1 , 1 43 5  (1 9 4 9 ).

depending upon the method of preparation. He 
also found that there was no indication in the Na
palm pattern of the presence of an aluminum mono
soap or any of the aluminum oxides.

Because infrared absorption measurements4'5 
on aluminum soaps made from different fatty acids 
and with varying fatty acid to aluminum ratios 
have been most helpful in establishing the struc
ture and existence of the di-soaps as discrete chemi
cal compounds, it was felt that X-ray diffraction 
studies on a similar series would also aid in further 
clarifying the structure of aluminum soaps.

Experimental
The fatty acids which are liquids at room temperature 

were purified by distillation and the neutralization equiva
lents were checked by titration. The purity of the solid 
acids used in this investigation has already been discussed5 
as well as the preparation and analysis of the aluminum 
soaps.

(4) W . W . H a r p le , S . E .  W ib e r le y  a n d  W . H . B a u e r , Anal. Chem. 
2 4 , 6 3 5  (1 9 5 2 ) .

(5) F . A . S c o t t ,  J . G o ld e n s o n , S. E . W ib e r le y  and W . H . B a u e r , T h is 
J o u r n a l , 58 , 61 (1954).
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T able II
Composition of A luminum Laurate Soaps

S a m p le E x ce ss E x p . P r e d ic te d
D e s ig n a  N a O H , w t. f r o m  N a O H

tio n % %  A l U se d

L-4.01 -2 5 3.21 4.00
L-2.89 0 4.34 3.00
L-2.60 10 4.81 2.67
L-2.03 45 6.05 2.07
L-1.29 100 8.60 1.00

The X-ray diffraction measurements were made with a 
General Electric XRD-3 instrument using copper K a radia
tion with a nickel filter. In some instances chromium Ka 
radiation was used. The soap samples were passed through 
a 100-mesh sieve and mounted on cellophane discs contain
ing a hole slightly larger than the 0.010 mm. diameter pin
hole collimator. The sample to film distance was 50 mm. 
in the case of the flat casette assembly. In the case of the 
circular camera the effective film diameter was 143.2 mm.

Results and Discussions
X-Ray diffraction patterns were obtained first 

for a series of aluminum di-soaps ( i .e ., a fatty acid- 
aluminum mole ratio of 2:1) made from straight 
chain fatty acids containing 6, 7, 8, 9, 10, 12, 14, 16 
and 18 carbon atoms. Table I contains the long 
spacings for this series of aluminum di-soaps. The 
short spacings were identical for the complete series. 
All of the di-soaps showed two strong lines corre
sponding to spacings of 3.90 and 7.8 A., and a weak 
line giving a spacing of 3.00 A. A diffuse halo was 
found in each case, corresponding to spacings from
4.2 to 5.2 A.

T able I
Interplanar Spacings ( “ d ”  V alues) for A luminum 

D i-Soaps
L o n g  s p a c in g , A .

Soap
1st

O rd e r
2ndOrder 3rdOrder A v .

Aluminum dicaproate 15.2 7.8 5.1 15.4
Aluminum dienanthate 17.9 8.9 6.0 17.9
Aluminum dicaprylate 20.5 10.2 6.8 20.4
Aluminum dipelargonate 22.3 11.1 7.6 22.4
Aluminum dicaprate 25.5 12.3 8.1 24.8
Aluminum dilaurate 29.5 14.5 9.8 29.3
Aluminum dimyristate 32.0 16.8 11.2 33.1
Aluminum dipalmitate 18.5 12.3 37.0
Aluminum distearate 20.4 13.7 41.0

------------ M o le s  o f
B a se d

a c i d /m o l e  o f  A l—  
E x t r a c t - R e m a in in g

o n  A l a b le  w ith B y B y  A l
a n a l. is o ô c ta n e d iff . a n a l.

4.01 1.8 2.21 2.01
2.89 0.87 2.02 1.94
2.60 0.58 2.02 1.94
2.03 0.05 1.98 1.85
1.29 0.00 1.29 1.24

chains are extended in the crystal. The regular in
crease in spacing of about 2 A. per additional carbon 
atom is similar to that exhibited by the fatty acid 
crystals. The diffuse halo in the region corre
sponding to the “ side-spacings” between 4.2 and
5.2 A. indicates more random orientation in this 
dimension. The halo actually consists of two dif
fuse lines which are close to the ends of the halo.

The second series of soaps studied were pre
pared by precipitation of the soaps from scdium 
laurate solutions containing excess sodium hydrox
ide on addition of a solution of aluminum sulfate.4'5 
By control of the amount of sodium hydroxide, the 
ratio of moles of fatty acid to aluminum was con
trolled. Table II lists the composition of these 
soaps.

6  10 14 18

NUMBER OF CARBON ATOMS. 
Fig. 1.

Figure 1 is a plot of the long spacings of the fatty 
acids and the aluminum soaps and the silver salts 
prepared from these same fatty acids. The data 
for the fatty acids and silver salts are taken from a 
previous paper.6 The long spacings obtained for 
the fatty acids agree well with those obtained by 
Francis and Piper6 for the crystalline form of the 
acids which they denote as the C-form. The long 
spacings obtained for the silver salts agree well 
with those obtained by Matthews, et a l?

It should be noted that the long spacings of the 
aluminum soaps and of the fatty acids are almost 
identical while those of the silver salts are consider
ably longer. Apparently the aluminum soaps are 
similar to the long chain acids, alcohols, esters, n -  
hydrocarbons and ketones in that the hydrocarbon

(6 ) F .  F r a n c is  a n d  S. H . P ip e r , J. Am. Chem. Soc., 6 1 , 5 7 7  (1 9 3 9 ).
(7 ) F . W .  M a t t h e w s , G . G . W a r r e n  a n d  J . TL M ic h e l l ,  Anal. Chem. 

2 2 , 5 1 4  (1 9 5 0 ).

The X-ray diffraction patterns of these soaps 
showed the presence of lauric acid in samples L-
4.01, L-2.89 and L-2.60. Both the long spacings of 
the soap and acid were readily distinguishable, and 
the characteristic 4.13 A. spacing of lauric acid was 
very prominent in all these samples. Samples L-
2.03 and L-1.29 did not show any lines attributable 
to acid spacings.

Samples L-4.01, L-2.89 and L-2.60 were extracted 
with cold isooctane at 0 to 5°. X-Ray diffraction 
patterns of the extracted samples no longer showed 
lines ascribable to fatty acid. Only the diffraction 
pattern of the di-soap appeared. These results con
firm those of previous workers1’2'8 and are in excel
lent agreement with the infrared interpretation.4 
Evidently then, aluminum soaps prepared by an 
aqueous method having an analysis close to a tri-

(8 ) J . D .  G ro s s , “ P h .D ,  T h e s is ,”  R e n s se la e r  P o ly t e c .  In s t .,  J u n e , 
1949.
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soap consist of mixtures of di-soap plus fatty acid. 
It was shown in Fig. 1 that the long spacings of the 
aluminum soaps and of the fatty acids are almost 
identical. This fact explains why the fatty acid 
co-precipitates so readily with aluminum soap 
molecules to form materials of graded ratio of fatty 
acid to aluminum.

The X-ray diffraction pattern of soap L-1.29 
showed no new spacings that could be attributed 
to either an aluminum mono-soap or to hydrated 
aluminum oxides. The diffraction pattern was 
considerably more diffuse than that of the di-soap

L-2.03. This is a generally observed phenomenon. 
For any series of a single acid, as the acid to alu
minum ratio increases, there is a sharpening of the 
diffraction pattern of the soap. Infrared studies 
on aluminum soaps containing a mole ratio of 
fatty acid to aluminum less than 2 show only bands 
attributable to aluminum di-soap and hydrated 
aluminum oxide. It is therefore concluded that 
aluminum mono-soaps are not present.

Acknowledgment.—This study was conducted 
under contract between the Chemical Corps, U. S. 
Army, and Rensselaer Polytechnic Institute.
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The dielectric constants of pentene-1, hexene-1, heptene-1, octene-1, 2-methylbutene-l, frarcs-hexene-3 and cyclohexene 
have been determined. The atomic polarizations of these compounds as well as cis-hexene-3 and the cis- and trans-isomers 
of octene-3, octene-4 and decene-o have been calculated. The dipole moments of the polar alkenes have been calculated 
by means of the Onsager equation and are compared with the available dipole moments in the gaseous state. The relation
ship between the observed dipole moments and the bond moments in the alkenes is very briefly discussed.

Although the dielectric constants of several 
alkene-1 compounds have been determined,1 the 
results obtained have been scattered and somewhat 
contradictory. Therefore, it seemed useful to de
termine the dielectric constants of highly purified 
samples of pentene-1, hexene-1, heptene-1 and 
octene-1 as representatives of the class H2C =C H R . 
The dielectric constant of 2-methylbutene-l was de
termined as a representative of compounds of the 
H2C = C R 2 type. The dielectric constants of cyclo
hexene and ira,is-hexene-3 were also measured.

The dielectric constants, refractive indices and 
densities of four c is - and four frans-alkenes have 
been determined elsewhere.2 The atomic polariza
tions, P a, of the four irans-alkenes were calculated. 
The dielectric constant of irans-hexene-3 was rede
termined because the literature value2 gave an 
atomic polarization out of line with that of the three 
other frans-alkenes. An empirical relationship be
tween P \  and z, the number of carbon atoms, was 
derived from the data for the four ¿raws-alkenes and 
used to calculate P a  for the four m-alkenes2 and 
the six alkene-1 compounds measured in this in
vestigation. The dipole moments of the ten polar 
alkenes were calculated by means of the Onsager 
equation.3

The bond moments which contribute to the over
all molecular dipole moments are briefly discussed.

Experimental
Materials.—NBS samples of pentene-1, octene-1 of 

99 4-% purity, and trans-hexene-3 were used. The 2- 
methylbutene-1 was obtained from APIRP-45. Phillips 
Petroleum Co. samples of pentene-1 of 994-% purity and of 
research grade cyclohexene of 99.9 +  % purity were also 
used. The hexene-1 and heptene-1 used were prepared and

purified at this Laboratory by fractional distillation of the 
products of the dehydration of the corresponding alcohols 
through Podbielniak columns. All of these materials were 
passed through silica gel columns before the measurements 
were made.

Dielectric Constants.—The dielectric constants were ob
tained using an apparatus and cell previously discussed.4 
The volume of hquid in the dielectric constant cell was 25 
ml. The accuracy of the measurements is estimated to be 
±0 .2% .

Refractive Indices.—The indices of refraction were meas
ured at 20.0 ±  0.1° with a Bausch and Lomb precision 
Abbe refractometer with an estimated accuracy of ±0.0001 
units.

Results and Discussion
The refractive indices, w20n, and the dielectric 

constants, e20, measured in this investigation along 
with previous literature values of e are listed in 
Table I.

T able I
D ielectric Constants and R efractive Indices of Some

C o m p o u n d

Pentene-1 (NBS) 
Pentene-1 (Phillips) 
Hexene-1 
Heptene-1 
Octene-1
2-Methylbutene-l 
iron s-Hexene-3 
Cyclohexene

A lkenes

n.20i> «2»
1.3714 2.017
1.3712 2.017
1.3878 2.05P
1.3996 2.07P
1.4085 2.084
1.3775 2.180
1.3939 1.954
1.4461 2.220

«so
( l i t .  v a lu e s )

2.100,1 1.92e

2.06'

2.1976
2.000* (25°) 
2.220' (25°)

“ Hexene-1, t'M =  2.035; heptene-1, e30 = 2.057. 6 Ref. 5. 
• Ref. 6. d Ref. 2. « F. Fairbrother, J. Chem. Soc., 1051
(1948).

The two values previously reported5'6 for the di-
(1 ) A . A .  M a r y o t t  a n d  E .  R .  S m ith , “ T a b le  o f  D ie le c t r ic  C o n s ta n ta  

o f  P u re  L iq u id s ,”  N B S  C ir cu la r  51 4 , 1951.
(2 ) K . N . C a m p b e ll  a n d  L . T .  E b y ,  J. Am. Chem. Soc., 63, 2 16 , 

2 6 8 3  (1 9 4 1 ).
(3 )  L .  O n sa g e r , ibid., 58, 1486 (1 9 3 6 ).

(4 ) A .  P . A lts h u lle r , T h is J o u r n a l , 5 8 , 392 (1954).
(5) A .  E . v a n  A rk e l , P . M e e r b u r g  a n d  C .  R .  v . d . H a n d e l,  Rec. trav. 

chim., 61, 767 (1942).
(6 )  M .  L . S h errill, K . E . M a y e r  a n d  G . F . W a lte r ,  J. Am. Chem. 

Soc., 56, 926 (1934).
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T a b l e  II
M o l a r  R e f r a c t i o n s , A t o m i c  P o l a r i z a t i o n s  a n d  D i p o l e  M o m e n t s  o f  S o m e  A l k e n e s

Compound R20a>, cm.8 P* CM.6 cm.3 Pa,cm.3 nell Ml.D MS.D
Pentene-1 1.3588 24.09 1.28 1.380 0.34 0.34
Hexene-1 1.3754 28.63 1.37 1.396 .32 .34
Heptene-1 1.3869 33.14 1.45 1.406 .31 .34
Octene-1 1.3958“ 37.64 1.53 1.414 .29 .34
2-Methyl-

butene-1 1.3652“ 24.10 1.28 1.387 .51 50
Cyclohexene 1.4319 26.26 1.37 1.458 .31 .28
m-Hexene-3 1.3805, 28.72 1.37 1 401 .33 .34
c/s-Octene-3 1.3993' 37.78 1 53 1.417 .25 .29
c/s-Octene-4 1.4004 37.79 1.53 1 419 .22 26
c/s-Decene-5 1.4124 46.92 1.70 1.429 .19 24
trans- H exene-3 1.3813 28.88 30.19 1.31 0“ 0“
trans-Octene-3 1.3992 37.97 39.51 1.54 0“ 0'
trans- Octene-4 1.3987 37.99 39.63 1.64 0e 0“
trans-Deaene-5 1 4108 47.03 48.67 1.64 0“ 0C

“ These values of n „  were obtained from the empirical relationship, na/no = 0.9908 ±  0.0001, found by using the values 
of n for the other alkenes. b Values of e were onty available for t h e  irans-alkenes at 25°, therefore Pcm is also given at 25°. 
The error involved in using R20„ instead of R is negligible. c F r o m  molecular symmetry considerations. (irans-Octene-3 
m i g h t  possibly have a n  e x t r e m e l y  s m a l l  d i p o l e  m o m e n t . )

electric constant of pentene-1 are widely separated. 
The value of 2.100 for the dielectric constant5 of 
pentene-1 exceeds even the dielectric constant of 
2.06 reported6 for heptene-1. The two different 
samples of pentene-l used in the present work both 
gave dielectric constants of 2.017 at 20°. It is 
interesting to note that the density, refractive in
dex, and b.p. reported5 along with the dielectric 
constant of 2.100 are all higher than the values 
given by Rossini, et a V  Since the isomer, 2-methyl- 
butene-1, has a higher density, refractive index,
b.p. and e20 than pentene-1, it. is possible that 
appreciable amounts of this compound were 
present as an impurity. The low value for e20 of 
pentene-1 of 1.92 units also given in the literature6 
would appear to indicate saturated hydrocarbons as 
impurities. The higher value of e for tra n s-hexene-3 
previously reported2 may be the result of some 
contamination with the c/s-isomer.

The differences in e between the corresponding 
series of unsaturated and saturated hydrocarbons8 
(pentene-1 and pentane to octene-1 and octane) are 
0.173, 0.161, 0.146 and 0.132. The decrease in the 
differences is in the direction expected for increasing 
length of the saturated hydrocarbon chain.

In order properly to evaluate n->, the dipole 
moment from the Onsager equation,3 a refractive 
index, «eft, which takes into account an infrared 
contribution is needed.

The values of » ,  listed in Table II were obtained 
by extrapolating the refractive index data at various 
wave lengths given in several references2-9 to 
infinite wave length hv applying the least squares 
procedure to Cauchy’s equation. The values of R „ 
were calculated from the Lorentz-Lorenz equation. 
The total polarizations, /A m, for the non-polar 
irans-alkenes given in Table II were obtained from

(7 ) F . D . R o s s in i , et al., " S e le c t e d  V a lu e s  o f  P h y s ic a l  a n d  T h e r m o 
d y n a m ic  P r o p e r t ie s  o f  H y d r o c a r b o n s  a n d  R e la t e d  C o m p o u n d s ,"  
A P I R P  4 4 , C a rn e g ie  P re ss , P it t s b u r g h , P a ., 1953,

(8 ) A . A u d s le y  a n d  F . R .  G o ss , J. Chem. Soc., 2 98 9  (1 9 5 0 ).
(9 ) J . T im m e rm a n s , " P h y s i c o - c h e m ic a l  C o n s ta n ts  o f  P u re  O rg a n ic  

C o m p o u n d s ."  E ls e v ie r  P u b lis h in g  C o . .  I n c .,  N e w  Y o r k ,  N . Y . ,  1950.

the Clausius-Mosotti equation. The atomic polari
zations were computed for the ¡fran.s-alkenes from 
the relationship P a =  P c u  — 72». An empirical 
relationship between P_\ and c, the number of car
bon atoms, of the form P A =  0.87 +  0.083c was 
obtained by the method of least squares. The P a 
values for the polar alkenes were computed from 
this empirical equation. The effective refractive 
indices, n es, given in Table II were obtained by 
solving for n„tt in the Lorentz-Lorenz equation 
with R  =  ZD,» +  P a- These values of n eu were then 
used in the calculation of the dipole moments, m, 
from the Onsager equation3 given in Table II. 
The approximate dipole moments, plt from the 
equation10 f i i  =  (e — n 2c are also listed in 
Table II.

The dipole moments, from the empirical equa
tion10 are in satisfactory agreement with the dipole 
moments, m , from the Onsager equation. However, 
there is a small but definite trend toward increasing 
deviation of in values from i±o values with increasing 
molecular weight. For slightly polar substances, 
this empirical equation provides a convenient and 
rapid method of estimating /n.4

The H2 values of 0.34 D  found in this investiga
tion for the alkene-1 compounds (from pentene-1 
to octene-1) are in satisfactory agreement with the 
average of the dipole moments from gas state meas
urements11 of 0.34 D  (for propene and butene-1). 
No appreciable increase in dipole moment for com
pounds of the type H 2 C = C H R  beyond R = C2H5 
or C 3 H 7  for «.-alkyl chains would be expected since 
any additional CH2 groups would be too far re
moved from the remainder of the molecule to be 
subjected to appreciable induced moments. The 
value for 2-methylbutene-l of 0.50 D  calculated 
here is also in accord with the gas state moment11 of 
0.49 D  for 2-methylpropene-l. The higher dipole

(1 0 )  A . P . A ltsh u lle r , T h i s  J o u r n a l , 57 , 5 3 8  (1 9 5 3 ) .
(1 1 ) A . A . M a r y o t t  a n d  F . B u c k le y ,  " T a b l e  o f  D ie le c t r ic  C o n s ta n ts  

a n d  E le c t r ic  D ip o le  M o m e n t s  o f  S u b s ta n c e s  in  th e  G a s e o u s  S t a t e ,"  
N B S  C ir c u la r  53 7 , 1953
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moments of 0.47 D  for pentene-1 and 0.54 I )  for
2-methylbutene-l reported in the literature,5 which 
were also calculated from the Onsager equation, re
sulted from the larger dielectric constants reported 
by these investigators5 along with their assumption 
that e'/!7iD would be the same for unsaturated and 
saturated hydrocarbons.

The dipole moment of 0.28 D  for cyclohexene 
found in the present work is much smaller than the 
gas state value of 0.55 D . u  Beckett, et a l.,12 have 
concluded that cyclohexene exists in two tautomeric 
forms similar to the chair and boat forms of cyclo
hexane. The chair form of cyclohexene is more 
stable at low temperatures, but increasing contribu
tions from the boat form (cfs-like form) might be 
expected as the temperature increases.12 This 
tautomeric shift toward a more polar equilibrium 
mixture at higher temperatures may partially ex
plain the differences in dipole moments between the 
liquid state measurements at 293°K. and the gas 
state measurements at from 308 to 480°K. It may 
be noted also that the dipole moment of 0.55 D  for 
cyclohexene is about 0.2 D  larger than the dipole 
moments of straight chain alkene-1 compounds. 
This difference may also be due to the higher polar
ity of the boat form of the cyclic compound com
pared with the cls-form of the straight-chain 
alkenes.

It is of considerable interest to attempt a semi- 
quantitative interpretation of the molecular dipole 
moments arrived at in this investigation and else
where11 in terms of the bond moments which con
tribute to making up the molecular moments. If 
the simplest polar alkene, propene, is considered, it

(1 2 )  C . W . B e c k e t t ,  N . K . F r e e m a n  a n d  K .  S . P itz e r , J. Am. Chem. 
S o c 7 0 , 4 2 2 7  (1 9 4 8 ).

is clear that the molecule is made up of — C— H, 
= C —H, and = C — C— bonds which may be con
sidered from the standpoint of orbital hybridization 
theory as C(sp3)-H , C(sp2)-H  and C(sp2)-C (sp3) 
type bonds. The C(sp2)-H  bond has a moment of 
around 0.6 D 13-14 with the probable direction
C(sp2)-LL Experimental data for C(sp3)-H  give a 
moment of 0.3 to 0.4 Z)15“ 17 and the probable direc
tion C(sp3)-H . This difference between the magni
tudes of the C(sp2)-H  and the C(sp3)-H  bond 
moments is probably responsible for the values of 
the molecular dipole moments which are arrived 
at from polarizatioil measurements on propene and 
other alkenes. However, such additional factors as 
the small C(sp2)-C (sp3) bond moment of around 
0.1 D , the effects of hyperconjugation of all three 
types of bonds, and the small contributions from 
induced moments also enter the picture.

Conclusion.—The atomic polarizations of a num
ber of alkene-1, c is - and irans-alkene compounds 
have been determined. The dipole moments of 
the polar alkene compounds have been determined 
from the Onsager equation and satisfactory agree
ment with the dipole moments arrived at from gas 
state polarization measurements has been found. 
A semi-quantitative explanation of the origin of 
the molecular dipole moments in terms of the bond 
moments contributing to the over-all molecular 
moment has also been given.

(1 3 )  C . F .  H a m m e r , P h .D .  th e s is , U n iv . o f  W isc o n s in , 1 9 4 8 .
(1 4 )  R .  L .  K e lle y ,  R .  R o l le fs o n  a n d  B . S . S ch u r in , / .  Chem. Phys., 

19 , 1595  (1 9 5 1 ) .
(1 5 )  A . M .  T h o r n d ik e ,  ibid., 15 , 8 6 8  (1 9 4 7 ) .
(1 6 )  R .  P . B e ll ,  H . W .  T h o m p s o n  a n d  E .  E .  V a g o ,  Proc. Roy. Soc. 

{London), A 1 9 2 , 4 9 8  (1 9 4 8 ).
(1 7 )  G . M .  B a rr o w  a n d  D . C . M c K e a n ,  ibid., A 2 1 3 , 27  (1 9 5 2 ).

METAL-POLYELECTROLYTE COMPLEXES. I.
THE POLYACRYLIC ACID-COPPER COMPLEX

B y H a r r y  P. G r e g o r , L i o n e l  B. L u t t i n g e r 1 a n d  E r n s t  M . L o e b l

Contribution from the Department of Chemistry of the Polytechnic Institute of Brooklyn, New York
Received July 19, 1954

Formation constants for polyacrylic acid-copper complexes as obtained by a new adaptation of Bjerrum’s method, are 
presented. Data taken at various ionic strengths indicate that in the presence of much neutral salt, the titration curve 
falls to a final, limiting value. The complexes formed are strong, and at least two carboxyl groups are involved simultane
ously, as with simple dicarboxylic acids. The considerably greater stability of the polymer-copper complex as compared 
with that of a monomeric analog (glutaric acid) reflects the powerful field effect of the polyelectrolyte chain.

The potenriometric titration of polyacrylic and 
polymethacrylic acids has been studied by many 
investigators, principally Kern,2 Katchalsky,3 Over- 
beek4 and Doty5; an excellent review of the recent 
literature has been made by Doty and Ehrlich.6

(1 )  A  p o r t io n  o f  th is  w o r k  is  a b s t r a c t e d  f r o m  th e  D is s e r t a t io n  o f  
L io n e l  B . L u tt in g e r ,  s u b m it te d  in  p a r t ia l  fu lf i llm e n t  o f  t h e  re q u ire 
m e n ts  f o r  t h e  d e g re e  o f  D o c t o r  o f  P h i lo s o p h y  in  C h e m is tr y ,  P o ly 
t e c h n ic  In s t it u t e  c f  B r o o k ly n ,  J u n e , 195 4 .

(2 )  W .  K e r n , Z. physik. Chem., A 1 8 1 , 249  (1 9 3 8 ) ;  Biochem. Z., 3 0 1 , 
3 3 8  (1 9 3 9 ) .

(3 )  A . K a t c h a ls k y  a n d  P .  S p itn ik , J. Polymer Sci., 2 ,  4 3 2  (1 9 4 7 ) .
(4 )  R .  A r n o ld  a n d  J . T .  G .  O v e r b e e k , Rec. trav. chim., 6 9 , 192 

(1 9 5 0 ) .
(5 )  A .  O th  a n d  P .  M .  D o t y ,  This Journal, 5 6 , 4 3  (1 9 5 2 ) .
(6 )  P .  D o t y  a n d  G . E h r l ic h ,  Ann. Rev. Phys. Chem., I l l ,  (1 9 5 2 ) .

In general, the experimental results for a single ti
tration can be expressed by the modified Hender- 
son-Hasselbalch equation, pH =  p K :i — n  log (I — 
a )/ a , where a  is the degree of neutralization, n  a 
constant, and K & the apparent ionization constant. 
For the same polymer, it has been shown that: (1) 
the values of K & and n  are independent of degree of 
polymerization (above a certain minimum); (2)
the value of K & increases with increasing ionic 
strength of neutral salt added; (3) the value of n, 
which is unity for a simple weak acid, v iz., acetic 
acid, varies from a value somewhat above 1 to about 
2, approaching the higher value with increasing dilu
tion, approaching the lower value at high ionic
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(A ); in 2 M NaN03 (A ). Dashed curve is for acetic acid.

strengths. Various statistical treatments of these 
systems have shown that the concepts of N. Bjer- 
rum pertaining to the ionization of polybasic acids 
apply to the polymeric acids, and equations of the 
type of the Henderson-Hasselbalch relationship 
are obtained.

This paper describes titrations of a polymeric 
acid in the presence of copper salts, under different 
conditions of polymer acid concentration, ionic 
strength, and copper(II) concentration. The for
mation constants of the complexes formed are calcu
lated using a modification of the methods of Bjer- 
rum 7

Experimental
Methods.—A sample of pure polyacrylic acid (PAA) was 

first dialyzed using cellophane tubing. Only a negligible 
amount (<0.01% ) of diffusible material was obtained; 
the molecular weight was estimated to be in the range 30,- 
000-100,000. The polymer was completely soluble both 
as the free acid and in the presence of bases of the alkali 
metals, provided that the ionic strength is not too high.8

Titrations were performed in CO2 free atmospheres with 
a Beckman pH meter at 24-26°. Plastic containers were 
used to avoid possible reactions with glass.

It was found that acid-base equilibrium was not always 
attained rapidly. Even in the absence of copper, a slow 
fall in pH with time was observed, particularly in the region 
beyond the half-neutralization point. The magnitude of 
this change was often between 0.10 and 0.30 of a pH unit 
over a period of several hours, and probably for this reason 
has often escaped detection. When gels were formed, as is 
the case in the presence of copper, and even, with high 
enough concentration of neutral salt (e.g., 1 M potassium 
chloride) in the absence of copper, this effect was more pro
nounced. In all these experiments, a constant pH was 
attained after 24 hours. Routinely, all pH readings were 
taken after the sample had been shaken for 48 hours. All 
titrations were performed stepwise, i.e., the sample was 
shaken after each addition of base.

When gel was present, the pH values were_ found to be 
identical whether the readings were made with the elec
trodes immersed only in the supernatant solution or in the 
gel phase. It was necessary to make the assumption that 
the equations used, derived for homogeneous solutions,

(7 )  J . B je r r u m , “ M e t a l  A m m in e  F o r m a t io n  in  A q u e o u s  S o lu t io n ,”  
P . H a a se , C o p e n h a g e n , 194 1 .

(8 ) S . H . P in n e r , D is s e r ta t io n ,  P o ly t e c h n ic  In s t it u t e  o f  B r o o k ly n ,
1951 .

hold when a gel phase is present as well. The intense field 
and high concentration within the gel phase would seem, at 
first thought, to preclude such a possibility. Yet we be
lieve that the assumption is valid at high salt concentra
tions, since, as will be shown later, the Donnan potential 
appears to be swamped in 2 M NaN03. Further proof that 
this is so can be seen from a consideration of plots of pH vs. 
log (1 — a)/a in the absence of copper. This is an insensi
tive function, but data taken in the absence as well as in the 
presence of a gel phase fell on the same, straight lines. In 
1 M KC1 the gel phase appeared after the first point and 
disappeared after the third, yet all four points again fell on 
the same, straight line. If gel formation had caused a 
significant disturbance in the gegenion distribution, this 
could hardly be so.

The titer of the pure polymer acid was determined by ti
tration in a large excess of potassium chloride. Concen
trations are expressed as equivalents of carboxyl groups per 
liter (base molarity).

Titration Curves.—Figure 1 shows titration data for 0.01 
N PAA in the presence of different concentrations of potas
sium chloride and sodium nitrate. With a given salt it is 
observed that the curves tend to approach an asymptotic 
limit as the salt concentration increases. Observable dif
ferences obtain with different salts. The same phenomenon 
has been observed by other authors. For example, Kat- 
chalsky9 and others have shown that various physical- 
chemical properties of polyacrylic acid depend on whether 
KOH or NaOH are used to effect its partial neutralization. 
We have also found that the titration curve of the polymer 
is dependent upon the particular neutral salt taken (see 
Table I). The values of both pAa and n are affected. As 
shown in Table I, these differences persist even at high 
concentrations of neutral salt. Table I also gives the de
crease in pH in the presence of 0.00660 M copper at the half
neutralization point. It is evident that the effects in ques
tion cannot be attributed to the difference in activity co
efficients of the neutral salts themselves. A complete dis
cussion is deferred to a later paper.

In Fig. 2, we have plotted titration curves in the presence 
and absence of salt and in the presence of Cu(II) for acetic 
acid and glutaric acid, two monomeric analogs of poly
acrylic acid. The pH is plotted as the ordinate and log 
(1 — a )/ a  as the abscissa. (1 — ct)/a  is practically identi
cal with [H A]/[A- ] in the absence of complexation.

Table I
Variation in pA'a and n of 0.01 N PAA with D ifferent 
Neutral Salts; Decrease in pH (ApH) in the Presence 

of 0.00660 M Copper(II)
C o n c n . 
o f  sa lt

Salt (AD pKa n ApH
None 0 6.17 2.0 2.70
KC1 0.1 5.11 1.68
KC1 1 4.70 1.54 1.27
KC1 2 4.55 1.44 1.12
KC1 3 4.60 1.44 1.13
NaNOa 0.2 4.91 1.69
NaNOa 1 4.48 1.22
NaNOa 2 4.30 1.39 1.13
NaNOa 3 4.23 1.14
KNOa 1 4.67 1.31
KNOa 2 4.61 1.25
KNOa 3 4.57 1.22

We see that the effect of the addition of neutral salt is 
small, also that comparable amounts of copper depress the 
curves only slightly, and that the plot of pH vs. log(l — <*)<* 
is linear even when copper is present. This shows that 
complexation with both acetic and glutaric acid is very 
small, as will be discussed later.

The fact that acetic and glutaric acid produce an effect 
of the same magnitude is noteworthy; while greater com
plexation might be expected due to the formation of a chelate 
in the glutaric acid-copper complex, entropy considerations 
in forming the eight membered ring seem to obviate this.

(9) A. Katchalskv, J. Polymer S ci., 7, 393 (1951).
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Fig. 2.—Plots of pH vs. log (1 — a)/a for acetic and glu- 
taric acids (0.01 N). Acetic acid (solid lines): no neutral 
salt, no Cu(II) (□ ) ;  no neutral salt, 0.01285 M Cu(II) 
(■); 2 M NaNCs, no Cu(II) (V ); 2M  NaN03, 0.01285 M 
Cu(II) (▼). Glutaric acid (dashed lines): no neutral salt, 
no Cu(II) (O ); no neutral salt, 0.00643 M Cu(II) (# ) .  
2 M NaNOa, no Cu(II) (A ): 2 M NaNO,, 0.00643 M Cu(II) 
(A ).

In Fig. 3 plots of pH vs. log (1 — a)/a are given for PAA, 
with and without neutral salt and with and without copper 
being present. In the presence of copper, the pH vs. log 
(l — a)/a plots show a pronounced curvature, indicating 
strong complex formation in this system. The pronounced 
effect of the addition of neutral salt is also shown. In the 
absence of neutral salt, pK„ for 0.01 X PAA is 5.92 and n is 
2.0, while in the presence of 2 M sodium nitrate pKa is 4.22 
and n = 1.4. The same concentration of copper produces 
a much larger shift in the plot in the absence of neutral salt 
than when neutral salt is present. A typical set of data is 
given in Table II.

Tabus II
T itration of 0 01 X Polyacrylic Acid in 2 M Sodium

NITRATE
pHNo 0.00060 M

<x Cu(IT) Culli)
0 2.77 2.66

.2 3.51 2.87

.4 4.10 3.09

.6 4.61 3.45

.8 5.17 3.91

Since the addition of even a small amount of any salt has 
a pronounced effect on the titration curve of a polyelectro
lyte and, further, since this effect approaches a limit at high 
salt concentrations, most of our experiments were performed 
in 1 or 2 M neutral salt. In solutions of such high ionic 
strength, the ionic strength effect of copper is negligible and 
therefore any pH changes produced may be attributed to 
complexation.

-0 .8  -0 .4  0 0.4 0.8
log (1 — a)/a.

Fig. 3.—Plots of pH vs. log (1 — a)/a for 0.01 A" PAA. 
No neutral salt present (dashed lines): No C u(II)fO );
0.00246 M Cu(II) (• ) ;  0.00985 M Cu(II) (C). In 2 M 
NaNOs (solid lines): No Cu(II) (□ ) ;  0.000493 M Cu(II) 
(3); 0.00246 M Cu(II) (■); 0.00985 i f  Cut'll) (B): 0.0246 
.1/ Cu(II) (.-).

Theory and Method of Calculation of the 
Complexity Constants

The method used to calculate complexation con
stants from the pH data was based on Bjerrunrs 
method.7 However, two modifications were neces
sitated by the polymeric nature of the acid. In 
Bjerrum’s original method, n , the average number 
of ligands (A ) bound to the central group is deter
mined experimentally and plotted against the lig
and exponent p [A ] =  —log [A] giving the “ forma
tion curve”  of the system. The functional rela
tionship between n  and [A] involves the successive 
complexation (formation) constants, kh fc2, . . . kj,
. . . &N

E  *a-,[A]‘
t -  1

.V (1)
1 +  £ > '■  [Al*

1 = 1

a-. • n (2)
j = i
[MAj]

[MAj_,][A]
Here M  is the central group or atom in a compound 
M A j, j  (or i) is the number of ligands in the com
pound M A j (or M A i) and N  is the maximal value 
of j  (or i). or the coordination number.
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Because of this functional relationship, the for
mation curve makes it possible to determine the suc
cessive complexation constants, either directly by 
reading off the values of p [ A ]  at half integral values 
of n  if the constants are sufficiently separated or 
through a method of iteration if they are not suf
ficiently separated. The formation curve also in
dicates the maximal values for n  (the coordination 
number N )  and through its slope the separation 
factor between successive constants. Sullivan and 
Hindman10 review very succinctly some of the 
mathematical techniques associated with Bjerrum’s 
and allied methods.

In the cases under discussion, namely, the com
plexation of metal ions (especially copper) with car
boxylic acids, the complexation constants are the 
equilibrium constants for reactions of the type

It—COO- +  Cu++ R—COOCu+ (4)
i.e ., the reaction of the f r e e  carboxylate ion with 
metal; the residue R may or may not carry other 
dissociated or undissociated carboxylic groups.

In the case of simple carboxylic acids the com
plexation constants k  defined above and pertaining 
to reactions such as equation 4 may be expected to 
be constant within the limits of validity of the usual 
assumptions; however, in the case of a polymeric 
acid such as polyacrylic acid which contains a very 
large number of acid groups this can no longer be 
expected because of the fact that the reaction 4 
involves a net change in the charge on the polymer 
chain and the well-known fact that the configura
tion and other properties of the polymer chain de
pend very markedly upon the charge on it.9-11“ 13

However, the reaction
R—COOH +  M + RCOOM +  H + (5)

does not involve a net change in the charge of the 
polyelectrolyte and the equilibrium constant per
taining to it could therefore be expected to be 
effectively constant for both monomeric and 
polymeric acids. Let us write this equilibrium 
constant (b ,) in its general form

[MAjl [11+]
’ [MA'i-illHA] (3')

where [HA] refers to the concentration of undisso
ciated carboxylic acid groups.

Another way of viewing this problem is the fol
lowing. The relation between the constants bj and 
k j is given by

b j  — Aat.j ( t O

where k & is either the single acid dissociation con
stant of a monobasic acid or the pertinent dissocia
tion constant of a polybasic acid. Since in the case 
of a simple acid the k f s  are constant, well defined 
and known, both complexation constants bj and fcj 
are equally constant and form an equally valid de
scription of the system and the use of one or the 
other formulation is a matter of indifference. In 
the case of a 'polym eric acid, however, the dissocia-

(1 0 )  J . C . S u ll iv a n  a n d  J . C . H in d m a n . J. Am. Chem. Soc.. 7 4 , 6001  
(1 9 5 2 ).

(1 1 ) J . J . H e rm a n s  a n d  J . T .  G . O v e r b e c k , liée. trav. chim., 6 7 , 761 
(1 9 4 8 ).

(1 2 )  G . E . K im b a l l ,  M .  C u t le r  a n d  H . S a m e lso n , This Journal, 56 , 
57  (1 9 5 2 ).

(1 3 )  A . K a t c h a ls k y  a n d  S. L ifs o n , J. Polymer Sei., 11 , 4 0 9  (1 9 5 3 ).

tion “ constant”  fca is of course not constant but 
varies with degree of neutralization, due to the 
change in chain potential.4'5.9 The variations in k, 
should be equal but opposite (fca is a dissociation 
“ constant,”  fc, a formation constant) since the same 
effects apply. It is therefore reasonable to expect 
from this point of view also that the b ,’s should be 
constant and thus have a definite meaning as meas
uring the amount of complexation. On compar
ing polymeric and simple acids it is therefore the 
6j’s rather than the k f s  that should be compared.

By some simple manipulations, Bjerrum’s forma
tion function can be expressed in terms of the b-/s. 
Let

B, = ] {  bj [2')
i = l

then

It is seen, therefore, that if the formation curve is 
plotted as n vs. p  ([H A ]/[II+]) all the information 
that could be obtained in the original Bjerrurr. plot 
about the k f s  can now be obtained in exactly analo
gous fashion about the b f  s.

The other modification necessitated by the na
ture of the polymer is the following: n  is given by 
its definition and from the stoichiometry of the 
problem as

[At] ~  [HA] -  [A] 
' [M,l (7)

where [At] and [Mt] are the total acid and metal ion 
concentrations, respectively.

From the conservation equations and the elec
troneutrality relations [HA], the concentration of 
undissociated acid, is found to be

[HA] = [Aff( 1 -  a) -  [H +] (8)

where a is the degree of neutralization.
The concentration of the carboxylate ion, [A], is 

connected with [HA] and [H + ] through the func
tional relation describing the dissociation equilib
rium of the acid groups. In the case of simple 
acids this relationship is determined by the set of 
dissociation constants which are presumed zo be 
known and thus the concentration [A ] can be calcu
lated at each measured pH value, n  is then de
termined through equation 7.

In the case of a polymeric, acid, however, the re
lation between [HA], [A] and [H+] is less simple 
since it is governed by an almost continously vary
ing dissociation “ constant.”  A relationship

•Ka =  K i ^  —  ^ B e / k T 0 )
should hold14 where K 0 is an intrinsic dissociation 
constant and A F e is the free energy change due to 
the displacement of the proton to infinity against 
the field of all the charges on the molecule. For a 
constant polymer and salt concentration, the term in 
equation 9 involving the free energy change should

(14) N. Bjerrum, Z. phy&ik. Chem., 106, 219 (1923).
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p ( [ H A ] / [ H + ] ) .
Fig. 4 .— Modified Bjerrum plot for P A A  (0.01 N ) -  

copper(II) in the absence of salt, in 0.2 M  N a N 0 3 and in 
1 M  KC1. N o neutral salt: 0.00246 M  C u(II) (■ ) ; 0.00985  
M  C u (II) ( • ) .  In 0.2 M  N a N 0 3: 0.00246 M  C u(II) ( □ ) ;  
0.00985 M  C u(II) (O ) . In 1 M  KC1: 0.00428 M  C u(II) 
(▼ ); 0.00214 M  C u (II) ( A ) ;  0.000500 M  C u(II) ( A ) .

be a function of the degree of charging 2 only; 
the ratio of charged to uncharged groups, i.e.

Z
____ [A] 
[Ad -  [A]

2 is

Therefore
K a =  K , m  (10)

It has been shown2-3'15 empirically that over a 
wide range of a, f(z) can be expressed as (z)m where 
m is a constant. In a simple titration [At] — 
[A] =  [HA] and 2 becomes [A ]/[H A]; equation 10 
then takes the form

K .
[H +] [A] 

[HA] (* ) "  = (11)

where n = m +  1.
Some theoretical justification for equation 11 has 

been provided by Katchalsky and Gillis.16
It is now assumed that the occurrence of chela

tion does not in itself alter the dissociation rela
tions of the acid, i.e., that the first part of equation 
11 still holds.

However, z is now no longer equal to [A]/[HA], 
since the equation

[Ad =  [HA] +  [A]

no longer holds.
Equation 11 will then take the form

[H +] [A] /  [A]____ V  -  i
[HA] \ [A t] -  [A ] /

(12)

(13)

where K & and n have the same values as in the ab
sence of chelation, i.e., the values that are obtained 
from the logarithmic plot of the titration curve di
rectly. Equation 13 can be solved by an iterative 
procedure, for the only unknown [A], and hence n 
can again be obtained through equation 7.

As indicated before, the logarithms of the com
plexation constants, log b„ are the values of 
p( [H A]/ [H+]) at successive half integral values of n 
provided that these constants are sufficiently sepa
rated. In any case, regardless of the separation 
between the constants, the value of p([H A ]/

(15) R. Speiser, C. H. Hills and C. R. Eddy, J. Phys. and Colloid 
Chem., 49, 334 (194c).

(16) A. Katchalsky and J. Gillis, Rec. trav. chim., 68, 879 (1949).

- 2 . 4  - 1 . 6  - 0 . 8  0
p([HA]/[H+] ).

Fig. 5.— Modified Bjerrum plot for PAA (0.01 N ) -  
copper(II) in 2 M  N a N 0 3: 0.000493 M  C u(II) ( V ) ;  0.00131  
M  C u ( I I ) (A ) ; 0 .00246M  C u(II) ( O ) ;  0.00349 M  Cu(II) 
( □ ) ;  0 .00493Hi C u (II) (■ ) ; 0 .00985M  C u ( I I ) (Y ) ;  0.0246 
M  C u(II) ( • ) .

[H+]) at integral values of n gives an average con
stant, e .g . , at n = 1.0 the average constant, Aav =  
\/bib‘, for a two-step process. The square of B,iv is, 
of course, the constant for the over-all process

[M A 2][H + ]2
[M] [H A ]2

(14)

Results and Discussion
Figure 4 shows plots of n vs. p ([H A ]/[H +]) for 

0.01 N PAA and various amounts of copper in the 
absence of salt, and in the presence of 0.2 M  N aN 03 
and 1 M  KC1. Figure 5 shows the plot in 2 M  
NaN03; here seven different concentrations of 
copper were used. It is seen that all points fall 
on the same curve, attesting to the general validity 
of the approach used.

In principle the plot should yield the coordination 
number as the integral value approached by n as 
p([H A]/[H +]) approaches — °°. Such a flatten
ing of the curve for PAA-copper systems is not 
observed. This may be due to the fact that the far 
left-hand corner of the plot is subject to several un
certainties. Values in this region are obtained: 
(a) at high degrees of neutralization, or (b) at 
very low total copper concentrations. In case (a), 
e.g., a. >  0.8, equation 10 is inapplicable even in the 
absence of copper. In case (b) the decrease in pH 
upon the addition of small amounts of copper is 
small, and hence subject to much larger errors. It 
might be mentioned that ideal Bjerrum plots are 
often not obtained even for monomeric substances.

In this connection, it is interesting to compare 
these results with those found for a cross-linked poly
mer of acrylic acid. Here the plot tends to have 
the expected sigmoidal shape, approaching an n 
asymptote of 2, as will be shown in a subsequent 
paper in this series. Because of these uncertainties 
no effort was made to estimate the coordination 
number, nor was it felt to be possible to estimate 
complexation constants of greater than the second 
order.
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T a b l e  III
C o m p l e x a t io n  C o n s t a n t s  of  C o p p e r ( I I )  w it h  C a r b o x y l ic  A cids

Acid Neutral Salt log Bav B i b , / b t K2
P A A  0 .0 1  N -  1 19 4 .2  X  IO“ 3 2 .1 9 .1 X  109
PAA 0 .01  N 0 .2  M  NaNOs — 1.17 4 .6  X  IO "3 0 .7 6 3 .0 X  107
PAA 0 .0 1  A 2 M  N aN O , - 0 . 9 9 1 .05  X  IO -2 0 33 9 .6 X  10«
PAA 0 .01  A 1 M  KC1 - 1 . 7 8

ToX00(N

9 .0 6 .9 X  106
PAA 0 .0 6  N 1 M  KC1 — 1.82 2 .3  X  1 0 -4 6 .0 X  10«
PAA 0 .1  Ar 1 M  KC1 - 1 . 7 4 X  10“ 4 2 X  10«
Acetic - 3 . 2 5 3 .1 6  X  1 0 -’ 14 5 .5 X  102
Acetic 0 .2  M  N aN O , - 3 . 0 9 6 .6  X  1 0 -J 5 .8 X  102
Acetic 2 M  NaNOs - 2 . 9 2 1 .45  X  1 0 -6 6 .0 X  102
Acetic“
Oxalic6

1 M  NaCIO« - 3 . 3 1 2 .4  X  IO -7 
-—4 0 3

4 .5 4 .4 X  102 
I08

Malonic' 0 .001  M - 1 . 3 7 1 .82  X  IO "3 3 .47 X  10«
Methylmalonic'
Dimethyl-

0 .001  M - 1 . 6 2 5 .7 5  X  1 0 "4 1.55 X  106

malonic'
Succinic6

0 .001  M - 2 . 0 2  
------ 2 .5

8 91 X  10 "5 
~ 1 0 6

6 .92 X  104 
4 0 4

Glutaric 0 .0 1  A - 2 . 8 8 1 .74  X  10 “ « 13 7 .24 X  103
Glutaric 0 .0 1  A 0 .2  M  NaNOs - 2 . 8 2 .5  X  10-« 4 .4 X  103
Glutaric 0 .01  A 2 M  N aN O , - 2 . 9 2 1 .45  X  10-« ! 6 .92 X  102
Glutaric 0 .1  A 1 M  KC1 - 3 . 2 7 2 .9  X  IO "7 2 .51 X  102

“ S. Fronaeus, Acta Chem. Scand., 5, 859 (1951). 6 Estimated by interpolation from data in Martell and Calvin, “Chem
istry of the M etal Chelate Compounds,”  John W iley and Sons, Inc., New York, N . Y ., 1952, Appendix 1. c From data 
in Martell and Calvin, Appendix 1.

The data for the PAA-copper system in the 
presence or absence of neutral salt can best be rep
resented by a straight line over the range about n = 
1. The slope is quite large indicating a small 
spreading factor.17

That means b2 ~  by, i.e.. the chance for a second 
ligand group attaching itself to the metal ion after 
one has attached itself is great. Because of the 
small spreading factor a separate evaluation of the 
two constants bi and b2 cannot be conveniently and 
meaningfully performed; the significant constant 
is the over-all complexation constant B-> =  bj>2 =  
5 a v 2-

Formation constants for various systems are 
summarized in Table III. This table also lists 
complexation data for acetic acid and some simple 
dibasic acids; the data for acetic and glutaric acid 
were determined by us in a manner exactly analo
gous to that used for PAA and described above. The 
data for the other acids are taken from the litera
ture.

The data show strikingly the enhancement of 
complexation in the polymer over the analogous 
monomer, glutaric acid. The table shows the 
considerable weakening of complexation with in
creasing ring size of the chelate (nine orders of 
magnitude in B2 from oxalic acid—five-membered 
ring—to glutaric acid— eight-membered ring). It 
also shows the weakening effect of alkyl substitu
tion on the complexation constant. In glutaric 
acid the complexation is hardly greater than in ace
tic acid. By comparison, the complexation con
stants of PAA itself are three to four orders of mag
nitude greater. This can only be because the 
enormous electrostatic attraction of the polyelec
trolyte coil nullifies this steric effect, and allows the

(17) Reference 7, p. 25.

production of a complex as stable as those composed 
of five and six membered rings.

Comparing the values obtained for PAA under 
various conditions, it is seen that changing the 
salt concentration does not have a very large ef
fect on the complexation constant B2; this is not 
unexpected since the reaction described by this 
constant does not involve any net charge change. 
The values of K 2, by contrast, (obtained from B2 by 
the use of equation 6) which are included here only 
for comparison and which are not very significant as 
was pointed out in the theoretical section, show a 
tremendous change with salt concentration. It is 
seen further that the complexation constant is prac
tically unaffected by a change in the polymer con
centration in the range 0.01 to 0.1 N.

It is also seen that complexation is weaker in 
chloride than in nitrate systems, probably because 
of the simultaneous formation of chloro complexes. 
The same phenomenon is observed with glutaric 
acid. The ratio of the individual constants, bj/b2, 
as estimated from the slope of the curve, shows in 
this case that it is the second step of the complexa
tion which is repressed by chloride ions; the first 
one seems to be relatively unaffected.

A comparison of the spreading factors bjlh in 
the case of PAA, acetic and glutaric acids again 
shows up the fact that PAA has a much stronger 
preference for ring formation than its monomeric 
analog and is much closer in its chelation behavior 
to smaller dibasic acids like oxalic or malonic acid.

This investigation was supported in part by a re
search grant, RG 2934(C2) from the Division of 
Research Grants of the National Institutes of 
Health, Public Health Sendee. We also wish to 
express our gratitude to the Rohm and Haas Com
pany which provided us with samples of the poly
acrylic acid used in this investigation.
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Experimental data on the vapor pressure of sodium in the pressure range 0.047 to 6.489 atm. have been obtained. The  
results are fitted by the equation log P  =  - 5 2 2 0 /T  +  4.521, where P  is in atm. and T is in degrees Kelvin.

Introduction
In the work being conducted in this Laboratory 

on the determination of the thermodynamic proper
ties of sodium, the variation of the vapor pressure 
with temperature was of interest. The normal boil
ing point of sodium was determined by Ruff and 
Johannsen in 19051 to be 877.5 ±  5°. Another 
determination of the boiling point by Heycock and 
Lamplough in 19122 gave a value of 882.9°. 
Previous workers had obtained data in the pressure 
range of 0.00049 to 760 mm. These data were re
viewed by Ditchburn and Gilmour.3

Rodebush and Walters4 5 obtained experimental 
data in the pressure range of 48.82 to 482.5 mm., 
and fitted them with the equation

log P =  +  4.6702 (1)

where P is in atm. and T in degrees Kelvin. Gor
don6 and Kelley6 using spectroscopic information 
on the dissociation of sodium dimer together with 
some vapor pressure data observed by other workers 
derived the following equations for the vapor pres
sure of sodium atoms and of sodium vapor, respec
tively.

log P tN„, =  -  -  1.174 log r  +  8.4437 (2)

log P iNa + Nad =  -  ^  -  1-274 log T  +  8.863 (3)

According to Gordon, when equation 2 is corrected 
for the presence of sodium dimer molecules, it is 
accurate to 0.5%. Ditchburn and Gilmour3 cor
relating the experimental results of a number of 
workers, obtained the equation

z,z,R7
log P  =  -  ~  -  0.5 log T +  6.354 (4)

According to them, the error in equation 4 is 5% in 
the range of 450 to 1200°K. and 10% in the range 
of 370 to 1250°K.

The purpose of the current work was to extend 
the range of the vapor pressure data beyond the 
existing limits and also to check the values ob
tained by other workers in the low pressure ranges.

Experimental
The method used consists of boiling sodium and refluxing 

it with a condenser in which pressure is maintained with 
purified argon. The pressure in the argon system was meas
ured by means of a mercury manometer, which provided

(1) O. Ruff and O. Johannsen, B e r ., 38, 3601 (1905).
(2) C. T. Heycock and F. E. E. Lamplough, P r o c . C h e m . Soc., 28, 

3 (1912).
(3) R. W. Ditchburn and J. C. Gilmour, R ev . M o d e r n  P h y s . , 13, 

310 (1941).
(4) W. II. Rodebush and E. G. Walters, J. Am. C h em . Soc., 52, 

2654 (1930).
(5) A. R. Gordon J. C h e m . P h y s . , 4, 100 (1936).
(6) K. K. Kelley, U. S. Bur. of Mines Bull. 383, 1935.

an indication of the vapor pressure of sodium at the meas
ured temperature.

The Apparatus.— The boiler, consisting of a hollow verti
cal cylinder of inconel, 10 cm. by 2.5 cm ., was welded to a 
one meter long section of one-quarter inch inconel pipe 
which served as a condenser. A piece of one-eighth inch 
inconel tubing, located axially inside the condenser down 
to the center of the boiler, served as a thermocouple well. 
The top end of the condenser was connected to the puri
fied argon line. The boiler was heated by an alundum fur
nace wound with Kanthal alloy wire, designed to reach a 
temperature of 1300°. A t the temperature and pressure 
conditions attainable in this experiment , the strength of the 
metals is greatly reduced. To offset this difficulty, the 
high temperature system was placed in a pressure vessel, 
the pressure in which was adjusted so as to balance the pres
sure in the boiler. Thus the net stress on the boiler and 
condenser walls was slight.

The sodium used was triply-distilled metal obtained in 
sealed and evacuated Pyrex flasks. These containers, 
each of which contained 25 cc. of sodium, were designed to 
allow the charging of sodium into the apparatus without 
contamination from the atmosphere.

Commercial argon was used. The traces of impurities 
that might react with sodium were removed by bubbling 
the gas through two columns filled with liquid sodium - 
potassium alloy (N a K ).

Temperatures in the boiler were measured by a platinum- 
platinum 1 0 %  rhodium thermocouple inserted in the well 
extending into the sodium boiler so that the tip of the ther
mocouple touched the top surface of the liquid sodium be
fore boiling commenced. The e .m .f. of the thermocouple 
was measured by a potentiometer. A series of auxiliary 
chromel-alumel thermocouples mounted at various points 
in the hot portion of the condenser served to indicate the 
height of the condensing ring of sodium, thus giving quali
tative information about the rate of vaporization. These 
thermocouples were connected to continuously reading milli- 
voltmeters so that the operation could be cheeked without 
delay.

Pressures in the high range were measured by a 13 foot 
mercury-filled manometer. Pressures lower than one foot 
of mercury gage were measured by a 100-cm. long U-tube 
mercury manometer. The difference between the boiler 
pressure and the balancing pressure was indicated try a U - 
tube differential mercury manometer. Auxiliary Bourdon 
gages were used to indicate the pressures in the argon supply 
lines.

Procedure.— Before a batch of sodium was charged into 
the apparatus, the boiler and condenser system were de
tached and cleaned several times, first with an aqueous mix
ture of 1 0%  H F  and 1 0 %  H N O 3, then with distilled water, 
and then dried. This ensured the removal of any oxides 
that might be present on the inner surface of the system. 
A Pyrex container of sodium was then sealed to the top end 
of the condenser. The system was then evacuated and 
flushed with purified argon several times at elevated tem 
peratures to remove any traces of oxygen. Sodium oxides 
would affect the boiling point and cause the container to 
corrode at high rate. The seal in the pyrex container was 
then broken by a carbon steel ball inside the glass container 
manipulated by a permanent magnet outside the tube. 
The ball and the glass chips were collected in a pocket in the 
container provided for this purpose. The container was 
then heated externally by an asbestos mantle and the molten 
sodium was allowed to flow slowly into the boiler through 
the heated condenser by gradually reducing the argon pres
sure. The glass tube connecting the container to the con
denser was then sealed and the empty container was re
moved .

The progress of boiling was followed by reading the po-
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tentiometer of the main thermocouple and the millivolt- 
meters of the chromel-alumel thermocouples which indi
cated the height of the condensing ring.

Data for a given pressure were taken when a steady state 
was indicated by the constancy of the readings of the poten
tiometer and the millivoltmeters for at least five minutes. 
The reading of the platinum-platinum 1 0 %  rhodium ther
mocouple was taken as the boiling point of sodium at that 
particular pressure.

Two loadings of sodium were used. One run was made 
with the first loading and three were made with second. 
The first run was not completed because the thermocouple 
was attacked by sodium vapor through a pin hole in the 
well.

Results
Table I shows the results of this work. Using the 

method of least squares the following equation was 
fitted to the data points

, »  5220 log P = ------- j r - +  4.521 (5)

The standard error in P as calculated from this
equation is 0.9% in the experimental range 0.047
to 6.489 atm.

T a b l e  I

V a p o r  P r e s s u r e  o f  S o d iu m

Temp., Pressure, Temp,, Pressure,
°K . atm. 0 K. atm.

Hun no. 1 Run no. 2
1169 0 1 .108 1169.4 1 .134
1195.6 1.428 1241.5 2 .061
1195 8 1 .420 1295.2 3 .094
1201.2 1.459 1327.7 3 .895
1249 5 2 .287 1381 9 5 .50 0
1251.8 2 .253 1406.2 6 .416
1245 2 2 .083 1368 9 5 .10 0
1240.7 2 .059 1340.0 4 .296
1291 2 2 .927 1310.0 3 .495
1288 0 3 .013 1274.9 2 693
1280.0 2 .728 1228.2 1.890
1331.0 4 .035 Run no. 3
1321.0 3 .76 0 1158.8 1.027
1362 0 5 005 1139.0 0 866
1353 0 4 .68 0 1118.4 0 .71 0

Run no.. 4 1100.8 0 .594
893 .6 0 .04 7 1073.4 0 449
893 9 .050 9 48 .7 0 .11 5
896.7 .051 1111.4 0 .656
898 .4 .051 1172.5 1 .180
958 .0 . 117 1297.7 3 .078
954 .2 .117 1341.3 4 .281
956 8 .117 1381.3 5 .48 6
958 7 .116 1392.9 5 .88 8
958 0 .116 1408 3 6 .489
958 2 .116 1402.4 6 .28 9
958.5 .116 1378.8 5 .486
958 4 116 1364.8 5 .085

1157.9 1.031 1291.8 3 .079
1070 5 
1023 0

Figure 1 is a

0 .43 8
0 .26 0

semilog plot of the data as P vs. l/T
together with the line representing equation 5. The 
normal boiling point as calculated from the equation 
is 881.3°C.

Equations 1, 3, 4 and 5 for the vapor pressure of 
sodium were compared by computing the boiling 
points at several pressures from 1 to 10,000 mm. 
These computed values are listed in Table II.

T a b l e  II
C a l c u l a t e d  T e m p e r a t u r e s  fo r  V a r io u s  P r e s s u r e s , 

D e g r e e s  K e l v in

Pressure,
mm.

Eq. 1, 
Rode- 
bush4

Eq. 3, 
Kelley6

Eq. 4, 
Ditch- 
burn8

Eq. 5. 
authors

1 715 712 713 7 0 5 .2  ±  1 .8
10 824 821. 821 815 .3  ±  2 .2

100 973 973 969 9 66 .2  ± 3 . 3
760 1156 1165 1154 1154.5  ±  4 .7

1000 1187 1197 1180 1185.8  ±  5 .2
10000 1521 1572 1525 1534.3  ±  8 .5

The temperatures computed from equation 5 are 
for the 95% confidence intervals.

Table II shows that equation 1 agrees with equa
tion 5 only in the range of 500 to 1000 mm. Equa
tion 3 deviates considerably from equation 5 and 
tends to give higher temperatures than equation 5. 
Equation 4 on the other hand, agrees with equation 
5 in the range between 100 and 1000 mm. and devi
ates more than the error limit of equation 5 else
where.

The above comparison suggests that, of the two 
three-term equations, 3 and 4 which are intended 
to cover a wide range of the vapor pressure, equa
tion 4 is more dependable in predicting the vapor 
pressure of sodium in the range of 100 to 1000 mm. 
It is also concluded that none of the presently 
available vapor pressure equations for sodium in
cluding the authors’ could be used safely to predict 
values above 5000 mm. Hence further experi
mental work on the vapor pressure of sodium above
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the present range is necessary to complete the vapor 
pressure curve.
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TOTAL PRESSURE OVER CERTAIN BINARY LIQUID MIXTURES
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Measurements of total pressure over binary liquid mixtures of perfluoroheptane with heptane and 3-methylheptane, 
titanium(IV) chloride with heptane, and tetrachloromethane with 3-methylheptane at two or more temperatures in the 
range 2 5 -8 0 ° are reported. The data substantiate the conclusion that the solubility behavior of the non-regular solutions 
of hydrocarbons in other non-polar liquids is adequately represented by the Hildebrand equations, using an empirical solu
bility parameter for the hydrocarbon. The Hildebrand equations are used as a means of reducing the total pressure meas
urements to more usable form.

Introduction
Studies by Hildebrand2'3 and others4'5 on binary 

liquid mixtures of hydrocarbons with other non
polar substances have established that the criteria 
of regular solution formation are not met by such 
mixtures, and hence that the equations describing 
the behavior of regular solutions are not applicable 
to them. It has further been suggested3 however, 
that for the group of binary non-polar mixtures con
taining a hydrocarbon and a non-hydrocarbon the 
regular solution equations can be made applicable 
by use of a suitable empirical solubility parameter 
for the hydrocarbon. This suggestion implies two 
consequences that have not been tested thoroughly 
by experiment: (1) that hydrocarbons should be
better solvents for materials of high solubility 
parameter, and poorer solvents for materials of 
low solubility parameter, than their calculated solu
bility parameters indicate (only the latter has been 
well established), and (2) that the regular solution 
equations represent correctly the form of behavior 
of hydrocarbon-non-hydrocarbon mixtures, pro
vided an empirical solubility parameter be used for 
the hydrocarbon.

It is here proposed to study these two conclusions 
on the basis of data from experimental determina
tion of total pressure above binary liquid mixtures. 
This method of experimentation offers the advan
tages of simplicity of operation and avoidance of the 
possibilities of systematic error inherent in the de
termination of partial pressures. It is superior to 
the much simpler determination of critical solution 
temperatures in that it may be used with systems 
that remain homogeneous throughout the liquid 
range, and in that it can provide data for a wide 
range of temperatures and compositions. An 
advantage of total pressure measurement over de
termination of liquid-vapor equilibrium data is 
that total pressure is readily determined isother-

Cl) Based in part on a dissertation submitted by Joseph A. Neff for 
the degree, Doctor of Philosophy, West Virginia University, May, 1954.

(2) J. H. Hildebrand, J. Chem. Phys., 18, 1337 (1950).
(3) J. H. Hildebrand, B. B. Fisher and H. A. Benesi, J . Am. Chem. 

Soc., 72, 4348 (1950).
(4) J. H. Simons and R. D. Dunlap, J. Chem. Phys., 18, 335 (1950).
(5) D . N. Campbe'l and J. B. Hickman, J. Am. Chem. Soc., 75, 

2879 (1953).

mally, providing information more susceptible to 
comparison with the predictions of the regular solu
tion equations than are the isopiestic data of the 
liquid-vapor equilibrium method. Because of the 
limited nature of the questions asked in this re
search, concerning a restricted group of substances, 
the outstanding disadvantage of the total pressure 
method, absence of any wholly satisfactory method 
of reduction of the data6 is largely avoided.

Experimental
Apparatus.— The apparatus used was essentially that 

described by Sanderson,7 combining the essential features of 
his simplified high-vacuum apparatus-manometer, con
densation traps and McLeod gage, illustrated in his Fig. 37 
with his vapor pressure apparatus-air surge chamber, dif
ferential manometer, and sample chamber diagrammed in 
his Fig. 27. A  Pirani hot-wire gage, calibrated against the 
McLeod gage, also was provided for rapid checking of the 
pressure during experiments, and as an aid in the detection 
of leaks. The sample was introduced into the system by 
distillation under vacuum, and degassed by distillation 
from one condensation trap to another, freezing and pump
ing. The thoroughness of degassing was indicated by con
stancy of pressure with time, and by the agreement of meas
ured vapor pressures of pure substances with the best 
literature values. The liquid sample was constantly stirred 
during a determination by means of an iron bar sealed in 
glass, kept in motion by an external horseshoe magnet 
moved by a reciprocating stirrer.

Since the vapor pressure was determined by finding what 
external pressure had to be applied just to balance the pres
sure developed by the vapors above the liquid, and since the 
volume available for occupancy by the vapors of the liquid 
was small (less than 10 cm .3), there was no appreciable 
change in composition of the liquid during an actual deter
mination. A careful check was made to determine whether 
changes in composition might result from the degassing 
process. Although such changes were found, by analysis 
of samples before and after degassing, to amount to 2 %  or 
less, they were essentially eliminated by determining the 
composition of the sample at the end of each experiment, 
following a one-step distillation out of the system.

The temperature of the sample was measured by means 
of a copper-constantan thermocouple in a thermocouple 
well in the sample chamber. The thermocouple had been 
calibrated against a platinum resistance thermometer 
whose temperature-resistance characteristics had been de
termined by the U . S. National Bureau of Standards.

(6) G. Scatchard in G. K. Rollefson (ed.), "Annual Review of 
Physical Chemistry,”  Vol. I l l , Annual Reviews, Inc., Stanford, Calif. 
1952, p. 269.

(7) R. T. Sanderson, "Vacuum Manipulation of Volatile Com
pounds,” John Wiley and Sons, Inc., New York, N. Y ., 1948, pp. 78- 
105.
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T a b l e  I

P u r if ic a t io n  a n d  P u r it y  M e a s u r e m e n t  fo r  S u b s t a n c e s  U sed

Substance and source

Still
efficiency,

theo.
plates

B.p., °C.,
cor. to 

760 mm.

B.p., °C., 
760 mm. 

lit.
F.p.,
°C.

Mole %
impurity

Benzene, Eastman“ 24 8 0 .126,c 8 0 .0 ' 5 .3 4 0 .1 8
Tetrachloromethane, J. T . Baker 24 7 6 .9d 7 6 .7 ' -  2 2 .9 0 .0 7
Heptane, Eastman 24 9 8 .3 ' 98 .428 ' -  91.025 0 .0 7
3-Methylheptane, synthesized 24 1 17 .7 ' 118 .9 ' - 1 2 2 2 .0
Perfluoroheptane, Carbide and Carbon 100 81. òf 8 2 .5 ; -  76 3 .6
Titanium (IV) chloride, National Lead 5 134.8“ 135 .8 ' -  24 .51 0 .3 4

“ All commercial chemicals best grade of the manufacturer. 6 Literature references for this column give source of dt/dp 
value used in correcting b.p. c F. D . Rossini, et a l ,  “ Selected Values of Properties of Hydrocarbons,” (Circular C461) 
U. S. Govt. Printing Office, Washington, D . C ., 1943, pp. 483. d Ref. 10. 8 F. D . Rossini, et a l ,  “Selected Values of Chemi
cal Thermodynamic Properties,” (Circular C 500), U . S. G ovt. Printing Office, Washington, D . C ., 1952, pp. 588, 716. 
> R . D . Fowler, et al., Ind. Eng. Chem., 39, 375 (1947). g L. L. Quill (ed.), “ Chemistry and Metallurgy of Miscellaneous 
Materials,”  M cGraw -Hill Book Co., New York, N . Y ., 1950, pp. 193-275.

The sample chamber and intermediate differential manom
eter were thermostated in a large Dewar flask, the level
ing of the mercury in the arms of the differential manom
eter being attained by matching a horizontal scratch on a 
previously leveled mirror contained in the Dewar flask. 
The manometer measuring the applied pressure was read 
by means of a cathetometer.Materials.— Standard methods of preparation and purifi
cation, as summarized in Table I , were used for the sub
stances employed.

Purities were determined by f.p . according to the methods 
of Rossini and co-workers,8 the f.p . and purity determina
tion for titanium (IV) chloride being carried out in a closed, 
magnetically stirred f.p . tube9 into which the sample could 
be introduced by distillation under vacuum. The validity of 
results obtained by using this tube was indicated by obtain
ing identical purities within ± 0 .1  mole %  for identical 
samples by use of the closed tube and the conventional Ros
sini apparatus (a non-hygroscopic sample being used for 
this test).Analysis.— All mixtures except those involving titanium- 
(IV ) chloride or perfluoroheptane were analyzed by re
fractive index on the basis of refractive index-composition 
curves determined in the laboratory. Because of the hygro
scopic nature of titanium (IV) chloride, mixtures containing 
it were analyzed by rapid hydrolysis in ice-water, followed 
by dilution to 500.0 ml. and titration of an aliquot with 
standardized sodium hydroxide, using brom thymol blue 
as an indicator. Analysis of known mixtures by this method 
gave results accurate to ± 1 .5 %  of the titanium(IV) chloride 
content.

Mixtures involving perfluoroheptane could not be ana
lyzed by refractive index because of the low index of re
fraction of the fluorocarbon. The composition of these 
samples was determined by the Victor Meyer vapor den
sity method, which was especially well suited to this deter
mination because of the similar volatility and greatly dif
fering molecular weights of the components. The error 
was ± 1 .0 %  in composition, as found by comparison with 
known samples of mixtures of the same materials.

Results and Discussion
The experimentally determined total pressure 

values are given in Fig. 1 (the significance of the 
dotted line in Fig. 1 is discussed, below) and Tables 
II, III and IV. Total pressure data were also de
termined for the system tetrachloromethane- 
benzene, not given, as a check on apparatus and 
procedure. Results for this system were repro
ducible within ±  1 mm. for different samples of the 
same composition, and deviated not more than 
± 3  mm. from the literature values.10’11

(8) A. R. Glasgow, Jr., A. J. Streiff and F. D. Rossini, J. Research 
Natl. Bur. Standards, 35, 355 (1945), and references there cited.

(9) D. N. Campbell, J. A. Neff, R. F. Stewart and J. B. Hickman, 
Proc. West Va. Acad. Sci.. in press.

(10) F. A. H. Schreinemakers, Z. physik. Chem., 47, 445 (1904).
(11) C. P. Smyth and E. W . Engel, J. Am. Chem. Soc., 51, 2636 

(1929).

Heptane, mole % .
Fig. 1.— Total pressure in the system : titanium (IV) chlo
ride-heptane (for significance of dotted lines, see text).

T able  II

T otal Pressure , Syst e m : Perfluoroheptaxe-
3 -M ethylheptane

Perfluoro-
heptane, mole 

fraction 60°
Pressure, cm. at 

65° 70° 80°
0 .0 0 1 0 .2 12 .5 15 .3 2 2 .1

.0912 31 .1 3 7 .3 43 .1 5 3 .0

.314 3 8 .2 4 5 .5 5 3 .8 7 3 .8

.722 3 8 .1 4 5 .5 5 4 .6 7 6 .0

.755 3 8 .6 4 5 .9 55 .1 7 5 .8

.914 3 8 .2 4 5 .6 5 4 .6 7 6 .2
1 .0 0 0 3 4 .3 4 1 .1 4 9 .5 6 9 .6

T a ble  I II

T otal P ressure , System : Perfluoroheptane-  
m-H eftane

Perfluoro
heptane, mole 

fraction 50°
Pressure, cm. at 

55° 60°
0 .0 0 0 14.1 17 .3 2 1 .0

.128 3 1 .9 3 7 .9 4 4 .9

.394 3 2 .3 3 8 .8 4 6 .3

.732 3 2 .8 3 9 .4 4 7 .3

.856 3 1 .8 3 8 .0 4 5 .5
1 .000 2 3 .7 2 8 .9 3 4 .9
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T able  IV

T otal Pressure , Syst e m : T etrachloromethane-  
3 -M ethylheptane

Tetrachloro-
methane,

mole
fraction 25“

Pressure,
35°

cm. at 
50° 60°

0 .00 0 1 .95 3 .2 9 6 .6 8 10.2
.330 5 14 8 .1 2 14.7 2 1 .3
.511 7 .1 3 11.7 19 .6 2 8 .2
.742 9 .3 9 14.2 25 .1 3 5 .7
.930 11.4 17.1 3 0 .1 4 2 .7

1 000 11.4 1 7 .G 3 1 .7 45.1

The dotted lines in Fig. 1 represent the total pres
sure for the system titanium(IV) chloride-heptane 
calculated by the regular-solution relationship
F t =  pi°n-i exp — h )2/R T] +

P2°n2 exp [i>i2t’2(51 — 5o)2/7?7’] (1)

in which F t is the total pressure, p°i and p°2 the re
spective vapor pressures of the two components in 
the pure state at the temperature of investigation, 
m and 7i2 the mole fractions of the two components, 
$i and $2 the respective volume fractions, e.g., 4>i 
equals niVi/(n&i •+ n2v2) (iq and v-2 being the respec
tive molar volumes of the pure components.) 
and 52 are the calculated solubility parameters of 
the pure components, 5 =  (AEv/v)°-h, the values of 
AEv (increase in internal energy of vaporization 
upon vaporization of one mole) and v being calcu
lated for the temperature, T, at which the computa
tion was being made.

Equation 1 follows directly from the Hildebrand 
equation

RT In Tl =  <l>.>'2w1(5l -  5,)2 (2)

and the definition of the activity coefficient, 7, as 
approximately equal to p/p°n.

It will readily be observed in Fig. 1 that the 
actual total pressure of the system is less than that 
computed by equation 1 by an amount well exceed
ing the experimental error (the use of AFv and v at 
the temperature of investigation rather than at 25° 
is a refinement, probably unnecessary in view of the 
stated approximations involved in derivation of the 
Hildebrand equations, but this was done to mini
mize any deli Derate exaggeration of the difference 
between the two curves). This provides experi
mental verification of the implication of Hilde
brand’s3 work that the hydrocarbons are better 
solvents for materials of solubility parameter higher 
than their own, than would be inferred from the 
calculated solubility parameters.

Table IV reports total pressure data for the sys
tem 3-methylheptane-tetrachloromethane, likewise 
illustrating an entirely similar instance of behavior 
more nearly ideal than predicted. However, it does 
not constitute as sensitive a test as to the solvent 
power of the hydrocarbon because of the fact that 
the two parameters concerned have so nearly the 
same value.

Tables II and III present data showing the well- 
established large positive deviations from regular 
solution behavior for mixtures of hydrocarbons and 
fluorocarbons. Such deviations indicate that hy
drocarbons are poorer solvents (than would be ex
pected from the Hildebrand equations) for sub

stances with solubility parameters lower than their 
own.

Analysis of Total Pressure Data.— In order to 
reduce the total pressure data to a form more 
readily available for comparison purposes, the 
following equation could be solved for x, the solu
bility parameter difference, (5i — S2)
F t.. =  Pi°(»;/vi +  v 2)  exp [ O . I S v ^ / R T ]  +

p2\vi/vi +  V2) exp [0.25vix2/R T] (3)

PTe being the measured total pressure when the 
volume fractions of the two components are equal 
(for which 7i\ — v-i/{vi +  v-ì), etc.), x  being identical 
for the two right-hand terms of equation 3.

Use of equation 3 implies that solutions of hydro
carbons follow the regular solution equations pro
vided that an empirical parameter difference be 
used. This is suggested, but not proved, by the 
fact that solutions of a hydrocarbon with a sub
stance of high parameter are more nearly ideal, 
solutions of a hydrocarbon with a substance of low 
solubility parameter more highly deviating from 
ideality, than the regular solution equations predict.

A closer examination of the suitability of the 
form of the regular solution equations, using an 
empirical solubility parameter difference, has been 
made by analysis of the published experimental 
data of Simons and Dunlap4 for the system pen- 
tane-perfluoropentane. This system provides a 
sensitive test for the applicability of equation 3, 
since the apparent parameter difference between the 
components is large—if it were small, the spread 
between the prediction of the regular solution equa
tions, the actual behavior of the system, and ideal
ity would be so small that no firm judgment could 
be made.

As a test of equation 3, the values of p/p°n were 
calculated directly from Simons and Dunlap’s ex
perimental values of pressure of the pure substances 
and mixtures, and compared with values computed 
using equation 3 as follows (use of the method of 
Schultze12 as a means of obtaining partial pressures 
proved entirely inadequate for these data) : x  was 
calculated at the composition corresponding to 
equality of volume fractions of the components 
according to equation 3, and the value of x  inserted 
in equation 2, rewritten for ease in computation as

Pi/i>i°«i =  exp [ ^ i h h x ^ / R T ]  (4)

Table V compares the values obtained.

T able  V

C omparison of Values“ of p/p°n  Obtained  b y  D irect 
C omputation  and b y  E quation  3

Tem p., p /p°n , C5F12 p/p°n , CiHi?
“ K. Direct6 Ëq. 3 Directi' Eq. 3

292 .9 1 .95 1 .89 1 .48 1.51
2 88 .2 1.91 1 .90 1 .59 1 .52
283.1 1.91 1.93 1 55 1 .54
278 .6 1 .98 1.95 1 .49 1 55
2 62 .4 2 .03 1.98 1.53 1 .57
For the composition, n 

b From the data of ref.

o 3d 11 0.393, at ’which 4>i

Evidence having been offered as to the correct
ness of the two implications inherent in the applica
tion of the regular solution equations (using an

(12) W. Schultze, Z .  p h y s ik . C h e m ., 198, 314 (1951).
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empirical parameter) to the non-regular mixtures 
of a hydrocarbon and a non-hydrocarbon, some de
rived results of experimental determinations are 
given in Table VI.

T a b l e  VI

C o m p a r iso n  o f  V a l u e s  of  (<5, — So), etc., fr o m  C o m p o n e n t s  
a n d  S o l u t io n s  P r o p e r t ie s

1 2 3 4  5
(5i — 52) from ¿apparent,
properties of Hydrocarbon,

Temp., Ihire com Solu '(AEv/i’)'
System °K . ponents tions“ - h ! 4 — 3[

TÍCI4- C 7H 16 3 23 .2 1.901 1.110 7 .89
3 33 .2 1 .798 1.098 7 .5 4

C C h -C 3Hi8 323 .2 1.271 1 .000 8 .2 4
3 33 .2 1 .218 1.000 8 .11

C 7F ,r-C 7H 16 3 33 .2 1.56 2 .65 7 .75
C-7P i6“ CgH]8 333 .2 1.73 2 .77 8 .0 5

" Calculated by equation OO.

In Table VI, column 5 represents an arbitrary 
and empirical solubility parameter for the hydro
carbon— ascribing all the effect of deviation :o  the 
alteration of the parameter of the hydrocarbon. It 
is considered significant that essentially the same 
numerical value of the parameter is obtained for 
each hydrocarbon, whether it is derived from calcu
lations based on the behavior of mixtures with sub
stances of higher, or of lower parameter.

Acknowledgments.—The director of this work 
(J. B. H.) gratefully acknowledges the assistance of 
a grant from the National Science Foundation, a 
part of the time made available by which was spent 
on this work; the authors acknowledge the assist
ance of the Atomic Energy Commission (as repre
sented by Carbide and Carbon Chemicals Co.), the 
Minnesota Mining and Manufacturing Co., and 
the National Lead Co. in making samples of mate
rials available free or at special prices.

TRACER ELECTROPHORESIS. II. THE MOBILITY OF THE MICELLE OF 
SODIUM LAURYL SULFATE AND ITS INTERPRETATION IN TERMS OF

ZETA POTENTIAL AND CHARGE1
B y  D. S t i g t e r 2 a n d  K. J. M y s e l s
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Measurements of electrophoretic mobility of micelles of sodium lauryl sulfate in water and salt solution at finite concen
tration of micelles are extrapolated to infinite dilution of micelles. Corresponding zeta potentials and charges at the shear 
surface of the micelle are calculated according to several theories including new modifications of Booth’s approach. The 
great effect of the curvature of the double layer and of relaxation effects is thus established for these systems which are far 
from ideal even at the C M C . A comparison of the zeta potential with that calculated from the charge of the lauryl sulfate 
ions forming a smooth micelle with a diffuse double layer leads to a large discrepancy. A  “ roughness”  of the surface of the 
micelle is therefore suggested. The calculations involved required the computation of charge-potential and of potential- 
distance relations for double curved layers at high potential. These general problems are dealt with in appendixes.

The size, charge and shape of a micelle, besides 
their intrinsic interest, provide experimental tests 
for any theory of association colloids, yet they are 
still a matter of uncertainty. In the present paper 
we shall present accurate measurements of the elec
trophoretic mobility of micelles of pure sodium 
lauryl sulfate (NaLS) obtained by the tagging 
technique suggested by Hoyer.3 This mobility 
is obviously related to the charge, size and shape 
of the micelle and to the composition of the solu
tion. These relations are not yet fully elucidated 
but it is shown that they lead already to a reason
ably accurate estimate of the f  potential and of the 
charge of the micelle. The f  potential is quite 
high: 65-100 mv. and the charge corresponds to 
25-30% ionization, which is not readily explain
able by the conventional picture of a smooth micelle 
surface. Since the experimental accuracy greatly 
exceeds that of the interpretation, the present 
data should be capable of yielding more accurate 
estimates of charge as the theories are developed 
further.

(1) Presented in part at the J. W. McBain Memorial Symposium 
of the Division of Colloid Chemistry at the American Chemical 
Society meeting, Chicago, September, 1953.

(2) Bristol Myers Company Fellow, 1952-1953. Present address, 
Shell Research Laboratories, Amsterdam, The Netherlands.

(3) H. W. Hoyer and K. J. Mysels, T h i s  J o u r n a l , 54, 966 (1950).

Experimental
Methods and Materials.— The open tube method of 

measuring electrophoretic mobilities4 and the sodium lauryl 
sulfate5 and orange O T tracer5 used have all been described 
previously. Oil red N-1700 obtained from the American 
Cyanamid Co. wras purified by solution in acetone and pre
cipitation with water repeated twice and followed by double 
recrystallization from ethanol-benzene.

Validity of the M ethod.— Three questions may be raised 
concerning the validity of our measurements. Is the mobil
ity of the tracer accurate? Does introduction of the tracer 
dye modify the micelle? Does the mobility of the tracer 
equal that of the micelle? The first question has already been 
discussed in the first paper of this series.4 The second ques
tion, about the disturbing effect of the dye, has been par
tially answered previously6 but we can add the fob owing: 
(a) D r. H . W . Hoyer has found7 that two different dyes, 
Sudan IV  and Nile black, give the same mobilities (3.52  
and 3.51 X  10-4 cm .2 v . -1 sec.-1, respectively) for the 
micelle of 5 %  potassium laurate solutions and we have found 
that orange OT and oil red N -1700 in 3 .5 %  solutions of 
sodium lauryl sulfate give the same mobilities (3 .70 , 3.75  
and 3.74, 3.73 X  10-4 cm .2 v . -1 sec.-1 , respectively). It 
would be quite a coincidence if the disturbing effect of dif
ferent dyes were significant and yet the same, (b) The 
fact that orange O T in saturated solution does not affect 
measurably the critical micelle concentration of sodium

(4) H. W . Hoyer, K. J. Mysels and D. Stigter, ibid., 58, 385 (1954 ).
(5) R. J. Williams, J. N. Phillips and K. J. Mysels, Trans. Faraday 

Soc., submitted.
(6) K. J. Mysels and D. Stigter, T h is  J o u r n a l , 57, 104 (1953).
(7) Ph.D. Dissertation, 1951, University of Southern California.
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lauryl sulfate6 suggests strongly that its effect on other micel
lar properties should be negligible.

There remains the question of identity of mobility of dye 
and micelle or in other words, whether the dye moves only 
by "riding”  in a micelle. This is to be anticipated qualita
tively because of the low mobility of the dye and its virtual 
insolubility in water.

Quantitatively, we may assume that in a given soap 
solution a constant fraction K  of the total dye concentration 
C is dissolved in water and the remainder (1 — K )C  is solu
bilized by the micelles. The total transport of dye J  is the 
sum of the transport j*  in water and that j m in the micelle 
with corresponding mobilities U, a .  and um. Hence

=  Ku^,C a n d jm =  (1 — K )u mC

then
J  =  UC  =  [Kuv, +  ( 1 -  K )u m]C  

or

U Wm I 1 -  K  ( l M l
L V Um/ J

For a non-ionic dye the ratio vanishes and for any
water insoluble, easily solubilized dye K  must be negligible.

Colorimetric measurements on orange O T solution6 show 
that even in our most dilute solutions K  does not exceed 1.5 
X  10 _3 so that any difference between the mobility of this 
tracer and of the micelle is well within experimental error.

Oil red N -1700 is more soluble in water and less easily 
solubilized by micelles so that K  in this case is larger. W e  
found that the mobility of this dye in dilute (0 .4 5 % ) solution 
of N aLS was lower by 5 ±  2 %  than that of orange OT while 
in more concentrated (3 .5 %  NaLS) solution, where K  is 
much smaller, the difference of mobilities was negligible as 
pointed out above. This confirms qualitatively the above 
reasoning, although the lack of precision does not permit 
quantitative procf.

Results.— The results of our measurements are 
shown in Fig. 1. Each open circle represents an 
individual measurement. Only measurements in 
which a source of error, such as a leak, was clearly 
apparent are omitted.

Concn., g./lOO cc.
Fig. 1 .—  Electrophoretic mobility at 25 ° of sodium lauryl 

sulfate micelles in water and salt solution: O , orange OT  
tracer: • ,  oil red N  1700 tracer; o, extrapolated values at 
the C M C .

Interpretation
Any interpretation of the experimental results 

is bound to involve a model of the system. Our 
considerations are based on a spherical micelle 
(which is the only one susceptible of exact calcu

lations) surrounded by an electrical diffuse double 
layer which neutralizes its charge and wrhose 
average thickness depends on the effective ionic 
strength of the solution, i.e., the ionic strength 
prevailing outside of these double layers. Both 
sodium chloride, when present, and any unassoci
ated NaLS contribute to this effective ionic 
strength.

Several theories of electrophoretic behavior of 
colloidal ions in the presence of small ions are 
known and we shall discuss them in some detail 
later. None of them takes into account the inter
action of the colloidal ions with each other. These 
theories can therefore be applied only at “ infinite 
dilution of micelles,” yet as shown by the slope of 
lines of Fig. 1 this interaction has a marked effect. 
Infinite dilution of micelles may be assumed at the 
critical micelle concentration (or CMC) if properly 
defined.6 Therefore, mobility values at the CMC 
are needed and these can be obtained only by extra
polation.

Extrapolation.— Extrapolation requires a theory 
of micellar interaction. An outline of such a 
theory has been proposed elsewhere,8 and the 
present data extrapolated according to it. We 
assume that the repulsion of electric double layers 
prevents any direct interaction of micelles except 
where the volume occupied by the double layers is 
so high that they must overlap. This is the case 
in water alone above about 2% concentration and 
explains the curvature found in this region. Other
wise the true mobility of the micelle, with refer
ence to the solvent and at constant salt concentra
tion in the bulk of the solution, remains the same. 
However, Cl“  ions are mostly excluded from the 
solution within the double layer so that as the 
concentration of NaLS increases the salt concen
tration in the bulk of the solution increases and the 
mobility of the micelle correspondingly decreases. 
The slopes thus calculated are shown by the dotted 
lines in Fig 1. The remaining large part of the 
slope is attributed to a linear effect of back flow of 
solution entrained by the double layers as sug
gested by Enoksson9 for sedimentation rate. 
This frame-of-reference effect is interpolated for 
intermediate concentrations from values obtained 
for the well-defined slopes at 0, 0.01 and 0.1 M 
NaCl. Finally, these slopes are fitted to the points 
for each concentration.

The average deviation of experimental points 
from the lines is 0.35% which is only slightly more 
than the error due to colorimetric dye determina
tions. The extrapolated mobilities are given 
closely by the relation logi0 u =  3.582 — 0.115 
logioC, where C is the total molarity of Na+ ions 
at the CMC. It may be noted that any reasonable 
extrapolation gives results within about 1.5% for 
the mobilities at the CMC.10

The f  Potential.—This potential between the 
shear surface of the micelle and the bulk of the 
solution is related to the mobility at the CMC 
u, the “ thickness”  of the double layer 1/ k, and

(8) D . Stigter, Rec. trav. chim., 73, 605 (1954); Thesis, Utrecht 1954. 
Due to the use of less accurate values of parameters the f  potentials 
quoted are slightly too low.

(9) B. Enoksson, Nature, 161, 934 (1948).
(10) The CMC values used are from the best line of reference 5.
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the radius a of the micelle. For the radius a of the 
micelle we take the results of molecular weight 
determination by light scattering11 assuming a 
density of o 1.14 and a monomolecular hydration 
layer 1.5 A. thick. This agrees with values ob
tained from self diffusion measurements12 within 
the accuracy of the latter. The ionic strength 
determining 1/k is taken as due to the total NaLS 
present at the CMC plus any NaCl added. Other 
constants used are XNa+ =  45, Ac,- =  70, Al s -  = 
18 for ionic mobilities; D =  78.5 for the dielectric 
constant; and?? =  0.894 centipoise for the viscos
ity of the solvent.

The relation between mobility and zeta poten
tial can be always expressed as a power series in f

u =  Cif +  CW2 +  Ci£3 +  C4c  . . .  (1)

Theories of electrophoretic mobility deal with the 
values of the coefficients (7?.

The first approximation was given by Smolu- 
chowski,13 who set Ci =  D/iirri and omitted the 
higher terms. This is valid for a double layer 
which is flat or thin compared to the radius of the 
particle, i.e., na !§> 1. Henry14 took into account 
the commensurate dimensions of the particle and 
its double layer and obtained Ci as a function of na 
varying between Smoluchowski’s value and D/Qm) 
while the higher terms are again omitted.

Henry’s formula is valid if deformation of the 
double layer by the electrophoretic motion is 
negligible. To take this deformation or relaxation 
effect into account Overbeek15 calculated the two 
next terms, C2 and Cs, for the general case. Later 
Booth16 investigated the case of symmetrical 
electrolytes where C2 =  0 and obtained expressions 
for C3 and C4. In both these treatments Ci has the 
value calculated by Henry and the higher C’s are 
function of «a and of the mobilities of the ions 
present. The Cs term is common to both treat
ments and despite independent derivation and 
different form, its value is the same within the com
putational error of about 3%.

Normally u is the experimentally accessible 
quantity and f  the calculated one. The application 
of Overbeek’s and especially Booth’s expression is 
quite awkward as it involves the solution of third 
and fourth degree equations, respectively. A 
great simplification may be obtained by inverting 
series (1). For the case at hand of a symmetrical 
salt where Ci =  0 we obtain

V Cs
'Cx! f ë ) ' [ - ( g ) W - ( F (

- k m - m w - m w

y - ]

(2)

The series in square brackets converge very rapidly 
for the present data and may be set equal to unity 
without introducing a significant error. Then,

(11) J. N. Phillips and K. J. Mysels, T his Journal, submitted.
(12) D. Stigter, R. J. Williams and K. J. Mysels, ibid., submitted.
(13) M . Smoluchowski, Z. physik. Chem., 93, 129 (1918).
(14) D. G. Henry, Proc. Roy. Soc. (London), A133, 106 (1931).
(15) J. Th. G. Overbeek, R oll. Beih., 54, 316 (1943); Thesis, 

Utrecht, 1941.
(16) F. Booth, Proc. R oy . Soc. (London), A203, 514 (1950); on p. 

530, line 17, Xi*(b) should read 2/3Xi*(Z>).

with Booth’s notation for the coefficients C, and 
introducing dimensionless units, (2) becomes

A3* + y3* + q,*Z,
X i*

( 3 )

where <f>0 =  e£/kT (f =  25.7 mvolts for $0 =  1 at 
25°) and u' =  (6Trje/DkT)u (u ' =  0.752 for u =  
10-4 cm.2 volt“ 1 sec.-1 at 25° in water). The 
factors X * ,  Y* and Z* depend on k <x  only14 while 
q* is related to the ionic mobilities.17

Figure 2 shows f  values computed from the 
extrapolated values of Fig. 1 using equation 3 when 
successive terms are taken into account and also 
the results obtained with Smoluchowski’s expres
sion. Their comparison shows clearly that in our 
systems, taking into account the thickness of the 
double layer increases the f  value by some 50% and 
introduction of relaxation effects raises it by an
other 15-20%.

Fig. 2.— Zeta potentials of micelles of sodium lauryl sul
fate at the C M C  in water and salt solutions as calculated 
by several theories.

We have also used the original Booth series. The 
results, shown by the broken line in Fig. 2, are 
some 10% higher than those of the inverted series. 
This difference is not surprising since only an in
finite series is identical "with its inverted form. 
It is very difficult to estimate the error in f  when 
the original Booth equation is to be solved for f. 
On the other hand, the error introduced by omis
sion of higher terms in the inverted series is ex
pected to be of the order of the last term accounted 
for, f.c., 1"Booth ~ Ôverbeek, provided that the

(17) Numerical values of q* /6 are given in reference 15, page 316, 
table 3.
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series converges somewhat regularly, which seems 
to be the case here. The inverted series should 
therefore give quite reliable results.

We have also investigated the effect of changing 
q* and na on fBooth. A 10% change of q* changes
¿'Booth by about 0.7%. This shows that our as
sumption of constant \ values does not introduce 
any significant error. A 10% change of kq shifts 
s'Booth by only 0.1%. Therefore, our computation 
of k cannot introduce any significant error. Fur
thermore, moderately large variation in a, i.e., 
in the radius of curvature of the micelle surface, 
is immaterial. Hence, the spherical model of the 
micelle can be replaced by an ellipsoidal one with
out changing the calculated £ potential signi
ficantly.

The Micellar Charge by Booth’s Method.— The
mobility can also be expanded in terms of the charge 
Qe of the particle. Booth has computed the coef
ficients of such a series up to the (Qe)4 term in the 
case of symmetrical electrolytes.

This series is similar to that of u in £, equation 1. 
However, the numerical solution is more difficult. 
We have inverted it and obtained a series of the 
same form as (2) with stars omitted from X*, Y* 
and Z*, and with $0 replaced by

R =  Qe*/aDkT (4)

(for R =  1 and a in cm., Q =  0.1401a X 10s at 25° 
in water). This inverted series can be used readily 
in calculations. Figure 3 shows the values it yields 
upon taking successively into account the first 
term (QHemy), the second (Qoverbeek) and the 
third (QBooth).

Fig. 3.— MioeFar charge of sodium lauryl sulfate at the 
C M C  in water and salt solutions as calculated by several 
theories.

Comparison of Figs. 2 and 3 shows that the 
convergence o: the two series giving £ and Q re

spectively, in terms of u is different. It is there
fore of interest to compare them more closely.

The Micellar Charge from f  Potential.— For low
potentials the relation between the charge Q and 
the £ potential is given by

R = (1 +  Ka)$o (5)
which connects the first, or Henry, terms of the 
two series. For higher potentials, when non
linear terms become important, a correction factor 
must be introduced. Appendix I gives a method 
of estimating this correction factor. The results 
thus obtained from ¿"Booth are also shown in Fig. 3 
as Qf. They are some 10% higher than QBooth 
and even somewhat higher than Qoveibeek-

The average f  potential and the total particle 
charge are unaffected by the electrophoretic motion 
under the assumptions of the Booth theory. Hence 
the assumption of an undistorted spherical double 
layer in the calculation of Qf, cannot cause the 
difference between QBooth and Qf. The discrep
ancy must therefore lie in the neglected higher 
terms of the series.

The series for f  converges faster than the one for
Q. It appears therefore that the error produced by 
neglecting higher terms is lesser in calculation of £ 
from u than Q from u. Since the calculation of Q 
from £ involves few inaccuracies we feel that Qf 
should be closer to the truth than QBooth.

As already mentioned, £ is not sensitive to 
changes in tea, but this is no longer true for Q which 
changes by about 1% when k changes by 1% or a 
by 0.5%.

Comparison with Other Calculations of Charge.
—When ion atmosphere effects are negligible, the 
mobility of an ion is equal to the force exerted by 
its charge in unit field divided by its friction factor. 
The latter may be calculated either from Stokes 
law or by multiplication of the friction factor of 
the monomeric ion by the cube root of the degree 
of association. These two calculations give results 
within 20% of each other but the values of the 
charge thus calculated for our case decrease (from
10.4 and 8.7 to 8.7 and 7.3, respectively) instead of 
increasing as the concentration of NaCl increases 
and amount to only 50 to 25% of Qt. This em
phasizes the danger of considering micelles as ideal 
electrolytes even under conditions of infinite dilu
tion with respect to micelles.

From the slope of light scattering plots one can 
compute a charge p which is an effective thermo
dynamic charge.18 For our case the charge p is 
essentially constant at about 14.11 The ratio of 
Qf and p gives an indication of the activity coef
ficients to be expected in these solutions.

The Degree of Ionization.— The micellar charge 
can be also expressed as a degree of ionization, 
a = Q/n, where n is the number of anions in the 
micelle, a is slightly less sensitive to errors in a 
than Q since a is related directly to nt.

Summary of Results.— Table I summarizes the 
properties of micelles of sodium lauryl sulfate at the 
CMC as they emerge from the present discussion. 
It may be noted that while both the size and charge

(18) J. T. Edsall, H. Edelhoch, R. Lontie and P. R. Morrison, 
Am. Chem. Soe., 72, 4641 (1950); K. J. Mysels, T h i s  J o u r n a l , 58, 
303 (1954).
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T a b l e  I

T h e  C a l c u l a t io n  of  Z e t a  P o t e n t ia l  a n d  C h ar g e  o f  M ic e l l e s  of  S o d iu m  L a u r y l  S u l f a t e  a t  25°
CMC,“ MC X HH a, c iB ooth ,

m.N'iitl mmoles/l. n b cm.2 v . -1 sec. cm. X 10 -s KO, mv. Q t

0 8 .12 80 4 .5 5 2 1 .5 0 .61 10 1 .2 22.9 0 28 "
.01 5 .2 9 89 4 .26 22.1 0.86 9 2 .3 25 .1 281
.03 3 .13 995 3 .8 4 2 3 .0 1 .32 8 0 .9 2 8 .5 285
.0.5 2 .27 1045 3 .6 3 2 3 .4 1 .69 7 5 .0 3 0 .9 295
.1 1 .46 112 3 .4 2 2 4 .0 2 .40 68.3 36 .3 324

0 Best line of reference 5. 6 Degree of association, reference 11. 
. dration layer. d Degree of ionization =  Qf/n.

“ Hydrated radius from n , with density 1.14 and 1.5

increase upon the addition of salt, the degree of 
ionization remains constant within the uncertainty 
of the determination.

Structural Consequences.— In this section we 
shall assume that the polar heads of the anions 
are distributed uniformly over the spherical surface 
of the micelle. This is equivalent to assuming an 
essentially liquid interior of the micelle. However, 
a more highly organized micelle, in which the polar 
heads are closer together, would only make the 
argument more cogent.

The n charges of all the anions, or the native 
charge of the micelle, distributed uniformly over 
the surface of the unhydrated micelle (radius =  
<i— 1.5 A.) give rise at this surface to a potential 
ip°. The first approximation i/'°Coui is calculated 
simply from Coulomb’s law, the second i1°dh uses 
the first (Debye-Hiickel) approximation of the dif
fuse double layer, and ^°GoUy uses the treatment 
presented in Appendix II for estimating correctly 
the effect of this double layer. The results sum
marized in Table II show that the diffuse double 
layer reduces the coulombic potential to a small 
fraction and that the Debye-Hiickel approxima
tion is inadequate under the high charge conditions 
prevailing here.

T a b l e  II

Po t e n t ia l s  a t  t h e  S u r f a c e  o f  t h e  U n h y d r a t e d  M ic e l l e

^°cou 1, i¿0D H ( i/'0Gouy, f  Booth, A,
mNaCl m v. m v. m v. m v. Â.

0 720 450 190 10 1 .2 7 .4
.01 780 430 178 9 2 .3 6 .6
.03 830 370 161 8 0 .9 5 .6
.05 860 330 150 7 5 .0 +  8
. 1 900 280 136 68.3 4 -0

The f potential is, as would be expected , lower
than +° since it is measured at the surface of the‘  o
hydrated micelle some 1.5 A. further out. The sur
prising fact is, however, that it is so much (45- 
50%) lower.

If a diffuse double layer and dielectric constant of 
80 are assumed, the empirical relation between po
tential and distance given by Hoskin19 and dis
cussed further in Appendix II shows that the po
tential drop from ^°Gouy to f  Booth should not occur 
until a distance A (shown in Table II) varying be
tween 7.4 and 4.0 A. from the surface of the un
hydrated micelle. The discrepancy between the 
calculated and experimental values seems to be 
far beyond either experimental or computational 
errors.

Thus it appears that the sodium gegenions are 
concentrated at the surface of the micelle and

(19) N. E. Hoskin, Trans. Faraday Soc., 49, 1471 (1953).

within the surface of shear to a much greater ex
tent than is predicted from the simple Gouy model. 
Introduction of finite ionic radii would only in
crease the discrepancy since the gegenions could 
not get as close to the micelle.

We are therefore faced with the necessity of 
introducing a new factor which would facilitate the 
adsorption of the gegenions on the surface of the 
micelle. Specific interactions, leading to partial 
dehydration and chemisorption, are unlikely in 
view of the small effect of the nature of gegenions 
on the critical micelle concentration.

The Rough M icelle.—A more plausible explana
tion lies in the fact that the surface of the micelle 
is not likely to be smooth, with polar heads parti
ally buried in the hydrophobic body of the micelle. 
On the contrary, the heads may be expected to rise 
above the surface so as to expose their whole polar 
area to water. If they are distributed uniformly, 
each has about 60 A.2 available, i.e., some 2.5 times 
the area occupied in close packed monolayers. 
The smaller sodium ions should therefore be able 
to penetrate between the polar heads while re
maining hydrated. This arrangement, of course, 
favors the adsorption of the gegenions by purely 
electrical forces in the high potential region around 
each polar head within the hydration layer of the 
micelle.

Thus the roughness of the micelle may explain 
its relatively low degree of ionization.
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Appendix I
The Potential-Charge Relation.—For high poten

tials relation (5) must be replaced by
S  =  )S(1 +  «a lio  (6)

The correction factor ft can be expanded in even 
powers of $0

(3 = 1 +  + 2Í 02 +  -1 ACIV1 +  . . .  (7)

Hoskin19 found that this series converges very 
rapidly by comparing it with results obtained using 
an electronic computer. The coefficients A2 and 
A i, given in equations (4,2) of his paper, are com
plicated functions of k g .
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K a.
Fig. 4.— Interpolation function for the charge-potential relation. Circles based on Haskin's computation, squares on

series (7). Lowest line D q =  At/24.

From the known explicit expression of Verwey 
and Overbeek20 for the surface charge of a flat 
double layer, one obtains for the limit ft of (3 as 
kci becomes infinite

01 = losinh I  (8)
or, after expansion

<t>n2
3f =  1 +  24 +  ' ' ' (9)

It is advantageous to introduce the function
T\ { „' i ^ (4*0, l id ')  1D q($ 0, Kd) =  ft($o) _  1 (10)

For any 4>0 this function compares the deviation 
of the Debye-Hiickel approximation from the real 
value with its deviation from the Verwey and Over
beek value for a flat surface. For $0 1 the
expression for L q reads, in view of equations 7 
and 9, D q =  At/24. In Fig. 4, D q is plotted 
versus log ko. The open circles have been derived 
from Hoskin’s ftvalues (electronic computer) 
and equation 3. The squares have been calculated 
with series (7) and equation (8).

Although the latter values for $0 =  4 might be 
slightly too low because terms higher than <f>04 were 
omitted in series (7), the points indicate that all 
curves follow quite closely the one for $0 <C 1.

(20) E. J. W . Verwey and J. Th. G. Overbeek, “ Theory of Stability 
of Lyophobie Colloids,” Elsevier Publishing Co., New York, N. Y., 
1948, pp. 25-26.

As $0 increases the effective thickness of the double 
layer decreases, the system resembles more a flat 
double layer and the curves shift toward D q =  1.

If 4>o is finite, na tends to zero as a approaches 
this limit. Under these conditions, the average 
potential within the double layer also tends to 
zero so that the Debye-Hiickel approximation be
comes valid.21 Therefore, D q =  0 for «a =  0. 
On the other hand, according to its definition by
(10), D q =  1 for KCI =  co .

The curve for f ( «  1 and the points in Fig. 4 
permit rather precise estimates of Dq for any values 
of $o and Ka and the relevant value of /3 can then be 
obtained directly with the help of equations 10 and 8.

Appendix I I
The Potential Distance Relation.— -The empirical 

equation given by equations (4,3) of Hoskin19 
reads in our notation

$  =  $0 \ e b~ x +  ( l  -  ( I I )

with b =  m  and x = nr, r — d is the distance from 
the surface of the spherical particle.

The expression in brackets is a correction to the 
Debye-Hiickel approximation represented by the 
preceding factor. For large values of b — x, i.e., 
far from the surface, the correction factor is a con
stant and equals 1/y.

(21) Cf. G. S. Hartley, Trans. Faraday Soc., 35, 31 (1935).
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K a.
Fig. 5.— Interpolation function for the potential-distance relation, lowest line from equation (13).

The factor y is a function of and of «a and 
can be estimated by a procedure analogous to that 
described in Appendix I.

In the limiting case of na =  , y can be computed
by Yerwey and Overbeek’s explicit potential- 
distance relation in a flat double layer.21 Some 
values are as follows
i o O l  2 3 4  5 6 8
7f 1 1 .019  1 .079 1 .178  1 .309 1 .474  1 .656  2 .0 8

It is convenient to define the interpolation function

£>$(<*„, *a) =  ~  1 (12)

which again compares the deviations of the 
Debye-Hiickel approximation for any <f>0 from the 
true value for k<z and for the flat double layer.

For $0 -C 1 the value of D.t can be computed 
by the expression
$ „ <  1 £>4. =  8b2[2eibE(4b) -  e2bE{2b)}

with E {u )  =  J ’  ~  du (13)

which is derived from the series given by Gronwall, 
LaMer and Sandved22 to express <f> in powers of the 
particle charge. The lower curve of Fig. 5 shows 
the values thus computed. The points for higher 
$o values have been computed with Hoskin18 values 
of C . (=  l/y) and Table IV.

For all values of $0, Ur —> 0 for na —> 0 and D —»1 
for Ka —■> . D,p is similar to Dq and the dotted 
lines have been drawn accordingly. In fact both 
functions may be regarded as measures of the ef
fect of divergence of the electric field in the double 
layer around the spherical particle. This may ex
plain the position of the transition range in the 
neighborhood of Ka =  1.

Equation 12 with Fig. 5, and the table of yt 
values, permits a precise estimate of y for any 
system of given $0 and ku. The potential at any 
point is then given rapidly by equation 11.

(22) T. H. Gronwall, V. K. LaMer and R. Sandved, Physik. Z., 28, 
358 (1928).
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QUATERNARY LIQUID SYSTEMS WITH THREE LIQUID PHASES
B y  G e o r g e  M .  H a r t w i g , G e o r g e  C. H o o d  a n d  R u s s e l  L .  M a y c o c k  

Shell Development Company, Emeryville, California
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Liquid phase equilibrium data are presented for the systems acetonitrile-water-benzene-heptane at 25° and sulfolane- 
water-benzene-heptane at 25°. A  detailed discussion of the phase behavior of three liquid phase regions is given using the 
acetonitrile system as an example.

Introduction
Relatively few data exist for systems comprised 

of four liquid components. A summary published 
in 1949 lists only fifteen different systems which 
have been investigated.1 More recently data con
cerning four quaternary liquid systems with two 
immiscible liquid pairs have been published.2 This 
paper presents data on two new systems (benzene- 
heptane-sulf ©lane-water and benzene-heptane-ace- 
tonitrile-water) and gives an interpretation of the 
phase behavior in the regions containing three liquid 
phases.

Experimental
The materials used in this investigation were purified as 

follows.
Benzene.— Solvent grade material was purified by azeo

tropic distillation. Acetone was used as the entraining 
agent to remove impurities like cyclohexane. The benzene 
was then distillée through a 20-plate Oldershaw column at 
a reflux ratio of 10 in order to obtain a heart cut. The re
fractive index of the heart cut was ?i20d  1.5013.

Heptane.— Solvent grade material was purified by pas
sage through a silica gel bed in order to remove aromatics. 
The heptane was then distilled through a 20-plate Older
shaw column at a reflux ratio of 10 in order to obtain a heart 
cut. The refractive index of the heart cut was n20D 1.3864.

Sulfolane.3— Material synthesized by the Shell Develop
ment Company was purified by a vacuum flash distillation. 
The purity of a heart cut was established by the m .p ., 
namely. 27.4 ±  0 .1 ° .

Acetonitrile.— Eastman Kodak Company material was 
used without further purification, nwD 1.3446.

The equilibrium liquid phase compositions of various 
gross starting mixtures were determined by the following 
procedure. The starting mixture which always contained 
a hydrocarbon to non-hydrocarbon ratio of 1 wras placed in a 
pressure vessel constructed of heavy walled glass tubing 
sealed to a half inch glass industrial joint. A  stainless steel 
fitting, containing the sampling lines and valves, was at
tached to the industrial joint and sealed with a Teflon gas
ket. Teflon O rings were used for valve seats and as valve 
packing. Small bore tubing was used for the sampling 
lines to minimize holdup. The pressure vessel was shaken 
in a thermostatod bath of silicone oil by an air driven piston. 
After vigorous shaking for a half hour equilibrium was pre
sumed to have been attained. This was checked on occa
sion by shaking samples ten minutes longer and analyzing. 
No differences from the half hour results were detected. 
The phases were allowed to separate for an hour or longer 
before sampling. When the phase separation was complete, 
samples of the phases were forced out of the pressure vessel 
by nitrogen pressure. The first few ml. of liquid were dis
carded and then samples for analysis were withdrawn.

Analysis of the phases was accomplished by first separat
ing the hydrocarbons from the non-hydrocarbons. The 
samples containing acetonitrile were processed by water 
washing. A weighed portion of one of the equilibrium 
phases was mixed with about seven times its volume of water

(1) J. C. Smith, Ind. Ena Chem.. 41, 2932 (1949); 42, 1438 (1950).
(2) Y. C. Charg and R. W. Moulton, ibid., 45, 2350 (1953).
(3) The structural formula for sulfolane is j |

o^  N0

in a Babcock bottle, weighed and centrifuged. The hydro
carbon collected in the neck of the bottle; a small portion 
of the hydrocarbon layer was removed for refractive index 
analysis. The remaining hydrocarbon was removed by 
withdrawing it with a hypodermic syringe, being careful not 
to approach the interface too closely.

Isopentane was added to the thin layer of hydrocarbon 
remaining, and the mixture removed in the same way. 
This procedure was repeated until no visible hydrocarbon 
remained after evaporation of the isopentane. The bottle 
and its contents were then weighed, the loss in weight being 
considered to represent the original hydrocarbon content.

The samples containing sulfolane were processed by dis
tillation. A  weighed portion of one of the phases together 
with a small amount of water was distilled in a micro Pod- 
bielniak column. This column was 8 m m . in diameter, 12 
inches long, and had a holdup of only 0.2 g. A  reflux ratio 
of 2 /1  was used. All of the hydrocarbon and a small 
amount of water were distilled into a Babcock bottle. Water 
was added to fill the bottle, and the remaining steps were 
the same as described above for the water washing method.

The relative amounts of benzene and heptane in the hy
drocarbon mixtures withdrawn from the. Babcock bottles 
were obtained from refractive index measurements; a for
mula of the type

_  __ h — n
” ( h — n) +  k(n — a)

where

w =  wt. fraction heptane 
n =  refractive index of mixture at 20° 
a =  refractive index of pure heptane 
b =  refractive index of pure benzene 
k =  a constant

was found to correlate the refractive index with the weight 
fraction of heptane in a mixture. The value of k was deter
mined by measuring the refractive indices of several weighed 
mixtures of benzene and heptane. An average value of k 
=  1.53 was found for nine experiments with benzene-hep

tane mixtures. Using this value of k the composition of the 
original mixture could be calculated from the refractive in
dices to an accuracy of ± 0 .0 0 2  weight fraction.

The_ amount of water in the samples was obtained by 
analysis of separate samples using the standard Fisher 
method.

The amount of acetonitrile or sulfolane in the samples was 
calculated by difference, knowing the hydrocarbon and 
water content of the samples.

The data obtained are given in Tables I and II.

Results
As shown by the data the systems acetonitrile- 

water-benzene-heptane at 25° and sulfolane-wa
ter-benzene-heptane at 25° possess regions where 
three liquid phases coexist. At 100° the system 
sulfolane-water-benzene-heptane no longer pos
sesses a three liquid phase region. The phase be
havior of these types of quaternary systems will be 
discussed using the system acetonitrile-water - 
benzene-heptane as an example.

A simplified, out of actual scale, schematic dia
gram of this system is shown as Fig. 1. This figure 
shows only the ternary relationships on each of the 
faces of the tetrahedron. Two of the faces have 
binodal curves a,b,c and g,h,f with plait points
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T a b l e  I

A c e t o n it r il e - W a t e r - B e n z e n e - H e p t a n e

Temp. =  25°, non-hydrocarbon /hydrocarbon =  1 for quaternarj" mixtures, A  =  acetonitrile, W  =  water, B =  benzene,
H  =  heptane. All compositions are weight per cent.

Com
ponents

Starting
mixture

Top
phase

Bottom
phase

Starting
mixture

Top
phase

Bottom
phase

Starting
mixture

Top
phase

Bottom
phase

Middle
phase

Starting
mixture

Top
phase

Bottom
phase

Middle
phase

B 7 .0 5 .3 6 .2 2 1 .6 18.0 2 1 .0 7 .0 9 .7 0 3 .2 15.6 19.8 0 • 14.6
H 4 3 .0 9 1 .2 10.6 2 8 .4 7 3 .9 18.1 4 3 .0 8 7 .0 0 2 .0 3 4 .4 74 .6 0 8 .2
A 5 0 .0 3 .5 8 3 .2 5 0 .0 8.1 6 0 .9 3 5 .0 3 .3 4 1 .5 6 5 .2 2 7 .5 5 .6 2 9 .2 6 7 .8
W 0 0 0 0 0 0 15.0 0 5 8 .5 2 9 .6 2 2 .5 0 7 0 .8 9 .4

B 7 .0 8 .8 5 .8 2 5 .0 3 4 .8 0 7 .0 10.6 0 3 .9 2 1 .6 2 1 .6 0 17.7
II 4 3 .0 8 7 .8 5 .0 0 0 0 4 3 .0 86 .1 0 2 .4 2 8 .4 7 0 .4 0 8 .1
A 4 4 .9 3 .4 7 9 .6 5 0 .0 5 8 .6 18 .7 2 7 .5 3 .3 4 0 .0 76.1 4 4 .9 8 .0 2 6 .9 6 6 .9
IV 5 .1 0 9 .6 2 5 .0 6 .6 81 .3 2 2 .5 0 6 0 .0 17.6 5 .1 0 73. 1 7 .3

B 7 .0 8 .6 3 .8 16.0 19.2 0 3 0 .4 3 4 .0 0 31 9 2 1 .6 24 .1 0 19.3
II 4 3 .0 8 8 .3 2 .7 0 0 0 19.6 51.1 0 19.1 2 8 .4 6 8 .5 0 9 .5
A 40 0 3 .1 74 .5 6 9 .0 6 7 .4 2 6 .7 3 9 .6 14.9 19.0 4 7 .0 4 0 .0 7 .4 2 6 .8 64 .3
W 10 0 0 19.0 15.0 13.4 73 .3 10.4 0 8 1 .0 2 .0 10.0 0 73 .2 6 .9

B 15 6 10.6 12.9 3 0 .4 3 1 .7 2 9 .3 15.6 15.9 0 10.3 2 1 .6 25 .1 0 22 .1
H 34 4 8 4 .3 13 1 19.6 5 6 .7 17.6 3 4 .4 79 .2 0 5 .3 2 8 .4 6 6 .0 0 11.1
A 5 0 .0 5 .1 7 4 .0 4 7 .0 11.4 4 9 .7 4 2 .5 4 .9 3 2 .7 71 .9 3 5 .0 8 .9 2 5 .6 6 0 .7
W 0 0 0 3 0 0 .2 3 .4 7 .5 0 67.3 12.5 15.0 0 74 .4 6 .1

B 3 0 .0 5 1 .0 0 3 0 .5 3 9 .7 0 15.6 16 .7 0 10.9 2 1 .6 2 8 .9 0 2 9 .7
H 0 0 0 19.5 2 8 .0 0 3 4 .4 7 8 .6 0 5 .7 2 8 .4 6 2 .2 0 14.3
A 4 0 .0 4 5 .2 2 0 .2 2 6 .9 2 9 .9 2 2 .2 4 0 .0 4 .7 3 2 .0 7 1 .2 2 7 .5 8 .9 2 5 .4 51 .3
W 3 0 .0 3 .8 7 9 .8 23.1 1 .6 7 7 .8 10.0 0 6 8 .0 12.2 2 2 .5 0 7 4 .6 4 .7

B 15.6 14.8 11.1 4 1 .9 5 4 .4 0 15.6 17.7 0 12.2 3 0 .5 3 4 .8 0 2 7 .5
II 3 4 .4 8 0 .6 6 .3 8 .1 14.6 0 34.4 77 .2 0 6 .9 19.5 6 4 .7 0 16.3
A 4 4 .9 4 .6 7 3 .8 2 6 .9 2 9 .7 17.6 3 5 .0 5.1 3 2 .8 69.1 4 4 .6 0 2 2 .5 5 1 .2
W 5 .1 0 8 .8 23.1 1 .3 8 2 .4 15.0 0 6 7 .2 11.8 5 .4 0 .5 7 7 .5 5 .0

T a b l e  II

S u l f o l a n e - W a t e r - B e n z e n e - H e p t a n e

Temp. =  25°, non-hydrocarbon'hydrocarbon =  1 for quaternary mixtures, S =  sulfolane, W  =  water, B =  benzene,
H  =  heptane. All compositions are weight per cent.

Com Starting Top Bottom Starting Top Bottom Starting Top Bottom Starting Top Middle Bottom
ponents mixture phase phase mixture phase phase mixture phase phase mixture phase phase phase

B 4 1 .9 51.1 3 9 .0 53 .9 0 . 8 14.9 2 1 .3 8 .2 2 2 .0 3 5 .8 11 .0
H 8 .1 3 8 .0 5 .3 10 .3 0 .0 2 35 .1 7 7 .8 0 .7 27.1 6 2 .5 0 . 6
S 5 0 .0 10.3 55 7 3 4 .4 6 2 .5 4 7 .4 0 .9 86 .4 1 4 .9 1 .7 7 9 .5
w 0 0 0 1 .4 3 6 .7 2 .6 0 .0 2 4 .7 5.1 0 04 8 .9

B 3 7 .5 4 8 .4 3 3 .6 6 0 .0 13 .2 7 .5 10.8 2 .8 14.9 2 2 .6 6 .5
H 12.5 4 5 .8 4 .2 2 9 .9 0 .4 4 2 .5 8 8 .8 0 .4 35.1 76 .7 0 . 4
S 5 0 .0 5 .8 6 2 .2 9 .9 7 0 .9 4 7 .4 0 .4 9 1 .8 4 4 .9 0 . 7 8 3 .7
w 0 0 0 0 .2 15.5 2 .6 0 .01 5 .0 5 .1 0 .0 02 9 .4

B 2 3 .9 3 0 .8 21 .1 4 2 .6 6 0 .4 3 7 .3 8 9 .4 0 7 .5 11.1 2 .5
H 2 3 .5 6 7 .5 1 .9 7 .4 2 5 .3 3 .5 0 0 42 .5 8 8 .6 0 .4
S 5 2 .6 1 .7 7 7 .0 4 7 .4 14.1 5 6 .0 7 .8 14 .6 44 .9 0 .3 8 7 .4
w 0 0 0 2 .6 0 .2 3 .2 2 .8 8 5 .4 5. 1 0.01 9 .7

B 11.1 17 .8 9 .9 3 7 .8 5 5 .8 2 8 .9 77 .3 0 63 .1 0
H 2 8 .8 8 1 .4 1 .2 12.2 3 6 .3 2 .3 0 0 0 0
S 60 .1 0 .8 8 8 .9 4 7 .4 7 .7 6 5 .2 22.1 2 4 .9 3 6 .8 3 5 .0
w 0 0 0 2 .6 0 . 2 3 .6 0 .6 75 .1 0 .1 6 5 .0

B 9 . 2 13 .6 6 .7 3 0 .4 4 4 .4 20 .1 3 7 .8 6 0 .2 2 2 .7 2 8 .7 2 .6
H 2 2 .0 8 5 .9 1 .0 19.6 52 .1 1 .3 12.2 2 9 .8 1.1 0 0
S 6 8 .8 0 . 5 92 .3 4 7 .4 3 .4 7 4 .5 4 4 .9 9 .8 68 .9 6 4 .2 6 1 .7
w 0 0 0 2 .6 0 .1 4 .1 5 .1 0 .2 8 .1 7 .1 3 5 .7

B 6 . 2 8 . 2 3 .9 2 2 .9 3 3 .9 14.3 3 0 .4 4 9 .2 15 .7 4 2 .6 6 2 .5 3 8 .7 0
H 3 4 .4 9 1 .6 0 . 6 27 .1 6 5 .5 1.0 19 .6 47 .1 1 .4 7 .4 19.3 3 . 7 0
S 5 9 .5 0 .2 9 5 .5 4 7 .4 0 .6 8 0 .3 4 4 .9 3 .6 74 .4 4 4 .9 18 .0 5 4 .4 6 5 .9
w 0 0 0 2 .6 0 .0 3 4 .4 5 .1 0.1 8 .5 5.1 0 .2 3 . 2 34 .1
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Water

Fig. 1.— Quaternary system acetonitrile-water-benzene- 
heptane.

while the other two faces have ternary relation
ships shown by a,c,e,d and d,e,f,g. The four ter
nary areas enter the tetrahedron as quaternary two- 
liquid volumes. Critical solution curves on the 
surfaces of two of these volumes originate at points 
b and h. These two curves do not meet, however, 
since different pairs of liquids are involved on each 
curve. The intersections of these volumes as they 
enter the tetrahedron develop a three-liquid phase 
region.

The shape of the three-liquid phase region is 
shown by Figs. 2 and 3. Figure 2 is a projection of 
the three-liquid phase region on the tetrahedron 
face acetonitrile-water-heptane while Fig. 3 is a 
projection on the face acetonitrile-water-benzene. 
The points on these figures may be obtained from 
the data given in the second half of Table I. Not 
all of the data given in Table I are plotted in order 
to avoid an unnecessarily complicated diagram.

The boundaries of the three-phase region are 
generated by an infinite set of the tie line triangles 
plotted on Figures 2 and 3. A gross composition 
point and the three equilibrium liquid phases into 
which it breaks all lie in a plane. The composi
tions of the three equilibrium liquid phases corre
spond to the three intersections of the plane with 
the single edge cf the three-liquid phase region.

Any three-liquid phase region in this type of qua
ternary system is characterized by three three-di
mensional curves, one for each of the liquids in
volved. For the system under consideration the 
three-liquid phase region involves two consolute 
points; therefore, the three curves form one contin
uous curve of three sections. Thus, geometrically, 
the three-liquid phase region is contained within a 
ruled surface having a single edge. The three phases 
involved are labeled B, M and T  corresponding to

Fig. 2.— Projection of three-phase region on acetonitrile- 
water-heptane face.

Fig. 3.— Projection of three-phase region on acetonitrile- 
water-benzene face.

the bottom, middle and top phases from the point 
of view of density. The B phase extends from 1 to 
k, the M phase from k to j, and the T phase from i to 
j . Phases B and M are consolute at k while in equi
librium with phase T of composition i. Phases M 
and T are consolute at j while in equilibrium with 
phase B of composition 1.

The three-liquid phase region in the system sul
folane-water-benzene-heptane at 25° behaves in a 
similar fashion except that the three-phase region 
is considerably smaller.
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with the experimental work and the Shell Develop
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script.
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The infrared absorption spectra of several cis-trans pairs of coordination compounds of cobalt show specific differences 
between the cis and trans isomers. In the case of the ethylenediamine-containing complexes a shift occurred in the 6 .2 -6 .4  
M region of the spectrum with the trans isomer having a maximum peak at a wave length of 0 .04 -0 .0 8  y shorter than the cis 
isomer. In the case of the cis and trans isomers of the cobalt complexes containing the tetraammine group a shift occurred 
in the absorption band in the 12 y region with the cis isomer showing an absorption maximum at a wave length about 0 .1 -  
0.2 y shorter than the trans isomer. All the compounds had an absorption maximum in the 6 .1 -6 .5  y region. This band 
has been assigned to the (N -H )  bending frequency in agreement with the assignment of Richards and Thompson.

Introduction
A fundamental idea in inorganic chemistry is that 

coordination compounds, although numerous and 
of different types, have only a small number of 
stereochemical configurations. Recently an ex
tremely interesting and important method for the 
study of the absorption spectra of compounds in 
the solid state was introduced by Stimson and 
O ’Donnell2 and by Scheidt.3 The introduction of 
this method has given great impetus to structural 
studies of inorganic complex coordination com
pounds. Although many infrared spectra of inor
ganic compounds have been reported,4'6 very little 
infrared work has been done to study the structure 
of these coordination compounds.

A completely satisfactory method has not been 
developed for distinguishing between cis and trans 
isomers of metal coordination compounds of the 
types Ma2b2, Ma2bc, M (AA)2b2 and M(AA)2bc, 
where a,b,c are monodentate groups, AA is a biden- 
tate group and M is a metal. Previous workers 
have applied physical methods to aid in the deter
mination of structural configurations. Holtzclaw 
and Sheetz6 did a polarographic study of a series of 
cobalt complexes. Basolo7 has studied the ultra
violet region for differences in the absorption spec
tra of cis and trans isomers of certain coordination 
compounds in solution. Curran, et al.,s have con
ducted infrared absorption studies which have been 
concerned with the effect of the charge of the me
tallic ion on the nitrogen to metal coordinate bond 
of complex compounds. Sen9 has studied the 
absorption spectra of inorganic complexes of gly
cine, and discussed their possible configurations.

This study was concerned with the application 
of infrared absorption to aid in the differentiation 
between cis and trans isomers of a group of cobalt- 
containing complexes.

(1) Department of Chemistry, St. Lawrence University, Canton, 
New York.

(2) M . M . Stimson and M . J. O’Donnell, J . Am. Chem. Soc., 74, 
1805 (1952).

(3) U. Scheidt, Z. Naturforsch., 76, 270 (1952).
(4) J. M . Hunt, M . P. Wisherd and L. C. Bonham, Anal. Chem., 22, 

1478 (1950).
(5) F. A. MiUer and C. H. Wilkins, ibid., 24, 1253 (1952).
(6) H. F. Holtzclaw, Jr., and D. P. Sheetz, J. Am. Chem. Soc., 75, 

3053 (1953).
(7) F. Basolo, ibid., 72, 4393 (1950).
(8) C. Curran, D . N. Sen, S. Mizushima, and J. V. Quagliano, 

Paper 62, Pittsburgh Conference on Anal. Chem. and App. Spec., 
March, 1954.

(9) D. N. Sen, “ Infrared Studies of Some Coordination Com
pounds,” Ph.D. Thesis, University of Notre Dame, 1953.

Experimental
Determination of Infrared Spectra.— Infrared absorption 

spectra were obtained with a Perkin-Elmer Model 21 double 
beam recording instrument and a Perkin-Elmer Model 12B. 
A rock-salt prism was used in both instruments except in 
the case of the Model 12B where a lithium fluoride prism 
was used for the 2 to 4 y  region in order to obtain better dis
persion. The compounds were studied using the solid po
tassium bromide technique. About 1.5 mg. of compound 
was intimately ground with about 98.5  m g. of dry potas
sium bromide that had been screened to 200 mesh particle 
size. The mixture was placed in a die constructed in this 
Laboratory and a rectangular sample was pressed. This 
sample was placed in a suitable holder and then placed in 
the infrared beam.

Preparation of Compounds
1 and 2 .— cis and irarw-dichlorobis-(ethylenedianimine)- 

cobalt (III )  chloride were prepared according to the method 
of Bailar.10 Anal. Caled. for (Co(en)2Cl2)Cl: Co, 20.7 ; 
0 1 ,3 7 .3 . Found: Co, 2 0 .4 ; C l, 37.3 .

3 and 4 .— cis- and frans-dinitrobis-(ethylenediamine)- 
cobalt (II I )  nitrate were prepared according to the method 
of Holtzclaw, Sheetz and M cCarty.11 Anal. Caled. for 
(Co(en)2(N02)2)N 0 3: Co, 17.7; N , 29 .1 . Found: Co, 
17.9; N , 29.0 .

5 . — Tris-(ethylenediamine)-cobalt(III) chloride was pre
pared by the method of W ork.12 Anal. Caled. for (C o- 
(en)3)Cl3: Co, 17.1 ; C l, 30.6 . Found: C o, 17.2 ; C l, 30 .7 .

6 . — Carbonatobis-( ethylenediamine )-cobalt(III) chloride
was prepared by the method of Werner and Itapiport.13 
Anal. Caled. for (Co(en)2C 0 3)C l.H 20; Co, 21.5 : Cl,
12.9. Found: Co, 21 .5 ; C l, 13.1.

7 . — as-Chloroisothiocyantobis-(ethylenediamine)-ecbalt-
(III )  thiocyanate was prepared by the method of Werner 
and Schmidt as given by Jacobsen.14 Anal. Caled. for 
(Co(en)2(N C S )C l)SC N : Co. 17.8 ; N , 25.4 . Found:
Co, 17.5 ; N , 25.2 .

8 . — cis -  Chloroisothiocyanatobis -  (ethylenediamine) -  eo- 
balt(III) chloride was obtained as a by-product of the prepa
ration of eis-chloroisothiocyanatobis-(ethylenediamine)-co- 
balt(III) thiocyanate. It was recrystallized from hot 
water and air dried. Anal. Caled. for (Co(en)2(N C S)  
C1)C1: Co, 19.22; N , 22 .9 . Found: Co, 19.0 ; N , 22.8 .

9 . — trans -  Chloroisothiocyanatobis -(ethylenediamine)-co-
balt(III) perchlorate was prepared by the method of W er
ner.16 Anal. Caled. for (Co(en)2(NCS)CI)C104: Co,
15.9; N , 18.8. Found: Co, 16.2 ; N , 18.6.

10. — cis -  Bromoaquobis - (ethylenediamine) - cobalt(III) 
bromide was prepared by the method of Werner and 
Schmidt.16 Anal. Caled. for (Co(en)2(fL O ) Br)Br2: Co, 
13.6 ; N , 12.9. Found: Co, 13.7 ; N , 13.0. 10 11 12 13 14 15 16

(10) J. C. Bailar, Jr., “ Inorganic Syntheses,” Voi. II, John Wiley 
and Sons, Inc., New York, N. Y ., 1946, p. 222.

(11) H. Holtzclaw, D. P. Sheetz and B. McCarty, ibid., Voi. IV, 
1953, p. 176.

(12) J. B. Work, ibid., Voi. II, p. 221.
(13) A. Werner and J. Rapiport, Ann., 386, 72 (1912).
(14) C. A. Jacobsen, “ Encyclopedia of Chemical Reactions,” 

Voi. Ill, Reinhold Pubi. Corp., New York, N. Y ., 1949, p. 153.
(15) Ibid., p. 154.
(16) A. Werner and R. Schmidt, Ann., 386, 136 (1912).
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11 .— trans - Hydroxoaquobis -  (ethylenediamine) -  cobalt 
(II I )  bromide was prepared by the method of Werner and 
Lange.17 Anal. Calcd. for (Co(en)2(H 20 )(O H ))B r2: Co, 
15.77; N , 15.0. Found: Co, 15.5; N , 14.8.

12 and 13.— cis- and irans-dinitrotetraamminecobalt (III)  
bromide were prepared by the method of Biltz and Biitz.18 
Anal. Calcd. for (C o(N H 3)4( N 0 2)2N 0 3: Co, 21 .1 ; N , 
35.0 . Found: C c ,2 1 .3 ; N , 34.9 .

14 and 15.— cis- and fraras-dinitrotetraaniminecobalt(III) 
chloride were prepared by the method of Biltz and Biltz.18 
Anal. Calcd. for (C o(N Ii3)4( N 0 2)2)Cl: Co, 23 .2 ; Cl,
13.8. Found: Co, 23 .0 ; C l, 13.6.

16 and 17.— cis- and iraras-dichlorotetraamminecobalt- 
(II I )  chloride; the cis salt was prepared by taking two 
grams of carbonadotetraamminecobaltfIII) nitrate and dis
solving in concentrated hydrochloric acid. The purple pre
cipitate was filtered, washed with water and air-dried. 
Anal. Calcd. for (C o(N H 3)4C12)C1: Co, 25 .3 ; C l, 45.6 . 
Found: Co, 2 5 .5 ; C l, 4 5 .4 % . One gram of the cis com
pound was added to a small amount of water and heated 
over an open flame. The mixture changed to a green color 
on heating. The mixture was filtered hot and the solid 
obtained contained some of the purple compound which 
could not be removed. Anal. Calcd. for (C o(N H 3).,Cl2)- 
C l: Co, 25 .3 ; C l, 45.6 . Found: Co, 25 .5 ; C l, 45.4 .

18. — Carbonatotetraamminecobalt(III) nitrate was pre
pared by the method described bv W alton.19 Anal. Calcd. 
fo r(C o (N H 3)4C 0 3)N 0 3-1/ 2II20 :  Co, 22.8 ; N , 27 .1 . Found: 
Co, 22 .8 ; N , 27.1 .

19. — Hexaamminecobalt(lII) chloride was prepared by 
(he method of Bjerrum and M cReynolds.20 Anal. Calcd. 
for (C o(N H 3)6)Cl3: Co, 22 .0 ; C l, 39.8 . Found: Co, 21 .8 ; 
C l, 39.6 .

Discussion and Results
A strong absorption band appeared in the 6.1-

6.5 ju region in the spectrum of each of the nineteen 
compounds studied. The assignment of the group 
frequency with which this band is identified is quite 
controversial. Lenormant21 and Randall, el a l , , 22 
have argued that this band is characteristic of the 
amido (C-N) stretching frequency. Richards and 
Thompson23 and others have assigned it to the 
(N-H) bending frequency. The latter base their 
argument on the fact that primary amines absorb 
broadly in this region, with this band being cer
tainly due to this deformation. In acetamide, the 
frequency and the structure of this band are un
changed with respect to the primary amines. The 
absence of this band from the spectra of N,N-disub- 
stituted amides and the fact that one would expect 
to find (N-H) bending in this region of the spectra 
of N-monosubstituted amides, is the basis for the 
assignment ®f this band. Richards and Thomp
son also studied the Raman spectra of CH3NH2 
and CH3ND2, and found that with the introduction 
of deuterium in place of the hydrogen, the (N-H) 
bending band was shifted to a lower frequency by 
a factor of 1.33-1.36. The (C-N) stretching band 
was shifted by a factor of 1.05.

The evidence for the assignment of this band to
(17) A. Werner and K. Lange, Ann., 386, 97 (1912).
(18) H. Biltz and W. Biltz, ‘ ‘Laboratory Methods of Inorganic 

Chemistry,” 2nd Ed.. John Wiley and Sons, Inc., New York, N. Y., 
1928, p. 179-181.

(19) H. F. Walton ‘ ‘ Inorganic Preparations,” Prentice-Hall, Inc., 
New York, N. Y „  1948.

(20) J. Bjerrum and J. P. McReynolds, ‘ ‘ Inorganic Syntheses,” 
Vol. II, John Wiley and Sons, Inc., New York, N. Y ., p. 216.

(21) H. Lenormant, Ann. chim., 5, 459 (1950).
(22) H. M . Randall, R. G. Fowler, N. Fuson, and J. R. Dangl, 

‘ ‘ Infrared Determina~ion of Organic Structures,” D. Van Nostrand 
Co., Inc., New York, N. Y ., 1949.

(23) R. E. Richards and H. W . Thompson, J. Chem. Soc., 1248 
(1947).

(C-N) stretching frequency centers about the sub
stitution of halogen atoms upon the nitrogen and 
further deuteration experiments of N-monosubsti
tuted amides. Lenormant21 found that the 6.4 ¡j. 
band in these deuterated amides was shifted to 
lower frequencies by a factor of 1.05. This indi
cated, on the basis of the work of Richards and 
Thompson, that the assignment was better attrib
uted to (C-N) stretching frequency. Also, Lenor
mant observed that the 6.4 m band was totally ab
sent in the spectrum of N-bromoethanamide. In 
regard to this, Richards and Thompson noted that 
the substitution of an electrophilic group on the 
amido-nitrogen sometimes decreases the frequency 
of this band. A band did appear at ~6 .0  ¡j.. Fur
ther substantiation for the assignment of this band 
came from Randall, et al.,22 who observed that this 
band was absent from the spectra of lactams. 
Based on the evidence presented by Lenormant, 
and further evidence from their study of N,N-di- 
substituted ethanamides, Letaw and Gropp24 
have assigned this band to the (C-N) stretching 
frequency.

From the observation of the spectra of the com
pounds used in this study, evidence can be obtained 
to support the assignment of Richards and Thomp
son. As was previously pointed out, a strong band 
appeared in each spectrum in this region. These 
data appear in Table I. In this table compounds 
that contain both the (C-N) and (N-H) groups 
are listed as well as some that contain only the (N - 
H) group. Since this band appeared in all com
pounds, the assignment of Richards and Thompson 
is more reasonable.

T a b l e  I

W a v e  L e n g t h  o f  A b so r p tio n  B a n d  M a x im u m  in  S ix  
a n d  12 n R e g io n

Formula

6 n
Region
Wave

length,

12 y. 
Region 
Wave 

length,

1 cis- [Co(en )2C12] Cl 6 .48
2 trans- [Co( en )2Clc) Cl 6 .3 0
3 cis- [Co(en )2( N 0 2 )2] N  0 3 6 .32
4 trans- [Co( en )2(N  0 2)2] N  0 3 6 .24
5 m -[C o (en )3]Cl3 6 .4 4
6 Ci's-[Co(en)2C 0 3]C lI I 20 6 .34
7 cis [Co(en)2(N C S)C l]SC N 6.41
8 m -[C o(en k(N C S)C l]C l 6 .4 0
9 trans- [Co(en )s(NCS)Cl] C104 6 .34

10 cis- [Co( en )2( H 20  )Br] Br2 6 .36
11 trans- [Co(en )2( H20  )( O H  )] Br2 6 30
12 cis- [Co( N H 3 )4( N 0 2 )2] N 0 3 6 26 12.22
13 im ns-[C o(N H 3 )4( N 0 2)2] N 0 3 6 22 12.27
14 cis- [Co( N H 3 )4( N 0 2 )2] Cl 6 .2 0 -6 .3 0  (b) 12.20
15 trans- [Co( N H 3 )4( NOüh] Cl 6 .2 4 12.30
16 m -[C o (N H 3)4Cl2]Cl 6 .28 11.88
17 trans- [Co(N H 3)4C12] Cl 6 .24 12.06
18 [Co(N H 3)4C 0 3]N 0 3-V 2H 20 6 .2 8 12.06
19 [Co(N H 3)6]C13 6 .46

Examination of the spectra of the groups of com
pounds (1-11) containing ethylenediamine as the 
inert constituent in the complex shows there is a

124) H. Lotaw and A. H. Gropp, J  Chem. Phys., 21, 1621
(1953).
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shift in the absorption band in the (N-H) bending 
region between the cis and trans isomer of any one 
compound. The absorption maxima of all com
pounds of the cis series appeared at approximately 
the same wave length. The compounds of the 
tratis series show absorption maxima 0.04 to 0.08 
n lower. For each pair of isomers as illustrated by 
a typical example shown in Fig. 1, the trans isomer 
has a maximum that appears at a lower wave length 
and at a higher frequency than the cis isomer. This 
fact can be used to differentiate between the cis 
and trans isomer of a given cobalt ethylenediamine- 
containing complex.

Although this band appeared at approximately 
the same wave length in the spectrum of both the 
cis and trans isomer that contained four ammonia 
molecules as the inert constituent of the complex, 
a shift did occur in the broad band that appeared 
in the 12 y region. In the three cases studied the 
maximum of this absorption band of the trans series 
was at a longer wave length and a lower frequency 
than the cis isomer. The compounds of the trans 
series have an absorption maximum which is 0.1- 
0.2 y higher than the compounds of the cis series. 
This shift can be used to differentiate between the 
cis and trans isomers of complex inorganic com
pounds containing cobalt and the tetrammine 
group.

Although the spectra of the cis and trans isomers 
of individual compounds show definite differences, 
the only regions shoving consistent variation be
tween the cis and trans isomer having similar groups 
within the complex were the 6 and 12 y  regions.

Acknowledgment.— The authors are indebted to 
Dr. John Campbell, Behr-Manning Corporation, 
Watervliet, N. Y., for the use of the Model 21 
Perkin-Elmer Infrared Spectrophotometer.
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cobalt(III) nitrate as example.
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A theory of the interaction of gas molecules with a structureless plane has been modified to treat capillary spaces. _ The 
effect on the apparent area and energy of interaction is calculated. The interaction of a molecule with the surface of a simple 
cubic lattice of atoms has been computed and compared with the crude model. Experimental data on the interaction of 
helium, neon, argon, hydrogen, oxygen, nitrogen and methane with porous glass and saran charcoal are presented and 
discussed.

1. Introduction
The apparent volume V of a vessel containing a 

large surface area solid is given  by the expression

v  -  Dec =  J Pgen 1 exp ( — e/k-T) -  1 )dF  (1.1)

(1) Presented at the 126tli national meeting of the American 
Chemical Society, New York, September 12-17, 1954. Partially sup
ported by Contract. AF19(604)-247 with the Air Force Cambridge 
Research Center.

(2) Presented in partial fulfillment of the requirements for the 
Ph.D. degree by W. A. S.

(3) National Science Foundation Pre-doctoral Fellow, 1953-1954.
(4) Pennsylvania State University State College. Pa.

where e is the energy of interaction of the gas mole
cule with the solid, in the volume element dF. We 
have solved this problem previously6 for the case 
of an isolated plane well composed of a structure
less material with a lmrd-sphere repulsion for the 
gas atom. This analysis led to a value for the dis
tance of closest approach, the energy of interaction 
at this distance and the surface area of the solid. 
We shall now consider some refined models: the 
problem of capillary spaces in a structureless solid, 
and that of the plane surface of a crystal of defi-

(5) W . A. Steele and G. O. Halsey, Jr., J. Chem. Phys., 22, 979 
(1954).
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nite lattice structure. We shall also present some 
data related to these cases.

2. Capillary Surfaces
Plane Parallel Walls.—We first consider two 

plane parallel walls, separated by a distance 2L 
between the planes passing through the centers of 
the surface layers of atoms making up the solid. 
We shall assume that each surface attracts the in
teracting molecule according to the inverse cube of 
the distance of the molecule from the surface, and 
that the hard-sphere distance of closest approach is 
D. Then, with the origin in the left-hand surface 
plane, the sum of the two interaction energies with 
both planes is
e(r) =  - e * [ (D / r )3 +  (D/2L  -  r)3]

D  <  r <  2L — D  (2.1)

e(r) =  +  °° D  >  r >  2L  — D

where r is the distance of the molecule from the left- 
hand plane and e* is the energy of attraction at the 
distance of closest approach.

If this energy is substituted in eq. 1.1 the inte
grations parallel to the walls are trivial. They yield 
a factor equal to the area of one plane wall, or half 
the total area

i*2L
V  -  V eeo =  A / 2 j o (exp { t*/kT[(D /rY  +

(D /2L  -  r)3] ) -  1) dr (2.2)

Note that Tge0 =  AL. This expression can be 
further simplified by integrating over the range 
where e is infinite, and then it can be expressed in 
the form
V eJ A D  =  ( F  -  A L  +  A D )/ A D  =

J ^ ^ f e x p  | t*/k.T[(D /r)z +  (D/2L  -  r)3] ) -  1) d(r/D)

(2.3)

By means of graphical integration, Vex/AD was 
computed as a function of t*/kT, with L/D as a 
parameter. The results will be discussed together 
with those for cylindrical walls.

Cylindrical Walls.—We next consider the case of 
a surface consisting of cylindrical capillary holes 
of radius R. In this case, it is necessary to inte
grate the inverse sixth power law of London with 
appropriate boundary conditions, over all the solid. 
If the coordinate axis lies on the axis of the cylinder 
and furthermore, if the distance between the in
teracting particles in the plane perpendicular to the 
2 axis is designated by p, then the distance between 
a gas atom and any point in the solid phase is 
\ /p 2 +  z2. Note that the origin for the new vari
able r' is located at the center of the cylinder. In 
the previous cases, the origin of r was in the sur
face of the solid. The expression for t(r') then be
comes

< r ')

< r ')

—2N<,Cm+ 00 pdzdpdf)
-  ra (f>2 +  Z 2) 3

R -  D >  r' >  - ( R -  D )
+  <» R  -  D <  )■' <  - ( R  -  D)

(2.4)

where s is the distance in the p plane between the 
gas atom and the wall of the capillary, N0 is the 
number of atoms per cc. in the solid, and C is a con

stant given by Kirkwood and Müller6 which we 
have discussed in a previous paper6

C =  6mc2 (  . T *  , - )  (2.5)

Here a and x refer to the atomic polarizability and 
susceptibility, and me2 is the mass of the electron 
multiplied by the square of the velocity of light. 
Equation 2.4 can be integrated to give

/ ’o dfl
3

yr s
R  -  D >  r' >  -  (R  -  D )  (2.6)

We apply the law of cosines to the triangle formed 
by s, R and r' and obtain

s =  r' cos 6 +  \/R2 — r '2 sin2 0
Thus
e(r'/D) =  - r N o C / iD 3

/•o_____________ d0______________
„ (r '/D) cos 0 +  \/(R/D )2 — (r'/ D )2 sin2 0)3 

R/D -  1 >  r'/D >  - (R / D  -  1) 
e(r') =  +  co R/D -  1 <  r'/D <  - (R / D  -  1) (2.7)

This expression was integrated graphically to give 
t/(r'/D) for a number of values of R/D.

In cylindrical coordinates, eq. 1.1 becomes

V  -  V geo =  f Veeo (exp \ e(r'/D)/kT] -  l ) r 'd r 'd 0  dz

(2.8)

If we define A as the area of the surface passing 
through the nuclei of the atoms forming the walls 
of the cylinder, Fgeo is then equal to AR. The inte
grations of eq. 2.6 with respect to z and 6 are trivial 
and we obtain

V  -  Tgeo =  ( A / R ) ( e x p  U (r'/D)/kTi -

l)r ' dr' (2.9)

We now integrate over the range of infinite e 

V  — Fgeo =  A  (exp [t(r'/D)/kT\ —

1 )r'/R  dr' -A (2 R D  -  D 2)/2R (2.10) 

In dimensionless form
rR/D -1

V tJ A D  =  J o (exp U (r ’/D)/kT\ -

l ) ( r ' /Ä ) d ( r '/D )  +  D/2R  (2.11)

This integral was evaluated graphically for those 
values of R/D for which t(r'/D) had been computed.

Evaluation of Apparent Areas.—We will now 
compare these capillary models with the limiting 
case of a single plane wall. The shapes of the curves 
obtained when log Vex is plotted against l/T are 
only slightly changed when the walls get closer to
gether. It will emerge that these curves are sub
stantially straight lines over the experimentally im
portant range. However, since the scale is shifted, 
the apparent area based on the limiting model with 
only one wall may be unequal to the real area of the 
capillary surface. We shall base this comparison on 
the straight-line portion of the plot. It will be 
convenient to make a formal analysis of the method 
of estimating area presented earlier.5 The straight 
line portion can be written
________________log V ex/AD  =  Qi(t*/kT) +  Qs (2.12)

(6) A. Müller, P r o c .  R o y .  S o c . {L o n d o n ), A154, 624 (1936).
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e* /k T .
Fig. 1.— Curves of log (V ex/AD) versus t* ¡kT . All models have the scales adjusted so that the linear portions of the 

curves coincide with the curve for the simple model. The inset shows the range of t*/kT  for which the larger plot was made; 
all models coincide for t*/kT  >  3.5. Curve 1 is log (F e* /A D )  for the simple case, curve 2 is for a parallel-walled capillary 
with L/D  =  3, curve 3 is for a cylindrical capillary with R/D  =  3 and curve 4, a cylindrical capillary with R/D  = 2 .

where Qi and Qs are dimensionless constants, inde
pendent of particular values of A, D or e*.

If this is rearranged in terms of experimentally 
observed quantities

log V „  =  Qie*(l/kT) +  Q* +  log A D  (2.13) 

with a slope S given by
8  = d (log F e*) /d  (1 /kT) =  Qie* (2.14) 

and an intercept I  given by
I  =  Qi +  log A D  (2.15)

Notv, for the simple model5
e* =  t CN o/6D3

SO

S  =  QivCNt/GD»

and solving for D
D  =  (irQiCNo/GSy/3 (2.16)

Then
I  =  Q, +  log A  +  V» log (*QiCAT0/6 S )  (2.17) 

or solving for the logarithm of the area
log A  =  I  -  Q, -  Vi log (irQiCN0/6S) (2.18)

For the purpose of comparing theoretical mod
els, it is desirable to eliminate such parameters as 
C, No and D. For that purpose a reduced tempera
ture t is defined as

l / r  =  e*/kT  =  l/kT(*CN„/GD>) ( 2 .1 9 )

Then the straight-line portion of the capillary case 
is written

log (F'ex/A 'D ) =  Qi '(\/t) +  Qi' (2.20)

We now set A ’ equal to unity to calculate the “ ap
parent area”  if a capillary solid is treated accord
ing to the single-plane model. Then

log F 'ex =  <?,'(l / r )  +  Q2‘ +  log D (2.21)

whence
S =  d log F ex/d (1 /kT) =  Q A t CNc/SD*)

and
I  =  Qi +  log D

Substitution of these quantities in eq. 2.18 yields 
the apparent area

log A app =  Q2’ -  Q, -  Vs log Qi/Qi (2.22)

Note that the Q’s are scale factors multiplying Vex 
and T; hence as long as two curves relating Ve~ and 
T can be adjusted to coincidence, eq. 2.22 will hold; 
it is not necessary that the particular straight line 
function found here hold. In Fig. 1, the curves of 
Fex versus 1/T are shown for a number of models. 
The scales have been adjusted so the linear portions 
of the curves coincide. It is clear that even in the 
region of non-linearity, the curves do not deviate 
significantly from each other.

A plot of the apparent area as a function of capil
lary size is shown in Fig. 2. The change in the ap
parent energy of interaction (given by Qi'/Qi) is
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R/D, L/D.
Fig. 2.— The apparent areas of a parallel-planar-walled 

capillary (curve 1) and a cylindrical capillary (curve 2) as 
a function of capillary size.

shown in Fig. 3. The apparent energy of interac
tion relative to the limiting case increases as the 
size of the cavity becomes smaller and the appar
ent area of the solid decreases to zero as the size of 
the cavity decreases to R — D = L. Both of these 
effects are in accord with what one might expect. 
Note that the effect of the size of the capillary on the 
apparent area persists to a greater relative distance 
for a cylindrical capillary than for one with parallel 
walls. It is apparent that the effect would be even 
more long range in the case of capillaries consisting 
of spherical cavities.

3. Interaction with a Simple Crystal Lattice
The Summation of Atom-Lattice Interactions.—

We now consider the interaction energy between 
an atom in the gas and an array of atoms located 
on lattice points within the crystal face. We con
sider here the 100 face of a simple cubic lattice made 
up of atoms of one kind. We shall use the familiar 
Lennard-Jones potential function,7 with inverse 
twelfth power repulsion, for the pair interaction. 
It can be written

£ =  2 e *  ( V / r ) 6 -  - J ( r V r ) 12)  ( 3 . 1 )

At a distance r = r* the energy e has a minimum 
(negative) value e*. We shall choose e* such that 
the attractive term is in agreement with the Kirk- 
wood-Miiller formulation of the London force be
tween unlike atoms.5 We leave r* as a parameter. 
Then

=  C ( - ( 1 / , V 2 ) 6 +  ( c * 6/ 2/ 'i ,212) )  ( 3 . 2 )

where C is the Kirkwood-Muller constant for un
like atoms.

The total energy of interaction between the 
solid and a gas atom at a given point over the lat
tice (denoted by 1) is then given by the sum of terms 
of the form 3.2 over all the atoms in the solid

* 0 )  =  c  ( - E a / n u ) 1 +  E  ( r - / 2 n . i » ) \  (3 4 }

It is convenient to express these distances in terms 
of the lattice parameter a. The energy e will be a 
function of the perpendicular distance z from a lat
tice point in the surface, or of the reduced distance p 
= z/a. It will also be a function of the coordinate 
system x, y (with the origin at a lattice point and 
directions along the edges of the unit cell) in the

(7) R. H. Fowler and E. A. Guggenheim, “ Statistical Thermo
dynamics,”  Cambridge University Press, Cambridge, 1939, p. 280.

R/D, L/D.
Fig. 3.— The apparent energy of interaction (given by 

Q\'/Qi) for capillaries. Curve 1 gives Qi'/Qi for cylindrical 
capillaries and curve 2, for parallel planar walled capillaries.

plane of the surface, with unit vector equal to 1 fa. 
We define p* = z*/a and also the functions

,S6 =  E  (« A .,i )6 (3.5)
J

riA =  E  ( « /n .O 12 (3.5)
i

With these substitutions, eq. 3.4 can be expressed 
in the more general form

e(p, x/a, y/a) =  ( C / « * ) ( - S ,  +  J (3.7)

where x/a, y/a specify the position of the l ’th 
atom relative to the lattice. This energy must 
then be inserted into the integral for the apparent 
volume, and integrated over the unit cell in x and y, 
and to infinity in z, to obtain the volume per unit 
cell. It is then multiplied by A/a2, the number of 
unit cells in area A, to obtain the total volume

— v =t geo = H  fo  fo  <'°xp x//a’ yta^kT'i ~
l)A{x/a) A{y/a) Ap ( 3 . 8 )

The Approximate Calculation of e and V.— The
summation of SAp) has been performed by Orr8 
for three cases:

riV, (p, 0, 0)—the gas atom directly over a lattice 
point.

Si (p, 0, ’/ 2) = S6 (p, '/a, 0)— the gas atom lying 
above the mid-point of the edge of a lattice cell.

Si (p, V2, V2)—the gas atom over the center of 
a lattice cell. He also gives an analytical expres-

T able  I
p Si- (p, o, o) Snip, 0, Vi) 3n(p, 1/2, l/-2
0 256.40 8194 CO

. 5 22.456 128.38 4097.1

.6 39.046 459.44

.7 4 .258 12.353 72.256

.8 1.827 4 .14 7 14.771

.9 0 .7992 1 .467 3 .663
1 .0 .3564 0 .5583 1 .071
1 .2 .0775 .0979 0 .1337
1 .5 .0101 .0108 .0122

(8) W . J. C. Orr, Trans. Faraday Soc., 35, 1247 (1939).
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sion for interpolation between the calculated values 
of St (p). The sum $i2 (p) has be m computed for 
the same values of x and y and the values are given 
in Table I. Interpolation formulas similar to those 
of Orr were used to find aSi2 (p) for intermediate 
values of p.

The problem of evaluating eq. 3.8 by means of a 
suitable approximation now arises. It was found 
that the most suitable method was to linearize the 
expressions obtained when the integration with 
respect to p was performed. If we choose functions 
of x and y  such that the expression of V — Vgeo is 
correct at the points (0, 0), (0, 1/2), and ( ‘/ 2, 1/2) 
we obtain a useful linearization. The complete ap
proximation for F — Fgeo is given by

Cx/i i"/j
V — F Eeo =  4.1a J  J  (1 — x / a )(1 —

y/a) d ( i /a )  d(y/a) f  (exp [e(p, 0, 0)//cTj -

1) dp +  4.4a / . T  ' ( x / a  +  y / a  -

2zy/a2)d(x/a) ( ¡ (y / a )^  (exp{e(p, 0, l//)/kT\ -

l)dp +  4Aa J  J  xy/a2 d(x/a) d(y/a)

J o“  (exp { e(p, V j, lh )/ k T ]  -  1) dp (3.9)

When the integrations with respect to x and y are 
performed, we obtain

T -  Vgeo =  (Aa/4)J^  (exp j«(p, 0, 0)/kT  -  l)dp +

(Aa/2)J*o (expjc(p, V 2, 0)/kT  -  l)dp +

(Aa/4)iJ o“ (exp{e(p; 'A , ‘ A )/kT  -  l)dp

(3.10)

It is now clear that the approximation is equivalent 
to the assumption that the surface is sufficiently 
characterized by considering it to be composed of 
three patches having the computed value of e(p) 
for the three lattice positions. Note that physi
cally, each unit cell of the surface has every possible 
energy above it, and that this pattern repeats with 
the periodicity of the lattice. However, because 
only one gas atom is integrated through the gas 
volume, the relative position of volume elements of 
different energies is not significant. If two gas 
atoms were interacting with the surface and with 
each other, the correlation between the energy of 
adjacent volume elements would be important. 
The accuracy of the result here depends only on one 
factor: the jump in energy occasioned upon going 
from a patch with a given energy to the patch with 
the energy of nearest value to it. Clearly, if the 
number of lattice positions considered, and thus 
the number of patches considered is increased in
definitely, the approximation becomes exact. We 
have limited our calculation to three patches be
cause Orr’s tables existed for the corresponding 
three positions. For that reason, the numerical 
evaluation of eq. 3.10 was carried out for several 
values of p* greater than unity. Below unity, the 
energy differences between the three positions be
came very large.

Computation and Comparison with the Crude 
Model.— For purposes of computation, it is desir
able to express e in dimensionless units. For this 
reason, 1/kT is replaced by the reduced tempera
ture function related to the interaction energy e* 
of the crude model (eq. 2.19). Since N0 = I /a 3, 
the energy for the present model over kT becomes

t (P)/kT  =  (D/a)K6/TTT)(-S6 +  \U_ P**Sn) (3.11)

With the ratio D/a set equal to unity, this form of 
e* was used in eq. 1.1 to evaluate graphically (F  — 
Fgeo)/Aa as a function of 1/r, according to eq. 3.8. 
This procedure is equivalent to computing F — 
Fgeo as a function of 1 / r(H /a)3 if this ratio deviates 
from unity. The plot of log (F  -  Fgeo) versus 1/r 
is a straight line for this model, and is virtually in
distinguishable from the same plot for the crude 
model. However, as in the case of the capillaries, 
the apparent area deviates from unity. In straight 
line form, with A set equal to unity 

log ( V  — Fee0) =  Q i'(l /r )(Z )/a )3 +  QA +  log a
(3 .1 2 )

When substituted into eq. 2.18, the formula (eq. 
2.22) obtained previously for apparent area 
emerges.

The apparent area is plotted as a function of p* in 
Fig. 4. The limiting value of the apparent area at

1.0 1.1 1.2 1.3 1.4

Fig. 4.— The apparent area of a lattice solid as a function 
of the reduced lattice spacing, p* =  corresponds to a 
structureless solid (a =  0).

p* — co was calculated by letting the lattice spac
ing a approach zero. This gives the case of the 
structureless surface, and the interaction energy is 
equal to the integral of the Lennard-Jones potential 
function (eq. 3.2) over the entire solid phase. When 
this integration is performed, we obtain

c =  (x.Vo C / d r * s) ( - ( r * / r Y  +  r * s/ 4 ( r * / r f )  (.3.13)

where r*  is now the distance at which the e specified 
in eq. 3.13 is at a minimum (the actual value for r* 
for a given surface will vary according to the form 
chosen for e). Equation 1.1 was evaluated using 
eq. 3.13, and the apparent area was obtained from 
eq. 2.18. The accuracy of the F — Fgeo values ob
tained in this case was checked by integrating
1.1 in series form (an analogous derivation to that 
given by Lennard-Jones9 for two gas atoms having 
spherical symmetry). However, the series ob-

(9) J. E. Jones, P r o c .  R o y .  S o c .  { L o n d o n ) ,  A106, -163 (1924).
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tained did not converge sufficiently fast for this 
solution to be of general use.

At first glance, the curve given in Fig. 4 appears 
odd. However, the reason for this is that there 
are two partially compensating effects entering in 
this case. A gas atom which is small in compari
son to the size of the atoms in the solid will interact 
with only one atom at a time: therefore, the inter
action potential will reduce to the inverse sixth 
power attraction and inverse twelfth power repul
sion in the limit of p* small. At the limiting value 
of p* =  «=, the energy of eq. 3.13 which gives an 
accurate description of the interaction is somewhat 
smaller than that of the crude model with hard 
sphere repulsion. This is due to the rounding off 
of the energy versus distance curve when the r~9 
repulsion is introduced. However, the area under 
the curve given by exp e(p)/kT — 1 for equal 1 /r 
is much larger for the refined model. These rela
tionships are reflected in a large positive value of 
Q-/ — Qi and a Qi'/Qi ratio of less than one. When 
these values are substituted in eq. 2.18, the appar
ent area is thus greater than one, and the value 
given in Fig. 4 emerges. The other values of p* 
given here have potential functions intermediate 
between the r~3 — r~9 and the r~6 — r-12. As the 
exponents of r increase, the energy also increases, 
and thus the Qi'/Qi increases. (See Fig. 5 for a

plot of Qi/Qi as a function of p*.) However, the 
curve of exp e(p)/kT — 1 becomes sharper and the 
value of the integral at constant 1 /r  becomes 
smaller; this results in a decrease in Q2 — Q2. 
These two effects tend to balance each other, with 
the decrease in Q2' — Q2 being the dominant term 
down to p* =  1.0. At values of p* <  1.0, the 
approximation of eq. 3.9 breaks down. However, 
it is clear that as the gas atom gets smaller, the 
potential function will soon reach its limiting form. 
At this point, Q2 — Q2 becomes essentially con
stant ; however, Qi'/Qi increases rapidly as the atoms 
are allowed to approach each other more closely. 
This means that the apparent area will go through 
a minimum (at about p* =  0.6 to 0.8) and then in
crease without limit, as the small gas atoms pene
trate the lattice.

4. Experimental
The apparatus and procedure have been described in the 

previous paper.6 Essentially, we have measured V , the 
apparent gas space volume in a bulb filled with high surface 
area powder as a function of temperature in the range where 
this volume is independent of pressure.

In the present work, precautions were taken to avoid 
small errors caused by the diffusion of helium through glass 
at high temperatures. A double walled bulb was used, 
with the outer compartment filled with helium to approxi
mately the same pressure as the helium inside. Also, the 
time allowed for helium sample contact was kept to a mini
mum by starting new isosteres at shorter time intervals. 
As soon as the helium readings started to show a drift when 
one returned to the original temperature, a new isostere was 
started. The other gases used gave no trouble, with the 
exception of hydrogen. However, all the hydrogen deter
minations were made at room temperature or less. In this 
range, the drift was not appreciable for any of the gases.

The samples used in this work were the porous glass used 
in the previous work and a sample of high area saran sent 
to us by Professor Nelson Smith of Pomona College. This 
material, designated S-85, was saran which had been car
bonized at 400 °, ground and further heated at 600 °, acti
vated with steam at 900° to an 8 5 %  weight loss and cooled 
to room temperature in an atmosphere of nitrogen. All 
gases employed were reagent grades in glass flasks from Air 
Reduction Sales Co. except hydrogen and methane. The 
hydrogen was tank material which had been passed over 
platinized asbestos at 300° and then through a liquid air 
trap. Total impurities were mass spectrometrically deter
mined to be less than 0 .1 % . The methane w asfrom a tank 
and had been passed through a liquid air trap. Total im
purities (mainly nitrogen) were less than 0 .2 % .

The data were fitted to the crude model of the previous 
paper. The notation and fitting technique are described 
there. A  plot of log F e, / 1 D  versus t*/kT  for several gases 
over porous glass is shown in Fig. 6. The values of V n  for 
neon over glass were redetermined at an interval of six 
months after the original measurements which were re
ported previously.6 The two sets of measurements did 
not differ appreciably (the new measurements are reported 
here). The calculated areas agreed within 5 % . A  similar 
plot of VeX/AD versus e*/kT for some gases over saran char
coal (S-85) is given in Fig. 7.

In Table I I , the values of «*, the energy at contact, D , 
the distance of closest approach, F gc0 — A D ,  and the area 
A  (all calculated from the crude model) are given. The 
values of the polarizabilities and susceptibilities for hydro
gen, oxygen, nitrogen and methane are given in Table I I I .  
All other values were taken from Table II  of the previous 
paper.

5. Discussion
The Absolute Area.—All the apparent areas cal

culated in Section 3 for refined models are greater 
than unity. That is, if experimental data were 
fitted directly to the refined models, the area that 
would emerge would be less than those calculated 
on the basis of the crude model. Thus, the refine
ments largely destroy the near agreement with the 
B.E.T. area shown by the crude model. Actually, 
for the high surface area capillary solids we have 
studied, the absolute area is in doubt, but we can 
point out a possible explanation to restore agree
ment.

In computing V — Fgeo by taking a weighted 
average of three positions over the lattice, one 
essentially combines three different types of sur
face, which is equivalent to introducing heteroge
neity of a sort. The apparent area of a unit area for 
each lattice position can be computed and the 
resultant three values compared with the apparent 
area of the weighted average. In the cases com
puted the following generalization emerges: the 
weighted average of the apparent area of the single
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1 2 3 4  5  6
e * / R T .

Fig. 7 .— Fitted experimental results for saran charcoal S-85. The results are fitted to the simple model (see eq. 10 of the 
previous paper). The argon data are omitted from this figure for the sake of clarity.
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Table II
A

(m.Vg.)
V geo 

(m./g.)
€*

(kcal.)
B.E.T.

(m.Vg.)

Helium 1.87 118 0 .8780 0 .6 8
Hydrogen 1 .86 123 .8780 1.97
Neon 1 .93 106 .8740 1 .54
Argon“ 2 .20 71 .8780 3 .7 8
Oxygen 1 .89 64 .8780 4 .09
Nitrogen 1.99 49 .8780 4 .26 1 17

Helium 2 .4 7 1145 4.821 0 .6 3
1lydrogen 2 .3 0 1575 4.821 1.87
Neon 2 .55 1135 4 .821 1.28
Argon 2 .9 0 1030 4.821 3 .66
Nitrogen 2 .59 1170 4.821 3 .7 0 2079
Methane 3 .30 980 4.821 4 .64

" Taken from the previous paper.6

T a b l e  III
Atomic Atomic _

susceptibility polarizability
Gas X 1029 X 102<

Hydrogen 0 .6 6 4 “ 0 .8 1 i
Oxygen 1 .52 “ 1 .5Tr
Nitrogen 1 .98 " 1 .7 4 6
Methane 6 .6 4 “ 2.58"*

“ II. Margenau, Chem. Phys., 6, 896 (1936). 6 G . G . 
Havens, Phys. Rev., 43, 992 (1933). ‘ E . C . Stoner, 
“ M agnetism ,”  Methuen and C o ., L td ., London, 1948, p. 
38. d “ International Critical Tables, Vol. V I , M cG raw - 
Hill Book C o ., Inc., New York, N . Y . ,  1926, p. 361.

types is greater than the apparent area of the pre
viously averaged volumes. For example, for the 
model with p* = 1.00, the apparent areas, obtained 
for the three types of energy curves taken sepa
rately are

6( p, o, 0) -  .-U p =  2.29

s(p, o, V i )  -  ' U p =  1-86

< P ,  'A ,  V i )  -  U p  =  1 -8 2

The weighted average of these apparent areas is 
1.96. However, the apparent area obtained when 
a weighted average of the V — Vgeo is used is 1.52. 
It is possible that any type of heterogeneity reduces 
the apparent area. It is clear that such an effect 
would act to compensate the over-estimation of 
area inherent in the crude model.

The D rift in Area with Molecular Size and Type. 
— The results for the rare gases on porous glass 
show a drift to smaller area as the molecular size 
and value of D increase. This effect is in qualita
tive agreement with the results calculated for 
capillary spaces in section 2. However, the capil
laries in this solid are presumably more or less cylin
drical with a diameter in the range of 60 ang
stroms.10 From Table II, one finds that all the D’s 
are near 2 A. Thus R/D is about 15. This value 
is out of the range where the capillary size has 
much effect (Fig. 2). It appears then that a frac
tion of the area is in much smaller capillaries, or 
that some of the area is even totally inaccessible 
to the larger molecules. Note the slight reduction 
in Fgeo on going from helium to neon. For the heav
ier gases, the fit is insensitive to the choice of Fgeo,“ 
and so no further information about the accessibil
ity can be obtained in this way. The three diatomic 
gases behave in a roughly similar manner. The hy
drogen area is larger than the helium area, which

(10) P. H. Emmet:, private communication.

at least suggests some partial “ chemical” character 
to the adsorption. Also, nitrogen is adsorbed 
somewhat more strongly than oxygen; this effect 
is frequently encountered with these gases.11 The 
calculations in section 3 suggest a drift in the op
posite direction with molecular size, for atoms 
larger than the crystal lattice. Such an increase in 
area with increase in D was observed previously 
with alumina on going from argon to krypton. 
Preliminary data for neon on alumina confirm this 
drift.

The Area of the Saran Charcoal.—One reason 
for studying the saran sample was the phenomenal 
B.E.T. surface area, which is difficult to take se
riously. Our method, with a number of gases, 
gives a consistent area of about 1000 m.2/g., which 
is more reasonable. With the exception of the hy
drogen area, which is suspect because of the specific 
interaction possible, there is only a slight drift to 
lower areas as the size of the gas molecule increases. 
If the carbon is graphitic in structure, some further 
refinements can be introduced. Crowell and 
Young12 have shown that the energy of attraction 
for argon on graphite does not vary appreciably for 
motion parallel to the basal plane. At first sight 
it would appear that the appropriate model for this 
situation would be the treatment of Section 3 with 
p* = co. At this limit, there is no variation in en
ergy with motion parallel to the basal plane. The 
area would then be reduced by the factor 1.84 to 
560 m.2/g- This model is not correct, however, be
cause it smooths the potential by averaging the 
energy over the three dimensions of the lattice cell. 
Thus the original Lennard-Jones 6-12 is reduced in 
power by three to 3-9 by the triple integration. 
The layer structure of graphite suggests a more 
valid approximation. The large distance between 
basal planes, compared to the short bond distance 
within the plane, makes the contribution of the 
first layer of atoms very important at short dis
tances from the surface. Contributions from the un
derlying planes only become relatively important 
when the total energy is very small anyway. (In 
addition, it is likely that in the high surface saran 
charcoal, the solid is only a few layers thick.) 
Therefore, it is more nearly correct to integrate over 
the positions of the atoms in the surface plane, only.

(11) J. R. Arnold, J. Am. Chem. Soc., 71, 104 (1949).
(12) A. D. Crowell and D. M. Young, Trans. Faraday Soc., 49, 1080 

(1953).
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In this case a 4-10 potential law results. This law 
has been introduced into the expression for V, and 
the apparent area calculated.13 An area for the sa- 
ran of 700 m.1 2 3 4 5/g. results. Crowell14 has sug
gested that his calculations can be extended to our 
case and it will be of interest to see the area that his 
exact summation will yield.

In the absence of exact information concerning 
the structure of the charcoal, it is of interest to com
pare the present measurements with our earlier re
sults6 * 8 9 10 11 on a saran charcoal of lower area. There the 
B.E.T. and our areas were in substantial agreement 
with a value of 800 m.2/g.

(13) W. A. Steele, Thesis, University of Washington, 1954.
(14) A. D. Crowell, private communication.

The higher surface material is prepared by “ burn
ing out”  the lower surface material. If such a pro
cedure increases the capillary size, and at the same 
time destroys some of the capillaries, the various 
areas can be reconciled. If the nitrogen at “ point 
B”  in the B.E.T. measurements fills the pores 
rather than just forming the monolayer, it is clear 
that the volume so accommodated (and thus the 
B.E.T. area) will rise as the pores get larger. How
ever, the area measured by our method is not in
fluenced by condensation of gas, and so does not 
rise to the same extent. It would appear then that, 
on the basis of the arguments presented here, the 
apparent B.E.T. area of the higher surface area 
saran is unreasonably large.

LOW TEMPERATURE REDUCTION OF IRON OXIDES1
By A. D. F r a n k l i n  a n d  R. B. C a m p b e l l

Franklin Institute Laboratories for Research and Development, Philadelphia, Pa.

Received July SO, 1954

Comparison of the diameters of iron oxide crystallites before reduction with those of the iron particles produced at tem
peratures less than about 200° indicates that each oxide crystallite produces one iron particle. A t higher temperatures, 
sintering occurs. These results suggest that for low temperature reduction, nucleation of the new phase is much slower than 
growth.

Introduction
The recent development of single-domain ferro

magnetic particles2-7 has focussed attention upon 
the low temperature reduction of metal oxides to 
produce metallic particles. In the literature on this 
type of reaction7-12 there appears to be little dis
cussion of the essential factors controlling the par
ticle size of the final metal particles. It is well 
known that finer particles are produced at lower re
duction temperatures, but the question of the rela
tion between the geometric properties of the initial 
oxide and of the final metal remains unexplored. 
This paper presents the results of a study of the 
particle and crystallite sizes of some iron oxides and 
of the iron powder produced by reduction of these 
oxides at temperatures between 125 and 450°.

Experimental
Ferrous formate was prepared by dissolving General 

Aniline and Film Corporation Type “ L ”  carbonyl iron in 
Merck Reagent formic acid. Excess formic acid was added 
to bring the pH of the solution to 2 -3  to minimize oxidation 
of the ferrous ion, and the ferrous formate precipitated by 
evacuation of the solution. The hydrated ferrous formate 
crystals possessed diameters of the order of several microns. 
This ferrous formate was dehydrated below 150°, and then

(1) Supported by the Office of Naval Research.
(2) L. Neel, Compì, rend., 224, 1488 (1947).
(3) C. Kittel, Phys. Rev., 70, 965 (1946).
(4) F. Bertaut, Compt. rend., 229, 417 (1942); Thesis, University 

of Grenoble (1953).
(5) C. Guillaud, Thesis, University of Strasbourg (1943).
(6) W. C. Elmore, Phys. Rev., 54, 1092 (1938).
Cl) F. Lihl, Acta Phys. Austriaca, 4, 360 (1951).
(8) F. Lihl, Melali., 5, 183 (1951).
(9) N. I. Ananthanarayanan and J. F. Libsch, J. Metals, 5, Trans., 

79 (1953).
(10) J. Robin and J. Benard, Compt. rend., 232, 1830 (1951).
(11) V. A. Roiter, V. A, Yuza and A. N. Kuznestsov, Zhur. Fiz. 

Khim.y 25, 960 (1951).
(12) F. Olmer, Rev. Met., 38, 129 (1941).

thermally decomposed at temperatures from 220 to 255° 
in vacuo.

Chemical analysis of the resulting oxides showed them to 
be principally FeO, containing less than 2 %  carbon by weight, 
and small, variable amounts of ferric ion. Their X -ray  
diffraction patterns indicated a spinel structure, in agree
ment with Lihl’s13 results on similar material. However, 
other evidence to be reported in a subsequent paper indicated 
that this FeO was really an intimate mixture of Fe and 
Fe30 4. The distribution and particle size of the Fe was such 
that the corresponding X -ray diffraction lines were scarcely 
observable in the pattern of the mixture. When data was 
taken from the spinel part of this pattern, it applied only to 
the Fe30 4 phase. It seems reasonable also to suppose that 
the Fe phase initially present made only a negligible con
tribution to the diffraction pattern observed after reduction. 
Three other iron oxide specimens were used. Fe30 4 and 
y-Fe20 3 powders of the type used for magnetic recording 
tapes were included. The a-Fe20 3 specimen was Baker 
C.P. ferric oxide.

Reduction of the oxides at temperatures as low as 125° 
was accomplished by mixing with excess C aH 2 powder 
(M etal Hydrides, Inc.) and heating at the desired tempera
ture in a low (2 -5  cm .) pressure of hydrogen. Reduction 
with CaH 2 has been reported14 to involve a two-step reaction

2FeO +  2H 2 2Fe +  2H 20

CaH 2 +  2H 20  C a(O H )2 +  2H 2 (1)

Ca(O H )2 +  C aH . 2CaO +  2H . (2)

Preliminary experiments showed that under these conditions 
reaction 2 proceeded to completion. For each FeO mole
cule reduced, one excess molecule of H> was produced. 
Since the reaction velocity increased strongly with increasing 
H 2 pressure, the excess H 2 was removed from the reaction 
through a by-pass manometer, which allowed the hydrogen 
pressure in the reaction chamber to remain constant. The 
excess H 2 was pumped into a system of known volume, and 
the system pressure followed as a measure of the extent of 
reduction. The extent of reduction of the final product 
was also determined independently by dissolving a small 
sample in dilute H 2S 0 4 and collecting the H 2 produced over 
mercury as a measure of the free metal present. The two 
methods showed reasonably good agreement.

(13) F. Lihl, Monalsh., 81, 632 (1950).
(14) H. Flood, Kgl. Norake Videnskdb. Selskab. Fork., 7, 66 (1935).
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Fig. 1.— Effect of reduction temperature on diameter of iron 
particles.

Particle sizes were determined with the electron micro
scope. Crystallite sizes were determined from the broaden
ing of X -ray  diffraction lines, using a G . E . X R D -3  spectrom
eter and Fe K<* radiation. The observed broadening was 
corrected for the effect of the ai-a2 doublet using Jones16 
method, and for instrumental broadening using Warren’s16 
approximations. The instrumental broadening was deter
mined at several values of 26 from an annealed Armco iron 
specimen and from annealed zinc and tin. Crystallite diam
eters were determined using the (110) line for iron, the 
(311) line for the spinel oxides, and the (211) line for a- 
Fe20 3. The particles in some of the oxides appeared to be 
poly crystalline. The iron particles were single-crystal, as 
indicated by rough agreement between electron microscope 
and X -ray sizes.

Estimation of the crystallite diameter by the method used 
here involves considerable uncertainty. Aside from meas
urement errors, tne chief source of uncertainty lies in the 
choice of the constant K  in the Scherrer equation17 used to 
relate line breadth and crystallite diameter

d =  K\/i3 cos 9
where d is the crystallite diameter, X is the X -ray  wave 
length, f} is part of the breadth of the diffraction line due to 
crystallite size, and 6 is the Bragg angle. The value of K  
depends upon the crystallite shape and structure. Since 
there is a change in structure upon reducing the oxide to 
iron (especially in the case of <x-Fe20 3, where a drastic change 
in symmetry from rhombohedral to body-centered cubic 
occurs), the appropriate value may be different before and 
after reduction. Even for relatively simple shapes and 
structures, however, the value of K  is in doubt by about 
2 0 % .16 In this work, a value of 0 .94  was chosen for all 
materials. This uncertainty in the crystallite diameters 
must be considered in the interpretation of the data.

Results
Table I lists all of the data for the FeO reduction. 

In this table Ti is the temperature of decomposition
(15) F. W . Jones, Proc. Roy. Soc. {London), 166A, 16 (1938).
(16) B. E. Warren, J . Appl. Phys., 12, 375 (1941).
(17) See for instance R. W. James, “ The Optical Principles of the 

Diffraction of X-rays,”  G. Bell and Sons, London, 1948, p. 536.
(18) L. Alexander and H. P. King, J. Appl. Phys., 21, 137 (1950).

of the ferrous formate to the oxide, and d\ the oxide 
crystallite diameter. 7'2 is the temperature at 
which the oxide was reduced to iron, and d2 the iron 
crystallite (and particle) diameter. The column 
headed %  Free Iron gives the degree of reduction, 
determined by hydrogen evolution.

T a b l e  I

R e d u c t io n  of  FeO P a r t ic l e s

Oxide
sample

Ti,
°C. A, Â.

T 2, 
°C. ife, Â.

Free
iron,

%
FeO -l 255 350 400 536 95

300 382 75
220 275 82
205 250 92
150 250 91

FeO-2 235 210 350 ±  10 300 80
285 255 70
285 260 68
260 230 72
220 195 80
200 174 60
185 165 68
150 170 85

FeO-3 220 100 450 440 72
300 265 86
200 145 62
150 130 70
125 95 68

Table II, with the same notation, gives the data 
for the lowest temperatures of reduction for the 
FeO, and for three other oxides reduced at tempera
tures sufficiently low to avoid sintering.

T a b l e  II

O b s e r v e d  a n d  C o m p a r iso n  of  C a l c u l a t e d  L o w e r  
L im it in g  Fe P a r t ic l e  D ia m e t e r s

Oxide
sample * ,  Â.

Ti,
°C.

di, A.
(Obsd.) (Calcd.)

Oxide
density,
g./cm .'

FeO -l 350 200 250 273 4 .8
FeO-2 210 200 170 154 4 .8
FeO-3 100 125 95 78 4 .8
Fe3C>4 280 225 200 221 5 .2
7-Fe20 3 356 210 275 264 4 .6
a-Fe20 3 430 210 330 331 5 .2

The calculated 
diameter given in

values for d2, the 
the fourth column,

iron
were

particle
obtained

from the oxide crystallite diameters, assuming that 
each oxide crystallite produces one iron particle 
without change of shape. The oxide densities listed 
in the fifth column were used in this calculation, to
gether with a value of 7.9 g./cm .3 for metallic iron.

Discussion
In Fig. 1, the iron particle diameters listed in 

Table I are plotted for the three sizes of FeO crys
tallites as a function of reduction temperature. 
Each curve terminates at the lower left in a hori
zontal dotted line. This line represents the iron 
particle diameter expected if each oxide crystallite 
produced one iron particle. For low reduction 
temperatures, the observed iron particle diameters 
agree with these expected diameters. This result 
is confirmed by the data in Table II. The corre
spondence between oxide and iron diameters is re
peated for the FeO, and is also shown for some
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Fe30 4, 7-Fe20 3, and a-Fe20 3 specimens. For the 
latter three, the oxide particles were polycrystalline. 
Each particle contained several thousand crystal
lites. The iron particle diameter is clearly deter
mined by the crystallite rather than particle di
ameter of the oxide.

In terms of nucleation-and-growth, it appears 
that only one nucleus is formed per oxide crystal. 
This in turn implies that nucleation may be slow, 
and that once a nucleus is formed, it grows rapidly 
until it has consumed the entire oxide crystallite.

The role of nucleation as the slow process is borne 
out by the kinetics of the reduction. Tatievskaya19 
and co-workers have shown that in the temperature 
region from 350 to 600° the reduction of a-FeO, 
Fe304 and a-Fe20 3 is autocatalytic. According to 
their data, and also to observations made during 
this work, the reaction velocity passes through a 
maximum as reduction proceeds. In the nucleation- 
growth picture, the slow initial portion corresponds 
to the period of nuclei formation, while the rapid 
reaction at maximum velocity corresponds to the 
particle growth.

(19) E. P. Tatievskaya, G. I. Chufarov and V. K. Antonov, Zhur. 
Fiz. Khivi., 24, 385 (1950).

For higher reduction temperatures, an abrupt 
change in slope of the curves in Fig. 1 occurs. In 
the high temperature region, some form of sintering 
apparently takes place. This sintering occurs at 
surprisingly low temperatures, beginning in the 
neighborhood of 100° for the 100 A. diameter FeO. 
This result is in conformity with observations on 
thin films. Wheeler20 states that evaporated iron 
and nickel films sinter at temperatures as low as 
25°.

Conclusions
The following conclusions are drawn from this 

work: 1. For reduction temperatures from 125 to 
450°, iron oxides are reduced in such a fashion that 
each oxide crystallite produces one single-crystal 
iron particle. 2. Sintering of iron particles smaller 
than 300 A. in diameter begins at temperatures 
as low as 200°. 3. In the reduction process, nucle
ation of the new phase is much slower than growth. 
This view also explains the general form of the 
kinetics of reduction.

(20) A. Wheeler, in the chapter “ Chemisorption on Solid Surfaces,”  
in “ Structure and Properties of Solid Surfaces,”  University of Chicago, 
Chicago, Illinois, 1952, p. 459.
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Isotherms have been measured for water adsorbed on germanium and germanium dioxide at temperatures close to 300 °K . 
These are compared with published data for water on silicon dioxide. The isotherms are all of the multilayer type and from 
these have been calculated free energies, heats and entropies of adsorption at various coverages. B y comparing the experi
mental entropy values with figures calculated from various models, it is shown that the first layer is localized but that 
succeeding layers are mobile and have effectively the same properties as liquid water.

Introduction
It is well known that germanium surfaces are 

very sensitive to the presence of water vapor and 
experiments have been reported as to the effect 
humidity has on germanium junction devices.1 TSTo 
one, however, has investigated the basic process 
which must underlie this deterioration, namely, ad
sorption of water vapor on the surface. The only 
attempt to correlate electrical changes with the 
amount of water adsorbed on the surface was made 
by Christensen2 who measured gravimetrically the 
adsorption isotherm for water on gerjnanium di
oxide.

In this paper results will be presented for the 
adsorption of water vapor on germanium at pres
sures above 0.5 mm. and the correlation between 
these results and electrical measurements on ger
manium devices discussed.

Experimental
The adsorption of water vapor on a germanium filament 

at very low pressures has already been studied using a mass 
spectrometer.3 It was found that on heating the germanium

(1) R. M . Rydar and W. R. Sittner, Proc. I .R .E ., 42, 414 (1954).
(2) H. Christensen, J. Applied Phys., to be published.
(3) J. T. Law and E. E. Francois, Ann. N. Y. Acad. Sc.i., in press.

to 350° the water desorbed completely as a mixture of water 
and hydrogen presumably as a result of the reaction

Ge +  i H 20  <; > GeOi +  z H 2

Therefore it should be possible to determine the adsorp
tion isotherm by measuring the pressure change in a closed 
system on heating the germanium after adsorption. This 
would eliminate any dead space corrections which are re
quired in the more usual type of constant volume adsorption 
apparatus. The accuracy of the pressure measurements 
was 10 “ 2 mm. so that it was necessary that the pressure 
change on desorption was of the order of 1 m m . For this 
reason we had to use samples of crushed germanium with a 
surface area of about 300 cm .2. The germanium dioxide 
available was already finely divided and had a surface area 
of several square meters per gram. The germanium di
oxide powder was produced by Eagle Picher Co. and was 
high purity material of the “ soluble”  type. The germanium 
was originally a crystal of high resistivity n-type material, 
while the silicon was obtained from a low resistivity p-type 
crystal.

The apparatus used consisted of a water vapor source, 
an adsorption-desorption vessel (A -B ), a differential ma
nometer and a pumping system. The sample of crushed ma
terial was placed in the thermostated half (A ) of a dumb
bell shaped vessel. The other bulb (B ) was made of quartz 
and attached to bulb A  through a graded seal. Round B 
was wound a nichrome furnace, with a thermocouple 
embedded in the center.

The tw'o bulbs were so arranged that the sample could 
be transferred from one bulb to the other by rotating the
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assembly about a standard taper joint. The advantage of 
winding the furnace directly onto the tube was that during a 
desorption measurement the temperature of only the ger
manium was changed and no desorption occurred from the 
glass walls of the apparatus.

A sample of distilled water was freed from gas by alter
nately freezing and melting under vacuum. The powdered 
solid was placed in B and degassed at 800° in a vacuum of 
10-6 m m . for several hours. After cooling to 350° it was 
tipped into A and adsorption measurements started when it 
reached room temperature. Water vapor was admitted 
and left in contact with the solid for 30 minutes (no detect
able change occurred if left for a further 18 hours). The 
sample was then tipped into the bulb B which had been 
maintained at 350 °. The resulting increase in pressure was 
read by means of a travelling microscope on the wide arm 
(20 m m .) mercury manometer. The volume of the system 
had been determined by filling it with water so that the 
amount of gas desorbed could be determined. This how
ever only gives the volume of gas desorbed from the wdiole 
sample and it is necessary to know its surface area before any 
useful figures can be calculated.

The surface area of the powder can be determined from 
the water isotherm at room temperature, by either the 
Hiittig4 or the Brunauer, Emmett and Teller® (B .E .T .)  
method. A cross-sectional area for the water molecule of 
10.6 A .2 at 2 9 5 °K . wms assumed. The areas (in cm .2/g .)  
obtained are listed in Table I where values are also quoted 
which W'ere obtained from electron microscope pictures for 
germanium dioxide.

T a b l e  I

Germanium, 
cm.2/g .

Germanium 
dioxide, 
cm.2/g .

B .E .T . 220
Hiittig
Electron microscope

2 .9  X  104 
3 .5  X  104 
3 .5 - 5 .0  X  104

From these data the volume ( F m) required to form a 
statistical monolayer could be calculated and the adsorption 
results are presented in terms of FAdS/ F m.

Results
Germanium.—The isotherms obtained for water 

on germanium at 16 and 30° are shown in Fig. 1.
7 
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Fig. 1.— Variation of volume of water adsorbed on ger

manium with p/po-

In Fig. 1 the amount adsorbed is plotted against 
p /p 0- The numbers on the ordinate represent layers 
in that the value Vm from the B.E.T. calculation 
was set equal to one. Thus it can be seen that the 
monolayer is filled at less than 0.1 p0 and that 
multilayer adsorption then commences. Near the 
saturation vapor pressure something like 8-10

(4) G. F. Hiittig, Monatsh., 78, 177 (1948).
(5) K . Brunauer, P. H. Emmett and E. Teller, J. Am. Chem. Soc., 

59, 1533 (1037).

layers are adsorbed. In Fig. 1 it can be seen that 
the curves for the two temperatures coincide above 
0.5po. This indicates that the heat of adsorption in 
this region is identical with the heat of condensation 
of water vapor, as would be expected in the high 
multilayer region.

Germanium Dioxide.— The adsorption isotherms 
on Ge02 are shown in Figs. 2 and 3. Here again 
the monolayer is complete at quite low pressures 
and multilayer adsorption is found at higher pres
sures. At pressures above 0.3po the amount ad
sorbed is about half that found for germanium so 
that the surfaces clearly behave quite differently. 
The results obtained by II. Christensen2 are also 
shown in Fig. 2 and seem to indicate that his surface 
was not completely degassed before the measure
ments. If it is assumed that a monolayer was al
ready present on his surface his results are not too 
unlike those found in the present work.

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
P/Po.

Fig. 2.— Variation of volume of water adsorbed on ger
manium dioxide with p/po.

Ph2o (mm) .

Fig. 3.— Variation of volume of water adsorbed on ger
manium dioxide with pressure.

Silicon.—Attempts were made to measure the 
isotherm for water adsorbed on silicon but the 
results obtained were identical with those described 
below7 for silica. For this reason it is felt that the 
surface was covered with a heavy oxide film. The 
sample was heated to 1320° K. in an effort to 
remove it but no marked improvement was ob
tained. This is not too surprising as the heating 
was done in a quartz tube where the followung 
equilibrium must exist.

S i0 2 +  Si < > 2SiO

Silicon Dioxide (Silica).— The isotherm for 
silica that was taken from Livingston’s6 thesis ap
pears to be practically identical with the one ob
tained for Ge02 in the present work. It is shown 
in Fig. 4 together with the corresponding isotherms 
for germanium and germanium dioxide for com
parison.

(6) H. K. Livingston, ‘ ‘Adsorption and Free Surface Energy of 
Solids,”  Ph.D. Dissertation, University of Chicago, 1941.
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0 0.1 0 .2  0.3 0 .4  0.5 0.6 0.7 0.8 0.9

P/Po.
Fig. 4.— Comparison of adsorption isotherms for water on 

germanium, germanium dioxide and silicon dioxide.

Thermodynamics of Adsorption.— We will now 
confine our attention to germanium and germanium 
dioxide as these were the two materials most 
studied. In each case a multilayer isotherm was 
obtained which was reversible, i.e., the adsorbed 
water could be removed by pumping. This was 
true until the monolayer region was reached when 
further water could only be desorbed by heating, 
thus indicating some form of chemisorption. The 
temperature required for desorption was not in
vestigated carefully but is known to lie somewhere 
below 350°. During desorption the germanium 
surface was oxidized as a result of the reaction

Ge +  z IT O  G eO i 4- z l l 2

and if it was not cleaned by heating in vacuo before 
the next measurement lower values of the amount 
adsorbed were obtained. This indicates that if a 
germanium surface is sufficiently heavily oxidized 
it will behave much like Ge02 and adsorb less 
water at a given pressure than a clean surface. 
From two or more isotherms at different tempera
tures it is possible to calculate heats, free energies 
and entropies of adsorption and so determine the 
degree of mobility of the adsorbed molecules. This 
is done by comparing the experimental figures with 
values calculated for different models, namely, 
fixed and mobile adsorption.

According to the mobile adsorption model, the 
adsorbed molecules behave as a two-dimensional 
gas, moving freely over the surface. Recently 
Kemball,7 Everett8 and deBoer9 have studied the 
adsorption of various gases in this manner, their 
approach differing mainly in the choice of a stand
ard state for the adsorbed species.

The differential heats of adsorption were evalu
ated using the Clausius-Clapeyron equation

/2> In p\ _  AH
\ b f  A  IfT-

where V refers to the volume of vapor adsorbed, p 
the equilibrium pressure and AH is the differential 
heat of adsorption.

(7) C. Kemball, “ Advances in Catalysis,” Vol. II, Academic Press, 
Inc., New York, N. Y ., 1950, p. 233.

(8) D. H. Everett, Trans. Faraday Soc., 46, 453, 942 (1950).
(9) J. H. deBoer, Koninkl, Nederland Akad. Wetenschap. Proc., 65, 

451 (1952).

The difference in free energy between the three- 
dimensional gas standard at temperature T and the 
adsorbed molecules in equilibrium with p was given 
by

AG =  RT  In p/pa'

The differential entropies were then calculated 
using

TAS  =  AH  -  At?

The standard state in the gas phase (p '0) was taken 
as 760 mm.

To facilitate the calculation of AH, V was plotted 
against log p, as shown in Fig. 6 for germanium.

AH  =  2.3RT2 1 lo^ . /

The values obtained for AH and AS at 295°K. are 
shown in Fig. 5. Although they are not included 
in this figure, heats of adsorption were calculated 
from all possible pairs of curves in Fig. 6. The 
values at a given coverage never differed by more 
than 1 kcal./mole so that the average values shown 
were reproducible within ±0.5 kcal./mole.

Vads
Vm

Fig. 5.— Variation of the heat and entropy of adsorption of 
water on germanium and germanium dioxide.

Accurate values of the entropy of water have 
been available for some time. Gordon,10 neglecting 
the nuclear spin contribution, gave a figure of 45.1 
e.u. at 298°Iv. and 1 atmosphere. Gordon’s value 
was confirmed by Giauque and Archibald11 using the 
reaction

Mg(OH). MgO +  11,0

The contributions of the vibrations to the 
entropy and the effect of the vibrations on the

(10) A. R. Gordon, J. Chern. Phys., 2, 65 (1934).
(11) W . F. Giauque and R. C. Archibald, J. Am. Chem. Soc., 59, 

561 (1937).
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-1.0 -0.S 0 0.5 1.0 1.5
L O G  p  .

Fig. 6.—Variation of volume of water adsorbed on ger
manium with log p at various temperatures.

m om ents o f inertia are sm all at room  tem perature 
and m a y  b e  ignored. U sing the m om ents o f inertia 
g iven  b y  G o rd o n 10 the sum  o f th e  translational and 
rotation a l en trop y  is fou n d  to  be  45 e .u . com pared  
w ith  the accu rate va lue o f 45.1 e.u.

T h e  rotation a l e n trop y  was ca lcu lated  from

S„ = 3/2R + R  In (W A B C y / K k T )’' '
o i l 3

w here A ,B ,C ,  are the principal m om ents o f  inertia 
and or is the sym m etry  num ber. F or w ater S r  =
10.5 e.u. at 2 9 5 °K .

T h e  translational con tribu tion  was obta in ed  from  
the fam iliar S a ck u r-T e tro d e  eq u ation  and was 
fou n d  to  be  34.5 e.u . at 2 9 5 °K . F rom  the tota l 
en trop y  in the gas phase and the experim ental 
values o f A S A d s ,  th e  en trop y  values fo r  th e  adsorbed  
m olecules S A d ?  w ere obta ined . In  F ig . 5 the experi
m ental values o f th e  h eat and  e n trop y  o f adsorption  
are p lo tted  against the surface coverage. A  striking 
feature abou t the differential en trop ies is the paral
lelism  betw een  the heat and  e n trop y  curves w hich 
is in agreem ent w ith  the beh av ior n oted  b y  E vere tt .8

T h e  general fo rm  o f the e n trop y  cu rve  in  F ig. 5 is 
th at w h ich  has been described  b y  H ill, et a l.,12 on 
the basis o f  the B .E .T . m odel. T h e  m axim um  that 
occu rs in  the en trop y  curve fo r  G e 0 2 at V  =  0.75 
is in d ica t iv e 12 o f strong b in d in g  to  the surface b e 
cause o f the sm all num ber o f possible configurations 
o f  the system  in  the region  o f the m on olayer. T h e  
in itia l increase in  A S A d s  has been  sh ow n 13 to  be 
m ostly  due to  th e  change in  configurational en trop y

(1 2 )  T .  L . H ill ,  P .  H . E m m e t t  a n d  L . G . J o y n e r , J. Am. Chem. 
Soc., 7 3 , 5 1 0 2  (1 9 5 1 ).

(1 3 )  L .  E . D ra in  a n d  J . A .  M o r r is o n , Trans. Faraday Soc., 4 8 , 3 16  
(1 9 5 2 ).

w ith con cen tration . T h e  decrease in  ASa<ib fo r  
w ater on  b o th  germ anium  and germ anium  d iox ide  
a fter the m on ola yer has been  passed, reflects the 
bu ild in g  u p  o f m ultilayers. In  order to  ob ta in  m ore  
in form ation  a b ou t the freedom  o f the a dsorbed  
m olecules it  is possib le  to  com pare  the results w ith  
the ca lcu lated  loss o f en trop y  fo r  -water u ndergoing  
n on -loca lized  adsorption .

T h e  experim entally  determ ined  entropies w ere 
d ifferential quantities so th at w e need to  ob ta in  the 
d ifferential e n trop y  o f a tw o-d im ensional gas on  the 
surface. T h e  m olecu lar partition  fu n ction  fo r  an 
ideal tw o-d im ensiona l gas is g iven  b y  

Q = 2mnkTa/h2
w here a is the area available per m olecule. W e  w ill 
define this area b y

a =  a„(Ao -  N./N.)
w here ao is the cross-sectional area o f the m olecu le , 
No the num ber o f m olecules required to  saturate a 
g iven  area o f adsorben t and V , the num ber a ctu a lly  
adsorbed  at any stage.

U sing the norm al expressions fo r  e n trop y  in  
term s o f p a rtition  fu n ction s and assum ing a0 is 
in depen den t o f  tem perature w e obta in

ASs =  R In [(
2irmkTaoe

h* Ns
U sing oo =  10.6 A .2 fo r  w ater, this gives the d if
ferential tw o-d im ensiona l translational e n trop y  per 
m ole  on  a h a lf covered  surface as 10.6 e.u . at 
2 9 5 °K . O n adsorption  the th ird  degree o f  transla
tional freedom  wall be  replaced b y  a w eak v ibra tion  
w ith  w h ich  there w ill be  associated  an e n trop y  of 
a p prox im ately  4 e .u .7 I f  w e assum e th at the ro ta 
tional e n trop y  o f the -water m olecules is unim paired 
b y  adsorption  (w hich  w ill a lm ost certa in ly  be true 
in the case o f germ anium  w hen six layers are ad
sorbed ) th e  d ifferential en trop y  o f adsorption  w ill be

— AS — S3 Trans — <S2TranS— Svibn
= 34.5 -  10.6 -  4 = 20 e.u.

w hich  m a y  be  com pared  w ith  the experim ental 
va lu e o f 27.5 ±  2 e.u . T h e  d iscrepan cy  betw een  
the ca lcu lated  value o f 20 and  the experim ental 
va lue o f 27.5 e.u. is su fficiently great th at the postu 
lated  m odel m u st be incorrect. T h e  obv iou s  reason 
is th a t w e h ave assum ed that in the m ultilayer 
region  w ater behaves as a perfect tw o-d im ensional 
gas. F rom  w hat is k n ow n  a b ou t the ten d en cy  o f 
w ater to  associate this is a lm ost certa in ly  n o t true. 
A n y  restriction  resulting from  association  o f the 
m olecules w ill lead to  an increase in  the ca lcu lated  
value o f A<S. A s a first approx im ation  w e are ju sti
fied in tak in g  the va lu e  of A Svap and com parin g  it 
w ith  the observed  en trop y  o f adsorption . W agm an , 
et a l.,1* ob ta in ed  a va lu e o f A Svap =  28.4 c a l./m o le  
and it seems reasonable to  say th at fo r  a m obile  
layer o f w ater m olecules — AS Ads "d ll lie betw een  20 
and 28.4 e.u. and p rob a b ly  m u ch  nearer the la tter 
figure in agreem ent w ith  the experim ental va lu e  o f
27.5 e.u. T h is agreem ent suggests th at in th e  m u l
tilayer region  on  b oth  germ anium  and germ anium  
d iox ide  the w ater m olecules are u ndergoing  n on - 
loca lized  adsorption .

(1 4 )  D . D . W a g m a n , J . E .  K ilp a t r ic k ,  W .  J . T a y lo r ,  K . S . P itz e r  
and F . D . R o s s in i ,  J. Research Natl. Bur. Standards, 34 , 143 (1 9 4 5 ) .
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L et us n ow  consider the m on olayer region  where 
the adsorption  m a y  be  loca lized . I f  all translational 
freedom  is restricted  there w ill rem ain the differential 
m olar loca lisation  en trop y  w h ich  is g iven  b y

As, = ft In
(w here 6 is th e  fra ction  o f the surface covered ) and 
the entrop ies associa ted  w ith  the tw o  v ibration s in 
the p lane o f th e  surface. T h e  free rota tion  o f the 
w ater m olecules w ill p rob a b ly  be  rep laced  b y  a re
stricted  rota tion  a b ou t the germ an iu m -oxygen  
b o n d : Surface G e - O l § .  A t  half coverage  the
con figu rationa l e n tro p y  term  is zero so w e have

— AS = S3Rotn +  S3Trana _  S2yibn — S2Jiotn
= 45.0 -  5 -  2 = 38 ± 5  e.u. 

assum ing reasonable values fo r  fS2yn>n and <S2Rotn. 
T his va lue is close  en ough  to  the experim en tally  
determ ined  values o f 41.6 fo r  germ anium  and 34.9 
for  germ anium  d iox ide  th at w e are justified  in  say
ing th at the m on ola yer reg ion  consists o f localized 
adsorption .

Comparison of Adsorption Results and Electrical 
Deterioration of Germanium Units.— It  has been 
sh ow n 1 th at the reverse current o f a germ anium  p -n  
ju n ction  begins to  increase ra p id ly  w hen the unit is 
exposed  to  hum idities o f 4 0 %  or higher. B y  a 
com parison  o f F igs. 4 an d  5 o f th e  present w ork , it 
m a y  be  seen th at this corresponds to  the form ation  
o f a th ird  layer in w hich  the w ater m olecu les are 
qu ite m obile . I t  is qu ite strik ing th at the electrical 
properties are n ot ap preciab ly  a ffected  b y  the first 
localized layer or b y  the secon d  transitional layer 
b u t th at as soon  as the w ater m olecu les h ave a high 
m o b ility  th e  reverse current increases rap id ly. T his 
seem s to  in d icate  th at a process o f  ion ic con d u ction  
in th e  adsorbed  film  is either th e  cause o f the high 
co n d u ct iv ity  or an in term ediate  step  in  its occu r
rence. T h e  electrica l m easurem ents like th e  ad
sorption  isotherm  are reversible u p on  rem ova l o f the 
w ater v a p o r  even  th ou gh  th e  m on olayer region 
m ust be u naffected  b y  this treatm ent.

Acknowledgment.— T h e  author wishes to  thank
J. A . B u rton  fo r  m a n y  help fu l discussions,
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An improved method has been developed for calculating the size of octahedral solute atoms in primary close-packed 
metallic interstitial solutions from observed X-ray lattice expansion data. Values of the solute-metal bond length have 
been calculated by this method for the eight solutions for which X-ray data are available. Comparison of these values with 
bond lengths predicted by the method of Pauling shows that the solute atoms are bound to the lattice by slightly strained 
covalent bonds. The partial molar volume of the solute is in some cases much larger than would be expected from the degree 
of misfit alone. It has been shown that such discrepancies can be attributed to the transfer of electrons from the lattice 
to the solute-metal bonds.

P rogress in u nderstanding the properties o f  in ter
stitia l m etallic solutions w ill require m ore precise 
and  reliable in form ation  than  is presen tly  available 
con cern in g  the size o f  in terstitial solute atom s, and 
h ow  the size is related to  the e lectron ic properties 
o f  the m etal atom s and solu te  atom s. Som e a t
tem pts to  ca lcu late  the size o f th e  solu te  atom s from  
th e  observed  X -r a y  la ttice  expansion  h ave appeared 
in  the litera tu re ,1-3 b u t the treatm en t has been  
ten tative. T h e  ap p roach  used b y  Speiser, Spretnak  
and T a y lo r3 seem s especia lly  prom ising, b u t Speiser, 
et al., m ade n o  a ttem p t to  ju s tify  their basic assum p
tion , and m ade a n um ber o f unnecessary sim plifica 
tions w hich  in trodu ced  sign ificant errors. T h e  
present paper w ill a ttem p t to  p lace the ca lcu lation  
o f solu te  a tom  size from  X -r a y  la ttice  expansion  
m easurem ents u p on  a m ore  secure fou n d ation . T h e  
values o f solu te  a tom  size so  obta in ed  w ill then be 
com pared  w ith  th eoretica l values ca lcu lated  on  the 
basis o f  P au lin g ’s ideas con cern in g  the bin d in g  o f 
atom s in crystals.

Measurements of X-Ray Lattice Expansion Due 
to Interstitial Solutes.— F igures 1 to  6 and T a b le  I

(1 )  K .  H . J a c k , Proc. Roy. Soc. (.London), 208A, 2 0 0  (1 9 5 1 ).
(2 )  A .  U . S e y b o lt  a n d  H . T .  S u m s io n , Trans. Am. Inst. Mining Met. 

Bngrs., 197, 2 9 3  (1 9 5 3 ) .
(3 )  R .  S p e iser , J . W .  S p r e tn a k  a n d  W . J . T a y lo r ,  Trans. Am. Soc. 

Metals. 46, 1 16 8  (1 9 5 4 ) .

show  the effect o f  solute con cen tra tion  u pon  the 
la ttice  vo lu m e for  all the close -p ack ed  d ilute 
p rim ary  m etallic interstitial solu tions fo r  w h ich  
X -r a y  data  cou ld  be  fou n d  in the literatu re ,4 excep t 
the (P d ,H )f.c .c . system . T h e  con cen tra tion  m  
is in term s o f atom s solute per m etal a tom , and  the 
lattice  vo lu m e v is in cu b ic  angstrom  units per 
m etal atom .

F igures 1 to  6 indicate th at V ega rd ’s law  is va lid  
in these system s as a lim iting law  in d ilute solu tions. 
T h e  significance o f this has been  discussed b y

(4 )  F ig u re  1 : o p e n  c ir c le s , I .  C a d o f f  a n d  J. P . N ie lse n , Trans. Am. 
Inst. Mining Met. Engrs., 197, 2 4 8  (1 9 5 3 ) ;  fu ll  c ir c le s :  P . E h r lic h , 
Z. anorg. allgem. Chem., 259, 1 (1 9 4 9 ) .  F ig u r e  2 :  o p e n  c ir c le s , A .  E . 
P a lt y ,  H . M a r g o l in  a n d  J . P . N ie lse n , Trans. Am. Soc. Metals, 46, 
3 1 2  (1 9 5 4 ) ;  s e m ic ir c le s , H . T .  C la r k , Trans. Am. Inst. Mining Met. 
Engrs., 185, 5 8 8  (1 9 4 9 ) ;  fu ll  c ir c le s , P . E h r lic h ,  a b o v e  (1 9 4 9 ) .  F ig u re  
3 :  o p e n  c ir c le s , I .  C a d o ff ,  A .  E . P a lt y ,  N e w  Y o r k  U n iv e rs ity ,  C o n tr a c t  
N o .  D A -3 0 -0 6 9 -O R D -7 G , F in a l R e p o r t  t o  W a t e r t o w n  A rse n a l, O c t .  3 1 , 
1 9 5 2 ; v e r t ic a l  s e m ic ir c le s , H . T .  C la r k , a b o v e  (1 9 4 9 ) ;  h o r iz . s e m i
c irc le s , E .  S . B u m p s , H . D .  K e ss le r  a n d  M . H a n se n , Trans. Am. Soc. 
Metals, 45, 1008 (1 9 5 3 ) ;  fu ll  c ir c le s , P . E h r lic h , Z. anorg. allgem. 
Chem., 247, 53 (1 9 4 1 ) .  F ig u re  4 :  o p e n  c irc le s , K . H o n d a  a n d  Z .
N is h iy a m a , Science Repts. Tohoku Univ., 21, 299  (1 9 3 2 ) ;  fu ll  c ir c le s , 
E .  O h m a n , J. Iron Steel Inst. {London), 123, 4 4 5  (1 9 3 1 ) .  F ig u r e  5 : 
o p e n  c ir c le s , K . H . J a ck , re f. 1 (1 9 5 1 ) ;  fu ll  c ir c le s , V . G . P a ra n jp e , 
M .  C o h e n , M .  B . B e v e r  a n d  C . F . F lo e ,  Trans. Am. Inst. Mining Met. 
Engrs., 188, 261 (1 9 5 0 ) . F ig u re  6 :  o p e n  c irc le s , R .  M .  T r e c o ,  ibid., 
196, 3 4 4  (1 9 5 3 ) ;  fu ll  c ir c le s , J . D .  F a s t , Chem. Weekblad., 37, 342 
(1 9 4 0 ) .  T a b le  I ,  (Z r ,  B ) :  R .  K ie s s lin g , Acta Chem, Scand., 3, 90
(1 9 4 9 ) ;  (Z r ,  N ) :  J . D . F a st , a b o v e .
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Fig. 2.—Lattice volume of (Ti, N)h.c.p.

D a r k e n  a n d  G u r r y , 6 a n d  a  g e n e ra l th e o r e t ic a l  t r e a t 
m e n t  w h ic h  is p e r t in e n t  t o  th e s e  s y s te m s  h a s  b e e n  
g iv e n  b y  E s h e l b y .6 T h e  p a r t ia l  m o la r  v o lu m e  o f

(5 )  L . S . D a r k e n  a n d  R .  W .  G u r r y ,  “ P h y s ic a l  C h e m is t r y  o f  M e t a ls ,”  
M c G r a w - g i l l  B o o k  C o .  Inc., N e w  Y o r k ,  N . Y . ,  195 3 .

(6 )  J . fy. E s h e lb y ,  Jr 4-fph Phys., 2 5 , 2 5 5  (1 9 5 4 ) .

t h e  s o lu te  i n  in f in i t e ly  d i lu t e  s o lu t io n , E =  ( d r /  
d m ) m =o, h a s  b e e n  e s t im a te d  f r o m  F ig s .  1 t o  6  a n d  
is  lis te d  i n  T a b l e  I .  F o r  t h e  s y s te m s  ( Z r , B ) h . c . p .  a n d  
( Z r . N ) h . c . p .  th e r e  w e r e  X - r a y  m e a s u re m e n ts  f o r  
o n ly  o n e  o r  t w o  v a lu e s  o f  m, so  t h e  v a lu e s  o f E
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T able  I
L attice E xpansion  of Solvent M etals and Calculated Solute- M etal  B ond L engths

All measurements are in Angstrom units. aa and Co are the lattice parameters of the pure metal, and i>0 is the corresponding 
lattice volume. The limits of error given for E and A represent only the estimated error in reading the slope of the curves

in Figs. 1 to 6.
System T i ,  C F e , N Z r ,  B Z r ,  N F e . C T i ,  N Z r ,  o T i ,  O

Structure h.c.p. f.c.c. h.c.p. h.c.p. f.c.c. h.c.p. h.c.p. h.c.p.
CLq 2.9506 3.571 3.2323 3.2323 3.571 2.9506 3.2323 2.9506
Co 4.6833 5.1471 5.1471 4.6833 5.1471 4.6833
Vo 17.6552 11.3844 23.2856 23.2856 11.3844 17.6552 23.2856 17.6552
-do 2.07 1.79 2.27 2.27 1.79 2.07 2.27 2.07
E 7.6 ± 0 .7 6.4 ± 0 .6 6.25 6.1 4.8 ± 0 .7 3.0 ± 0 .6 2.9 ± 0 .9 1.8 ± 0 .6
A (eq. 5) 1.90 ±  0.01 1.87 ± 0 .0 1
A (eq. 7) 2.15 ± 0 .0 1 1.88 ±  0.01 2.33 2.32 1.86 ± 0 .0 1 2.10 ±  0.01 2.29 ±  0.01 2.09 ± 0 .0 1

g iv e n  in  T a b l e  I  f o r  th e s e  t w o  s y s te m s  a re  less re li
a b le  t h a n  f o r  th e  o th e rs .

Derivation of Equations Relating Solute Atom 
Size to X-Ray Lattice Expansion.— I n  a d d it io n  to  
a s s u m in g  t h a t  V e g a r d ’s la w  is a  v a l id  l i m i t i n g  la w , 
w e  h a v e  to  a s s u m e  t h a t  t h e  g e o m e tr ic a l  e x p a n s io n  
o f t h e  la t t ic e  is e q u a l t o  t h e  e x p a n s io n  c a lc u la te d  
f r o m  X - r a y  la t t ic e  p a r a m e t e r  m e a s u re m e n ts . T h e  
la t t e r  a s s u m p tio n  h a s  b e e n  in v e s t ig a t e d  t h e o r e t i
c a l ly  b y  E s h e l b y ,6 w h o  f o u n d  i t  t o  b e  v a l id  if th e  
d is t r ib u t io n  o f s o lu te  a to m s  is u n if o r m  t h r o u g h o u t  
t h e  c r y s t a l .  O n  t h e  b a s is  o f th e s e  a s s u m p tio n s , 
th e  g e o m e tr ic a l  e x p a n s io n  o f  a  c r y s t a l  c o n t a in in g  
N  m e t a l  a to m s  a n d  Nm  s o lu te  a to m s  (m 1 ) is

AV =  NmE (1)

T h e  n e x t  s te p  is t o  re la te  AV  t o  th e  d e g re e  o f m is f it  
o f t h e  s o lu te  a t o m  i n  t h e  la t t ic e . I n  g e n e ra l, i t  
w o u ld  s e e m  t h a t  i f  o n e  c o u ld  d e t e r m in e  b y  a  d e ta ile d  
a to m ic  c a lc u la t io n  t h e  e x p a n s io n  u p  t o  a  c e r ta in  
d is ta n c e  r 0 (e q u a l  p e rh a p s  t o  s e v e ra l A n g s tro m s )

f r o m  t h e  s o lu te  a t o m , i t  w o u ld  t h e n  b e  a  s a t is fa c to r y  
a p p r o x im a t io n  t o  t r e a t  t h e  e x p a n s io n  b e y o n d  r 0 o n  
t h e  m o d e l o f a  c o n t in u o u s  e la s tic  is o tr o p ic  m e d iu m . 
I t  is t h e  c h o ic e  o f r 0 a n d  th e  d e ta ile d  c a lc u la t io n s  
f o r  r  <  r0 w h ic h  p re s e n t  t h e  d if f ic u lt y .

T h e  b a s ic  a s s u m p tio n  o f S p e is e r, et al.,3 w a s  t o  
t a k e  r0 as t h e  d is ta n c e  A0 f r o m  t h e  e m p t y  o c t a h e d r a l  
in t e r s t i t ia l  s ite  t o  t h e  s ix  n e a re s t m e t a l  a to m s , a n d  
t o  a s s u m e  t h a t  th is  s p h e r ic a l s e g m e n t  o f r a d iu s  A() 
w a s  e x p a n d e d  b y  in t r o d u c t io n  o f  a  s o lu te  a t o m  t o  
r a d iu s  A, w h e r e  A  is  th e  d e s ire d  s o lu t e -m e t a l  b o n d  
le n g t h .

T w o  s e rio u s  o b je c t io n s  c a n  b e  ra is e d  t o  th is  
a s s u m p tio n . F i r s t ,  t h e  f ir s t  c o o r d in a t io n  s h e ll  o f 
m e t a l  a to m s  a r o u n d  t h e  s o lu te  a t o m  is n o t  a  g o o d  
a p p r o x im a t io n  t o  a  s p h e re . S e c o n d , t h e  c a lc u la te d  
v a lu e s  o f  th e  e x p a n s io n  A —  A 0 a re  in  s o m e  cases so 
la r g e  t h a t  i t  is d o u b t f u l  w h e t h e r  t h e  la t t ic e  b e y o n d  
r  = A o c a n  b e  t re a t e d  as a  c o n t in u o u s  e la s tic  is o 
t r o p ic  m e d iu m . A c c o r d in g ly ,  a n  a t t e m p t  h a s  b e e n  
m a d e  f o r  t h e  f a c e -c e n te r e d  c u b ic  la t t ic e  t o  c a r r y  o u t
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d eta iled  calcu lation s g iv in g  th e  o u tw ard  d isp lace
m e n t o f th e :h ird  n earest n eigh bors o f th e  o cta 
h ed ral so lu te  a to m , g iven  th e  ou tw ard  d isp lacem en t  
o f th e  n earest n eigh bors. T h e re  are 2 4  m e ta l a to m s  
in th e th ird  coord in ation  sh ell, and  each  is b on d ed  to  
3  a to m s  in  th e sam e shell, 2  in  th e  secon d  sh ell, and  
one in  th e  first sh ell, m a k in g  a  to ta l o f 144  b on d s  
a m o n g  th e 3 8  m eta l a to m s  w ith in  th e th ird  shell.

T h e  a p p roach  used in  ca lcu latin g  th e  exp an sion  
o f the aggregate  of 38  m e ta l a to m s  w as to  a ssu m e  
th a t  th e m e ta l a to m s in  th e first shell are disp laced  
rad ia lly  ou tw ard  a  d istan ce eq u a l to  A  — A 0, and  
th a t  th e coordin ates o f th e  oth er 3 2  m e ta l a to m s  are  
ch an ged  in  su ch  a w a y  th a t  th e  su m  o f th e  sq u ares  
of th e  strain s of m e ta l -m e ta l b on d s is a  m in im u m . 
B eca u se  o f th e  s y m m e tr y  of th e  la ttice , o n ly  fo u r  
coord in ates n eed  be c o n sid e red : n a m e ly , th e  radial 
o u tw a rd  d isp lacem en ts  A  — A 0, B  — Bo, a n d  C  — 
Co o f th e  m e ta l a to m s  in  th e  first, secon d  a n d  th ird  
coord in ation  shells, resp ectiv ely , an d  th e an gle  e 
su b te n d ed  a t  th e  so lu te  a to m  b y  th e  b o n d  jo in in g  a 
m e ta l a to m  in  th e  first shell to  one in  th e  th ird  shell. 
U n fo rtu n a te ly , th e  m a th e m a tic a l c o m p le x ity  o f th e  
p ro b lem  m ad e  it  n ecessary  to  assu m e t c o n sta n t. 
W it h  th is a ssu m p tio n , th e  su m  o f th e sq u ares o f th e  
strain s in  th e m e ta l -m e ta l  b on d s is

6oo2j la -  l ] 2 +  [(a2 +  3/32 -  2a/S)‘A -  2'A]2 +
[(cc +  5t 2 -  4aT)'A -  2‘A]2 +

2[(5-y2 -  6(?t +  3(32)'A -  2'A]2 +  3[7 -  1]2| (2)
w h ere a  =  A / A 0, (3 =  B /B 0, an d  y =  C /C 0, an d  an 
is th e  la ttic e  p aram eter  o f th e  pu re m e ta l. E q u a t 
in g  d eriv atives  to  zero an d  so lv in g  b y  su ccessive  
ap p rox im ation s g a v e  th e  fo llo w in g  results  

a = 1.0 1.1 1.2 1.3
/3 = 1.0 0.9980 0.9919 0.9819 (3)
y =  1.0 1.0124 1.0238 1.0336

T h e  exp an sion  of th e c ry sta l cau sed  b y  in tro d u c
tio n  of N m  of th ese  a ggregates o f 3 8  m e ta l a to m s  
a n d  one so lu te  a to m  w ith  rad iu s C  in to  Nm  spheri
cal h oles w ith  radius C0 is g iv en 6 b y

AV =  4xjVm(C3 -  C„3)/3 (4)
C o m b in a tio n  o f eq u a tion s 1 a n d  4 , a n d  in tro d u ctio n  
of 7  =  C / C 0, g ives

73 = 1 +  3E/4tC03 = 1 +  0.042705£/!>o (5)
w h ere v0 is th e  la ttic e  v o lu m e  per a to m  in  th e pure  
m e ta l. T h u s  th e  desired s o lu te -m e ta l b o n d  len gth  
A  can  b e  ca lcu lated  fro m  E  b y  u se o f eq u a tio n  5  
an d  in te rp olation  o f th e d a ta  in (3 ) , tog eth er  w ith  
th e  d efin ition  A  =  A tia  =  1 / 2 a0a . V a lu e s  o f A  
ca lcu lated  in th is w a y  are g iv en  in  T a b le  I for car
b o n  a n d  n itrogen  in  iron.

I t  is b e lieved  th a t  v a lu es o f A  calcu lated  from
(5 ) a n d  (3 ) are fa ir ly  reliable. T h e  error resu ltin g  
fr o m  th e a ssu m p tio n  of c o n sta n t e is p ro b a b ly  n ot  
seriou s b ecau se 11 o f th e b on d s to  a  m eta l a to m  in 
th e  th ird  coord in ation  shell ten d  to  h old  e c o n sta n t  
w h ile  o n ly  one ten d s to  in crease t. M o r e o v e r , this  
error in  A  is p ro b a b ly  n eg ative , w h ereas th a t  d u e to  
th e  a ssu m p tio n , im p lic it in  e q u a tio n  4 , th a t  th e  
agg rega te  o f 3 3  m e ta l a to m s  a n d  one so lu te  a to m  
h as th e  sa m e com p ressib ility  as th e  la ttic e  as a  
w h o le  is p ro b a b ly  p o sitiv e . M o r e  serious error m a y  
resu lt fr o m  th e  u se  of th e  parab olic  in te ra tom ic  
p o te n tia l fu n c tio n . C o m p a re d  w ith  a  M o r s e  p o te n 

t ia l  f u n c t io n , a  p a r a b o lic  f u n c t io n  m a k e s  s t r e t c h e d  
b o n d s  s e e m  to o  s tiff  a n d  c o m p re s s e d  b o n d s  n o t  s tif f  
e n o u g h . T h u s  t h e  p a r a b o lic  la w  g iv e s  v a lu e s  o f A 
h ig h e r  t h a n  w o u ld  b e  o b t a in e d  if  a  M o r s e  f u n c t io n  
w e r e  u s e d . H o w e v e r ,  e v e n  th e  M o r s e  f u n c t io n  
m a y  n o t  b e  s u it a b le  f o r  th is  c a lc u la t io n , b e c a u s e  t h e  
n o n -u n i f o r m i t y  o f t h e  s tra in s  in  t h e  n e ig h b o r h o o d  
o f  t h e  s o lu te  a t o m  m a y  r e s u lt  in  e le c tro n  s h if t in g  
effects w h ic h  w i l l  t e n d  t o  re la x  t h e  s t r a in  e n e r g y .

Simplified Calculations.— T h e  d e ta ile d  c a lc u la 
t io n s  o f t h e  p r e v io u s  s e c tio n  s h o w  t h a t  t h e  v e r y  
s e ve re  la t t ic e  d is to r t io n s  a re  c o n f in e d  to  t h e  i m 
m e d ia te  n e ig h b o r h o o d  o f t h e  s o lu te  a t o m , a n d  p r o 
v id e  s o m e  ju s t if ic a t io n  o f t h e  b a s ic  a s s u m p t io n  o f  
S p e is e r, et al. T h e  e x p a n s io n  o f t h e  c r y s t a l  c a u s e d  
b y  in t r o d u c t io n  o f  Nm  in c o m p re s s ib le  s p h e re s  o f  
r a d iu s  A in t o  Nm  h o le s  o f r a d iu s  A 0 is  g iv e n 6'6 b y

AV = (4/3)irNm[3(1 -  n)/(l +  m)](A3 -  A°3) (6)
w h e r e  n is  P o is s o n ’s r a t io ,  w h ic h  w e  w i l l  a s s u m e  
e q u a l t o  0 .3 . C o m b in a t io n  w i t h  ( 1 )  g iv e s

A3 =  A03 +  3£[(1 +  m) /3(1 -  /d ]/4x  (7)
T h i s  e q u a t io n  is n o t  e x a c t ly  re p r e s e n t a t iv e  o f th o s e  
g iv e n  b y  S p e is e r, et al., b e c a u s e  t h e y  n e g le c te d  t h e  
t e r m  i n  n, m a d e  t h e  a p p r o x im a t io n  A 3 —  /103 =  
3 A 02( A  —  A 0) ,  n e g le c te d  c h a n g e s  i n  a# w h e n  c a lc u 
la t in g  E  f o r  h e x a g o n a l c lo s e -p a c k e d  m e ta ls , a n d  
a p p a r e n t ly  a c c id e n t a l ly  u s e d  Ao =  oo/2 f o r  h e x 
a g o n a l c lo s e -p a c k e d  m e ta ls  in s te a d  o f (co2/ 1 6  -f - 
ao2/ 3 ) , 1/2 o r  a p p r o x im a t e ly  a 0/ 2 1/2.

T a b l e  I  in c lu d e s  v a lu e s  o f A c a lc u la t e d  w i t h  
e q u a t io n  7. F o r  t h e  t w o  c u b ic  s o lu t io n s  t h e  a g re e 
m e n t  w i t h  A c a lc u la te d  b y  m e a n s  o f (5 )  a n d  (3 )  is 
e x c e lle n t, a n d  t h e  d is c r e p a n c y  is in  s u c h  a  d ir e c t io n  
t h a t  w e  m i g h t  e v e n  p r e fe r  t h e  re s u lts  o f t h e  s im p le  
c a lc u la t io n . B e c a u s e  o f t h e  s im i la r i t y  b e tw e e n  th e  
c u b ic  a n d  h e x a g o n a l c lo s e -p a c k e d  s t r u c t u r e s , e q u a 
t io n  7 m a y  b e  c o n s id e re d  re lia b le  a ls o  w h e n  a p p lie d  
t o  t i t a n i u m  a n d  z ir c o n iu m .

Calculation of Theoretical Values of the Solute 
Size.— V a lu e s  o f th e  s o lu t e -m e t a l  b o n d  le n g t h  A ' 
w h ic h  w o u ld  b e  e x p e c te d  in  a b s e n c e  o f s t r a in  c a n  
b e  c a lc u la te d  b y  u s in g  P a u l i n g ’s e q u a t io n 7 r e la t in g  
b o n d  le n g t h  to  v a le n c e  a n d  c o o r d in a t io n  n u m b e r  

A’ = Ri +  Rt -  0.6 log 7i (8)
w h e r e  Ri a n d  R2 a re  t h e  a p p r o p r ia t e  s in g le  b o n d  
c o v a le n t  r a d i i  o f  t h e  m e t a l  a n d  s o lu te , re s p e c t iv e ly , 
a n d  n  is  t h e  b o n d  n u m b e r ,  h a lf  t h e  n u m b e r  o f s h a re d  
e le c tro n s  i n  t h e  b o n d , w h ic h  i n  t h is  case is t h e  
v a le n c e  o f th e  s o lu te  a t o m  d iv id e d  b y  t h e  c o o r d in a 
t io n  n u m b e r  6.

T h e  c a lc u la t io n s  a re  s h o w n  i n  T a b l e  I I .  V a lu e s  
o f  t h e  s in g le  b o n d  r a d i i  l is te d  in  t h e  ta b le  a re  th o s e  
g iv e n 8' 9 b y  P a u li n g  a n d  c o -w o r k e r s . F o r  o x y g e n  
a n d  n it r o g e n  t h e  t e t r a h e d r a l  r a d i i  w e re  u s e d , e x c e p t  
in  t h e  case o f ( F e , N ) ,  w h e r e  i t  w a s  p r e s u m e d  t h a t  a 
v a lu e  in t e r m e d ia t e  b e tw e e n  t h e  t e t r a h e d r a l  r a d iu s  
a n d  t h e  n o r m a l  c o v a le n t  r a d iu s  s h o u ld  b e  u s e d , 
s in c e  t h e  p re s e n c e  of 4 .6  e le c tro n s  o n  t h e  n it r o g e n  
a t o m  (see b e lo w )  w o u ld  m a k e  its  b o n d s  in t e r m e d ia t e  
in  h y b r i d  c h a r a c t e r  b e tw e e n  n o r m a l  a n d  t e t r a h e 
d r a l .  T h e  v a le n c e s  o f t h e  m e ta ls  a re  th o s e  g iv e n 7 b y  
P a u lin g .  T h e  e le c tr o n e g a t iv it ie s  X\ a n d  x2 f o r  m e t a l

(7 ) L. P a u lin g , P r o c .  R o y .  S o c .  { L o n d o n ) ,  1 9 6 A , 3 4 3  (1 9 4 9 ) .
(8 ) L .  P a u lin g , J. Am. Chem. S o c . t 69, 542  (1 9 4 7 ) .
(9 )  M .  E . J o n e s  a n d  R .  E .  M a rs h , i b i d . ,  7 6 , 1 43 4  (1 9 5 4 ) .
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T a b l e  II
E l e c t r o n i c  P r o p e r t i e s  o f  M e t a l  a n d  S o l u t e  A t o m s , a n d  C a l c u l a t e d  V a l u e s  o f  S o l u t e - M e t a l  B o n d  L e n g t h s

All lengths are in &ngstroms.
S y s te m Ti, c F e , N Z r , B Z r , N F e , C Ti, N Z r , O Ti, O

Ri 1.33 1.17 1.46 1.46 1.17 1.33 1.46 1.33
Rt 0.77 0.72 0.77 0.70 0.77 0.70 0 . 6 6 0 . 6 6

Valence of pure
metal 4 5.78 4 4 5.78 4 4 4

Xl 1.7 2.3 1 . 6 1 . 6 2.3 1.7 1 . 6 1.7
Xi 2.55 3.0 1.9 3.0 2.55 3.0 3.45 3,45
% ionic character 17 1 1 2 39 1 34 57 53
Valence of solute 3.4 3.4 2.9 3.6 4.0 3.7 3.8 3.9
— 0 . 6  log n 0.15 0.15 0.19 0.13 0 . 1 1 0.13 0 . 1 2 0 . 1 2 '
A' 2.25 2.04 2.42 2.29 2.05 2.16 2.26 2 . 1 1

A' -  A 0 . 1 0 0.16 0.09 -0 .0 4 0.19 0.06 -0 .0 3 0 . 0 2

Table III
C o r r e c t i o n  o f  O b s e r v e d  L a t t i c e  E x p a n s i o n  f o r E l e c t r o n i c  E f f e c t s

S y s te m Ti, c F c , N  Z r , B Z r , N F e , C T i ,  N Z r , O T i ,  O

No. of electrons lost to solute 2 . 8 2 . 8 2 . 2 2.4 1 . 6 1 . 8

Bond length in pure metal 2.923 3.206 3.206 2.923 3.206 2.923
E (electronic) 3.3 0 4.0 3.1 0 2 . 8 2.3 2 . 1

E (net) 4.3 6.4 2.25 3.0 4.8 0 . 2 0 . 6 -0 .3
1000(4' -  4 0) 3 5.8 15.6 3.4 0 17.5 0.7 0 0.1

and solute, respectively , are the com m on ly  a c - tice  expansion . In  iron , w h ich  P auling  has ca lled 12
cep ted  values, excep t fo r  titan ium  and iron , w h ich  
w ere ca lcu lated  w ith  G o r d y ’s equ ation 6 using the 
m etal va len ce  and single b on d  radius show n in 
T a b le  I I . F rom  th e  e lectron ega tiv ity  d ifference

— Xi one ob ta in s10 the percentage ion ic character 
o f  the so lu te -m eta l bonds. A ccord in g  to  P au lin g ’s 
postu la te11 o f the essential e lectrica l n eutra lity  o f 
atom s, the ion ic  character o f the bon ds can be 
interpreted  as the fraction a l e lectron ic charge in the 
bonds, over  and a b ov e  one-half, w h ich  is co n 
tribu ted  b y  th e  m ore  electron egative  atom . T h e  
va len ce  o f the solute is then readily  calcu lated . F or 
exam ple, in  th e  (T i,N )h .c .p . system  th e  6n  s o lu te - 
m etal bon ds are 3 4 %  ion ic, so th at 2 .08n excess 
electrons are con trib u ted  b y  the n itrogen  atom  to  
the bon ds, leav in g  5 — 2 .08n  as the va len ce  o f 
n itrogen. B u t b y  defin ition  th e  va len ce  is equal to  
6n, so  th at n =  5 /8 .0 8  =  0.62. A p p lica tion  o f 
equ ation  (8) th en  gives A '  =  2.16.

C om parison  o f th e  values o f A '  in  T a b le  I I  w ith  
the correspon d in g  values o f  A  ind icates th at the 
so lu te -m eta l bon d s in  these solu tions are slightly  
strained cov a len t (or  m eta llic) bon ds, as expected .

Lattice Expansion Due to Electronic Effects.—  
N eglectin g  d ifferences in  the stiffness o f the various 
bon ds, on e m igh t exp ect th a t the partial m olar 
vo lu m e E  o f  the solute should be approx im ately  
p rop ortion a l to  ( A '  — A 0) . 3 T h a t this is far from  
true is ev id en t from  F ig . 7. S om e o f the d iscrep 
an cy  m a y  be due to  errors in E , A  and  A ',  b u t it 
seem s probab le  th at m u ch  of the d iscrepan cy  m ay  
arise as a result o f  la ttice  expan sion  due to  elect ronic 
effects, as d istin ct from  expansion  due to  m ech an i
ca l stress. C erta in ly  som e o f the electrons in the 
so lu te -m eta l b on d s are con tribu ted  b y  the m etal, 
and in titan iu m  and zircon ium  these m u st com e 
from  th e  m e ta l-m eta l bon ds, w ith  a resu ltant la t-

(1 0 ) L . P a u lin g , " T h e  N a tu r e  o f  th e  C h e m ic a l  B o n d , ”  2 n d  e d ., 
C o rn e ll  U n iv . P ress , I t h a c a ,  N . Y . ,  194 5 , p . 70 .

(1 1 ) L . P a u lin g , J. Chem. Soc., 1461 (1 9 4 8 ) .

a “ bu ffer”  elem ent, the necessary electrons can  at 
first be  draw n from  the reserve su p p ly  o f n on -b on d 
ing e lectrons. A fter  this reserve su p p ly  has been  ex
hausted, how ever, the m eta l-m eta l bon d s m u st 
suffer, and this is p rob a b ly  th e  exp lan ation  o f the 
fa ct apparent in F igs. 4 and 5 th at the partial m ola l 
vo lu m e o f the solu te  in  iron  increases w ith  increas
ing concentration .

I t  is im possib le  to  m ake reliable ca lcu lations o f 
this effect, b u t a reasonable idea  o f th e  m agn itude 
is g iven  b y  the ca lcu lations in  T a b le  I I I .  A ga in  
taking (T i,N )h .c .p . as an exam ple, one solu te  a tom

\000{A~ Ap)3.
Fig. 7 .—Correlation of lattice expansion with calculated 

degree of misfit of solute atoms in interstitial sites. Crosses 
are observed values of E; circles are net values after sub
traction of the assumed correction due to electronic effects.

(1 2 )  L . P a u lin g , Proc. Nat. Acad. Set. U. S., 3 6 , 5 3 3  (1 9 5 0 ) .
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draw s 6n — 2 .08n  =  2.4 e lectrons from  the m etal. 
I t  is p rob a b le  th at e lectron ic shifts occu r am on g the 
bon ds in  th e  rap id ly  v a ry in g  stress field near the 
solu te  atom , stretched bon ds losing electrons and 
com pressed  bon ds gam ing electrons, so  th at 2 .4 
m a y  n ot be  exa ctly  the net loss o f  e lectrons from  the 
la ttice  as a w h ole  to  the n eigh borh ood  o f each  
solu te  atom , b u t w e w ill assum e th at this is nearly 
correct, and  th at the loss is spread over  the la ttice  
as a w hole. T h u s if w e add  N dm  so lu te  atom s to  a 
crysta l con ta in ing  N  m eta l atom s, the average 
m eta l va len ce w ill be  decreased b y  2ANdm/N, and 
the b on d  num ber o f the m e ta l-m eta l bon d s w ill 
decrease from  4 /1 2  to  (4 — 2 .4 d m )/1 2 . F ro m e q u a -

tion  8 w e see th at the resulting increase in bon d  
length  is

0.6 log(l/3) -  0.6 log[(4 -  2M m )/ l2 ]
= —0.6 log(l -  2.4dm/4) =  (0.6)(2.4)(dm)/(2.3)(4) 

if dm  is sm all. B y  geom etry  the electron ic  con tr i
b u tion  to  the partial m olar vo lu m e o f the solu te  is 

E(el.) =  (3 )( 17.6552 )(0.6 )(2.4)/(2.923 )(2.3 )(4) =  2.8 
w here 17.6552 is Vo and 2.923 is the m e ta l-m e ta l 
b on d  length  in the pure m etal. T h e  net va lue o f E  
w h ich  is to  be a ttribu ted  to  m echan ica l strain  is 0 .2 .

F igure 7 show s values of F  (n et) as a fu n ction  o f 
( .4 ' — vlo)3, and  w e see th at despite the cru d ity  of 
our ca lcu lations there has been a m arked  im p rove 
m en t in the correlation .

POLYMERIZATION AND DEPOLYMERIZATION PHENOMENA IN 
PHOSPHATE-METAPHOSPHATE SYSTEMS AT HIGHER TEMPERATURES. 
III. CONDENSATION REACTIONS OF DIVALENT METAL HYDROGEN

PHOSPHATES12
B y  R . K . O s t e r h e l d 3 a n d  R . P . L a n g g u t h  

Department of Chemistry, Cornell University, Ithaca, New York
Received August 4* 1954

The reactions taking place when barium dihydrogen orthophosphate is heated were studied with the use of thermal 
analyses, X-ray and chemical analyses, and weight loss data. The rate of thermal decomposition of this compound became 
appreciable about 243°, the ultimate product being barium tetrametaphosphate. At temperatures just above 243° an ap
preciable amount of barium dihydrogen pyrophosphate was found to be present during the course of the reaction as an 
unstable intermediate. Using similar methods the rate of thermal decomposition of lead dihvdrogen orthophosphate was 
found to become appreciable about 195°, aggregation proceeding through an unstable intermediate to form lead tetrameta
phosphate. Samples corresponding to various compositions in the lead pyrophosphate-lead metaphosphate system were 
prepared by heating appropriate mixtures of lead dihydrogen and monohydrogen orthophosphates to constant weight at 
550°. A form of phase diagram constructed from thermal analyses of these samples clearly indicated the presence of a com
pound of the composition corresponding to lead tetraphosphate. Lead tetraphosphate melted incongruently at 700°. 
X-ray diffraction patterns of samples from the system supported the thermal evidence for the formation of lead tetraphos
phate.

R ela tiv e ly  few  studies h ave  been m ade o f  the ag
gregation  reactions occu rrin g  w hen  solid  d iva lent 
m etal h ydrogen  phosphates are heated. T h e  reac
tions occu rrin g  m igh t be expected  to  be analogous 
to  those in the classical m eth od  fo r  preparation  o f 
tetram etaph osphate com p ou n d s ,4 w hich  in volves 
the heating o f copper oxide, lead ox ide or another 
h ea v y  m etal ox ide w ith  a slight excess o f  orth op h os- 
ph oric acid, first to  dryness, then to  a tem perature 
n ot to  exceed  450°. In  a program  o f  in vestigating 
b etter defined system s studies w ere m ade o f the 
therm al aggregation  reactions o f barium  d ih y d ro 
gen orth oph osphate, o f  lead d ih ydrogen  orth op h os
phate, and  also o f  m ixtures o f  lead d ih ydrogen  and 
m on oh yd rogen  orthophosphates.

Experimental Procedures
The methods of investigation were essentially those de-
t l )  (a )  A b s tr a c t e d  f r o m  a  th esis  s u b m it te d  b y  R . P . L a n g g u th  in  

p a r t ia l  fu lfillm e n t, o f  t h e  r e q u ir e m e n ts  f o r  t h e  d e g r e e  o f  M a s t e r  o f  
S c ie n c e , 185 2 , C o r n e l l  U n iv e rs ity ,  ( b )  P re s e n te d  a t  th e  125 th  
A m e r ic a n  C h e m ic a l  S o c ie t y  N a t io n a l  M e e t in g ,  K a n sa s  C i t y ,  M is s o u r i , 
M a r c h  31 , 195-4.

(2 )  A  p o r t io n  o f  th is  w o rk  w a s  s u p p o r t e d  b y  th e  O ff ic e  o f  N a v a l  
R e s e a rc h .

(3 )  D e p a r t m e n t  o f  C h e m is tr y , M o n t a n a  S ta te  U n iv e r s it y ,  M is s 
o u la ,  M o n t a n a .

(4) F. Warschauer, Z. anorg. Chem., 36, 137-200 (1903).

scribed in earlier papers of this series.5 6’6 Differential ther
mal analyses served to determine the temperatures at which 
reactions became appreciable in rate or changes in phase 
occurred during the heating of the various samples. The 
behavior of the samples at these temperatures was then 
studied by noting the weight loss occurring at each tem
perature and by chemical and X-ra)r analyses of initial, in
termediate and final materials. Although X-ray diffraction 
patterns were obtained primarily for a qualitative deter
mination of the crystalline phases present in a sample, a 
number are reported here in detail as they may be of inter
est to other workers.

To prepare barium dihydrogen orthophosphate, powdered 
barium hydroxide was added to a 50% solution of ortho- 
phosphoric acid until precipitation began. After discarding 
the precipitate slow evaporation of the filtrate on a steam- 
bath produced anhydrous crystals of barium dihydrogen 
orthophosphate. Anal, of product: Ba, 41.30; P present 
as P04~3, 18.75 (ealed.: 41.44 and 18.69%, respectively). 
Lead monohydrogen orthophosphate precipitated when a 
hot solution of lead nitrate was added to a boiling solution 
of orthophosphoric acid. Anal, of the product: P present 
as P04~3, 10.21% (ealed.: 10.22%). The lead monohydro
gen orthophosphate was dissolved in warm concentrated 
orthophosphoric acid to obtain lead dihydrogen orthophos
phate which precipitated on cooling. Anal, of product: 
Pb, 51.21%; P present as PCL-3, 15.54% (ealed.: 51.65 
and 15.44%, respectively).

(5 ) R .  K .  O ste rh e ld  a n d  L . F .  A u d r ie t h ,  T h is  J o u r n a l , 56, 3 8  
(1 9 5 2 ).

(6 )  L . F .  A u d r ie t h ,  J . R .  M il ls  a n d  L . E .  N e th e r t o n ,  ibid., 58, 4 8 2  
(1 9 5 4 ).
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Thermal Decomposition of Barium Dihydrogen 
Orthophosphate.— D ifferentia l therm al analysis o f 
barium  d ih yd rogen  orth oph osph ate  (F ig . 1A) 
show ed that, en doth erm ic processes becam e appre
ciable in  rate near 240°, at som eth ing  over  300° 
(v ery  w eak break ), and at 87 5 °. W eigh t losses fo r  
sam ples o f  barium  d ih yd rogen  orth oph osph ate  
heated  to  con stan t w eigh t at 245 and 27 0 ° (i.e., 
a b ove  th e  first therm al analysis break) corre 
spon ded  to  the loss o f  1.95 and  2.05 m oles o f  w a
ter, respective ly , per form ula  w eigh t o f  barium  d i
h yd rogen  orth oph osphate. T h e  reaction  th at be
cam e rapid  near 240° m ust h ave  produ ced  a barium  
m etaph osph ate  (eq. 1).

nBa(H2P04)2---->  [B<a(P03)2]„ +  2nH20  (1)

T h e  en doth erm ic process th at occu rred  ju st 
a b ov e  300° was v e ry  w eak. S ince (a) it  appeared 
on ly  in the first heating cu rve  o f the barium  m eta
phosphate a fter its preparation , and (b ) there was 
n o  detectab le  w eigh t loss or change in  X -r a y  d if
fraction  pattern  associated  w ith  the break, it  was 
a ttribu ted  to  a sm all am ou n t o f  im purity , perhaps 
p rev iou sly  u n con verted  d ih ydrogen  p yroph osph ate  
or the p rod u ct o f  a side reaction . T h e  en doth erm ic 
break  a t 875° correspon ded  to  the fusion  o f the 
bariu m  m etaph osph ate. O n slow  coo lin g  the m elt 
appeared to  recrysta llize  com p lete ly  to  g ive  the 
original m etaph osph ate. T h e  X -r a y  pattern  was 
u nchanged  b y  fu sion  and  recrysta llization , and 
subsequent h eatin g  curves (F ig . IB ) show ed on ly  
the break  a ccom p a n y in g  fusion .

T h e  barium  m etaph osph ate  p rod u ced  b y  the 
therm al d ecom p osition  o f crysta lline barium  d ih y 
drogen  orth op h osp h ate  was identica l w ith  the 
barium  m etaph osph ate p rodu ced  b y  the W arsch - 
auer m eth od  fo llow in g  the d irections o f  A ndress, et 
alJ A s can  be  seen in  F ig . 1 the produ cts had  the 
sam e m elting  poin t, and th ey  produ ced  the sam e 
X -r a y  d iffraction  pattern  (T a b le  I ) . S ince the 
W arschauer preparations em ployin g  barium  or 
cop p er com p ou n d s h ave been  show n to  p rod u ce  the 
cy clic  tetram etaph osphate an ion7-9 we con clu ded  
the therm al d ecom p osition  o f crystalline barium  
d ih yd rogen  orth oph osph ate  led  to  the form ation  o f 
barium  tetram etaph osphate. F urtherm ore, the 
X -r a y  pattern  o f the soluble p rod u ct obta ined  from  
our barium  m etaph osph ate  b y  m etathesis w ith  so
d ium  su lfate solu tion  and dried  at 80 ° conta ined  
the stron g  lines o f  the high tem perature fo rm  o f so
d ium  tetram etaph osphate  fo u r -h y d ra te 10 and an
hydrous sod iu m  tetram etaphosphate plus som e of 
the lines o f  sod iu m  sulfate.

Sam ples fo r  analysis w ere rem oved  at intervals 
during the h eatin g  o f a sam ple o f  barium  d ih y d ro 
gen orth oph osp h ate  at 245°. E a ch  sam ple was ex
tracted  w ith  0.1 A7 n itric acid  and  the solu tion  ana
lyzed  to  determ ine the percentage o f the tota l phos
phorus in the sam ple present as o rth op h osp h a te ,11

(7 )  K .  R .  A n d r e s s , W .  G e h r in g  a n d  K . F is ch e r , Z. anorg. Chem., 261, 
331  (1 9 5 0 ) .

(8 )  K . R .  A n d re ss  a n d  K . F is ch e r , Acta Cryst., 3 , 399  (1 9 5 0 ) .
(9 ) C . R o m e r s ,  J . A .  A .  K e te la a r  a n d  C . H . M a c G i l la v r y ,  ibid., 4, 

114  (1 9 5 1 ).
(1 0 )  R .  N . B e ll ,  L . F .  A u d r ie t h  a n d  O . F .  H i l l . / n d .  Eng. Chem., 44, 

5 6 8  (1 9 5 2 ) .
(1 1 ) L . T. J o n e s , Ind. Eng. Chem., Anal. Ed., 14, 5 3 6  (1 9 4 2 ) .

Fig. 1.—Differential thermal analyses: A, Br(H2P04)2; 
B, previously fused Ba(P03)2; C, Warschauer method 
Ba2(P03)4.

T a b l e  I
X - R a y  D i f f r a c t i o n  D a t a  f o r  B a r i u m  T e t r a m e t a -

PHOSPIIATE
A . B a2(P O s)4  fr o m B . B a 2( P O ,)4 fro m

B a (H 2 P 0 4 )2 W a r s c h a u e r  m e th o d
d. I n t . d. I n t .

5.16 w 5.20 w
4.24 M 4.25 M
3.76 VW 3.76 VW
3.39 VS 3.40 VS
3.18 M 3.18 M
3.00 VS 2.99 VS
2.70 VW 2.72 VW
2.56 VW 2.58 VW
2.52 w 2.53 w
2.36 VW 2.36 VW
2.25 vs 2.25 vs
2.15 w 2.16 w
2.07 w 2.07 w
2.01 w 2.01 w
1.86 w 1.88 w
1.70 w 1.71 w
1.64 w 1.65 w
1.60 w 1.62 w
1.55 w 1.56 w
1.52 w 1.52 w

p y ro p h o sp h a te ,12 and trip h osp h a te .12 T h e  tetra-
m etaphosphate con ten t was ca lcu lated  from  the 
w eight o f  m aterial insoluble in  0.1 N  n itric acid. 
T h e  results are presented in F ig . 2 and  T a b le  II .
P vrop h osp h ate  was an u nstable in term ediate in  the
reaction . N o  triphosph ate w as d e tected ; w ith  the
Bell m eth od  o f analysis this im plied  th at higher
polyph osphates w ere absent as well.

T a b l e  II
A g g r e g a t i o n  o f  Ba(H2P04)2 a t  245°

T im e  o f M o le s  o f
h e a tin g . w a te r %  o f  t o ta l  P  as

hr. lo s t “ P 0 r ! P 2O 7 P 4O 1Î 4

0.5 0. 175 82.2 17.9 0.0
1.0 0.504 50.1 49.3 0.0
1 .5 1.023 15.9 72.0 11.6
2.0 1.703 8.4 20.8 69.5
2.5 2.015 1.4 4.0 93.5
3.0 2.046 0.8 1.0 98.0

" Per formula weight of Ba(H2P 04)2.
X -R a y  d iffraction  patterns w ere obta ined  fo r  the 

an a lytica l sam ples. I t  is o f  in terest th at the X -
(1 2 ) R .  N .  B e l l ,  Anal. Chem., 19, 9 7  (1 9 4 7 ) .
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Fig. 2.—Thermal decomposition of BaftLPoffi.

ray  pattern  characteristic o f  barium  d ih ydrogen  or
th oph osph ate  persisted (excep t fo r  m in or sh ifting 
correspon d in g  to  a slight la ttice  con tra ction ) 
through  three h a lf-hou r heating periods at 2 4 5 ° ; 
at th at poin t the w eight loss correspon ded  to  abou t 
one m ole o f  w ater per form ula  w eigh t o f  barium  d i
h ydrogen  orth oph osphate, and the an a lytica l data  
show ed 8 4 %  o f the d ih ydrogen  orth oph osp hate  
groups had decom posed , a b ou t 7 2 %  having  been 
con verted  to  pyrop h osph ate  and 12%  to  m etaph os
phate. S h ortly  a fter this p o in t in  the therm al d e 
com position  the X -r a y  patterns o f  the analytica l 
sam ples exh ib ited  the lines characteristic o f  barium  
tetram etaphosphate. T h e  la ttice  con tra ction  n oted  
a b ov e  m ight have accom pan ied  the rep lacem ent o f 
pairs o f  d ih ydrogen  orth oph osph ate  ions b y  d ih y 
drogen  pyroph osph ate  ions, the tem perature per
haps being insufficient to  perm it recrystallization . 
T h e  X -r a y  pattern  o f a salt o f  a h ea vy  m etal ion is, 
o f course, largely  due to  reflections from  the m etal 
ion  planes in the crystal.

Thermal Decomposition of Lead Dihydrogen 
Orthophosphate.— T h e  d ifferential therm al anal
ysis o f  lead d ih ydrogen  orth oph osph ate  (F ig. 3) 
in d icated  th at increases in the rates o f en doth erm ic 
processes occu rred  near 208, 320 and  38 8 °. A t  
tem peratures as low  as 195° lead d ih ydrogen  orth o 
ph osphate sam ples experienced losses in w eigh t cor
respon d in g  to  the p rodu ction  o f a lead m etaph os
phate (eq . 2 ).

riPb(HoP04>2 — [Pb(P03)2l„ +  2nll20  (2)
H eatin g  the lead m etaph osph ate to  tem peratures 
a b ov e  the tem perature o f  preparation  caused n oth 
ing further to  h appen  until the m aterial fu sed  near 
667°. Thus, w hile the therm al analysis breaks at 
320 and  388° p rob a b ly  correspon ded  to  tem pera 
tures at w h ich  steps in the over-a ll process increased 
in rate, the entire process occurred  rap id ly  enough  
near 200° to  read ily  effect com plete  con version  to  
m etaph osph ate  at that tem perature. C onsistent

Fig 3.—Differential thermal analyses: A, Pb(H2PO,i)2 ; 
B, Pb(H2P04)2 minus 1.5 moles H20 ; C, Pb(P03)2 ground 
glass.

w ith  this is the observation  (F ig. 3B , differentia] 
scale exaggerated) th at a sam ple th at had  lost 
three-fourths o f its w ater still underw ent reaction  
over  the entire tem perature interval, starting at 
the low est tem perature. M od era te ly  s low  co o l
in g  o f fused  lead m etaphosphate p rod u ced  a clear, 
glassy m aterial. T h e  pow dered  glass crysta llized  
w hen heated  to  375° (F ig. 3C ) to  g ive  a m aterial 
having  the sam e X -r a y  pattern  as the original m eta 
phosphate.

T h e  X -r a y  pattern  o f the soluble p rod u ct o b 
tained  from  the lead m etaphosphate b y  m etathesis 
w ith  sod iu m  sulfide solu tion  and dried at 120° was 
m ade u p  o f the lines o f anhydrous sod ium  tetra 
m etaphosphate and  the high tem perature fo rm  o f 
sod ium  tetram etaph osphate fo u r-h y d ra te . 10 On 
this basis the lead m etaph osph ate form ed  in this 
system  was lead tetram etaphosphate. T h e  lead 
tetram etaph osphate produ ced  b y  th e  therm al d e
com p osition  o f lead d ih ydrogen  orth oph osph ate  had 
the sam e m elting  p o in t and X -r a y  pattern  (T a b le  
I I I ,  A  and  C ) as the p rod u ct o f the analogous W ar- 
schauer preparation , the latter h avin g  been  labeled  
tetram etaph osphate b y  W arsch au er4 on  the basis o f 
co n d u ct iv ity  studies.

A n  in vestigation  o f the course o f this aggregation  
reaction  was ham pered b y  in ab ility  to  devise a sat
is fa ctory  analytica l schem e. H ow ever, b y  the 
tim e therm al decom p osition  had proceeded  at 195° 
to  the exten t o f a loss o f one m ole o f w ater per fo rm 
ula w eigh t o f  P b (H 2P 0 4)2 a new  set o f lines had re
p laced  those o f  lead d ih ydrogen  orth oph osphate  in 
the X -r a y  d iffraction  patterns o f sam ples w ithdraw n 
from  the reaction  m ixture. T his new  X -r a y  d if
fraction  pattern  (T a b le  IV A ) was presum ed to  be 
that o f  lead d ih ydrogen  pyroph osph ate , w h ich  was 
postu lated  on  this basis to  be an unstable reaction  
interm ediate. T h e  X -r a y  pattern  fo r  a sam ple 
th at h ad  undergone loss o f  one and on e-h alf m oles 
o f  w ater per form ula  w eight o f original lead d ih y 
drogen  orth oph osphate show ed on ly  the lines o f  the 
presum ed d ih ydrogen  pyrophosph ate  bu t at angles 
correspon d in g  to  slightly  decreased interplanar 
spacings. T h e  X -r a y  pattern  for  a sam ple that 
had lost tw o  m oles o f w ater was the sam e as th at of 
an y  o f the lead tetram etaph osphate preparations.

T h e  conclusion  th at the therm al d ecom position  
o f crystalline lead d ih ydrogen  orth oph osph ate  p ro 
duces lead tetram etaphosphate is con sistent w ith  
the w ork  o f W arsch auer ,4 w h o  reported  the form a -
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T a b l e  II I
X-Ray D i f f r a c t i o n  D a t a  f o r  L e a d  M e t a p h o s p h a t e

B . [P b (P O a )2]„  o f C . P b 2(PO a)4 fr o m
A . P b 2 (P O j) 4 o f A n d re ss  & W a r s c h a u e r

th is  w o rk F is ch e r “ m e th o d
d. I n t . d. In t . d. I n t .

7.20 M 7.25 M 7 . 2 0 M
5.83 s 5.75 M 5.83 s
4.34 M 4.23 M 4.36 M
3.89 VS 3.80 S 3.90 VS

3.59 w
3.25 w 3.28 M 3.25 w
3.14 w 3.16 M 3.14 w
2.95 w 2.95 M 2.97 w
2.66 M 2.60 S 2.67 M
2.56 VW 2.51 VW 2.56 VW
2.44 M 2.44 M
2.39 W 2.35 w 2.40 W

2.25 VW
2.20 VW

2.16 W 2.11 VW 2.17 W
2.09 w 2.05 VW 2.09 w
2.02 v s 1.97 v s 2.02 v s

1.93 VW
1.89 VW 1.84 W 1.89 VW
1.83 VW 1.80 M 1.85 VW
1.77 w 1.77 w
1.67 VW 1.67 VW
1.63 w 1.63 w
1.58 w 1.58 w
1.53 VW 1.53 VW
1.48 VW 1.48 VW
1.46 w 1.45 W

“ Read from Fig. 2 of ref. 13.

T a b l e  IV
1 -R a y  D i f f r a c t i o n  D a t a  f o r  S e v e r a l  L e a d  P h o s p h a t e s

A . P re su m e d
P b H 2P 20 ï B . P b 2P  2O 7 C. P b sP 4 0 ij

d. In t . d. In t . d. In t .

6.95 w 4.43 w 7.50 VW
5.40 M 4.03 VW 6.25 VW
4.87 M 3.70 VW 5.75 VW
4.00 M 3.42 M 4.96 W
3.67 S 3.32 M 4.60 M
3.50 w 3.14 s 3.80 VW
3.32 w 3.07 M 3.68 M
3.20 w 2.92 VW 3.50 s
3.16 s 2.68 VW 3.30 w
2.91 M 2.45 W 3.20 v s
2.77 s 2.34 VW 3.03 M
2.42 w 2.30 VW 2.97 M
2.37 w 2.20 M 2.72 M
2.28 w 2.12 W 2.49 W
2.24 w 2.03 W 2.34 w
2.20 M 1.93 w 2.27 w
2.14 W 1.90 w 2.17 w
2.07 VW 1.81 VW 2.13 M
2.02 V/ 1.75 w 2.03 W
1.94 s 1.68 w 1.98 W
1.86 w 1.93 M
1.82 M 1.86 W
1.76 w 1.83 W
1.70 w 1.78 W

1.73 W
1.67 w
1.54 w
1.48 w

tion  o f lead tetram etaph osphate w hen lead oxide 
was heated w ith  a slight excess o f  ph osphoric acid  
to  a tem perature n o t over 400° and  the conversion  
o f this m aterial to  another m od ifica tion  (apparently  
high m olecu lar w eight) w hen the m aterial was 
heated a b ov e  400° to  the p o in t o f  form in g a clear 
m elt. I t  shou ld  be noted , how ever, th a t A ndress 
and F isch er13 h ave reported  th at a lead m etaph os
ph ate stud ied  b y  them  was a lon g -ch a in  m etaph os
phate. T heir lead m etaph osph ate  was produ ced  
in a m anner sim ilar to  ours, had  the sam e X -r a y  
pattern  as ours (T a b le  I I I ,  A  and B ), bu t m elted  
a b ou t 50° low er. T h e  sod iu m  salt so lu tion  obta ined  
b y  A ndress and F ischer from  their lead m etaph os
ph ate b y  m etathesis w ith  sod iu m  sulfide solu tion  
was h igh ly  v iscous, had  con siderable  com plexin g  
ab ility , and w ou ld  n ot y ie ld  a crystalline sod ium  
m etaphosphate. T hese properties were the m ain 
bases fo r  assignm ent o f  a lon g-ch ain  structure to  
their preparation . T h e  sod iu m  salt solu tion  pre
pared in our studies was n ot v iscou s and readily  
y ie lded  crystalline precip itates u pon  a dd ition  of 
acetone. T h e m etath etica l cy c le  used b y  A ndress 
and F ischer to  specifica lly  dem on strate  the therm al 
in stab ility  o f lead tetram etaph osphate in the tem 
perature range in v o lv ed  in these preparations serves 
equ a lly  w ell to  dem on strate  lead  tetram etaph os
ph ate is stable at the tem peratures in v o lv ed  using 
their results, a d ifferent v iew p oin t, and  considering 
the X -r a y  pattern  assigned b y  th em  to  the lon g - 
chain m etaph osph ate to  be th e  pattern  o f the te t
ram etaphosphate.

Thermal Decomposition of Lead Dihydrogen- 
Monohydrogen Orthophosphate Mixtures.— T h e
triphosph ate is the on ly  p o lyp h osp h a te  in ter
m ediate  betw een  the p yrop h osph a te  and  m eta 
phosphate com position s th at has been  p rod u ced  b y  
heating sod iu m  or potassium  h yd rogen  phosphate 
m ixtures. T o  evaluate the b eh a v ior  o f  an analo
gous d iva lent m etal system  an in vestiga tion  was 
undertaken  o f the m aterials obta in ed  b y  heating 
lead d ih y d rog en -m on oh yd rog en  orth oph osphate  
m ixtures.

T a b l e  V

T h e  S y s t e m  L e a d  P y r o p h o s p h a t e - L e a d  M e t a p h o s p h a t e

Mole % a 
P2O7« -  POS"

PbsPiOir-
Pb*(PO»)4
Eutectic

Temp.,
°C . Strength

PbsP 4O 13 
Incongruent 

m.p. 
Tem p.,

°C . Strength

Liquidus
temp.,

°C.

0 . 0 1 0 0 .0 667
5 . 0 9 5 .0 645  b 663

1 0 . 0 9 0 .0 645  b 652
1 5 .0 8 5 .0 645  b 648

2 0 .0 8 0 .0 645  8 675

2 5 .0 7 5 .0 645  4 695

3 0 .0 7 0 .0 645  2 703 1 0 700

3 3 .3 6 6 .7 0 700 17 733

4 0 .0 6 0 .0 700 11 770

4 5 .0 5 5 .0 700 8 780

5 0 .0 5 0 .0 700 6 790

5 5 .0 4 5 .0 700 5 794

6 0 .0 4 0 .0 701 3 798
“ Molar compositions are calculated in terms of the species 

P 0 3 _  and P 2O 74 "  and not in terms of their lead salts. 6 Rate
control not in use.

(13) K R. Andress and K. Fischer, Z . a ñ o r o a llo em . C h em ., 273,
193 0953).
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R ea ction  prod u cts were prepared  b y  heating 
m ixtures o f  lead d ih ydrogen  and  m on oh yd rogen

orth oph osphates to  con stan t w eigh t a t 550°, a 
tem perature a b ov e  the therm al d ecom p osition  tem 
peratures o f  the ind iv idual reactants b u t b e low  
the tem perature o f appearance o f a n y  liqu id  phase. 
T h e  produ cts w ere ground th orou gh ly  and  reheated  
at 550° fo r  12 hours to  ensure com plete  reac
tion .

T h e  results o f  differential therm al analyses o f  the 
produ cts appear in  T a b le  V  and are p lo tted  in  F ig.
4. T h e  p lo ttin g  o f the tem peratures o f  th e  therm al 
analysis breaks in  this w ay  plus the m agn itudes o f 
th e  breaks at 700 and  at 645° clearly  in d ica ted  the 
presence o f  a com p ou n d  o f the com p osition  2 P 0 3~- 
1 P 20 7~ 4. T h is was the tetraph osph ate com p osi
tio n : P 4O 13- 6. T h e  X -r a y  pattern  fo r  a sam ple o f  
th e  lead tetraphosphate com p osition  (T a b le  IV C ) 
was d istin ct from  those o f lead tetram etaph osphate 
and  lead pyrop h osph ate  (T ab les I I I A  and  I V B ) . 
L ead  tetraph osph ate m elted  in con gru en tly  at 700°.

STUDIES ON COORDINATION COMPOUNDS. XIII. FORMATION 
CONSTANTS OF BIVALENT METAL IONS WITH THE ACETYLACETONATE

ION1
B y  R e e d  M . I z a t t , W . C o n a r d  F e r n e l iu s  a n d  B . P . B lo c k

Contribution from The College of Chemistry and Physics, The Pennsylvania Stale University, State College, Pa.
Received August 6, 1954

Thermodynamic, stepwise equilibrium formation constants are given for the reaction in aqueous solution of the acetyl- 
acetonate ion with Mg2+, Cd2+, Mn2+, Fe2+, Co2+, U022+ and Cu2+. An over-all molarity quotient is given for the reaction 
of Hg2+ with the acetylacetonate ion in a solution with ionic strength 0.50. Plots of Vs (log Kt, +  log Ktf) for all the above 
ions (except UO22-) vs. (1) electronegativity of the metal ion, or (2) second ionization potential of the gaseous atom, show a 
linear relationship with two very notable exceptions, Hg2+ and Be2+, which form more stable complexes in each case than 
would be expected from their electronegativity or second ionization potential values. The following order of stability was 
observed for the elements of Group II with acetylacetone: Mg <  Cd < Zn < Be <  Hg.

Introduction
T h e  m an y  reports in the literature on  the relative 

stabilities o f  b iva lent elem ents o f th e  first transition  
series (M n , Fe, C o , N i, C u  and Z n ) w ith  a w ide 
v a rie ty  o f  ligands togeth er w ith  those in vo lv in g  
relative stabilities o f other b iva len t ions h ave re
cen tly  been  sum m arized and discussed b y  Irv in g  
and  W illiam s .2 T h e y  con clu d e  th at, a lthough  the 
order o f stab ility

Mn <  Fe <  Co < Ni <  Cu > Zn (I)

holds fo r  a w ide v a rie ty  o f  ligands, one can n ot ex 
p ect to  be able to  p red ict w ith  certa in ty  orders o f 
stab ility  w hen  oth er b iva len t ions are in cluded  
w ith  these becau se one can not, w ith  a n y  degree o f 
certa in ty , p red ict w hat the e ffect o f  changing b oth  
ion ic  radius and secon d  ion ization  p oten tia l sim ul
tan eou sly  w ill be  on  the stab ility  o f  the chelate co m 
p ou n d  form ed . In  series (I )  cited  a b o v e  th e  ion ic 
radii v a ry  on ly  slightly, and so th e  e ffect on  the 
chelate stab ility  o f  the changing ion ization  p oten tia l 
read ily  m a y  b e  seen.

T h e  pu rpose  o f  the present paper is to  present
(1 )  F r o m  a  p o r t io n  o f  a  th e s is  p re s e n te d  b y  R e e d  M .  I z a t t  in  p a r t ia l  

fu lf i llm e n t  o f  th e  r e q u ir e m e n ts  f o r  th e  d e g r e e  o f  D o c t o r  o f  P h ilo s o p h y , 
A u g u s t ,  1 9 5 4 .

(2 )  H .  I r v in g  a n d  R .  J .  P .  W ill ia m s , J, Chem. Soc., 3 1 9 2  (1 9 5 3 ) .

the relationship  o f 1/2  (log  K t, +  lo g  K Q  vs. X u ,  
and 2nd I p w here
Kt, and At, = 1st and 2nd thermodynamic formation con

stants of the metal ion, M ++, with the 
acetylacetonate ion, Ch-

I m = electronegativity of the M ++ (values from 
Haissinsky)3 4

7P = ionization potentials4 of the gaseous atoms

Experimental
Perchlorates of Cu2+, Co2+, Mg2+, Mn2+, Cd2+andHg2 + 

were obtained from the G. F . Smith Chemical Co. Be( N 03 )2 
was obtained from the Brush Beryllium Co. Stock solutions 
of these metal ions (about 0.2 M in metal ion) were stand
ardized by conventional means. C.p. U03, obtained from 
the Fisher Scientific Company, was dissolved in a known 
volume of excess 0.1164 N HC104. The UO>2 + concentration 
was determined by precipitating with NH4OH, igniting and 
weighing as U3Os. The Fe(C104)2 solution was prepared by 
dissolving a known weight of iron wire in a standard HC104 
solution. The resulting solution gave a negative KSCN 
test/or Fe +++. The Fe++ determination was made im
mediately after preparing the standard Fe++ solution. It 
was necessary to use boiled distilled H20  in preparing all 
solutions containing Fe + + to prevent oxidation during the 
course of the titration.

(3 )  M .  H a is s in s k y , J. Phys. Radium, [8 ] 7, 7  (1 9 4 6 ) .
(4 )  G .  H e rz b e rg  (E n g lis h  tr a n s la t io n  b y  J . W .  T .  S p in k s ) ,  “ A t o m ic  

S p e c t r a  a n d  A t o m ic  S tr u c tu r e ,”  2 n d  E d . ,  D o v e r  P u b lic a t io n s ,  N e w  
Y o r k ,  N . Y . ,  194 4 , p p .  2 0 0 -2 0 1 .
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Unless otherwise noted solutions containing about 0.01 M 
metal ion and 0.05 M acetylaeetone were titrated with 0.20 
N NaOH. The pH of the solution was measured after each 
addition of base by means of a Beckman Model G pH meter 
equipped with saturated calomel and glass electrodes. The 
electrodes were checked against Beckman buffer solutions 
(pH 4.01 and 6.98) periodically. Several titrations were 
performed in the cases of Be2+, "Cu2 + and U022 + at varying 
metal ion and ligand concentrations. An atmosphere of 
nitrogen was used in the Fe2 + titration.

The experimental results are tabulated in Tables I and II. 
Data on the Ni2+ and Zn2+ systems which appear in Figs. 
2 and 3 are given in a previous paper of this series.5

T able  I
F ormation C onstants (G iven  as the Logarithms) op 

Several  B ivalent  M etal  Ions w ith  the 
A cetylacetonate Ion (T = 30°)

M r. + [ M »  + ], M l o g  Kti lo g  Kh
Cu2 + 3.0 X IO-3 8.22 6.73

4.0 X IO“ 3 8.23 6.69
Be27" 4.0 X 10-3 7.80 6.69

1.0 X 10-2 7.86 6.72
IXV+ 1.7 X IO '3 7.74 6.43

4.3 X IO“ 3 7.76 6.40
1 . 0  x  1 0 - 2 7.68 6.32

Co2 + 1 0 X 10“ 2 5.40 4.11
Fe2+ 3.8 X IO- 3 5.07 3.60
Mn2+ 1.0 X 10-2 4.18 3.07
Cd2 + 1.0 X 10-2 3.83 2.76
Mg2+ 1.0 X 10-2 3.63 2.54

chelation and by hydrolysis. This difficulty may be over
come by making the determinations in a pH region in which 
hydrolysis is known to be negligible. In the present paper 
experimental conditions were so arranged that this condition 
was met.

Since the extent of metal hydroxide formation is pH de
pendent, it is possible by varying the metal ion and ligand 
concentrations to find a region in which hydrolysis is negli
gible. The measured thermodynamic formation constants 
for the reaction of a given metal ion and ligand should be 
the same within experimental error in any part of the pH 
region in which chelation occurs. It should, therefore, be 
possible to determine whether or not appreciable hydrolysis 
is occurring by observing the precision of thermodynamic 
formation constant values determined at varying pH values. 
The precision of the values for the reaction of Ni2+ and Zn2 + 
with Ch-  from 2m = 0.01 to 2m =  0.495 indicates that 
appreciable hydrolysis does not occur under the experimental 
conditions used. The assumption was made that no hydroly
sis occurs in the cases of Co2+, Fe2+, Mg2+, Mn2+ and 
Cd2+. Since there was considerable doubt as to whether 
Be2+ and U022 + hydrolyzed under the experimental condi
tions used, it was thought wise to make determinations at 
several metal ion concentrations. The agreement of these 
values was good in both cases indicating a negligible amount 
of hydrolysis. It has been established that U022+ is the 
species of U6 + existing in solutions below pH ~ 3 .0.7

It was known in the case where [Be + +] =  1 X 1 0 '2 M 
that hydrolysis was negligible at the beginning of the titra
tion because p H (re a d ) ~  p H (c o ic d .  from excess HClO\ added) —
2.00. It is probable that considerable coordination witli 
Ch-  had occurred before any hydrolysis took place. The 
agreement of the two beryllium determinations is good as 
given in Table I. These values were calculated from values 
obtained in different pH regions [n and Ch-  values taken at

T able II
V alues for lo g  Q ( for R eaction V II) a t  V arying  [Cl

[ C l -

. J Contribution of Hg2+-chloro complexes as a function 
\ of [C_~] given as the log

g /  Molarity quotient values (Qii.Qa) for reactions (V) 
[ and (VI) given as the log

log Q = B +  .4 or
, „  , (  [HgCh2][Cl-]<\ , , (  [HgCl,
log Q = log I I +  log

log Q = log

\[HgCI4-][C h -]V  
/  [HgCh;] \ 
\[Hg++] [Ch“ )2/

[H g+H lCl-J'1/

Ionic strength constant at 0.50, temp. = 30°.

0 .5 0 0 . 4 0 0 .3 0 0 . 2 0

13.95 13.60 13.19 12.55

7.61 7.93 8.49 8.82

21.56 21.53 21 .68 21.37

The differences in chemical properties of the bivalent 
metal ions utilized in this study necessitated a careful study 
of the experimental conditions in order to be fairly certain 
that the stepwise reactions in each case were

M++ +  C h- MCh+ (II)
MCh+ +  C h- MCh2 (III)

where Ch~ = the acetylacetonate ion and all hydration is 
neglected. For comparative purposes it is desirable that a 
common starting material, e.g., the hydrated metal ion, be 
employed. If, for example, chloride ion is present and some 
of the metal ion is present as the chloro complex, any con
stants calculated for the above reactions (II and III) 
which ignore the presence of these chloro complexes will be 
in error by a certain unknown amount. Van Uitert, et al.,s 
showed that for a given metal ion and chelating agent the 
measured formation constant increases as the anion present 
varies from Cl -  to N 03-  to CIO4- .

An important error in a perchlorate solution may arise 
from the formation of metal hydroxide bonds. If this metal 
hydroxide formation is appreciable (above 3 or 4 parts per 
100), there will be a certain error in the pH read inasmuch as 
this pH will then be a measure of protons liberated both by

(5 )  R . M .  I z a t t ,  C .  G .,  H a a s , J r ., B . P . B lo c k  a n d  W . C . F e rn e liu s , 
T h is J o u r n a l , 58, 1133 (1954).

(6 )  L . G . V a n  U ite r t ,  W .  C . F e rn e liu s  a n d  B . E . D o u g la s ,  J. Am.
Chem. Soc., 75, 2 73 9  (1 9 5 3 ).

pH 2.12 and 3.60 for [Be + + ] = 1 X 10“ 2 M and at pH 3.30 
and 4.49 for [Be ++j =  4 X 10-3 .I f ] . For these reasons it 
was felt that in the case o: the Be + + determination hy
drolysis was negligible.

Copper(II) perchlorate is hydrolyzed to some extent in 
aqueous solution. However, it was found in the present 
study that under the experimental conditions used hydrolysis 
of the Cu2+ was negligible. In order to obtain values for 
Kt, and K?2 in the case of Cu2+ the following method was 
employed. To a solution of Cu(Cl()4)2, about 2 X 10~3 M 
in Cu2+, a standard (4 X 10 ~3 M) acetylacetone-water 
solution was added. The pH of the solution was measured 
after each addition of the chelating agent. Since the pH 
of the original solution was 5.10 (H + =  9 X 10~6 M) and 
the pH when n ~  l/ 2 about 2.80 (H + = 1.76 X 10-3), 
the change in pH is almost a direct measure of the change in 
proton concentration due to chelation by the metal ion of 
Ch-.

Cu2+ +  H C h— >-CuCh+ +  H + (IV)
In the case of Cu2+ a green complex forms initially and, at 
n values near one, traces of a blue complex appear. At H ~  
1.05 (Cu2+ = 1 X 10-2 M) the blue complex precipitates. 
However, with Cu2+ = 4 X 10-3 M precipitation occurs at 
n ~  1.30, so by varying the experimental conditions Kt, 
may be obtained. The pH of the solution was more than

(7) H. W . C r a n d a ll,  / .  Chem. Phys., 17, 602 (1919); also S. A h r la n d , 
Acta Chem. Scand., 3 , 374 (1949).
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0 2 4 6 8 10 12
NaOH, ml.

Fig. 1.—Titration curves of solutions containing 6.34 X 
10~6 mole Hg(C10<)2; 1.00 X 10-4 mole HC104 and vary
ing amounts of NaCl and NaC104 to keep n = 0.50: (1) = 
0.50 M  NaCl; (2) =  0.40 M  NaCl; (3) =  0.30 M  NaCl; 
(4) = 0.20 M  NaCl; temp. =  30°; total volume at 0 ml. 
NaOH = 60.0 ml.

one pH unit below the initial pH (5.10) throughout the 
determination and so hydrolysis never became an important 
factor.

The determination of Hg2 + presented an interesting prob
lem. If a solution of mercuric perchlorate and acetylace- 
tone is titrated with NaOH, a precipitate forms after the 
addition of equivalent base per equivalent Hg2 +
(2 X 10-2 M). If more dilute solutions of Hg2+ are used, 
hydrolysis of the Hg2+ becomes increasingly important.8 
Mercuric ion forms stable, soluble complexes with chloride 
ion, the formation molarity quotients of which have been 
determined by Sillen.9 Mercuric ion may be kept in a 
chloride solution as the chloro complex and is stable toward 
hydrolysis to a fairly high pH (about 8),6 depending on the 
[Cl- ]. The acetylacetonate ion will displace the chloride 
ions coordinated "o the Hg2+. If this reaction proceeds in 
a stepwise manner in a pH region in which hydrolysis of the 
Hg2+ is negligible, one would expect that an over-all Hg2+-  
acetylacetonate ion formation quotient could be calculated 
using as a correcting factor the chloro complexity quotient 
values determined by Sillen at, ionic strength = 0.50 and 
t = 25°. Four titrations were performed at constant ionic 
strength of 0.50 (maintained with NaClCh) and varying 
[Cl- ] of 0.50, 0.40, 0.30, and 0.20. The titration curves 
(pH vs. ml. NaOH soln.) are shown in Fig. 1. Formation 
molarity quotients were calculated assuming stepwise addi
tion of two Ch-  ions as

HgClr +  Ch-  HgCl2Ch-  +  2C1- (V)
HgCl2Ch-  +  Ch -  ^ ± 1  HgCh2 +  2C1-  (VI)

No precipitation was observed to pH 8.20 and the solutions 
remained colorless throughout the titrations. One may now 
convert the over-all quotient for (V) and (VI) to the quotient 
for reaction (VII)

Hg2+ +  2Ch-  HgCh, (VII)
From a plot of tEKnfCl- ]" vs. [Cl- ] one may determine the 
total contribution of the various Hg(II) chloro complexes 
at any given [Cl- ] . It is seen in Table II where Q„ are the 
chlorocomplexity quotients given by Sillen6'7 and [Cl- ] is

(8 )  J . J . W y le g a la ,  P h .D .  T h e s is , P e n n s y lv a n ia  S ta te  U n iv e rs ity ,  
1954 .

(9 )  L . G . S illen , Acta Chem. Scand., 3, 539  (1 9 4 9 ).

the total Cl-  concentration, that the values obtained after 
this correction are in good agreement from 0.50 M  Cl-  
to 0.20 M  Cl- . This agreement is a good indication that 
the over-all reaction (VII) using these experimental condi
tions is independent of the chloride ion concentration.

Calculations.— T h e  m eth od  used in ca lcu latin g  
the form ation  constants and m ola rity  qu otien ts  is 
described  elsew here.5

Discussion
In  F igs. 2 and  3, the e lectron egativ ity , X n, and 

the secon d  ion ization  potentia l, 2nd 7p, respectively ,

Fig. 2.—Plot of 'A(log K n  +  log K n ) for several bi
valent metal ions, 'A(log Qn +  log Qn) in the case Hg2+, 
with the acetylacetonate ion vs. the electronegativity, X m, 
of the metal ion; temp. = 30°.

2nd Ip.
Fig. 3.—Plot of >A(log Kti +  log Kn) for several 

bivalent metal ions, ‘A(log Qn +  log Qn) in the case of 
Hg2+, with the acetylacetonate ion vs. the 2nd ionization 
potential of the gaseous atom,4 2nd 7P; temp. =30°.

are p lo tted  against 1 /2  log  K [,K ft. W ith  the 
excep tion  o f B e ++  and H g + + , the poin ts fa ll on  a 
stra ight line. F rom  the w ork  reported  in this paper 
and  that o f V an  U ite rt10 the order

Ba <  Sr <  Ca <  Mg < Cd < Zn < Be <  Hg (VIII)
is app licab le  to  a cety laceton e  and  p ro b a b ly  to  other 
beta -d ik eton es as well. T h e  values ob ta in ed  b y

(1 0 ) L . G . V a n  U ite r t , P h .D .  T h e s is , T h e  P e n n s y lv a n ia  S ta te  
U n iv e rs ity ,  195 2 , p p .  199 , 20 0 , 205 .
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V an  U ite r t10 in  75 v o lu m e %  d iox a n e -w a ter  so lu 
tion  fo r  d iben zoy lm eth an e and  fo r  2 -th en oy l-2 - 
fu roy lm eth an e g ive  th e  order M g  <  C d  <  Z n  <  B e 
in each  case. H is d a ta  fo r  C h -  and several other 
beta-d iketon es fo llo w  the order B a  <  Sr <  C a <  
M g.

T w o  prim ary  fa ctors  w h ich  affect th e  stab ility  o f 
the com plexes form ed  b y  these ions are (1) ion ic 
radii and (2) a tom ic num ber. F rom  the ion ic radii 
o f these ions g iven  b y  G o ld sch m id t,11 one w ou ld  
exp ect the order o f  stab ility  to  decrease in th e  series 
M g 2+, C a 2+, S r2+, B a 2+ due to  the regular increase 
in ion ic radius. Such  a decrease is observed  w ith 
beta -d ik eton es .8 H ow ever, as w ill be  poin ted  ou t 
shortly , the position  o f M g 2+ in  such a series varies 
w ith  different ligands.

I t  is n ot surprising th at B e 2+ w ith  a v ery  sm all 
radius and a 4 +  nuclear charge w h ich  can n ot be 
e ffective ly  screened b y  the tw o  availab le electrons 
should fo rm  a v e ry  stable com p lex  w ith  tw o  C h ~  
w h ich  can share needed electrons to  aid in screening 
the B e 2+ nucleus. B ery lliu m  a cety laceton ate  m elts 
at 108° to  a liqu id  w hich  still has the com p osition  
o f the solid  and this liqu id  boils  at 270° to  g ive  
m olecules o f  bery lliu m  a cety laceton ate  in the va p or  
s ta te .12 O ne w ou ld  n ot ex p ect M g 2+ to  fo rm  a 
com p ou n d  o f com parab le  stab ility  to  th a t o f B e 2+. 
T h e  ion ic radius o f  M g 2+ is m ore  than  d ou b le  that 
o f B e 2 - . T h e  M g 2+ nucleus is m u ch  better screened 
than  is th a t o f B e 2+, and  the repulsion  forces be
tw een the electron  c lou d  surrounding th e  M g 2+ 
and the electron  clou ds surrounding the oxygens in 
C h -  are greater th an  is the case w ith  B e 2+.

In  G rou p  I IB  there is also a progressive increase 
in the radius b u t th e  relative changes in a tom ic 
n um ber and radius are different. In  the transition  
from  C d 2+ to  H g 2+ the nuclear charge is increased 
b y  32 units w hereas th e  radius increases b y  on ly  
0 .09 A . In  H g 2+ the electrons in the outer orbitals 
screen the nucleus less a dequ ately  th an  in C d 2+. 
F or  this reason H g 2+ w ou ld  be  expected  to  form  a 
stronger b on d  w ith  an y  a tom  or ion  w h ich  can sup
p ly  electrons to  b etter screen the H g 2+ nucleus. 
H g 2+ form s v e ry  stable com plexes w ith  C l- , B r -  
and  I - , the stab ility  increasing in the a b ov e  order 
as w ou ld  be exp ected . T hese H g 2+ com plexes are 
especia lly  stable com pared  to  the corresponding  
com plexes o f Z n 2+ and C d 2+ ( Q d  fo r  H g l4= =  5.3 
X  10-31; Q d  fo r  C d l4= =  5 X  10“ 7; Qn  fo r  Z n l4= 
<  Q d for  C d l “ ) . 13

T h e  Z n 2+ and C d 2+ chelates are observed  to  have 
abou t the sam e order o f stab ility  and one can not 
pred ict w ith  certa in ty  w hich  w ill be m ore  stable  
w ith  a particu lar ligand. W ith  a cety laceton e  the 
order is Z n  >  C d, b u t in a recent sum m ary Irv in g 2 
reports th at sa licy la ldeh yde com plexes o f C d 2+ are 
m ore stable than  are th ose  o f Z n 2 b y  an appreciable 
am ount. A  possible explanation  for  this lack  o f 
p red ictab ility  lies in the fa ct  th at tw o  opposin g  
effects are present. In  goin g  from  Z n 2+ to  C d 2+ the 
ion ic radius increases b y  0.20 A . T h is fa ctor  taken 
alone w ou ld  cause Z n 2+ to  be the m ore stable.

(1 1 )  V . M .  G o ld s c h m id t ,  Geochemische Verteilungsgesetze der Ele
ments, 8 , 69  (1 9 2 6 ) ;  Ber., 60, 1263 (1 9 2 7 ).

(1 2 )  A . C o m b e s ,  Compt. rend., 119, 1221 (1 8 9 4 ) .
(1 3 )  W .  L a tim e r , “ O x id a t io n  P o t e n t ia ls ,”  2 n d  E d it io n ,  P r e n t ic e -  

H a ll, I n c . ,  N e w  Y o r k ,  N . Y . ,  1952 , p p . 1 6 8 -8 2 .

H ow ever, at the sam e tim e the nuclear charge has 
increased b y  18 units in th e  case o f C d + + . T his 
latter e ffect w ou ld  result in  a m ore  stable C d 2+ 
com plex. A p p a ren tly  these tw o  opposin g  effects 
are so ba lan ced  th at com pou n ds o f sim ilar stab ility  
result in m ost instances.

F rom  the w ork  reported  in the literature it ap
pears th at w hether M g 2+ is m ore  or less stab le  than 
the corresponding  C a 2+ chelate is dependen t u p on  
the ty p e  o f ligand to  w h ich  the M g 2+ is bou n d . A s 
exam ples o f the variab ility  o f M g 2+ the fo llow in g  
m ay  be cited . T h e  am inoacid  ty p e  co m p o u n d s ,14' 16 
b eta -d ik eton es ,10 and d ica rb oxy lic  acids (m a lon ic16 
and o x a lic )17 appear to  fo llo w  th e  order M g  >  
C a >  Sr >  B a. H ow ever, the order M g  <  C a >  
Sr >  B a  appears to  be fo llow ed  in  com pou n ds o f 
the substitu ted  am ines, su ch  as n itrilotriacetic 
a c id ,18 2 -su lfoanilinediacetic a c id ,19 eth ylen ed i- 
am inetetraacetic a c id ,20 m eth y lim in od iacetic  a c id ,21 
and various h y d rox y  acids (as m alic, dZ-tartaric and 
g ly c o lic ) .22

T h e  position  o f B e 2+ in th e  stab ility  order g iven  
a b ov e  (V I I I )  is fa irly  w ell su bstan tia ted  fo r  a ce ty l
aceton e  and other be ta -d ik eton es .10 T here  appears 
to  be  uncerta in ty , how ever, ov er  the coord in ating  
a b ility  o f B e 2+ w ith  som e oth er ligand types. 
P erk in s23'24 has reported  the stabilities o f  a series 
o f  26 am ino acids w ith H g 2+, Z n 2+, C d 2+ and B e 2+. 
W ith o u t excep tion  he fou n d  the order o f stab ility  to  
be  C d  <  Z n  <  B e <  I ig . A lth ou gh  the order g iven 
b y  Perkins is in agreem ent w ith  th at g iven  in (I I )  
above , he expresses som e d o u b t23 con cern in g  the 
correctness o f his B e ++ values. R e ce n t w ork  in 
this la b ora tory  on the coord in ation  o f B e 2+ w ith  
ligands con ta in ing  n itrogen  as the coord in atin g  
a tom  indicates th at B e 2+ either does n o t form  
com plexes w ith  these ligands or th at the com plexes 
form ed  are v ery  weak. S en 25 has stu d ied  the b e 
h av ior o f  B e 2+ tow ard  several am ino acids and 
other n itrogen - and oxygen -con ta in in g  ligands. H e  
has fou n d  th at the presence o f am in o acid  and cer
tain  other ligand types causes n o  change in th e  p H  
at w h ich  beryllium  h yd rox id e  precip itates. H is 
stu dy  in cluded  glycine, N -m eth y lg lycin e , N -p h e n y l- 
g lycine, (¡-alanine, p icolin ic acid , anthranilic acid, 
im in od iacetic  acid , m eth y lim in od iacetic  acid , O - 
(C H 2C H 2C O O H )2 and 0 ( C H 2C 0 0 H ) 2. In  add i
tion , the p oten tiom etric  titra tion  o f Z n 2+ and C d 2+ 
com plexes w ith  B e 2+ indicates there is n o  com p eti
tion  betw een  these ions and B e 2+ fo r  the am ino 
acid  ion . I f  B e + +  form s am in o acid  com plexes o f

(1 4 )  C . P . M o n k ,  Trans. Faraday Soc., 4 7 , 2 9 7  (1 9 5 1 ) .
(1 5 )  R .  F .  L u m b  a n d  A . E . M a r t e ll ,  T h i s  J o u r n a l , 5 7 ,  6 9 0  

(1 9 5 3 ) .
(1 6 )  D .  I .  S t o c k  a n d  C . W .  D a v ie s ,  J. Chem. Soc., 1371 (1 9 4 9 ) .
(1 7 ) R .  W . M o n e y  a n d  C . W . D a v ie s ,  Trans. Faraday Soc., 28, 609  

(1 9 5 2 ) .
(1 8 )  G .  S c h w a r z e n b a c h , E . K a m p it s e h  a n d  R .  S te in e r , Helv. Chim. 

Acta, 28, 8 2 8  (1 9 4 5 ).
(1 9 )  G .  S c h w a r z e n b a c h , A . W ill i  a n d  R .  O . B a c h , ibid., 30, 1303 

(1 9 4 7 ) .
(2 0 )  G .  S c h w a r z e n b a c h  a n d  H . A c k e r m a n n , ibid., 30, 1798

(1 9 4 7 ) .
(2 1 )  G .  S c h w a r z e n b a c h , I I .  A c k e r m a n n  a n d  P . R u c k s tu h l,  ibid., 

32, 1175 (1 9 4 9 ) .
(2 2 )  K .  C a n n a n  a n d  A . K ib r ic k ,  J. Am. Chem. Soc., 60, 2 3 1 4  

(1 9 3 8 ) .
(2 3 )  D .  J . P e rk in s , Biochem. J.. 51 , 4 8 7  (1 9 5 2 ) .
(2 4 )  D .  J . P e rk in s , ibid., 5 5 , [4 ] 6 4 9  (1 9 5 3 ) .
(2 5 ) D .  S en , u n p u b lis h e d  resu lts .



84 Joe Smisko and Lyle R. Dawson Vol. 59

the stab ility  reported  b y  P erk in s23'24 exchange w ith  
Z n + +  and C d ++  shou ld  read ily  occu r. B ry a n t26 
fou n d  th at there was n o  coord in ation  betw een  the 
B e 2+ ion  and  2 -am in otropon e in  5 0 %  H 20 -d io x a n e  
so lu tion  as ev id en ced  b y  th e  form a tion  o f b ery l-

(2 6 )  B . B r y a n t ,  J. Am. Chem. Soc., 76, 4 8 6 4  (1 9 5 4 ) .

h um  h yd rox id e  a t th e  sam e p H  w h eth er th e  2 - 
am in otrop on e  w as present or not.
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TRANSFERENCE NUMBERS OF POTASSIUM ION IN SOLUTIONS OF 
POTASSIUM BROMIDE IN METHANOL AND POTASSIUM THIOCYANATE 

IN METHANOL AND IN ETHANOL AT 25°
B y  Joe Sm isko1 and  Ly le  R . D aw son
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Cation transference numbers have been determined at 25° by the autogenic boundary method in solutions of potassium 
bromide in methanol and potassium thiocyanate in methanol and in ethanol at concentrations ranging from 0.0015 to 0.01 N. 
Plots showing the concentration dependence of the Longsworth function are linear up to approximately 0.01 N. The results 
indicate that for these two potassium salts the tendency for the cation to solvate, relative to the anion, is greater in methanol 
than in ethanol or water.

R ela tiv e ly  few  transference data  in  n on -aqueou s 
m edia  can  be  fou n d  in  the literature, and  m a n y  o f 
those w h ich  are availab le m a y  be  n o t h igh ly  a ccu 
rate. M o s t  o : the published  results h ave been  ob 
tained b y  the H ittorf m eth od . T h e  autogen ic 
bou n d a ry  m eth od  w as used first b y  F ranklin  and 
C a d y 2 in  liqu id  am m onia. R e ce n t ly  D avies, K a y  
and  G o rd o n 3 h ave determ ined  valu es fo r  sod ium  
and potassium  ch lorides in  m eth an ol using the 
m ov in g  bou n d a ry  m ethod .

N u m erou s transference data  are needed  fo r  de
ve lop in g  the th eory  o f e lectro ly tes in  n on -aqueou s 
m edia, especia lly  fo r  ca lcu latin g  ion ic  con d u ct
ances and ap p ly in g  the lim iting O nsager equation  
to  u nsym m etrica l e lectrolytes. T h e  present investi
gation  was in itiated  in th is L a b o ra to ry  as a part o f 
a program  o f s tu d y  o f the e lectroch em ica l an d  ther
m odyn am ic properties o f  som e n on -aqueou s solu 
tions.

Experimental
Apparatus.—A typical autogenic boundary cell was used. 

The anode was constructed from a pure cadmium rod which 
had been ground cone-shaped and sealed into position with 
Apiezon. A coat of shellac provided electrical insulation 
and protected the Apiezon from the bath liquid. A silver- 
silver chloride electrode was used for the cathode.

The graduated boundary tube, which was 11 cm. long, 
was made from 4 mm. Pyrex tubing having an internal di
ameter of approximately 2.5 mm. It was calibrated care
fully before it was sealed to the cell. A similar boundary 
tube, 7.5 cm. long, was used with the ethanol solutions which 
have higher electrical resistances.

The cell was held in a thermostated kerosene-bath so that 
the boundary tube was between parallel plate glass wall sec
tions about four inches apart. Light from a slit illuminated 
the boundary which was observed with a magnifying lens. 
Its motion was timed with a mechanical timer.

By the use of an efficient current regulator, variations of 
the current through the cell were limited to 0.05% for the 
methanol solutions and 0.10% for the ethanol solutions.

(1 ) B a s e d  o n  a  d is s e r ta t io n  s u b m it te d  b y  J o e  S m is k o  in  p a r t ia l  
fu lf i l lm e n t  o f  t h e  r e q u ir e m e n ts  f o r  th e  d e g r e e  o f  D o c t o r  o f  P h ilo s o p h y .

(2 )  E .  C .  F r a n k lin  a n d  H .  P .  C a d y ,  J. Am. Chem. Soc., 26, 499  
(1 9 0 4 ) .

(3 )  J .  A .  D a v ie s ,  R .  L .  K a y  a n d  A . R .  G o r d o n ,  J. Chem. Phya., 19 ,
7 4 9  (1 9 5 1 ) .

Salts.—Potassium bromide was prepared from hydro- 
bromic acid and potassium carbonate by the method de
scribed by Jervis, Muir, Butler and Gordon.4

Reagent grade potassium thiocyanate was recrystallized 
twice and dried for four hours at 110° in an atmosphere of 
dry nitrogen. Then it was stored in the dark over magne
sium perchlorate.Solvents.—J. T. Baker Analyzed absolute methanol was 
refluxed over calcium oxide for 12 hours, then fractionated 
through a ten-plate column retaining only the middle 
portion. Silver nitrate was added to remove aldehydes, 
the mixture was refluxed for 12 hours, and finally distilled 
again retaining only the middle fraction. The specific 
conductance of the purified methanol ranged from 3 to 6 
X 10~7 ohm-1 cm.-1 at 25°. Less than 0.01% water was 
indicated by the Karl Fischer reagent.

Commercial absolute ethanol was refluxed with magne
sium and iodine and fractionated. To the middle portion 
of the distillate was added a few grams of 2,4,6-trinitroben- 
zoic acid to remove traces of bases, and the mixture was re
fluxed and distilled. The specific conductance of the fraction 
retained ranged from 5 to 9 X 10~8 ohm-1 cm._1 at 25°. The 
Karl Fischer reagent showed approximately 0.003 % water.Procedure.—Prior to a determination, the equipment 
was allowed to operate for 30 minutes to ensure equilibra
tion. The solution was introduced through a capillary 
tube which extended to the anode, care being exercised to 
prevent the entrapment of air; then the cathode cup was 
filled and the electrode was introduced. The filling opera
tion required about 30 seconds. The current was adjusted 
so that a few minutes elapsed before the boundary reached 
the first mark on the tube, thus allowing ample time for the 
electrical equipment to reach a steady state. From 800 to 
5000 seconds was required for the boundary to move 
through the graduated portion of the tube.

From 20 to 30 separate measurements, involving duplicate 
or triplicate determinations at each set of operating condi
tions, were made for each salt. Solute concentrations 
varied from 1.5 to 9.5 X 10_3 mole per liter. Currents 
used for the various solutions ranged from 0.04 to 0.42 ma.

Evidence of the reliability of the calibrations and the 
general experimental procedure was obtained by determin
ing the transference number of potassium ion in a 0.02 N 
solution of potassium chloride in water. A value of 0.4897 
was obtained which agrees quite well with 0.4901 reported 
by Longsworth.6 Also the transference number of sodium 
ion in 0.005 N solution of sodium chloride in methanol was 
measured. A value of 0.4592 was obtained; Davies, Kay 
and Gordon3 reported 0.4595.

(4 ) R .  E .  J e r v is ,  D .  R .  M u ir ,  J . P .  B u t le r  a n d  A . R .  G o r d o n ,  J. Am- 
Chem. Soc., 75, 2 8 5 5  (1 9 5 3 ) .

(5 ) L . G . L o n g s w o r t h , ibid., 54, 2 7 4 1  (1 9 3 2 ) .
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The conductances of the solvent and of the solution were 
measured with a Jones bridge, which was manufactured by 
Leeds and Northrup Company, by the method described 
in earlier papers from this Laboratory.6 Solvent correc
tions were derived from these data. Corrections due to 
volume changes were negligible.

Results and Discussion
E xperim en ta l con d ition s w ere arranged so as to  

p rov ide  com parisons o f transference data  at d if
ferent current densities in  order to  ascertain  m ixing 
effects at the bou n d ary . R ead in gs m ade at sev
eral graduations gave  ev iden ce o f  the con sta n cy  o f 
the transference num ber as the b ou n d a ry  m ov ed  
up the tube.

A  su m m ary o f  the results is presented in  T a b le  I, 
w here C  is the con cen tra tion  in m oles per liter, I  is 
the current in  m illiam peres, t+ is the corrected  
transference num ber, and d is the m ean absolu te 
d ev ia tion  o f the m easurem ents at the given  con 
centration  from  the average va lu e  listed.

T a b l e  I
T r a n s f e r e n c e  D a t a

C X  
10»

N o .  o f
m ea s . I h

d x 
10*

3.890 9
KBr in Methanol 

0.05-0.12 0.4787 3
6.068 11 .07- .13 .4790 3
9.606 9 .12- .21 .4793 4

2.3147 5
KSCN in methanol 

0.06-0.11 0.4533 3
2.3164 5 0.12 .4531 3
4.970 7 .13- .21 .4529 2
4.962 6 .12- .25 .4532 2
7.552 8 .15- .32 .4530 3
9.988 8 .23- .42 .4528 3

1.5094 8
KSCN in ethanol 

0.04-0.10 0.4595 6
2.3106 7 .07- .13 .4587 4
2.3234 3 0.10 .4586 4
4.985 8 .12- .18 .4588 5
5.006 6 .10- .20 .4589 5
7.461 11 .20- .35 .4591 5

A ll bou ndaries fo r  potassium  b rom ide  in m eth 
an ol w ere rather faint. B e low  0.004 N  the b o u n d 
ary  was n ot d iscern ible and a b ove  0.01 N  the trans
ference n um ber varied  w ith  current density . T h is 
was a ttribu ted  to  heating effects since a greater cur
rent den sity  was required to  m aintain  a  v isib le 
bou n dary .

W ith  potassium  th iocyan ate  in  m ethanol, the 
boundaries were sharp and easily  observed  ov er  the 
con cen tration  range 0 .002 to  0.01 N .  B ecause o f 
the h igh e lectrica l resistance o f  the eth an ol solu 
tions o f  potassium  th iocyan ate , reliable transfer
ence data  cou ld  n ot b e  obta in ed  at con cen tration s 
a b ove  0 .0075 N .  T h e  low est con cen tra tion  used 
was 0 .0015 N ;  in m ore d ilute solu tions the b ou n d 
ary  w as v e ry  indistinct.

P lo ts  o f  the L on gsw orth 6 fu n ction

A 0' =  K+A' +  V*A«7)>/.]/[a ' +  A(C)«/.]

are show n in F ig . 1. In  th is expression  A ' =  A0 — 
(A  +  B \ 0)(C ) l/‘ , A  =  8 2 .4 3 / (D T )1A7?, B  =

(6) L. R. Dawson and W. M. Keely, J. Am. Chem. Soc., 73, 3783
(1951).

8.203 X  105/(jD !F )’A. D  is th e  d ielectric con stan t7 
(m eth anol =  32.63, ethanol =  24 .3 ), y is the v is
cos ity 8 (m eth anol =  0.00546, eth an ol =  0.0109), 
and C  is the con cen tration  in m oles per liter. T h e  
values o f  A  and  B  are 153.07 an d  0.8549 fo r  m eth 
anol a t 2 5 ° ; fo r  ethanol at 2 5 ° , A  =  88.84 and B  =  
1.330.

Fig. 1.—The concentration dependence of the Longs
worth function for: 1, KBr in methanol; 2, KSCN in
methanol; 3, KSCN in ethanol.

T h e  L on gsw orth  p lo ts  exh ib it essentially  linear 
relationships fo r  the three solu tion s w ith in  the ex
perim ental con cen tration  ranges. H ow ever, t+ 0' 
for  K S C N  in ethanol at 0.01 N  w ou ld  b e  a pprox i
m ately  0.468, w h ich  is ev iden ce  th at the p lo t  b e 
com es defin itely  cu rved  a b o v e  0 .007 N .  B y  the 
m eth od  o f least squares an  eq u ation  o f the form , 
t+0' =  t+° +  bC  was ob ta in ed  fo r  each  system . 
V alues o f  the in tercep t and  the constant, b, are 
show n in T a b le  I I . T h e  precision  o f  the lim iting

T a b l e  I I

L i m i t i n g  T r a n s f e r e n c e  N u m b e r s  f o r  t h e  P o t a s s i u m  

I o n  a t  2 5 °

S a lt S o lv e n t b C
KBr Methanol 0.30 0.4795
KCNS Methanol .42 .4555
KCNS Ethanol .66 .4612

transference num ber is estim ated  to  b e  w ithin 
0 .2 5 % . T h e  data  in  T a b le  I I I  correspon d  to  the 
p lots in F ig . 1.

(7 )  A .  A . M a ry o t fc  a n d  E . R .  S m ith , N a t io n a l  B u re a u  o f  S ta n d a r d s  
C ir c u la r  5 1 4 , 195 1 .

(8 )  R .  C . M il le r  a n d  R .  M .  F u o s s ,  J. Am. Chem. Soc., 7 5 ,  3 0 7 6  
(1 9 5 3 ) .
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T a b l e  III
T r a n s f e r e n c e  N u m b e r s  f o r  t h e  C a t i o n  i n  S o l u t i o n s  

o f  KBr A N D  KSCN

C  X  
103

i+,
K B r  in  

m e th a n o l
K S C N  in  
m e th a n o l

U,
K S C N  in  

e th a n o l

0 (0.4795) (0.4555) (0.4612)
0.2 .4791 .4547 .4603
0.5 .4790 .4543 .4599
1.0 .4789 .4539 .4595
3.0 .4786 .4531 .4588
5.0 .4787 .4528 .4588
7.0 .4789 .4527 .4590

10.0 .4793 .4528 .4596

U sing the con d u ctan ce  data  reported  b y  G ordon , 
et a l.,4 fo r  K B r  in m ethanol and  H a rtley  and  co 
w ork ers ’9 data  fo r  K S C N  in m ethan ol in  con ju n c
tion  w ith  the lim iting transference num bers re
p orted  herein, values o f  52.11 and  52.24 o h m -1  
c m .2 for  th e  lim itin g  ion ic con du ctan ces o f  the p o 
tassium  ion  were obta in ed  for  the K B r  and  K S C N  
solutions, respectively . O ther investigators have 
reported  X 0k +  in m ethanol as fo llo w s : H artley  and 
R a ik e s ,10 53.8, G ord on , et a l.,3 52.40, and E vers 
and K n o x ,11 50.2. U sing 52.2 ±  0.15 as the m ost 
p robab le  va lu e  for  the potassium  ion , from  our 
data  w e ob ta in  the fo llow in g  anion  con du ctan ces in 
m eth an ol: X 0B r -  =  56.7, X 0 c n s -  =  62.2.

O ur transference num bers applied  to  B arak ’s and 
H a rtley ’s 12 con du ctan ce  data, a fter extrapolation  
to  infinite d ilution  b y  the S h edlovsk y  m ethod ,

(9 ) A . U n m a c k , D .  M .  M u r r a y -R u s t  a n d  H . H a r t le y ,  Proc. Roy. 
Soc. (London) ,  A 1 2 7 , 2 2 8  (1 9 3 0 ) .

(1 0 ) H . H a r t le y  a n d  H . R .  R a ik e s , Trans. Faraday Soc., 2 3 , 393  
(1 9 2 7 ).

(1 1 )  E . C . E v e r s  a n d  A . G . K n o x , J. Am. Chem. Soc., 7 3 , 1739 
(1 9 5 1 ).

(1 2 )  M .  B a ra k  a n d  H . H a r t le y ,  Z. physik. Chem., A 1 6 5 , 2 7 2  (1 9 3 3 ).

yields 23.4 and 27.4 fo r  the lim iting ion ic co n d u ct
ances o f  potassium  and th iocyan ate  ions in  eth an ol 
a t 25 °. B arak  and  H artley  reported  22.0 fo r  th e  
potassium  ion  based on  the transference num ber o f  
the cation  in  h ydrogen  ch loride (0.71 ±  0 .01) as 
determ ined  b y  the e lectrom otive  force  m eth od , in 
con ju n ction  w ith  a A0 o f 83.8. I t  is d ifficu lt to  
ascertain the reliab ility  o f their results becau se o f  
the u n certa in ty  in  the lim iting equ ivalent co n d u ct
ance o f  h ydroch loric  acid  fo r  w h ich  M a c ln n e s 1* 
reports 81.8, obta in ing  this va lue from  the data  o f  
G old sch m id t and  D a h il,14 w hile B ezm an  and V e r- 
h o e k 15 report 84.25.

T h e  ratio  f+ ° /f _ °  for  K B r  in m ethanol is 0 .9 2 2 ; 
for  K S C N  it  is 0 .839 and 0.855 in  m ethanol an d  
ethanol, respectively . F or K B r  in w ater the ra tio  
is 0 .9 4 16; for  K S C N  in w ater it is a p prox im ately  
1 .11 .17 F rom  the foregoing  results it  is ev id en t 
th at the potassium  ion  m oves slow er in com parison  
to  the th iocyan ate  ion  in  b o th  m ethanol and eth 
anol than in water, the relative decrease in  m o b ility  
being greater in  m ethanol. In  K B r  solutions the 
cation  m oves s low er in com parison  to  the an ion  th an  
in water, a lthough  the relative decrease in m ob ility  
is n o t as great as in the K S C N  solutions. T h u s fo r  
these tw o potassium  salts the ten d en cy  fo r  the 
cation  to  solvate , relative to  the anion, seem s to  be 
greatest in  m ethan ol and  least in  w ater.

(1 3 )  D .  A .  M a c ln n e s ,  “ T h e  P r in c ip le s  o f  E le c t r o c h e m is t r y ,”  R e in 
h o ld  P u b l.  C o r p . ,  N e w  Y o r k ,  N . Y . ,  193 9 , p .  3 65 .

(1 4 )  H . G o ld s c h m id t  a n d  P . D a h il,  Z. physik. Chem., A114, 1 
(1 9 2 5 ) .

(1 5 )  I .  I .  B e z m a n  a n d  F . H . V e rh o e k , J. Am. Chem. Soc., 67 , 1330  
(1 9 4 5 ).

(1 6 )  H . S. H a rn e d  a n d  B . B . O w en , " T h e  P h y s ic a l  C h e m is t r y  o f  
E le c t r o ly t i c  S o lu t io n s ,”  R e in h o ld  P u b l. C o r p . ,  N e w  Y o r k ,  N .  Y . ,  
1950 .

(1 7 ) C . W . D a v ie s , “ T h e  C o n d u c t iv i t y  o f  S o lu t io n s ,”  C h a p m a n  a n d  
H a ll, L td . ,  L o n d o n , 1933 .

ION-EXCHANGE MEMBRANES. I. MEMBRANE POTENTIALS
B y  W . F . G r a y d o n  a n d  R . J. St e w a r t

Department of Chemical Engineering, University of Toronto, Toronto, Canada 
Received August IS, 1964

A method of preparing homogenous ion-exchange membranes of the polystyrenesulfonic acid type is described. Meas
urements are reported which show that these membranes may be prepared with high tensile strength and low electrical 
resistance. The membrane potentials characteristic of these membranes are good approximations to the ideal membrane 
potentials for cation transfer only. Deviations from the ideal membrane potential are discussed. It is concluded that 
water transfer is in many cases the major cause of these deviations. Approximate water transference numbers for various 
membranes are estimated.

In troduction

T h e  prim ary  requirem ent for  an ideal ca tion -ex 
change m em brane is th at it  be  perm eable to  cations 
on ly  and  im perm eable to  anions and  neutral m ole
cules. S econ dary  requirem ents o f  considerable 
p ractica l im portan ce are chem ical stab ility , m e
chanica l strength and  high cation  m o b ility  in the 
m em brane. A  num ber o f m eth ods have been  
described  fo r  the preparation  o f m em branes to  de
term ine the exten t to  w h ich  these requirem ents 
m a y  be  m et. T h e  m aterials w h ich  h ave been  stu d 
ied  in clude  co llo d io n ,1 c la y ,2 granular ion -exchange

(1 )  H . P . G r e g o r  a n d  K . S o lln e r , T h i s  J o u r n a l , 6 8 ,  4 0 9  (1 9 5 4 ).
(2 ) C . E . M a r s h a ll,  ibid., 52, 1284 (1 9 4 8 ).

resins in b in d er3 and  “ h om ogen ou s”  ion -exch an ge 
resins o f the condensation  p olym er ty p e .4

B ecause o f the chem ical stab ility  o f  ion -exch an ge 
m aterials o f  the polystyren esu lfon ic acid  ty p e  and  
the inherent advantages o f  essentially h om ogen eous 
m em branes attem pts were m ade to  prepare m em 
branes o f  this ty p e  b y  adaptation  o f the m ethods 
used fo r  bead  p olym ers .6 T h e  p rod u ct resulting 
from  the su lfonation  o f po lystyren e sheet w as ex
trem ely  fragile and  n o  suitable m em branes were 
obta ined .

(3 ) M .  R .  J. W y ll ie ,  Hid., 8 8 , 67 (1 9 5 4 ).
(4 ) W .  J u d a , N .  W . R o s e n b e r g ,  J . A . M a r in s k y  a n d  A .  A . K a s p e r ,  

J. Am. Chem. Soc., 7 4 , 3 7 3 6  (1 9 5 2 ).
(5 ) G . F . D 'A le l io ,  U . S. P a te n t  2 ,3 6 6 ,0 0 7  (D ee. 2 6 , 1 9 4 5 ).
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T a b l e  I
M o n o m e r  C h a r g e  C o m p o s i t i o n

M e m b r a n e
n o .

P r o p y l
ester ,

m l.
S ty re n e ,

m l.

D iv in y l 
b e n ze n e ,

m l.
C a p a c it y ,

m e q . /g .

M o is tu r e  
c o n te n t ,  

g . H iO /g .
T h ick n e s s ,

m m .

1-6 0.6 2.1 0.36 1.13 0.339 0.343
1-4 0.6 2.2 .24 1.22 .386 .302
1-2 0.6 2.3 .12 1.40 .739 .513
2-6A 1.0 1.7 .36 2.10 .657 .363
2-6B 1.0 1.7 .36 1.75 .501 .432
2-4 1.0 1.8 .24 1.92 .725 .483
2-2 1.0 1.9 .12 1.96 1.24 .541
3-6A 1.4 1.3 .36 2.65 0.881 .541
3-6B 1.4 1.3 .36 2.56 0.823 .536
3-4 1.4 1.4 .24 2.72 1.25 .505
3-2 1.4 1.5 .12 2.94 2.14 .571

Capacity and moisture measurements are recorded on the basis of bone-dry leached hydrogen form of the resin. The 
first digit in the membrane number refers to the nominal capacity, the second "the nominal percentage cross-linking as mole 
per cent, divinylbenzene.

T h e  m em branes described  in  this report were 
prepared b y  the cop o lym eriza tion  o f the p ro p y l es
ter o f p -styren esu lfon ic acid  w ith  styrene and  d iv in 
ylben zen e and subsequent h ydrolysis  o f  the p o ly 
m er to  p rod u ce  polystyren esu lfon ic acid. T h is 
m eth od  perm itted  the preparation  o f m em branes 
o f variou s capacities w ith  the su lfonate grou ps dis
tributed  th rou gh ou t the bu lk  o f the m em brane.

E xperim ental
Materials.—The styrene and divinylbenzene (50% solu

tion) used in this work were supplied by the Dow Chemical 
Company. Both were washed with 10% caustic soda solu
tion, dried and distilled. The propyl ester of p-styrene- 
sulfonic acid was prepared by the method of Spinner, et al.6 
The sodium chloride was B.D.H. “ Analar”  reagent and was 
used without further purification.

Membrane Preparation.—Membranes were prepared by 
the bulk copolymerization of the propyl ester of p-styrene- 
sulfonic acid, styrene and divinylbenzene. Each mem
brane was prepared by the polymerization of three ml. of 
liquid monomer in an 8-cm. Pyrex Petri dish. Forty mg. of 
benzoyl peroxide was used as catalyst. The monomer solu
tion, of one of the compositions as shown in Table I, was 
sealed in a covered Petri dish with masking tape. The 
polymerization was allowed to proceed for 30 minutes at 
110°. The glass dish with its adherent polymer membrane 
was placed in boiling 5% sodium hydroxide solution. When 
the membrane became detached from the glass, it was 
placed in a glass rod frame and the hydrolysis was continued 
by boiling in 5% caustic solution until maximum capacity 
had been obtained. Hydrolysis required from 30 hours to 
five days.

Membrane Moisture Content.—Samples of the mem
branes in the hydrogen form were shaken with portions of 
distilled water until no acid reaction to brom cresol green 
was obtained. The samples were surface dried and placed 
in a closed vessel maintained at 100% relative humidity at 
25°. When constant weight had been attained the samples 
were oven dried for 16 hours at 110°.

Membrane Capacity.—Duplicate membrane samples in 
the leached hydrogen form, surface dried, were added to 50- 
ml. portions of 2 N sodium chloride solution and the solu
tions titrated with 0.1 N sodium hydroxide using brom 
cresol green.

Membrane Yield Strength.—Yield strengths were deter
mined on surface dried, hydrogen form membrane samples 
1 cm. in width by 4 cm. long. The test involved clamping 
the sample between a movable clamp and a fixed clamp, 
leaving 3 cm. exposed. The movable clamp wyas attached 
to a trolley to w’hich weights had been added. On starting 
the machine the trolley track rotated from the horizontal 
toward the vertical position until the sample fractured. 
Samples which did not break near the middle were discarded. 
Three to five samples were tested for each type of mem-

(6 )  I . H . S p in n e r , J . C ir ic  a n d  W . F . G r a y d o n , Can. J. Chem., 32 , 
143  (1 9 5 4 ) .

brane. The samples were tested using a Scott Tester, 
model 1P4 manufactured bv Scott Testers Inc., Providence, 
R. I., U. S. A.Membrane Thickness.—The thickness of the membranes 
used was measured on the surface dried membrane, one side 
of which had been in equilibrium with 0.1 N NaN03, the 
other with 0.1 N HC1. The average variation of the thick
ness was 0.7 thousandth of an inch from the average thick
ness. Membranes which gave a sirigle thickness measure
ment which differed from the average thickness by more 
than 1.5 thousandths of an inch were discarded.Potential Measurements.—All measurements were taken 
in a constant temperature room at 25 ±  0.1°. The cell 
used for the potential measurements was constructed of 
lucite. The design was similar to that of J. T. Clarke and 
co-workers.7 This cell permitted the solutions on either side 
of the membrane to be changed rapidly without disturbing 
the membrane.

A circle of membrane 1.5 cm. in diameter was cut and 
placed between rubber gaskets in the cell. The two halves 
of the cell were bolted in place and the two silver-silver 
chloride electrodes were fitted. Each side of the cell was 
then filled with sodium chloride solution from the reservoirs. 
The solution concentrations used on each side of the mem
brane for each measurement are given in Table II.

All potential measurements were made with the solutions 
at rest in the cell. None were made with the solutions flow
ing. The solutions on the twTo sides were renewed until 
further renewal caused no change in the potential obtained. 
With membranes which gave nearly ideal potentials as for 
example the 1-6, 1-4, or 2-6 membranes, two or three re
newals of solutions at 5-minute intervals were sufficient to 
establish the concentration gradient in the membrane. 
With these membranes the potential remained unchanged 
(±0.02 mv.) over a period of at least one hour without 
further renewal of solutions. The poorer membranes such 
as the 3-2 and 2-2 required numerous and more frequent 
solution renew'als and the potentials obtained fell much more 
rapidly. The potential across the 2-2 membrane W'as stable 
within 0.2 mv. for about one minute only.

The potentials were measured using a Leeds and North - 
rup type K 2 potentiometer and a moving coil galvanometer 
of sensitivity 10-n amp./cm., resistance 866 ohms.

In order to test for asymmetry of membranes or electrodes, 
all the potentials listed in Table II are averages of at least 
eight measurements. Duplicate readings were taken on 
each of the four possible combinations of membrane, solu
tions and electrodes. No evidence of membrane asym
metry such as Kressman reported for ion-exchange rods8 
has been observed. As a typical example of the four pos
sible readings the 1-6 membrane gave 33.05, 33.08, 33.06 
and 33.08 mv. in 0.1-0.05 N NaCl. Hence it is apparent 
that neither the electrode nor the membrane asymmetry 
could have been greater than ±0.02 mv.

In Table II and Fig. 2 the average potentials measured 
for various membranes and solution concentrations are

(7 ) J . T .  C la rk e , J . A .  M a r in s k y , W . J u d a , N . W . R o s e n b e r g  a n d  
S. A le x a n d e r , T h i s  J o u r n a l , 8 6 , 100 (1 9 5 2 ) .

(8 ) T .  R . E . K re ssm a n , J. Appl. Chem., 4 , 123  (1 9 5 4 ) .
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T a b l e  II

M e m b r a n e
n o .

[R S O s - ]
res in a te ,

M

1 - 6 3.33
2-6B 3.50
3-6A 3.01
3-4 2.18
Caled, ideal potentials:

0.5 -  0.1 =  33.13 mv.

M e m b r a n e  P o t e n t i a l s

A p p r o x .  
0 . 0 5 - 0 . 1  N 

%  id e a l
x io-«

A p p r o x .  
0 . 1 - 0 . 2  N 

%  id e a l 
X  io - *

0.998 0.995
.994 .990
.989 .986
.975 .965

A p p r o x .  
0 . 2 - 0 . 4  N 

%  id e a l 
X  1 0 -2

A p p r o x .  
0 . 4 - 0 . 8  N 

%  id e a l 
X  I O " »

0.983 0.967

.954 .905

.909 .837

0.1 -  0.2 = 32.31 mv. 
0.2 -  0.4 =  31.84 mv. 
0.4 -  0.8 = 32.94 mv.

The electrical resistance of the 2-4 membrane was measured using a Solu- 
bridge, as described by Juda.4 The resistance measured was not greater than 
4 ohms per cm.2 at 1000 cps.

given. The numbers in the columns headed % Ideal were 
calculated by dividing the measured potential by the value of 
0.11834 log ai/o2. The solution activities were calculated 
from the measured concentrations using the data of Harned 
and Owen.2

D iscu ssion
T h e  d ifficu lty  en coun tered  in attem pts to  pre

pare ion -exch an ge m em branes b y  the su lfon ation  
o f p o lystyren e sheets is consistent w ith  the data  o b 
ta ined  fo r  the tensile strength  o f th e  ester p o lym er 
m em branes. A s m a y  b e  seen from  F ig . 1, th e  ten 
sile strength  o f  these m aterials decreases rap id ly  
w ith  increasing ca p a city . T h e  p rod u ct obta ined  
a fter su lfonation  o f  p o lystyren e sheet m ust h ave a 
ca p a c ity  o f  the order o f five m e q ./g . if the su lfon a
tion  is u n iform  th rou gh ou t the resin. T h e  data  o f 
F ig . 1 in d icate  th at such a resin w ou ld  h ave a v ery  
low  tensile strength.

Fig. 1.—Yield strength, lb./sq. in. vs. capacity, meq./g., 
The numbers on the plots represent mole % divinylbenzene.

T h e  exten t to  w h ich  these ester p o lym er m em 
branes approach  the p rim ary  requ irem ent o f  trans
ferring on ly  ca tion ic  species m av  be  seen from  T a b le  
I I .

T h e  ideal p oten tia l is ca lcu lated  in each  case fo r  
a h y p oth etica l m em brane perm eable on ly  to  ca t
ions.

Ag/AgCl/NaCl, ai/M/NaCl, ^ /AgCl/Ag

w here a, an d  a2 are m ean activ ities for  N aC l.
(9 )  H .  S . H a r n e d  a n d  B .  B . O w e n , “ T h e  P h y s ic a l  C h e m is tr y  o f  

E le c t r o ly t i c  S o lu t io n s ,”  R e in h o ld  P u b l.  C o r p . ,  N e w  Y o r k ,  N . Y . ,  
195 0 .

T h e  m easured potentia ls w h ich  are low er than 
the ideal poten tia ls show  th at the ideal cell reac
tion  is n ot a sufficient descrip tion  o f the labora tory  
cell reaction . I t  m ust b e  n oted  th at m em brane 
cell poten tia ls are n ot reversible potentia ls unless 
the m em branes used are im perm eable to  w ater. 
H ow ever, since the poten tia ls for  m ost o f  th e  cells 
m easured are reprodu cib le  to  w ith in  ± 0 .0 2  m v. over 
periods o f  at least five m inutes, the am ou n t o f  os
m otic  degradation  is sm all. T h e  3-2 and 2-2 m em 
brane potentia ls decreased m u ch  m ore  rap id ly  w ith  
tim e and there is som e d o u b t th at the p oten tia l 
m easured is w ith in  0 .02 m v . o f  the reversible p oten 
tial. E ven  if the osm otic  flow  o f w ater is neg lig ib ly  
sm all, w ater m ay  be  transferred reversib ly  b y  elee- 
troosm osis and  con tribu te  to  the cell reaction . In  
a dd ition  there is the p ossib ility  o f  an ion  transfer. 
H en ce  w e assum e th at the m em brane cell reaction  
is

(1 — ici) moles NaCld i---------------------------->■ a2
lw moles H20

&wl ------------------------CLw2

1 Faraday of---------------------— >
positive electricity

and assum ing th at osm otic  degradation  is negli
gible, w rite the m easured cell potentia l

E0 = E ,~  2tc\ RI '  In - l In (2)t1 0,2 r CJw2

w here <ci and  tw represent m oles o f  ch loride and 
w ater transferred per F araday.

I t  has been  cu stom ary  to  neglect w ater transfer 
in the consideration  o f m em brane poten tia ls10 and 
to  refer to  th e  ratio  o f m easured to  ideal potentia ls 
as the cation  transport n u m ber.4

A  n um ber o f authors have n oted  that th is p ro 
cedure m a y  result in  erroneous v a lu es .11' 12 O ur 
ca lcu lations in d icate  th at in  som e circum stances the 
w ater transfer term  is greater than  the an ion  trans
fer term  in equ ation  2.

T h e  va lu e  to  be  assigned to  the an ion  transfer 
term  in equ ation  2 m ay  be  estim ated  using the as
su m ptions o f  M e y e r -S ie v e rs10 and T e o re ll .13

T h e  appropriate  p ortion  o f the D on n an  poten tia l 
and  the H enderson  poten tia l is su bstitu ted  fo r  the

(10) K .  H .  M e y e r  a n d  J. F . S ie v e rs , Helv. Chim. Acta, 19, 649 
(1936).

(1 1 )  G . S c a tc h a r d , J. Am. Chem. Soc., 75, 2 88 3  (1 9 5 3 ).
(12) K .  S . S p ie g le r , J. Electrochem. Soc., 100, 3 0 3 C  (1 9 5 3 ).
(13) J . T e o r e l l,  Proc. Soc. Exptl. Biol. Med., 33, 2 8 2  (1 9 3 5 ).
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anion transfer term  in equ ation  2 to  g ive  equ ation  3.

where
Uc =  cation mobility = anion mobility[Cl;-]. = chloride concn. internal on side 1 of the membrane[Cl;- ]! = chloride concn. internal on side 2 of the membrane
[RSO3-] =  capacity meq./g./moisture g. H20/g.
F or the eva lu ation  o f the an ion  transfer term  the 

values o f  sod ium  and ch loride ion  m obilities have 
been  assum ed p rop ortion a l to  the w ater m obilities 
of these species. A c t iv ity  coefficients h ave been  
assum ed u n ity  and  fC li- ] =  [N a C lo ]2/ [ R S 0 3~].

U sing equ ation  3, values o f  the w ater transfer
ence num ber tw h ave been  ca lcu lated  and are 
listed  in  T a b le  I I I .

T a b l e  III

Mem
brane

no.
Nominal

soin.
molarities

Calcd.
anion

transfer
term,
mv.

W ater 
transfer 

term, 
:nv. iw

1-6

O1o

.05 0 .0 0 9 0 .0 51 1.2
1-6 . 2 - .1 .039 .121 1 .4
1-6 . 4 - .2 .148 .382 2 .3
1-6 . 8 - .4 .60 .49 1 .4
1 -4 . 1 - .05 .010 .080 1 .9
1-2 . 1 - .05 .028 .902 2 1 .5
2- 6 a . 1 - .05 .009 .271 6 .5
2- 6 b . 1 - .05 .008 .182 4 .3
2- 6 b . 2 - .1 .023 .317 3 .8
2 -4 .1 - .05 .014 .516 1 2 .3
2-2 . 1 -  .05 .038 1 64 3 9 .0
3 -6 a . 1 - .05 .010 0 36 8.6
3 -6 a . 2 - .1 .044 0 416 5 .0
3 -6 a . 4 -  ..2 .182 1 288 7 .9
3 -6 a . 8 -  . 4 .73 2 40 7 .1
3 - 6 b . 1 -  . 05 .010 .26 6.2
3 -4 . 1 -  . 05 .020 .81 1 9 .3
3 -4 .2 - 1 .084 1 056 12 .9
3 -4 . 4 -  . 2 .356 2 534 1 5 .6
3 -4 . 8 -  . 4 1.41 3 94 1 1 .7
3 -2 . 1 -  . 05 0 .0 5 3 2 .8 3 6 6 .4

T h e  difference betw een  the ideal and  the m easured 
potentia ls is sm all and  the u n certa in ty  o f  the m eas
urem ent is a sign ificant fraction  o f the difference, 
in som e cases as h igh as a fa ctor  o f  0.5. In  add i
tion , the approx im ation s in v o lv ed  in the calcu la
tion  o f the anion transfer term  result in errors w hich  
m a y  b e  o f  the sam e order o f  m agn itude. F or  ex
am ple, a c t iv ity  coefficients fo r  the D on n an  equ a
tion  m a y  differ w id e ly  from  u n ity 14 fo r  su lfon ated  
p o lystyren e ion -exch an ge m aterials. H en ce  the 
absolu te va lues o f  ty are regarded  as in d ica tive  
on ly . It  is p rob a b le  th at th e  relative values o f  tw 
fo r  various m em branes are m ore precise.

T h e  values obta in ed  for  tw m a y  be  com p ared  to  
values estim ated  from  oth er experim ental data.

(1 4 ) H . P .  G r e g o r  a n d  M .  H . G o t t l ie b ,  J. Am. Chem. Soc., 75, 3539 
(1 9 5 3 ) '

P relim inary m easurem ents o f  elect roôsm otic  w ater 
transfer across m em branes in 0.1 M  N a C l solu 
tion  gave  a va lue o f iw =  4 .25 m oles per F araday  for  
a 2 -6 b m em brane. T h e  va lu e  o f  tw =  17.0 has 
been  reported  b y  R o se n b e rg 16 fo r  a m em brane 
w hich  show s a m em brane poten tia l 0 .96  o f the ideal 
p o ten tia l in d ilute solu tion .

I t  is to  be  expected  th at the w ater transfer 
through  a m em brane should be  a  fu n ction  o f the 
w ater con ten t o f  the m em brane. F o r  the p oten 
tials m easured betw een  0.05 and 0 .10  A" solu tions the 
approx im ation  indicates th at th e  w ater transfer is 
the m a jor  term  in  the dev ia tion  from  ideality . 
T h u s  the p oten tia l m easured w ou ld  b e  a  fu n ction  
o f  the w ater con ten t o f  the m em brane. E m pirica lly  
the poten tia l has been  fou n d  to  be  in versely  p rop or
tional to  the cross-linking o f the m em brane a t con 
stant w ater con ten t. T h is  em pirica l correlation  
o f  the experim ental data  is g iven  in F ig . 2. T h e

Fig. 2.—Membrane potential developed between 0.099 
and 0.0492 N sodium chloride solutions. Wd represents 
% moisture in the membrane on a dry-weight basis and 
XL represents mole % divinylbenzene in the membrane. 
The numbers on the points are membrane numbers.

slope o f the line is som ew hat d o u b tfu l becau se o f  the 
possib ility  o f  osm otic  degradation  o f the cell w hich  
presu m ably  is also a fu n ction  o f  the w ater con ten t 
o f  the m em brane. H ow ever, the data  in d icates 
th at fo r  these m em branes

tw =  X (IF d/ X l)

w here W &  is gram s o f w ater per gram  o f d ry  m em 
brane, X h  is th e  n om inal cross-lin k in g  in m ole  %  
d iv inylbenzen e.

A ck n ow led gm en t.— T h e  authors are in debted  to  
the R esearch  C ou n cil o f  O ntario  and to  th e  A d 
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s ity  o f  T o ro n to , for  financial su pport.

(1 5 )  R o s e n b e r g  q u o t e d  b y  K .  S. S p ie g le r , J. Electrochem. Soc., 100, 
3 0 3 C  (1 9 5 3 ) .
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The 2-octanol extractions of Ni(C104). and Co(CiOpo from aqueous solutions have been studied at 30°. The distribution 
coefficients of these salts are almost alike and much higher than those of the corresponding chlorides. By studying the 
extraction of Co(C1 0 4 ) 2 at constant initial aqueous concentration in the presence of varying concentrations of LiC104, 
Ca(C104)2 and A1(C104)3, the effect of the latter perchlorates in promoting the extraction of Co(C104)2 has been shown to be 
primarily the mass action of the perchlorate ions. The ratio of the octanol and aqueous phase activities of Co(C104)2 
in mixed extractions with CalCICh)» have been calculated by making certain assumptions regarding the activity coefficients 
in each phase. Values of the ratio are reasonably constant. It is concluded that the differences in the chloride-promoted 
2-octanol extractions of CoCl2 and NiCl2 are not the result of differences in the extraction behavior of the nickel and cobalt 
ions but arise from specific promoting salt-transition metal salt interactions.

G arw in  and  H ixson 2 h ave reported  the separation  
o f N iC l2 from  C o C l2 through  the selective extraction  
o f the la tter b y  2 -octa n o l from  solutions con ta in ing  
HC1 or C a C l2 at high concentrations. F urther 
s tu d y  in  these laboratories has show n th at L iC l is 
also a v e ry  e ffective  extraction -p rom otin g  e lectro
ly te  fo r  C o C l2. T h e  role o f the p rom otin g  e lectro 
lytes in this and other sim ilar system s is u nqu estion 
a b ly  v e ry  com plex. F or  exam ple the p rom otin g  
electrolytes are u sually  them selves read ily  ex
tracted, and spectrop h otom etric  studies on  the 
C o C l2-L iC l-o c t a n o l-H 20  system 3 h ave p rov ided  
ev iden ce  o f  extensive in teraction  o f L iC l w ith  C o C l2 
in  octan ol. R eaction s o f  N iC l2 w ith  L iC l in octan ol 
appear to  be  o f  m u ch  less im p orta n ce .3 T o  sup
p o rt the hypoth esis th at the differences in the be
h av ior o f  co b a lt  and  nickel salts w ith  respect to  
extraction  b y  2 -octan o l are prim arily  the result o f 
d ifferences in specific in teractions o f transition  
m etal salt w ith  p rom otin g  salt, a s tu d y  was under
taken o f the 2 -octa n o l extraction  o f the perch lorates 
o f cob a lt  and n ickel. C om plex  form ation  betw een  
perch lorate ions and  transition  m etal ions w ou ld  be 
expected  to  be at a  m in im u m  in b o th  phases in 
such system s.

Experimental
Materials.—AH chemicals were C.p. or reagent grades. 

Stock solutions of Co(C10<)2 or Ni(C104)2 were prepared 
from the corresponding metal carbonates and HC104, and 
stock solutions of LiC104 and Alt 0 10 4)  ̂ were prepared by 
metathesis from the metal sulfates and Ba(C104)2. The 
octanol was the best grade furnished by the Matheson Cole
man and Bell Co. It was found to be ketone-free and to 
have the boiling point and refractive index reported in the 
literature for the pure compound.4 No further purification 
was considered necessary.

Extraction Procedure.—The first set of experiments was 
concerned with the variations in the distribution coefficients 
of Co(C104)2 and Ni(C104)2 with concentration while the 
other series of experiments were designed to study the pro
moting effects of perchlorates of varying cationic charge 
types on the distribution coefficients of Co(C104)2. Three 
stock solutions having constant Co(C104)2 concentration 
(0.243 m) and known concentrations of either LiC104, 
Ca(C104)2 or A1(C104)3 were diluted with 0.243 m Co(C104)2

(1 )  P r e s e n te d  in  p a r t  a t  th e  9 th  S o u th w e s t  R e g io n a l  m e e t in g  o f  th e  
A m e r ic a n  C h e m ic a l  S o c ie t y ,  N e w  O rle a n s , L a ., 195 3 . S u p p o r te d  
u n d e r  C o n tr a c t  A T (1 1 -1 ) -7 1  N o .  1 w it h  th e  U . S . A t o m ic  E n e rg y  
C o m m is s io n .

(2 )  L . G a r w in  a n d  A . N . H ix s o n , Ind. Eng. Chern., 41, 2 3 0 3  (1 9 4 9 ).
(3 )  W . D . B e a v e r ,  L . E . T r e v o r r o w ,  W .  E . E s t i ll ,  P .  C .  Y a te s  a n d  

T .  E .  M o o r e ,  J. Am. Chem. Soc., 75, 4 5 5 6  (1 9 5 3 ) .
(4 )  G .  L . D o r o u g h ,  H . B . G la ss , T .  L . G re s h a m , G . B . M a lo n e  a n d

E . B . R e id ,  i b i d . ,  6 3 . 3 1 0 0  (1 9 4 1 ).

solution. The series of solutions so prepared were used in 
the promoted-extraction experiments. A similar series of 
solutions containing 0.243 m CoCl2 mixed with CaCl2 was 
prepared. For the unpromoted experiments concentrated 
stock solutions of Co(C104)2 or Ni(C104)2 were diluted with 
water.

The equilibrations were made from equal weights of the 
aqueous mixtures and 2-octanol sealed in glass-stoppered 
flasks and mechanically agitated overnight at 30.0 ±  0.1°. 
The phases were separated and analyzed.

Analytical Procedures.—The analytical procedures em
ployed on the aqueous phases were for the most part the or
dinary methods: cobalt, spectrophotometric using the ab
sorption peak at 510 mji or electrolysis; nickel, spectro
photometric using the 720 mu peak; perchlorate, precipita
tion as KC104; calcium, precipitation as CaC20 4 and titra
tion with KMn04; chloride, titration with AgN03. Lith
ium and aluminum were determined by difference. Methods 
of analysis of the octanol phases varied according to the con
centrations of the extracted salts. At the higher concen
trations both cobalt and nickel were directly determined 
spectrophotometrically at the same wave lengths used for 
the aqueous phases, by means of the Beckman Model B 
spectrophotometer. It was observed, however, that the ex
tinction coefficient at 510 m/4 in the case of Co(CI04)2 was 
somewhat dependent upon the water concentration in oc
tanol. Since the extraction phases had a variable water 
content, efforts were made to allow for this in making the 
spectrophotometric standard curve. Sufficient hydrous 
octanol was used in the preparation of the standard solutions 
to correspond approximately to the experimentally deter
mined water content of the phases.

In the determination of the lower concentrations of Co- 
(CIO,)» (10~3 molal and under) use was made of the very 
high extinction coefficient of the 680 npi absorption peak 
found in concentrated LiCl solutions in octanol containing 
CoCl2. A saturated solution of LiCl was added to give a 
Cl/Co ratio of approximately 1000. Although Beaver, 
et al.,3 showed that above a Cl/Co ratio of 100 water has 
little effect upon the spectrum, the spectrophotometric 
standard solutions were again prepared using hydrous oc
tanol.

Perchlorate was determined as KC104 by direct precipita
tion from octanol (after preliminary results had shown that 
this procedure gave as satisfactory results as back-extrac
tion into water prior to precipitation). The lowest concen
trations of nickel were back-extracted and determined po- 
larographically.5 Water was found by the Karl Fischer 
method with a dead-stop end-point.

Results and Discussion
F igure 1 show s that w hile the d istribu tion  co e f

ficients fcd o f  C o (C 1 0 4)2 and N i(C 1 0 4) 2, defined as 
the ratio  o f  the n um ber o f m oles o f  salt per 1000 g. 
o f  octan ol +  w ater in  the non-aqueous phase to  the 
aqueous phase m ola lity , are stron g ly  con cen tra tion - 
dependent, th ey  are a lm ost equal and  m ark ed ly  
higher than  those o f C o C l2 and  N iC l2. T h is  result

(5 )  I .  M .  K o lt h o f f  a n d  J . J . L in g a n e , “ P o la r o g r a p h y ,”  I n te r s c ie n c e  
P u b lis h e r s  I n c . ,  N e w  Y o r k ,  N . Y . ,  1941 , p . 281 .
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Molality in aqueous phase.
Fig. 1.—Distribution coefficients kd of salts between 2- 

octanol and water at 30°: A, O, Co(C104)2; A, Ni(C104)2; 
B, C, CoCl2; A , NiCl2.

indicates a close sim ilarity  in the sa lt -so lv en t inter
actions fo r  C o (C 1 0 4) 2 and  N i(C 1 0 4) 2 in  octan ol. I t  
seem s probab le , ow in g  to  the sm all ten d en cy  o f per
ch lorate ions to  associate w ith  cations in to  co m 
plexes and  to  the greater base strength  o f w ater 
com pared  to  octan ol, th at cob a lt  and nickel per
ch lorates exist largely  as h ydrated  ions and  ion - 
pairs in  the octa n o l phases. T his is su pported  b y  
the h igh bu t sim ilar h yd ra tion  num bers ( ~ 1 2 )  re
p orted  b y  Y ates, et al,,6 and b y  the sh ift in the prin 
cipal absorp tion  peak  from  52 5 -5 3 0  m/x characteris
tic o f  an hydrou s C o (C 1 0 4) 2 in anhydrous octa n o l 
to  510 m/x characteristic o f b o th  aqueous and h y - 
d rou s-octan ol solu tions o f  C o (C 1 0 4) 2.

T h e  p rom otin g  effect o f  a dded  perch lorates was 
fou n d  to  depen d  o n ly  u pon  the tota l perch lorate co n 
cen tration  and  to  be  in depen den t o f  th e  charge ty p e  
o f the p rom otin g  salt cations. T his relatively  sim ple 
result is illustrated in  F ig . 2 w here the d istribution  
coefficients o f C o (C 1 0 4) 2 alone and in m ixtures can 
be seen to  lie on  a com m on  curve as a fu n ction  o f the 
tota l perch lorate con cen tration .

B y  assum ing th at at equal con cen tration s the 
values o f  y ±  for  2 :1  m etal perch lorates are ap
prox im ately  equal and  also th at the values o f  y ±  
fo r  C o (C 1 0 4)2 in a m ixture o f 2 :1  m etal perch lorates 
are equal to  those o f  C o (C 1 0 4) 2 alone a t the sam e 
tota l con cen tra tion  as th e  m ixture, values o f  the

(6) Paul C. Yates, R. J. Laran, R. E. Williams and T. E. Moore,
J. Am. Chem. Soc., 75, 2212 (1953).
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Equivalents of C104~ /1000 g. H20  in aqueous phase.
Fig. 2.—Distribution coefficients kd of Co(C104)2 or CoCl2 

between 2-octanol and aqueous mixtures of promoting 
electrolytes at 30°: A, (|), Co{C104)2 alone; O, Co(C104)2 +  
A1(C104)3; Q  Co(C104)2 +  Ca(C104)2; A, Co(C104)2 +  
LiC104; B, 0 ,  CoCI2 +  CaCl2.

equ ilibriu m  d istribu tion  con stan t fo r  the C a (C 1 0 4) 2- 
p rom oted  extractions were calcu lated .

v  _  { [Co][C104]27 ± 3)oct ( 7 ± 3)oet
d { [Co][C104]27 ± 3Jaq Km ( y ± * U  y ’

In  m aking the calcu lations the octan ol-phase  a ctiv 
ity  coefficient o f  C o (C 1 0 4) 2 in th e  u np rom oted  series 
was arbitrarily  m ade u n ity  at the low est con cen tra 
tion . T h e  results (T a b le  I )  sh ow  n o  sign ificant 
trend  and  have an average dev ia tion  o f 3 7 %  from  
the average value.

T a b l e  I

E quilibrium  D istribution  C onstants for t h e  Ca(C104)2- 
P romoted 2-Octanol E xtraction  of C o(C104)2

A q u e o u s  p h a se  
to ta l  sa lt  
m o la lity km X  10» Kd X  10»

0.52 0.23 0.91
0.88 0.44 1.29
1.17 2.65 X 10 1.31
1.47 1.93 X 102 1.53
1.86 2.19 X 103 1.92
2.35 3.93 X 104 0.46
2.84 2.92 X 106 0.44
3.36 1.50 X 106 1.59
4.09 6.20 X 106 0.89
4.56 1.59 X 10T 2.22

T h e  fa c t  that equ ation  1 expresses the con cen 
tration  dependence o f the C a (C 1 0 4) 2-p rom oted  
extraction s over a w ide range o f  perch lorate  con 
centrations suggests than extraction  p rom otion  in 
perch lorate  system s is largely a com m on -ion  effect. 
I t  is con clu ded  from  this research th at the differ
ences observed  in the ch loride-prom oted  2 -octa n o l 
extraction s o f  C o C l2 and  N iC l2 are the result o f 
specific in teractions o f  C o C l2 w ith  the p rom otin g  
ch lorides rather than fu n dam en ta l differences in the 
extraction  beh av ior o f  co b a lt  and nickel ions.
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NOTES

TORSIONAL BARRIERS IN MOLECULES
CoHrnFnCU-m-n.

By N. W. Luft

Ladybridge Hoad, Cheadle Huhne, Cheshire, England 
Received June 7, 1964

T h e re  appears to  b e  h a rd ly  a  grou p  o f ch em ical 
c o m p o u n d s fo r  w hich  m ore  ex p erim en tal d a ta  on  
in tra m o lecu lar  ro tation a l barriers are a va ilab le  
th a n  th e  series o f h alog en a ted  e th an es o f th e gen 
eral c o m p ositio n  o f C 2H mF nC l6 _ m-n -  T h is  is es
p e c ia lly  d u e to  th e  ex ten sive  spectroscopic, in 
v e stig a tio n s  b y  N ie lsen  a n d  c o -w o rk ers . 1" ’5 H o w 
ever, on  occasion s it  h as b een  fo u n d  n ecessary6 to  
revise so m e o f th e reported  in fo rm a tio n  on th ree
fo ld  barrier h eigh ts a n d  torsion al frequ en cies o f 
th ese  co m p o u n d s. A  m ore  careful sc ru tin y  h as  
revealed  certain  a d d itio n a l in con sisten cies in  th e  
torsion al a ssig n m en ts , w h ich  lead  to  discrepan cies  
w ith  th e  a d d it iv ity  ru le7 fo r  th e  in crem en ts, B, o f 
th reefo ld  torsion al barriers F 0, viz.

Fo(»> -  W ^r) = rB {i. . .  k ) +  (3 -  r )B ( i . . .1) (1) 

for eth an e  d eriv atives  ( f3 —  T).  T h u s  a  re
e x am in ation  o f th e  torsion al d a ta  seem s u n a v o id 
able.

U su a lly  torsion al frequ en cies, 8t, are rela ted  to  
barrier h eig h ts, Va, b y  m ea n s o f th e  h arm on ic  os
cilla tor a p p rox im ation

St = (n/2*c)(V a/2I,)l/i (2)

w h ere I ,  =  red u ced  m o m e n t  o f inertia  a b o u t  th e  n -  
fo ld  axis o f in tern a l ro ta tio n  a n d  n  =  3  in  th e  
present cases. R e c e n t ly 1 an  a lte rn a tiv e  graph ical 
ev alu ation , b y  w a y  o f correlation  o f observed  
en ergy  levels w ith  a ctu a l e ig en -va lu es o f th e  
M a th ie u  eq u a tion , h as b een  p rop osed  w h ich  is 
lik e ly  to  b e  m ore  a ccu rate  fo r  sin u soid a l barriers  
o f lo w  h e ig h t; cf. figures in  b ra ck e ts  [] in  T a b le  I .

T h e  d a ta  fo r  th reefo ld  torsion al barriers o f  
flu orin ated  a n d  ch lorin ated  eth an es are g iv en  in  
T a b le  I . E th a n e  a n d  triflu oroeth an e are w ell in 
v e stig a te d  m olecu les w h ich  n eed  n o  fu rth er  co m 
m e n t. T h e ir  barriers d eterm in e  th e  barrier in 
crem en ts, £ ( H  . . . H )  =  0 .9 6  ±  0 .0 5  and  
B ( H  . . . F )  =  1 .2 2  ±  0 .0 5  k c a l . /m o le , fo r  in ter
n al rotation , op p o site  a  C H 3 g ro u p , o f  a  C H  an d  
C F  b o n d , resp ectiv ely , an d  th u s  th e  barriers in  
H 3C - C H 2F  a n d  H 3C - C H F 2. T h e  resu lt fo r  th e  
la tter  m olecu le  is F 0 =  3 .4 0  k c a l . /m o le  an d  8t ^  
2 4 0  c m .- 1 , w h ereas p rev io u sly  8t —  2 5 0  c m . -1  an d

(1 )  D .  C . S m ith , R .  A .  S a u n d e rs , J . R .  N ie ls e n  a n d  E . E .  F e r 
g u s o n , J. Chem. Phys., 20, 8 4 7  (1 9 5 2 ) .

(2 )  D .  C . S m ith , G .  M .  B r o w n , J . R .  N ie lse n , R .  M .  S m ith  a n d  
C . Y .  L ia n g , ibid., 20, 4 7 3  (1 9 5 2 ) .

(3 )  J . R .  N ie lse n , C . Y .  L ia n g  a n d  D . C . S m ith , ibid., 21, 1 06 0  
(1 9 5 3 ) .

(4 )  J . R .  N ie lse n , C .  Y .  L ia n g , D .  C .  S m ith  a n d  R .  M .  S m ith , 
ibid., 21, 3 8 3  (1 9 5 3 ) .

(5 )  J . R .  N ie lse n , C .  Y .  L ia n g , D . C . S m ith  a n d  M .  A lp e r t ,  ibid., 2 1 , 
1 07 0  (1 9 5 3 ) .

(6 ) N . W . L u ft ,  ibid., 22, 155 (1 9 5 4 ).
(7 )  N .  W . L u ft ,  Faraday Soc. Discs., 10, 117 (1 9 5 1 ) ;  J. Chem. Phys., 

21, 179 (1 9 5 3 ) .

U0 —  3.94 k ca l./m o le  was proposed , from  a rather 
u ncerta in  in terpolation  o f torsional frequencies o f 
m eth y l fluorom ethanes, a lthough  neither this 
fundam ental n or  its overton e  has been  observed . 
I t  seem s possible n ow  th at the ban d  r (A ')  ~  475 
c m .-1  overlaps 28t. In  a recent n o te6 the w riter 
p roposed  5,, ~  93 c m .-1  and  U0 ~  10.1 k c a l. /m o le  
fo r  F 3C -C H C 1 2 instead o f an earlier F 0 value a b o u t 
tw ice  as high. T ogeth er  w ith  the a b o v e  va lu e  o f 
B (H  . . . F ) this leads to  B (F  . . .  C l) —  4.4 kcal. 
and  results in F 0(F 3C -C H 2C1) —  6.8 and  the som e
w h at high F 0(F 3C -C C 1 3) ~  13.2 k ca l./m o le . 
T h u s 81 ~  96 c m .-1  for  F 3C -C C 1 3, so th at the 
higher v a lu e4 8t =  173 c m .-1  is defin itely  ruled out. 
F or F 3C -C H 2C1 N ielsen , et al, ,3 gave 8t =  109 
c m .-1  and F 0 =  5.7 k ca l./m o le , whereas w ith  the 
sam e freq u en cy  and an estim ated  7r =  78.1 X  
10 -40 g. c m .2 a ctu a lly  F n —  10.5 k c a l. /m o le  is o b 
tained . T h erefore  the frequ en cy  o f 109 c m .-1 is 
suspect o f  be in g  slightly  high.

T h e  recent va lu e  F „(F 3C -C F 3) =  3 .92 k c a l . /  
m ole gives B {F  . . . F ) =  1.31 k c a l. /m o le  and  fur
therm ore F 0(F 3C -C F 2C1) =  7.0 and  F 0(F 3C -  
CFC12) =  10.1 k ca l./m o le . T h is  results in  the 
estim ated torsional frequencies 8t ~  80 and 92 c m .-1  
in  g ood  agreem ent w ith the fo llow in g  assignm ents 
o f  overton e  bands, viz., 532 Iv w , liq . =  454 +  5t, 
828 Iv w , liq . =  648 +  8, and 487 Iv w b  =  399 +  <5t, 
respectively .

M o re o v e r  F 0(C13C -C C 1 3) ~  12 ±  2 k c a l. /m o le 8 
leads to  B(C1 . . . C l) ~  4.0 k c a l. /m o le  and  F 0-  
(C13C -C C 1 2F ) =  12.4 an d  F„(C13C -C C 1 F 2) =
12.8 k ca l./m o le  in reasonable agreem ent w ith  
previou s va lu es.8

F or  the eva lu ation  o f the rem aining increm ent 
B (H  . . .  C l) the fo llow in g  three sp ectroscop ica lly  
determ in ed2' 17 barrier heights are at ou r d isposal, 
w h ich  y ie ld  three slightly  different B -va lu es, viz.

H,C-CF,C1 F„ = [3.705] kcal./mole fi (H .. Cl) =  1.27 kcal.
HjC-CFCh [3.47] 1.13
H3C-CC!, [2.967] 0.99

D eriva tion  o f the first tw o  B ’s in v o lv es  use o f  the 
a b o v e  B (H  . . . F ) =  1.22 k ca l./m o le . T h e  last 
figure is a m ore d irect one and su pported  b y  the 
im pressive in terpretation , due to  P itzer and  H ollen - 
b e rg ,17 o f the six in frared  ban ds o f H 3C -C C 1 3 at 
137, 154, 172, ~  533, 548 and 565 c m .-1  as d iffer
ence and sum  com bin ation s o f  vn (E ) - 351 c m .-1 
and  various torsional levels v$. T h e  in a ctiv e  5t 
~  f(0 — 1) =  214 is obta in ed  from  th e  largest 
frequ en cy  in the series, 565 =  351 +  f6(0  — 1). 
A ll three F 0’s were eva lu a ted 1'17 b y  specia l m eth od s 
from  actual levels. I f  instead, eq. 2 is used fo r  fit.’s 
o f the first tw o  m olecules then  the resulting F 0’s 
are sm aller and B (H  . . . C l) ^  1.0 k ca l./m o le  for  
all three. T h e  slightly  higher alternatives are n ot 
com p lete ly  ruled ou t, since, e.g., th e  a b o v e  fre 
qu en cy  o f 214 c m .-1  in H 3C -C C 1 3 m igh t perhaps be  
F6 (1 — 2 ), e tc ., and v6 (0 — 1) still larger ( ~ 2 4 0  
~588 Iw  — 351, ?). B u t th en  B(H . . . C l) ~  1.3
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T a b l e  I
T o r s i o n a l  O s c i l l a t i o n s  i n  M o l e c u l e s  C 2H m F n C l G - m - n

M o le c u le Vo (kcal./mole) ôt (cm.-1) R e f . Fo (kcal./mole) ôt (cm. a)
H3C-CH3 2.75-3.05 280 ±  10 1, 9 2.90 290“
H3C-CH2F [3.959] 278 1 3.15 (250)
h 3c- c h f 2 (3.94) (250) 1 3.40 (240)
h 3c - c f 3 3.66 238 2,10 3.66 238
h 3c - c h 2ci 2.7-4.7 (215-280) 11, 12 2.9 (220)
h 3c - c h c i2

h 3c - cc i3 (2.7-3.045) (205) 13, 1
2 .93 (215)

2.967 (214) 17 3.0 (214)
h 3c - c f 2ci [3.705] 238 1 3.4, ~230
h 3c - c f c i2 [3.470] 229 1 3.2 ~220
f 3c - c h 2f 3.7,5 (87)
f 3c - c h f 2 3.85 (74)
f 3c - c f 3 3.92 ( -4 .3 5 ) (68-70) 14, 15 3.9 (68)
f 3c - c h 2ci (10.5) 109 3 6.8 (90)
f 3c - c h c i2 22.3 141 3 10.1 93
f 3c - c c i3 (<38.7 or 13.2) <173 or 96 4 (10.7-)13.2 (90-)96
f 3c - c f 2ci « 3 0 .4  or 9.1) <168 or 91 4 7 .C(-9.1) 80(-91 )
f 3c- c f c i2 « 3 9 .5 ) <180 4 —10.1 ~92
ci3c - c c ih . 6 (70)6
c i3o - c c y i 9 (65)
C13C-CC13 12.0 ±  2.0 (65) 8 12.0 (65)
C13C-CH2F 6.4 (105)
ci3c - c h f 2 9.8 (100)
ci3c - c f 2ci (12.8) 81 5 12.8 81
C1jC-CFC12 (14.4) 77 5, cf. 16 12.4 ~70

“ L. G. Smith, J. Chem. Phys., 17, 139 (1949); 
. erte & Funktionen, I, Springer, 1951, p. 3.

cf. ref. 9. bCf. the Hainan shift at 85 cm.-1, Lamlolt--Börnstein, Zahlen-

kcal. would call for yet another revision of assign
ments of two bands of H3C-CFC12, viz., 458 =  
2 v (A ') instead of 28t, and 256 =  <5* instead of 
r(A'). For these reasons B(H . . .  Cl) =  1.0 kcal./ 
mole is chosen.

The above B  values have been used to estimate 
a number of unknown barriers which are also 
listed in Table I. The actual values of barrier 
increments B  do not exhibit any obvious regularities 
and it is particularly surprising that the barrier 
in C2Cl6 is smaller than in C2CI5F and C2CI4F2. 
It would be possible, at least in principle, to re
verse this situation, e.g., by assuming a barrier 
height in H3C-CCI3 comparable to Gordon and 
Giauque’s12 figure and for CI3C-CCI3 one of the 
order of the upper limit of Mizushima, et al.s, 
value. Because of additivity of barrier incre
ments, however, such attempt would call for 
modifications of a number of barrier heights of re
lated molecules, which seem less justified in the 
light of the most recent spectroscopic results.

(8 )  S . M iz u s h im a , Y .  M o r in o ,  T .  S im a n o u c h i  a n d  K . K u r a ta n i, 
J. Chem. Phys., 17, 8 3 8  (1 9 4 9 ).

(9 )  Cf. K .  S . P itz e r , Faraday Soc. Discs., 10, 66  (1 9 5 1 ).
(1 0 ) B . P . D a ile y ,  Ann. N. Y. Acad. Sci., 5 5 ,  9 1 5  (1 9 5 2 ) .
(1 1 ) H . J . B e rn s te in , J. Chem. Phys.. 17, 2 6 2  (1 9 4 9 ) ;  cf. A .  T a n g , 

J. Chinese Chem. Soc., 1 8 , 2  (1 9 5 1 ) .
(1 2 ) J . G o r d o n  a n d  W . F. G ia u q u e , J. Am. Chem. Soc., 70, 1506 

(1 9 4 8 ) .
(1 3 )  T .  R .  R u b in  a n d  B . H . L e v e d a h l ,  D . M .  Y o s t ,  ibid., 6 6 ,  279  

(1 9 4 4 ).
(1 4 )  D . E . M a n n  a n d  E . K .  P ly le r ,  J. Chem. Phys., 21, 1111 (1 9 5 3 ) ;  

cf. J . S . W ic k lu n d , H . W .  F l ie g e r  a n d  J. F . M a s i, J. Research Natl. Bur. 
Standards, 51, 91 (1 9 5 3 ) .

(1 5 )  E . L .  P a c e  a n d  J . G .  A s to n , J . Am. Chem. Soc., 70, 5 6 6  (1 9 4 8 ) .
(1 6 )  D . S im p s o n  a n d  E . K . P ly le r , J. Research Natl. Bur. Standards, 

50, 2 2 3  (1 9 5 3 ) .
(1 7 ) K . S . P i t z e r  a n d  J . L .  H o lie n b e r g , J. Am. Chem. Soc., 75, 2 21 9  

(1 9 5 3 ).

LOW PRESSURE HYDROGEN SOLUBILITY 
IN URANIUM

B y  H. C. M a t t r a w

Knolls Atomic Power Laboratory, l General Electric Company, Schenec
tady, N. Y.

Received August 16, 1954

As is well known,2 uranium forms a compound 
UH3, with hydrogen, and the equilibrium pressure 
for the reaction

UH3 (solid phase 1) =  U(solid phase 2) +  3/2 II./gas) 

is satisfactorily expressed by

log = -  +  9 . 2 8  ( l )

Solid phase 1 is solid solution rich in UH3 and 
low in U. Solid phase 2 is solid solution rich in U 
and low in H. For the very low hydrogen concen
tration region, phase 1 is absent. At 295°, the 
dissociation pressure of the hydride is 23 to 
24 mm. (at 436° UHt has a dissociation pres
sure of 1 atmosphere); however, at pressures 
below this there exists appreciable solubility 
of hydrogen in uranium. Qualitatively the sys
tem is similar to the palladium-hydrogen sys
tem, and behaves as the metals which Bushman3 
terms the group B, that is, lowered solubility with 
increased temperature.

(1 )  T h e  K n o lls  A t o m ic  P o w e r  L a b o r a t o r y  is  o p e r a t e d  b y  th e  G e n 
e ra l E le c t r ic  C o .  f o r  th e  A t o m ic  E n e r g y  C o m m is s io n . T h e  w o r k  r e 
p o r t e d  h e re  w a s  ca r r ie d  o u t  u n d e r  C o n t r a c t  W - 3 1 -1 0 9  E n g -5 2 .

(2 )  (a )  F .  H . S p e d d in g , A .  S . N e w t o n ,  et al., Nucleonics, 4 ,  4  ( 1 9 4 9 ) ;  
( b )  J . J . K a t z  a n d  E .  R a b in o w it c h ,  “ T h e  C h e m is t r y  o f  U ra n iu m , 
N N E W  V I I I - 5 , ”  M c G r a w -H i l l  B o o k  C o . ,  I n c .,  N e w  Y o r k ,  N .  Y . ,  195 1 .

(3 )  S . D u s h m a n , “ S c ie n t if ic  F o u n d a t io n s  o f  V a cu u m  T e c h n iq u e ,”  
C h a p . 9 , J o h n  W i le y  a n d  S o n s , I n c . ,  N e w  Y o r k ,  N . Y . ,  194 9 .
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T a b l e  I
S o l u b i l i t y  o f  H y d r o g e n  i n  U r a n i u m  a t  2 9 5 °

p, » S, c c . / l O  g . S / V p P, n S, c c . / l O  g. S / V p

Run 1 Run 2
150 0.41 0.0335 103 0.34 0.0335
135 .35 .0301 82 .29 .0320
100 .31 .0310 56 .28 .0374
79 .28 .0315 47 .23 .0335
69 .25 .0301 38 .22 .0357
57 .23 .0305 34 .20 . 0343
46 .21 .0310
35 .20 .0338
30 . 19 .0347
26 .18 .0353
In  th is w ork, the solubilities at various low  pres

sures were determ ined  at 295° using 10 g. o f  p o w 
dered uranium . F or this low  hydrogen  con cen tra 
tion  region  th e  so lu b ility  m ay  be expressed b y

S = K V P  (2)
w here S  is in  standard  c c . /g .  o f uranium , P  in m i
crons. T h e  data  presented b e low  sh ow  th at equa
tion  2 is obeyed

T h is  square root relation  has been  show n b y  B a t- 
te lle24 to  h o ld  fo r  a,f5, y -form s o f uranium  at te m 
peratures from  6 0 0 -8 0 0 ° at pressures u p  to  100 m m . 
T h e  average va lu e  o f S /' s / 'P  fo r  10 g. o f  ura
n ium  is 0 .033 w ith a standard d ev ia tion  o f ± 0 .0 0 2 2 . 
T h u s for  1 g. o f uranium  at 295° th e  h ydrogen  
so lu b ility  obeys equation  2 and K  has a va lue o f 
3 .30 ±  6.22 X  10~3.

H yd rogen  m ust g o  in to  solu tion  in th e  d ilu te  re
gion as H  atom s or negative H  ions or as U H .

E xperim ents at other tem peratures, th ou gh  n ot 
designed to  find the true heat o f solu tion , show  
the heat o f solu tion  o f h ydrogen  in  a u ranium  (solid  
phase 2) at infinite d ilution  is a p p ro x im a te ly — 13 
k ca l./m o le  H 2. T h e  heat o f solu tion  o f h yd rogen  in 
a -uran ium  (solid  phase 2) at th e  com p osition  w here 
the uranium  h ydride  phase begins to  separate is 
ca lcu lated  from  equ ation  1 to  be a b ou t — 20 k c a l . /  
m ole  H 2.

T h e  B attelle  w ork 24 indicates that fo r  j3, y -  and 
liqu id  uranium  the heat o f solu tion  o f h ydrogen  b e 
com es p ositive  in  con trast w ith  the n egative  heat 
o f  solution  fou n d  fo r  the a  uranium  in this study .

COMMUNICATIONS TO THE EDITOR

M O N O L A Y E R  S T R U C T U R E  A S  R E V E A L E D  
B Y  E L E C T R O N  M I C R O S C O P Y

S ir:

L ittle  is k n ow n  a b o u t th e  deta iled  structure o f 
m onolayers, the process o f  m on ola yer collapse and 
the nature o f collapsed  film s. F ilm s o f  fa t ty  acids 
on  w ater, before  and a fter collapse, h ave  recently  
been  transferred from  a L a n g m u ir-A d a m -H a rk in s  
film  b a la n ce 1'2 to  a co llod ion  su pport, shadow cast 
w ith  chrom ium , and exam ined  in an R C A  T y p e  
E M U  electron  m icroscope. R em ark ab le  structures 
were revealed.

M on o la y ers  o f  n -h exatriacon tan oic  a c id 3 give 
pressure-area isotherm s sim ilar to  those o f  stearic 
acid . A t  zero pressure, the m olecu le  has an extrap 
o la ted  cross-sectionalo area o f 20.4 A .2, essentially 
iden tica l to  th e  20.3 A .2 fo r  stearic a c id .4 It  differs 
prin cipa lly  in th at th e  film collapses at 58 dynes per 
cm ., as com p ared  w ith  42 dyn es fo r  th at o f stearic 
acid.

Sam ples o f  r.-hexatriacon tan oic a cid  film s were 
tak en 5 at 15 dyn es per cm ., at 25 dyn es per cm .,

(1 )  N . K . A d a m , “ T h e  P h y s ic s  a n d  C h e m is t r y  o f  S u r fa c e s ,”  T h ir d  
E d it io n ,  O x fo r d  U n iv e r s it y  P re ss , O x fo r d ,  1941 .

(2 )  W . D .  H a rk in s , “ T h e  P h y s ic a l  C h e m is t r y  o f  S u r fa ce  F i lm s , ’ ’ 
R e in h o ld  P u b l.  C orp> , N e w  Y o r k ,  N . Y . ,  195 2 .

(3 )  A  3 6 -c a r b o n  a c id  p r e p a r e d  in  9 9 .9 9 %  p u r i t y  b y  D r .  R .  J . M e y e r  
o f  o u r  la b o r a t o r ie s .

(4 )  H . E .  R ie s , J r .,  a n d  H . D .  C o o k , J. Colloid Set., in  p ress .
(5 )  A  s m a ll  r in g  w a s ra ise d  t h r o u g h  th e  film  a n d  lo w e r e d  o v e r  a  c o l 

l o d io n  s u p p o r t .  T w o  m o re -re fin e d  te c h n iq u e s  h a v e  r e p r o d u c e d  th e  
m ain  fe a tu r e s  o f  th e  m ic r o g r a p h s . I n  o n e ,  s h a llo w  c u p s  c o n t a in in g

and a fter collapse. T h e y  w ere sh adow cast w ith  
ch rom iu m  at an angle o f  15° to  the surface. E lec
tron  m icrographs are show n in F ig . 1. A  b lank  
w ater sam ple, w h ich  had  been  transferred from  the 
film  ba lan ce  to  a  co llod ion  su pport, is show n in A .

T h rou gh ou t B , the w idth s o f  the shadow s corre
spon d  to  a film  th ickness close to  the 50 A . expected  
fo r  a m on ola yer o f  vertica lly  oriented  n -hexatri- 
a con ta n o ic  acid . M a n y  islands or aggregates o f 
irregular shape and  size characterize the partly  
com pressed  m on olayer. M o v e m e n t o f  islands m ay  
a ccou n t fo r  the unstable pressures in this region 
o f  the isotherm  o ften  observed  for  fa tty  acid  m o n o - 
layers.

In  C , a transition  stage betw een  m on olayer is
lands an d  collapsed  film  is show n. T h e m on olayer 
has b ecom e  a con tin u ou s ph ase ; the bare portion s 
are n ow  d iscontinuous. Islands h ave som etim es 
been seen at this pressure, p ossib ly  becau se the 
film  had been  d isturbed  during the transfer process.

In b o th  B  and  C , the m on olayer surface appears 
coarser than th at o f  the co llod ion  support. T h e  
texture m a y  reflect the structure o f  the con densed  
m on olayer. Bare portions m a y  con ta in  film  m ole 
cules th at are less closely  packed .

A cross D , several lon g  flat fiber-like structures 
appear. T h e y  rest on  a con tin u ou s m on ola yer sub
strate and  are a b o u t 100 A . or  tw o  m olecu les th ick .
c o l lo d io n  s u p p o r t s  a re  ra ise d  th r o u g h  th e  f ilm . I n  t h e  o t h e r ,  m e t a l-  
c o a t e d  c o l lo d io n  s u p p o r t s  a re  ra ise d  v e r t ic a l ly  t h r o u g h  th e  film  a s  in  
th e  L a n g m u ir -B lo d g e t t  t e c h n iq u e .
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Fig. 1.—Electron micrographs of monolayer films of re-hexatriacontanoic acid: A, blank, no film; B, at —15 dynes per 
cm.; C, at 25 dynes per cm.; D, after collapse. Shadows are light, and arrows indicate the direction of chromium 
shadowcasting.

Shadow s at a sm all break  othrou gh  the substrate 
show ed th at it rem ained 50 A . th ick . A  m echanism  
fo r  collapse is clearly  suggested ; as the pressure 
increases, th e  m on o la y er  rises from  the surface 
a lon g  a line o f  rupture, fo ld s  polar fa ce  to  polar 
face, and fa lls  ov er  to  form  lon g  flat structures, tw o 
m olecu les th ick .

W h en  n -h exatriacon tan oic  acid  was deposited  
d irectly  on  th e  co llod ion  su pport rather than on 
w ater, d ifferent structures were observed . A  solu 
tion  in ben zene o f less h exatriacon tan oic acid  than 
needed fo r  a close ly  pack ed  m on ola yer w as d e
posited  on  co llod ion . A fte r  evapora tion  o f the 
benzene and  shadow casting, m icrographs show ed 
m an y  p latelets or flat m icelles w ith  rou nded  edges 
and a th ickness o f  tw o  m olecules. N o  m on olayer 
structures w ere observed .

Such observation s o f m on ola yer islands, co l
lapsed film s and  p latelets deposited  d irectly  from  
solu tion  p rov id e  in form ation  basic to  tw o -d im en 
sional and  th ree-d im ensional nucléation , crysta lliza 
tion  and m icelle  form ation .
R e s e a r c h  D e p a r t m e n t
S t a n d a r d  O il  C o m p a n y  ( I n d i a n a ) H e r m a n  E. R i e s , J r . 
W h it in g , I n d ia n a  W a y n e  A. K im b a l l

R e c e iv e d  N o v e m b e r  26, 1954

T H E  T E M P E R A T U R E  D E P E N D E N C E  O F  
M E C H A N I C A L  A N D  E L E C T R I C A L  

R E L A X A T I O N S  IN  P O L Y M E R S 1
S ir :

T h e tem perature dependen ce o f b o th  v iscoe las
t ic 2'3 and d ie le ctr ic4 properties o f  a p o ly m eric  sys
tem  can be described  b y  a single tem peratu re-de
pen den t param eter w hich  represents the ratio  o f 
a n y  relaxation  tim e at tem perature T  to  its value 
at an arb itrary  reference tem perature T 0. W h en  
d ifferent system s are com pared  using the sam e To 
for  all (e.g., 2 9 8 ° K . ) ,  p lots  o f th is param eter (ut or 
k from  viscoelastic  m easurem ents, 6t  from  d ielec
tric) against T  exh ib it little  resem blance. H ow ever, 
we have fou n d  th at, b y  selecting a d ifferen t refer
ence tem perature Ta fo r  each system  and p lottin g

(1 )  T h is  w o rk  w a s  s u p p o r t e d  b y  P ic a t in n y  A rs e n a l, O rd n a n c e  C o r p s ,  
D e p a r t m e n t  o f  th e  A r m y .  T h e  a u t h o r  w ish e s  t o  e x p r e s s  t o  P r o f .  J o h n  
D . P’ e r r y  a n d  D r .  R o b e r t  F . L a n d e l h is  a p p r e c ia t io n  f o r  m a n y  h e lp fu l  
d is c u s s io n s .

(2 ) (a )  R.. D .  A n d r e w s , N . H o fm a n -B a n g  a n d  A .  V . T o b o ls k y ,  J. 
Polymer S e t 3 , 6 6 9  (1 9 4 8 ) ;  (b )  A . V . T o b o ls k y  a n d  J . R .  M c L o u g h l in ,  
ibid., 8 , 5 4 3  (1 9 5 2 ) .

(3 )  J . D .  F e r r y ,  J. Am. Chem. Soc., 72, 3 7 4 6  (1 9 5 0 ) .
(4 )  (a )  J . D . F e r r y  a n d  E . R .  F it z g e r a ld ,  J. Colloid Sei., 8 , 224  

( 1 9 5 3 ) ;  ( b )  J . D .  F e r r y ,  M .  L . W ill ia m s  a n d  E .  R .  F itz g e r a ld ,  T h is  
J o u r n a l , i n  press .
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T - T s ( ° k).

Fig. 1.—Log ot and log &t plotted against (T  — T.) for 17 
polymer systems: open circles, ref. 5; vertical slots, ref. 4; 
horizontal slots, ref. 6.

ax o r  &t  against T  — T s, all such p lots  co in cide  for  
a w ide v a rie ty  o f  p o lym er system s.

F or  com parison , Ts has been  chosen  arb itrarily  
fo r  one system — 2 4 3 °K . fo r  po ly isobu ty len e , a fa 
vorab le  p o in t w ith respect to  overlapp in g  o f  d y 
nam ic m echan ica l data  from  this L a b ora tory . V al
ues o f  T s fo r  16 oth er system s h ave been  obta in ed  
b y  com paring  the tem perature dependen ce o f their 
dyn am ic m ech an ica l,411'6 stress re laxation ,1'6 steady  
flow  v iscos ity ,5a’b'd an d  d ielectric  p rop erties4 w ith  
th at o f  p o ly isobu ty len e , and are listed  in T a b le  I. 
In  F ig. 1, ot  and In  are p lo tted  logarith m ically  
against T  — T a for  all 17 system s, and fall qu ite 
closely  on a single com posite  curve.

(5 )  (a )  J . I ) .  F e r r y ,  L .  D .  G r a n d in e ,  J r .,  a n d  E .  R .  F it z g e r a ld ,  J.
Appl. Phys., 24, 911  (1 9 5 3 ) ;  ( b )  L . D . G ra n d in e , J r .,  a n d  J . D .  F e rry , 
ibid., 24, 6 7 9 , (1 9 5 3 ) ;  ( c )  M .  L . W ill ia m s  a n d  J . D . F e rry ,
J. Colloid Sci., 9 , 4 7 9  (1 9 5 4 ) ;  (d )  M .  L . W ill ia m s  a n d  J . D .  F e r r y ,  ibid. 
( in  p r e s s ) ;  (e )  R .  F .  L a n d e l a n d  J . D . F e r r y , (u n p u b lis h e d  e x p e r i 
m e n t s ) ;  ( f )  M .  L . W ill ia m s , J . D . F e r r y , S . A x e lr o d ,  S . N . C h in a i, J. 
D .  M a t la c k  a n d  A . L . R e s n ic k ,  P r e s e n te d  a t  t h e  1 2 6 th  M e e t in g  o f  th e  
A m e r ic a n  C h e m ic a l  S o c ie t y ,  S e p t .  195 4 .

(6 )  (a )  J . B isch o fF , E . C a ts i f f  a n d  A . Y .  T o b o ls k y ,  J. Am. Che-m. 
Soc., 74, 3 3 7 8  ( 1 9 5 2 ) ;  ( b )  E .  C a ts if f  a n d  A . V . T o b o ls k y ,  J. Appl. 
Phys., 25, 1 09 2  (1 9 5 4 ) ;  ( c )  A .  V . T o b o ls k y  a n d  E . C a ts if f ,  J. Am. 
Chem. Soc., 76, 4 2 0 4  (1 9 5 4 ) .

T a b l e  I
S y s te m  M e a su re m e n t® R e fe r e n c e  T a , ° K .

Polyisobutylene D, S, V 5a, 1 243
Polystyrene D 5b 408
Polyvinyl acetate D, E 5c 340
Polvmethyl acrylate D, E of, 4b 324
Polyvinyl chloroacetate E 4b 346
Polyvinyl acetal 
Butadiene-styrene

E 4b 380

75/25 S 6a 268
60/40 S 6b 283
50/50 S 6b 296
30/70 s 6b 328

Paracril 26 s 6b 288
Polymethyl methacrylate s 6a 433
Polystyrene-Deealin 62% 
Polyvinyl acetate-tricresyl

D, V 5b 291

phosphate 50% 
Polyvinyl chloride-dimethyl- 

thianthrene

D, V 5d 293

10% D, E 4a 293
40%

Cellulose tributyrate dimethyl
D, E 4a 313

phthalate 21% D 5e 247
“ D =  dynamic mechanical, S = stress relaxation, 

steady flow viscosity, E = dielectric.
V =

O ur reference tem perature T s is 50 ±  4 °  a b ov e  
the glass transition  tem perature fo r  7 o f these sys
tem s, and it  is 46 ±  3 °  a b ov e  the d istin ctive  tem 
perature Td o f  T o b o lsk y 60’7 for  the 6 system s he has 
an alyzed . T h is  suggests that th e  arb itrary  T B 
m igh t be rep laced  b y  an absolu te  T e (from  th er
m al expansion  m easurem ents) or Td (from  the in
flection  o f a p lo t o f log  <it  against tem perature). 
H ow ev er , because o f the d ifficu lty  o f experim ental 
m easurem ents near 7y or Ta, we prefer to  base 
our com parison  on  one arb itrary  selection  o f Ts at 
present.

I t  should  be m en tioned  th at d ivergences m a y  be 
expected  at low er tem peratures w here properties 
are affected  b y  therm al h istory . A later com m u n i
cation  w ill discuss the relation o f this trea tm en t to  
various th eoretica l form ulation s o f  the tem perature 
dependen ce o f relaxation  and  v iscosity .
D e p a r t m e n t  o p  C h e m i s t r y

U n i v e r s i t y  o p  W i s c o n s i n  M a l c o l m  L. W i l l i a m s

M a d i s o n  6, Wis.
R e c e i v e d  N o v e m b e r  17, 1954

(7 )  T h e  r e d u c e d  v is c o e la s t ic  e q u a t io n s  o f  T o b o ls k y  a n d  C a ts i f f ,6 
w h ic h  a ls o  in v o lv e  a  c o r re la t io n  o f  t e m p e r a tu r e  d e p e n d e n c e  in  d if fe r e n t  
p o ly m e r s ,  a re  b a s e d  o n  a  f u n c t i o n / ( T / T d )  r a th e r  th a n  a  d iffe r e n c e  T — 
T e . W ith in  th e  te m p e r a tu r e  ra n g e  w h e re  /  is  a  lin e a r  fu n c t io n  o f  T/T(\ 
( r o u g h ly  b e t w e e n  — 6 0  a n d  — 3 0 °  in  F ig .  1 ), i t  c a n  b e  s h o w n  t h a t  lo g  
o t  is  a c t u a l ly  a  l in e a r  fu n c t io n  o f  (T — Td). T h u s  in th is  r a n g e  th e  t w o  
tr e a tm e n ts  p r e d ic t  th e  s a m e  te m p e r a tu r e  d e p e n d e n c e .  A t  h ig h e r  t e m 
p e ra tu re s , h o w e v e r ,  t h e y  w o u ld  d iffe r .
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E L E C T R O M E T R IC  p H  D E T E R M IN A T IO N S : Theory and Practice

By R oger G . Bates, N ation a l Bureau o f  Standards. T his b o o k  brings a measure o f  order to  a 
frequently m isunderstood field b y  means o f  a tw o -fo ld  attack on  its problem s. It presents a 
theoretical and experim ental basis fo r  a practical electrom etric scale o f  a c id ity  and com pares the 
various possible scales w ith  respect to  their v a lid ity  and usefulness. It a lso provides— in prac
tical h an d book  form  fo r  the assistance o f  all w h o  measure pH — a discussion o f  the techniques o f  
gH  determ inations.

M u ch  m aterial is included on  the m any experim ental aspects o f  pH  determ inations. The 
selection , preparation, and errors o f  electrodes and salt bridges are considered; the design, opera
tion , and care o f  devices fo r  m easuring the e lectrom otive  force o f  cells are described ; and equ ip 
m ent and m ethods o f  autom atic con tro l systems are discussed. 1954. 331 pages. $7.50.

DIELECTRICS A N D  W A V E S

By A rthur R . von  H ippel, The M assachusetts Institute o f  T ech n ology . Em braces any n on - 
m etal— or even boundary-case m etal— w here its interaction  w ith  electric, m agnetic, or  e lectro 
m agnetic fields is under consideration. 1954. 284 pages. $16.00.

DIELECTRIC M A T E R IA L S  A N D  A P P L IC A T IO N S

E dited b y  A rthur R . von  H ippel. T w en ty -tw o  contributors sh o w : h o w  the phenom ena o f  
po larization , m agnetization  an d  con duction  can be described m acroscop ica lly ; h o w  these phenom 
ena can be m easured; w h a t the properties o f  present-day materials are; and h o w  dielectrics 
are used as devices. C o-published b y  W iley  and The T ech n o log y  Press o f  T he M assachusetts 
Institute o f  T ech n o log y . 1954. 438 pages. $17-50.

A  S H O R T  T E X T B O O K  O F  C O L L O ID  C H E M IS T R Y

B y B. Jirgensons, U niversity  o f  Texas, and M . E. Straumanis, T he U niversity o f  M issouri 
S ch ool o f  M ines and M eta llu rgy , R o lla . Stresses the basic facts and relationships o f  b o th  in or
ganic and organ ic co llo id s , particularly in con nection  w ith  practical problem s. 1954. 420 pages.
$8.00

A D H E S IO N  A N D  A D H E S IV E S : Fundamentals and Practice

Papers read at a conference held at the U niversity o f  L ondon  (ed ited  b y  F. C lark, T he S ociety  o f  
C hem ical Industry), and at a sym posium  held  at the Case Institute o f  T ech n o lo g y  (ed ited  b y  
John  E. R utzler, Jr., and R obert L . Savage). 1954. 229 pages. $9.75-

THE K IN E TIC  B A S IS  O F  M O L E C U L A R  B I O L O G Y

B y Frank H . Johnson , Princeton U niversity ; H enry E yring, U niversity o f  U tah ; and M ilto n  J . 
Polissar, C ity  C ollege o f  San Francisco. 1954 . 874 pages. $15-00.

N U C L E A R  G E O L O G Y

Edited b y  H enry Faul, R adiation  L aboratory , U . S. G e o lo g ica l Survey, D enver Federal Cen
ter. December 1954. 414 pages. Prob.$7.00.

Send for on-approval copies.

JOHN WILEY & SONS, Inc., 4 4 0  F o u r t h  A v e n u e ,  N e w  Y o r k  1 6 , N . Y .
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The Laboratories are engaged, among 
other projects, in a highly advanced research and 

development program devoted to production 
of the Hughes guided missile.

E N G IN E E R S or APPLIED PH YSICISTS
familiar w ith  non-m etallic materials are required to plan, coordinate, 
and conduct special laboratory and field test program s on  missile 
com ponents. These m en should have experience in materials devel
opm ent, laboratory instrumentation, and the design o f  test fixtures.

R ESEA R CH  C H EM I ST

T he Plastics Departm ent o f  the M icrow a ve  Laboratory has need for  
an individual w ith  a P h .D . D egree, o r  equivalent experience in 
organic o r  physical chem istry, to  investigate the basic properties o f  
plastics. T h e  w o rk  involves research into the properties o f  flo w , the 
mechanisms o f  cure, vapor transmission, and the electrical and phys
ical characteristics o f  plastics.

Scientific
and Engineering
Staff

HUGHES
RESEARCH

AND DEVELOPMENT

LABORATORIES

Culver City
Los Angeles County
California
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