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KINETICS OF OXIDATION-REDUCTION REACTIONS OF PLUTONIUM. 
THE REACTION BETWEEN PLUTONIUM(IV) AND TITANIUM (III) IN

PERCHLORATE SOLUTION1

By S. W. R a b id e a u  a n d  R. J. K l in e

C ontribu tion  fr o m  the U n iversity  o f  C a liforn ia , L o s  A la m o s  S cien tific  L ab ora tory , L os  A la m os , N ew  M e x ic o
R e c e i v e d  F e b r u a r y  S O , 1 9 5 9

The kinetics of the reaction between Pu(IV) and Ti(III) has been studied by following the rate of disappearance of Pu(IV) 
spectrophotometrically at 4695 A. The rate law for the reaction can be written: —d[Pu(IV)]/di = — d[Ti(III)]/di = 
Ai[Pu+4][Ti+3]fH + ]~1. From a study of the temperature coefficient of the reaction rate in molar perchloric acid solutions 
of ionic strength 1.02, the thermodynamic quantities associated with the activation process Lave been calculated in terms 
of the principal species. At 25° they have been calculated to be: A F t  = 15.0 ±  0.1 kcal./molo, AfF=k = 16.7 ±  0.72 kcal./ 
mole and A¡33= =  5.9 ±  2 e.u. The reaction between Ti(III) and perchlorate ion has beer considered and the effect of 
chloride ion on the rate of reaction between Pu(IV) and Ti(III) has been found to be negligible.

Introduction
This study of the reaction between Pu(IV) and 

Ti(III) in aqueous perchlorate solutions continues 
a kinetic survey of reactions of plutonium in 
various oxidation states with inorganic oxidation- 
reduction reagents. It is hoped that the addition 
of the thermodynamic description of the kinetics 
of this reaction to already existent data will 
aid in the understanding of the kinetic behavior 
of plutonium specifically, and inorganic reaction 
kinetics in general.

Good precision can be obtained in kinetic 
studies in which Pu (IV) is involved as one of the 
reactants with the use of the absorption peak at 
4695 Â. This peak has been shown to obey 
Beer’s law and the molar absorptivity at this wave 
length is ca. 55 M ~1 cm.-1 in strongly acid solu
tions at 25°. Consequently, to achieve the re
quired degree of precision in the measurements 
of the optical densities, it is necessary to use solu
tions approximating concentrations of 10- hl/. 
In the present study, the observed specific rate 
constants are of magnitudes which permit measure
ments to be obtained at room temperature and 
below.

Experimental
Spectrophotometric measurements were made with the 

Cary Model 14 recording instrument. The progress of the
(1) This work was done under the auspices of the U. S. Atomic

Energy Commission.

reaction was followed by means of measurements of the 
optical densities at 4695 A. At this wave length, Pu+4 and 
PuOH+3 are the major absorbing species with a relatively 
minor contribution to the observed optical densities made 
by Ti(III), Ti(IV) and Pu(III). The solutions of Pu(IV) 
and Ti(III) wrere contained :n separate legs of a double 
chambered 10 cm. spectrophctometer cell which had been 
flushed with nitrogen. The cell was immersed in a water- 
bath held at constant temperature within ±  0.1°. At time 
zero, the solutions were mi red and placed in the ther- 
mostated cell compartment of the spectrophotometer. The 
first measurements of the optical densities -were made within 
30 seconds of the time of mixing.

Plutonium(III) solutions o: desired acidity were freshly 
made for each experiment by the dissolution of weighed quan
tities of oxide-free, high-purity plutonium metal in the req
uisite amount of standardized 71% perchloric acid. Oxi
dation of weight aliquots of this diluted acid solution of 
Pu(III) was accomplished in ohe spectrophotometer cell by 
the addition of known weights of 0.1 N  standardized potas
sium dichromate solution. The quantity of dichromate 
solution used was always less than the amount required for 
the complete conversion of Pu(III) to Pu(IV) to avoid the 
complications introduced by the presence of Cr̂ Ch" in the 
rate experiments. Since the potassium dichromate solution 
was prepared in water without added sodium perchlorate or 
perchloric acid, it was necessary to add an equal volume of 
an acid-salt solution with a concentration of twice the final 
desired value to maintain the acidity and ionic strength at 
the desired levels. The oxidation of Pu(III) to Pu(IV) b y  
dichromate is known to proceed rapidly.2 * 1360

A titanium(III) chloride stock solution was prepared in 6 
N  hydrochloric acid by dissolving titanium hydride manu

(2) R. E. Connick, W. H. M cYey and G. E. Sfieline, Report CN-
1360, Feb. 10, 1944, p. 3; Pape:’ 3.12 of “ The Transuranium Ele
ments,“  National Nuclear Energy Series, Div. IV, 14B, M cGraw-Hill 
Book Co., Inc., New York, N. Y., 1949.
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factured by Metal Hydrides, Ine., Beverly, Mass. This 
solution was filtered and stored under an atmosphere of 
helium. Dilutions were made by the addition of 2 ml. of 
stock to 98 ml. of helium-saturated perchloric acid or per
chloric acid-sodium perchlorate mixtures of the acidity and 
ionic strength to be used in the kinetic study. The con
centration of Cl-  present in this reagent was reduced further 
by an approximate sevenfold dilution which occurred on 
mixing the reactants. The final concentration of hydro
chloric acid was 0.02Af during the rate runs.

Perchloric acid solutions were made from Baker and 
Adamson reagent grade 71% acid which had been boiled to 
remove organic matter, filtered through a sintered glass 
funnel and standardized on a weight basis against Baker 
analyzed grade mercuric oxide.

Sodium perchlorate was prepared by the neutralization of 
C.p. grade sodium carbonate with perchloric acid and then 
by double recrystallization from distilled water. The salt 
was dried thoroughly at 110° before use.

Sodium chloride was purified by precipitation of the C.p. 
material from aqueous solution with concentrated hydro
chloric acid. The product was filtered and ignited at 600° 
overnight in a muffle-type furnace.

Distilled water which had been redistilled in an all-Pyrex 
apparatus from alkaline permanganate solution was used in 
the preparation of all solutions.

Ti(III) Analysis.—It was necessary to determine the Ti 
(III) concentration as function of time because of the side 
reaction between Ti(III) and perchlorate. The kinetics of 
the reduction of perchlorate by this reagent has been stud
ied.3 The concentration of Ti(III) at the time of mixingof 
the reactant solutions was determined from an analysis prior 
to mixing together with an experimentally measured rate of 
change of the Ti(III) concentration under the conditions of 
temperature, acidity and ionic strength as used in the kinetic 
study.

In order to determine the rate of change of Ti(III), 5-ml. 
aliquots of the titanium solution were quenched in solutions 
containing 5 ml. of 0.01 N ceric sulfate in 40 ml. of 1 N 
sulfuric acid just prior to, during and after each rate run. 
The concentration of the remaining Ce(IV) was determined 
spectrophotometrically at 4390 A. Cerium(IV) controls 
containing 5 ml. of perchlorate solution were measured in 
the same way and the Ti(III) concentration was calculated 
from the amount of Ce(IV) that disappeared. Pseudo first- 
order plots of log [Ti(III)] versus time gave straight lines 
from which the Ti(III) concentration could be found at any 
time.4

The molar absorptivity of Ce(IV) in 1 N  sulfuric acid at 
25° and 4390 A. was found to be 191.1 ±  0.03 Af-1 cm.-1. 
For this determination, cerium(IV) sulfate solutions were 
standardized against U. S. Bureau of Standards As20 3, 
sample 83a.

Calculations.—At 4695 A., Pu(IY) has an absorption 
peak with experimentally determined molar absorptivities in 
1 M perchloric acid of 59.6 Hi-1 cm.-1 at 2.5° and 55.6 A /-1 
cm.-1 at 25°. Under the same conditions, the molar ab- 
sorptivitios of Pu(III) are 3.87 and 3.48 Ai-1 cm.-1, respec
tively. Corrections to the observed optical densities were 
made for the contributions of Cr(III) formed in the reduc
tion of Cr20 7-  with Sn(II), Fe(II), Ti(III) and HCOOH. 
Its value, 4.14 ±  0.01 M~l cm.-1, has been found to be

(3) F. R. Duke and P. R . Quinney, J. Am. Chem. Soc., 76, 3800 
(1954).

(4) Rate constants for the reaction between Ti(III) and C lO i-  
have been obtained in 0.024 M  Cl “  at various temperatures and hydro
gen ion concentrations at an ionic strength of 1.02. Values of an ap
parent rate constant have been calculated. Extrapolation of these 
values to zero hydrogen ion concentration have given a specific rate 
constant for the hydrogen ion independent path. Analysis of these 
values in the usual way resulted in the calculation of a heat of activa
tion of 27.5 ±  4 kcal./mole. A t 40° the value of the specific rate con
stant for the hydrogen ion independent path was found to be 7.49 X 
10-2 M ~ l m in.-1 (c/. ref. 3).

Only a 15%  variation in the apparent rate constants was found as the 
hydrogen ion concentration was changed from 0.27 to 1.02 M  at 40°. 
Thus, it is not possible to ascribe this variation uniquely to a hydrogen 
ion dependent path because of possible medium effects.

With Duke’s value3 for the formation constant for T iC l+2 it has 
been calculated that the T i(lII) is complexed to the extent of co. 5%  
in solutions containing chloride ion concentrations as were used in the 
present work.

temperature independent between 2.4 and 25.0°. Neither 
Ti(III) nor Ti(IV) absorb appreciably at this wave length.

From the change of optical density with time, the concen
tration of Pu(IV) at any time t was found. Correction of 
the optical density for the contribution of Pu(III) was made 
by successive approximations, the total Pu(III) concentra
tion at any time being equal to the initial Pu(III) concentra
tion plus the amount of Pu(IV) reduced at that time.

A correction for the disproportionation of Pu(IV) was 
found not to be required. At 25° in molar perchloric acid, 
for example, only ca . 6 X 10-8 mole/1. decrease in the con
centration of Pu(IV) could have occurred in the time re
quired to prepare the solutions for the kinetic experiments. 
The disproportionation reaction, of course, is even slower at 
lower temperatures.

Observed rate constants were calculated from slopes of 
plots of log { [Pu(IV)]o/[Ti(III)]0( [Ti(III)]0_ -  x )/ (  [Pu 
(IV)]0 — x )\  versus time. The zero subscripts refer to 
initial concentrations. Excellent linearity of these plots 
was observed even to 95% completion of the reaction.

The rate constant data were treated statistically by the 
method of least squares to yield the value for the activation 
energy. The uncertainties correspond to the standard 
deviations.

Results
Stoichiometry.— In aqueous acid solution, reduc

tion of Pu (IV) produces Pu (III). Visual observa
tion confirmed the formation of Pu (III) in the 
reduction of Pu (IV) with Ti(III) ; the character
istic blue color of Pu (III) intensified as the re
action proceeded. The oxidation of Ti(III) to 
Ti(IV) was confirmed by consideration of rate 
runs in which the zero-time concentrations of 
Pu (IV) were greater than those of Ti(III). The 
final optical densities measured at a time cor
responding to the essential completion of the re
action compared favorably with calculated values 
in which a one-electron change was assumed for 
the oxidation of titanium.

Rate Expressions.—The rate law for the reaction 
between Pu (IV) and Ti(III) in perchloric acid 
solution can be written

— d[Pu(IV)]/di = h  [Pu+4] [TiH"3] [H + ] ~1 (1)
where the Roman numerals refer to total metal 
ion concentrations. With the formation constant 
for the hydrolysis of Pu+4 given by the relation 

K  = [PuOH+3] [H+]/ [Pu+4] (2)
it can be shown that

[Pu+41 = [Pu(IV)][H + ]/([H+] +  K )  (3)
With the substitution of the expression for Pu+4 
given by equation 3 into equation 1, it follows that

-  d[Pu(IV)]/’di = ki [Pu(IV)][Ti+3]/( [H+] +  K )  (4)
= ICobsd [Pu(IV)] [Ti+3] (5)

where k\ =  &0bsd([H+] +  K). In equation 5, 
ftobsd corresponds to the experimentally observed 
specific rate constant and as shown in equation 1, 
ki is the specific rate constant for the reaction in 
which the rate law is written in terms of the prin
cipal species.

Effect of Hydrogen Ion on Rate.—The hydrogen 
ion concentration dependence of the reaction be
tween Pu (IV) and Ti(III) was studied in a series 
of experiments at 2.4° in perchloric acid solutions 
of ionic strength 2.02. Sodium perchlorate was 
used to maintain the ionic strength at a constant 
value. The results are given in Table I. A 
value of 0.019 was calculated for the formation 
constant for the hydrolysis of Pu(IV) in per-
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T a b l e  I
H y d r o g e n  I o n  C o n c e n t r a t i o n  D e p e n d e n c e  o f  t h e  
R a t e  C o n s t a n t  f o r  t h e  Pu(IV)-Ti(III) R e a c t i o n  i n  

P e r c h l o r a t e  S o l u t i o n s  a t  ¡i =  2 . 0 2  a t  2 . 4 °
[H +], M &obsd, M  1 sec. 1 k i ,  sec. 1

2 . 0 2 5 . 6 3 1 1 . 5
5 . 5 3 1 1 . 3
5 . 7 7 1 1 . 8

1 . 0 2 1 2 . 5 1 3 . 0
1 2 . 0 1 2 . 5
1 1 . 3 1 1 . 7

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

0 . 2 7 4 6 . 9 1 3 . 6
4 7 . 1 1 3 . 6

M e a n 1 2 . 7  ±  0 . 3

chlorate media of ionic strength two at 2.4 from 
previously determined thermodynamic data.5 With 
the assumption that the hydrolysis quotient for 
Ti(III) is of the same order of magnitude as that 
found for Fe(III) in solutions of ionic strength 
two, namely, 1.5 X  10-3,6 a correction of the rate 
constants for the hydrolysis of Ti(III) would be 
insignificant.

One possible mechanism which is in accord with 
the second-order nature of the reaction and with the 
observed hydrogen ion concentration dependence 
is

Pu+4 +  H,0 = PuOH -3 +  H+ (rapid) (6) 
PuOH + 3 +  T i+3 = Pu+3 +  TiO+2 +  H +

(rate determining) (7)
A kinetically equivalent mechanism in which 
TiOH+5 and Pu+4 are involved in the rate deter
mining step is also in accord with the data. There 
appears to be no hydrogen ion independent path; 
instead, the reaction is favored by the prior loss 
of hydrogen ion and the consequent charge decrease.

Temperature Coefficient of Reaction Rate.— 
The effect of the variation of temperature upon 
the rate of reaction has been studied in molar 
perchloric acid solutions of ionic strength 1.02 
between 2.4 and 25.0°. The results are given in 
Table II.

It was necessary to use solutions with concen
trations of approximately 1 to 5 X 10-3 M  in 
Pu(IV) and Ti(III) to obtain optimum changes in 
optical density. Thus, with an average observed 
rate constant of 65.5 M ~l sec.-1 at 25.0°, a con
siderable portion of the reaction was over before 
the first optical densities were recorded. This is 
believed to account for the lower precision observed 
in the values of the specific rate constants at the 
higher temperatures. For bhe calculation of the 
hydrolysis quotient K  as a function of temperature 
in solutions of ionic strength 1.02, the tempera
ture coefficient found previously6 for this quotient 
in perchlorate solutions of ionic strength 2.0 was 
used. From a linear plot of log ki versus 1 /T, a least 
squares slope of 3778 ±  157 is calculated which 
corresponds to an experimental activation energy 
of 17.3 ±  0.72 kcal./mole. From expressions of 
the transition state theory,7 values of the heat,

(5) S. W. Rabideau, J . A m .  C h em . S o c . ,  7 9 , 3675 (1957).
(6) R . Milburn and W . Vosburgh, H i d . ,  7 7 , 1352 (1955).

T a b l e  I I

T e m p e r a t u r e  D e p e n d e n c e  d f  t h e  R a t e  C o n s t a n t  f o r  

t h e  P u ( I V ) - T i ( I I I )  R e a c t i o n  i n  M o l a r  P e r c h l o r i c  
A c i d  S o l u t i o n s  o f  I o n i c  S t r e n g t h  1 . 0 2

Temp., °C. Äobsd-, M 1 sec. 1 k i ,  sec.
2 5 . 0 5 8 . 4 6 1 . 4

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

1 5 . 2 1 8 . 0 1 8 . 7
2 2 . 1 2 3 . 0
2 3 . 2 2 4 . 1

9 . 4 1 1 . 7 12.1
1 1 . 9 1 2 . 3
1 4 . 8 1 5 . 3

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

free energy and entropy of activation ivere cal
culated in terms of the principal species, i.e., Pu+4 
+  Ti+3 +  PI20  = (Pu-Ti-OH)+6 +  H+. These 
quantities are: AF+ = 15.0 ±  0.1 kcal./mole, 
AH * =  16.7 ±  0.72 kcal./mole and AS* =  5.9 
±  2 e.u. For this calcu.ation, a rate constant of
69.0 sec.-1 at 25.0° was used. With the use of 
individual ionic entropies (H+ =  0). the entropy of 
the activated complex is calculated to be — 125 
e.u. This is in good agreement with the values 
found for other activated complexes with a charge 
of + 6 .8

Effect of Ionic Strength.—The effect of ionic 
strength upon the rate of the reaction has been 
examined. The results of this study are given in 
Table III. An increase ir. the values of the specific 
rate constants by a factor of about two is observed 
at each acidity as the i :>nic strength is changed 
from 1.02 to 2.02.

T a b l e  III
I n f l u e n c e  o f  I o n i c  S t r e n g t h  o n  t h e  R e a c t i o n  R a t e  i n  

P e r c h l o r a t e  S o l u t i o n s  a t  2 . 4 °
[H +], M ¿„bed. AI 1 SeC. 1

1 . 0 2 1 . 0 2 6 . 0 5 , 5 . 7 8 , 5 . 6 9 , 5 . 6 5 , 6 . 1 0
0 . 5 2 1 . 0 2 1 5 . 1 ,  1 5 . 8 ,  1 4 . 1

0 . 2 7 1 . 0 2 2  . 3 , 2 4 . 7

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

T a b l e  IV
E f f e c t  o f  C h l o r i d e  I o n  o n  Pu(IV)-Ti(III) R e a c t i o n  

R a t e  i n  M o l a r  P e r c h l o r i c  A c i d  S o l u t i o n  a t  2 . 4 °

[C1-], M [T i(III) ], A [Pu(IV )], M
&obsd»

M ~ 1 sec.

0.020 1.02 5.85°
.031 1.03 2.396 X 10“ 3 1.442 X 10"3 5.69
.050 1.05 2.245 X I F 3 1.506 X 10~3 6.24

° Average value at 2.4° from Table II.

(7) S. Glasstone, K. Laidler and H. Eyring, "T he Theory of Rate 
Processes,”  M cG raw -H ill Book C Inc., New York, N. Y ., 1941, p. 
417.

(8) T . W . N ew ton  and S. W . R abideau , T h is  J o u r n a l , 63 , 365 
(1959).
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Influence of Chloride Ion.—The presence of 
C l-  could not be avoided in perchlorate solutions 
to which Ti(III) had been added. Therefore it 
was necessary to determine the effect of Cl -  on the 
rate of the Pu(IV)-Ti(III) reaction. The results 
are given in Table IV.

A comparison of the values of the observed rate 
constants in Table IV reveals that small additions

of Cl-  did not significantly alter the rate of the 
reaction. It should be noted that a small difference 
of ionic strength existed among the experiments 
which may account for the small spread in the 
specific rate constant values.

Acknowledgment.—The authors wish to express 
their appreciation to Dr. J. F. Lemons for valuable 
discussions and interest shown in this work.

AN ELECTROKINETIC APPROACH TO THE ENERGETICS OF THE 
QUARTZELECTROLYTE SOLUTION INTERFACE1

B y  R aymond  R. M yers  and A rmand  F. L ew is

Lehigh University, Bethlehem, Penna.
R e c e i v e d  M a r c h  2 6 ,  1 9 5 9

Streaming potentials generated by the passage of electrolyte solutions over quartz wool were measured at temperatures 
ranging from 25 to 65°. The parameter AP/E (applied pressure/streaming potential) was used in the analysis of the data, 
and was given the symbol p to represent the charge density of the electrokinetically active portion of the double layer. 
Isothermal plots of p versus ionic strength p at four temperatures permitted the calculation of the heat of streaming at 
constant p. This heat term was called the isocoulombic heat. The calculation gave heats that ranged from 1.3 to 4.4 kcal./ 
mole, depending on the electrolyte and also on temperature. This order of magnitude indicates that the generation of a 
streaming potential involves a physical process. The response of the isocoulombic heats to temperature paralleled the 
trend in sediment values of quartz powder in the same electrolytes, thereby suggesting an application of electrokinetics to the 
problem of stability.

Certain surface chemistry measurements (heats 
of immersion and contact angles for example) are 
adaptable to the evaluation of the total energy 
change at a surface in the process of being wetted; 
however, they do not characterize the double layer 
which is formed at the interface. The purpose of 
this paper is to develop a better understanding of 
the electrokinetic properties of a solid-liquid inter
face and of the double layer which gives rise to this 
electrical effect. Electrokinetics offers one of the 
few approaches for critically studying the already 
wetted surface, as distinguished from the process of 
wetting.

One of the least developed areas in electrokinetics 
is the temperature coefficient of streaming poten
tial generation. Several important variables were 
studied in connection with this present work with 
the objective of creating a new tool for the study of 
the energetics of wetted surfaces. In this paper, 
the temperature coefficient of a particular stream
ing potential parameter is used to characterize the 
electrical double layer. Quartz was chosen for this 
work because of its frequent use in electrokinetic 
studies2-4 and because of its consistent composi
tion and structure.

The evaluation of a streaming potential involves 
the measurement of the e.m.f. E  generated across 
a diaphragm per unit pressure gradient AP. 
In a given solid-liquid system at interfacial equi
librium, the ratio of E  to AP  is a constant. An 
analysis of the parameter A P/E reveals that it has 
the dimensions of e.s.u./cm.3, which is essentially 
a space charge density term. Henceforth A P/E 
is called the electrokinetic charge density and is

(1) Based on the Ph.D . dissertation of Armand F. Lewis, Armstrong 
Cork Company Fellow, 1958.

(2) Y. Pravdic and M . Mirnik, C r o a t i c a  C h e m .  A c t a ,  3 0 , 113 (1958).
(3) A. M , Gaudin and D. W . Fuerstenau, M i n i n g  E n g . ,  7 , 66 (1955).
(4) L. A. W ood, J .  A m .  C h e m .  S o c . ,  68, 437 (1946).

assigned the symbol p. From an experimental 
analysis of this parameter, a new treatment of 
streaming potential has evolved which is inde
pendent of the classical zeta potential concept of 
Helmholtz and Smoluchowski.5 6

Experimental
Materials.—Streaming plugs 4.0 cm. long and 1.1 cm. in 

diameter and weighing 0.4 g. were made of quartz wool which 
easily could be packed into plugs of a reproducible perme
ability.6 The quartz wool was obtained from the Thermal- 
American Fused Quartz Corporation and had an average 
fiber diameter of 9.5 p .  It was washed first with 95% 
ethanol, then water, and finally was packed into the stream
ing cell, washed with 250 cc. of 3% HF solution and then 
rinsed with distilled water.

Solutions were made by adding Analytical Reagent grade 
chemicals to distilled water (specific conductivity 1.4 to 2.0 
X 10~6 ohm-1cm.-1) which had been boiled just before use 
to remove dissolved gases.

Methods.—An apparatus was designed to use non-polariz
ing saturated calomel half-cells as electrodes. Agar salt 
bridges were utilized to couple the generated e.m.f. with the 
half-cells. The inlet electrode was provided with a counter
flow of fresh streaming liquid so that the liquid entering the 
plug would not be contaminated by the bridge electrolyte. 
The exit chamber of the cell was designed so that the exit 
liquid flowed past the sample holder to ensure a constant 
temperature throughout the plug. The e.m.f. E  was read 
on a Type K Leeds and Northrup potentiometer using a 
Brown Electronik null indicator. Pressure difference AP 
was determined by a mercury U-tube manometer across the 
plug. AP was plotted as a function of E and the slope of the 
line was taken as the index of the electrokinetic charge 
density.

Sediment heights of quartz powder (surface area, 0.44 m.2 
per gram and a particle diameter of 2 to 5 p) were measured 
directly by settling equal amounts (4.0 g.) of quartz powder7

(5) H. Helmholtz and M . Smoluchowski, W i e d .  A n n . ,  7, 337 (1879). 
See P. E. Bocquet, “ Tw o Monographs on Electrokinetics,”  Eng. Res. 
Inst., Univ. of Mich, Bull. 33, 1951.

(6) M . Z. Nammari, Masters Degree Thesis, Lehigh University, 
June, 1958.

(7) H. A. Gardner, “ Physical and Chemical Examination of Paints, 
Varnishes, Lacquers and Colors,”  9th Ed., Institute of Paints and 
Varnishes Research, Bethesda, Maryland 1939, p. 216.



Feb., 1960 E n e r g e t i c s  o f  t h e  Q u a r t z - E l e c t r o l y t e  S o l u t i o n  I n t e r f a c e 197

in flat bottomed Gardner viscosity tubes71 cm. in diameter. 
The ionic strength of the electrolyte solutions was 0 .1  mole 
per liter.

Data Analysis.—A typical AP  versus E  relation for quartz 
is linear, through the origin, and reproducible to within 5%. 
Slopes p of the relation, AP = pE, were 3 .9 5 , 4 .8 5  and 15 .0  
cm. per volt for K C 1 concentrations of 8 .3 , 16 .6  and 4 1 .5  p 
moles per liter, respectively. Distilled water gave a consider
ably lower electrokinetic charge density and its value de
pended upon its quality. In fact, ionic strength becomes a 
critical parameter in determining streaming potentials in 
distilled water and must be controlled carefully.

Results
A series of experiments was conducted in which 

p was determined for quartz-electrolyte solution 
interfaces at various ionic strengths p and tempera
tures. Data are given in Fig. 1 for KC1 at four 
temperatures, and in Fig. 2 for the chlorides of 
lithium and barium and for silver nitrate at 25°. 
In each case, p increases with increasing ionic 
strength, and decreases with increasing tempera
ture. These plots of p versus p are called Electr o- 
kinetic isotherms. They resemble adsorption iso
therms in that they represent the amount ad
sorbed at the interface (electrokinetic charge den
sity) as a function of the equilibrium concentration 
of charges in solution.

Many temperature-dependent quantities in phy
sical chemistry obey the relation of Clausius and 
Clapeyron if they are of thermodynamic, or of 
Arrhenius if they are of kinetic significance. Such 
a relation is utilized in the calculation of isosteric 
heats. In this present study, logarithms of the 
ionic strength necessary to give a constant charge 
density were plotted against reciprocal temperature 
at several different values of p. In other words, a 
procedure is used which is analogous to the de
termination of isosteric heats of adsorption via 
the slopes of the line. In this case, however, the 
heat term was called the isocoulombic heat since it 
resembles a differential heat term for the elec
trokinetic process at a constant surface charge 
density (constant p). The general equation 
expressing the change in ionic strength with 
temperature while preserving a given electro
kinetic charge density at the interface is

A log (M)P = H iBC
A ( 1 / T )  2 .3 li

where HiBC is the isocoulombic heat, T the absolute 
temperature, and R the gas constant. The slopes 
are measures of i7is0/2.3fi. With data taken from 
electrokinetic isotherms at several temperatures, 
plots were made of log (p)„ against 1/T. Some of 
the plots exhibited a slight curvature at the lower 
temperatures (25 to 35°), however, a linear trend 
was approached for most of the electrolytes studied 
at the higher temperatures.

His0 values were determined at 25 and 65° and 
averaged for several values of p. Table I shows 
that for a given charge density, the heat accom
panying this electrokinetic process decreases in 
the order K+ >  Ag+ >  Ba++ «  Li+ at 25°, but 
in the order Ba++ >  K+ «  Ag+ >  Li+ at 65°. 
No clear correlation with any property of the ionic 
species present in the system is evident.

Discussion
The low values of Hiic (1 to 5 kcal. per mole)

Fig. 1.—Electrokinetic isotherms for potassium chloride 
solutions on quartz surfaces at, several temperatures. (In 
changing from e.s.u./cm.3 to noies (of charges)/l., multiply 
by 3.35 X 10~12.)

Fig. 2.—Electrokinetic isotherms for several electrolyte 
solutions on quartz surfaces at 25°.

imply that streaming potential generation repre
sents a physical process. This energy value com
pares to the heat term of 3 kcal. per mole calcu
lated by Grubb8 for the enthalpy of activation for

(8) W . T . Grubb, T his Journal, 63, 55 (1959).
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T a b l e  I

A v e r a g e  I s o c o u l o m b ic  H e a t s  a n d  S e d im e n t  V o l u m e s  
AT 25 AND 65° FOR THE QUARTZ-ELECTROLYTE SOLUTION 

I n t e r f a c e

2 5 ° ------------ . .------------ 65°

Electrolyte

H  iBC,
kcal./
mole«

Sediment
vol.

cm. y  g. t

H  iso, 
kca l./ 
m ole0

Sediment
vol.

cm .Vg. &
Li Cl 2.0 0.610 1.3 0.603
KC1 4.4 .711 1.7 .647
BaCfi 2.1 .647 2.5 .654
AgNOs 3.7 .629 1.7 .609

° Standard deviation, 0.4 kcal./mole. 6 Standard devia
tion, 0.008 cm.3/g.

ionic migration in water-saturated ion-exchange 
membranes. Both approaches apparently reflect 
energetic properties of double layers.

In order to attach thermodynamic significance 
to the H is0 term herein presented, the nature of the 
ion transport process must be clearly defined, 
especially from the point of view of initial and final 
states. This part is difficult to interpret since 
little is definitely known about the mechanism of 
streaming potential generation. However, a re
view of some possibilities is in order. In a theo
retical analysis by Payens,9 it was shown that a 
hydrated ion loses part of its hydration shell 
when placed in the vicinity of an interface of a 
low dielectric material. A theoretical equation 
involving the change in free energy of hydration was 
derived in terms of the distance X  from the dielec
tric surface, AG — 3N (Zq) 2/4eX, where AG is the 
Gibbs free energy, N  is Avogadro’s number, Z 
the ionic valence, q the electronic charge, and e 
the dielectric constant of water. The magnitude 
of the energy changes occurring in this transition 
is from 1 kcal./mole when A  is 3 A. to 6 kcal./mole 
when X  is 0.5 Á.

The isocoulombic heats of Table I and the free 
energies of partial hydration as calculated by 
the Payens equation are of comparable magnitude 
since entropy changes in this system would be 
negligible. This agreement indicates that a pos
sible mechanism of e.m.f. generation in the stream
ing cell involves the movement of an ion from a 
region inside the double layer, where it is adsorbed 
but partially dehydrated, to a more detached region 
where it is fully hydrated. Whether the new 
location of the ion is inside the double layer depends 
on the model chosen. The constancy of the iso
coulombic heat with various surface charge densi
ties, implies that all of the electrokinetic activity is 
confined to layers beyond the first adsorbed layer.

The property represented by HlK may possibly 
be a composite of energy of desorption partially 
compensated by energy of hydration. However, 
as deduced above, the adsorption energy probably 
plays a less important role in the transition.

(9) T . A. J. Payens. Ph.D. Dissertation, University of Utrecht, 
1955.

Furthermore, the adsorption energy would likely 
be independent of the type of ion associated with 
the charge. In trying to explain energetic processes 
in streaming potential generation it must be fully 
realized that it is a steady-state condition. There
fore any transition in the double layer which is 
induced by the streaming liquid must be com
pletely reversible.

Sediment volumes also reflect the properties 
of the wetted surface. Therefore, data for the 
sediment volumes of the quartz powder at 25 
and 65° in electrolytes of ionic strength of 0.1 mole/ 
liter were obtained and are given in Table I for 
comparison. Higher ionic strength solutions were 
used in this phase of the work because no tempera
ture dependence of sediment volume was observed 
in low ionic strength solutions as in distilled water. 
Analysis of the data in Table I show the similar 
behavior of the sediment volumes and the iso
coulombic heats at the two temperatures. The 
correlation between these two measurements is 
apparent, particularly when the same reversal 
in temperature dependence of the barium ion 
solution is noted in both measurements. In 
addition, plots of sediment volume versus H \so 
are found to converge at the sediment volume of 
quartz powder in distilled water (2.95 cm.).

In general, if the mechanism of streaming po
tential generation involves a distortion or polari
zation of the interfacial double layer, the isocou
lombic heat may be regarded as a measure of the 
ease with which the double layer is distorted. 
Therefore, a less rigid double layer would exhibit 
a lower isocoulombic heat. Furthermore, a less 
rigid double layer should also allow a closer ap
proach of two surfaces and consequently would 
form a more compact sediment. Disregarding 
the flocculation aspects of suspension stability, 
this prediction is followed, qualitatively at least, 
by the parallel behavior of the isocoulombic 
heats and the sediment volumes of the quartz- 
electrolyte solution interface.

In summary, a criterion of activity called the 
electrokinetic charge density appears to reflect 
the behavior of ions in the electrokinetically sensi
tive portion of the double layer. This parameter 
has led to the evaluation of heats of streaming at 
constant charge density. A physical process 
appears to be involved. Indications of the useful
ness of electrokinetics in interfacial studies are 
given by comparison of isocoulombic heats and 
sediment volumes. Both appear to be a measure 
of double layer rigidity. Dispersion stability, 
flocculation tendencies of pigments, and flotation 
of minerals are several fields of endeavor in which 
the isocoulombic heat concept may prove useful.

Acknowledgments.—The authors are pleased to 
acknowledge the support of the Armstrong Cork 
Company whose interest in electrokinetics made this 
study possible.
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TRANSPORT PROCESSES IN LIQUID SYSTEMS.1 III. THERMODYNAMIC 
COMPLICATIONS IN THE TESTING OF EXISTING DIFFUSIONAL

THEORIES
By R. R. I r a n i2 3 4 5 6 and  A. W. A damson

Department of Chemistry, University of Southern California, Los Angeles 7, California
R e c e i v e d  J u n e  8 ,  1 9 5 9

The diffusional and thermodynamic data of the sucrose-water, methanol-benzene and ethanol-benzene systems are used 
to test and discuss existing diffusion models for liquid systems. The critical dependence of d-ffusional models on the struc
ture and association in liquids also is discussed. It is shown as well how diffusion data can be interpreted to yield useful 
information on the structure of solutions.

Introduction
Interest in liquid diffusion has arisen in the last 

few years, and various theoretical approaches3 - 7  
have been proposed that tried to relate the measur
able two self-diffusion coefficients and the binary 
(mutual) diffusion coefficient with other thermody
namic properties of a binary system.

Although complete diffusional data are available 
for a few ideal binary liquid systems,8 9 the various 
models give comparable agreements7 and no critical 
evaluation is possible. For example, the ideal 
benzene-carbon tetrachloride, the toluene-chloro
benzene and the chlorobenzene-bromobenzene sys
tems can be shown to fit any of the theoretical 
treatments mentioned above. Of the non-ideal 
binary liquid systems, complete thermodynamic 
and diffusional data (two self and one binary dif
fusion coefficients) over all possible concentrations 
at 25° are available only for the methanol-ben
zene, 8 - 9  the ethanol-benzene, 8 and the sucrose- 
water10 systems. Using these data, it was therefore 
undertaken to test and compare the various existing 
diffusional models. However, it was found that the 
values of the calculated diffusion coefficients de
pended in most cases on the assumed degree of as
sociation in the liquid mixtures. Thus, a section 
will be devoted to show the effect of association on 
the diffusional thermodynamic factors.

Glossary of Symbols
Component 1: water, methanol, ethanol 
Component 2: sucrose, benzene 

a Activity

J  ( 1 + ^ 0
A 0 Value of A if neither association nor solvolysis is as

sumed. The superscript 0 used above concentration 
units and other activity coefficients will have the 
same meaning.

(1) This investigation was supported in part by contracts with the 
Office of Ordnance Research and the American Petroleum Institute.

(2) M onsanto Chemical Company, Inorganic Chemicals Division 
Research Department, St. Louis 66, Missouri.

(3) A . W . Adamson, T his Journal, 5 8 , 514 (1954).
(4) L. S. Darken, T r .  A m .  I n s t .  M i n i n g  M e t .  E n g r s . ,  1 7 5 , 184 

(1948).
(5) O. Lamm, A c t a  C h e m .  S c a n d . ,  6, 1331 (1952).
(6) S. Prager, J. C h e m .  P h y s . ,  21, 1344 (1953).
(7) A . W. Adamson and R . R . Irani, J . C h i m .  P h y s . ,  5 5 , 102 

(1958).
(8) P. A . Johnson and A . L. Babb, i b i d . ,  60, 14 (1956).
(9) C. S. Caldwell and A . L. Babb, T his Journal , 59, 1113 (1955).
(10) R . R . Irani and A. W. Adamson, i b i d . ,  62, 1517 (1958).

C Molarity in moles per liter 
ki. Specific rate constant for an i-j coupled motion 
/  Activity coefficient on the mole fraction basis 
F Volume fraction 
h Planck’s constant 
K  Boltzmann’s constant 
m Molality in moles per 103 g. of solvent 
n Solvolysis no. (no. of solvent molecules, or component 

1, associated with a component 2 molecule)
N  Mole fraction 
V Partial molal volume 
T Absolute temp.
y Activity coefficient on the molar basis
4> Practical osmotic coefficient 
a Association no. for the solvated component 2 
/? Association no. for component 1
Xij Distance that species i acivances as a result of a coupled 

motion with -component j

t) Viscosity in poises
y Gibbs partial molal free energy (chemical potential) 
m°z Standard state chemical potential on the z concentra

tion scale
D*, Self-diffusion coefficient of component i 
D1 2 Binary diffusion coefficient

Diffusional Thermodynamic Factors with Assumed 
Association in liquid Mixtures

General.— The following section will be devoted 
toward pointing out the sensitive dependence of 
the diffusional thermodynamic factors on the de
gree of association in the liquid mixtures involved. 
The methods of computing these thermodynamic 
factors for the three binary systems to be discussed 
in this article also will be considered.

Although in an associated solution of two compo
nents Y  and Z a large number of species can coexist, 
forming a distribution function reminiscent of poly
meric solutions, three predominant species prevail 
(or can be thought of as averages of similar species) : 
Yp, [ZY„]a and Z7 where ¡3, n, a and y can vary 
from zero upward, but in no case being all zero. In 
dilute solutions of Z in Y  no Z7 molecules would be 
expected, whereas, in dilute solutions of Y  in Z, no 
Yp would be expected. In concentrated solutions, 
presently available thermodynamic data on “ bi
nary”  solutions are not detailed enough to permit 
the evaluation of the separate thermodynamic con
tributions of the species discussed above. For the 
sucrose-water system the assumption of no Z7 is 
reasonable inasmuch as no unhydrated associated 
sucrose molecules are expected. For the methanol-
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benzene and ethanol-benzene systems, the assump
tion will be made that 7  =  0 . However, since n 
can be chosen to be zero, no assumptions are in
volved regarding the major component of the (ZYn)a 
molecule.

From the Gibbs-Duhem relationship
Z  C-, d In a, = Z  N-, d In ai =  0 (1)

3 o
and from the definitions given in the glossary of 
symbols, it can be shown that in general

2 > > f = Z ^  = o (2 )
3 3

where d/dx is the gradient in the .^-direction.
For a multicomponent system

= E c w  = 1 (3)
3 3  3

If very small concentration changes are chosen, 
Vi can be assumed to stay constant, and differentia
tion of equation 3 gives

Z  v  dC‘ = 0  A)
3

For a two component system, it is of interest to 
note the change in the values of the conventional 
concentration and thermodynamic units if associa
tion and solvolysis are assumed in the absence of 
associated, unsolvated solute species

C2 = C<p ! a. (5)
Vi = VP/3 (6 )

V2 = a(V20 +  n VP) (7)
Mi = AT (8 )

M2 = «(m 2° +  »M1°) (9)
It follows from equations 2  and 4, that

Ai72 = A2 F1 (1 0 )
Bi — B2 = B\2 ( 1 1 )

Since
/¿i Mi(c) +  RT In î/iCi = ,ui(N) +  RT InfiNi (1 2 )

then
Bi B2 B12 /cv ,\ /d ln  a t \ (13)BP Bp BiP \à I11 Ni )

From equations 5, 6 , 7 and 8  it follows that
Bj2
■Bi2°

[Ci0 +  (0/g -  n)Co°1
Ci° + c, » [1 -  nCT/CT] (14)

In general
d  In  N i 

1 d  In  C i (15)

Therefore, for a two component system from equa
tions 5, 6 , 7, 14 and 15

[n +  vp/vp]
Equations 14, 16 and 17 are true for any binary 
associated system with the assumptions outlined at 
the beginning of the section.

Sucrose-Water.— For sucrose-water, Scatchard, 
et al.,11 tabulated the values of 4> vs. m2. <t> for a two 
component system is defined as

(11) G . Scatchard, W . J. Hamer and S. E . W ood, J . A m .  Chem .  S oc , ,

60, 3061 (1938).

* mAb/iooo (17)
Equations 1 and 17 can be combined to show that

4 , °  =  ( d  -  0 . 0 0 1 C T A T )  d  (d̂ 0) ( 1 8 )

Using the data in reference 11, equation 18 and 
the density (d) data given in “ Sugar Analysis” 12 the 
values of A2° for sugar-water were computed and 
found to fit the empirical equation 
A 2° =  1 +  0 .3 6 9 5 C 2° +  0 .1 3 8 8 ( C 2° ) 2 +  0 .0 8 8 7 ( C 20) 3 ( 1 9 )

Methanol-Benzene.— For the methanol-benzene 
system the thermodynamic factors were computed 
as follows: Scatchard, et ah, 13 report analytical ex
pressions for the “ corrected”  excess free energy of 
mixing, C?oE, which at 25° can be represented by the 
equation
GoE =  A T A T [ 1 2 0 5 . 2  -  1 5 7 .0 ( A T  -  A T )  +

1 9 0 .7 ( A T  -  A T ) 2 -  1 2 2 .4 ( A T  -  A T ) 3 +
9 2 .0 ( A T  -  A T ) 4] ( 2 0 )

where subscript 2 refers to benzene. But
G 0E =  A T X  A T  In  / i °  +  A T  l n / 2° )  ( 2 1 )

Therefore

B i2» = l +  ATAV- [
d 2 (G^/RT)!

d W . °  J (2 2 )

From equations 20 and 22 it follows that at 25° for 
methan ol-benzene
£ 12° = 1 +  ATAT[ — 5.572 +  19.704AT -  70.080(AT)2 +  

115.84(AT)3 -  74.40(AT)4] (23)
The complexity of equations 20 and 23 is due to 

the extreme non-idealities of mixing.
Ethanol-Benzene.— For the ethanol-benzene sys

tem, the total vapor pressure P t over various mix
tures is reported14 at 35, 50, 60 and 6 6 °. A regular 
log Px vs. 1/T plot was made to obtain the values of 
P t  at 25°. Since fugacities are not available, an 
ideal vapor mixture is assumed and

d In aiL = d In op  = d In PT A T  (24)

where aV and ajG are the activities of ethanol in the 
liquid and gas, respectively. Hence

,  „ d  In  P T  A T
= ” d hTcJ“ (25)

Thus P tV ig was plotted vs. CV and at various points 
the slope was measured and multiplied by Ci°/PtN iq 
to yield A,0. A 2° and Bi2 can be computed from the 
values of A , 0 using equations 10 and 15 and are 
found to agree well with those of Johnson and 
Babb .8

Partial Molal Volumes.— The partial molal vol
umes for the individual species were computed in a 
standard procedure. 16 For the three systems under 
consideration the plot of the molar volume of the 
mixture vs. N2° can be represented within ± 4 %  by 
straight lines, indicating that when the substances

(12 ) C . A . B row ne and F . W . Zerban , “ Sugar A n a lysis ,”  John W iley  
and Sons, N ew  Y ork , N . Y . ,  1949.

(13) (a) G . Scatchard , S. E . W ood  an d  J. M . M och e l, J .  A m .  C h e m .  

S o c . ,  68, 1957 (1 9 4 6 ); (b ) G . S catchard, C h e m .  R e v s . ,  44, 7 (1 949 ); 
(c )  G . Scatchard  and  L . B . T ick n or, J .  A m .  C h e m .  S o c . ,  74 , 3724 
(1952).

(14) “ T h e  Internation al C ritical T a b les ,”  V o l. 3, M cG ra w -H ill  
C o ., In c ., N ew  Y ork , N . Y . ,  1928, p . 360.

(15) E . A . G uggenheim , “ T h erm od yn am ics ,”  In terscience P u b  
lishers, In c ., N ew  Y ork , N . Y .,  1950, p . 174.
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C.O F i ° Bl2a
(Di* 

X 10») 
measd.

(Di* 
X 10») 
measd.

(Dn 
X 10») 
measd.

(Dii X 
10») i> 
caled.

(Dn 
X 10»)' 

caled.

(Di* 
X 10») d 

caled. L i ' / ' t a “ 4 / 2* ]
0 .0 1 .0 0 0 1 .0 0 0 25.8 5.23 5.23 5.23 5.23 25.8 30

.2 0.956 1.024 21.5 4.26 4.55 5.14 4.72 26.3 39

.4 .914 1.075 17.3 3.81 3.97 5.34 4.19 26.6 45

.6 .870 1.135 14.2 3.66 3.39 5.71 3.69 26.4 50
1 .0 .785 1.284 8.76 3.21 2.40 5.65 2.78 23.4 62
1.5 .671 1.511 3.50 2.43 1.87 4.35 1.51 17.5 86
2 .0 . 570 1.800 1.14 1.98 1.34 2.93 0.69 9.8 117
2 .2 .526 1.940 0.61 1.65 1.14 2.25 0.43 7.2 277

“ All D  values are in cm.2/sec. 1 Medium-flow treatment. c Gordon’s equation. d Lamm’s treatment. ‘ In A °i 
from the position-exchange treatment, assuming n = 4.5.

are mixed, the individual molecules do not change 
volume, except for possible association.

The Medium Flow Model
Adamson3 and Prager6 have generalized the treat

ment originally proposed by Darken. 4 They con
sidered the case of binary solutions, and assumed a 
general medium flow to arise due to the non-cancella
tion of the volume flows of the various species, com
bined with the restriction of constant volume for 
the diffusion system. The equation they devel
oped for the case c) VifbCi =  0  can be written as

D n =  (F iD 2* +  F 2D x*)Bn  (26)
or

D n =  D n'Bu  (27)
The Sucrose-Water System.— Using the data in 

Article I of this series, 10 equations 26 and 27 and the 
calculated values of F ,, F2 and Bv°, Du was calcu
lated for representative concentrations and shown 
in Table I, together with the measured binary dif
fusion coefficients. B i2 was assumed to be equal 
to Bi2°; however, this assumption is discussed in 
more detail below.

There is little agreement between the calculated 
and the measured mutual diffusion coefficients; the 
agreement becomes worse if the activity coefficient 
corrections are applied. The tendency to “ over 
correct”  the mutual diffusion rate has been re
ported by Johnson and Babb8 and Kincaid and 
Eyring, 16 who indicated that the same phenomenon 
occurred for systems with positive vapor pressure 
deviations from ideality, when attempts were made 
to linearize the diffusion-viscosity data by correct
ing for solution activity.

However, the fact that the values calculated are 
much higher than the experimental values indicates 
that some of the parameters used are in error. A 
check on the question of the partial molal volumes 
and whether they are equal to the hydrodynamic 
volumes shows that unreasonable values have to be 
assigned to make the experimental values agree 
with the calculated ones. The assumption that 
A1, =  S i /  is probably incorrect, but very unreason
able hydration and association numbers would have 
to be assumed to impose a fit of the experimental 
measurements to equation 27. For example, at 1.8 
M sucrose, the value of Du is 2.2 X 10~e cm.2/sec. 
immaterial of the values for n, a or ¡3 because at 
that concentration Di* =  D2* =  Z V  and it does not

(16) J. F. Kincaid, H . Eyring and E. A . Stearn, C h e m .  R e v s . ,  28, 
301 (1941).

matter what the values of F, and F2 are; the meas
ured value of Du at 1.8 M  sucrose is 1.6 X 10 ~ 6 
cm.2/sec. To impose an agreement between the 
measured and calculated mutual diffusion coef
ficient, Bn should be 0.73. According to equation 
14, Bu is 0.73 if

a — ¡3 =  1 and n =  14

The choice of a hydration number of 14 is unrealis
tic because it would mean that at 3.0 molar Bn 
would become negative! From equation 14 it is 
evident that if one chooses to assign combination 
values for a and ¡3 other than unity, it becomes nec
essary to assume hydration numbers larger than 
fourteen to impose the fit.

The real problem then, might lie in the value of 
the D i* .  D i*  is determined by the intrinsic mobility 
of the species and was assumed in equation 26 to 
be equal to the self-diffusion coefficient. The in
trinsic diffusion coefficients that should be used in 
the binary equations are the ones that result 
through the coupling of one of the components with 
the other. Since in the case of water there are 
mechanisms of motion not involving sucrose, the 
measured self-diffusion coefficients do not repre
sent the intrinsic mobilities. Moreover, diffu
sion of labelled sucrose can occur as a result of a 
mutual rotation or sliding past each other of two 
sucrose molecules which come together and subse
quently separate. This type of process would con
tribute to the sucrose self-diffusion, but not to Du, 
since no net motion is involved. The co-volume of 
the somewhat elongated sucrose molecule is such 
that from about one molar on, free rotation is no 
longer possible and more sucrose-sucrose exchange 
probably takes place.

Thus, the assumption that the intrinsic and self
diffusion coefficients are the same3' 6 does not apply 
in the sucrose-water system due to the presence of 
exchange mechanisms that do not contribute to the 
binary diffusion mobilities.

The Methanol-Benzene System.— Using the 
data of Johnson and Babb ,8 equations 26 and 27, 
and the calculated values of Flt F2 and B n, D n  was 
computed for representative concentrations with 
the data shown in Table II, together with the meas
ured binary diffusion coefficients, when no associa
tion in the solution is assumed. Better agreement 
can be shown by the proper choice of n, 13 and a. 
From equations 26 and 14 for n =  0, the ratio R of 
the corrected Du with association to Dv, with no as
sociation is
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T a b l e  II

- Measured —

T h e  M e t h a n o l - B e n z e n e  S y s t e m  a t  2 5 ° “

----------- -—•n Calcd. medium-flow
Calcd. Lamm’s 

eq .c
Calcd. b 

Gordon’s eq.
At 0 ( D n  X 10») (Z>2* X 10») ( D i *  X 10») F'F ( D n  X  10») 6 (a  = ? ) ‘ « a D u  X  10»

0 3 . 8 2 2 . 1 8 4 . 1 6 1 . 0 0 0 1 . 0 0 0 1 . 0 1 . 0 1 . 0

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

. 3 0 . 8 6 2 . 4 1 2 . 0 9 . 8 3 0 . 1 1 9 . 2 6 3 . 3 1 . 0 2 . 8 . 4 0

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

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

. 7 1 . 3 0 2 . 4 4 2 . 0 0 . 4 6 5 . 2 7 7 . 6 2 2 . 1 1 . 3 4 . 1 . 7 4

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

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

<• A l l  D  v a l u e s  a r e  i n  c m . 2/ s o c .

,--------------------Measured—

2 . 3 0  . 0 0 0  1 . 0 0 0  . .  1 . 0  

6 A s s u m i n g  n o  a s s o c i a t i o n .  0 A s s u m i n g  n = 0  a n d  D .ai„d.

T a b l e  III
T h e  E t h a n o l - B e n z e n e  S y s t e m  a t  2 5 ° “

----------- - Calcd. medium flew

1 . 0  1 . 0

~ -̂ measd*

Lamm’s eq.c

Calcd. b 
Gordon’s 

eq.
N  i» D u  X 10» Z>2* X  105 D  i X  10» F 2° #12° ( D i2 X 10») ¡> (a = fi)‘ a. /S ( D n  X 10»)

0 . 0 3 . 3 0 2 . 1 8 3 . 3 0 1 . 0 0 0 1 . 0 0 0 1 . 0 1 . 0 1 . 0

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

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

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

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

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

. 6 1 . 1 0 2 . 2 1 1 . 3 3 . 5 0 5 . 3 1 5 . 5 5 2 . 0 1 . 3 2 . 5 . 7 0

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

. 8 1 . 5 3 2 . 0 2 1 . 1 8 . 2 7 4 . 6 2 5 1 .  1 2 1 . 4 1 . 1 1 . 7 1 . 0 9
. 9 1 . 7 6 1 . 9 2 1 . 1 0 . 1 4 6 . 8 3 0 1 . 5 0 1 . 2 1 . 0 1 . 5 1 19

1 . 0  1 . 9 7  1 . 8 3  
“ A l l  D  v a l u e s  i n  c m . 2/ s e c .  b

1 . 0 2

A s s u m i n g
. 0 0 0

n o  a s s o c i a t i o n .
1 . 0 0 0  1 . 0  

c A s s u m i n g  n =  0  a n d  D ca'0d. =
1 . 0

■^measd*

1 . 0

R =  O i N i °  -f- p A 72 ° ( 2 8 ) is ordinarily no positive way of determining
Since experimentally R >  1, an equation involving 
only a and /3 can be set up at each concentration. 
Values of a and (3 in the special case of a =  ¡3 are 
shown in Table II that would result in perfect agree-

whether such linearity exists, Lamm has proposed 
a simplified equation based on a volume dependence 
of the frictional forces involved. The equation 
can be rearranged into the form

ment between the calculated and measured H12. 
These association numbers are fairly reasonable.

It is interesting to note that a high degree of 
association had to be assumed in the concentration 
region where maximum deviation from ideal mixing 
was observed. Values of n >  0 would have caused 
higher values of a and (3.

The Ethanol-Benzene System.— The data of 
Johnson and Babb8 were treated in exactly the 
same way as those for the methanol-benzene sys
tem and the results are shown in Table III. Here 
again n was assumed to be zero, and equation 28 
was utilized to compute values of a and /3, assuming 
a  =  iS.

The Lamm Treatment
Lamm’s5’ 17-19 relations between the various dif

fusion coefficients is based on the concept that 
there is a different mechanism acting between the 
interchange of similar and dissimilar molecules. 
Since self-diffusion is a measure of both types of 
molecular exchange, the theory cannot be readily 
tested if the two frictional forces considered are 
not linearly concentration dependent. Since there

(17) O. Lamm, T his Journal, 51, 1063 (1947).
(18) O. Lamm, A r k i v . f .  K e m i ,  17A, No. 9 (1943).
(19) O. Lamm, i b i d . ,  18A, N o. 2 (1944).

D * F J D n * +  N vB u / D u  (29)

where Di* and Dn* are the self-diffusion coefficients 
of component 1 in the presence of component 2  and 
in the pure state, respectively.

It should be noted that the Lamm treatment, 
while recognizing the three types of diffusion proc
esses in a binary system, retains the principle of 
long range coupling. Thus, for the three compo
nent system, from which the self-diffusion relation
ship arises as a special case, the constant volume 
condition is imposed as a collective coupling of all 
three types of friction.

The Sucrose-Water System.—In Table I, the 
values of Hi* are calculated from equation 29 and 
compared with the measured data when no asso
ciation is assumed. It can be seen that the agree
ment between the calculated and measured values 
is worse than that from the medium flow treatment 
and cannot be improved much by assuming reason
able association and hydration numbers. For 
example, at 1 . 8  molar sucrose, an association num
ber for the water of about twelve and a hydration 
number of zero have to be assumed to impose a fit 
between the measured and calculated Hi*.
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The Alcohol-Benzene Systems.— In the case of 
the alcohol-benzene systems, the Lamm equation 
can be tested more fully than in the sucrose-water 
system, the reason being that both Du* and D22* are 
known. Thus, if equation 29 is combined with 
the thermodynamic relations for an associated me
dium, the expressions for the two self-diffusion co
efficients become

1 /L 2° +  »C2°Fi0\
I X *  ~  V »2 2 *  /

1 /Li» -  »Co0Fi»\
A* ~ V A P  )

/  N ,°\ 2« A V A 2 » ( l

Dl2

( l  -  ^ ° )

(30)

(31)

In Table II unique values for a and 0 are shown 
for methanol-benzene that would make equations 
30 and 31 agree with the experimental results for 
the case of n =  0. If values of n greater than zero 
are chosen, unrealistic values for a and 0 result, 
e.g., fractional a values and/or values of 0 greater 
than ten. Similar values of a and 0 are shown in 
Table III for the ethanol-benzene system.

Test of Gordon’s Equation
Gordon’s20 equation is one of the best known 

semi-empirical relationships in liquid diffusion
D n =  A°(W»?M2 (32)

If for the sucrose-water system the solution vis
cosities and the values of LL° are inserted in equation 
32, it is found that the calculated Du values differ 
increasingly from the experimental ones with in
creasing concentration. This is shown in Table I. 
Quite varying values for 0 and n have to be as
signed to force an agreement with equation 32, be
cause the deviation changes sign around 1.3 molar.

For the methanol-benzene and the ethanol-ben
zene systems the comparison between the measured 
and calculated Di2 is shown in Tables II and III, 
where deviations up to 55% are observed. Asso
ciation numbers between one and two would have to 
be assumed for perfect agreement.

The non-conformity of Gordon’s equation with 
concentrated sugar solutions already has been 
reported by Van Hook and Russel21; they observed 
up to 300% difference between the measured and 
calculated D12. Although only reasonable solvoly
sis numbers have to be assumed for perfect agree
ment in the alcohol-benzene systems, the main 
problem is that at high concentrations the simple 
Stokes lawT type of relationship between viscosity 
and diffusional mobility can well be expected to 
break down; the solution can definitely no longer 
be considered a continuum, to say nothing of the 
possible large sizes of associated solvent molecules. 
Moreover, the viscosity of the medium probably is 
composed of three types of interactions, comparable 
to the three diffusion coefficients, and cannot be ex
pected to describe the behavior of D12 solely. 
Moreover, Gordon22 demonstrated that from a ther
modynamic point of view equation 32 cannot be 
valid over wide ranges of concentration.

(20) A. R . Gordon, J .  C h e m , P h y s . ,  5, 522 (1937).
(21) A. Van Hook and H. D. Russel, J .  A m .  C h e m .  S o c . ,  6 7 , 370 

(1945).
(22) A. R . Gordon, i b i d . , 7 2 , 4840 (1950).

The Position Exchange Treatment
The “ Position Exchange” treatment7 relates the 

various diffusion coefficients with specific kinetic 
jump distance and isosterie exchange during mutual 
diffusion. Thus

D i2 =
■VI 2-A h 2A12M2

V i V - A C i + C , )  V ,  

A *  =  A f t A s i 2 +  L 1A 2M 2

(33)

(34)

with a reciprocal expression for Di*. The specific 
rate constant k12 is given by

h 2 =  eA I-  e - E / U T  eAS ° t / R  (35)
h  V i  +  V i

and from equations 33 anc 35
AlsW * /s  = ^ 2(% .+ G)(G +  G) (36)

A "  ~  e - E / R T  n
If association is assumed, then

A l 2 W o i /Ä =  A 2 [ /IL i° +  a ( n V V  +  A M A »  +  A ° ]

Bi2°Oiß eK T
e ~ E / R T

(37)
Therefore, equation 37 can be used to calculate 

coordinated jump distances if n, a and 0 are known.
For sucrose-water at 25°, n is chosen to 4.5 

because such a choice would roughly account for 
the variation of /  with A , 23 while E  can be rep
resented by23 '24

E  =  (4.6 +  1.3(72°) kcal./mole (38)

In addition the term 0Vi°«  a(nV0 +  F2°) so that 
in Table I values of 0lD-A12eAS°t/2R are shown. 
It is evident that either a positive AS0* and/or a 
moderate 0 value must be assumed to get fairly rea
sonable A12 values. The large variation in the cal
culated values with cone nitration is probably at
tributable to changes in AS* and 0. \12 and X2i
for the separate species can be calculated from the 
relations

Ali2 (39)

Similar calculations can be performed on the 
methanol-benzene system using experimentally de
termined activation energies. 9 For the ethanol- 
benzene system no diffusional activation energies 
are available.

Equation 34 cannot be used readily because ac
tivation energies for self-diffusion are not available 
at present.

Conclusions
(1) The diffusional thermodynamic factors are 

highly dependent on the degree of association as
sumed in liquid solutions. (2) Binary and self- 
diffusional mobilities are not equivalent due to spe
cial interchange mechanisms between molecules. 
(3) For the methanol-benzene and the ethanol- 
benzene systems present theories of long range in
teractions are as successful as the recent model of 
localized isosterie interchange,7 whereas for the su
crose-water system where special interchange

(23) A. C. English and M . Dole i b i d . ,  7 2 , 3261 (1950).
(24) L. Gosting and J. M . Morris, i b i d . ,  7 1 , 1998 (1949).
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mechanisms must exist and marker motion is absent, 
it is concluded that the sucrose and water clusters 
interdiffuse through a coordinated isosteric process.
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DISPERSION OF PLATINUM ON SUPPORTED CATALYSTS
B y  L aw ren ce  Spenadel  and M ichel B otjdart

Esso Research and Engineering Company, Linden, New Jersey 
R e c e i v e d  J u n e  2 9 ,  1 9 5 9

Hydrogen chemisorption at saturation can be used to determine the specific surface area and an average crystal size 
for platinum highly dispersed on an alumina support in a range of dispersion not accessible to measurements by X-ray line 
broadening. For a fresh catalyst containing 0.6 wt. % platinum, the ratio of platinum atoms to adsorbed hydrogen atoms 
is almost equal to unity. This shows that the metal is very highly dispersed on the support. Platinum crystal growth is 
brought about by a heat treatment at elevated temperatures. Good agreement is obtained between platinum particle size 
calculated from chemisorption and from X-ray line broadening in a crystal size range where the latter method becomes 
applicable.

Introduction
Chemisorption has been used in the past to de

termine the surface area of catalyst. 1 The method 
requires that the adsorbate form a chemisorbed 
monolayer and that there exist a simple relation 
between the number of molecules adsorbed at 
saturation and the number of surface atoms. 
Thus, hydrogen forms an almost complete mono- 
layer on a nickel evaporated film with each ad
sorbed hydrogen atom corresponding to one surface 
metal atom . 2

These special requirements have prevented 
chemisorption from becoming a general method of 
surface area determination. Nevertheless, its prin
ciple has considerable merit in particular situations.

If, for example, a metal is dispersed on an oxide 
support in small quantities and in a particle size 
range that cannot be detected by physical meas
urements, the problem of determining the dis
persion of the supported metal may be solved in 
principle by selective chemisorption. This has 
been done by Boreskov and Karnaukhov3 who 
studied the preferential chemisorption of hydrogen 
by platinum supported on silica gel. In this in
vestigation, the average particle size of platinum 
crystallites calculated from the metal specific 
surface area was never less than 40 A.

On the other hand, the dispersion of platinum 
on acidic bases (acidic aluminas or silica-alu
minas) has not been reported until recently. 4 - 6  
Unpublished data obtained in this Laboratory 
indicate that catalysts containing less than 1 wt. 
%  platinum on ij-alumina are characterized by a 
very high dispersion of the metal. In fact, the 
crystal size of the platinum is, in most cases, too 
small to be determined by X-ray line broadening. 
It can be assumed that the crystal size of the

(1) A. F. Benton, J .  A m ,  C h e m .  S o c . ,  48, 1850 (1926).
(2) O. Beeck, “ Advances in Catalysis,”  Yol. II, Academic Press, 

Inc., New York, N. Y ., 1950, p. 151.
(3) G. K . Boreskov and A. P. Karnaukhov, Z h u r .  F i z .  K h i m . ,  26, 

1814 (1952).
(4) L. Spenadel and M . Boudart, paper presented at Boston A.C.S. 

meeting, 1959.
(5) J. J. Keavney and S. F. Adler, paper presented at Boston A.C .S. 

meeting, 1959.
(6) T . R . Hughes, R . J. Houston and R . P. Sieg, paper presented 

at Boston A.C .S. meeting, 1959.

platinum is smaller than about 50 A. Since X-ray 
measurements are not applicable in this region, it 
was decided to study the dispersion of platinum 
on an alumina support by means of hydrogen 
chemisorption.

Experimental
A volumetric glass system of standard design7 was used 

for the adsorption measurements. The apparatus included 
a McLeod gauge, a mercury manometer read with the help of 
a cathetometer, sample and gas storage bulbs, and an oil 
diffusion pump used in conjunction with a mechanical pump.

The gases used were helium for dead space determinations, 
hydrogen for catalyst reduction and adsorption, and nitrogen 
and argon for BET surface area determinations. Commer
cial cylinder gases were purified as noted: hydrogen by 
diffusion through a palladium thimble; helium by passing 
it through a train composed of activated charcoal at liquid 
nitrogen temperature, a drying column and a liquid nitrogen 
cold trap; argon by passage through a liquid nitrogen cold 
trap.

The adsorbents or catalysts used were 17-alumina, 77- 
alumina supported platinum catalysts and platinum black. 
The supported catalysts were reforming catalysts, prepared 
as described in the literature.8 The catalysts were made by 
impregnation of the supports with aqueous chloroplatinic 
acid and then drying at 550° for one hour. The chloride 
and platinum are present in near stoichiometric amounts. 
The surface areas of the alumina supports are given in 
Table I. The platinum black used (>98% platinum) was 
obtained from Baker and Co.

Platinum crystal size was determined from the breadth 
of the (311) X-ray diffraction line, recorded on a Norelco 
X-ray spectrometer. The standard equation of Patterson9 
with Warren’s corrections10 was used in the calculation of 
X-ray crystal size.

Before measurement of a hydrogen adsorption isotherm, 
the adsorbent or catalyst was subjected to a standard pre
treatment. First the sample was outgassed m vacuo at 500° 
for a few hours. Then it was kept under about one at
mosphere of hydrogen at 500° for 30 minutes in order to 
reduce the surface adequately. Finally it was outgassed at 
500° overnight (16 hours). No difference in adsorption iso
therm was detectable if the final outgassir.g time was in
creased to 72 hours. In this work, outgassing was consid
ered completed when a pressure of less than 1 0 ~ 3 mm. could 
be maintained for more than 15 minutes in the sj^stem cut 
off from the pumps at the temperature of the experiment.

(7) G. L. Joyner, “ Scientific Glass Blowing,”  Instruments Publish
ing Co., Pittsburgh, Pa., 1949, p. 257.

(8) F. G. Ciapetta and C. J. Plank, “ Catalysis,”  Vol. I, Reinhold 
Publ. Corp., New York, N. Y ., 1954, p. 315.

(9) A. C. Patterson, P h y s .  R e v . ,  49, 884 (1936).
(10) B. E. Warren, J .  A m e r .  C e r a m i c  S o c . ,  21, 49 (1938).
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T a b l e  I

D a t a  o n  P l a t in u m  D is p e r s io n

BET
Adsorpt. at 250° 

24 cm. in H atoms 3.A.
Pt crystal 
size from

Pt crystal 
size from 

X-ray line
S.A ., moles EU X  106/g . ads. per Pt cf Pt, adsorpt., broadening,

m .Vg. Sample Support atom in sample m .Vg. A. A.
Pt black 0.55 4.98 0.0019 0.54 4,300
Pt black3 0.17 1.62 .00063 0.17 13,700
0.60 wt. %  Pt on A120 3 (fresh) 195 19.8 4.65 .99 2’73 <10 <50
0.60 wt. %  Pt on AI2O3 (heat treated 2 hr., 

650°) 135 5.50 3.40 .14 38 61 200
4.46 wt. % Pt on AI2O3 (heat treated 24 hr., 

650°) 115 8.80 3.45 .047 11 212 255
3.10 wt. %  Pt on AI2O3 (heat treated 24 hr., 

750°) 95 3.50 0.85 .033 9.2 253 255

The outgassing temperature of 500° does not affect the plati
num or alumina surface area of the catalyst.

Results
Typical adsorption isotherms at 250° are shown 

in Fig. 1. More than 90% of the hydrogen ad
sorption is instantaneous. There is then a slow 
gas uptake, the rate of which becomes negligible 
after 30 minutes. The amount of gas taken up 
slowly never exceeds more than 1 0 %  of the total 
gas uptake. In all experiments 30 to 45 minutes 
was allowed before a pressure reading was taken.

Results obtained from the adsorption data are 
summarized in Table I. Column 1 gives conven
tional BET surface areas measured with nitrogen 
(15.8 A.2/molecule) except in the case of Pt black 
where argon was used (14.6 A.2/molecule). The 
values quoted for the supported catalysts refer to 
the support alone.

Adsorption values at 24 cm. and 250° are re
ported in columns 2 and 3 because, as discussed 
below, it is believed that essentially complete 
surface coverage is reached on platinum at that 
pressure and temperature. The difference be
tween the values in columns 2 and 3 together with 
the platinum content of the sample gives the 
number of H atoms adsorbed per Pt atom in the 
sample (column 4). Finally, experimental data on 
Pt crystal size from X-ray line broadening are re
ported in the last column. Data on the second 
line of the table are those of Boreskov and Kar- 
naukov. 3

Discussion
The adsorption method will give a correct sur

face area of platinum if these various conditions are 
satisfied: (1 ) hydrogen taken up by platinum is 
only adsorbed (surface) and not absorbed (in
terior); (2) hydrogen adsorption at 250° and 24 
cm. corresponds closely to saturation with a hydro
gen atom per surface platinum atom; (3) when 
platinum is dispersed on the support, the support 
adsorbs the same quantity of hydrogen that it 
would if platinum were absent.

These points will now be discussed in turn.
1. Adsorption vs. Absorption.—As is well known, 

absorption of hydrogen in metals is a slow proc
ess. 2 Since most of the adsorption (>90% ) re
corded took place very rapidly, it can be concluded 
that absorption of hydrogen, if present at all in 
this work, represents at most a small fraction

« 1 0 % ) of the total gas uptake. The surface 
area of platinum calculated on the assumption 
that the gas uptake corresponds only to adsorption 
may, therefore, be too high by 1 0 %  at the most.

2. Monolayer of Hydrogen on Platinum.—The 
shape of the isotherm (Fig. 1) suggests that at 250°, 
a hydrogen pressure of 24 cm. approaches almost 
complete saturation of the surface.

The adsorption data in the restricted range of 
pressures covered in the measurements on Pt black 
are represented in Fig. 2 by means of a Langmuir 
isotherm with dissociation

= bp'/*
V 1 +  6p' /2

where v is the volume adsorbed, vm the volume cor
responding to a monolayer, 5 a constant, p the 
hydrogen pressure. Frcm the intercept, vm can 
be calculated. The surface coverage 0 =  v/vm 
at 250°, 24 cm. on Pt black is then seen to be equal 
to 0.96.

No claim is made, of course, that hydrogen ad
sorption on platinum obeys a Langmuir isotherm. 
The argument presented here merely supports the 
idea that saturation is closely approached under 
the conditions selected. The error made here, by 
assuming complete saturation, would lead to a 
value for the platinum surface area that is smaller 
than the actual one. This would tend to compen
sate for any overestimation of the platinum sur
face area due to partial absorption of hydrogen in 
the bulk of the lattice. There is a possibility that 
some of the slow sorption is actually adsorption on 
the surface at already high values of coverage.

It is interesting to see the excellent agreement 
between the results of this work and those of the 
Russian workers, although samples of Pt black of 
different origin and surface area were used in both 
cases. The amount of hydrogen (in micromoles 
per m . 2 of Pt) adsorbed at 250° and 24 cm. is 
4.98/0.55 =  9.05 in our work and 1.62/0.17 =  9.53 
in the Russian investigation. This agreement 
demonstrates that proper reduction and evacuation 
can lead to quite reproducible values of hydrogen 
adsorption on platinum catalysts.

3. Effect of Platinum on Hydrogen Adsorption 
on the Support.— It is conceivable that platinum 
highly dispersed on a support would occupy sites 
on the support which also are hydrogen adsorption 
sites in the absence of platinum. While the
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Pressure, mm.
Fig. 1.—Hydrogen adsorption isotherms at 250°.

Fig. 2.—Langmuir isotherm for hydrogen adsorbed on a 
platinum catalyst at 250°.

present data offer no evidence of this, the effect, 
if it were real, would lead to values which would 
underestimate the platinum surface areas. On the 
other hand, hydrogen adsorption might occur on 
alumina sites in the vicinity of sites occupied by 
platinum while the same alumina sites might not be 
able to chemisorb hydrogen in the absence of plati
num. If this opposite effect took place, the sur
face area of platinum at very high dispersion might 
actually be overestimated. The possibility of this 
effect will be taken into account in the rest of this 
discussion.

To sum up, except for the point just made, the 
conditions for using hydrogen adsorption to de
termine platinum dispersion seem to be adequately 
fulfilled, although independent experimental evi
dence presented below is desirable to support this 
conclusion.

Platinum Surface Area and Crystal Size.— In
order to translate the hydrogen adsorption data

(column 4) into platinum specific surface areas 
(column 5), the reasonable assumption is made 
that the low index planes ( 1 0 0  and 1 1 0 ) of plati
num are equally exposed on the average on the 
surface. The site densities (number per cm.2) of 
these planes are 1.31 X 1015 and 0.93 X 1015, 
respectively, giving an average of 1.12 X  1015 sites 
per cm.2. The figures of column 4 have, therefore, 
to be multiplied by (6.02 X 1023) / (195.09 X 
1.12 X 1016 X 104) in order to obtain specific sur
face areas of Pt in m.2/g. Note that this gives 
0.54 m.2,/g. for our platinum black vs. 0.55 m.2/g . 
by the BET method. Hydrogen adsorption under 
the conditions of this work then corresponds to a 
surface coverage 0 =  0.54/0.55 = 0.98, in good 
agreement with the value 6 =  0.96 estimated 
above from the adsorption isotherm and in excellent 
support of the contention that surface saturation 
is practically complete. It is also interesting to 
note (second line of Table I) that the translation 
from hydrogen adsorption to surface area as pro
posed here gives complete agreement between 
BET and hydrogen surface areas in the Russian 
work.

In the case of the fresh catalyst (line 3), the very 
large surface area of 273 m.2/g . is obtained. This 
compares with 276 m . 2 which is the calculated 
surface area of 1 gram of platinum in a mon
atomic layer. 11 Obviously, the platinum on the 
alumina support is very highly dispersed. How
ever, the absolute value of 273 m.2/g. must not be 
taken too seriously. Indeed, if the dispersion be
comes extreme, as shown by the one-to-one cor
respondence between adsorbed H atoms and Pt 
atoms (column 4), the crystallographic concept of 
density of sites may well lose its meaning. Further- 
more, as already discussed, the reported figure 
may be too high as a result of possible hydrogen 
adsorption on support sites adjacent to the plati
num.

The case of the fresh platinum catalyst deserves 
some further discussion. If the platinum atoms 
were dispersed one by one on the support, they 
would be separated from each other by relatively 
large patches of alumina and the average distance 
between them would be about 100 A. But then, 
a hydrogen molecule coming down to such an iso
lated site would dissociate into an atom adsorbed on 
platinum and another adsorbed on an adjacent 
alumina site. If the latter diffused along the 
surface till it finds another vacant isolated plati
num site, the main adsorption process should be 
slow insofar as surface diffusion of adsorbed hydro
gen on oxides is believed to be of the slow activated 
type . 12 But if the second adsorbed PI atoms stays 
in the vicinity of the first, then it is difficult to 
understand why the ratio of H atoms to Pt atoms 
did not exceed unity. As a matter of fact, the 
value of unity for this ratio rather suggests that 
platinum clusters are still present on the support. 
These clusters may be two-dimensional. If they 
are three-dimensional, an upper average crystal

(11) Using 1.12 X  1015 sites/cm .2 as the average site density, the 
corresponding surface area per g. of platinum is 6.02 X  1023/ 195.09 X 
10* X  1.12 X  1015 =  276 m .2/g .

(12) E. Wicke, Z .  E l e k t r o c h e m . ,  53, 279 (1949).
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size of platinum can be estimated in the following 
way:

Consider a single unit cell of platinum on alu
mina. It has thirteen exposed Pt atoms but if the 
corner atoms in contact with the support can 
chemisorb hydrogen, the four support sites ad
jacent to these corners could also chemisorb one 
hydrogen atom each so that, with this possible 
interference of the support, the ratio H /Pt would 
be 17/14 =  1.2 at saturation. If now we consider 
a crystallite made of eight unit cells, four of which 
lie in contact with the support, it has 63 Pt atoms, 
49 of which are exposed. Eight Pt atoms on the 
support can conceivably lead to adsorption on the 
support of eight additional H atoms. Thus, the 
H /Pt ratio would be, at the most, 57/63 = 0.90 
which is less than the experimental figure 0.99. 
Therefore, if the platinum is in the form of crystal
lites, the latter must consist on the average of 
blocks containing less than two unit cells on a side.

Since the edge of a Pt unit cell measures 3.9 A., 
the adsorption data indicate that the average 
crystal size must be smaller than 2 X 3.9 A., i.e., 
certainly less than 1 0  A., if the platinum is still in 
crystalline form. Since the argument includes a 
correction for the possible interference by the sup
port in an unfavorable direction, this conclusion 
must be viewed as conservative. Of course, it is 
entirely possible that the platinum is dispersed in 
the form of two-dimensional patches. While no 
choice can be made between these two alternatives, 
namely, crystallites measuring less than 1 0  A. 
on the average or two-dimensional surface patches, 
this work establishes for the first time the ex
tremely high dispersion of fresh platinum catalysts 
on alumina supports. Even if the metal is still 
crystalline, it cannot be detected by X-ray line 
broadening or other available physical techniques.

Crystal Growth by Heat Treatment.— Except in 
the case of the fresh catalyst where the platinum 
dispersion is so extreme, the adsorption data can be 
translated into an average crystal size. The 
reasonable assumption is made that the crystal is a 
cube of side d with five exposed faces, one being in 
contact with the support. The exposed surface is 
5d2; the weight is dsp where p is the density of Pt. 
Therefore surface area/g. of Pt =  5/dp. Values 
of d calculated in this way are shown in column 6  

of Table I.

It is seen that even a moderate heat treatment of 
the catalyst brings about, crystal growth. After 
two hours at 650°, the extreme platinum disper
sion has disappeared and the average crystal size 
has reached about 60 A. But a rather severe heat 
treatment is required to obtain agreement between 
crystal size calculated from adsorption data and 
crystal size from X-ray line broadening. After 
only a moderate heat treatment, platinum crystal 
size values obtained from X-ray line broadening are 
larger than that obtained from adsorption measure
ments. This is understandable since hydrogen 
adsorption detects all platinum atoms on the sup
port while the X-ray method detects only crystals 
larger than 50 A. After a moderate heat treat
ment, there must remain on the support very small 
crystallites (<50 A.) besides the larger ones which 
are the only ones to be detected by the X-ray 
technique. On the other hand, the remarkable 
agreement obtained between the crystal sizes from 
adsorption and from X-ray after adequate crystal 
growth (253 A. vs. 255 A.) provides the desirable 
independent evidence in support of the conclusions 
reached earlier concerning the validity of using 
hydrogen adsorption to study dispersion of plati
num on alumina.

Conclusions.—Hydrogen chemisorption is a use
ful and reliable tool to study dispersion of platinum 
on oxide supports. The extremely high dispersion 
( < 1 0  A.) of platinum on alumina has been demon
strated for the first time by hydrogen chemisorp
tion. With platinum crystal sizes larger than 50 A. 
but smaller than 1 0 0 0  A., hydrogen chemisorption 
gives values identical with those obtained from 
X-ray line broadening. With unsupported plati
num of still larger crystal size ( > 1 0 0 0  A.), hydro
gen chemisorption and BET nitrogen adsorption 
give practically the same platinum specific sur
face area.
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THE PHYSICAL NATURE OF SUPPORTED PLATINUM
B y  Stephen  F. A dler and James J. K eavn ey

Stamford Laboratories, American Cyanamid Company, Stamfora, Connecticut 
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Two types of platinum-alumina reforming catalysts, impregnated and cogelled, have been examined by means of H2 
adsorption and X-ray line-broadening techniques. The catalysts were examined (1) fresh, (2) coked, (3) regenerated, (4) 
mildly sintered, (5) severely sintered and (6) reactivated after the two levels of sintering. The adsorption was shown to de
cline after coke had been deposited in a naphtha reforming reactor. A careful burn-off of the coke restored the adsorption 
to at least one-half of its original level. Mild sintering, in a partial steam atmosphere, caused a large decrease in adsorption 
which was partially recovered after reactivation under a high pressure of oxygen. On the other hand, sintering at one 
atmosphere of steam caused a decrease in adsorption which was essentially irreversible despite attempts at reactivation. 
The adsorption results on fresh, sintered and reactivated catalyst are interpreted by assuming (t) the existence of two types 
of platinum aggregation-monolayer for impregnated catalyst, pseudo-spherical for cogelled catalyst, and (2) that H2 is ad
sorbed as atoms at the surface interstices between platinum atoms. Platinum particle sizes are derived that are in good 
agreement with X-ray line-broadening values. The adsorption of IT per gram of platinum was found to be virtually in
dependent of platinum concentration within either of the two groups of catalysts investigated.

Introduction
It has been of interest to this Laboratory to study 

the nature of platinum supported on alumina, in 
the concentration range appropriate for a re
forming catalyst. One of the properties which 
most obviously affects the performance of any 
heterogeneous catalyst is the surface area of the 
active material. A study was therefore started to 
determine the surface area of platinum available in 
supported catalysts of the type used in reforming.

Determination of the surface area of one com
ponent in a multiple component catalyst has been 
done previously by Emmett and Brunauer1 for iron 
on a promoted ammonia-synthesis catalyst, by 
means of carbon monoxide adsorption, and later2’ 3 
by the same method for cobalt on kieselguhr and for 
nickel on aluminum oxide. These determinations 
were made on catalysts in which the active com
ponent occupied a large percentage of the surface. 
Boreskov and Karnaukhov4 applied the technique 
to a low concentration (0.2 to 0.5%) of platinum 
supported on silica gel. They used hydrogen as 
their adsorbate. Spenadel and Boudart5 have 
most recently used hydrogen adsorption to study 
Pt-Al2C>3 catalysts. Their conclusions regarding 
Pt dispersion are in general agreement with those 
presented in this paper.

All previous work compared the adsorption on 
the catalysts with that on the pure metal, in order 
to determine the surface area of the metal in the 
catalyst. Although this is probably valid for 
large particles, it would seem that surface properties 
of very small particles must be different from the 
bulk metal. For this reason, a different approach 
to the interpretation of adsorption results is 
presented.

Experimental
1. Preparation of Catalysts. A. “ Impregnated”  Cata

lysts.—A high purity (99.9% +  ) -/-alumina, in Vs" X Vs" 
cylindrical pellet form of ca. 250 m.2/g. surface area (BET) 
and 0.56 cc./g. water pore volume, was calcined to 593°, 
cooled to room temperature in a sealed container, and por
tions of it were impregnated with solutions of chloroplatinic 
acid (C.P. grade) of sufficient volume to fill the pellet por

(1) P. Emmett and S. Brunauer, J .  A m .  C h e m .  S o c . ,  59, 310 (1937).
(2) R . Anderson, W . Hall and L. Hofer, i b i d . , 70. 2465 (1948).
(3) F. Hill and P. Selwood, i b i d . ,  71, 2522 (1949).
(4) G. K . Boreskov and A. P. Karnaukhov, Z h u r .  F i z .  K h i m . ,  26, 

1814 (1952).
(5) L. Spenadel and M . Boudart, T his Journal, 64, 204 (1960).

osity. The platinum content of the solutions was adjusted 
to give Pt contents, in the finished catalyst, ranging from
0.1 to 0.8%. The material was dried overnight at 120°, 
calcined from 205 to 593° in four hours and calcined an ad
ditional hour at 593°. The finished catalyst was stored in 
a sealed container.

B. “ Cogelled”  Catalysts.—Alumina sol containing ca. 
5% solids as A120 3 was ecgelled by the simultaneous mixing of 
the sol and chloroplatinic acid (C.P. grade) with aqueous 
ammonia. The resulting gel was dried overnight at 120°, 
and then calcined to 26C°. After grinding, blending with a 
lubricant and pelleting into Va" X Vs" cylinders, the gel 
was recalcined to 593° in four hours and held at that tem
perature for one hour. The platinum content of the cata
lyst was adjusted by varying the amount of platinum solu
tion used in the cogellation step. The final product had a 
BET surface area of ca. 210 m.2/g . and a porosity of 0.56 
cc./g.

C. Coking of Catalysts.—A number of fresh catalyst 
samples were coked for one or five daj’s in a naphtha re
forming reactor operating under the following conditions: 
feed—Mid-Continent naphtha (93-176° boiling range); 
liquid hourly space velocity, 2.0 hr.-1; av. temp., 483°; 
pressure, 200 p.s.i.g.; H2 recycle rate, 5000 S.C.F./bbl. 
(once-through).

D. Regeneration of Coked Catalysts.—Coked catalysts 
were regenerated by calcining them in a muffle furnace 
from 200 to 593° in no less than four hours. This allowed 
the coke to be burned off slowly.

E. Steaming of Catalysts.—Two types of steaming pro
cedure were used to sinter the catalyst samples. The mild 
steaming was performed by injecting water into a circulat
ing air furnace held at 705°. The partial pressure of the 
water vapor in the furnace was determined to be 0.35 at
mosphere. More severe steaming was accomplished by 
vaporizing water, in the absence of air, into steel tubes 
packed with catalyst and kept at 750°. Here, the water 
pressure was necessarily 1.0 atmosphere.

F. Reactivation of Catalysts.—A number cf steamed cata
lysts were reactivated by heating them to 620° in a static 
60 p.s.i.g. 0 2 atmosphere for two hours.

G. H2 Adsorption Measurements.—The chemisorption 
of hydrogen was measured volumetrically at a pressure of 
8-9 mm. The sample holder was a small Fyrex bulb of a 
size such that the sample completely filled it; it was joined 
to the rest of the system by a ground glass joint. The 
supply of reagent grade hydrogen was connected to the sys
tem through three stopcocks which served as a dosing sys
tem. A similar system was employed for helium. The 
manometer was of 10 mn. Pyrex tubing, and used dibutyl 
phthalate as the manometer fluid. The large bulbs were of 
500, 1000 and 2000 cc. volumes and were calibrated with 
water before mounting. They were not thermostated but 
were well insulated. The system was designed such that 
adsorption could be measured at constant pressure (within 
10%). The initial pressure in the system was 9-10 mm. 
(about 13 cm. dibutyl phthalate) and before admitting gas 
to the sample, the volume of the system was adjusted by 
closing off one or more of the large bulbs. The volume was 
chosen so that the expected adsorption would cause a drop 
of 10% or less in the pressure. If the drop exceeded 10%,
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an additional bulb was opened, restoring the pressure to 
within 10% of the initial value. The dibutyl phthalate 
manometer was read to 0.05 mm. with a Gaertner cathe- 
tometer; this allowed measurement of the amount adsorbed 
to 0.5%.

All measurements were made at 200 ±  1°. The tem
perature was controlled by a Leeds and Northrup Electro
max Controller. Sample sizes were in general from 7-10 
g., with smaller samples taken when quantities were limited.

It was found that after outgassing of the sample at low 
temperatures (300°) for 16 hours, adsorption of H2 started at 
a moderate rate and continued at about this rate even after 
three hours. It was felt that the more rapid the initial ad
sorption and the smaller the secondary adsorption, the 
cleaner the Pt surface. Maxted6 found that poisoning of 
Pt with sulfur greatly reduced the initial rate of adsorption 
of H2, compared to unpoisoned Pt. Outgassing at 400° 
or 500° improved the situation in that a rapid initial adsorp
tion was obtained, but a slow adsorption still continued 
after three hours. A 20 second exposure to hydrogen at 
500° and 10 mm. followed by 16 hr. outgassing at 500° 
gave the best results insofar as eliminating the slow adsorp
tion was concerned. With this treatment, the rate of change 
of adsorption after two hours was 2% or less per hour. Hy
drogen treatment for longer than one minute at 500° did 
not diminish this rate but did decrease the amount adsorbed, 
possibly because of sintering. No difference was found for 
treatment times less than one minute.

The standard treatment, then, for any catalyst sample 
was: 2-3 hours outgassing, with a mercury diffusion pump, 
followed by 20 seconds exposure to H2 at 10 mm., and 16 
hours outgassing, all at 500°. The pressure after outgassing 
was less than 10 “6 mm. The temperature was then lowered 
to 200°, the free volume in the sample holder measured with 
helium, and the hydrogen sorption started. The uptake 
of hydrogen was followed with time, and the amount ad
sorbed calculated to STP. The adsorption recorded for a 
given sample was taken at the two hour point.

In Fig. 1 is shown a typical adsorption vs. time curve. 
Curves obtained at a variety of temperatures with no hy
drogen pre-reduction are also shown. A portion of the iso
therm is shown in Fig. 2, which indicates that a possible 
variation of 10% in the region of 9 mm. gives a very small 
change in adsorption (about 2%).

H. X-Ray Diffraction Line Broadening.—Determina
tions of the platinum crystallite size in various catalysts 
were made by means of standard line-broadening techniques. 
The instrument used was a Phillips diffractometer employ
ing Cu Ka radiation with a Ni filter. Measurements were 
made on the Pt (111) reflection plane corresponding to a 
2.26 A. lattice spacing.

Results and Discussion
Hydrogen adsorption was measured on several 

catalysts; the results are shown in Table I. 
Several blank determinations were made on pure 
A120 3, on A120 3 impregnated with HC1, and on a 
coked A120 3. All of these adsorptions were 0.003 
cc. (STP)/g. or less. Since this is about the ex
pected experimental error, the adsorption on A120 3 
was considered to be zero, and no corrections were 
made to the catalyst results.

The effect of steaming catalysts as well as sub
sequent oxygen treatment can be seen from Table I. 
Steaming at 705° and 0.35 atm. H20  decreases the 
adsorption of the cogelled catalyst ca. 80%, whereas 
that of the impregnated catalyst decreases approxi
mately 50%. It is possible by oxygen treatment 
to restore the cogelled samples to a substantially 
higher adsorption, but the adsorption of the im
pregnated catalyst remains at about 50% of the 
fresh catalyst. More stringent steaming (750°, 
1 atm. H20) decreases the adsorption by both 
types of catalysts to a very low value, and oxygen 
treatment has a negligible effect.

Time, min.
Fig. 1.—Hydrogen adsorption at 200° on 0.58% Pt cogelled 

catalyst.
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Fig. 2.—Hydrogen adsorption at 200° on 0.58% Pt cogelled 
catalyst.

T a b l e  I

H y d r o g e n  C h e m i s o r p t i o n  o f  P l a t i n u m  C a t a l y t s

cc. (STP)/g. Catalyst

Treatment
Cogelled 

0.58%  Pt.

-Catalyst--------------------»
Im-

Cogelled pregnated 
0.30%  Pt. 0.30%  Pt

Fresh 0.242 0.135 0.248
Coked, 1 day run .054“ .052

regenerated .191 .231
Coked, 1 day run .057

regenerated .134
Coked, 5 day run .0736

regenerated
Steamed, 0.35 atm., 705°,

.197

5 hr. .029 .017 .111
reactivated

Steamed, 1.00 atm., 750°,
.140 .112 .116

5 hr. .036 .012
reactivated .045 .016
“ 0.92% carbon. b 2.50% carbon.

In order to interpret the adsorption measure
ments in terms of Pt crystallite size, it was de
sirable to measure the adsorption on pure plati
num of known surface area. Two measurements 
on platinum black were unsuccessful because the 
platinum sintered under the conditions of the ex
periment. Measurements were then made on 
platinum foil with a BET surface area of 2.0 m.2. 
The amounts adsorbed were 0.135 and 0.133 cc. 
(STP)/m .2. The Pt foil did not receive any pre-(6) B. Maxted, J .  C h e m .  S o c . ,  2203 (1931).
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Fig. 3.—Variation of I /T  ratio with particle size.

reduction, because the adsorption curve levelled 
out satisfactorily without it. This is in good 
agreement with Boreskov and Karnaukhov4 who 
found an adsorption of 0.11 cc. (STP)/m . 2 on 
sintered platinum sponge at 250° and the same 
pressure. Their Pt was pre-reduced. Unfortu
nately, these results do not seem to be applicable 
to the catalysts under study. If one assumes all 
(1 0 0 ) faces on the surface of the foil, the observed 
ratio of H atoms adsorbed to surface Pt atoms is 
0.55. In the fresh impregnated catalysts meas
ured, the ratio of H atoms adsorbed to total Pt 
present is greater than one. It seems clear that 
finely divided Pt is very much more efficient in 
hydrogen adsorption than is bulk platinum.

In order to make a correlation, therefore, be
tween the hydrogen chemisorption and the size of 
the platinum crystallites, it is necessary to con
sider the probable mode of adsorption of hydrogen 
on platinum. It is assumed that hydrogen ad
sorbed on platinum under the conditions cited 
here exists primarily as atoms.7 Although 
Boreskov and Karnaukhov did not find that the 
adsorption became constant, even up to one atmos
phere, their measurements indicate that there is an 
extremely strong adsorption which is complete at a 
few millimeters of Hg pressure. This suggests 
that at the pressure used in this investigation, all 
of the primary adsorption sites are filled. Since 
we find that on some catalysts more H atoms are 
adsorbed than there are Pt atoms present, there 
must be more than one adsorption site per Pt 
atom. Mignolet8 has already indicated that hy
drogen is probably adsorbed above the spaces be
tween atoms, rather than on top of each atom. 
In a hexagonal face there are two such sites per 
atom, neglecting edge effects. It is concluded, 
therefore, that at least on some faces two H atoms 
are adsorbed for each surface Pt atom.

However, because of the wide discrepancy be
tween H /Pt ratios for fresh impregnated and 
cogelled catalysts, it was felt that there might be 
a fundamental difference in the manner in which 
the platinum was arranged on the surface of these

(7) See, for example (a) D . D . Eley, “ Advances in Catalysis,”  Vol. I, 
Academic Press, New York, N. Y ., 1948, pp. 176-181; (b) J. H. 
DeBoer, “ Advances in Catalysis,”  Vol. V III, Academic Press, New 
York, N. Y ., 1956, pp. 68-76.

(8) J. C . P. Mignolet, paper presented at Fall 1958 Meeting, Ameri
can Chemical Society.

catalysts. It is hard to see how the adsorption of 
chloroplatinic acid on an activated alumina surface 
at low ( < 1 .0 % ) concentrations can result in any
thing other than a discontinuous monolayer of 
chloroplatinate ions. Reduction of such a surface 
in a hydrogen atmosphere would necessarily result, 
at least initially, in a discontinuous monolayer of 
platinum metal. We believe this to be the case for 
impregnated catalysts.

Using the previously stated concept that the ad
sorption of hydrogen atoms occurs at the inter
stices of the platinum surface, wTe may calculate the 
H /Pt ratio to be expected from a monolayer of any 
given dimensions. For simplicity we shall con
sider the monolayer to consist of n rows of close- 
packed platinum atoms, with a radius of 1.39 A . , 9 
the rows containing alternately n and n — 1 
atoms. Adsorption of the H atoms is assumed not 
to occur at the platinum-alumina interface. 
If the opposite assumption is made mean particle 
dimensions obtained are approximately one-half 
of those given below in the range of 0 to 20 A. 
We have not observed H /Pt ratios corresponding 
to monolayer particles of a larger size.

The general equations for the number of total 
atoms T and the number of surface interstices I, 
were obtained as a function of the number of rows 
n in the monolayer (1 ,2 ).

T  =  n > -  »  + smVn/2 (1)

I =  2m2 — 5n +  3 (2)
Curve A in Fig. 3 shows the relationship between 
the ratio, I/T, and ~he mean dimension of the 
monolayer. In future discussion, the ratio, I/T, 
is taken to be identical to the ratio, Fl/Pt.

A very likely alternative to the monolayer type 
of array is a roughly spherical form such as might 
be expected if a chloroplatinic acid solution were 
precipitated in the presence of alumina. In this 
case, one might well expect to produce three-dimen
sional aggregates of platinum, or of some complex 
of platinum, which is subsequently reduced to the 
metal. These aggregates will exhibit a different 
I/T ratio dependence on particle dimension than 
was found for the monolayer because of the vastly 
different surface-volume relationships which char
acterize these arrays. Specifically, it was assumed 
that the three-dimensional array was generated as 
a close-packed cubic mass with a hexagonal base, 
having N  atoms in the side of the hexagon. Suc
cessive layers are placed on the base with proper 
regard for cubic symmetry and tapering off to an 
approximation of a hexagonal pyramid.

Using such a model, a new set of equations (3,4) 
can be derived which relate I  and T to the variable 
N ,  as well as to the mean dimension of the aggre
gate which was taken as the distance between 
opposite sides of the base.
T = 38 + (N -  3)57 + (N — 3)(N -  4)20 +

(N -  3)(N -  4)(N -  5) 5/3 (3)
7 = 6(iV — 1)* +  3[(A -  2) +  (IV -  4) +  . . .  +

(2 +  sin2xA/2)] +  2 sin2xAf/2 +  1 (4)
Curve B in Fig. 3 shows how the ratio I/T is related

(9) L. Pauling, "Nature of the Chemical B ond,”  2nd ed., Cornell 
University Press, Ithaca, N . Y ., 1948, p. 409.
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to the mean dimension of the hexagonal aggregate.
From Fig. 3, hydrogen adsorption values for 

various catalysts were interpreted in terms of 
either a “monolayer” or “ aggregate” array of 
some mean dimension. Most of these same cata
lysts were also examined for average Pt crystallite 
size by X-ray line-broadening measurements. In 
Tables II and III, a comparison is made between 
average Pt particle dimensions as determined by 
the two methods.

T a b l e  II
L i n e - b r o a d e x i x g  a n d  A d s o r p t i o n  D a t a —0.30% Pt 

I m p r e g n a t e d  C a t a l y s t s

Mean particle
Relative ,■-------- dimension, Â. -------- ,

Pt
peak

H 2 adsorp
tion b

Treatment area X -R a y M A
Calcined 593°, 1 hr. <50 2 0
Coked, regenerated <50 20
0.35 atm. steam, 705°,. 5 hr. 210 180-220 18

reactivated 17
1.00 atm. steam, 750°, 5 hr. 370 250-300 290

reactivated 370 200-250 175
“ Peak height X half-width 

monolayer; A, aggregate.
(arbitrary units). 6 M,

T a b l e  III
L i n e --b r o a d e x i x g  a n d  A d s o r p t i o n D a t a — - C o g e l l e d

C a t a l y s t s

W t.
%
Pt Treatment

Relative
Pt

peak
area«

Mean particle
✓-------dimension, A.------- %

H2 adsorp
tion &

X -R a y  M  A
0.30 Calcined 593°, 1 hr. <50 12 12

.30 0.35 atm. steam, 705°,
5 hr. 460 80-120 . . 215

. 3 0 reactivated . . 22

.58 Calcined 593°, 1 hr. <50 11 14

. 5 8 0.35 atm. steam, 705°,
5 hr. 360 130-150 . . 250

.58 reactivated 290 90-130 . . 38

.58 1.00 atm. steam, 750°,
5 hr. 350 100-150 . . 180

.58 reactivated 490 80-120 . . 145
“ Peak height X half-width; normalized for Pt content.

M, monolayer; A, aggregate.

It is seen that there is general agreement be
tween the two methods of determining Pt dimen
sions including instances where H2 adsorption data 
indicate that the particles are too small to be 
“ visible” in X-ray determination. The effective 
lower limit with our instrument was approximately 
50 A. because (1 ) we were using the strongest Pt 
diffraction line which is superimposed on a y- 
A120 3 line and (2) the Pt concentration was at 
most 0.58%. Both of these factors made the line
broadening measurements extremely difficult. The 
only large discrepancy between values from the 
two methods is noted for the impregnated catalyst 
steamed at 0.35 atm. The area under the Pt dif
fraction peak of this sample is approximately one- 
half that for either the severely steamed or the 
reactivated samples. It seems likely that a con
siderable portion of the platinum in this mildly 
steamed catalyst is of a particle size too small to 
be detected by our X-ray technique. H2 adsorp

tion is, however, not limited in this way; on the 
contrary, the particle size derived from Ho adsorp
tion measurements is based on particles of all 
sizes.

The results for this sample strongly suggest a 
bimodal particle-size distribution, one mode of 
which is “ invisible”  with the X-ray technique. 
The close agreement between values for the same 
catalyst after severe steaming indicate that the 
distribution has reverted to one with a single 
maximum, and that the bimodal form is a tran
sient one. A similar phenomenon was observed by 
Selwood, et al.,10 who studied the N i-S i0 2 system 
by means of thermomagnetic analysis. Here also, 
moderate sintering produced a transient bimodal 
particle-size distribution.

We feel that the dimensional values obtained for 
fresh and sintered catalyst have a real physical 
significance. On the other hand, we do not believe 
that the results obtained on the reactivated 
catalysts should be taken to indicate a decreased 
Pt particle size. Considerations of energetics 
would rule out the possibility of a platinum particle 
of over 2 0 0  A. dissociating into 2 0  A. particles as 
might be indicated for the cogelled catalyst con
taining 0.30% Pt. Instead, we interpret the 
apparent decrease in size after reactivation as due 
to a disruption of the platinum lattice by oxygen 
atoms. These are removed by subsequent hydro
gen dosing, leaving fissures in the sintered particle. 
These fissures are then responsible for an increase 
in Pt surface area which accounts for increased PI2 
sorption. At the same time, the degree of ordering 
in the lattice is reduced and this accounts for the 
line broadening results.

If we assume that the state of sub-division of the 
Pt controls the H /Pt ratio, then within each group 
of catalysts, this does not vary much with the 
concentration of Pt. The number of cc. (STP) 
per gram of Pt present goes from 41.6 to 45.0 in 
going from 0.30 to 0.58% cogelled catalyst. For 
impregnated catalysts the numbers are 82.0 for 
0.10%, 82.6 for 0.30%, ar.d 94.7 for 0.80%.

Effect of Coking.— It can be seen that the coke 
deposited on a catalyst daring reforming diminishes 
the hydrogen adsorption sharply, but that sub
sequent regeneration restores it almost to the value 
of the fresh catalysts in most cases. This indicates 
that the coke is concentrated on the surface of the 
platinum, since the carbon present is as low as 
0.9% which is only enough to cover at most 5% 
of the total surface area of the catalyst in mono- 
layer form. It is surprising, perhaps, that a 
sample coked for five days, with 2.5% carbon on it, 
has a slightly higher adsorption than the one day 
sample with only 0.9%. It may be that the 
carbon is at first finely divided but then forms 
aggregates which allow greater diffusion of H2.

Despite the low H2 adsorption displayed by 
coked catalysts, it is well-known that one, and 
even five, days of coke .ay-down are not sufficient 
to deactivate the “ total” activity of such catalysts. 
Weisz11 has already pointed out that only a min-

(10) P. W . Selwood, S. Adler and T . R . Phillips, J .  A m .  C h e m .  S o c . ,  

77, 1462 (1955).
(11) P. B. Weisz and C. D. Frater, “ Advances in Catalysis,”  Vol. 

IX , Academic Press, Inc., New York, N. Y ., 1957, pp. 575-586.
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Fig. 4.—Number of platinum atoms per particle vs. mean 
particle dimension.

imal level of dehydrogenation activity is neces
sary to produce normal levels of “ total”  activity, 
and therefore, we interpret these results as indica
tive of the existence on the coked catalyst of the 
necessary “ steady-state”  level of exposed Pt 
sites. Further, we believe that one of the functions 
of the high-pressure hydrogen atmosphere in a re
forming reactor is to maintain that “ steady- 
state”  level of sites by continuous hydrogenation of 
coke-precursor fragments.

It is noteworthy that two samples of regenerated 
cogelled catalyst, after 1 -day coking, displayed 
two distinct levels (Table I) of H2 adsorption 
despite the fact that the samples were essentially 
replicates, and other replicates were much more 
reproducible. We feel that this may be due to the 
fact that slight differences in local temperatures 
during regeneration can lead to different levels of 
sintering in cogelled catalyst.

It is interesting to speculate further about the 
meaning of the adsorption data on mildly sintered 
and on regenerated samples in terms of particle 
growth. One can estimate the number of particles 
that participate in such a phenomenon and thus 
arrive at a qualitative description of the distribu
tion of the platinum on the catalyst surface. 
Figure 4 shows the relationship between platinum 
particle dimension and the number of atoms per 
particle as derived from the equations discussed 
previously. From this plot, we were able to calcu
late the average number of Pt atoms per particle 
for various catalysts as shown in Table IV.

T a b l e  IV
P l a t in u m  A t o m s  p e r  P a r t ic l e

N o. of atoms per particle Growth factor

Catalyst Fresh
Regen
erated Steamed^

R eg ./
Fr.

S td ./
Fr.

Cogelled—0.30% Pt 20 200,030 10,000
0.58% Pt 30 500 100,030 20 3,000

Impregnated 0.30% Pt 50 50 130 1 2
“ Five hr. at 705°, 0.35 atm. H20.

We have suggested earlier that the methods of 
preparation used for the cogelled and impregnated 
catalysts could lead, respectively, to aggregated 
and monolayer types of platinum arrays. A further 
difference may be in the manner in which the 
particles are distributed on the catalyst surface. 
Cogellation will, most likely, produce widely 
separated surface localities in which the platinum 
spheroids, precipitated from chloroplatinic acid 
solution, will cluster. The bulk of the catalyst 
surface area is, after all, produced after the plat
inum particles are lodged in the alumina matrix. 
By contrast, impregnation of alumina with chloro
platinic acid should lead to a random distribution 
of platinum "rugs.”

These arrangements serve to explain how a 
moderate amount of energy, as supplied by careful 
regeneration or mild steaming will produce a larger 
degree of “ polymerization” in the cogelled catalyst. 
Given the thermal energy produced during a 
regeneration, cogelled catalyst sinters slightly and 
impregnated catalyst not at all. Mild steaming 
allows the Pt clusters in cogelled catalyst to 
coalesce completely; in the impregnated catalyst 
only a portion of the particles are sintered by this 
treatment, while the balance remain apparently 
unaffected. Severe steaming causes complete 
sintering in both types of catalyst.
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a-PARTICLE RADIOLYSIS OF CARBON MONOXIDE
By A. C. Ste w a rt  and  H. J. B owlden  

Parma Research Laboratory, Union Carbide Corporation, Cleveland, Ohio
R e c e i v e d  J u l y  S O , 1 9 5 9

The present paper presents a theoretical analysis of new and old experimental work on the a-radiolysis of carbon monoxide. 
Specific attention is given to the effects of adding non-reactive gases. A model is presented, and the resulting equations 
are fitted to the data by a least-squares technique. A value is obtained for the reaction cross section in pure CO. Evidence 
is presented to support the hypothesis that ionization plays a large role in the process.

Introduction
Studies of the influence of inert gases on chemical 

reactions induced in gases by the absorption of 
energy from highly ionizing radiation are being 
continued. 1 - 6  In the present work we have ex-

(1) S. C. Lind and D . C. Bardwell, S c i e n c e ,  62, 422, 593 (1925); 
63, 310 (1926); J .  A m .  C h e m .  S o c . ,  47, 2684 (1925); 48, 1575 (1926).

(2) S. C. Lind, “ The Chemical Effects of Alpha Particles and Elec-

amined reactions in which energy transfer must be 
important and have speculated about details of
irons,”  2nd ed., Am. Chem. Soc. Monograph, Reinhold Publ. Corp., 
New York, N. Y ., 1928, p. 189.

(3) S. C. Lind, T his Jouenal, 56, 920 (1952).
(4) S. C. Lind, i b i d . ,  58, 800 (1954).
(5) S. C. Lind and P. S. Rudolph, J .  C h e m .  P h y s . ,  26, 1768 (1957).
(6) R. C. Palmer, D . C. Bardwell and M . D. Peterson, i b i d . ,  28, 167 

(1958).
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the absorption process. When «-particles act at 
room temperature on carbon monoxide, the result
ing products are carbon dioxide, carbon and a solid 
polymer (C30 2)x. In early experiments, 7 the prod
ucts of the reaction were established and the solids, 
C and (C30 2)x characterized. The present work 
was to determine whether mixing a single inert or 
chemically unreactive gas (C 02, Ar, He, Kr, Ne, 
N2, Xe) with irradiated CO would increase the rate 
of reaction.

Experimental
Experimental procedures have been previously described.8 

Alpha particles (5.48 mev.) from Rn 222 (half-fife, 3.825 d) 
were used. Irradiations were carried out in Pyrex bulbs of 
~  2 cm. diameter so that a-particles (range 3.9 cm. at 0°, 
760 mm.) traversed them. Gamma rays were measured to 
determine dose rates and external shielding was provided to 
reduce the background in the laboratory. Reaction was 
followed by pressure change.

Carbon monoxide was obtained from reaction of formic 
acid and hot concentrated reagent-grade sulfuric acid.’ 
Radon was collected from an acid radium chloride solution. 
Both were purified by usual procedures. Spectrographic 
grade additive gases were used without further purification.

Description and Analysis of the Model.— Lind
defines a velocity constant, k/j./'K.10

k±  _  log (P/Po)
X E ’o f e 'M  -  1 )

where
P0 = initial total pressure
P = total pressure at time, t
Eo =  initial charge of radon
X = decay constant for radon

In these experiments the constants did not show 
whether a particular foreign gas added to CO in
creased, or retarded, the rate of reaction. Con
sequently, the kinetic treatment which follows was 
undertaken. We have adopted the following 
sequence of reactions to represent the processes 
occurring

(or)
CO ----> C *  +  0* (1)

( «)C02 — > CO +  O* (2)
0* +  CO — >  C02* (3)
C02* — >- CO +  0* (4)
C* +  2CO — ^ C30 2 (5)

C* — > C (solid) (6)
CO.* — 3- C02 (7)

The rate equations derived from the above 
sequence are

i  = a ]?y +  a-2v — a:ixy +  atu (8)
y = —«!,?/ — a3xy  — 2 n-,yh +  a3v +  atu (9)

Z = Chy ~ Ubll'Z — «6? (10)
u = a3xy — (aA +  a7)u (11)

v = — aiu +  a-tu (1 2 )
In these equations x, y, z, u, v represent the 

partial pressures of O*, CO, C*, C 02* and C 02, 
respectively. The a’s are the respective rate 
“ constants”  for equations 1-7. The dot represents 
differentiation with respect to time. The quanti
ties y and P  (total pressure) — y +  v represent the 
measured pressure changes.

(7) Ref. 2, p. 152.
(8) Ref. 2, Chap. 7.
(9) W . C. Fernelius, ed., “ Inorganic Syntheses,”  Vol. II, M cG raw - 

Hill Book Co., Inc., New York, N. Y., 1946, p. 81.
(10) Ref. 2, p. 116.

Applying the usual steady state (or “ secular 
equilibrium” ) hypothesis, 11 and setting x =  z =  
u — 0 , we obtain the relations

v =  ~ k , !  +  - 2ffllZ/... (13)
l +  -  ?/2

v = aiy
The parameter m is not constant but is propor

tional to the flux of «-particles and contains a 
factor e~u.

Let
w =  e"Xf (14)

and
ell = (X\W

Thus, «i is the initial value of the rate “ constant”
ai. Its units are sec.“ 1. If we define the quantity

where 4> is the initial «-particle flux, measured in 
particles per cm . 2 sec., toe quantity <n has the unit 
cm.2. It will be called the reaction cross section12 
for process 1 and may be expected to have a value 
of the order of the cross-sectional area of a CO mole
cule (~ 1 0 “ 16cm.2). If the sphere is sufficiently large 
compared with the range of the a-particles (this 
condition is met reasonably well in the present 
experiments), we find that

0 =  I 67r.fi!2 (1G)

where Q is the total radon concentration in curies 
times 3.7 X  1010 (i.e., in disintegrations per second), 
and R is the radius of the (spherical) vessel in cm.

We now transform equations 13 using 14, making 
w the independent variable. This leads to the 
relations

_ 1 3  ft2 +  2 y'-
d w 2  y ft2 +  y2

(1 7 )

and
dv 1

4 &
where

0 = 4 c , /X (1 8 )

and
ft = (aeM) 1/ 2

The integrals of these equations are
V = ft[r2 + r(i + FTM'/’

and

P( = »  +  » ) = “  f  / 0f { }  +  ( x +  fi)  A]  ^
+  Pi +  y (19)

■where
f = e3(w-ioi) (2 0 )

and Pi and wx are constants of integration.
Fitting the Data.—The results of the preceding

(11) See, for example, A. A. Frost and R. G. Pearson, “ Kinetics 
and Mechanism,”  John Wiley a id Sons, Inc., New York, N. Y ., 1953, 
p. 159.

(12) See, for example, I. Kaplan, “ Nuclear Physics,”  Addison— 
Wesley, Cambridge, Mass., 1955, pp. 369 S.



214

T a b l e  I

CO C r o s s  S e c t i o n s

A. C. Stewart and H. J. Bowlden v ol. 64

Case <t(10 15 cm.2) P
1 Pure CO (i) 1.084 0.61783
2 (iiy 1.084 0.67802
3 CO +  co£ 1.154 0.56077
4 CO +  Ar 1.63 1.70
5 CO +  He (i) 1.357 1.24127
6 (Ü) 1.334 0.83843
7 (iii) 1.160 0.80402
8 CO +  Ri 1.398 0.82025
9 co +  Ne6 1.63 1.50

10 CO +  n 2 1.485 0.81689
11 CO +  Xe (i)° 1.084 0.72635
12 (Ü) 1.084 0.68736
“ S. C. Lind and P. S. Rudolph, private communication.

private communication.

w =  e
Fig. 1.—A typical plot of total pressure P and partial 

pressure y as functions of w = e~*t. Case 6, helium added 
to 475.2 mm. (this is subtracted from the total pressures 
plotted). The continuous curves represent the values com
puted by the present methods.

section are too complex for use in handfitting the 
experimental data. A program was written for 
fitting the data with equations 19 and 20 by the 
method of least squares, using an IBM-704 elec
tronic computer.

The procedure was to obtain values of the four 
constants fa fa, Wi and Pi which gave the best fit for 
each experiment. Since two of these parameters, 
/8 and Wi appear non-linearly, it was not possible to 
use standard least-squares techniques. An itera
tive method was developed which obtains the best 
values by successive approximations. After values 
for the parameters were obtained by this method for 
each individual experiment, they were re-examined 
for possible correlations and new fits were obtained 
which demonstrated these correlations.

Results of the Curve Fitting.—Data obtained 
from curves similar to Fig. 1 can be fitted satis

(35 (mm.) W1 Pi (mm.) V (ram.)
2 2 0 .1 3 - 0 . 1 4 7 0 9 2 4 2 .3 7 1 .3 1
4 0 6 .9 7 +  0 .8 4 0 0 0 2 8 2 .2 5 0 .6 5
3 1 5 .6 6 + 0 .5 2 4 8 0 3 6 8 .9 9 0 .3 9
38 5 +  1 .0 0 321 2 .4 3

7 1 .7 5 - 0 . 2 0 0 4 0 1 .6 4 3 .0 5
2 7 1 .6 6 +  0 .5 6 8 8 4 2 0 9 .4 5 1 .5 9
2 3 2 .1 8 +  0 .2 2 0 2 2 6 .4 1 1 .5 6
3 5 0 .3 0 + 0 .8 0 8 4 7 2 7 1 .0 9 0 .4 9

12 - 1 . 0 0 259 0 .8 3
6 .0 1 - 4 . 2 8 0 9 1 1 8 2 .5 1 0 .7 1

1 2 9 .3 8 + 0 .3 1 0 0 0 1 5 3 .3 6 0 .2 4
3 6 3 .8 7 +  0 .8 2 0 0 0 2 6 1 .3 8 0 .6 7
6 S .  C. Lind a n d  M. Vanpec, T h i s  J o u r n a l , 5 3 ,  8 9 8  ( 1 9 4 9 ) ;

factorily with the values for the constants shown 
in Table I. This table lists the values for the four 
constants in equations 19 and 20 together with the 
cross section or and the RMS deviation V between 
observed and calculated values. To obtain this 
RMS deviation, the measurements of y (partial 
pressure of CO) were given a relative weight of
0. 09 to allow for the necessary uncertainties in 
reducing these measurements to room temperature, 
and the experimental difficulties associated with 
the measurement. Most of the v-values in Table 
I reflect the “ best fit” for the data. However, 
in case 2 the “ best fit” value of or was 1.011. It 
was found, however, that or could be made equal 
to the value (1.084) from case I, and the data from 
case 2  still fitted more closely than those from case
1. The same procedure was used in cases 11 and 12. 

Table II contains the results of reducing the
differences in cross section with and without the

T a b l e  I I

I n c r e a s e  i n  C r o s s  S e c t i o n  f o r  1% (by P r e s s u r e ) I n e r t  
G a s  A d d i t i v e

Gas Acr(10 15 cm .2)
co2 0.006 ± 0 .002
A .021 ± .010
He .0034 ± .001
Kr .024 ± .002
Ne -H»Ooo

.002
n 2 .015 ± .001
Xe .000 ± .001

added gas to terms of 1 %  (by pressure) of added 
gas. Three runs of helium experiments were avail
able (cases 5, 6  and 7) and, consequently, a test 
was made on the proportionality of Acr to added 
gas. The value of a for case 6  was used as a base, 
and values of a for cases 5 and 7 were then chosen 
by proportionality to the pressure of helium added. 
It is observed that case 7 is fit by this value as well 
as case 6 . The data of case 5 were regarded as 
unreliable because of a probable error in the vital 
initial pressure reading.

Typical plots of direct comparisons between 
experimental points and values calculated using the 
constants in Table I are presented graphically 
in Fig. 2. The points represent differences be
tween experiment and theory, and show the tran
sients very clearly.
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Discussion of Results
The elimination of most of the rate constants in 

the derivation of equations 13 indicates that they 
cannot be determined from the data available. 
Equation 2 could have been left out. The re
actions in equation 3, 4 and 7 are possible mech
anisms for removing the atomic oxygen from the 
system as rapidly as it is formed. These require
ments may be met by requiring that the rate con
stants for reactions 3 and 7 be much larger than 
the others.

We have obtained or, the cross section for reaction 
1 , and ft, vvhich gives the relative importance of 
reactions 5 and 6  in removing free atomic carbon 
from the reaction. From experiments 1, 2, 11 and 
1 2  we conclude that the basic reaction cross sec
tion for the dissociation of CO by «-particles is

ui = (1.084 ±  0.005) X 10-“  cm.2 (21)
If we multiply this by the number of molecules per 
unit volume, we obtain 2900 events per millimeter 
path length per «-particle. Since the initial 
specific ionization value for radon alphas in air is 
about 3000 ion pairs per millimeter, our value sug
gests that the events are ionizations.

The effects of adding an inert gas may be of two 
types. First, by acting as an intermediary in the 
transfer of energy to CO it may increase the ap
parent value of the cross section or. Second, it 
may provide an alternate path for the removal of 
C* from the system, thus increasing the apparent 
value of /?5. The first effect is evidenced in the 
figures of Table II. The mechanism postulated 
for this energy transfer depends on the mechanism 
of the immediate «  +  CO reaction itself. The 
results of Table II afford a clue to this mechanism. 
In Fig. 3 we plot the increase in cross section as a 
function of the ionization potential of the added 
gas. The shape of the resultant curve indicates 
that ionization is the primary event in this reaction. 
The continuous curve in Fig. 3 is obtained by plot
ting a quantity proportional to [E\ — 7?i(CO) ] - 1/!, 
and smoothing this to zero at Ei(CO) =  14.00 
e.v. with a width roughly equal to the thermal 
energy (0.025 e.v.). This is a reasonable form for 
an ionization transfer collision process, modified by 
thermal broadening. The process corresponds to 
the equations

(a)
M — M+ (22)

M + +  CO — ^ CO+ +  M
The conclusion that ionization is the primary event 
is not necessarily in conflict with equation 1. If 
that equation is expanded into any number of forms, 
such as

(a )
CO ——>  CO + +  e ■ CO* C +  O

or

+  10

£
J5 0
ft.<
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Fig. 2.—Measure of agreement between experiment and 
the present theory. The symbols give differences, P  (ob
served) — P  (computed), with probable errors (mostly 
experimental). Case 6, as in Fig. 1.

Fig. 3.—Increase in reaction cross section caused by a 
1% (by pressure) addition of various gases, plotted as a 
function of the ionization energy of the additive. The 
continuous curve represents a suggested form for an ioniza
tion mechanism (see text).

(a )
CO -T-> CO+ +  e — C +  0+ +  e 

or
(a)

CO —-*■ CO4 +  e — >- C+ +  O +  e
etc., the existence of the intermediate step does not 
interfere if there is no other path to or from the 
intermediate step.

The value for C 0 2 falls considerably below the 
curve in Fig. 3. This is not surprising, since any 
addition of C 0 2 merely supplements the C 0 2 pro
duced in the reaction. If the true contribution 
of C 0 2 is large, then it would appear that in a more 
refined analysis the system 1-7 should be supple
mented by the equations 2 2  (with M replaced by
COO.
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The over-all stoichiometry gives a proportionality 
of 3:1 in the ratio of decrease in CO to increase in 
CO2, but the rates of change of these two compo
nents can be obtained from equations 17 and 18.

_  dy _  2 f t2 +  2j/2 
dy ft2 +  y2

This is not 3, but varies as the experiment proceeds 
(through its dependence on y ) .  It may take on 
any values between 2 and 4, depending on the ratio 
y/fi5. Consequently, a derivation of partial pres
sures from an assumption of constant stoichi
ometry is subject to question.

The “ transient”  near the beginning of the ex
periment (w near 1) has not yet been explained. 
An examination of equations 1-7 shows that the 
rate of removal of CO depends on the balance 
between processes 5 and 6, i.e., on the value of ft. 
If /35 is small, (5) is the main process, while for 
larger ft, (6) becomes important. The mechanism 
of (6) is not clear, but since solid carbon is produced 
in the bulbs in a very finely divided state, it could 
be a process of nucleation and agglomeration. If 
it is assumed that during the “ transient”  solid 
carbon nuclei are being generated, wdiile after the 
transient no more are produced, those present 
merely growing, then it is possible to explain the 
transient qualitatively. A  value of 0 for /3s would 
increase the slope dP/dw  in equation 17, which goes 
from V 4 f i y  at ft  =  03 to 3/ i  fiy at ft  =  0. If, 
then ft  increases from zero to the steady value 
shown in Table I during this period, the features of 
the transient become qualitatively understood. 
Quantitatively, however, this picture is not so 
satisfactory. Actual slopes at t =  0 are as much 
as five times the “ maximum”  value 3/ 4 fiy obtained 
by the above reasoning. It may very well be that 
the steady-state assumption used here is not satis
factory in the early stages of the process. A 
technique is being developed to extend the compu

tational method used in the present work into a 
more general program, in which the steady-state 
approximation will not be necessary. With such 
a technique this point may be investigated further. 
It is also possible that the addition of reactions 
involving charge transfer between CO and C02 may 
help in providing a better fit. The specific nature 
of the mathematical reduction used here makes it 
difficult to add such a possibility but a general 
program will remove this difficulty, and enable 
us to make a more thorough analysis of these 
factors.

We have no explanation for the variation of the 
steady-state values of /3s in Table I. The small 
values of /3s in the argon and nitrogen experiments 
are particularly noteworthy. This implies cor
respondingly small production of solid carbon 
nuclei.

Summary.— A model has been presented which 
satisfactorily explains many features of the ex
perimental data. In particular, fits to the data 
may be made with physically reasonable values of 
the reaction cross section for ionization of CO by 
a-particles. This cross section is apparently 
increased by many additive gases, and the depend
ence of the increase upon the ionization energies 
supports the hypothesis that ionization is the 
primary event involved. The initial “transient” 
remains unexplained.
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THE INFRARED SPECTRA OF POLYMERS. III. THE INFRARED AND 
RAMAN SPECTRA OF ISOTACTIC POLYPROPYLENE1
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The infrared and Raman spectra of isotactic and the infrared spectrum of amorphous polypropylene are reported. The 
spectra are used to establish the positions of standard tertiary methyl frequencies for spectra-structure correlations and the 
demonstration that simple methyl branching is absent in polyethylene. The observed spectra are compared with those 
predicted from various proposed crystal structures.

Introduction
Polypropylene is of great spectroscopic interest 

as the model “tertiary methyl” hydrocarbon, just 
as is polyethylene as the model linear hydrocarbon. 
Unfortunately, the complex structure of poly
propylene in the crystal, and the difficulty of as
sociating group frequencies with normal modes 
make interpretation of the spectra a matter of

(1) Presented before the Cellulose Chemistry Division of the 
American Chemical Society in Boston in April, 1959.

some difficulty. In the present paper, the infrared 
and Raman spectra of polypropylene are analyzed 
from two viewpoints. First, the spectra are ex
amined to locate frequencies characteristic of 
tertiary methyl groups. Then, the spectra are 
compared with those predicted from various pos
sible crystal structures.

The X-ray diffraction pattern of crystalline 
polypropylene has been analyzed by Natta, Cor- 
radini and Ceseari.2 The polymer chains occur
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as helices with three monomer units per turn. 
Left- and right-handed helices are distributed 
regularly in pairs throughout the crystal. Further 
than this, a certain ambiguity remains in the struc
ture, for the following reason. Since the methyl 
branches are not perpendicular to the helix axis, on 
a given site the C-CH3 bonds can make an angle 
less than 90° (“up” ) or more than 90° (“down”) 
with a fixed direction in the crystal. (An “up” 
chain may be converted to a “down” chain by a 
simple rotation perpendicular to the helix axis.)

The crystal structure is such that if all sites con
tained “ up” chains, the left- and right-handed 
helices in each pair would have a glide plane of 
symmetry between them. If the left-handed 
helices were “up” and the righ-handed helices 
“down” or vice versa, the helices in a pair would 
have a center of symmetry between them. A 
third possibility and the one favored by Natta, 
Corradini and Ceseari,2 is that the “up-down” 
property be distributed at random, even though 
the “left-right” property remains regular. This 
last structure would have a statistical space group 
C®h, with four chains per unit cell. While the X- 
ray results of Natta, Corradini and Ceseari defi
nitely eliminate the regular, centrosymmetric 
“up-down” structure, the “ up-up” structure 
having glide plane symmetry remains a possibility.3

Experimental
Infrared spectra of Montecatini polypropylene film and of 

a polypropylene oil were obtained on a Beckman IR-4 spec
trometer, using NaCl and CsBr optics. The oil was isolated 
from isotactic material, prepared at these laboratories, by 
extraction with heptane, followed by extraction of the hep
tane extract with acetone. To obtain infrared spectra of 
the melted film, a strip of film was sandwiched between rock 
salt plates in a standard demountable holder. This fitted 
into a small furnace, which heated the entire assembly to 
the desired temperature (about 185°). Measurements in 
the CsBr region were made on the oil and on the unmelted 
film only. Thicknesses of these latter of 0.5-2.0 mm. were 
used in the 300-700 cm. -1 and 1600-2700 cm.-1 regions and 
of 0.05-0.1 mm. in the 700-1600 and 2700-3100 cm . -1 
regions.

Samples of stretched film were prepared by holding a strip 
of film a small distance above a hot plate, and stretching as 
soon as the film softened. Infrared spectra of the stretched 
film were obtained using a six-plate AgCl polarizer on a 
Perkin-Elmer Model 21 spectrometer. The polarizer was 
placed so that the electric vector of the transmitted radiation 
remained perpendicular to the spectrometer base, orientation 
being changed by rotating the sample.

Raman spectra were obtained on commercial Montecatini 
polypropylene pellets, using a cyrstal powder source con
structed at these laboratories.4 The pellets were held in a 
standard Raman tube. Four-hour exposures were used. 
Since the pellets had a yellowish tinge and were weakly 
fluorescent, very weak lines may have been missed. Com
plete Raman spectra of DYNH and Marlex 50 polyethylenes5 
were recorded at the same time, again with four-hour ex
posures. These are given in Table I. The spectrum for 
Marlex 50 given there agrees with that of Nielsen and 
Woollett. The infrared and Raman spectra recorded for 
polypropylene are given in Table II, along with the standard 
tertiary methyl frequencies proposed by Sheppard and 
Simpson.6»7 Since no marked differences between the 
infrared spectra of melt and oil could be discerned, only the

(2) G. Natta, P. Corradini and M. Ceseari, A tt i .  a ccad . n a z . L i n e d  
R en d i. C lasse d i s c i.  fia . m at. e n a t., 21, 365 (1956).

(3) Professor G. Natta, private communication.
(4) M . C. Tobin, J. O p t. S o c . A m ., 4 9 , 850 (1959).
(5) J. R. Nielsen and A. Woollett, J. C h em . P h y s .,  26, 1391 (1957).
(6) N. Sheppard and D. Simpson, Q uart. R ev ., 7 ,  19 (1953).
(7) M . M. Sushinskii, S p ectro ch im . A c ta ,  1 4 , 271 (1959).

spectrum of the latter is givei. No bands could be found 
in the 1600-2700 cm.-1 region of the infrared spectrum of 
the oil.

Tertiary Methyl Bands.— The monomeric re
peat unit of polypropylene should give rise to 23 
normal modes of which six are CH stretchings, 
one a CH2 bending and three CH3 bendings. As
suming the spectrum of amorphous polypropylene 
to resemble that of the hypothetical isolated, 
extended chain, one would expect to find 13 
moderately strong bards below 1350 cm.-1. 
Roughly this number is found, considering that the 
broad band around 550 cm.-1 may contain several 
fundamentals.

T ai le  I
R am an  Sp e c t r a  o f  M a r l e x  50 a n d  DYNH 

P o l y e t h y l e n e s
Marlex 50 D Y N H

1 0 6 2 s 1 0 6 2 s
1 1 2 6 s 1 1 2 6 s
1 1 7 7 w 1 1 7 7 w
1 2 9 3 s 1 2 9 3 s
1 4 1 2 w 1 4 1 2 w w
1 4 3 5 s 1 4 3 5 s
1 4 5 8 w 1 4 5 8 w
2 7 1 8 w 2 7 1 8 w
2 8 4 5 s 2 8 4 5 s
2 8 9 0 s 2 8 9 0 s
2 9 2 6 w ,b r 2 9 2 6 w ,b r

It does not seem possible to give any assignment 
of frequencies to normal modes, since the form of 
these is not known, and the group frequency ap
proximation almost certainly does not hold for most 
of the modes. A normal coordinate analysis would 
require solution of a L  X 14 secular equation, 
taking the methyl group as a point mass. In this 
situation, it seems best *o follow earlier workers6’7 
and attempt to classify the observed frequencies 
as CH, CII2 and tertiary methyl (including “skele
tal” ) modes.

The standard tertiary methyl bands given by 
Sheppard and Simpson6 are listed in Table II as 
430, 830, 1010, 1040, 1155 and 1360 cm.-1. If we 
examine our Raman spectrum, and the infrared 
spectrum of the amorphous polymer, we find bands 
at ~500 (IR), 808 (lit, R), 975 (IR), 1157 (IR, R), 
1333 (R) and 1382 (IRi cm.-1. The two sets of 
bands agree well except near 1000 cm.-1. We 
find a strong infrared band at 975 cm.-1, but no 
marked infrared or Raman bands at 1010 or 1040 
cm.-1. Therefore, 975 cm.-1 is chosen as the 
tertiary methyl frequency in this region. This 
choice agrees with a recent classification given by 
Sushinskii,7 who gives 800-900, 955 and 1150— 
1170 cm.-1 for standard tertiary methyl frequen
cies. It is particularly noteworthy that, as in 
short chain hydrocarbons, the 1382 cm.-1 band is 
absent in the Raman spectrum, and the 1333 cm.-1 
band is absent in the infrared spectrum. No 
Raman bands were observed near 500 or 975 cm.-1, 
even though bands appear at these positions in 
short-chain compounds. It is possible that these 
bands were present, bu, obscured by background. 
In any event, they must be an order of magnitude 
weaker than those bands which were observed.
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T a b l e  II
I n f r a r e d  a n d  R a m a n  Sp e c t r a  o f  P o l y p r o p y l e n e ,“

Isotactic«*
408vw 
460w 
537w 
580vw
742 barely detectable

808m 
842m 
900w _L 
942vw_L 
975m 
998m 

1045vw|
1102vw_L 
1155m sh 
1170m 
1222vw 
1260w 
1295 \ _L 
1308 J II 
1330w J_
1364s Ì 
1382vs J 
1446vs sh 
1462vs 
1466vs 
1647w 
1690w 
1755w 
1840w 
1905 
1925sh 
1970 \
2010 j  VW
2060vvw, br 
2125sh 
2155 
2195
2210sh /
2284w
2350-2425w, br 
2720-vv

Infrared Sheppard and
Oil Raman & Simpson

460-620 br with peak at 542 w 
542w

738
742

( ) (430)

\

2820vs 2825 2831 '
2880vs

X
2875 2884

2915 vs 2920 VS 2921
2960vs 2960 2968 ,

Assignment
Skeletal1

CH2 rocking

1
II

800-860VW 808m (830) Skeletal5

895vw

975m ( ) ( 1010) Skeletal5
lOOOvww? (1040)

} | f
1160m 1157s (1155) Skeletal5

II
1230~60vw, br CH2 wagging

1300vvw CH2 twisting

1333s (1360) CH bending5

JL 1382vs CH3 sym. bending5

Ì 1450 ] CH3 asym. bending
-L 1460 > vs 1457s,br CH3 asym. bending

1470 J CH2 bending
2 X  810 
2 X 840 
810 +  975 (?)
460 +  1382

460 +  1450

810 +  1157 

810 +  1260 (?)

810 +  1333

810 +  1382

2 X 1157 
975 X 1460 
1333 +  1382 
CH2 sym. stretching 
CH3 sym. stretching 
CH2 asym. stretching 
CH3 asym. stretching

° s, strong; m, medium; w, weak; vw, very weak; vvw, very, very weak; sh, shoulder; br, broad. 6 Empty parentheses 
in Raman spectrum indicate presumably missed bands. '  Standard tertiary methyl frequencies. d || =  greatest absorp
tion with electric vector of polarized radiation parallel to stretch direction of film; J_ =  greatest absorption perpendicular 
to stretch direction of film.

The methylene frequencies are assigned at 740, 
1260 and 1300 cm.-1, by analogy with short-chain 
compounds.5«6 The CH2 rocking near 740 cm.-1 has 
vanishingly small intensity in the crystal, so that 
the 738-742 cm.-1 amorphous doublet may be use
ful for crystallinity measurements. It is not clear 
why this band, if the assignment is correct, should 
be a doublet.

The author believes that this treatment points 
up a generally ignored usefulness of polymer spectra 
in establishing spectra-structure correlations. 
Polymer spectra are perturbed to a much lesser 
extent than those of short chain compounds by 
rotational isomerism.

An immediate use may be made of the tertiary 
methyl correlations established here. Bryant and
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Voter8 have suggested that short chain branching in 
polyethylene consists entirely of ethyl or longer 
branches. Examination of Table II and the in
frared spectrum of polyethylene9’10 confirms this 
view. While polyethylene has absorptions at 
888 and 1375 cm.-1, characteristic of terminal 
methyl, there is no absorption at all at 975 cm.-1, 
a standard tertiary methyl position.

Spectra and Crystal Structure.— With helical 
polymers such as polypropylene, the usual line-site- 
space group correlation11 cannot be made, but must 
be replaced by the extended chain-helix-space group 
sequence. Since the helix has factor-group sym
metry Cs, each normal mode of the extended chain 
will split into three modes in the helix.11 Two of 
these will be degenerate. The factor group analy
sis for the possible space groups shows that the 
degeneracy will split in the crystal, so that each 
mode of the extended chain should give rise to six 
or twelve distinct modes in the crystal, depending 
on the number of chains per unit cell.

None of these predictions, based on group theory, 
is borne out. If we take, as before, the spectrum 
of the amorphous polymer as that of the extended 
chain, each band of the extended chain appears to 
split into two bands in the infrared spectrum of the 
crystal. The Raman spectrum of the polymer 
shows no splittings at all. While unresolved 
splittings are not uncommon in the Raman spectra 
of crystals (compare reference 5), bands separated by 
more than 3-4 cm.-1 should have been resolved in 
our infrared spectra. One must conclude that 
either intrachain coupling between monomer unit 
modes in the helix is weak, and that the observed 
splitting is an interchain effect, or that interchain 
splitting is weak and that the observed components 
in the crystal infrared spectrum are the Ax and E 
bands of line group C3 arising from each extended 
chain mode. This latter splitting would be solely 
an intrachain effect.

(8) W. Bryant and R. Voter, J. Am. Chem. Soc., 7 5 , 6113 (1953).
(9) M. C. Tobin and M. J. Carrano, J. Chem. Phys., 2 5 , 1044 (1956).
(10) S. Krimm, C. Liang and G. B. B. M. Sutherland, ibid., 2 5 , 549 

(1956).
(11) M. C. Tobin, ibid., 2 3 , 819 (1955).

Lacking a firmly established crystal structure, 
it is not possible to decide conclusively between 
these two possibilities on the basis of our spectra. 
Nevertheless, an indication is given by the polari
zations of the crystal components. The four cases 
which we have to consider are (1) a single helix 
free of interchain perturbation, (2) two chains with 
glide-plane symmetry, (3) two chains with a 
center of symmetry and (4) a crystal structure with 
no short-range order (see Introduction). In the 
last three, intrachain splitting is assumed absent.

In cases (1) and (2), where symmetry elements 
C3 or or are present, no ot served doublet could have 
both components paralle, since symmetry requires 
one transition moment to be perpendicular to the 
helical axes, and thus experimentally to the 
stretch direction of the film. The observed parallel 
dichroisms of both components of the 975-998 
cm.-1 doublet are in conflict with this. Case (3), 
as was remarked in the Introduction, is ruled out by 
the X-ray analysis. The observed violations of the 
mutual exclusion rule at 808 and 1157 cm.-1 are 
consistent with this X-ray result. Structure (4), 
with no short-range ore er and thus no selection 
rules, is not inconsistent with the observed 975- 
998 cm.-1 dichroisms or the violations of the mutual 
exclusion rule. Nevertheless, the spectra certainly 
cannot be said to prove this structure, although they 
tend to support it, as well as interpretation of the 
splitting as an interchain effect.

The question of interchain versus intrachain 
coupling could be settled by spectra of mixed 
crystals of polypropylene and completely deute- 
rated polypropylene. If the splittings persisted 
in bands of one present in a large amount of the 
other, the splittings could certainly be assigned to 
intrachain coupling. O therwise, interchain coup
ling would be indicated.

Acknowledgment.— The author wishes to thank 
Professor Giulio Natta for illuminating discus
sions of the crystal structure of polypropylene. He 
also wishes to extend his thanks to Mr. Norman 
B. Cothup for discussions of tertiary methyl group 
frequencies.
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The action of H atoms— generated in an electrodeless HF discharge— on the ferro-ferricyanide system in aqueous solution 
was investigated. In the pH range 1-13 ferricyanide is reduced at a rate independent of pH or added ferrocyanide. The 
final ratio of ferro/ferricyanide is of the order of 103 at [K4Fe(CN)6] = 0.1 M. These resuLts are satisfactorily explained if 
the reduction of ferricyanide by H atoms is a relatively fast reaction with a specific velocity constant of the order of 107 liter 
mole-1 sec.-1.

In previous papers it was shown that hydrogen 
atoms produced in an electrodeless high frequency 
discharge and introduced into aqueous solutions are 
capable, in acid solution, of oxidizing ferrous ions 
to ferric1’2 and iodide ions to iodine.3 The oxida

tion of ferrous ions to ferric by Ii atoms was also 
observed by Davis, Gcrdon and Hart.4 The re-

(1) G. Czapski and G. Stein, Afature, 1 8 2 , 598 (1958).
(2) G, Czapski and G. Stein, This J o u r n a l , 6 3 , 850 (1959).
(3) G. Czapski, J. Jortner and G. Stein, ibid., 63 , 1769 (1959).
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suits were in good agreement3 with results obtained 
in the action of ionizing radiations on such solu
tions5-6 and were interpreted by us3 as supporting 
the assumption6-7 that H atoms oxidize through the 
intermediate formation of H2+aq which acts as the 
actual electron acceptor. In the radiation chemistry 
of the ferro-ferricyanide system however results 
were obtained8-9 which could be interpreted10 
as not being in agreement with this assumption. 
Namely Fricke and Hart8 found that in air-free 
solutions ferrocyanide was oxidized by ionizing 
radiations with a low G-value of ~ 1  compared 
with a value of approximately 7 for solutions con
taining ferrous ions. Moreover this low value of 
G' 4 remained constant, independent of pH in the 
range of pH 2 - 1 1 .  Tarrago, Masri and Lefort9 
confirmed these results.

We have therefore examined the action of H 
atoms on this system.

Experimental
The apparatus and procedure for the generation of H 

atoms was described previously.1-3 In the present work we 
used a H2 pressure of 27 mm. and the high frequency dis
charge was of 27 Me. with an output of about 900 watt. 
Twenty-five ml. of solution, in triply distilled water, was 
used for each experiment and all chemicals were of analytical 
grade.

Ferricyanide was determined by measuring the optical 
density of the solution at 420 m/j where e 1000 db 20 was 
found at 25°. At the same wave length e ~  1 for ferro
cyanide. A Beckman Model B spectrophotometer was 
used. The molar extinction coefficient of ferricyanide was 
found to be constant in the pH range 1-13.

Experiments were carried out in 0.3 N  H2SO4 (pH ~  1), 
0.1 N  NaOH (pH ~  13) and in pure aqueous solution (pH 
~ 7 ) .

Results
Reduction of Ferricyanide.— Hydrogen atoms at 

a constant rate of 5 X 10-7 mole min.-1 (i.e .,
2.4 X 10-6 mole l.-1min.-1) were passed through 
the solution at different initial concentrations of 
ferricyanide and at different pH values. The re
sults are shown in Table I.

The results in Table I show that the reduction 
yield is indeed independent of pH in the range 
1-13, and independent of initial concentration, 
down to concentrations of 2.6 X 10~4 M . 
Thus under these conditions neither the recombina
tion of H atoms, nor the reoxidation of ferrocyanide 
formed appears to be able to compete for the avail
able H atoms with the process of ferricyanide 
reduction.

In further experiments we investigated the effect 
of added ferrocyanide on the reduction. Under 
all conditions the reduction proceeded to over 99% 
ferrocyanide being present, the limit of observation. 
For example in 0.001 N  H2S04 in the presence of 
initially added 0.1 I  K 4Fe(CN)6, ferricyanide was 
reduced from an initial concentration of 1.3 X 
10-4 M  to a final concentration of 5 X 10-5 M ,

(4) T. W. Davis, S. Gordon and E. J. Hart, J. Am. Chem. Soc., 80, 
4487 (1958).

(5) T. Rigg, G. Stein and J. Weiss, Proc. Roy. Soc. {London), A211, 
375 (1952).

(6) W. G. Rothschild and A. O. Allen, Rad. Res., 8, 101 (1958).
(7) J. Weiss, Nature, 165, 728 (1950).
(8) H. Fricke and E. J. Hart, J. Chem. Pkys., 3, 596 (1935).
(9) X . Tarrago, E. Masri and M. Lefort, Compt. rend., 244, 343

(1957).
(10) M. Lefort, Ann. Rev. Phys. Chem., 9 , 143 (1958).

Table I
Reduction of K3Fe(CN)e

Dura-
tion [KsFe- [KsFe- Rate of
of (CN)e]o (CN)ej , %  reductn.,

expt., X 104, Approx. X 104. re- ¿¿mole
min. M Solvent pH M duced min. 1.
20 8 Water 7 4 49 20
20 8 Water 7 3.9 51 20.5
20 8 Water 7 4.4 45 18
20 8 0.3 N  H2S04 1 3.9 51 20.5
20 8 .3 N  H2S04 1 4.1 49 19.5
20 8 .3 N  H2S04 1 4.3 46 18.5
20 10.5 Water 7 5.6 47 24.5
20 10.1 0.3 N  H2S04 1 4.8 52 26.5
20 11.0 . 1 N  NaOH 13 6.5 41 22.5
20 100 .3 N  H2S04 1 95 5 25
10 2.6 .3 N  H2S04 1 0.4 85 22.1
10 2.6 Water 7 0.2 90 24

so that the final ratio of ferro/ferricyanide was of 
the order of 2 X 103.

Oxidation of Ferrocyanide.— Experiments were 
carried out on pure 0.1 M  I\4Fe(CN)6 solutions, in 
0.3 N  H2S04. The maximum difference in optical 
density at 420 mp observed would correspond to 
the oxidation of 0.3% only. Owing to the large 
experimental error we may only say that these ex
periments support the results of the previous sec
tion.

Discussion
The results obtained by us correspond to the 

results obtained in radiation chemistry. The low 
G-value obtained there corresponds10 to GFe(CN)«-* 
= G(OH) -  Gh +  2G(H202), if all H atoms are 
utilized efficiently in the reduction of ferricyanide. 
That this is so appears from the present work too. 
We may now account for the difference between 
this system and the ferrous-ferric ion system2 in the 
following manner. The fact that the presence of a 
very large excess of ferrocyanide has no effect on 
the reduction process is consistent with the view 
that it is not H atoms that are capable of oxidizing 
but the H2+aq ions formed from them according to 

H +  H % — >  H2U„ ( l )
This process has to compete with the process

H +  Fe(CN)s3- — >  H +aq +  F efC N V -  (2)
It is only if reaction 1 can successfully compete 
with reaction 2 that an oxidizing species will be 
available at all. Increasing the concentration of 
ferrocyanide can have thus no primary effect, but 
may react with H2+, if formed.

We have previously shown2 that reaction 1 is a 
relatively slow process, h  having a value of the 
order of 102 liter mole-1 sec.-1. Thus assuming 
that all H2+ formed is utilized for oxidizing fer
rocyanide our results for the ratio of 7ci [H] [H+]/ 
fc2 [H] [ferricyanide] obtained in the previous section 
both for the oxidation of ferro- and for the reduc
tion of ferricyanide, indicate that k2 has a value of 
the order of 107 1. mole-1 sec.-1. As the ferro- 
ferricyanide system is not stable in strongly acid 
solutions, one cannot attempt to obtain experi
mental conditions, where the formation of H2 + 
would prevail. Thus the velocity of the oxidation 
reaction could not be investigated.
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In our previous work we found that the pH de
pendence of the reduction of ferric ions indicates 
that in that case it is the species (FeOH)2+ that 
reacts with H atoms and the mechanism is probably 
one of group transfer

(FeOH)2+ +  H — Fe2 + +  HOH (3)
This would be a relatively slower process, so that 

in that case reaction 1 could proceed to a consider
able extent. Indeed oxidation of ferrous to ferric 
ion was observed. Our views regarding group 
transfer in that case are in agreement with those 
of Schwarz. 11

In the present case however the reduction would 
proceed through a relatively fast electron transfer 
step so that at the pH values practicable in the 
ferro-ferricyanide system reaction 1 is of small 
extent.

It may be remarked that as the reduction rate is 
independent of concentration, the reduction of 
ferricyanide shows advantages as a dosimeter in 
this type of work over, e.g. silver nitrate solutions. 12

(11) H. A. Schwarz, J. Am. Chem. Soc., 79, 534 (1957).
(12) F. E. Littman, E. M. Carr and A. P. Brady, Rad. Res., 7, 107 

(1957).

ELECTRIC MOMENTS AND ROTATIONAL CONFORMATIONS OF THE 
PENTAERYTHRITYL HALIDES AND RELATED COMPOUNDS1

By  H. Bradford T hompson and Carol C. Sw eeney

Contribution from Ike Department of Chemistry, Gustavus Adolphus College, St. Peter, Minnesota
Received August 10, 1959

The very small electric moments of pentaerythrityl chloride and bromide have been verified and explained on the basis 
of threefold rotational barriers, plus steric exclusion of some rotational isomers. The picture thus developed successfully 
predicts electric moments for 1,1,3,3-tetrachloropropane (experimental: 0.75 D), l,3-dichloro-2,2-dimethylpropane (2.27 D) 
and l,3-dichloro-2-ehloromethyl-2-methylpropane (2.10 D). The model is also in accord with reported moments for penta
erythrityl fluoride and iodide and l,3-dibromo-2-bromomethyl-2-methylpropane.

Among the earlier electric dipole moments de
termined were those of the pentaerythrityl halides 
(l,3-dihalo-2,2-bis-(halomethyl)-propanes), C(CH2- 
X) 4.2 There was at the time a lively interest in these 
compounds, since it appeared that the bond ar
rangement about the central carbon might be 
planar rather than tetrahedral. Following resolu
tion of this question, the zero electric moments re
ported for the chloride, bromide and iodide appear 
to have occasioned little note until Franklin3 
pointed out that these compounds should have very 
sizeable moments, assuming free rotation about the 
carbon-carbon bonds. Large moments would also 
be expected assuming threefold rotational barriers.

We therefore undertook to verify these moments, 
to examine a series of related halides and to seek 
an explanation of the apparent anomaly. It is 
our purpose here to demonstrate that these electric 
moments can be explained on steric grounds alone, 
in light of current knowledge of rotational confor
mations.

Results and Discussion
Pentaerythrityl Halides.— We have re-examined 

the electric moments of pentaerythrityl chloride and 
bromide in benzene solution at 25° and have 
studied the bromide in p-xylene at temperatures 
up to 119° (Table I). In every case, the total 
polarization does not exceed the molar refraction 
by 10%. Thus the permanent electric moments in 
these molecules must be small or zero as previously 
reported.

(1) Presented in part before the Division of Physical Chemistry at 
the 135th Meeting of the American Chemical Society, Boston, 
April, 1959.

(2) L. Ebert, R. Eisenschitz and H. v. Hartel, Z. physik. Chem., B l, 
94 (1928); I. Estermann and M. Wohlwill, ibid., B20, 195 (1933).

(3) A. D. Franklin, J. Am. Chem. Soc., 73, 3512 (1951).

Expected electric moments assuming free ro
tation, calculated by Eyring’s procedure,4 are 
given in Table II. The discrepancy between our 
values and those of Franklin appears to result from 
the values chosen for the C-X  bond moments. 
We have assumed throughout that any permanent 
moment results from replacement of hydrogen with 
halogen and that the besa source of bond or group 
moments is an experimental moment for a com
pound containing that group. The reference data 
used is indicated in Table II. We have further 
assumed that in a halogen-substituted group the 
moment is along the C-X bond and that all bond 
angles are tetrahedral.

Calculations for symmetrical threefold rotational 
barriers will give the same expected moments as 
for free rotation. 9 Thus interactions of some sort 
between halomethyl groups in these molecules 
must strongly restrain these groups in symmetrical 
mutual orientations.

Expected Steric Effect.— The nature of this re
striction can be seen by examination of Fig. 1, 
showing the neopentane structure. Each methyl 
group is in the staggered rotational position rela
tive to the central carbon. Then, assuming tetra
hedral bond angles, the bonds from the four 
external carbons are similarly oriented in space. 
The twelve C-H and C-X bonds may be divided 
into four directional groups of three parallel bonds 
each. For example, the three bonds marked A 
are parallel and are the only bonds in that direction.

Assuming a C-C bond distance of 1.54 A., the 
carbons in any two halomethyl groups will be
2.51 A. apart. This is ahen also the distance be-

(4) H. Eyring, Phys. Rev.. 39, '46  (1932).
(5) E. F. Westrum, Jr., and D. H. Payne, personal communication.
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T a b l e  I
E m p ir ic a l  C o n st a n t s , M o l a r  R e f r a c t io n s , M o l a r  P o la r iza t io n s  an d  E le c tr ic  M o m e n ts  of P e n t a e r y t h r it y l

H a l id e s  an d  R e l a t e d  C om pounds
/------------------- Empirical constants0------------------- >

Compound T, °c. Solvent Cl a 111 ß P2a M Rva

C(CH2C1)4 25 Benzene 2.2736 0.072 1.1450 -0 .4 1 3 48.6 44.76 0.43
C(CH2B r)4 25 Benzene 2.2740 .230 1.1448 -  .759 61.4 56.35 .50

96 p-Xylene 2.2285 .166 1.2650 -  .850 60.4 56.35 .49
119 p-Xylene 2.1830 .179 1.2920 -  .869 61.8 56.35 .59

CH2(CHC12)2 25 Benzene 2.2740 .285 1.1449 -  .460 46.9 35.44 .75
CM e(CH2Cl)3 25 Benzene 2.2740 2.70 1.1449 -  .365 129.9 39.69 2.10
CMe2(CH2Cl)2 25 Benzene 2.2744 3.83 1.1448 -  .232 140.0 34.70 2.27

a Empirical constants and symbols are as defined by Halverstadt and Kumler.19 a and /S are wt. fraction rather than 
mole fraction coefficients.

T a b l e  II
O b se r v e d  an d  F r e e  R o tatio n  E l e c tr ic  M om en ts

✓---------Electric moments--------- >

Compound
.----- Ol
This
paper

>sd.----- .
Others

.-----Ca
This
paper

ilcd.-----.
Frank

lin
Basis for 

calcn.
(this paper)

C(CH2F )4 2.25 3 .62 C2H5F, 1.927
C(CH2C1)4 0 .43 03 3.71 2 .8 n-C3H7Cl, 1.978
C(CH2Br)4 0.50 03 3 .64 2.6 n-C3H7Br, 1.936
C(CH2I )4 0s 3.47 2.3 m-C3H7I, 1.84«

Fig. 1.—Neopentane structure: the three bonds A are par
allel and constitute one of four directional groups.

Fig. 2.— Structure of 1,1,3,3-tetrachloropropane.

tween, for example, the parallel bonds A, and be
tween halogen nuclei terminating these bonds. 
As the van der Waals radius for chlorine is about
1.8 A.,10 this is much too close for chlorines, bro
mines or iodines. Thus in each directional group 
there should be only one carbon-halogen bond, 
and each C-X  bond in the molecule must point in 
a different direction. The vector sum of the four

(6) E. G. Cowley and J. R. Partington, J. Cherrt. Soc., 977 (1938;.
(7) C. P. Smyth and K. B. Me Alpine, J. Chem. Phys., 2, 499 (1934).
(8) A. Niini, Ann. Acad. Sci. Fennicae, A 4 6 ,  No. 1 (1936).
(9) H. B. Thompson, T h i s  J o u r n a l , 64 , 280 (1960).
(10) L. Pauling, “ The Nature of the Chemical Bond,”  2d Ed., Cor

nell University Press, Ithaca, N. Y., 1945, p. 189.

bond moments is then zero. Accordingly, steric 
considerations combined with the assumption of a 
threefold rotational barrier can completely explain 
the absence of large moments for pentaerythrityl 
chloride, bromide and iodide.

Atomic Polarizations.— The orientation polariza
tions for pentaerythrityl chloride and bromide are 
sufficiently small that if the electronic polarization 
had been increased by 10% (the once popular man
ner of approximating the atomic polarization), a 
zero electric moment could have been reported. 
As pointed out by Smyth,lla it is probably better 
in most cases to assume that the molar refraction 
for sodium-D light approximates the electronic 
plus atomic polarizations. Molecules with large 
opposed dipoles, however, commonly have large 
atomic polarizations, since small distortions of the 
molecular frame lead to sizeable instantaneous 
electric moments. Torsional motions should make 
the molecules considered here quite flexible, and 
in comparison with known atomic polarizations1 lb 
a 5 cc. polarization due to torsion does not seem 
unreasonable. Thus the small electric moments 
for pentaerythrityl chloride and bromide in Tables 
I and II may well represent torsional oscillations. 
It seems unnecessary to suppose the presence of 
any large population of unsymmetrical rotational 
isomer.

1,1,3,3-Tetrachloropropane.— Steric exclusion as 
outlined above should also function in the 1,1,3,3- 
tetrahalopropanes, restricting them to the rota
tional isomer shown in Fig. 2. This should pro
vide a test of our model, since these compounds 
might not otherwise be expected to have a low 
electric moment. In the conformation shown, 
the four C-X  bonds are again so oriented that their 
vector sum is zero. Accordingly, we synthesized 
the only known compound of this series,12 the 
chloride. The electric moment in benzene is in
cluded in Tables I and III. Here again, the 
calculated moment is very much smaller than that 
for free rotation.

The tabulated moment in this case must also 
reflect oscillatory motions about the C-C axes. 
Here, however, there may be an additional perma
nent moment due to the non-equivalence of the 
four C-H bonds. The C-H bond moments in the 
central methylene can hardly be expected to equal

(11) C. P. Smyth, “ Dielectric Behavior and Structure,”  McGraw- 
Hill Book Co., Inc., New York, N. Y ., 1955; (a) p. 222; (b) p. 421.

(12) A. M. Whaley and H. W. Davis, J. Am. Chem. Soc., 7 3 , 1382
(1951).
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those in the dichloromethyl groups. Here, too, it 
seems unnecessary to assume any important con
tribution from rotational isomers of higher perma
nent moment.

Other Halogenated Neopentanes.— Steric exclu
sion should also function in the related di- and tri- 
halogenated neopentanes. The electric moment of 
one such halide, l,3-dibromo-2-bromomethyl-2- 
methylpropane, has previously been reported.13 
We have studied, in addition, the di- and tri- 
chloro compounds. In each case, as seen in Table 
III, the experimental moment agrees much more 
closely with our model than with the free rotation 
value.

In these cases also, polarization due to torsional 
oscillation will occur. However, the small values 
will make little difference in the presence of a 
sizeable polarization associated with a large perma
nent moment. For instance, one might expect 
5 cc. X 3/i as the approximate torsional-motion 
polarization for l,3-dichloro-2-chloromethyl-2- 
methylpropane, since this compound has three 
rather than four oscillating chloromethyl groups. 
This correction would increase the calculated 
moment from 1.97 to 2.01 Debye.

T a b l e  I I I

O b s e r v e d  a n d  C a l c u l a t e d  E l e c t r ic  M o m e n t s

-•------------------- Electric moments------------------- •
-Caled, for

Compound Obsd. free rotation fixed positions
C(CH2C1)4 0.43 3.71 0
CM e(CH2Cl)3 2.10 3.28 1.97
CMe2(CH2Cl)2 2.27 2.73 2.27
CH2(CHC12)2 0.75 2 .7514 0
C(CH2Br)4 0.50 3.64 0
CMe(CH2Br)3 1.8313 3.22 1.93

Pentaerythrityl Fluoride.— Since the non-bonded 
radius for fluorine is about 1.35 A., or only slightly 
over half the distance (2.51 A.) between bonds of a 
directional group, non-symmetric rotational isomers 
might not be entirely excluded in pentaerythrityl 
fluoride. Westrum and Payne6 have determined 
this moment, 2.2 Debye. This falls short of the 
free rotation value, indicating that non-symetrical 
isomers are important but are less stable than sym
metrical isomers.

If the higher energy of the non-symmetrical 
isomers is due to close F-F approach, an estimate of 
this energy can be made. For threefold barriers, 
there will be 34 or 81 rotational isomers (not, of 
course, all distinguishable). These may be divided 
according to electric moment as indicated in Table
IV. Assuming an energy E  for two fluorine atoms 
in the same directional group, isomers of the second, 
third or fourth type listed in Table IV will have 
energies, respectively, E , 2E  or 3E  above the energy 
of isomers of group one. The observed electric 
moment will then be given by

n 384:/3e~E,RT +  lQ2/3e~2E'R,r +  288 /3e~3EiRT 
m2 ~  9 +  A8e~EIRT +  l2 e~ 2E'RT +  12e~2EIRT

where m is the -CH2F group moment. If ¡u =
(13) E. N. Gur’ya-nov£i> Zhur. Fiz. Khim., 2 4 , 479 (I960); C. A., 

44 , 8181 (1950).
(14) Based on a moment of 2.06 Debye for the -C H C h group, as 

observed for 1,1-dichloropropane. P. Gross, Physik. Z., 3 2 , 587 
(1931).

2.2 Debye, m  = 1.92 Debye, and R T  = 590 cal., 
then E  =  1175 cal.

T a b l e  I V

R o t a t io n a l  I s o m e r s  in  P e n t a e r y t h r i t y l  F l u o r id e

No. of parallel No. of Electric
C -F  bonds isomers moment squared

0 9 0
2 48 8/3 m2

2 and 2 12 16/3 m2
3 12 24/3 m2

It is, of course, likely that isomers having more 
than one set of two parallel bonds have energies 
somewhat different from 2E  or 3E . However, 
these make relatively little contribution to the 
above calculation. If terms in 2E  and 3E  are 
neglected entirely, E  is found to be 1110 cal. 
A somewhat more serious source of error lies in the 
assumption (implicit above) that the wells in the 
potential function are the same shape for the dif
fering isomers. This is approximately correct for 
a simple barrier of the form

V =  A  cos 0 +  B cos 3<t>

if B  is considerably greater than A .  However, the 
potential function as two or more fluorines ap
proach must be much more complicated. If the 
potential wells are indeed somewhat steeper for 
non-symmetrical states, E  will be smaller than 
that calculated above. Thus one should probably 
say only that E  is in the neighborhood of 1 kcal.

Experimental
Materials.— Pentaerythrityl chloride (m.p. 97°) was 

prepared as described by Mooradian and Cloke.15 The 
product was twice recrystallized from 95% ethanol. Penta
erythrityl bromide (m.p. 172°) was made by the procedure 
of Schurink.16 The product was recryst.allize ! from 95% 
ethanol and sublimed under reduced pressure. White 
flakes were obtained.

1.1.3.3- Tetrachloropropane was made as described by 
Whaley and Davis.12 The crude product was distilled at 
100 mm., and the fraction boiling at 94-98° was twice redis
tilled using a column of about six theoretical plates. A 
sample of the final product distilled over the range 70.0- 
170.2° a t  746 mm., d 2h  1.4613 (lit. 1.4012); n 25D 1.4813 
(lit. 1.4813).

1.3- Dichloro-2-chloromethyl-2-methylpropane was pre
pared from the corresponding alcohol using SOCl2 in pyridine, 
as described by Urry and Eiszner.17 The fraction boiling 
at 68-69° at 10 mm. was refractionated. dao4 1.2641 (lit. 
1.264), 620d  1.4834 (lit. 1.4837).

1.3- Dichloro-2,2-dimethylpropane was prepared in the
same way from the appropriate diol. No literature refer
ence to this compound was discovered. Anal. Cl, 49.9% 
(theor. Cl, 50.3% ). Molar refraction: 34.70 cc. (theor. 
35.02). Molecular wt. (micro Dumas): 142.4 (theor.
141.05). d25., 1.0839, n25n 1.4460, b.p. 45° at 18 mm., 144- 
145° at 730 mm.

Apparatus and Method.— The capacitance-measuring 
circuit has been described previously.18 * The present model 
employs voltage regulation on both plate and heater sup
plies. The cell is of glass and consists of two concentric 
cylinders, silver plated on the facing surfaces.

The electric moments were calculated according to Hal- 
verstadt and Kumler, using in each case five solutions with 
concentrations in the range 0.002 to 0.01 wt. fraction

(15) A. Mooradian and J. B. Cloke, J. Am. Chem. Soc., 3 9 , 943 
(1945).

(16) H. B. Sehurink, Org. Synthèses, 1 7 , 73 (1937).
(17) W. H. UnT and J. R. Eiszner, J. Am. Chem. Soc., 7 4 , 5822

(1952).
( 1 8 ) H. B. Thompson and M. T. Rogers, J. Chem. Ed., 3 2 , 20

(1955).
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solute.19 Coefficients determined are included in Table I. 
Molar refractions for solids were calculated using the atomic 
refractions of Eisenlohr.20 Values for liquids were com-

(19) I. F. Halverstadt and W . D . Kumler, J . A m . Chem. Soc., 64, 
2988 (1942).

(20) F. Eisenlohr, Z. physik. Chem., 75, 585 (1910).

puted from the experimental densities and refractive in
dices.
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ADSORPTION STUDIES ON CLAY MINERALS. VII. YTTRIUM-CESIUM 
AND CERIUM (III)-CESIUM ON MONTMORILLONITE1

By  Galen R. Frysinger2 and H enry C. T homas2

Contribution No. 1512 from the Sterling Chemistry Laboratory, Yale University, New Haven, Conn.
Received A u gust 12, 1959

Exchange-adsorption of cesium and the nominally tripositive ions of yttrium and cerium on Chambers, Arizona, mont- 
morillonite (from solutions of the nitrates) has been studied at different concentrations and temperatures. The isotherms 
obtained with the two trivalent ions are closely similar but are very much more complicated in character than those previ
ously found for ions of lower charge. Reversals in selectivity occur at compositions which depend on total concentration 
and temperature. The average charge of the sorbed trivalent ions is shown to be nearly three. Thermodynamic data 
for the exchange reactions are computed. The composition of the clay as regards the sorbed species is independent of the 
pH of the equilibrating solution over a wide range (3-4 pH units).

In earlier papers of this series we have reported 
studies of the exchange-adsorption behavior of 
the alkali and alkaline earth ions on montmoril- 
lonite and of the alkalis on attapulgite. W e  now 
extend the survey to tripositive ions. The results 
of all the earlier work are qualitatively similar. 
With cesium as the reference ion the adsorption 
behavior shows no particular anomalies and dif
fers from system to system principally in the degree 
of selectivity for cesium at low cesium content of 
the solution. The adsorption isotherms (except 
possibly for solutions containing only trace quanti
ties of one or the other of the elements) are all 
concave down over the whole composition range. 
With the tripositive ions this simple behavior dis
appears; the isotherms become much more com
plex in character. It is shown that the adsorbed 
trivalent species actually have a charge near three. 
The complex shape of the isotherms appears to 
be characteristic of the sorbing surface and little 
if at all dependent on the ionic species in solution, 
since the composition of the surface is scarcely 
affected by changing the pH of the equilibrating 
solutions.

Experimental
The techniques used in this work are essentially the same 

as those described by Gaines and Thomas,3 i.e., the “ equilib-
(1) The material for this paper is taken largely from the dissertation 

submitted in 1956 by  Galen R . Frysinger to the Faculty of the Gradu
ate School of Yale University in partial fulfillment of the requirements 
for the degree of D octor of Philosophy and, as regards cerium, work 
done b y  Galen R . Frysinger in post-doctoral capacity at Yale. The 
work was supported by the Nuclear Engineering Department of 
Brookhaven National Laboratory, to which we again offer our thanks.

(2) Venable Hail, University of North Carolina, Chapel Hill, North 
Carolina.

(3) G. L. Gaines and II. C. Thomas, J . Chem. P h ys., 23, 2322 (1955). 
In this publication a factor of 2 was omitted in the definition of K 0' 
on page 2325 as well as in the calculations with this formula. All the 
values of K J  given in Table V must be multiplied b y  2 and the points 
in Fig. 1 shifted down by 0.693. The heading in Table V I is also in

r 1
error; actually values of — I \nKc'd(q/qo) are tabulated, and these 

JO
must be decreased by  0.69. These changes give AF° =  3700 cal. and 
A/S° =  +  9 e.u.; AH ° and the activity coefficients remain unchanged.

rium column”  method. In this procedure the adsorbent is 
brought to chemical equilibrium with a mixed electrolyte 
solution of known composition. The solutions used in 
equilibrating the columns carried isotopic tracers; when the 
activity of the effluent became identical with that of the 
input solution, equilibrium was presumed to have been 
reached. Analysis of the column was done by isotopic ex
change: the radioactive tracer was displaced by non-radio- 
active solution of the same chemical composition, and thus 
disturbances in the adsorption equilibrium were avoided. 
The information obtained on the distribution of traced ele
ment between solution and adsorbent is independent of the 
nature of the molecular species present in the solution or on 
the adsorbent, provided only that these come to isotopic 
equilibrium. This last we may safely suppose to be true in 
our cases.

The montmorillonite used was a portion of the material 
prepared and described by Gaines.3 Determinations of loss 
in weight on ignition were done periodically in order to bring 
all weighings to a common basis. The columns contained 
about 2 g. of clay dispersed on 3 g. of an asbestos fiber shown 
to have a capacity of less than 0.002 meq./g.

The cesium nitrate was stated by the supplier4 to be 99.9 
+  %  pure. Solutions were prepared by direct weighing of 
the material dried at 110°.

Carrier-free Cs137 from the Oak Ridge National Laboratory 
was obtained in HC1 solution. A volume of about 2 ml. con
taining 10 me. was diluted to one liter and a few milliliters of 
this solution used as a “ spike”  for the cesium nitrate solu
tions, the chloride thus introduced being entirely negligible.

The rare earth oxides from our sample of yttrium nitrate5 
were found by radioactivation analysis6 to contain a mini
mum of 99.5 %  Y 20 3, the impurities being rare earths and 
probably present only as traces. Solutions were prepared by 
dissolving the hydrated yttrium nitrate in very dilute nitric 
acid (pH 4-5). The resulting solution was passed through a 
column of Dowex-1 in the OH form. By carefully controlling 
the flow rate it was possible to obtain a stable solution of 
yttrium nitrate of pH ca. 6.8 after bubbling with nitrogen. 
These solutions would stand for weeks without showing evi
dences of precipitation. It was not possible to accomplish 
this with solutions of the chlorides, hence our choice of the 
nitrate systems.

The Y 91 isotope was used as a tracer. It -was received in
1.5 A7 HCi and treated as follows: A solution containing 10 
me. of Y 91 was washed into a polystyrene beaker and a small 
portion of previously prepared Y (N 0 3)3 solution added. 
The solution -was made basic with NaOH and the resulting

(4) A . D . Mackay, Inc., New York, N. Y .,
(5) From the Lindsay Chemical C o., West Chicago, 111.
(6) W e are indebted to the Oak Ridge National Laboratory for this

analysis.
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precipitate collected on a small circle of Whatman No. 40 
filter paper. The filtrate contained negligible activity and 
was discarded. The precipitate was treated with 3-ml. por
tions of 0.1 N  H N 03 until only a small amount of activity 
remained on the paper. The nitric acid solution was diluted 
to 500 ml.

Stock solutions of yttrium nitrate were analyzed by the 
slow precipitation of the hydroxide. About 0.3 mmole of Y  
and 0.4 g. of urea in 200 ml. of water were heated on the 
steam-bath. After a few hours the precipitate appeared and 
and the di estion was continued overnight. The precipitate 
was collected on a Whatman No. 42 filter, washed with 
faintly basic NH4N 0 3 solution, dried, ignited in platinum 
and weighed as Y 20 3. Solutions containing tracer were, of 
course, analyzed only after the preparation was completed.

Cerium nitrate,5 stated to have a purity of 98% was dis
solved and adjusted to pH near seven as described for yt
trium. These solutions were analyzed by precipitation and 
repeated evaporation in platinum with HF. The residue 
was dried at 300° and weighed as CeF3.

The eluates of the columns were analyzed for cesium or for 
the trivalent metals by standard counting techniques using 
glass jacketed Geiger counters, all appropriate corrections 
being applied. A sufficient number of counts was recorded 
to keep the statistical uncertainty in the neighborhood of 
0.5 % . When solutions containing tracers for both elements 
were used in some of the experiments with yttrium, the yt
trium was separated by a double precipitation as the hydrox
ide. The efficacy of this separation was demonstrated.

The clay compositions were generally determined by the 
isotopic exchange Cs° —► Cs*. These exchanges gave rela
tively sharp break-through curves. The hold-up volumes of 
the columns were determined by weight. These volumes 
amounted to 10-15 ml. It is impossible to state with what 
accuracy the pertinent, i.e., final, hold-up volume was 
known. Fortunately, however, errors of as much as 20%  in 
these volumes have little or no effect on the measured iso
therms. The matter is of more significance in attempting to 
determine the true charge number of the adsorbed trivalent 
species. We shall return to this point.

The exchange capacity of the montmorillonite was rede
termined for the nitrate system. Five isotopic cesium ex
changes and a Cs —*■ (natural ion) exchange gave 1.377 meq. 
per g. backbone with a maximum difference from this aver
age of 0.014. Gaines3 measurements, with the chlorides, 
gave 1.362 ±  0.009 m eq./g. As would be supposed, the 
nature of the anion is without effect.

Results
The exchange isotherms are given in Fig. 1 and

2. These are deviation plots; the fraction of 
sites occupied by cesium (g/q0) in excess of the 
equivalent fraction of cesium in the solution is given 
as the ordinate and the equivalent fraction of 
cesium in solution (c/c0) as the abscissa. Positive 
values thus indicate selectivity for cesium. The 
complex nature of the results is quite evident. 
Tt might be remarked that the work with cerium 
was done later and entirely independently of the 
work with yttrium. The qualitative agreement 
between the two cases supplies a desirable check.

The results given in Fig. 1 and 2 were obtained 
with solutions initially adjusted to about pH 6.8 
and without further attempt at pH control. To 
determine the possible effect of small variations in 
pH, a series of experiments in the cesium-yttrium 
system was carried out in which the pH was de
liberately varied over a range of nearly four units 
(as measured with a glass electrode) by the addition 
of small amounts of concentrated nitric acid to the 
solutions. The pH of the effluent equilibrium 
solution differed from that of the input solution 
by no more than 0.15 pH unit. These results are 
given in Table I. The experiments were done in 
duplicate or triplicate, and from these data the 
character of the precision obtainable in this work

0.2 0.4 0.6 0.8
(c/cc).

Fig. 1.—Exchange adsorption isotherms, Cs-RE, on mont
morillonite at 0.02 N: o, yttrium; ¿ o r  9 cerium, (a) 30°; 
(b) 50°; (c) 75°.

may be seen. The exchange capacities of the 
mineral were determined before and after the ex
posure to the acidified solutions. The values ob
tained (1.008 meq./g. and 0.980 meq./g., respec
tively) indicate the possibility of a small loss due 
to acid attack. No trends, however, are observable 
in the extent of adsorption. To within the pre
cision of these experiments the exchange sorption 
of yttrium-cesium is entirely unaffected by the 
pH of the solution in the range 3-7. It is clear 
that whatever may be the variation of the yttrium 
species in the solution the proportion of yttrium 
on the sorbent is unaffected by changes in pH. 
We assume that cerium exhibits similar behavior.

T ab^e I
Effect of pH on the Cesium-Y ttrium Exchange on 

M ontmorillonite 
Temp. 50°; Co =  0.04 N

c/ca (Cs) pH (30°) i/iG (Cs)
0.30 6.8 0.367,0.378,0.364

4.5 .378, .386
3.2 .374, .380

0.70 6.9 .814, .822,0.824
4.5 .814, .814
3.2 .811, .805

The agreement with the data of Fig. 2b is en
tirely satisfactory at c/c0 = 0.70; at c/c0 = 0.30, 
on the steep part of the isotherm, the agreement is 
perhaps as good as could be expected.

At low total concentration the clay is selective 
for the trivalent ion both when this ion is present
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Fig. 2.— Exchange adsorption isotherms, Cs-RE, on 

montmorillonite at 0.04 N :  O , yttrium; 6 or ?  cerium, (a) 
30°; (b) 50°; (c) 75°.

in small proportion and when it is present in large 
proportion. In the middle range of composition 
the clay selectively sorbs cesium, except at high 
temperatures and low concentrations; this selec
tivity decreases rapidly with the temperature. 
Certainly in the case of yttrium at low total con
centration the maximum selectivity for cesium 
shifts toward higher cesium content with increase in 
temperatures. The data for cerium are not suf
ficiently detailed to show if this effect also occurs 
with this element.

All of the data presented in Fig. 1 and 2 are based 
on determinations of cesium via the displacement 
Cs° —►  Cs*. The reproducibility of these results 
as determined from independent experiments de
signed to be identical is about 0.006 in q/qa re
gardless of its magnitude.

In one series of experiments with yttrium both 
metals were traced. Knowing the hold-up volume 
of the column and assuming a constant capacity 
of the clay, we can calculate from the results with 
these “double-isotopic” columns the average charge 
number of the sorbed yttrium. Errors accumulate 
badly in this computation, but the results point 
clearly to an increase in the extent of hydrolysis of 
the sorbed trivalent metal with increasing tempera
ture. A series of six experiments (at different ce
sium contents) gave the following charge numbers: 
30°, 2.96 ± 0.16; 50°, 2.84 ± 0.15; 75°, 2.65 ± 
0.14. (The maximum differences from the average 
are given.) There is no clear evidence of an effect 
due to cesium content. To check this conclusion

as to the charge number a series of ten columns was 
run, Y* -►  (natural clay), Y° -►  Y*, at 75°. The 
measured capacity (assuming tripositive Y, 1.108 ± 
0.006 meq./g. clay as weighed) corresponds to a 
charge number of 2.8. This result must be con
sidered more accurate than that from the double 
tracer experiments. The self-consistency of these 
results shows clearly that whatever may be the 
nature of the species in the nearly neutral yttrium 
solutions, the clay prefers its trivalent ions at the 
highest possible charge. The nature of the experi
ment leaves no room for doubt that true exchange 
adsorption is involved in the association of the tri
valent metal and the clay.

In the case of the cerous ions similar experiments 
(with no cesium) gave charge numbers 2.82 ± 
0.02, 2.74 ± 0.02, 2.81 ± 0.04 at 30, 50 and 75°, 
respectively, again indicating hydrolysis, without, 
however, an observable temperature dependence.

Thermodynamics
Using the definition and conventions adopted by 

Gaines and Thomas7 we define an equilibrium ratio 
by

K  , _ M c,3N RE „ (c/c0)3( l  -  g/gp)

° iW W Va3 °(1  -  c/c0){q/q0y  (l>
in which M  and N  refer to molalities and fraction- 
of-sites for the indicated substances; in the second 
form all quantities refer to cesium, and molarities 
and molalities are identified for the dilute solutions 
in question.

The calculation of the thermodynamic equilib
rium constant is summarized in the formula

1 » X -  - 2  +  1» [ g 5 > ]  +

| In A 0 diVCa — 3 I iiH,o 4 In aH,o (2)
JO J  a

in which

Ac =  A c' + CsN03 (3)
7=fc RE(NOs)s

and the/’s are the activity coefficients in the mono- 
ion clay phases at the molalities in use. The/’s are 
defined as unity in the mono-ion clays in equilib
rium with infinitely dilute solutions. These situa
tions are taken as the standard states of the solid 
phases.

We dispose of the complications in formula (2) 
as follows: According to (3) we need measurements 
of the mean activity coefficients in mixed solutions 
of the rare earths and cesium. These are not avail
able. In pure cesium nitrate solutions measured 
activity coefficients are available8 only down to 0.1 
M , and we can find no data for pure yttrium ni
trate. Therefore we use the Debye-Hiickel ex
pression for the activity coefficient, taking the a 
parameter for CsN03 equal to that for CsCl, 
namely 3.0 A.9; for both rare earths we use 4.95 
A. as given by Glueckauf10 for yttrium. The Gug-

(7) G. L. Gaines, Jr., and H. C. Thomas, J. Chem. Phys., 21, 714
(1953).

(8) R. A . Robinson and R. H. Stokes, “ Electrolytic Solutions,” 
Butterworth, London, 1955, p. 480.

(9) H . S. Harned and B. B. Owen, “ The Physical Chemistry of 
Electrolytic Solutions,”  Reinhold Publ. Corp., New York, N. Y ., 
2nd Ed., 1950, p. 381.

(10) E. Glueckauf, Nature, 1 6 3 , 414 (1949).
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genheim equation as modified by Glueckauf gives 
essentially identical results at 25°, and since the 
data for using this equation at other temperatures 
are lacking, no further attempt was made to im
prove upon the simple Debye-Hückel calculation. 
The computations of the activity coefficient ratios 
were made for the various compositions at the three 
temperatures. The contribution of this term to (2) 
is far from negligible; it amounts to about 1.1 in In
K .

The last term in (2) gives the contribution to the 
free energy due to the change in water activity in 
going from (a) (that is, c0N , Y(N03)3) to (b )(c0N , 
CsN03). Since detailed data on the water compo
sitions of these clays are not available, we write

3 J* UHtO d In QhsO =  Wh2o In (4)

where wh,o is an average water content in moles per 
exchange equivalent. A number of investiga
tors11-16 have made studies of the montmorillo- 
nite-water system, from which we may get esti
mates for n h2o- With increasing water activity 
the c-axis spacing of montmorillonite increases by 
integral steps, corresponding to mono-layer incre
ments of water molecules. This “crystalline swell
ing” brings the spacing to about 20 Â. for 99% 
humidity, corresponding to four layers and a total 
interlayer water content of about 0.5 g./g. clay. 
No direct experimental data are available for the 
water content of the montmorillonites in our solu- 
tions.o Norrish,15 however, gives a c-axis spacing of
13.8 Â., for a cesium montmorillonite in equilibrium 
with water and 19.4 Â. for aluminum montmorillo
nite in equilibrium with 0.01 N  A12(S04)3. These 
spacings correspond to a water content of 0.3-0.4 g./ 
g. clay. In the absence of any better data we take 
0.5 g. as an upper limit for the average water con
tent. This corresponds to wH2o < 26.6 moles per 
exchange equivalent. We calculate the ratio of the 
activities of the solvent in the two electrolytes from 
the osmotic coefficient, using the Debye-Hückel ap
proximation. The contribution of the water term 
is, of course, small for our dilute solutions, the larg
est value being 0.049 in In K  (at 0.04 N , 75°). In 
any case, in the approximation to which we are 
forced to work, the contribution will be seen to can
cel.

The first non-constant term in (2) gives the con
tribution to the standard free energy of the process 
of bringing the mono-ion clays from their standard 
states into equilibrium with solutions of normality 
c0. In the model we use, the effects, if any, of 
sorbed anion are entirely disregarded. This activ
ity coefficient ratio is then determined entirely by 
the properties of the solvent. Neglecting the mo- 
lal volume of the solvent in comparison with that of 
the vapor and assuming, perforce, a constant water 
content, we find

111 / ke(o) =  — 3iiH2o In (ÏHsoO) 
l n / c W  =  — 3 h h ,o  I n  a H j o O )  ( 5 )

(11) J. Mering, T ra n s. F a ra d a y  S oc . B42, 205 (1940).
(12) R. C. Mackenzie, C la y  M in e r .  B u ll ., 1, 115 (1950).
(13) I. Barshad, Amer. Miner., 35, 225 (1950).
(14) R. W. M cone}', A. G. Keenan and L. A . Wood, J. Am. Chem. 

S o c ., 74, 1371 (1952).
(15) K. Norrish, Disc. F a ra d a y  S o c ., 18, 120 (1954).

0.2 0.4 0.6 0.8
q/qo (Cs).

Fig. 3.— Solid phase activity coefficients, 30°, 0.02 N.

The resulting expression (approximate) for In 
[ / R E ( a ) / / c s 3( 6 ) ]  cancels the contribution of (4) in In
K . These “zero-point” contributions must, how
ever, be retained in the computation of the solid 
phase activity coefficients. When the small term 
due to the variation of the water activity is ne
glected, these activity coefficients are given by, e.g. 
In / y (D  =  ln /y (a ) -  2(ç/çoh  -  (ç /ç 0)x In K c(x) +  

J U s/ so)* ln K ', hi d (g/ÿo)

(6)
Complete calculations of the equilibrium constants 
and activity coefficients have been made for yt
trium and for cerium.16 The general behavior of 
the activity coefficients is illustrated in Fig. 3, in 
which as is seen, the complicated nature of the ad
sorption process is reflected in the relatively enor
mous deviations from unity of these quantities.

In Table II the values of the standard free ener
gies are given for the different temperatures.

T a b l e  I I

S t a n d a r d  F r e e  E n e r g y  C h a n g e s  f o r  t h e  R e a c t io n s  
Cs3M +  (RE) + + +(N) =  3Cs+(N) +  (RE)M

--------------------A F"(kcal./m ole R E )-----------
---------Yttrium--------- 1 -----------Cerium-

T  (»K .) 0.02 N 0.04 N 0.02 N 0.04 N

303 4.81 4.68 5.01 4.49
323 4.65 4.52 4.93 4.38
348 4.52 4.40 4.80 4.23

Insofar as yttrium is concerned the agreement 
between the results for the two concentrations is 
satisfactory, the difference being but little outside

(15) The authors will be pleased to make these detailed results 
available to anyone interested.
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estimates based on an error of 0.006 in q/qo. When 
the computations are repeated deliberately altering 
the values of q/qo by 0.006, the value of AF° at 30° 
is changed by about 50 cal. The discrepancy in the 
case of cerium is consistently about 500 cal. We 
are unable to account for this apparent difference in 
the behavior of yttrium and cerium and must sup
pose that our calculated values of AF° are reliable 
only to 500 cal. It is possible that the thermody
namic model is inadequate in its omission of ef
fects due to adsorption of anion. We have no data 
on which to base a convincing discussion of this 
point. In any case this approach does not appear 
promising: the valence numbers as determined im
ply only a small anion content, nor do they show a 
significant difference between the two elements. 
The high specificity of the clay surface for the tri
positive ions and, by comparison, its very low spe
cificity for the hydrogen ion make understandable 
the absence of effects due to changes in pH

Plots of AF °/T  vs. l/ T , as calculated for the two 
concentrations give nearly parallel straight lines; 
the enthalpies are all essentially identical. In Ta

ble III average values for the two concentrations 
are given.

T a b l e  III
T h e r m o d y n a m ic  D a t a  f o r  t h e  R e a c t io n s  

C s3M  +  ( R E ) + + +  =  3 C s + +  ( R E ) M
------------ -At 33°'------------ .
Y ttrium Cerium

AF° kcal. 4. 7 4 . 8
A H«, kcal. 6.6 6.3
A Sa, cal./deg. 6.3 5.0

The results reported here indicated clearly the 
very complicated nature of the adsorption effects 
which may be expected whenever a tripositive ion 
must be taken into account. We would expect 
aluminum to behave in a manner very similar to 
yttrium and cerium. Thus the adsorption phe
nomena in any clay bed exposed to acid solutions 
will show effects apparently due to a large decrease 
in capacity because of selective adsorption of alu
minum and this effect will be particularly apparent 
at relatively low aluminum content.

THE SOLUBILIZATION OF ISOÖCTANE BY COMPLEXES OF SERUM 
ALBUMIN AND SODIUM DODECYL SULFATE

By M. B r e u e r ,1 a n d  U. P. S t r a u s s

School of Chemistry, Rutgers, The State University, New Brunswick, New Jersey 
Received August 18, 1959

The solubilization of isooctane by complexes of sodium dodecyl sulfate and bovine serum albumin in aqueous solution 
was studied at 25° by vapor pressure measurements. The vapor pressure isotherms were similar to those observed with 
micellar detergent in the absence of protein, but less highly curved. Significant amounts of isooctane were solubilized be
low the critical micelle concentration of the detergent, indicating that the protein-detergent complex was the solubilizing 
agent. Over the whole range of protein and detergent concentrations investigated, the solubilizing efficiency of a bound 
detergent molecule was found to be a single-valued function of the number of detergent molecules bound per protein mole
cule. When this number was below a certain value, no solubilization occurred, suggesting that clusters of bound detergent 
molecules are necessary for isooctane solubilization. Above this critical value, one molecule of isooctane was solubilized 
for each additional three bound detergent molecules.

Introduction
The solubilization of oils, fats and other sub

stances of normally low water solubility by col
loidal electrolytes has been studied extensively but 
is still not completely understood.2 In the case of 
soaps and detergents, the phenomenon has been 
observed only above the critical micelle concentra
tion (c.m.c.), and it is generally believed that ag
gregation of the soap or detergent molecules into 
micelles is a necessary condition for the occur
rence of solubilization.8 In order to study this 
interesting phenomenon further, we decided to 
investigate solubilization by detergent molecules 
which are bound to proteins. Evidence for such 
solubilization can be found in the literature.4'5

(1) Colgate Post-Doctoral Fellow, 1958-1959.
(2) For a thorough discussion of the subject and a review of the 

literature, see M. E. McBain and E. Hutchinson, “ Solubilization,”  
Academic Press, Inc., Now York, N. Y., 1955.

(3) There is some evidence that limited aggregation and solubiliza
tion already occurs at concentrations lower than the c.m.c. [P. Ekwall 
and I. Danielson, Acta Chim. Scand., 5, 973 (1951); J. W. McBain 
and H. Huff, / .  Am. Chem. Soc., 70, 3838 (1948)], but the amounts 
solubilized under these conditions are small compared to the amounts 
solubilized by micelles.

Besides throwing light on the characteristics of the 
solubilization by protein-detergent complexes, 
such a study would also illuminate the manner in 
which detergent molecules are bound by proteins. 
Furthermore, Ekwall has pointed out that an un
derstanding of solubilization by protein-detergent 
complexes may provide an insight into the nature of 
physiological lipid transport and of the penetra
tion of carcinogenic molecules into the living cell.4

The system chosen for our investigation consisted 
of bovine serum albumin (BSA), sodium dodecyl 
sulfate (SDS) and 2,2,4-trimethylpentane (iso
octane) . There were three reasons for this choice: 
(1) The binding of SDS by BSA in the absence of 
electrolytes has previously been studied, and the 
number of SDS molecules bound per molecule of 
BSA is known as a function of the concentration of 
free SDS.6 (2) Isooctane is not solubilized by BSA6 
or by free SDS molecules alone. (3) It has been 
shown that polysoaps such as poly-4-vinylpyridine

(4) P. Ekwall, Acta Unio Contra Cancrum, 10, 44 (1954).
(5) I. Blei, J. Colloid Sci., 14, 358 (1959).
(6) G. Strauss and U. P. Strauss, T his J o u r n a l , 62, 1321 (1958).
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quatemized with n-dodecyl bromide, which should 
be quite similar to BSA-SDS complexes, must 
contain a minimum-sized region of dodecyl groups 
to solubilize aliphatic hydrocarbons.7 No such 
minimum-sized region has been demonstrated for 
aromatic and polar-non-polar solubilizates.7 Thus, 
the solubilization of an aliphatic hydrocarbon 
might serve as an indicator for the bunching of 
bound SDS molecules.

Experimental
Materials.— Crystallized BSA was Lot. No. T68204 

obtained from Armour Laboratories. It was freed of fatty 
acids by Goodman’s method8 and lyophilized.

Pure crystalline SDS was provided by the Colgate-Palm
olive Company.

Isooctane (Phillips Petroleum Co., pure grade, minimum 
purity 99 mole per cent.) was redistilled.

Conductivity water, prepared as described previously,6 
was boiled before use to prevent bacterial and other growth. 
The specific conductivity never exceeded 1 X  10 ~6 ohm-1 
cm .-1 .

Methods.— The BSA concentration was determined by 
measuring the optical density at 278 m/j in a Beckman DU 
spectrophotometer. A Beckman Model G pH meter was 
used for the pH measurements. The electrical conductance 
was determined as previously described.6 In both the pH 
and conductance measurements care was taken to avoid the 
evaporation of solubilized isooctane.

The solubilization experiments were carried out by 
measuring the absolute vapor pressure of isooctane at 25.0° 
using a modification of the method of McBain and O’Con
nor.9 The apparatus was constructed by H. Dragun in this 
Laboratory and will be described elsewhere. The chief im
provement over the McBain-O’Connor apparatus was the 
use of mercury valves in place of stopcocks. Similar types 
of apparatus have been described.10-11 All parts of the ap
paratus except the flask containing the solution and the small 
bore tube containing the hydrocarbon were thermostated 
about two degrees above the desired temperature to avoid 
condensation of the isooctane. The amount of solubilized 
isooctane was calculated by subtracting the amount in the 
known gas phase volume from the total amount transferred 
from the small bore tube of known cross section. All stand
ard corrections, customary in vapor pressure measurements, 
were applied.12 The results of Strauss and Strauss6 were 
used to calculate the amount of bound SDS per BSA mole
cule.

Results and Discussion
Typical vapor pressure curves are shown in 

Fig. 1 where, for convenience, a, the activity of 
isooctane13 is represented as a function of x , the 
number of isooctane molecules solubilized per bound 
detergent molecule.14 For comparison results ob
tained with a 0.1 M  SDS solution containing no 
protein are also included.18 All the curves have 
similar shapes, with the pure detergent curve having 
somewhat greater curvature than the BSA-SDS

(7) U. P. Strauss and N. L. Gershfeld, ibid. , 68, 747 (1954).
(8) D. S. Goodman, Science, 125, 1296 (1957).
(9) J. W. McBain and J. J. O’Connor, J. Am. Chem. Soc., 58, 2610 

(1936).
(10) U. P. Strauss and E. J. Jackson, J. Polymer Sci., 6, 649 (1951).
(11) A. P. Brady and H. Huff, T h i s  J o u r n a l ,  62, 644 (1958).
(12) G. W. Thompson in “ Physical Methods of Organic Chemis

try,”  A. Weissberger, ed., Vol. 1, Interscience Publishers, Inc., New 
York, N. Y., 1949, pp. 141-251.

(13) The activity is defined by the relation, a =  p/po, where po 
and p are the vapor pressures of isooctane over the pure liquid and over 
the solution, respectively.

(14) The extent of detergent binding by the protein is assumed to 
be unaffected by the solubilized isooctane. For support of this as
sumption by conductivity and pH measurements, see below.

(15) Since the SDS molarity (0.1) is very large compared to the 
c.m.c. (0.0082), almost all the SDS is in micellar form. The abscissa is 
taken as the number of isooctane molecules per micellar SDS molecule 
for this case.

X.
Fig. 1.—Vapor pressure of isooctane over aqueous solu

tions of sodium dodecyl sulfate and bovine serum albumin: 
•, 0.1 M SDS; O, 3 X  10-4 M BSA +  2.52 X 10-2 M SDS 
(r =  80); O, 3 X 10-4 M BSA +  4.55 X 10-2 M SDS (r = 
140). For meaning of a and x, see text.

a -1.
Fig. 2.— Reciprocal plots for sodium dodecyl sulfate and 

bovine serum albumin: •, 0.1 M SDS; O, 3 X IO-4 M BSA 
+  2.52 X IO-2 M SDS (r =  80); 1 , 3 X  IO-4 M BSA +  
4.55 X 10-2 M SDS (r =  140). For the meaning of a and x, 
see text.

curves. The value of the abscissa where the ordi
nate is unity corresponds to the isooctane solubility. 
While the curves in Fig. 1 are difficult to extrap
olate to a = 1, it has been shown that if the re
ciprocal of the ordinate is plotted against the re
ciprocal of the abscissa the resulting plots are 
linear near a = 1 and can easily be extrapolated to 
give the desired isooctane solubility.11 Representa
tive plots of this type are shown in Fig. 2, and the 
results are presented in Table I. The first two 
columns contain the stoichiometric BSA and SDS 
molarities, denoted by (BSA) and (SDS)t, respec
tively, the third column (SDS)b, the molarity of 
bound SDS, and the fourth column r, the number 
of SDS molecules bound per protein molecule. 
The next column contains K B, the solubility of 
solubilized isooctane, in moles per liter, obtained by
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Fig. 3.— Isoootane solubilized per mole of protein as a func
tion of the degree of binding of sodium dodecyl sulfate.

multiplying the reciprocals of the abscissas cor
responding to the breakpoints in Fig. 2 by the molar
ity of bound SDS.16 The sixth column contains 
x a, the maximum number of isooctane molecules 
solubilized per bound (or, in the absence of BSA, 
micellar14) SDS molecule, obtained directly from 
Fig. 2.

T a b l e  I
(BSA) 
X IO*

(SDS)l 
X 101

(SDS)b 
X 101 T

K  8
X 10* Xs k~'

0.00 75 0 0.0 0.000
0.00 1000 917 229 .250 0.048
0.70 38 28 40 3.9 .140 .118
1.00 50 40 40 6.2 .155 .050
1.20 58 48 40 6.7 .140 .083
1.50 205 180 120 45.0 .250 .160
3.00 70 60 20 0.0 .000
3.00 130 120 40 18.0 .150 .202
3.00 161 150 50 24.0 .160 .110
3.00 252 240 80 56.9 .237 .128
3.00 318 300 100 75.6 .252 .104
3.00 385 360 120 91.8 .255 .100
3.00 455 420 140 118 .280 .140
3.00 558 480 160 137 .285 .160

The following conclusions can be drawn from 
Table I. (1) The first row illustrates that in the 
absence of BSA, there is no solubilization of iso
octane detectable below the c.m.c. (82 X 10-4 M ).  
(2) In the presence of BSA, solubilization is pos
sible when the stoichiometric molarity of detergent 
is below the c.m.c. (rows 3-5). This result furnishes 
proof that the SDS bound by the protein does the 
solubilizing. (3) At a given value of r, the maxi
mum amount of isooctane solubilized per bound 
detergent molecule is the same, within the limits 
of experimental error, regardless of the stoichio
metric concentrations of BSA and SDS. Since 
in all the experiments with BSA the concentration 
of free SDS was below the c.m.c., the above result

(16) These values could have been obtained more directly by using 
the reciprocal of the isooctane molarity as the abscissa in Fig. 2. Since 
r is assumed to remain constant as isooctane is solubilized, the two 
methods are equivalent. The present method has been chosen be
cause it is more appropriate for another point to be discussed later.

lends support to the view that, below its c.m.c., 
the free SDS does not contribute to the solubiliza
tion. (4) When the BSA is saturated with detergent, 
the solubilizing efficiency of an SDS molecule is 
somewhat greater than when it is part of a micelle. 
This is apparent from a comparison of the last and 
the second rows of Table I. Similar results have 
been obtained with a polysoap.10 (5) Below a 
certain value of r  there is no solubilization. This 
behavior is illustrated graphically in Fig. 3, where 
the number of isooctane molecules solubilized per 
BSA molecules is represented as a function of
r.17 The plot is linear and leads to the equation 

AV (SD S)b =  (r -  24)/3.0; r >  24 ( 1)
The lower limit of 24 for r indicates that a critical 
concentration of detergent molecules bound by a 
protein molecule is necessary for isooctane solubili
zation. This result means that the binding of a 
single SDS molecule is not sufficient for solubiliza
tion, but that a certain minimum number of SDS 
molecules have to be clustered together inside or 
on the surface of the BSA molecule. A similar 
finding with polysoaps7 has already been mentioned 
in the Introduction to this paper. Calculations 
show that if the SDS molecules are assumed to be 
randomly distributed over the binding sites on 
the protein, the observed intercept is of the right 
order of magnitude for a minimum cluster size of 
3 or 4 SDS molecules.18 The slope of the line in 
Fig. 3 indicates that once r has reached the value of 
24, one molecule of isooctane is solubilized for 
each three additional bound SDS molecules.

Since xa, the solubilizing efficiency of a bound 
SDS molecule, is equal to As/r(SDS)b, it follows 
from equation 1 that x s may be represented by the 
expression

xa =  (r -  24)/3.0r; r >  24 (2)
This function rises rapidly when r exceeds 24 and 
levels off toward a horizontal asymptote when r 
becomes large compared to 24.

While so far we have focused our attention on the 
solubilizing efficiency of the bound detergent at 
isooctane saturation, it is also of interest to con
sider the number of isooctane molecules solu
bilized per SDS molecule in the initial stage of 
solubilization. A measure of this quantity is the 
reciprocal of Henry’s Law constant k, defined here 
as the initial slope of the a vs. x  curves given in 
Fig. 1. The values of this quantity, obtained from 
the intercepts of x/a vs. x  plots, are given in the 
seventh column of Table I. By comparing these 
values with the corresponding saturation values 
in the sixth column, it is seen that the solubilizing 
efficiency of a bound detergent molecule increases 
with increasing isooctane solubilizaAon.19 How
ever, this increase is much less pronounced for 
BSA-SDS complexes than for SDS micelles (second

(17) While all our results would have fallen on the curve, for the 
sake of clarity, only the results corresponding to a BSA molarity of 
3.00 X 10-4 are used in Fig. 3.

(18) Based on the same consideration one would not predict a 
linear relationship, but instead a curve with an inflection point; 
however, this curve may lie so close to the line as to be experimentally 
indistinguishable from it.

(19) The experimental uncertainty at the lower values of r is large, 
and not too much significance should be attached to the values at r = 
40 and 50.
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row) where the initial solubilizing efficiency is 
comparatively very low.

If the reciprocal plots in Fig. 2 are examined 
along the lines indicated by Brady and Huff,11 
one finds that our slopes are positive, but somewhat 
smaller than theirs, and that our intercepts are 
between _ 0 and + 1. Our isotherms are qualita
tively similar to theirs, obtained with benzene 
and SDS, and fit the mathematical form of their 
equation 8. For SDS without BSA, our values of 
their interaction constant kn and their quantity 
/ are 1.15 and 0.051, respectively. For the BSA 
curves, k12 ranges from 1.4 to 2.5 and / from 0.12 
to 0.40. It is not surprising that our values of /, 
which may formally be regarded as a measure of 
the fraction of the moles of detergent available for 
solubilization, should be smaller than theirs, 
since isoòctane is generally solubilized to a much 
smaller extent than benzene. In view of the 
general similarity of our isotherms and theirs, we 
may adopt their conclusion that solubilization is a 
cooperative phenomenon,— as opposed to adsorp
tion on existing sites,— also in the case where the 
solubilizing agent is a protein-detergent complex.

The effect of isoòctane solubilization on the 
electrical conductivity of solutions containing

BSA (3.00 X 10“ 4 * M )  and varying amounts of 
detergent corresponding to values of r equal to 
50, 80, 100, 130 and 160 was found to be meas
urable but very small. The percentage increases 
in the conductivities of the above solutions due to 
saturation with isooctane were 1.5, 1.7, 2.8, —0.4 
and —2.4, respectively. These results suggest that 
the solubilization of isooctane has very little ef
fect on r and on the local dielectric constant near the 
ionizable groups.20 The same conclusions are also 
borne out by the observation that isooctane solu
bilization had no measurable effect on the pH of 
the BSA-SDS solutions.

Acknowledgment— We wish to express our 
thanks to the Colgate-Palmolive Company for the 
financial support of this research and for a post
doctoral fellowship for one of us (M. B.).

(20) While it is conceivable that these two effects are large but 
opposite in sign, such a hypothesis is highly unlikely. It has previ
ously been shown that with a polyscap (where the number of ionizable 
groups on the macro-ion is constant) the effect of solubilization of an 
aliphatic hydrocarbon on the conductance is very small, indicating 
little, if any, change in the local dielectric constant [U. P. Strauss 
and S. S. Slowata, T h i s  J o u r n a l , 31, 411 (1957)]. It has also been 
shown that a change in the value of "• would have a significant effect on 
the conductivity of the BSA-SDS complex.6
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re-Pentane in liquid phase was irradiated with high energy electrons and photons and the products analyzed. The C6-C ]0 
iso- and re-paraffins are formed in the early stages by free radical recombination, involving methyl, ethyl, re-propyl, re-butyl,
1-pentyl, 2-pentyl and 3-pentyl radicals. Relative steady-state concentrations of these radicals were determined from the 
product distribution. Absolute total free radical concentration at the dose rate used is of the order of 10-7 mole per liter, 
with mean lifetimes of slightly less than a millisecond at 25°. 1-Pentene and cis- and ¿rares-2-pentenes are major products, 
formed by a reaction independent of temperature and of the presence of radical scavengers. Formation of cfs-olefin had 
not previously been observed. The product pentenes react at nearly equal ratios by a mechanism as yet unknown. This 
reaction of the olefins is not important in the formation of heavy products below doses of the order of 3 X 107 rads, but be
comes increasingly important above this level. All major products and nearly all minor cnes evidently originate from 
simple bond-breaking processes. Isomerizations and complicated concerted processes are essentially absent. Alkyl free 
radical disproportionations, decompositions, and hydrogen abstraction reactions are absent.

Introduction
Radiolysis of «-alkanes by high energy electrons 

or photons gives hydrogen plus four groups of hy
drocarbon products1: (1) paraffins and olefins of 
carbon number <«, where n  is the carbon number 
of the feed, (2) olefins of carbon number «, (3) hy
drocarbons of carbon number «+ 1 through 2«—1, 
and (4) hydrocarbons (dimer) of carbon number 
2n. This study concerns the detailed mechanism 
of formation of the heavier products, C„+i-C2n, 
and represents an extension of previous studies 
by Dewhurst2 and de Vries and Allen.8

(1) H. A. Dewhurst and E. H. Winslow, J. Chem. Phys., 2 6 , 969 
(1957), designated class (1) as Ci, Class (3) as Ci, and Class (4) as Ca.

(2) H. A. Dewhurst, T his Journal, 6 2 , 15 (1958); J. Am. Chem. 
Soc., 8 0 , 5607 (1958).

(3) A. De Vries and A. O. Allen, T his Journal, 6 3 , 879 (1959).

Experimental
Feed.— re-Pentane was Phillips Research Grade, treated 

by passage through silica gel followed by distillation. It 
was 99.97% pure. The detectable impurity is thought to 
be neohexane, since its g.l.c. (gas-liquid chromatography) 
retention time agrees with that of neohexane on both silicone 
and Ucon-filled columns.

Photon Irradiations.— The feed was carefuEy degassed 
and distilled into a previously famed and evacuated 8 X  100 
mm. glass tube. The sealed-off tube with its 0.4 g . sample 
was irradiated beneath a slanting high intensity target.4 
The appropriate temperature was maintained by suspending 
the ampule in a thin-walled 10 mm. diam. titanium tube and 
passing nitrogen through the rube at the required tempera
ture. Dose, determined by ceric dosimetry, was 3.8 X  107 
rads, in the 30 minute irradiation time.

Hydrogen and methane were collected and measured by 
opening in vacuo and pumping off by Toepler, and the col-

(4) C. D. Wagner and V. A. Campanile, Nucleonics, 17 [7], 99
(1959).
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Fig. 1.— Apparatus for electron irradiations.

leeted gas was analyzed by mass spectrometry. The liquid 
was analyzed by gas chromatography at 50° for pentenes 
and at 155° for C6-Cio. For the low temperature analysis a 
1/a X  40-foot tube with Ucon filling was used_; this gave com
plete resolution of all pentenes. Retention times wore 
checked with authentic samples on both 40-foot Ucon and 
silicone-filled columns. A ‘ / 4 X 20-foot silicone column was 
used for the high-temperature analysis. Relative peak areas 
were converted to weight per cent, by using previously de
termined factors varying from 1.00 for C5 to 1.21 for Cm. 
Examination of particular products by mass spectrometry 
was done on samples trapped in the g.l.c. effluent by a U- 
tube in liquid nitrogen.

Electron Irradiation for Product Distribution.— The ap
paratus shown in Fig. 1 was used. The 64.2 g. of feed was 
distilled into the vessel m vacuo, and pressure was brought to 
760 mm. by addition of helium. (The helium was passed 
through charcoal at —193° before it was introduced.) With 
rapid centrifugal stirring by the magnetic pump, the hydro
carbon was irradiated in the cell with a vertical beam of 3 
Mev. electrons for 1284 seconds. Beam current collected 
in the cell was 20 microamperes. A collimating pipe was 
used to ensure centering of the beam at the surface of the 
sample. The temperature of irradiation was ca. 20°, main
tained by circulating ice-water. Dry Ice in the reflux con
denser prevented loss of feed, and gas produced was vented 
through the mercury valve.

The calculated dose, based on beam current, irradiation 
time and electron energy, was 1.05 X 10s rads. The cal
culation required a correction factor of 14% to allow for elec
tron back scattering and degradation of energy in passing 
through the foils. This was checked within 5%  by two 
simulated systems, one involving an aluminum calorimeter 
and the other a stirred solution of ceric ion (ceric ion solution 
may not be used directly in the aluminum cell). The results 
(c/. Table I) indicate that this calculated dose is too high, by 
about 80%. The explanation may lie in gas evolution in 
the cell being great enough to depress the liquid level so that 
some of the electrons lost energy in the cell wall beneath.

The liquid product of the electron irradiation was analyzed 
like that above, except that a 1/t X  20-foot Ucon column 
was used for analysis of C5-C7. In addition, a portion was 
hydrogenated over PtCh, separated on a silicone gas chro
matography column into its constituents, and analyzed by 
mass spectrometry to identify each compound. The pur
pose of the hydrogenation was to prevent interferences by 
the small amounts of olefins normally present.

T a b l e  I
P ro d u cts  from  P e n t a n e  R a d io l y sis

Form of radiation Photons Electrons
Dose rate, rads/hr. 108 ca. 4 X 109
Dose, rads 3 .8  X 10’ 10.5 X 10’
Temp., °C. -1 1 5 ° 25° 20°

(hydrogenated
products)

Products G-Values
Hydrogen 3.8 4.1
Isopentane 0.05 0.05 0.04
1-Pentene 0.45 0.47
frans-2-Pentene 1.00 1.00
m-2-Pentenc 0.30 0.37

2 C6 0.14
n- Hexane 0.052
2-Methylpentane 0.047
3-Mcthylpentane 0.034

SC, 0.34 0.47 0.33
n-Hoptane 0.09
2-Methylhexane 0.16
3-Ethylpentane 0.07

SC8 0.33 0.43 0.28
n-Octane 0.07
Isooctanes 0.22

SC9 0.04 0.05 0.05
n-Nonane 0.014
Isononanes 0.039

SCio 1.00 1.45 0.80
ra-Decane 0.06
Isodecanes 0.74

Electron Irradiation for Kinetics of Pentene Formation.—
A radically different irradiation technique was used in this 
experiment. Pentane was distilled into several melting 
point tubes 1.0 mm. i.d. X  80 mm. long, and the tubes were 
sealed off under vacuum. The ca. 20 /»l. samples were ir
radiated in the 3 Mev. electron beam at a point 20 cm. below 
the 5 mil thick aluminum window. It was previously de
termined that the current density for a 10 n ampere beam at 
this point is 0.345 ,uamp./cm.2. ' Since the energy loss for 3 
Mev. electrons in a very thin hydrocarbon sample is given 
as 2.00 M ev ./g ./cm .2,5 the dose rate should be 2.45 X  108 
rads/hr. On this basis the tubes were removed one by one 
so that the doses were 10, 20, 40, 100 and 22C megarads.

The tubes were then opened and the contents injected 
directly into a V4"  X  40' Ucon gas chromatography column. 
Areas of completely-resolved peaks for 1-pentene, trans-2- 
pentenc and cfs-2-pentene were measured.

Results
Analysis of the product distributions from the 

photon and electron irradiations are shown in 
Table I. Data for the light hydrocarbons are 
omitted because no special effort was made to en
sure against their losses in handling.

Most data in the table should be accurate to well 
within 10%. Those for the Ce compounds are 
not quite this accurate because of their small 
peak areas. However, all three C6 and three C7 
products were completely resolved in the 50° analy
sis. At 140°, on silicone, resolution was achieved 
in Cs-Cio only between branched and straight- 
chain products in each carbon number. Relative 
(/-values for the C8-Ci0 products agree well with

(5) Ann T. Nelms, NBS C ire, 577, "Energy Loss and Range of Elec
trons and Positrons.
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those of de Vries and Allen3 ; otherwise the agree
ment is rather poor.

Mass spectra obtained in the various carbon- 
number fractions (before hydrogenation) are shown 
in Table II. Data for the photon and electron 
irradiations are similar, and except for the m/q = 
140 peak in the dimer, are believed to be within 
experimental error (the samples, and therefore 
the M.S. peak heights, were very small). The 
higher value for m/g = 140 in the electron irradia
tion is believed to be due to higher olefin content 
at the higher dose level.

T a b l e  II
M ass  Sp e c t r a  o f  C 8- C i0 P ro d u cts

m/q
*--------- 2 0

Elec-
trons

Pho-'
tons0

/--------SCc
Elec
trons

Pho
tons

'------ SCl0‘
Elec
trons

Pho
tons

142 1.00 1.00
140 0.5 0.3
128 1.00 1.00
127 0.07 0.1
126 0.5 0.6 0.04 0.1
114 1.00 1.00
113 0.19 2.0 1.8
112 0.3 0.2 0.23 1.2 1.2
99 0 .2 0.2 1.7 1.4 1.9 1.8
98 0.35 2.3 2.1 2.5 2.3
85 3.8 2.9 4.6 4.0 0.9 0.7
84 2.2 1.7 3.7 3.3 1.0 0.8
71 8.1 6.5 7.6 6.0
70 8.5 6.7 10.6 8.4

“ From an experiment with dose =  2.6 X 107 rads. The
electron irradiation was that cited, with dose =  10.5 X  107 
rads.

Discussion
Isomerization.— It is clear from the low yield 

of isopentane that skeletal isomerization is a very 
minor process. Whether the isopentane is formed 
by an intramolecular rearrangement is not clear. 
It appears that the reactions that are prevalent 
are characterized by simple cleavage or condensa
tion. Complex reactions involving concerted mi
grations of groups are apparently of negligible 
importance.

Unsaturation. Light Hydrocarbons.— The light 
hydrocarbon products (<C5) consist of both satu
rated and unsaturated compounds, the latter 
amounting to roughly 20%. Yields and mechanism 
are to be discussed in a forthcoming publication.

Heavy Products.— Unsaturation is also present 
in the heavier products (Ce-Cio) from n-pentane. 
Unsaturation was noted at high dose levels by 
Keenan, Lincoln, Rogers and Burwasser6 with n- 
butane and by Snow and Moyer7 with C27 paraffin, 
but at dose levels comparable to this present study 
unsaturation was not observed by Dewhurst2 
with n-hexane nor by de Vries and Allen3 with 
n-pentane.

It is believed that this olefin is a secondary 
product involving first-formed pentene or penta- 
diene. The prevalence of olefins in the high dose 
study in ref. 6 is consistent with this; here the dif-

(6) V. J. Keenan, R. M. Lincoln, R. L . Rogers and H. Burwasser, 
J . Am. Chem. Soc.. 7 9 , 5125 (1957).

(7) A. I. Snow and H. C. Moyer, J . Chem. Phys., 2 7 , 1222 (1957).

Fig. 2.—Rise in pentene loncentration with dose.

ference in ratio of ion intensity at m/q =  140 to 
that at m/q = 142 in the photon and electron 
irradiations is believed to be due to difference in 
dose and the fraction of Cio product derived from 
intermediate olefin.

Pentenes.— The three w-pentenes are major 
products. From pure n-pentane their rate of 
formation is linearly dependent on dose rate, and 
from independent experiments not yet reported it 
has been found that they react at a rate first order 
in their concentration. Thus, the rate of rise of 
concentration with respect to dose is given by

= h  -  * ,[X ] (1)

where [X] represents olefin concentration and D
represents dose.

The olefin concentration is given by the inte
grated form :

[ X ]  =  |  (  . -  e - h D )  ( 2 )

Olefin concentrations determined in the electron 
irradiations of pentane in capillary tubes are shown 
in Fig. 2. From the slope of the concentration- 
dose curve at zero doseL values for lc0 were cal
culated, shown in Table III. Then from the con
centrations at 220 megarads the values for /cx were 
calculated. The curves calculated from these con
stants are plotted in Fig. 2 along with the experi
mental points. G-Values for olefin production 
are calculated from ka.

T a b l e  III
R a t e  C o n st an t s  f o r  O le f in  F o rm a t io n  an d  R e a ctio n

kg, moles 1. 1 ki,
megarad-1 G(pentene) megarad ~l

1-Pentene 0.00037 0.54 0.011
írons-2-Pentene .00067 .97 .0117
râ-2-Pentene .00028 .41 .010

Forming the double bond at the end position is 
less favored by a factor of 2.5, reflecting the greater 
energy of a methyl C-FI bond over a methylene
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C-H. frans-Olefin is formed faster than cfs-olefin in 
a ratio 2.4. The Cr-value for total pentene forma
tion is 1.9. This compares with Dewhurst’s2 value 
of 1.5 for hexene from hexane. However, his value 
does not include cfs-hexenes. cfs-Olefin products 
have apparently not been observed before from 
either low or high molecular weight hydrocarbons. 
This is due to the difficulty of detection by infrared 
spectrophotometry. This observation suggests 
that new consideration be given to the formation of 
m-unsaturation in irradiation of hydrocarbon 
polymers; to date this possibility has not been 
adequately considered.

The olefin formation reaction has been shown by 
Dewhurst to be independent of temperature and of 
the presence of radical scavengers, so olefin must 
not be formed by any thermal reaction requiring 
significant activation energy or by thermal radical 
disproportionation. Data obtained here on tem
perature dependence demonstrated that all three 
isomers are formed at the same rate at —115° 
as they are at 25°. Thus, it is believed that the 
olefins are formed by an intramolecular decompo
sition from vibrationally-excited states not in 
thermal equilibrium. Any correspondence with 
thermodynamically-expected concentrations must 
be fortuitous.

The close correspondence in the rates of disap
pearance of olefin is striking, and may indicate 
that the rate is a general function of an isolated 
double bond, independent of the groups attached to 
it. It hardly appears that olefin reacts by thermal 
radical addition, for the work of Buckley and 
Szware8 indicates the rate constants then should 
differ by factors up to 3-4.

If we assume heavy products can result from this 
reaction, it is of interest to calculate the apparent 
G-values for products derived from olefin at various 
dose levels. From equations 1 and 2 for olefin 
formation and concentration, equation 3 may be 
derived for the concentration of product, Xi, 
formed from the olefin. (We assume that first- 
order disappearance requires that [Xi] = [X0] — 
[X].)

[ X i ]  =  t o  [ Z >  -  1 ~ ^ hD]  ( 3 )

From fc0 = 0.00132, representing rate of forma
tion of total pentenes, and fci = 0.011 representing 
an average rate of reaction, G-values for formation 
of products from olefin are calculated to be 0.01, 
0.09, 0.76 and 4.1 for doses of 107, 3 X 107, 10s and 
3 X 108 rads, respectively. Thus, such reactions 
cannot be important in the formation of the ob
served heavy products at low doses, but may be
come significant above 3 X 107 rads. Substan
tially this conclusion was reached by Dewhurst2 
on the basis of linearity of heavy product formation.

Free Radicals in Heavy Product Formation.—  
The work of Dewhurst2 makes it rather evident 
that the heavier products are formed from thermal 
free radicals, for he found that they are not 
formed in the presence of iodine, and alkyl iodides 
are formed instead, de Vries and Allen3 obtained 
a rather good fit (except for C7) between calcu-

(8) R. P. Buckley and M. Szware, Proc. Roy. Soc. {London), A240, 
396 (1957).

lated and observed yields of branched and straight- 
chain C6-Cio products, with an assumed radical 
distribution. Since the product analysis shown in 
Table II of this study for the electron irradiation of 
n-pentane is considerably more detailed, a similar 
but more complete treatment is presented.

There are several assumptions involved. It is 
assumed first that the olefin content is small 
enough to be ignored. Second, it is assumed that 
radicals are produced by action of the radiation 
in some way as yet undefined, by simple C-C and 
C-H splits to form 1-pentyl, 2-pentyl, 3-pentyl, 
n-butyl, n-propyl, ethyl and methyl radicals. 
Third, it is assumed that these radicals disappear 
by radical recombination with collision efficiencies 
independent of radical structure. (It is known that 
AE  is very close to zero. Thus this assumption 
requires that diffusion and steric factors in their 
reaction also be independent of structure). Fourth, 
it is assumed that recombinations in the track be
fore diffusion give the same product distribution 
as that to be expected from a homogeneous solu
tion of free radicals. With these assumptions the 
rates of formation of the products of various carbon 
numbers are given by the following, where R n re
fers to a concentration of radical of carbon number 
n, and M n refers to a concentration of a hydrocarbon 
product of carbon number n

dil/io 
di 

d M„ 
di

dMs 
d t

dM, 
d t

d Me 
di

=  KRb2 

=  2kR^R\

=  2kRJlz +  kRi2 

=  2kR^Rz +  2kR^Rz 

— 2kR*>R\ -\~ 2kR±R2 -f- kR$2

In this case k is the rate constant for recombination 
of two like species, while the rate constant for 
recombination of unlike species must include the 
factor two in the collision frequency factor.

From the above and from product ratios there 
can be derived relative free radical concentrations. 
In this we assume that a true steady-state exists 
independent of dose, so that final product distri
bution reflects relative production rates. This 
assumption must be valid, for the concentrations 
are closely linear with dose

Mi0 
M„ 
Mm 
M s

M 10
M ,
Mm
M 6

= 15.3 Ri = 0.0327«,

= 2.82 R$ = 0.177«s

= 2.48 R2 = 0.190«s

= 5.8 Ri = 0.064«a

The relative concentrations turn out to be reason
able. The ethyl nearly equals the propyl concen
tration, and both are much larger than methyl and 
butyl, indicating much more frequent split away 
from the terminal bonds, as one would expect 
from the energetics of the two reactions. The 
higher yield of methyl than n-butyl is not under-
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stood. This effect has been observed before by 
iodine scavenging.2’9’10

The isomer distribution in the C7 product was 
more reproducible and accurate than that of the 
C6, and all three isomers were resolved in contrast 
to those in the C8 and C9 product. Therefore we 
use the C7 distribution to determine the relative 
concentrations of 1-pentyl, 2-pentyl and 3-pentyl 
radicals

d( 3-methylhexane ) 
di

d( 3-ethylpentane ) 
d£

d(n-heptane)
di

2kRiRi,2

2kR<iRi,z

2kR<*Rç,i -)- 2kR Ji:t

with the alkyl iodides formed from alkanes in the 
presence of iodine. 2’9 Therefore, as expected, the 
radicals do not isomerize under these conditions.

Free Radical Production Rate.— Weber, Forsyth 
and Schuler11 used iodine as a free radical scaven
ger and found a Cr-value of 8 .0  ± 0 .2  for free radical 
production from a large variety of open chain com
pounds. Values obtained by Prevost-Bernas, 
et a l.,12 using diphenylpicrylhydrazyl are in es
sential agreement. 11 By use of unit conversion 
factors this may easily be translated into rate of 
production, if the actual dose rate is known. Thus, 
if the reaction is

1 ku\L
 ̂ M — >  R- (1)

■ where in R ia, the position of the free valence is 
denoted by a. From those data, the relative con
centrations of the three pentyl radicals were found 
to be

1- pentyl =  0.25 R6
2- pentyl =  0.51jRfi
3- pentyl =  0.241?5

It is gratifying to observe that the concentration 
of 2-pentyl appears to be about twice that of 3- 
pentyl, consistent with the relative number of hy
drogen atoms at each of these types of secondary 
carbon atoms, and the concentration of 1-pentyl is 
about the same as 3-pentyl, although the hydrogen 
atom ratio is 3:1. This is consistent with a much 
lower probability of splitting the primary C-H 
bond. Such a relationship could not be obtained 
if the C7 product were formed by a mechanism 
involving free radical addition to a mixture of 1- 
pentene and 2-pentene; also such a specific relation 
would hardly be expected from an ion-molecule 
reaction which has very high collision efficiency, 
and accordingly, low selectivity.

The final test is the check of the isomer distri
bution in all of the product groups. Since the 
total in each carbon number must agree (these 
quantities were used in calculating the relative 
radical concentrations), the meaningful data are 
limited to those in Table IV.

T a b l e  I V

C o m p a r is o n  o f  C a l c u l a t e d  a n d  O b s e r v e d  P r o d u c t  
R a t io s

Product ratio Calcd. Obsd.
2-Methylpentane/ZC6 0.38 0 .3 -0 .4
3-Methylpentane/2C6 .18 0 .2 -0 .3
ra-Hexane/ZCe .44 0.4
ra-Octane/ZCs .25 .23
re-Nonane/ZCs .25 .26
n-Decane/ZCio .062 .073

This agreement is regarded as good, and con
firms that the major mode of formation of C6-Cio 
product is by thermal free radical recombination.

It is worth noting also that the C7 product con
tains only three isomers. Thus, n-butyl plus n- 
propyl gives n-heptane, and there is no product 
of isopropyl and sec-butyl. This is consistent

(9) C. E. McCauley and R. H. Schuler, J. Am. Chem. Soc., 7 9 , 4008 
(1957).

(10) L. H. Gevantman and R. R. Williams, T h i s  J o u r n a l ,  56, 5G9 
(1952).

k, is 5.16 X 10~9 mole/1. rad, and k j ,  where I  
is in rads per hour, is 5.16 X 10~9/ mole/1. hour or
l. 43 X 10-12/ mole/1. sec. (Density of n-pentane 
used in this conversion was 0.62 g./ml.)

In the X-ray experiment it is estimated that the 
effective instantaneous cose rate in the scanning 
photon beam is 108 rads/hour. This gives a value 
for k j  of 1.4 X 10~ 4 mcle/1. sec. It is more dif
ficult to estimate the effective dose rate to that 
portion of the solution being irradiated at any 
instant in the n-pentane electron irradiation, but 
4 X 104 rads./hr. seems a reasonable value. This 
gives 5.8 X 10~ 3 mole/1 sec. for the free radical 
formation rate for the electron irradiation.

Free Radical Concentration.— In order to esti
mate the steady-state free radical concentration 
we assume the important reactions are

kd
— J- R- ( i )

fcr
. ----">■ Rn m

where (1) specifies only that radicals are produced 
at a rate k j .  Then, the radical concentration is 
given by

assuming that the system can be treated as a homo
geneous solution. If some of the free radicals re
combine before they diffuse away from the track 
the calculated bulk concentration will be too high. 
However, iodine scavenging experiments by Schu
ler13, using heavy particles, demonstrate that re
combination in the track is not an important effect.

There are no direct data available on the rate 
constant for recombination of heavier alkyl radicals 
in hydrocarbon solution. Gomer and Kistia- 
kowsky14 found the gas phase rate constant at 25° 
for methyl radicals to be 3.6 X 1010 l./mole sec. 
Ivin and Steacie16 obtained 2.0 X 1010 l./mole sec. 
for the combined rates in gas phase of dispropor
tionation and recombination of ethyl radicals.

(11) E. M. Weber, P. F. Forsytii and R. H. Schuler, Rad. Research 
3 fl], 68 (1955).

(12) A. Prevost-Bernas, A. Chapiro, C. Cousin, Y. Landler and M. 
Magat, Disc. Faraday So., 12 , 98 1952).

(13) R,. H. Schuler, T h i s  J o u r n a l , 6 3 , 925 (1959).
(14) R. Gomer and G. B. Kis :iako wsky, J. Chem. Phys., 19, 85 

(1951).
(15) K. J. Ivin and E. W. R. Steacie, Proc. Roy. Soc. {London), 

A 2 0 8 , 52 (1951).
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Heller16 found that the collision efficiencies for 
methyl-methyl, methyl-ethyl and ethyl-ethyl are 
identical at 100° in gas phase. Aditya and Wil
lard17 summarize data on iodine atom recombina
tion in hydrocarbon solution; values range from
1.0 to 2.2 X 10'° l./mole sec. as a reasonable 
value for the rate constant. It is hardly likely 
that the rate constant for alkyl radicals can be 
larger than that for iodine atoms.

From this, and the values for free radical forma
tion rate, the free radical steady-state concentra
tion is calculated to be 1.0, and 6.2 X 10-7 for the 
photon and electron irradiations of n-pentane, 
respectively.

Free Radical Lifetimes.— The average free radi
cal lifetimes are obtained by dividing the free radi
cal concentrations by their rates of production. In 
terms of dose rate, this is given by

T =  ( fc i fc r / )1/ !  ( 5 )

for 108 rads/hour, the lifetime is 0.7 msec.; for 
4 X 109 rads/hour, it is 0.11 msec.

The lifetimes of those radicals that recombine 
in the track will be very much shorter. The con
centration in the bulk of the larger fraction that es
cape from the track will be slightly lower than that 
calculated by equation 4 and therefore the average 
lifetimes of the escaping radicals will be longer than 
that calculated above.

Hydrogen Abstraction Reactions.— It is of inter
est to determine whether radicals react by hydrogen 
abstraction

K
It- +  C5H12 — >  RH +  C6Hir (S)

before they recombine. Such a reaction would 
shift the steady-state distribution of free radicals 
by increasing pentyl radical concentration at the 
expense of smaller radicals. In the extreme, if 
the rate of abstraction were very much faster than 
recombination, essentially only pentyl radicals 
would be present and the product distribution 
would consist only of light hydrocarbons and dec
anes, with no intermediate C6, C7, C8 and C9 prod
ucts. Thus, abstraction must not be dominant 
in this system, but it is of interest to determine 
whether it is significant.

Since abstraction requires 8 kcal. of activation 
energy per mole, while recombination requires no 
activation energy, a study of the effect of radiolysis 
temperature on product distribution should disclose 
the prevalence of abstraction at room temperature. 
Viewing the system as a homogeneous solution of 
free radicals in hydrocarbon, we can derive the 
following relation between the ratio of intermediate 
and dimer products and the relative free radical 
concentrations: If r =  ( [C6] +  [C7] +  [C8] +  
[C9])/[Cjo], [R5] = pentyl concentration and [Ra]
= [Ri] +  [R*l +  [R*] +  [R4]

[R5] _ 1
i iy  + [Rai ~ v r ~ r

From the data of Table I, r  = 1.00 and 0.79 and 
[R5]/[Rel +  [Rs] = 0.71 and 0.75 for the electron 
and photon irradiations, respectively. In the pair

(16) C. A. Heller, J. Chem. Phys., 2 8 , 1255 (1958).
(17) S. Aditya and J. E. Willard, J. Am. Chem. Soc., 79, 2C80 

(1957).

of experiments designed to test temperature de
pendence, the ratio ([C7] +  [Ca])/[Cho] at 25 and 
— 115° was 0.63 and 0.67, respectively. This agree
ment (within experimental error) demonstrates 
conclusively that hydrogen abstraction by free 
radicals is negligible under these conditions.

It is of interest to check this result against that 
to be expected from values for the appropriate 
rate constants for thermal free radicals. We 
can express the above result as a probability that 
a radical abstracts hydrogen before recombining. 
That is, using k& from reaction 3 and kr for the re
combination reaction 2

p  _  M M ] 
a A;r [R] +  M M ]

and this equals zero in our system. In this equa
tion [M] for pentane is 8.7, and the quantity fcr[R] 
derived from equation 4 (for the free radical con
centration) is equal to (ktk j )1/*. Values for kT
and k\ are given above, and (k Ib j y /‘‘ = 0.146 
I1"  sec.-1.

There are no direct data on k* for radicals other 
than methyl, and some data treatment is required. 
Trotman-Dickenson, Birchard and Steacie18 found 
the rate constant for the hydrogen abstraction re
action of methyl radicals on n-pentane at 25° to be 
121 l./mole sec. Smid and Szwarc19 conducted 
competitive rate experiments in isooctane solution 
with free radicals and concluded that the rate 
constant for abstraction by ethyl and propyl 
radicals from paraffins is about one-tenth that for 
methyl. If we assume the absolute gas phase 
value is the same in liquid phase we may adopt 12 
l./mole sec. as a reasonable value for k& for the 
radicals we are concerned with. Values of Pa 
so calculated when plotted against log I  give a 
sigmoidal curve, with P a = 0.9 at 6 X 103 rads 
hr., 0.5 at 5 X 106 rads hr., and 0.1 at 4 X 107 
rads hr. It is evident from this that no significant 
abstraction is expected at a dose rate of >108 rads 
per hour.

It is then of interest to inquire whether there is 
evidence for the validity of the sigmoidal curve 
from experiments at lower dose rate. Dewhurst 
and Winslow1 obtained data on the ratio of “in
termediate” to “dimer” in n-hexane at a photon 
dose rate of 2 X 106 rads per hour and an electron 
dose rate estimated at 8 X 108 rads per hour. 
Later Dewhurst2 presented similar data for another 
electron irradiation at 8 X 108 rads per hour. 
Values of [R6]/([RS] +  [Re]) calculated from their 
data were 0.88, 0.81 and 0.75, respectively. It is 
gratifying to observe that the ratio is considerably 
shifted at the very low dose rate and is in the di
rection to indicate that hydrogen abstraction 
becomes significant at lower dose rates.20 Further 
evidence for this has been obtained by Schuler and 
Muccini21 from the radiolysis of cyclopentane- 
cyclohexane mixtures at various dose rates.

(18) A. F. Trotman-Dickenson, J. R. Birchard and E. W. R. Steacie, 
J. Chem. Phys., 19, 163 (1951).

(19) J. Smid and M. Szwarc, J . Am. Chem. Soc., 7 8 , 3322 (1956).
(20) Since this paper was written R. A. Back and N. Miller {Trans. 

Faraday Soc., 55, 911 (1959)), reported on gas phase radiolysis of n- 
pentane and other hydrocarbons. They attribute some of the products 
under their experimental conditions to hydrogen abstraction reactions 
and addition of free radicals to olefins.



Feb., 1960 R adiolysis  of ^ -P araffin s 237

Role of the Hydrogen Atom.— Since pentyl 
radicals comprise about 70% of the alkyl 
present in the steady state, and since they do not 
arise by hydrogen abstraction, they must either 
be formed by a direct decomposition

M — >  r ; +  H U)

or by some bimolecular process such as
M + or M* +  M — > 2R- +  H2 (5)

Evidence for production of hydrogen atoms by 
reaction 4 has been obtained by iodine scavenging 
methods; evidence by Dewhurst2 was indirect, 
while that by Meshitsuka and Burton22 involved 
direct isolation of hydrogen iodide. One or both 
of processes 4 and 5  are more probable than the 
process

M — s-2R s (6)

We might examine the rate constants for ther
mal hydrogen atoms to see what they are likely to 
do if they are formed by reaction 4- We may 
consider three reactions at zero time (in absence 
of olefin product)

H- +  M R- +  H2 (7)

H- +  R- RH . (S)
H- +  H --- s- H2 (9 )

Since hydrogen atoms are very reactive, their con
centration must be very low, and reaction 9  is 
excluded. (This can easily be proved from the rate 
constants below). The rate constant for reaction 
8, khr, may be taken to be 3 X 109 l./mole sec., 
derived from the CH3 +  CH3 rate constant, dimin
ished to compensate for the lower collision fre
quency with the small hydrogen atoms. The rate 
constant for reaction 7 can be derived from the 
work of Schiff and Steacie,23 who found the col
lision yield in gas phase at 25° to be 7 X 10-8. 
The collision frequency Z  at this temperature 
should be about 1.5 X 1011 l./mole sec., giving a 
rate constant of about 10,000 l./mole sec., about 
80 times the constant for abstraction by methyl 
radicals. The probability that the hydrogen atom 
would react by hydrogen abstraction before addi
tion toR- is then approximately

fch»[M]
fchalM] +  fthrfR] 0.98

Thus, if hydrogen atoms are formed by reaction 
4, they react by hydrogen abstraction to form 
H2 and pentyl. It is apparent that the over-all 
processes to form pentyl radicals are 2.3 times as 
probable as carbon-carbon scission, reaction 6.

Disproportionation and Decomposition of Radi
cals.—Thus far only recombination and hydrogen 
abstraction reaction of free radicals have been con
sidered. Decomposition of a free radical to a 
smaller radical and olefin is endothermic by over 
20 kcal., and at ordinary temperatures is not 
important. Disproportionation, however, is im
portant in gas phase. For example, Back24 found,

(21) R. H. Schuler and G. A. Muccini, J. Am. Chem. Soc., 8 1 , 4116 
(1959).

(22) G. Meshitsuka and M. Burton, Rad. Research, 10 [5], 499 
(1959).

(23) H. 1. Schiff and E. W. R. Steacie, Can. J. Chem., 29, 1 (1951).

on the basis of kinetic analysis of mercury-photo
sensitized decomposition of gaseous n-pen fane at 
25°, that the ratio of the rate constants for dispro
portionation and recombination, kd/kr, for pentyl 
radicals is 0.7. Kraus and Calvert26 found this 
ratio at 100° to be 4.6, 0.42 and 2.3 for ¿-butyl, 
isobutyl, and sec-butyl respectively, and con
cluded that the ratio is roughly proportional 
to the number of hydrogens on a-carbon atoms. 
Thus straight chain n-alkyl and sec-alkyl radicals 
should have ratios of about 0.9 and 1.8, respectively. 
Activation energies for disproportionation are 
very close to zero, like recombination, so that these 
ratios should not change appreciably as the tem
perature is lowered. Thus disproportionation 
should be important in radiolysis, at least in the 
gas phase.

However, as pointed out above, Dewhurst2 
found the rate of hexene production from hexane to 
be unaffected in the presence of radical scavengers. 
Thus, it is difficult to see how a significant fraction 
of it can be formed by radical disproportionation 
of sec- or n-alkyl radicals. Phibbs and Darwent26 
photolyzed n-decane in liquid phase in the presence 
of mercury at 0 —134° and found only eicosanes 
plus hydrogen. Thus h appears that dispropor
tionation actually does not contribute in liquid 
phase, but is important in gas phase. It seems 
reasonable that disproportionation is a conse
quence of the energy released on recombination, 
in which the radicals rebound and separate with 
transfer of a hydrogen atom; in liquid phase col- 
lisional deactivation must reduce the probability 
of disproportionation essentially to zero.

Ion-molecule Reactions.— While the origin of 
much of the observed product can be explained in 
terms of conventional free radical mechanisms, 
the product of bulk 1-hexene radiolysis could not.27 
There the predominance of straight chain and 
5-methylundecane skeletons with one double bond 
instead of diolefin with C2 and C3 branches was 
explained by a mechanism involving an ion- 
molecule condensation. The reaction may be 
favored by the significant electron affinity of the 
olefin, which by momentarily trapping the ejected 
electron can prolong the life of the ion. With 
saturated paraffins, on the other hand, such stabi
lization is lacking, and there is no direct evidence 
for such a reaction.

One ion-molecule reaction that has been postu
lated frequently is the hydrogen abstraction re
action

C5H12+ +  C6Hl2 — C6H13 + +  C5H11 (10)

analogous to the known reaction with methane 
ion and methane. TI13 product ion could de
compose on neutralization by

C6HI3+ +  <r — >- C5H „ +  H2 ( i l )

This could be the bimolecular reaction mentioned 
in outline as reaction 5.

(24) R. A. Back, Trans. Faraday Soc., 54, 512 (1958).
(25) J. W. Kraus and J. G. Calvert, J. Am. Chem . Soc., 79, 5921 

(1957).
(26) M. K. Phibbs and B. de 3. Darwent, J. Chem. Phys., 18, 679 

(1950).
(27) P. C. Chang, N. C. Yang and C. D. Wagner, J. Am. Chem. 

Soc., 81, 2060 (1959).
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A series of freezing point depression measurements has been made in the metal-rich and salt-rich regions of the Bi-BiCl3 
system. BiCl3 was found to have a cryoscopic effect of 3.02 ±  0.07 when dissolved in molten bismuth. This effect can be 
explained by dissociation of BiCl3 solute or by reaction of BiCl3 with Bi to form the monochloride. In the case of the salt- 
rich region, the results suggest that Bi dissolves in BiCl3 as Bi2Cl2.

Introduction
Cryoscopic measurements of metals dissolved in 

fused salts have been carried out on solutions of 
Cd,2 Ni3 and alkali metals4 5 dissolved in their 
chlorides. However, no cryoscopic studies of a 
halide dissolved in a molten metal have hitherto 
been reported. Although the solubility of salts in 
metals is usually very low near the latter’s freezing 
point,6 molten bismuth metal appeared to be a 
suitable solvent for such a study since Eggink6 
reported that the solubility of BiCl3 in Bi at the 
eutectic temperature was 2.0 mole %. Conse
quently, a series of freezing point depression 
measurements was made in the metal-rich region 
of the Bi-BiCh system.

A cryoscopic study was also carried out in the 
salt-rich region of this system in an attempt to 
obtain information about the species existing in 
solutions of bismuth dissolved in BiCl3. Some of 
these data have, in fact, been used in a recent 
publication7 to support deductions concerning 
species formed in Bi-BiCh solutions.

Experimental
Materials.— High purity bismuth metal, obtained from 

Belmont Refining and Smelting Company and reported to 
be 99.999% pure on the basis of spectrochemical analysis, 
was used throughout these studies. Before use the bismuth 
was melted in an atmosphere of dry helium and filtered 
through dry Pyrex wool to remove any bismuth oxide pres
ent. The freezing point was found in 6 replicate measure
ments to be 271.01 ±  0.06°, compared with the literature 
value of 271.30.8 Reagent grade bismuth trichloride was 
dried under a current of HC1 gas and distilled under HC1 
and then under argon. The first and last eighths of the 
distillate were discarded. Analysis showed the resulting 
product to be anhydrous, with a chlorine to bismuth ratio 
of 3.00. The melting point of the salt was 233.6°.

Apparatus and Procedure.— The mixtures of bismuth and 
BiCl3 were prepared under argon in a dry-box. They were 
sealed in 18-mm. Pyrex ampules which had a thin-walled 
thermocouple well sealed into the bottom of the tube. 
Temperatures were measured with a calibrated chromel- 
alumel thermocouple using a Rubicon B precision poten
tiometer. The cold junction of the thermocouple was

(1) This work was supported by the Atomic Energy Commission. 
This paper has been presented in part before the Division of Physical 
Chemistry at the National Meeting of the A.C.S. in September, 1957.

(2) K. Grjotheim, F. Gronvold and J. Krogh-Moe, J. Am. Chem. 
Soc., 77, 5824 (1955).

(3) J. W. Johnson, D. Cubicciotti and C. Kelley, T h i s  J o u r n a l , 62, 
1107 (1958).

(4) M. A. Bredig, J. W. Johnson and W. T. Smith, Jr., J. Am. Chem. 
Soc., 77, 307 (1955).

(5) S. J. Y'osim and E. B. Luchsinger, Ann. N. Y. Acad. Sci., in 
press.

(6) B. G. Eggink, Z. physik. Chem., 64, 449 (1908).
(7) M. A. Bredig, T h i s  J o u r n a l , 63, 978 (1959).
(8) D. Stull and G. Sinke, “ Thermodynamic Properties of the Ele

ments,”  Am. Chem. Soc., Washington, D. C., 1956.

maintained in an oil-filled tube, placed in a distilled water- 
ice-bath. The sample was heated in a Marshall furnace 
which was automatically regulated by a West Gardsman 
temperature controller operating through a variable trans
former.

While supercooling was not a problem with the metal- 
rich samples, in the case of salt-rich samples supercooling 
occurred and became severe in the 20-30 mole% Bi concen
tration range. However, prior addition of dry powdered 
Pyrex to act as a nucleating agent for the B ids solvent, when 
accompanied b}r vigorous shaking, was effective in reducing 
supercooling. In later experiments, it was found that blow
ing a jet of cold air on top of the tube for a moment resulted 
in crystallization of a small amount of BiCl3 which served as 
a nucleating agent.

Results and Discussion
Molten Bismuth Solvent.— Figure 1 shows the 

freezing point depressions of molten bismuth solu
tions produced by BiCb solute. The cryoscopic 
number n  (the number of particles formed in molten 
bismuth per molecule of solute) was calculated in 
accordance with the Itaoult-van’t Hoff equation

where
AJ’ is the freezing point depression
Tt and T are the freezing points of pure bismuth, 544.1°K. 

and the solution, respectively
N 2 is the mole fraction of solute
AH, is the molar heat of fusion of bismuth at its m.p., 

2.60 keal.8
A least squares treatment of the freezing point 

depression data yielded a mean cryoscopic number 
of 3.02 with a stancard deviation of 0.07. The 
eutectic composition, determined by the inter
section of the least squares line with the mean 
eutectic temperature of 267.3 ± 0.1°, was found 
to be 0.54 mole %. This value for the eutectic 
composition is considerably lower than the value of
2.0 mole % found by Eggink.6 However, his 
method of determining this composition, namely 
withdrawing a sample of metal through the salt 
phase, could easily result in contamination of the 
metal phase. Sokolova’s9 phase diagram, which 
was determined by the cooling curve method, 
showed the eutectic at 0.7 mole %  bismuth, more 
in agreement with this study than with Eggink’s. 
However, Sokolova’s data are inadequate for a 
cryoscopic study since only one point was obtained 
for the liquidus curve in the metal-rich region and 
the probable error of the freezing point measure
ment is one degree or more.

The observed cryoscopic number of 3.0 indicates 
that BiCl3 does not dissolve in a molecular form,

(9) M. A. Sokolova, G. G. Urazov and V. G. Kuznetsov, Akad. 
Nauk, S.S.S.R., Inst. Gen. Incrg. Chem.., 1, 102 (1954).
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since a cryoscopic number of one would then be ex
pected. However, there are at least four apparent 
mechanisms which would yield a cryoscopic num
ber of three. The first of these is one in which 
BiCh dissociates into 4 particles upon dissolving 
and the bismuth from BiCl3 becomes indistinguish
able from the bismuth particles of the molten metal. 
When Bi+3 dissolves in a good conductor such as 
molten bismuth, the charge on Bi+3 would not be 
expected to remain localized but would distribute 
itself throughout the conductor, resulting in 
equivalent bismuth particles. The bismuth ion 
from the BiCh then would not depress the freezing 
point of bismuth metal, and the three chlorine 
atoms or ions of the BiCl3 solute would contribute 
the observed cryoscopic effect of three particles.

The second mechanism is again a dissociation 
of BiCl3 into 4 particles with the bismuth from 
BiCl3 distinguishable from the bismuth metal 
particles. The observed cryoscopic number of 3.0 
could then be interpreted in terms of deviation of 
the bismuth solvent from Raoult’s law. This 
mechanism is a less likely one since it appears 
improbable that the activity coefficient of the sol
vent would vary in just such a manner as to have 
the cryoscopic number remain a constant integer 
over the range studied.

A third process is one in which the BiCl3 reacts 
with the bismuth solvent to form undissociated 
BiCl molecules, as shown below

BiCk +  2Bi =  3BiCl (2)
The fourth mechanism is the dissociation of BiCl 
or (BiCl) z yielding bismuth particles indistinguish
able from the bismuth metal particles just as in the 
first mechanism. The first and fourth mecha
nisms cannot be differentiated cryoscopically since 
the final compositions are identical.

In principle, mechanism 3 can be distinguished 
from 1 or 4 by the fact that there is a different con
centration of bismuth solvent resulting from each 
process. However, due to the low solubility of 
BiCl3 in Bi, the cryoscopic technique is not suffi
ciently accurate to permit a choice between them.

Molten BiCl3 Solvent.— Because equation 1 is 
not intended for use at higher solute concentra
tions, the following equation was used to interpret 
the freezing point data

. _ -A H jA T
In &BÍC13 RTTi

where AH) is the molar heat of fusion of BiCl3 
(5.68 kcal./mole),10 and « b í g l  is the activity of 
BiCl3. The assumptions included in equation 3 
are that the heat of fusion is constant over the 
temperature range studied and that there is no 
solid solution. Also, the use of equation 3 in 
interpreting the freezing point results involves the 
assumption that the activity coefficient of the sol
vent is unity and that accordingly the heat of mix
ing is negligible. There is no direct information on 
the heat of mixing at these temperatures; however 
at 328° the partial molal heat of solution of BiCl3 
in a solution containing bismuth is nearly zero at 
concentrations up to approximately 20 mole % 
bismuth.11

(10) L. E. Topol, S. W. Mayer and L. D. Ransom, T his Journal, 
in press.

MOLE PERCENT OF 8iC¡3 ,
Fig. 1.— Freezing point depression of Bi by BiCL.

Fig. 2.— Comparison of experimental freezing point de
pressions of BiCl3 with those calculated for various bismuth 
species.

In order to determine the most probable bismuth 
species, based on this cryoscopy work, the mole 
fraction of BiCl3 in these solutions was calculated 
on the basis of each of the mechanisms

Bi — >■ Bi atoms (4)
2Bi — >  Bi2 (5)

2Bi +  BiCl3 — 3BiCl (6)
4Bi +  2BiCl3 — 3BÌ2CI2 (7)
2Bi +  BiCl3 •— ^ Bi3Cl3 (8)

8Bi +  4BiCl3 — >- 3BÌ4CI4 (9)
Bi +  2BiCl3 — ^  3BiCl2 (10)
Bi +  BiCl3 — BÌ2CI3 (11)

The resulting freezing point curves are shown in 
Fig. 2. Based on these results, it can be seen that 
reaction 7, or formation of Bi2Cl2, appears to be the 
most likely mechanism for solution, in agreement 
with Bredig’s7 conclusions. The agreement be
tween the experimental freezing point depressions 
and those calculated on the basis of formation of 
Bi2Cl2 is good for the entire BiCls liquidus range. 
It can also be seen that formation of Bi2Cl2 is a 
much more likely mechanism than the formation 
of BÌ4CI4 suggested by Corbett12 who based his 
interpretation on vapor pressure results11 of Bi- 
BiCls solutions. The conclusion that Bi2Cl2 is the 
species formed when bismuth metal is added to 
BiCl3 is consistent with, but not proven by, the 
existence of (BiCl) 3 in the solid and with the fact 
that these solutions are diamagnetic. 13

(11) D. Cubicciotti, F. J. Keneshea, Jr., and C. M. Kelley, ibid., 
6 2 , 463 (1958).

(12) J. D. Corbett, ibid., 6 2 , 1149 (1958).
(13) J. D. Corbett, S. Winbush and F. C. Albers', J. Am. Chem. Soc., 

79, 3020 (1957).
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It is interesting to note that if the literature value 
for the heat of fusion of BiCl3 (2.6 kcal./mole)14 
is used, the data reported here would lie most 
consistent with mechanisms 7 and 8, i.e ., formation 
of Bi2 and Bi3Cl3. However, the value of 2.6 kcal. 
for A H { of BiCl3 is based on phase diagram results 
while the value of 5.68 kcal.10 used in this work is 
the result of a calorimetric determination and is, 
therefore, regarded as more accurate.

If one assumes mechanism 4 (solution as Bi 
atoms) to be correct and calculates the activity 
coefficient of BiCl3, it is found that 7Bici, is be
tween 1.00 and 1.03 over the entire range (up to 30 
mole %). Since bismuth and BiCl3 are so differ
ent, one would expect a much greater deviation of 
the solvent from ideality at least in the more concen
trated solutions. Therefore, it is not likely that the 
formation of Bi atoms is the sole mechanism.

A possibility which must not be overlooked is

(14) K. K. Kelley, U. S. Bureau of Mines, Bulletin 393, Washington,
D. C., 1936.

that a combination of 2 or more species could yield 
the observed freezing point depressions. Evidence 
supporting the latter, especially at higher tempera
tures, is the presence of retrograde solubility in the 
region of the miscibility gap of the Bi-BiCl3 sys
tem16; i.e ., the solubility of molten bismuth in 
liquid BiCl3 decreases as the temperature increases 
from 320 to 550° and then increases with increasing 
temperature. This retrograde solubility might be 
the resultant of 2 processes. However, near the 
melting point of BiCl3, it is not known whether 
these two processes are taking place or whether 
there is only a single process.

Thus, while the results of these experiments indi
cate that Bi2Cl2 is the most likely species, the 
possibility that a combination of other species can 
explain these results cannot be neglected. Other 
experiments of a non-thermodynamic nature would 
be desirable before any firm conclusion can be 
drawn as to the species existing in these solutions.

(15) S. J. Yosim, A. J. Darnell, W. G. Gehman and S. W. Mayer, 
T his Journal, 63, 230 (1959).

CALCIUM POLYPHOSPHATE— RATE AND MECHANISM OF ITS
HYDROLYTIC DEGRADATION

By E. O. H uffman and J. D. Fleming

Division of Chemical Development, Tennessee Valley Authority, Wilson Dam, Alabama
Received August 24, 1959

The rate and mechanism of the hydrolytic degradation of vitreous calcium polyphosphate were studied experimentally. 
Despite limitations imposed by the presence of calcium, paper chromatography proved useful for the analytical separations. 
Degradation of the highly condensed calcium polymer follows, at a higher rate, essentially the mechanism reported for the 
vitreous sodium phosphate known as Graham’s salt. The energy of activation over the temperature range 25 to 100° ranges 
from 15 to 22 kcal. Rates of degradation at 25, 50 and 100°^are expressed as functions of pH. The presence of soil ac
celerates the degradation. Results of the study help to explain the behavior of calcium polyphosphate as a fertilizer and 
serve as background information in the development of hydrolytic processes for its conversion to other fertilizer materials.

Vitreous calcium polyphosphate is of interest as 
a fertilizer and as an intermediate in the manu
facture of other fertilizers. In either use, the rate 
and mechanism of its hydrolytic degradation are of 
interest. A study1 of the gross rate of its conversion 
to orthophosphate antedated the development of 
methods for following the intermediate steps in the 
conversion.

In a re-examination of the degradation process, 
advantage was taken of methods recently developed 
for determining the average size of polyphosphate 
molecules2 and the distribution of different phos
phate species.3-6 Certain characteristics of cal
cium polyphosphate necessitated modification of the 
methods, however, and limited the precision of the 
results. The average size of the polyphosphate 
molecules dissolved by use of an ion-exchange resin 
was determined by pH titration, and the rate and 
mechanism of the hydrolytic degradation of dis
solved calcium polyphosphate were studied by 
use of paper chromatography.

(1) W. H. Maclntire, L. J. Hardin and F. D. Oldham, hid. Eng. 
Chem.f 29, 224 (1937).

(2) O. Samuclson, SvcnsJc Kem. Tid., 56, 343 (1944); 61, 76 (1949).
(3) J. P. Ebel and Y. Volmar, Compt. rend., 233, 415 (1951).
(4) J. P. Ebel, Bull. soc. chim. France, 991 (1953).
(5) J. Crcwther, 'Anal. Chem., 26, 1383 (1954).
(6) E. Karl-Kroupa, ibid., 28, 1091 (1956).

Methods
Preparation of Phosphate Glass.— Calcium polyphosphate 

glass was prepared from monocalcium phosphate mono
hydrate essentially as described by Hill, Faust and Rey
nolds.7 Instead of multiple fusion of the products obtained 
from the dehydration step, however, small batches were 
fused once. Refractive index measurements indicated that 
the glasses were homogeneous. The crushed /3-cah-ium 
metaphosphate in 10-g. batches was heated rapidly to 1020°, 
held for 20 minutes, then quenched. The mole ratio CaO: 
P2O5 of the glass was 1.0 ±  0.01— the summation CaO +  
PAV 99.98%.

Chain-length Titration.— The solubility of calcium poly
phosphate glass in water proved too low to yield solutions 
suitable for determination of average chain length by pH 
titration. Suitable solutions were prepared at ice-bath 
temperature by stirring for several hours 1-g. portions of 
— 325-mesh glass in 100 ml. of distilled water containing 20 
g. of Amberlite IR-120 resin in its sodium form. The re
sultant solutions contained from 1.5 to 3.3 g. P20 6/1. as 
sodium polyphosphate.

The solutions prepared by cation exchange were analyzed 
by the Samuelson titration method.2 The pH meter here, 
and throughout the study, was a Beckman Model 112.

Paper Chromatography.—The method for chromato
graphic analysis of the calcium phosphate solutions was simi
lar to methods used with sodium phosphate solutions.3-6 
Problems of streaking and degradation on the paper were 
more pronounced with the calcium phosphates, however, and 
minor, though important, modifications of the methods were

(7) W. L. Hill, G. T. Faust and D. S. Reynolds, Am. J. Sci., 242, 
457 (1944).
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necessary. Preliminary tests showed that exchange be
tween the calcium polyphosphate solution and the sodium 
resin yielded a sodium solution whose chromatographic 
behavior was like that reported3'4'6 for sodium phosphate 
solutions. Furthermore, when calcium chloride was added 
to a dilute solution of known sodium poly- and metaphos
phates, neither the appearance nor disappearance of any 
species was detected chromatographically. The presence or 
absence of non-moving cyclic species, as reported by Thilo,8 
was not determined; all the phosphate that did not move 
sufficiently for identification on the chromatograms was 
designated simply as “ non-moving”  phosphate.

Ring compounds identified in the degradation products by 
conventional two-dimensional chromatography4’6'3 were tri- 
and tetrametaphosphates, predominantly trimetaphosphate. 
The other degradation species that were identified were tetra- 
and tripolyphosphates, pyrophosphate and orthophosphate. 
Two-dimensional chromatography could not be used for 
quantitative analysis of the solutions in the rate studies, 
because the acidic solution caused virtually complete degra
dation of the non-moving phosphates after the sample had 
been in the basic solution. Two-dimensional chroma
tography thus was suitable only for qualitative identification 
of the readily moving degradation species.

The chromatographic method finally used in the rate study 
was essentially the band placement, one-dimensional, 
ascending method6 with Ebel’s4 acidic solvent. Separations 
were made at 25 ±  1°. The analytical sample, 50 to lOOy 
of phosphorus, required as much as 500 /J. of solution. The 
solution was added to the paper in 50-^1- portions, and the 
paper was dried at room temperature between additions. 
The elution time was 4 hours. The sections of paper con
taining the separates were digested in a nitric-perchloric 
acid mixture, and the phosphorus was determined by a modi
fication of Hague and Bright10 method.

The rates of change of concentration of the several species 
were represented adequately by smooth curves, although a 
few analytical results were scattered rather widely. The 
quantities reported for a species are correct within a few per 
cent. Recovery of the phosphorus placed on the paper us
ually was 95% or more.

Rate Measurements.— Most of the solutions for the rate 
studies were prepared by stirring vigorously 20 g. of —35 
+60-mesh glass in 50 ml. of water in an ice-bath for 24 
hours. The solutions contained approximately 1 g. of poly
mer per liter; their pH was about 4.0. They usually con
tained no significant amount of degradation products. By 
the time pH adjustments were made and a rate experiment 
was started, however, appreciable degradation had occurred.

Solutions containing 10 to 12 g. of polymer per liter were 
obtained by stirring 20 g. of —200-mesh glass in 50 ml. of 
water for 24 hours at 25°. From 10 to 20% of the phosphate 
in these solutions was present as degradation products when 
the rate measurements were begun.

Solutions for rate measurements were adjusted to the re
quired pH with 0.5 N IdCl or saturated limewater. Samples 
for 25 and 50° hydrolyses were placed in stoppered 100-ml. 
test-tubes; for the 100° hydrolyses, the test-tubes were 
fitted with 6-mm. glass reflux tubes to prevent loss of water. 
The 25° water-bath held the temperature constant within 
±0 .01°— the 50° oil-bath, within ± 0 .1 ° . The temperature 
was held between 99.6 and 100° by a rapidly boiling water- 
bath for the studies at 100°.

During the hydrolysis at 25°, the pH was checked with 
the meter. Solutions for study at 50 and 100° were adjusted 
by the meter prior to heating, and the pH during the hydrol
ysis was measured with Accutint papers. Measurements 
with the papers were considered reliable to about 0.2 pH 
unit.

When the temperature of the solutions at pH 6.0 was 
raised above about 35°, a viscous coacervate of the calcium 
salt11 was precipitated. Removal of most of this precipitate 
by rapid filtration introduced some uncertainty in the zero 
time for the hydrolysis and lowered the concentration of the 
salt in solution.

(8) E. Thilo and I. Grunze, Z. anorg. allgem. Chem., 2 9 0 , 223 
(1957).

(9) J. P. Ebel, Mikrochim. Acta, 079 (1954).
(10) J. L. Hague and II. A. Bright, J. Research Natl. Bur. Standards, 

2 6 , 405 (1941).
(11) E. H. Brown, J. R. Lehr, J. P. Smith, W. E. Brown and A. W. 

Frazier, T his Journal, 61 , 1669 (1957).

Samples from the 25° liydro.yzates were pipetted directly 
to the chromatographic paper. Those from the 50 and 100° 
runs were placed in small test-tubes and chilled immediately 
in an ice-bath.

Results and Discussion
Average Chain Length.— Values are shown in 

Table I for the average chain length n  of the phos
phate solubilized through cation exchange with the 
sodium resin. The near constancy of n  through 
four successive resin treatments of the same sample 
shows that no species was solubilized preferentially, 
although dissolution was 80% complete. The 
solutions prepared at ice-bath temperature con
tained no species small enough to move on a chro
matogram. With an n of 23 and no species as small 
as tetramer, it is evident that the solutions con- 
tamed no very long chains. Further evidence of 
the absence of very long chains in the solubilized 
material was found in a measurement of n  for a 
sample of calcium polyphosphate coacervate11 
containing 50% water; a value of 33 indicated 
that the larger molecules were precipitated pref
erentially in the viscous coacervate.

T a b l e  I
A v e r a g e  C h a in  L en g th  o f  P h o sph a t e  So l u b il ize d  by 

C a tio n  E x c h a n g e  w it h  So d iu m  R esin

E x ch a n g e
p e r io d

C u m u la t iv e  
e x c h a n g e  t im e , 

h r .

C u m u la t iv e  
fr a c t io n ,  % ,  o f  

p h o s p h a te  
e x tr a c te d

A v .  ch a in  
le n g th , n

Exchanged at ice-bath temp.
1 5 2 2 . 5 2 2
2 2 4 5 2 . 9 2 5

3 4 8 7 2 . 1 2 3

4 7 2 8 0 . 1 2 4

Exchanged at room temp.
1 9 6 9 0 2 0

The one sample prepared by exchange-dissolu
tion at room temperature (w = 20, Table I) con
tained degradation produets observable on a paper 
chromatogram.

Degradation on the Paper.— The graph in Fig. 1 
shows a rather rapid decrease in the proportion of 
non-moving phosphate, with concomitant increase 
in the ring (tri- and tetrameta) phosphates, during 
elution on the chromatographic paper. The pro
portions of ortho- and pyrophosphates, as well as 
of tripolyphosphate (not shown in Fig. 1), remained 
constant during the elution. Similar measure
ments on about 25 samples, with variation of the 
elution time from 2 to 5 hours, gave a basis for cor
rections for degradation occurring on the paper 
and led to the adoption of the 4-hour elution time. 
The correction for a 4-hour elution comprised a 
10% addition to the amount of non-moving phos
phate found on the paper and a corresponding 
subtraction from the amount found as rings.

The necessity for limiting the elution time to 4 
hours perhaps was a factor in preventing the iden
tification of individual species containing more than 
4 phosphorus atoms or the isolation (by the one
dimensional technique) of tetrameta- and tetra- 
polyphosphates from the trimetaphosphate found 
predominant in the two-dimensional tests. The 
rate and mechanism study thus hinged on observa-



242 E. 0. H uffman  and  J. D. F leming Vol. 64

Fig. 1.— Degradation on the paper at 25°.

TIME, DATS.
Fig. 2.— Distribution of species in the hydrolytic degradation 

of calcium polyphosphate at 25°.

tions of the disappearance of non-moving phos
phate with formation of degradation products 
comprising rings, tripoly-, pyro- and orthophos
phates.

A recent investigation12 by use of light scattering 
and of dilute-solvent chromatography, indicated 
that the phosphate designated here as non-moving 
comprises a distribution of chain sizes in qualita
tive agreement with the average chain length of 
23 reported here for the “undegraded” calcium 
polyphosphate. Other recent advances in chroma
tography13-16 might also be applied profitably to 
the degradation of calcium polyphosphates.

Rate and Mechanism.— Rate data were obtained 
at pH’s of 1 to 6 and at 25, 50 and 100°. At 25° 
the degradation was observed for 3 months; 
at 100° the longest experimental time was 5 hours. 
The experimental data are available.16

The rates of change in quantities of the identi
fiable species and the non-moving phosphate at 
25°, pH 1 and 6, are shown in Fig. 2. The rates 
of degradation of all the species increase markedly 
with decrease in pH, some more than others. Al-

(12) S. Ohashi and J. It. Van Wazer, J. Am. Chem. Soc., 81, 830 
(1959).

(13) K. Grassner, Mikrochim. Acta, (3-4), 594 (1957).
(14) H. J. McDonald, E. W. Bermes, Jr., and H. G. Shepherd, Jr., 

Chromatog. Methods, 2, No. 2, 1 (1957).
(15) M. J. Smith, Anal. Chem., 31, 1023 (1959).
(16) Material supplementary to this article has been deposited 

as Document number 6074 with the ADI Auxiliary Publications 
Project, Photoduplication Service, Library of Congress, Washington 
25, D. C. A copy may be secured by citing the Document number 
and by remitting $1.25 for photoprints, or $1.25 for 35 mm. microfilm. 
Advance payment is required. Make checks or money orders payable 
to: Chief, Photoduplication Service, Library of Congress.

though the rate of degradation of the non-moving 
phosphate is considerably slower at pH 6 than at 
pH 1, the rate of degradation of the rings is very 
much slower at the higher pH, as is shown by the 
buildup of ring species. This relationship also 
shows that rings (primarily trimetaphosphate) 
are a principal degradation product of the non
moving phosphate. Whether these identifiable 
rings are derived from degradation of non-moving 
interlocked rings, from long chains, or from both, 
is not proved here. Figure 2 shows also that ortho
phosphate is not derived primarily from scission 
at the ends of long chains; instead, it is derived 
largely through degradation of the shorter inter
mediate species, because a considerable buildup of 
orthophosphate is attained only when the inter
mediates are largely degraded. These results show 
that the calcium polyphosphate degrades through 
the same three paths found17 for the degradation of 
Graham’s salt: splitting off of end groups, random 
scission along the chain, and ring formation (tri- 
and tetrametaphosphates).

The rate data are summarized in Table II, where 
the time of appearance of the maximum amount of 
each intermediate, and the corresponding fraction 
of the phosphorus are shown as functions of pH 
and of temperature. These data were taken from 
curves like those in Fig. 2. At the higher pH’s, 
longer times were required to reach the maxima for 
intermediates, and generally the fractions of the 
phosphorus at the maxima were higher. Eleva
tion of temperature increased all the rates, with no 
significant differences apparent in the temperature 
dependence of the several species.

T a b l e  II
T im e  o f  O c c u r r e n c e  o f  M a x i m a  a n d  F r a c t io n  ( % )  o f  
t h e  P h o s p h a t e  a s  D if f e r e n t  S p e c ie s  a t  t h e ir  M a x i m a

--------Rings®
Frac-

Tripolyphosphate
Frac-

Pyrophosphate
Frac-

Time of tion Time of tion, Time of tion,pH max. % max.
25°

% max. %

1.0 4 days 12 8 days 7 10 days 15
2.6 20 days 23 15 days 9 10 days 5
3.0 20 days 15 20-30 days 10 15-20 days 10
4.7 25 days 28 25-35 days 12 >50 days >10
6.0 35 days 34

Cn
 

: 
O

 
■ 

o 
• >50 days >10

1.0 20 hr. 7 25 hr. 14
2.0 40 hr. 15 30 hr. 8 60 hr. 20
4.0 90 hr. 33 >140 hr. 140 hr. 12
6.0 >100 hr. >30

100°
1.0 5 min. 21 8 min. 16 10 min. 15
2.0 20 min. 16 10 min. 9 70 min. 16
4.0 20 min. 32 75 min. 6
6.0 co. 60 min. 33 >100 min. >18 110 min. 28

“ Mostly trimeta with some tetrameta and tetrapoly.

Although a qualitative picture of the rate and 
mechanism of the degradation is provided, it is not 
yet possible to write a complete rate equation for 
the total of the consecutive first-order processes 
involved, including the values of the rate constants 
for the degradation of all species. Kinetic studies 
on the intermediate species would be helpful for 
this. Nevertheless, progress was made in evalua-

(17) J. F. McCullough, J. R. Van Wazer and E. J. Griffith, J. Am. 
Chem. Soc., 78, 4528 (1956).
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tion of the kinetics of the degradation of the non- 
moving phosphate. The data for the rate of deg
radation of the non-moving phosphate are plotted 
as first-order rates in Fig. 3.

The displacement of the curves for pH 6 (and to 
some extent all the curves for 100°) results from 
precipitation of phosphate after the experiment was 
started.

To prevent its dissolution during the rate 
experiment, precipitated phosphate was removed 
by filtration and the experiment was continued 
with the more dilute solution. The effect of con
centration was tested in separate experiments with 
solutions containing 1 and 11 g. of polymer per 
liter at 25° and at the same pH. The rates were 
proportional to the concentration, but the first- 
order rate constants were not appreciably different. 
Rate constants derived from the lines in Fig. 3 
thus should show correctly the effects of pH and 
temperature.

First-order rate constants calculated from the 
slopes of the lines in Fig. 3 are shown as experi
mental constants in Table III, along with smoothed 
values obtained from equations representing the 
constants as functions of pH

At 25° log k =  -2 .0 0  -  0.30 pH
At 50° log k =  -1 .1 3  -  0.30 pH
At 100° log k =  0.93 -  0.30 pH

The half-life periods in Table III are based on the 
smoothed constants. The calcium salt degrades 
5 to 10 times as fast as the sodium (Graham’s) 
salt17 under comparable conditions.

T a b l e  III
R a t e  o f  H y d r o l y s is  o f  N o n - m o v in g  C a l c iu m  P o l y 

p h o s p h a t e  (1  G . o f  P o l y m e r  p e r  L i t e r )
Temp.,

° C . p H
,------- k X 102,

Exptl.
, hr. 1----------'

Smoothed ¿1/ 2, hr.
2 5 i 0 . 5 5 0 . 5 0 1 3 9

2 . 2 5 2 7 7

3 . 0 4 . 1 2 5 7 8

4 . 0 6 3 1 1 0 0

6 . 0 3 . 0 1 6 4 3 3 0

5 0 1 3 . 0 3 . 7 1 9

2 2 . 5 1 . 9 3 7

4 0 . 2 5 0 . 4 6 1 5 1

0 0 . 1 4 0 . 1 2 5 7 8

1 0 0 1 4 6 0 4 2 6 0 . 1 6

2 1 6 0 2 1 4 0 . 3 2

4 4 2 5 3 1 . 3 1

6 2 3 1 4 4 . 9 5

The rate of degradation is not uniformly de
pendent on temperature over the range 25 to 100° 
(Fig. 4). Activation energies calculated from Fig. 4 
are 15 kcal. for the temperature interval 25 to 50° 
and 22 kcal. for 50 to 100°. The average value 
for 25 to 100° is 19 kcal. One factor which prob
ably contributes to this trend in activation energy 
is a decrease in pH with increase in temperature.

The average value of 19 kcal. for the activation 
energy is significantly lower than the value 26 
kcal. calculated from the data17 for Graham’s 
salt— a difference in line with the difference in 
rates of degradation of the calcium and sodium 
polymers. The average value for the calcium salt

Fig. 3.—Rate of degradation of calcium polyphosphate.

°C.

io©o/r.

Fig. 4.—Effect of _ temperature and pH on the rate of 
degradation of calcium polyphosphate.

Fig. 5.— Effect of soil on rate of hydrolysis of calcium poly
phosphate solution at 25° (1 g. of polymer per liter).

is the same as that reported18 for scission at branch 
points in Graham’s salt The lower activation 
energy for breaking at branch points is attributed18 
to a closer approach of the water dipole as a result 
of the phosphorus atoms being more nearly neutral 
at the branch points. The calcium polyphosphate

(18) U. P. Strauss and T. L. Treitler, ibid., 78, 3553 (1956).
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is less ionized19 (more nearly neutral) than sodium 
polyphosphate20 and thus premits closer approach 
of the water dipole with resultant lower activation 
energy than that for Graham’s salt.

The rate constants in Table III do not apply to 
calcium polyphosphate in soil, as constituents in 
soil are known to accelerate the degradation of 
polyphosphates.21’22 This was demonstrated in 
one experiment with calcium polyphosphate. 
Hartsells soil (20 g.) was added to 1 liter of solu-

(19) J. A. Gray and K. E. Lemmerman (reported by O. T. Quimby), 
T his J o u r n a l , 5 8 , 603 (1954).

(20) J. I. Watters, S. M. Lambert and E. D. Loughran, J. Am. Chem. 
Soc., 7 9 , 3651 (1957).

(21) E. Bamann and E. Heumuller, Naturwissenschaften, 2 8 , 535 
(1940).

(22) E. Karl-Kroupa, C. F. Callis and E. Seifter, Ind. Eng. Chem., 
4 9 , 2061 (1957).

tion containing 1 g. of polymer. The degradation 
rate curves for the non-moving and the several 
identified species in the presence and absence of 
soil are shown in Fig. 5. The half-lives for the 
degradation of the non-moving phosphate were 83 
and 1050 hours in the presence and absence of soil, 
respectively, a difference roughly equivalent to 
that obtained by lowering the pH from 4 to 0. 
Although the effect of soil probably is proportional 
to the extent of contact between soil and phosphate 
solution, the curves in Fig. 5 show that, insofar as 
the kinds and proportions of intermediates are 
concerned, the degradation mechanism is not 
changed by the soil.

Acknowledgment.— J. W. Williard and R. D. 
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THE KINETICS OF THE REACTION BETWEEN Pu(IV) AND Fe(II)1
By T. W. N ewton and H. D. Cowan
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The kinetics of the reaction between Pu(IV) and Fe(II) has been studied in perchlorate media containing up to 0.10 M  
chloride. The rate law indicates that the most important activated complexes are formed from water, P u +4 and F e+2 
with the prior loss of one hydrogen ion, and from Pu+4, F e+2 and C l- . The formulas and the heats, free energies and en
tropies of formation of these activated complexes from the principal reactants were found to be: (Pu-OH-Fe +6) 4=, AH  4= =
19.1 kcal./mole, AF4= =  15.1 kcal./mole and A<S4= =  13.3 e.u. and (Pu-Cl-Fe+6) 4=, AH 4= =  14.4kcal./mole AF4= =  14.2kcal./ 
mole and AS 4= =  0.6 e.u. The relation between the kinetics of this reaction and similar ones is discussed. Small amounts of 
H2SO4 were found greatly to accelerate the reaction.

Introduction
This paper is one of a series in which the kinetics 

of various oxidation-reduction reactions of pluto
nium are described. The rate laws and thermo
dynamic quantities of activation are being deter
mined for sets of similar reactions in order to learn 
more about the factors which influence the rates of 
such reactions. Studies have been made of the 
kinetics of reduction of Pu(IV) by Pu(V),2 Ti(III),3 
V(III)4 and U(IV).6 In the present work the re
ducing agent is Fe(II) which provides an ion of a 
charge type different from those listed above.

Experimental Part
Reagents.— Solutions of Pu(C104)3, K 2Cr20 7, LiC104, 

IICIO4 and NaCIO, were prepared as previously described.6 
A stock solution of Fe(C104)2 was prepared by the dissolu
tion of a weighed sample of pure iron in enough standardized
1.5 M  HCIO4 to make a final solution which was 0.08 M  in 
iron and 0.500 M  in HCIO4. The small amount of insoluble 
residue was removed by filtration. Stock solutions of HC1 
and H2SC>4 were prepared by the dilution of analytical re
agent grade acids and were analyzed by titration.

Procedure.— Rate runs were made spectrophotometrically 
by following the absorbance at 4695 A. whore Pu(IV) ab
sorbs relatively strongly. The general procedure used was 
essentially the same as described previously6 except that 
solutions of Fe(II) were used instead of U(IV).

The concentration units employed in this paper are moles 
per liter (M )  at 23°. The actual volume concentrations

(1) This work was done under the auspices of the U. S. Atomic 
Energy Commission.

(2) S. W. Rabideau and R. J. Kline, T his J o u r n a l , 62, 617 (1958).
(3) S. W. Rabideau and R. J. Kline, ibid., 64, 193 (1960).
(4) S. W. Rabideau and R. J. Kline, J. Inorg. and Nucl. Chem., in 

press.
(5) T. W. Newton, T h i s  J o u r n a l ,  63, 1493 (1959).

will be different at the different temperatures, for example 
being about 1% greater at 2.5°.

Catalytic Impurities.— The possibility that catalytic im
purities were present in the various solutions was examined. 
All solutions except the Pu(III) solutions were found to be 
essentially free of catalysts.

Runs were made in which the ordinary stock solutions were 
compared with specially purified material. The HC1 was 
specially purified by distillation, the HC104 by vacuum dis
tillation and the LiC104 by electrolysis as previously de
scribed.6 In all cases the two rate constants agreed to 
within 0.5% . This is well within the experimental error; 
duplicate runs usually agreed to within 1 to 2% .

Absence of catalytic impurities in the Fe(IÏ) and K 2Cr20 7 
stock solutions was shown by mixing equivalent amounts of 
the two and adding the resulting Fe(III)-C r(III) mixture to 
the solutions for a rate run. In this way it was shown that 
increasing the total iron by a factor of four and the total 
chromium by a factor of seven changed the rate by less than 
1.5%.

As in the previous work on Pu(IV)5 evidence for a small 
amount of catalytic impurity was found in some of the plu
tonium stock solutions. Runs which had the same concen
trations of acid, Fe(II) and Pu(IV) but differing concentra
tions of total plutonium gave different apparent second-order 
rate constants. Solutions prepared from two different lots 
of plutonium metal both gave rate constants which were 
essentially linear from 2.5 X  10“ 3 to 1 X  10“ 2 M  total plu
tonium. For lot A: k' =  (102.0 ±  2.0) +  (997 ±  270) (2  
Pu) M ~l min.-1 and for lot B: k' =  (,102.1 ±  1.0) +  (548 =fc 
154) (2  Pu) M -1 min.-1, where k' is the apparent second- 
order rate constant, (2 Pu) is the total plutonim concentra
tion in M , and the uncertainties are the standard deviations 
determined by least squares. The presence of this catalysis 
makes it impossible to be sure that Pu(III) does not appear 
in the rate law.

Stoichiometry.— When Pu(IV) and Fe(II) are mixed in 
acid solution, the oxidation potentials indicate that the 
principal reaction will be

(6) T. W. Newton, ibid. . 62, 943 (1958).
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Pu(IV) +  Fe(II) =  Pu(III) +  Fe(III) (1)
That no other reactions are important was shown by the 
following experiment. Two solutions were prepared which 
differed only in the order of addition of the reagents. In the 
first, 0.8 meq. of Cr(VI) was added to 1.3 meq. of Pu(III) 
and after these had reacted 0.4 meq. of Fe(II) was added and 
the reaction allowed to go to completion. For the second 
solution, 0.8 meq. of Cr(VI) was added to 0.4 meq. of Fe
(II) and then 1.3 meq. of Pu(III) was added. Both solu
tions had the same final concentrations since both had the 
same absorbance at 4695 A. where Pu(IV) absorbs strongly. 
This indicates that the Fe(II) reduced the same amount of 
Pu(IV) in the first solution as it reduced Cr( VI) in the second. 
Since analytical experience indicates that the reaction 
between Fe(II) and Cr(VI) is stoichiometric, it has been con
cluded that the reaction between Fe(II) and Pu(IV) is 
stoichiometric also.

Results and Discussion
The Rate Law.— The rate was found to be 

first order in each of the reactants, Pu(IV) and 
Fe(II); that is, when all the other concentrations 
were constant the rate was given by — d[Pu(IV)]/ 
di = —d[Fe(II)]/df = F’[Pu(IV)][Fe(II)] M  
min.-1, where ¥  is the apparent second-order rate 
constant and the quantities in brackets represent 
concentrations. This was shown by the good lin
earity of plots of log {[Fe(II)]/[Pu(IV)]J versus 
time or of plots of [Pu(IV)]-1 versus time for those 
runs in which the concentrations of Pu(IY) and 
Fe(lJ) were essentially equal. In most of the runs 
the reaction was followed to about 80% comple
tion and a straight line fit the appropriate plot of 
the data to within 0.002 absorbance unit. The ap
parent second-order rate constants were determined 
from the slopes of these straight lines.

The reaction product Fe(III) has no effect on the 
rate; this was shown by one of the results men
tioned in the section on catalytic impurities. It 
cannot be stated with certainty that Pu(III) does 
not appear in the rate law; if it does, it is in the 
form of a small additional term fc"[Pu(III)][Pu-
(IV)][Fe(II)].

The effect of hydrogen ion concentration on the 
rate was studied extensively at 2.5° in LiC104 solu
tions of ionic strength equal 2.03 M . The data 
obtained are shown in Table I. The apparent 
second-order rate constants k ' were found to be es
sentially inversely proportional to the hydrogen ion 
concentration; so the rate law was provisionally 
formulated as

— d[Pu(IV )]/d f =  fc2[Pu+4] [Fe+2] [H +] -1 (2)
which is written in terms of the principal species 
present in solution. Since [Pu+4] = [Pu(IV)] 
[H+] ([H+] +  K ) - 1 and [Fe+2] =_ [Fe(II)], the 
rate constant fc2 in equation 2, is given by fc2 = 
fc'([H+] +  K ) ,  where ¥  is the apparent second- 
order rate constant and K  is the hydrolysis quo
tient for Pu(IV). The values for fc'([H+] +  K )  
given in Table I were calculated under the as
sumption that K  = 0.021 M  at 2.5°, this value was 
obtained by extrapolating the data of Rabideau.7

It is seen that the apparent values of fc2 are nearly 
constant but seem to show a slight trend. It was 
found that these values are given by the expression: 
fc'([H+] +  K ) =  (187.2 ± 4 . 4 )  +  (10.6 ± 4 )  
[H+], where the uncertainties are twice the stand
ard deviations as determined by least squares. It

(7) S. W. Rabideau, J. Am. Chem. Soc., 79, 3G75 (1957).

T a b l e  I

E ffect  o f  H yd r o g e n  I on  C o n c e n tr a t io n  on  th e  R a te
A T  2 . 5 ° in  LiCICV-HCKR So lu tio n s WITH fx =  2 . 0 3

In it ia l  c o n c e n tr a t io n s ,  M  
H C 1 0 4 P u ( I I l )  P u ( I V )

K ,
X  10» M - 1 

F e ( I I )  m in . -1
e ( [ H +] +  ad ,

m in . 1

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

6 2 5 1 . 3 4 1 . 1 4 1 . 1 8 2 9 2 1 8 9
8 1 2 1 . 3 4 1 . 1 4 1 . 1 8 2 3 2 1 9 3

1000 1 . 3 4 1 . 1 4 1 . 1 8 1 8 9 1 9 3

1000 1 . 2 5 1 . 1 5 2 . 3 2 1 9 1 1 9 5
1000 1 . 2 5 1 . 1 5 2 . 3 2 1 9 7 201
1 2 5 0 1 . 2 5 1 . 1 5 2 . 3 2 1 5 8 201
1 5 0 0 1 . 2 5 1 . 1 5 2 . 3 2 1 3 5 2 0 5
1 7 5 0 1 . 2 5 1 . 1 5 2 . 3 2 1 1 5 2 0 4
2000 1 . 2 5 1 . 1 5 2 . 3 2 1 0 5 212

is possible that this trend is due to a minor path 
such that the rate law would be
—d[Pu(IV )]/di =  fc,[Pu+4][Fe+2] +

fe[Pu+4][F e+2][H +] -1 (3)
with k, = 10.6 M ~ l min.-1 and k2 = 187 min.-1 at 
2.5°. It is also quite possible that the trend is 
due to changes in activity coefficients as the me
dium is changed from 2 M  HC104 to 1.75 M  LiC104 
+  0.25 M  HC104. This possibility is supported by 
the change in ¥  when NaC104 is substituted for 
LiC104. (See section on ionic strength and me
dium effects.) In any case, it may be concluded 
that the reaction occurs primarily by the path de
scribed by the lc2 term in rate law 3.

The Effect of Chloride.— Chloride ion was 
found to cause a marked increase in the rate of the 
reaction. The results of the rate determinations at 
20.2° are summarized in Table II.

T a b l e  II
E ff e c t  o f  C h lo r id e  C o n c e n tr a t io n  on  th e  R ate

Conditions: 20.2°, m =  2.03 made up with LiClOj, initial 
reactant concentrations 1.15 X 10-3 M  Pu(IV) and 1.17 X 

10-3 M  Fe(II)
Chloride k' k', k',

Acid eonen ., concn., obsd., calcd., a calcd.. &
M M M ~l m in.-1 Jlf-1 min.-1 M ~l min.

2.00 0.00 876 872 872
2.00 .05 1370 1359 1340
2.00 .10 18a0 1798 1807
1.25 .00 1310 1335 1335
1.25 .05 1830 1865 1844
1.25 .10 2280 2341 2354
0.50 .00 3070 3065 3065

.50 .05 3810 3759 3731

.50 .10 4400 4387 4397
“ Calcd. from : k' = (1 +  0.048/[H+] +  1.15 [Cl- ])

(71 +  1644/[H+] +  8880[Cl- ] +  5330 [Cl- ]/[H + ]). 
b Calcd. from: k' =  (1 +  0.04S/[H+] ) -I(71 +1644/[H +] +  
7900[Cl- ] +  3350 [Cl- ]/[H + ]).

A rate law in the form 
— d[Pu(IV )]/di =  kt [Pu+4] [Fe+2] +  

fe[Pu+4][F e+2][H +] -1 +  fe[Pu+4][F e+2][C l- ] +
A’4[Pu +4] [Fe+2] [Cl- ] [H +]-1 (4)

may be used to describe the data. A quantitative 
interpretation of the data requires a knowledge 
of the association quotient for Pu01+3 as well as
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the hydrolysis quotient since the concentration of 
Pu+4 is related to the stoichiometric concentration 
by the relation [Pu+4] = [Pu(IV)](l +  K / [H+] +  
/3[C1- ])-1 where K  is the hydrolysis quotient and 
¡3 is the association quotient. This association 
quotient is quite small and is not known with cer
tainty. Rabideau, et al.,s give the value 1.38 M -1 
for 25°, this number has been provisionally accepted 
and the values have been calculated at other tem
peratures under the reasonable assumption that the 
aqueous entropy of PuCl+3 is the same as that of 
PuOH+3. This gives 1.15 M -1 for ¡3 at 20.2° and 
leads to ki = 71 M -1 min.-1, /c2 = 1644 min.-1, 
fc3 = 8880 M ~2 min.-1 and fc4 = 5330 M -1 min.-1. 
The agreement between the observed and calcu
lated second-order rate constants shows that rate 
law 4 is satisfactory. To show the lack of sensitiv
ity of k 3 and fc4 on the choice of (3, the calculation was 
repeated assuming no complexing by chloride. Un
der this assumption fc3 = 7900 M -2 min.-1 and kt = 
3350 M -1 min.-1. Thus, in spite of uncertainty 
in the value of 8, it may be concluded that the 
paths described by the fc2, k3, and fc4 terms in rate 
law 4 are all important in the solutions studied.

The Effect of Sulfate.— A preliminary series of 
experiments showed that small amounts of H2S04 
greatly accelerate the reaction. In 2 ¥  HC104 at 
2.5°, 9 X 10-4 M  H2S04 increased the rate a factor 
of 5.13. The data cannot be analyzed quantita
tively because the association quotient of PuS04+2 
is unknown at 2.5°. It is possible to conclude, 
however, that the free sulfate concentration ap
pears in the rate law to the first power only. This 
is to be contrasted with the result for the U(IV) re
action where it was found that sulfate appeared in 
the rate law to both first and second powers.6

Ionic Strength and Medium Effects.— The effect 
of varying the ionic strength was determined in a 
short series of experiments in which the HC104 con
centration was varied without the addition of salt. 
The results are given in Table III. It is seen that 
the value of fc'([H+] +  K ), which is nearly equal to 
the value of fc2, doubles when the ionic strength is 
increased from 0.52 to 2.02.

T a b l e  III
E ff ect  o f  HC104 on  th e  R a t e  a t  15.4° w it h o u t  A dded  

Sa l t

p HClOi, M
k\ M -i 
min.-1 K, M “

* '( [H +] +  
K )

0.52 0.50 921 0.057 513
1.02 1.00 648 .046 678
2.02 2.00 511 .039 1040

“ Ionic strength effect on the hydrolysis quotient esti
mated using the Debye-Hiickel expression with a =  7.5 A.

The effect of substituting NaC104 for LiC104 was 
studied in 0.5 M  HC104 solutions with ¡i =  2 at
2.5, 6.2 and 15.4°. It was found that the rate was 
decreased an average of 16%.

Temperature Dependence.— Rate runs were 
made at hydrogen ion concentrations from 0.5 to 2 
M  and total plutonium concentrations from 1.9 X 
10-3 to 7.6 X 10-3 M  at five temperatures ranging

(8) S. W. Rabideau, L. B. Asprey, T. K. Keenan and T. W. Newton, 
“ Proceedings of the Second United Nations International Conference 
on the Peaceful Uses of Atomic Energy,”  Vol, X X V III, United Na
tions, Geneva, 1958, P/2247, p. 361.

from 2.5 to 20.2°. The data were extrapolated to 
zero total plutonium concentration to remove the 
effects of possible catalysts in the plutonium and 
values of k, and fc2 were determined as described in 
connection with the discussion of rate law 3. The 
results of this procedure are given in columns 3 and 
4 of Table IV.

T a b l e  IV
T he  E ff ect  o f  T e m p e r a t u r e  in  2 .00 M  P e r c h lo r a t e  

So lu tio ns

Temp.,
°C.

K <*, 
M

hi,

min. 1
k 2,

min. 1
¿2

(caled.), & 
min.-1

¿2(2 M 
[H +]) ,‘  
min. 1

[H +]
caled.), á 
min.-1

2.5 0.021 10 186 185 207 206
6.2 .026 13 296 299 323 330

10.2 .031 34 494 493 563 545
15.4 039 53 934 927 1040 1022
20.2 048 76 1620 1627 1770 1790

“ Hydrolysis quotient obtained from the data of Rabideau .7 
6 Caled, from: log fa =  17.903 — 4310/77. c This is k' 
([H+] +  K ) observed in 2.00 M  HCIO,. "Caled, from: 
log fa =  17.908 -  4299/T.

The values of fcj are small, ranging between 4.4 
and 6.9% of the values of fc2. As mentioned previ
ously, it is quite possible that the effect here attrib
uted to k\ is actually a medium effect. If this is 
true, the values tabulated for k2 apply to the reac
tion as it would occur in 2 M  LiC104 solutions. The 
values which apply in 2 M  HC104 solutions are 
listed in column 6 of Table IV.

For both sets of data plots of log k2 versus l/ T  
give good straight lines. The method of least 
squares was used to find the Arrhenius equations 
for 2 M  LiClOi

log fa =  (17.903 ±  0.128) -
(19,720 ±  170)/'2.303i271 (5)

for 2 M  HC104
log fa =  (17.908 ±  0.446) -

(19,670 ±  580)/2.303Iir (6)

where the uncertainties given are twice the stand
ard deviations, the units of fc2 are min.-1 and R  is in 
cal. deg.-1 mole-1. Since the constants in equa
tions 5 and 6 are the same within their uncertain
ties, the conclusions to be reached about the princi
pal path do not depend on whether kx implies an 
actual path for the reaction or not.

T a b l e  V
T he  V a r ia t io n  of th e  R a t e  C o n stan ts  w it h  T e m p e r a 

tu r e

Temp.,
hi,

M -i ¿2,
¿3,M-2

ki,
M ~1

¿3, &
M~ 2

ki, b 
M -'

°C. min._1 min. 1 M -t min. 1 min. -1 min.-1 min. _1
2.5 12 183 0 56 1810 110 1750 0
6.2 10 303 .66 2300 590 2200 370

10.2 25 508 .78 3840 970 3580 560
15.4 48 942 .96 6150 2130 5610 1190
20.2 71 1644 1 15 8880 5330 7900 3350

“ The association quotient for PuCl+3, calculated assum
ing AH =  6.5 kcal./mole and AS =  22.5 e.u. 6 Calculated 
assuming (3 =  0 at all temperatures.

In order to determine the temperature depend
ence of the paths involving chloride ion, series of 
runs were made at hydrogen ion concentrations be
tween 0.5 and 2.0 M , chloride concentrations up to
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T able  VI
T hermodynamic Quantities of A ctivation  at 25°

Net activation process
(1) Pu+4 +  F e+2 +  H20  =  (Pu-OH-Fe+5)*  +  H +

or
(2) Pu+4 +  Fe+2 +  OH “  =  (Pu-OH-Fe+6)*
(3) Pu+4 +  Fe+2 +  C l-  =  (Pu-Cl-Fe+6)*
(4) Pu+4 +  Fe+2 +  Cl“  +  H20  =  (Pu-OH-Fe-Cl+4)*  +
(5) Fe+3 +  Fe+2 +  OH “  =  (F e-O H T e+4)*
(6) Fe+3 +  Fe+2 +  C l“  =  (Fe-Cl-Fe+4)*

0.10 M  and total plutonium concentrations of 
about 1.9 X 10'-3 M . In treating the data from 
these runs, it has been assumed that the small ef
fect due to possible catalysts in the plutonium is not 
enhanced by chloride. The data taken at each 
temperature were analyzed in terms of the four 
constants in rate law 4. The calculation was made 
under two different assumptions with respect to 
chloride complexing. First, that /3 = 1.38 M ~ x at 
25° and second, that /3 = 0 at all the temperatures. 
The results of these calculations are given in 
Table V.

The values of hi and k2 given in Table V differ 
from those given in Table IV in that they are based 
on data extrapolated to zero chloride but not to zero 
total plutonium concentrations. These ki values 
are more discordant than those in Table IV but the 
fc2 values are not inconsistent with the others since 
they may be represented by the equation
log k2 =  (18.028 ±  0.279) -

(19,880 ±  360)/2.303RT  (7)
which is in good agreement with equations 5 and 6.

A plot of log kz versus 1/T  shows more scatter 
than similar plots of log fc2. This is not unexpected 
since the determination of fc3 involves differences 
between measured rate constants and involves the 
simultaneous determination of fc4. The fc3 values 
which were calculated assuming the /? values in 
Table V are given by 
og h  =  (15.132 ±  1.14) —

(15,000 ±  l,480)/2.303J2r (8)
On the other hand, if it is assumed that there is no 
chloride complexing, the analogous expression is not 
very different
log h  =  (14.508 ±  1.09) -

(14,230 ±  l,420)/2.303JB r  (9)
A plot of log ki versus 1/T  shows serious scatter; 

all that can be said with certainty about the tem
perature coefficient of fc4 is that it is larger than that 
of ki.

Thermodynamic Quantities of Activation.— Rate 
law 4 indicates that the reaction in chloride solu
tions proceeds by at least three parallel paths. The 
three activated complexes which are definitely indi
cated may be considered to be formed in the net ac
tivation processes given in Table VI. The formu
las of the activated complexes are those required by

A F
kcal./mole

A H * ,
kcal./mole

A S * ,
e.u.

5 complex, 
e.u.

15.1 19.1 ±  0 .6 13.3 ±  1.3 - 8 2

- 3 . 9 5 .8  ±  0 .6 32 .5  ±  1.3 - 8 2
14.2 14.4 ±  1 .5 0 .6  ±  5 .2 - 9 8

31 ±  8
- 2 . 0 6 .6 29 - 7 0
13.3 16.6 7 - 7 7

the rate law but the structures indicated are merely 
plausible ones. The thermodynamic quantities, 
AF*, A//* and AS* which are associated with the 
net activation processes were calculated from the 
experimentally determined constants in equations 5 
or 6 and 8 according to the absolute reaction rate 
theory.9

Discussion
The formal ionic entropies, S*0omPiex, of a num

ber of activated complexes with a charge of + 5 
have been tabulated for reactions involving actinide 
ions.10 The range of values was from — 72 to —108 
e.u. The values found in the present work fall 
within this range.

Net activation processes for two of the activated 
complexes involved in the Fe(II)-Fe(III) exchange 
reaction have been included in Table VI for com
parison with the analogous processes listed for the 
Fe(II)-Pu(IV) reaction. The thermodynamic 
quantities of activation were computed from the 
data of Silverman and Dodson.11 By comparing 
processes 2 and 3 with 5 and 6 it is seen that the sub
stitution of Cl-  for OH-  increases the A if*  values 
by about 10 kcal. for both reactions. However, 
the same substitution reduces A$* by 32 ± 5 e.u. 
for the Fe(II)-Pu(IV) reaction but by 22 e.u. for 
the Fe(II)-Fe(III) exchange. It is not known 
what significance to attach to this difference.

It is of interest that C l- has a large effect on the 
rate of the reduction of Pu(IV) by Fe(II) but only a 
small effect on the reduction by Ti(III),3 V(III)4 or 
U(IV).6 These latter reducing agents must form 
metal-oxygen bonds and the activated complexes 
may well involve bridging by OH. If this is true, 
the small Cl-  effect may be pictured as the ligand 
effect discussed by Taube, et a l.n
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An apparatus has been constructed for measuring the dielectric constant of gases as a function of pressure at 402.1 Mo. 
Measurements have been made on CH3C1, CH3Br, C2H6C1 and CHC12F at 40°. In all cases the dispersion was of the non- 
resonant type and was adequately represented by the Cole-Cole dispersion curve. The measurements have been corre
lated with previous work on microwave absorption and with dielectric constant measurements at 9400 Me. and at low 
frequency.

Recent papers from this Laboratory2 - 5  have re
ported measurements of the dielectric constant of 
numerous gases at a frequency of 9400 Me. For 
certain molecules the dielectric constant at 9400 
Me. is lower than that at low-frequency due to a 
non-resonant relaxation-type dispersion. The 
values of the dielectric constant at high and at low 
frequencies have been correlated4 5' 6 - 9  with absorp
tion measurements and with fundamental theory 
for the case of symmetric top molecules.

The measured dielectric constants at 9400 Me. 
were well on the low side of the dispersion curve, 
and the dispersion itself has never been observed. 
At 9400 Me., theory indicates4 that the dispersion 
could be observed directly at higher pressures, but 
experimental difficulties obviate this approach. 
At lower frequencies the dispersion curve should 
be observable at more convenient pressures. A 
frequency in the region of 400 Me. was chosen as 
being convenient for most gases. The experiments 
of sweeping frequency at a constant gas pressure or 
of sweeping pressure at a constant frequency are 
entirely equivalent, and the latter has been chosen 
as easier experimentally.

For asymmetric top molecules, it has never been 
shown clearly that the difference between the di
electric constant at 9400 Me. and that at low fre
quency is due entirely to non-resonant dispersion.6 7 
For some such molecules there are rotational transi
tions at very low frequencies which can give rise to 
non-resonant dispersion. In addition, there are 
transitions within the microwave region which 
might distort the dispersion curve. If the entire 
dispersion curve could be observed at 400 Me., this 
question also could be resolved.

Experimental
Apparatus.— The apparatus used in conducting the experi

ments reported in this paper consisted of a silver-plated In
var coaxial resonator immersed in a temperature-controlled 
oil-bath. The resonator operated in the dominant TEM 
mode and exhibited an unloaded figure of merit of approxi
mately 4,000. The resonator length was approximately 
X/4. The resonant frequency of the resonator varies as c-1/!, 
where e is the dielectric constant of the medium.10

(1) T his work has been supported b y A ir Force C on tract A F  33- 
(616)-5581.

(2) J. E. Boggs, C . M . Crain and J. E . W hiteford, T his Journal, 61, 
482 (1957).

(3) J. E . Boggs, C . M . Thompson and C . M . Crain, ibid., 61, 1625 
(1957).

(4) J. E . Boggs, J . Am. Chem. S oc., 80, 4235 (1958).
(5) J. E . Boggs, J. E . W hiteford and C . M . Thom pson, T his Jour

nal, 63, 713 (1959).
(fi) J. E . Boggs and J. C . Agnew, T his Journal, 63, 1127 (1959).
(7) G . Birnbaum , J. Chem. Phys., 27, 360 (1957).
(8) E . B . W ilson, Jr., T his Journal, 63, 1329 (1959).
(9) W . M aier and H. K . W im m el, Z. Physik, 163, 297 (1958); 164,

133 (1959).

An oscillator, through a regulating system, was caused 
to operate at the self-resonant frequency of the resonator, 
thus transferring this frequency to an active measurable 
frequency. In order to provide sufficient resolution (0.25 
p.p.m .), a crystal oscillator, temperature controlled, 
generated a frequency nominally 22 Me. away from the 
resonator frequency. Thus, as gas was introduced into the 
resonator, the difference frequency between the crystal 
reference and the resonator frequency varied and was moni
tored to give the desired information. The difference fre
quency was generated with a crystal rectifier and detected 
with a Gertsch FM-3 frequency meter.

At all times the frequency of the controlled generator was 
mechanically tuned to provide near zero static error with 
the sampling resonator. This was done since no automatic 
integration had been incorporated in the control servo.

It has been shown10 that the stabilized frequency that is 
generated is not entirely dependent on the resonant fre
quency of the measuring cavity. This is due primarily to 
the nature of the hybrid network used to obtain an error 
voltage from the measuring cavity. Unavoidable reflec
tions in this device combine with the reflected error at the 
measuring cavity to establish the over-all error signal. 
Such secondary reflections may vary in phase and magni
tude to produce an error in the apparent frequency shift as 
the dielectric constant within the cavity varies in magnitude. 
Therefore if the reference output voltage is held at that 
recorded for the evacuated cavity, an error in the calcu
lated dielectric constant may result. Errors of the nature 
discussed here vary inversely with the Q of the measuring 
cavity. For a given instrument these errors should be rea
sonably constant in time and should depend only on the di
electric constant within the cavity, being of greater signifi
cance if this dielectric constant is small.

To evaluate the magnitude of the error discussed, meas
urements were made on CCI2F2, a gas for which the molar 
polarization is independent of gas pressure A8 9 At medium 
and high gas pressures the molar polarization was found to 
be constant at a value of 24.992 ±  0.003. At lower pres
sures the apparent dielectric constant rose increasing by 1 % 
when the dielectric constant fell to 1.000165. An error 
curve was plotted and the appropriate correction was ap
plied to the measurements made on other gases. The cor
rection was significant only at low gas pressures, reaching 
1% only when the gas pressure was lowered to 20 to 30 mm.

Gas pressure was measured to ±0 .05  mm. with a mercury 
manometer in conjunction with a cathetometer. The tem
perature of the resonator was controlled to ±0 .0 5°.

M aterials.— With the exception of CHCI2F, all of the 
gases were used directly as they were obtained from com
mercial sources. The CHC12F was frozen down to remove 
non-condensible impurities. All of the gases were analyzed 
on a Consolidated 21-102 mass spectrometer, and correc
tions were made in calculating the dielectric constants for 
the small amounts of impurities found. This correction was 
negligible except for non-polar impurities, and in no case did 
the correction exceed 0 .2%  of the molar polarization.

Procedure.— The procedure followed was basically that 
used earlier at 9400 Me. Measurements were made at 40.0° 
over a pressure range of 20 to 780 mm. The molar volume, 
in liters, was calculated from the equation V  =  RT/P  — B, 
where B =  0.337 for C C U V 1 0.395 for CH3C1,12 0.452 for 
CH3Br,12 0.512 for CHC12F13 and 0.620 for C2H5C1 14

(10) R . V. Pound, P toc. I .R .E . ,  3 5 , 1405 (1947).
(11) "Therm odynam ic Properties of Dichlorodifluoromethane,”  Cir

cular No. 12, Am. Soe. Refrig. Eng., (1931).
(12) P. G. T . Fogg, P. A. Hanks and J. D. Lambert, P roc. R oy. Soc. 

(London), A 2 1 9 , 490 (1953).
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Results
The molar polarization, measured at 40.0° and

402.1 Me., is shown as a function of gas pressure in 
Fig. 1 for CH:iCl and CH3Br, in Fig. 2 for C2H6C1 
and in Fig. 3 for CHC12F.

According to the theory previously developed4’7 
for Debye-type dispersion, the dielectric constant 
of a gas in the dispersion region is given by

€ — 6 co ■ €q____€œ
1 +  (v/vu) 2 ( 1)

where eo is the value of the dielectric constant at 
zero frequency, is the value the dielectric con
stant approaches at frequencies well above those at 
which non-resonant dispersion occurs (but below 
those at which rotational dispersion sets in), v is 
the frequency of the measuring radiation and vm 
is the critical frequency for which absorption is a 
maximum.

Since frequency and pressure are reciprocal 
quantities7 and (e — e<»)/(eo — e») =  (P — 
P „)/(P o  — P <=) with a negligibly small error, 
equation 1 may be rewritten

P -  P .0 _  1
Po -  P» 1 +  (P m/vY (2)

where pu  is the pressure at which P  =  P0 +  
(P0 — P „)/2 . Attempts to fit this equation to 
the experimental data did not, in general, succeed, 
regardless of the values which were chosen for P 0 
and P „. The experimental data indicated that 
the dispersion was spread out over a slightly greater 
frequency range than is indicated by the Debye 
equation.

The Debye equation is based on the assumption 
that a single line-broadening parameter is involved 
in the dispersion. Birnbaum7 found, however, 
that to explain his experiments on microwave ab
sorption by similar gases a distribution of line 
widths needed to be assumed. The Cole-Cole 
equation, 16 which by substitutions similar to those 
used above may be written
P  —  P m ______________ 1 +  ( p / p m )“ - 1  s in  («71-/2 )___________
Pa ~ Pco ~ 1 +  2(p/pM) “ - 1  sin (onr/2 ) +  (p/pm)2̂ “ 1)
where a is a measure of the spread of line widths, 
gave good agreement with the absorption experi
ments. The solid lines in Figs. 1, 2 and 3 are plots 
of this equation using the values of the parameters 
shown in Table I. The average deviation of the 
experimental points from the line, including runs 
made on different days with different samples of 
gas, ranges from about 0.05% at high and medium 
pressures to about 0 .2 %  at the lowest pressure.

T a b l e  I
Gas Pa (cc.) P a ,  (CC.) Av/ v  (m c./m m .) a

CH3C1 81.6 75.0 4.2 0.05
CH3Br 78.57 73.6 3.4 .03
C2H5C1 100.9 91.6 4.1 .00
c h c i2f 51.5 42.2 2.7 .03

(13) A. F. Benning and R . C. McHarness, I n d .  E n g . C h em ., 32, 698 
(1940).

(14) J. D . Lambert, G. A. H. Roberts, J. S. Rowlinson and V. J. 
Wilkinson, P r o c .  R o y . S oc . {L o n d o n ), A196, 113 (1949).

(15) K . S. Cole and R. H. Cole, J . C h em . P h y s . ,  9, 341 (1941).

Fig. 1.— Molar polarization of CH3C1 and CH3Br as a 
function of pressure at 402 Me. and 40°.

Fig. 2.— Molar polarization of C2H5CI as a function of 
pressure at 402 Me. and 40°.

Discussion
For CH3CI, values of 81.5,16 82.117 and 81.2 cc . 18 

have been obtained for Pa by measurements at low 
frequency. Our value of 81.6 cc. is in satisfactory 
agreement with these earlier measurements. Our 
previous measurement of the molar polarization of 
CH3CI at 9400 Me. (Pa,) was 76.0 cc . 2 The 
present value of 75.0 cc. should be considerably 
more accurate.

For non-resonant dispersion, the quantity ( P 0 —  

P a , ) / ( P a  —  P d) where P d is the distortion polariza
tion should be given by LI /jkImjkIVp 2, where

J,K
/jk is the fractional number of molecules occupying

(16) Calculated from the results of O. Fuchs, Z . P h y s ik , 63, 824 
(1930).

(17) Calculated from the results of R. Sanger, O. Steiger and K. 
Gaehter, H elv . P h y s .  A c ta , 5, 200 (1932).

(18) Calculated from the results of K . L. Ramaswaray, P r o c .  
In d ia n  A ca d . S c i .,  A4, 108 (1936).
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Fig. 3.— Molar polarization of CHC12F as a function of 
pressure at 402 Me. and 40°.

the J,K rotational energy level and |mjk|2 is the 
square of the dipole moment matrix element. 4 The 
summation can be evaluated from spectral data 
for symmetric top molecules. For CH3CI, a value 
of 0.097 has been obtained by direct summation.7 
Using 13.8 cc. for the distortion polarization of 
CH3CI (the average of the values of Fuchs16 and 
Sanger17), our data give (JP0 — P™)/(Po — P d ) = 
0.097.

Our value of the line-broadening parameter, 
Av/p, for CHSC1 is 4.2 Me./mm. Of the numerous 
measurements of this quantity from microwave 
absorption studies, the most accurate appears to 
be that of Birnbaum,7 who has obtained a value 
of 4.5 Me./mm. at 26°. If A v/p varies as T - 1 -69 
as indicated by Birnbaum and Maryott, 19 the 
absorption value is equivalent to 4.3 Mc./mm. 
at the temperature of our measurement.

Birnbaum7 found a value of the Cole-Cole 
parameter a for CH3C1 of 0.051 in agreement with 
our value of 0.05.

For CH3Br, previously reported values of Po 
are 78.2,20 78.318 and 78.0 cc . , 21 compared with our 
value of 78.57 cc. Our previous measurement of

(19) G. Birnbaum and A. A. M aryott, J . Chem. P h ys., 29, 1422
(1958).

(20) Calculated from the results of C. P. Smyth and K. B. McAlpine, 
ib ic L .r 2, 499. (1934).

(21) Calculated from the results of L. G. Groves and S. Sugden, 
J . Chem. S o c ., 158 (1937).

Pco at 9400 Me. was 74.2 cc., compared with the 
present value of 73.6 cc. By direct summation,7 

S A kIw k IVm2 =  0.076. Our value for (P0 — P „ ) /
J, K
(Po — P d ) is 0.080 if the average of the values of 
Smyth20 and Groves21 is used for P d . Birnbaum’s 
value7 for A v/p of 3.8 Mc./mm. is equivalent to a 
value at 40° of 3.6 Mc./mm., compared with our 
value of 3.4 Mc./mm.

For the two symmetric top molecules CH3C1 
and CH3Br, the dielectric dispersion curves are in 
good agreement with theory, and the values ob
tained for the parameters check well with those ob
tained from dielectric constant measurements at 
low frequency and at 9400 Me. and from experi
ments on microwave absorption. The other two 
gases studied, C2H5CI and CHC12F, are composed 
of asymmetric top molecules for which the theory 
is not so complete.

For C2H5CI, previously reported values of P 0 
are 100.416, 101.117 and 99.7 cc . 18 compared with 
our value of 100.9 cc. Our previous value of P „  
measured 9400 Me. was 91.0 cc .6 compared with 
the present value of 91.6 cc.

This gas was the only one measured for which the 
Cole-Cole parameter was equal to zero, indicating 
that its dispersion is represented adequately by the 
Debye equation.

Previous measurements of the static molar 
polarization of CEC12F have given values of 
49.722 and 55.2 cc . 23 Our value of 51.5 cc. falls 
between these two rather divergent results. Our 
previous measurement of P »  for CHC12F at 40° 
was 42.7 cc., compared with the present value of
42.2 cc.

The dielectric dispersion of the asymmetric top 
molecules C2H5C1 and CHC12F appears to be of the 
same non-resonant type observed for symmetric 
top molecules. This does not, however, mean that 
the cause of the dispersion is necessarily the .same. 
An asymmetric top molecule may have rotational 
sublevels that are nearly degenerate with transi
tions permitted between certain alternate pairs of 
adjacent levels. Thus, Krishnaji and Srivastava24 
have attributed the absorption of microwaves at
8,000 Me. in C2H5CI exclusively to transitions be
tween rotational sublevels, low-frequency Q- 
branch transitions being most important.

(22) Calculated from the results of C. P. Smyth and K . B. Me Al
pine, J . C h em . P h y s . ,  1, 190 (1933).

(23) Calculated from the results of R. M . Fuoss, J . A m . C h em . S o c .,  
60, 1633 (1938).

(24) Krishnaji and G. P. Srivastava, P h y s .  R ev ., 106, 1186 (1957).
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A sample of the metal being studied was enclosed in a heated mass spectrometer ion source of special design. In this 
way the ion source was filled with vapor in equilibrium with the metal whose temperature could be controlled and measured 
independently of that of the ionizing region. The variation of the vapor pressure with temperature was measured for zinc 
from 399 to 538°K. and for cadmium from 393 to 469°K. A //29s was found to be 30.05 ±  0.42 kcal. per mole for zinc and
26.48 ±  0.20 kcal. per mole for cadmium.

Introduction
Since in general it is possible to measure individ

ually the ion currents due to each of a number of 
substances present in a vapor, the mass spectrom
eter can be used to follow variations in the partial 
pressure of one component in the presence of a 
number of others. Thus, the mass spectrometer 
is useful in measuring low vapor pressures under 
conditions where the contributions of volatile 
impurities become important. It has been used 
to measure the vapor pressures of the lower hy
drocarbons in the region below one mm.3

For involatile materials, such as the metallic 
elements, it becomes necessary to generate the 
vapor close to the mass spectrometer ion source. 
The method as it is commonly used employs an 
effusion cell or crucible mounted so that a molecu
lar beam enters the ionizing region.4

For the more volatile metals however, it should 
be practical to maintain the ion source at a tem
perature higher than that of the specimen, in order 
to avoid condensation, and to connect it directly to 
a heated vessel containing the metal. In this way 
the ion source would be filled with vapor in equi
librium with the condensed phase, the pressure 
being controlled directly by the temperature of the 
metal specimen. Such an arrangement would 
allow the measurement of the variation of the vapor 
pressure with temperature for vapor pressures up 
to about 10“ 3 mm. and for temperatures up to a 
few hundred degrees above the usual operating 
temperature of the ion source.

While the proposed method could be used to 
measure the variation of vapor pressure with 
temperature, and thus the heat of sublimation, 
the measurements would lead to absolute values 
of the vapor pressure only when the ionization cross- 
section is known. For most metals the ionization 
cross-sections are not known with any accuracy. 
However, the method should allow the measure
ment of the variation of vapor pressure with tem
perature over a fairly wide range which, in general, 
should extend to much lower pressures than can be 
used with the effusion technique. In common with

(1) C ontribution N o. 5520 from  the N ational Research Council, 
O ttaw a, Canada.

(2) H older of a N ational Research Council Postdoctorate Fellow 
ship.

(3) A . W . T ickn er and F . P . Lossing, T his Journal, 55 , 733 
(.1951).

(4) R . E . Honig, J . Chem. P h ys., 2 2 , 1610 (1954); W . A . Chupka 
and M. G . Inghram , T his Journal, 5 9 , 100 (1955); R . G . Johnson, 
D . E . Hudson, W . C . C aldw ell, F . H. Spedding and W . R . Savage, 
J . Chem. P h ys., 2 5 , 917 (1956).

other methods using the mass spectrometer it should 
be possible to estimate the concentration of any 
molecular species present in the vapor.

In order to explore the possibilities of the pro
posed method, the measurement of the heats of 
sublimation of zinc and cadmium was undertaken.

Experimental
The ion source of a conventional 90° magnetic sector mass 

spectrometer was modified as shown in Fig. 1. In addition 
to the normal pumping on the mass spectrometer tube the 
source chamber was pumped by a 701./sec. mercury diffusion 
pump equipped with a liquid nitrogen trap. Copper cooling 
coils were added to the ends of the source chamber to pre
vent the O-rings from being overheated.

The entire furnace assembly was mounted on plate Pi 
which was attached to the same mounting posts as the focus
sing and collimating plates of the mass spectrometer. Plate 
P2 was supported with respect to Pi by four rods. All of 
the plates and supporting rods were made of Chromel A.

The electron beam was supplied by a tungsten filament F. 
It entered the ion source furnace through a hole 1 mm. in 
diameter and emerged through a hole 1.5 mm. in diameter to 
be measured by means of the trap T . Permanent magnets 
mounted externally supplied a collimating field of about 100 
gauss. An exit slit 0.5 X 6 mm. was provided in the end of 
the furnace and a circular hole 1 cm. in diameter in plate Pi 
opposite the slit allowed sufficient penetration of the field 
from the focussing plates to withdraw the ions. Three tool 
steel pins 0.5 mm. in diameter mounted on Pi and correspond
ing holes in the end of the ion source furnace located the exit 
slit with respect to the collimating slits of the mass spectrom
eter. Electrons from the filament were accelerated by a 
potential of 50 volts between the filament and the furnace.

The furnaces were machined from molybdenum which, in 
addition to its low vapor pressure and high melting point, 
possessed high thermal conductivity and was not attacked by 
the vapors of the metals to be examined. Each furnace had 
its own heating element of a non-inductive type cut from 
Chromel A sheet and wound on with mica insulation. Since 
it was not necessary to know the temperature of the ion 
source furnace with great accuracy, it was convenient to 
place a thermocouple on its wall inside the heating element. 
The radiation shields were made of tantalum and were sup
ported by stainless steel screws and Pyrex spacers. All elec
trical leads were brought out at the end of the ion source 
chamber by means of feed-through insulators.

A regulated a.c. power supply with an output voltage 
constant to 0 .1%  was used to supply power for heating the 
furnaces. Each furnace received its power from the second
ary winding of an isolating transformer w’hich allowed the 
furnace heating elements to operate at the potential of the 
ion source, approximately 2000 volts above ground. The 
temperature of each furnace was controlled manually by 
adjusting a variable autotransformer which supplied the 
voltage to the primary winding. This arrangement allowed 
different temperatures to be maintained in the two furnaces 
over a sufficiently wide range.

The metal samples were cylindrical in form and were 
mounted on a support machined from boron nitride5 as 
shown in Fig. 1. Additional holes were drilled in the sam
ple to increase its surface area, the total area of the openings

(5) M anufactured b y  The Carborundum  Com pany, N iagara Falls, 
N. Y.
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Fig. 1.— Mass spectrometer ion source: A, ion source
furnace; B, sample furnace; C, radiation shields; D, metal 
sample; E, thermocouple; F, filament; G, sample support; 
H, cooling coils; J, feed-through insulators; P1; P2, mount
ing plates; T, electron beam trap.

in the ion source furnace being less than 0.5% of the exposed 
surface area of the sample. A hole drilled along the axis of 
the sample support allowed the insertion of a Chromel P - 
Alumel thermocouple which measured the sample tempera
ture. The thermocouple wires were brought out of the 
vacuum without joints through tubular insulators sealed with 
Apiezon W. The thermocouple was calibrated at the melt
ing points of zinc, lead and tin and at the boiling point of 
water. Recalibration after use showed that the calibra
tions had changed by less than 0.6° in all cases. The e.m.- 
f . ’s were measured on a potentiometer with an accuracy of 
± 0.002 mv.

Temperature equilibrium could be attained in a few min
utes and the temperature was held constant to within 0.5° 
while the ion currents were being measured. It was found 
that the amount by which the temperature of the ion source 
furnace exceeded that of the sample furnace had little effect 
on the results. Since the temperatures of the two furnaces 
were interdependent to some extent, a relatively small 
temperature difference of about 25° was used in most of the 
experiments in order to extend the range of the sample fur
nace temperature to as low a value as possible. Experiments 
3 and 4 with zinc were carried out using a constant ion source 
furnace temperature about 25° higher than the highest sam
ple furnace temperature.

In order to correct for any variation in the over-all effi
ciency of the ion source during a series of measurements a 
small reference pressure of krypton was maintained in the 
ion source chamber by allowing the gas to leak in from a 
reservoir in the sample line. Krypton was chosen because it 
was chemically inert and had approximately the same atomic 
weight as that of the metals to be studied. At each tempera
ture the ion current corresponding to Kr84 was measured as 
well as the ion current due to the metal. The isotope ratios 
of the metals were checked at several temperatures in order 
to detect any contributions from impurities.

The zinc and cadmium used were obtained from the Con
solidated Mining and Smelting Co. of Canada Ltd., Trail,
B. C. According to the supplier their purity was 99.99% 
or better.

Results and Discussion
The treatment of the results is similar to that 

of Barrow, et al,6 The heat of sublimation at any 
temperature T can be represented by

AHr =  AH,' +  A aT +  VabT2 (1)

(6) R . F . Barrow , P . G . Dodsw orth, A . R . D ownie, E . A . N . S.
Jeffries, A . C . P . Pugh, F . J. Sm ith and J. M , Swinstead, Trans.
Faraday See., 5 1 ,  1354 (1955).

where AH0' is an integration constant. By com
bining (1) with the Clausius-Clapevron equation 
and dividing through by — 2.302622 we obtain

log P R io% T 4 605212 T 2.3026/271 +  1 (2)

where I  is another integration constant.
A c  , r  _  A  b 
R S 4.6052/2 T

The term

is designated by A(T)  in the following discussion. 
It can be evaluated graphically using the theo
retical heat capacities for the monatomic gaseous 
metals and the values of Kelley7 for the solid metals.

The ion current due to the metal can be used as 
a quantity proportional to P  in equation 2 as long 
as conditions in the ion source do not change. In 
practice the efficiency of the ion source varies 
considerably with temperature and to correct for 
this the ion current due to Kr84 at each temperature 
is used to relate all of the metal ion currents to a 
constant value of the krypton ion current. Thus

P  =  K Im Vs  (3)
IK t

where K  is a constant, 7m is the metal ion current 
at temperature T, I kt is the Kr ion current at 
temperature T, and Z°Kr is the Kr ion current at the 
reference temperature. The ion currents have been 
corrected for the effect of temperature on the con
centrations in the ion source furnace.8

In addition, the decay of krypton pressure with 
time was allowed for. The decay was logarithmic 
and was given by

—  =  5.8 X  10-3 hr.-1 (4)

From (2), (3) and (4) we obtain
log 7m +  log I°K r  — log I kt — 5.8 X  10 -32 +  A (T ) =

- m g f  +  ! ~ ^ K  <«>

where t is the time in hours. The left side of the 
equation is designated 2 ' and A //0' is obtained by 
plotting 2 ' against l/T. AHm  then is obtained 
from equation 1.

The measured values and the corrections are 
shown for one series of measurements with zinc 
in Table I. All of the results for zinc have been 
summarized in Table II and those for cadmium in 
Table III. The experimental points obtained in 
each experiment, were treated by the method of 
least squares. Since there appears to be no cor
relation between the standard deviation of an 
experiment and the amount by which A / /2M differs 
from the mean, each experiment has been treated 
as a single measurement, the arithmetic mean 
taken and the standard deviation calculated. 
For cadmium the results were calculated for both 
Cd112 and Cd114 since the two isotopes occur in 
approximately equal amounts.

The accuracy of the measurements probably is
(7) K . K . K elley, U . S. B ur. M ines, Bull. 476, 1949.
(8) T h e measured ion currents are proportional to  the concentration 

in the ion source. A t a  steady state, under conditions of m olecular 
flow, equal numbers of molecules effuse in  each direction through open
ings connecting the ion source furnace to  the region containing the 
pressure being measured. For tw o interconnected regions a t different 
tem peratures the concentrations will be related b y C1/C2 =  (T i/ T xfh -,
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T a b l e  I

Z i n c — E x p e r i m e n t  N o. 6

Tem p.,"K.
Ion currents, 

arbitrary units 
Zn64 K r84

Log 
I m/°84 

/ si A { T )
5.8

X 10~'i s '

411.9 0.6 17.7 -0.222 0.608 0.004 0.382
440.9 7.2 17.4 +0.850 .621 .007 1.464
463.2 31.8 14.2 1.573 .631 .010 2.194
492.7 159 9.85 2.417 .644 .012 3.049
522.5 457 4.9 3.167 .657 .014 3.810
504.3 230 7.1 2.713 .649 .019 3.343
477.5 72.5 11.8 2.004 .638 .022 2.620
453.5 20.9 17.1 1.315 .627 .026 1.916
433.9 2.5 9.3 0.666 .618 .029 1.255

T a b l e  II
H e a t  o f  S u b l i m a t i o n  o f  Z n

E xp t.
no.

N o. of Tem p, range, 
observn. °K .

A#298, Stand, 
kcal./m ole dev.

1 6 400-506 29.81 0.21
2 9 415-520 29.31 .14
3 12 436-523 29.45 .14
4 10 460-538 30.37 .06
5 9 399-526 29.95 .08
6 9 412-522 30.10 .08
7 6 453-515 31.36 .10

Mean 30.05 ±0 .42

T a b l e  III
H e a t  o f  S u b l i m a t i o n  o f  C d

E xp t.
no.

No.
of

ob
servn.

Tem p, range, 
°K .

Iso
tope

Ai/298,
kcal./m ole

Stand.
dev.

1 5 400-451 <j' 114 
[ 112

26.14 1 

26.16 J
1 26.15 0.06

.06

2 5 413-460 \
Í 114 
[ 112

26.52 ’ 
26.56 J

1 26.54 .08
.09

3 5 408-469 jÍ 114 
l 112

26.63 1 

26.71 J
1 26.67 .04

.05

4 6 393-464 <j' 114
,H 2

26.54 1 
26.53 J[ 26.54 .12

.11
Mean 26.48 ± .20

limited more by the extent to which equilibrium 
can be maintained during the time of an observa
tion (3 to 4 minutes) than by the accuracy with 
which the readings can be made. We estimate the 
uncertainty in a single experimental point to be 
less than 2%. Since changes in the calibration of 
the thermocouple durmg the measurements were 
less than 0 .6 ° the uncertainty in the beat of subli
mation due to this cause is less than 1 % .

No ion current due to Zn2 could be detected at 
any temperature up to 520°K. From this obser
vation we estimate that the ratio Zn2/Zn  is less 
than 2 X 10~4 at this temp erature.

The value of A/ / 298 =  30.05 ±  0.42 kcal./mole 
obtained for zinc from the present measurements 
is somewhat lower than that of 31.18 ±  0.1 kcal./ 
mole which Barrow, et a l have designated as the 
“ best” value on the basis of their analysis of the 
earlier work. Their own results, obtained for the 
temperature range 512 to 649 °K., support this 
value. More recently, however, Nesmeyanov and 
Ilicheva9 have measured the vapor pressures of 
zinc and cadmium by following the exchange of 
isotopes between two metal specimens through an 
orifice. Their results for the temperature range 
493 to 633 °K. lead to a value for zinc of AH0 =  
30.30 ±  0.6 kcal./mole. When recalculated
using the heat capacity data of Kelley7 this gives 
AH298 =  30.08 ±  0.6 kcal./mole in reasonable 
agreement with our value. Since Barrow’s value 
is based on data for liquid zinc it is possible that 
the difference is at least partly due to discrepancies 
in the thermal data.

O’Donnell10 has measured the vapor pressure 
of cadmium by an effusion method over the 
temperature range 482-524 °K. and obtains AHb0o 
— 27.8 ±  0.4 kcal./mole, corresponding to a value 
of A /i29s =  28.1 ±  0.4 xcal./mole. The results 
of Nesmeyanov and Ilicheva9 for the temperature 
range 411-481 °K. give a value of AH0 =  26.55 ±  
0.13 kcal./mole which corresponds to A i/298 =
26.32 ±  0.13 kcal./mole. Our value of Af7298 =  
26.48 ±  0.20 kcal./mole is in reasonably good agree
ment with that of Nesmeyanov and Ilicheva and 
with the value of 26.75 kcal./mole given by 
Brewer.11 O’Donnell’s value appears to be too 
high.

Conclusion
On the basis of the resmts obtained the proposed 

method of measuring the heats of sublimation seems 
to be a satisfactory one :'or use with the volatile 
metals. It should also be possible to apply the 
method to studies of the vapor properties of other 
substances of similar volatility.

(9) A . N . N esm eyanov and I. A. Ilicheva, Zhur. F iz . K him ., 32, 422 
(1958).

(10) T . A. O’ Donnell, Australian J. Chem., 8, 485 (1955).
(11) L . Brewer, “ Chem istry and M etallu rgy of M iscellaneous M a

terials,”  edited b y  L . L . Quill, M sG raw — H ill Book C o., Inc., N ew  
Y o rk , N . Y ., 1950.
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THE PHYSICAL PROPERTIES OF CERTAIN ORGANIC FLUORIDES
By  W . A. T. M acey1

Contribution from the National College of Food Technology, Weybridge, Surrey, England
R eceived Septem ber 8, 1959

The boiling points, densities and refractive indices of a number of liquid organic fluorides have been determined. From 
these data the molar refractions, specific refractions, specific dispersions, (C -F ) bond refractions and (CH2) group refrac
tions have been calculated. The (C -F ) bond refraction (D-line at 20°) in 1-fluoroalkanes is established as 1.55 cc. Similar 
values for (C -F ) are obtained in fluoroesters and fluoroalcohols provided that the substituent fluorine atom is sufficiently 
far removed from the polarizable group.

Introduction
In a preliminary report2 some physical properties 

of the 1-fluoroalkanes (71-alkyl fluorides) were 
described. The present communication records 
the physical properties of 30 liquid organic fluorides 
which were prepared in order to obtain bond and 
group constants for (C-F) and (CH2) .

The pure organic fluorides available were: ten 
1-fluoroalkanes; five 3-fluoropropanol carboxylate 
esters; five n-alkyl 3-fluoropropionates; five n- 
alkyl trifluoroacetates; miscellaneous compounds 
included 3-fluoropropanol-1, 3-fluoropropionic acid, 
ethyl 5-fluorovalerate and trifluoroacetic acid.

Preparation and Purification.— The 1-fluoroalkanes were 
prepared from alkyl bromides by treatment with potassium 
fluoride in ethylene or diethylene glycol.3-6 3-Fluoropro- 
panol4 was prepared from the 3-chloropropanol by treatment 
with potassium fluoride in ethylene glycol and the 3-fluoro- 
propanol esters by interaction between the fluoroalcohol 
and acyl chlorides in dry carbon tetrachloride.

3-Fluoropropionic acid7 was obtained by oxidation of 3- 
fluoropropanol and the n-alkyl fluoropropionates from the 
alcohols and 3-fluoropropionyl chloride.

The «.-alkyl trifluoroacetates were prepared from trifluoro
acetic acid and the alcohols.

Synthesis of ethyl 5-fluorovalerate was achieved by
HC1 Br2

Tetrahydrofuran------- >  Cl(CH2)4OH — >■
NaCN EtOH

Cl(CH2)4Br —------- >  C1(CH2)4C N ---------- >-
KF

Cl(CH2)4C 02Et — ^ F(CH2)4C 02Et
All the compounds were refractionated immediately be

fore the measurements were made and a check on purity was 
maintained by microanalyses and by vapor phase chroma
tography.

Physical Measurements
Density.— Standard methods were used with pycnometers 

of ca. 1 ml. capacity, and water thermostats with temper
ature control to ±0 .05°.

Refractive Index.— The refractive index measurements 
were made at 20 ±  0.05° in either a Zeiss Pulfrich or a 
Bellingham and Stanley Pulfrich refractometer. An elec
tric sodium lamp was used for the D-line, and a hydrogen- 
tube for the C and F lines.

Boiling Point.— All boiling points are corrected.
Calculations

The values shown in Table II for the specific 
refraction r have been calculated from the Lorentz- 
Lorenz expression

(1) Croydon Technical College, Croydon, Surrey, England.
(2) G . H. Jeffery, J. Leicester, \V. A . T . M acey and A . I. Vogel, 

Chem istry Industry, 1045 (1954).
(3) F . W . Hoffman, A m . Chem. S ec., 70, 2596 (1948).
(4) F. W . Hoffmann, J. O rg. Chem., 15, 425 (1950).
(5) J. Leicester, W . A . T . M acey and A . I. Vogel, O rg. Syntheses, 3 6 ,  

40 (1956).
(6) F. L . M . Pattison and J. F. M illington, Can. J. Chem., 3 4 ,  757 

(1956).
(7) E . Gryszkiew icz-Trochim ow ski, R ec. trav. chim., 66, 430 (1947).

r =  » L l i  v i
n2 +  2 *  d

using n20d and d204. The values for the specific 
dispersions S shown in the same table have been 
calculated from the expression

£ _  «X — «2
d

where ni and n2 are refractive indices of a com
pound at two different wave lengths and d  is the 
density, all at 2 0 °.

A detailed description of calculations of the bond 
constants is not included in this report. In general 
the guiding principle has been the use from the 
literature of refractometric data for unfluorinated 
alkanes, alcohols, acids or esters. The (C-F) 
bond constants were obtained from the molar re
fraction of each fluoro-compound by subtracting 
the molar refraction of the unfluorinated homolog 
minus the appropriate number of (C-H) bond 
values.

Physical Constants.— Examination of Tables I, 
II and III shows several generalizations

1. (a) The mean (C-F) bond refraction is 1.55 
in the fluoroalkanes, 1.55 in carboxylic esters of 3- 
fluoropropanol. The mean bond refraction rises to 
1.76 in n-alkyl esters of 3-fluoropropionic acid 
(where F is in close proximity to carboxyl), falls 
to 1.53 in ethyl 5-fluorovalerate (where the F atom 
is remote from carboxyl) and rises to 1.88 in the 71- 
alkyl esters of trifluoroacetic acid (where three F 
atoms are attached to a single carbon).

(b) There is a close correlation between the 
(isomeric) esters of 3-fluoropropanol and esters of 3- 
fluoropropionic acid. Both series show, with in
creasing molecular weight, a regular increase in 
specific refraction from 0 . 2 2  to 0.26; a regular de
crease in density from 1.05 to 0.97 and specific dis
persions which lie between 58 and 70.

(c) Ethyl 5-fluorovalerate (no. 23) is isomeric 
with 3-fluoropropyl butyrate (no. 13) and butyl 3- 
fluoropropionate (no. 2 0 ) and has a similar specific 
refraction, 0.243 (0.243 and 0.244); similar density,
1.002 (0.998 and 0.993), but a much higher specific 
dispersion, 91, (64 and 6 6 ).

(d) The acetylation of 3-fluoropropanol causes 
very little alteration in many of its physical con
stants. Thus, the fluoroalcohol and its acetate 
have comparable densities (1.04, 1.05); specific 
refraction (0.2236, 0.2230); specific dispersions 
(56, 58); refractive indices (1.381, 1.387); and 
(C-F) bond refractions (1.60, 1.52).

2 . (a) The densities of all the ester series show a 
small regular d e c r e a s e  with increasing molecular 
weight.
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T a b l e  I

Physical Properties of Liquid Organic Fluorides 
Compounds listed here are those designated by corresponding numbers in Table II.

Pres
B .p ., sure,

Com pound Form ula °C . mm.

(1) l-Fluoropentane"
(2) l-Fluorohexane6
(3) l-Fluoroheptanec
(4) l-Fluorooctane1*
(5) 1-Fluorononane
(6) 1-Fluorodecane
(7) 1-Fluoroundecane8
(8) 1-Fluorododecane
(9) 1-Fluorotetradecane

(10) l-Fluorohexadecane8
( 11) 3-Fluoropropyl acetate8
(12) 3-Fluoropropyl propionate
(13) 3-Fluoropropyl butyrate
(14) 3-Fluoropropyl valerate
(15) 3-Fluoropropyl caproate
(16) S-Fluoropropanol-P
(17) 3-Fluoropropionic acid’
(18) Ethyl 3-fluoropropionate
(19) n-Propyl 3-fluoropropionate
(20) «-Butyl 3-fluoropropionate
(21) 72-Pentyl 3-fluoropropionate
(22) n-Hexyl 3-fluoropropionate
(23) Ethyl 5-fluorovalerate8
(24) Ethyl trifluoroacetate*
(25) 7i-Propyl trifluoroacetate*
(26) n-Butyl trifluoroacetate™
(27) 72-Pentyl trifluoroacetate
(28) n-Hexyl trifluoroacetate
(29) 4-Chlorobutyl trifluoroacetate8
(30) Trifluoroacetic acid”

CH3(CH2)4F 64.1 760
CH3(CH2)6F 92.1 760
C H ^C H ,)^ 119.3 760
CH3(CH 2),F 144.4 760
CH3(CH2)sF 167.9 760
CH3(CH2)9F 187.0 760
CH3(CH2)10F 71.2 3
CH3(CH2)uF 93.9 3
CH3(CH2)13F 120.4 2
CH3(CH2)15F 150.8 2
CH3COO(CH2)3F 137.6 760
CH3(CH2)COO(CH2)3F 153.7 760
CH3(CH2)2COO(CH2)3F 53.3 6
CH3(CH2)3COO(CH2)3F 56.7 3
CH3(CH2)4COO(CH2)3F 72.2 3
f c h 2c h 2c h 2o h 128.2 760
f c h 2c h 2c o o h 78.4 8
f c h 2c h 2c o o c h 2c h 3 133.1 760
FCH2CH2COO( CH2)2CH3 32.5 5
FCH2CH2COO( c h 2 )3CH3 44.1 4
FCH2CH2COO(CH2)4CH3 60.2 4
FCH2CH2C 00(C H 2)6CH3 74.5 5
F(CH2)4COOC2H6 68.1 13
CF3COOC2Hs 61.6 760
CF3COO(CH2)2CH3 82.5 760
CF3COO(CH2)3CH3 104.8 760
CF3COO(CH2)4CH3 64.7 79
CF3COO(CH2)6CH3 68.9 49
CF3COO(CH2)3CH2Cl 54.2 7
c f 3c o o h 72.2 760

Density
d « t , -------- Refractive index (20°)-------

g./co. c D F
0.7917 1.35818 1.35974 1.36385

.8011 1.37308 1.37499 1.37920

.8060 1.38442 1.38611 1.39080

.8137 1.39383 1.39552 1.40036

.8159 1.40134 1.40330 1.40807

.8197 1.40745 1.40949 1.41439

.8239 1.41301 1.41507 1.42004

.8257 1.41714 1.41919 1.42424

.8277 1.42425 1.42639 1.43152

.8313 1.43005 1.43222 1.43744
1.0549 1.38488 1.38671 1.39107
1.0248 1.39192 1.39382 1.39827
0.9985 1.39853 1.40076 1.40492

.9824 1.40523 1.40721 1.41195

.9684 1.41017 1.41216 1.41702
1.0393 1.37978 1.38150 1.38563
1.2406 1.38927 1.39115 1.39557
1.0502 1.38391 1.38575 1.39015
1.0160 1.39092 1.39280 1.39731
0.9931 1.39808 1.40003 1.40465
0.9729 1.40392 1.40592 1.41068
0.9623 1.41050 1.41246 1.41729
1.0022 1.40012 1.40209 1.40679
1.1908 1.30527 1.30657 1.30999
1.1373 1.32224 1.32364 1.32705
1.1085 1.33744 1.33906 1.34294
1.0813 1.34972 1.35141 1.35531
1.0623 1.35978 1.36153 1.36573
1.2695 1.38664 1.38845 1.39301
1.4885 1.28317 1.28426 1.28693

« Hoffmann8 reports b.p. 64.4°. 6 Hoffmann3 reports b.p. 91.0-93.5°. c Swarts9 reports b.p. 119°, w21d 1.3855 and d214 
0.8029. d Swarts9-10 reports b.p. 142.5°, ?214d 1.3970 and d144 0.8120. 8 Gryszkiewicz-Trochimowski, et al.,n report b.p. 
89-91° (12 mm.). ‘  Swarts9 reports b.p. 181° (24 mm.) and d134 0.809. 8 Gryszkiewicz-Trochimowski, et al.,n report b.p. 
137-138°. h Hoffmann8 reports b.p. 127.5-128.0°, nKo  1.3771 and d264 1.0390. * Gryszkiewicz-Trochimowski7 reports
b.p. 51-52° (2 mm.). ’ Saunders, et al.,12 report b.p. 56-60° (16 mm.). k Swarts13 reports b.p. 61.7°, 7i16D 1.30783 and
dI64 1.19529. 1 Norton14 reports b.p. 82.5°, re22D 1.3233, d2625 1.1285. 0 Because of some decomposition, physical constants
should be regarded only as approximate. v Swarts13 reports b.p. 72.4-72.5° and d°4 1.53515.

T a b l e  T I
O i ’t i c a l  P r o p e r t i e s  o f  L i q u i d  O r g a n i c  F l u o r i d e s

(C -F )
Specific M olar Specific bond
refrac- refrac- dis- refraction

Coinpd. tion tion persion (D-line
no. M o l. w t. r MRd S X 104 at 20°)

1 90.14 0.2783 25.11 72 1.51
2 104.16 .2857 29.76 76 1.55
3 118.19 .2915 34.45 79 1.55
4 132.22 .2949 39.00 80 1.52
5 146.24 .2991 43.75 82 1.58
6 160.27 .3019 48.39 84 1.57
7 174.29 .3039 52.98 85 1.51
8 188.32 .3058 57.60 86 1.57
9 216.37 .3097 67.02 88 1.60

10 244.42 .3119 76.25 89 1.66
11 120.12 .2230 26.79 58 1.52
12 134.15 .2333 31.30 62 1.54
13 148.17 .2432 36.04 64 1.58
14 162.20 .2506 40.66 68 1.57
15 172.66 .2571 45.30 70 1.56
16 78.09 .2236 17.46 56 1.60
17 92.07 .1916 17.64 51 1.81
18 120.12 .2235 26.84 59 1.75
19 134.15 .2348 31.50 63 1.74

20 148.17 .2441 36.17 66 1.70
21 162.20 .2524 40.94 69 1.77
22 176.22 .2589 45.61 70 1.81
23 148.17 .2430 36.01 91 1.53
24 142.08 .1602 22.76 40 1.87
25 156.11 .1762 27.51 58 1.90
26 170.14 .1886 32.09 43 1.88
27 184.17 .1997 36.78 52 1.90
28 198.20 .2085 41.33 56 1.87
29 204.58 .1860 38.06 50 2.24
30 114.03 .1195 13.63 25 1.89

(b) A small regular increase in density with in
creasing molecular weight occurs in the fluoro- 
alkanes.

(8) F . W . Hoffmann, J. Org. Chem., 15 , 425 (1950).
(9) F . Sw arts, B u ll. A cad. roy. B elg., 7 , 451 (1921).
(10) F . Sw arts, J . chim. phys., 17 , 08 (1921).
(11) E . Gryszkiew icz-Trochim ow ski, A . Sporzynski and J. W nuk, 

R ee. trav. chim., 66, 413 (1947).
(12) F . J. Buckle, F . L . M . Pattison and B. C . Saunders, J . Chem. 

S oc., 1471 (1949).
(13) F . Sw arts, B u ll. Acad. roy. B elg., 8, 343 (1922).
(14) T . R . N orton, J . A m . Chem.. S oc., 7 2 , 3527 (1950).
(15) R . N . Haszeldine, N ature, 1 68 , 1028 (1951).
(16) G . R appaport, M . H auptschein, J. F . O ’Brien and R . Filler, 

J. A m . Chem. Soc., 7 5 , 2695 (1953).
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T a b l e  III
B o n d  a n d  G r o u p  C o n s t a n t s  f o r  ( C - F )  a n d  (CH2); d - L i n e  a t  20°

Bond refractions (miscellaneous compounds): 3-fluoropropanol-l, 1.60; 3-fluoropropionic acid, 1.81; ethyl 5-fluorovalerate
1.53; trifluoroacetic acid, 1.89.

S eries F o r m u la
N o .  c o m p d .  

e x a m in e d

M e a n  ( C - F )  
b o n d  

re fra c t io n  
( c c .)

S ta n d
d e v .
( c c . )

M e a n  'C H ^ ) 
g ro u p  

re fi a c t io n  
(c c .

n-Fluoroalkanes r c h 2f 9 1.55 ± 0 .0 3 4.646
Esters of 3-fluoropropanol RCH2C 02(CH2)3F 5 1.55 ±  .02 4.638
Esters of 3-fluoropropionic acid F(CH2)2C 02CH2R 5 1.76 ±  .01 4.660
Esters of trifluoroacetic acid c f 3c o 2c h 2r 5 1.88 ±  .04 4.641

T a b l e  IV
I n f r a r e d  A b s o r p t i o n  f o r  A l k y l  T r i f l u o r o a c e t a t e s

Ester

ra-Propyl trifluoroacetate 
n-Butyl trifluoroacetate 
n-Pentyl trifluoroacetate 
w-Hexyl trifluoroacetate

C  O group 
frequency (cm. -1)

1787
1785
1787
1788

3. The specific refractions r as calculated by the 
Lorentz-Lorenz formula, using n20d and d204, 
show definite trends in both mono- and trifluorides.

(a) For fluoroalkanes the specific refractions lie 
mainly between 0.28 and 0.31.

(b) For esters of 3-fluoropropanol and 3-fluoro
propionic acid (all isomeric) the r values are slightly 
lower than for fluoroalkanes and show a gradual 
increase from 0.22 to 0.26. Ethyl 5-fluorovalcrate 
also has an r value within this range.

(c) The specific refractions for n-alkyl esters of 
trifluoroacetic acid (0.16 to 0 .2 0 ) are definitely 
lower than for monofluorides of comparable molecu
lar weight.

4. The specific dispersions S were calculated 
from the expression

s  =  x  IIPa

where hf and nc were the refractive indices at 2 0 ° 
taken for the F and C lines of the hydrogen spec
tra (6563 and 4861 A., respectively), and d the 
density (d204).

Like the refractions the specific dispersion values 
show definite trends in the compounds examined.
(a) The fluoroalkanes have specific dispersions 
which increase fairly regularly from 72 to 89.
(b) The S values for esters of 3-fluoropropanol and
3-fluoropropionic acid all lie between 58 and 70.
(c) The introduction of three fluorine atoms on a 
single carbon as in the alkyl trifluoroacetates lowers 
the specific dispersion to values between 40-58, 
while trifluoroacetic acid itself has the very low 
value of 25.

Infrared Spectra.—Table IV gives the infrared 
spectra of the n-alkyl trifluoroacetates. A rela
tively large shift to higher frequencies of the 
carbonyl band when compared with the normal 
C = 0  band in unfluorinated esters is shown. There 
is a common absorption band at the region of 
1788-1785 cm . - 1  (5.59 fi), whereas the normal band 
for C = 0  in unfluorinated esters is 1739 cm.-1.

Similar shifts have been noted by Haszeldine in 
fluorocarbons containing a carbonyl group, 16 and 
by Hauptschein and co-workers16 in an examination 
of esters formed from acids or alcohols, either or 
both of which had fluorocarbon groups. This shift

is an accentuation of the shift observed when any 
electronegative group is attached to the carbonyl 
carbon and is explained in the simplest terms by 
the concept that the normal polarization of the

5+ 8—
carbonyl group as C = 0  is cut down by the electro
negative group attached to the carbon. The car
bon-oxygen bond becomes less polar and conse
quently shows its stretching vibration at lower 
wave length.

Bond Refractions (D-line at 20°).—Examination 
of Table III shows jhat the “ normal”  value for the 
(C-F) bond refraction as derived from nine 1- 
fluoroalkanes is 1.55 (by normal value is meant a 
value applicable to systems where interactions be
tween the functional groups are absent or small). 
The mean (CH2) group refraction value (from least 
squares) for the fluoroalkane series is 4.646. This 
compares very well with the value 4.647 derived by 
Vogel from a series of alkanes. 17

The mean value 1.55 for (C-F) derived from five 
esters of 3-fluoropropanol-l shows excellent agree
ment with that determined from the fluoroalkanes. 
The mean (CH2) group refraction for this series is 
4.638.

The (C-F) bond refraction derived from 3- 
fluoropropionic acid and five of its n-alkyl esters 
was 1.76. The difference in (C-F) bond refrac
tion in the fluoropropionates over that in the 
fluoroalkanes is 0 . 2 1  cc. and this increase is most 
readily explained in terms of the inductive effect of 
the fluorine substituent.

H O:
\<+> (+> (II

H— C—«—C—«-C—<—O-
/  (+) "<->F

The inductive effect can act through the carbon 
chain and the enhanced positive character of the 
carbonyl carbon atom results in the mobile elec
trons of the alkoxy-bond (C-O) and to a certain 
extent, those of the carbonyl (> C = 0 )  bond, being 
made available in the transmission of the induc
tive effect along the chain. The net result as evi
denced by the bond refractions must be a looser 
electronic system than in the unfluorinated homo
logs. The mean (CH2) group refraction for the 
series is 4.660.

The substitution of H by F in an ester produces 
an increase in molar refraction which is probably 
due to the inductive effect of the fluorine atom on 
the polarizable carboxylate group. If this is so, 
it follows that, because of the falling off in the in-

(17) A . L . Vogel, J. Chew.. Soc.. 133 (1946).
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ductive effect along the chain, the longer the chain 
the smaller is the increase in refraction. Ethyl 5- 
fluorovalerate was therefore selected as a com
pound in which a good separation of fluorine and 
the carboxylate group was present. It is of inter
est for this discussion to compare the (C-F) bond 
refraction for this fluoroester (1.53) with values ob
tained from 1 -fluoroalkanes and some monofluoro- 
alcohols and esters:

Compound (s) 
R  is alkyl

(C -F ) bond 
refraction Line Ref.

r c h 2f 1.55 D Present work
R C 02(CH2)2CH2F 1.55 D Present work
FCH2(CH2)2OH 1.60 C & D Present work
FCH2(CH2)3C 02C2H5 1.53 D Present work
f c h 2c h 2o h 1.59 C Swarts19
c h 3c o 2c h 2c h 2f 1.71 ft Swarts19
f c h 2c o 2c 2h 6 1.75 D Swarts19
f c h 2c h 2c o 2r 1.76 D Present work

Of special interest in this comparison are the 
values for 2 -fluoroethanol and its acetate. The 
(C-F) bond refraction in 2-fluoroethanol, 1.59, 
agrees with that for 3-fluoropropanol, 1.60. How
ever, in their esters this agreement is lost. Thus, 
the mean (C-F) value in the 3-fluoropropyl car- 
boxylates is 1.55 (1.52 for 3-fluoropropyl acetate 
itself), whereas for 2-fluoroethyl acetate it is 1.71. 
Evidently the influence on the carboxylate group 
of the fluorine substituent in the alcoholic portion of 
the molecule can extend over one methylene group, 
so approaching the (C-F) bond refraction value 
when F is present in the acid portion, but cannot 
extend over two methylene groups.

It is also evident that when a fluorine atom is 
present in the acidic function the (C-F) bond re
fraction is greater than when it is in an alcoholic 
function. This is so when the fluorine atom in the 
acid portion of an ester is (a) in the a-position to 
the carboxylate group, as in ethyl monofluoro- 
acetate, or (b) in the ^-position to the carboxylate 
group, as in the alkyl 3-fluoropropionates. The 
lower refraction in the alcoholic molecules is 
illustrated when fluorine is (c) /3 to the hydroxyl 
group, as in 2 -fluoroethanol, or (d) y- to the hydroxyl 
group, as in 3-fluoropropanol.

Since the (C-F) bond refraction in ethyl 5- 
fluorovalerate is 1.53, i.e., close to the 1.55 value, 
it can be assumed that normal refraction values are 
to be expected in fluoroesters in which the substit
uent fluorine atom is at least three methylene 
groups removed from the carboxylate group.

The first refractometric study of fluorine com
pounds was made by Swarts19 who studied a large 
number of simple fluoro-compounds. More recent 
studies2 0 -2 2  have been concerned with fluorocar-

(18) A . Henne and C . J. Fox, J. A m . Chem. Soc., 7 6 ,  479 (1954).
(19) F . Swarts, J . chim. phys., 2 0 ,  30 (1923).
(20) R . N . H aszeldine and F . Smith, J. Chem. S oc., 603 (1951).
(21) R . D . Fow ler, J. M . H am ilton, J. S. Kasper, C . E . W eber, W . B.

bons. Grosse and Cady22 have shown how the 
atomic refraction varies with the type of com
pound. From these values the corresponding 
(C-F) bond refractions can be calculated and are 
here added to the original table:

T a b l e  V

V a r ia t io n  o f  A t o m ic  R e f r a c t io n  w it h  S u c c e s s iv e  
F l u o r in e  S u b s t it u t io n

No. of F atoms/ 
mole 1 2 3 4 5

Aliphatic
perfiuoro
compd.

Atomic refrac
tion (AR f) 0.95 0.99 1.02 1.08 1.14 1.23

(C -F ) bond re
fraction 1.60 1.64 1.67 1.73 1.79 1.88

A study of the CF3-  gro ip in the alkyl trifluoro- 
acetates was made in ordei to obtain values for the 
(C-F) bond refraction when three fluorine atoms 
are attached to one carbon. Thus, the (C-F) 
bond refraction (from one-third of the trifluoro- 
methyl group refraction in the trifluoroacetates) is 
1.8 8 .

The difference in (C-F) bond refraction in the 
trifluoroacetates over that in the fluoroalkanes is 
0.33 cc. Now if the CF3-  group is not attached to 
carboxylate then the (C-F) refraction is lower 
than when it is so attached. Thus, the additional 
molar, and hence the bond refraction resulting 
from the presence of adjacent electron-attracting 
CF3-  and C 02lt groups is a »sent, in a non-carboxylic 
compound such as 2 ,2 ,2 -trifluoroethanol. The 
(C-F) bond refraction calculated from data18 for 
CF3CH201I is 1.79 whereas in the present work a 
mean (C-F) bond value of 1.88 was obtained from 
five alkyl trifluoroacetates, CFsCCklt- Two effects 
must operate in giving increased (C-F) bond re
fractions in these esters. These are the inductive 
influence of CF3-  on the carboxylate group and the 
increase, as shown in Table V, which follows the 
progressive substitution of hydrogen by fluorine in 
a molecule. Presumably the increase in the num
ber of adjacent negative charges, due to the fluorine 
atoms, must loosen the electronic system and so 
give rise to an increase in the refraction while the 
large inductive effect of CF3- ,  as with a single 
fluorine in the 3-fluoropropionates, adds still 
further to this refraction increase.
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The silver iodide complexes AgmI„ have been studied by means of self-diffusion measurements, at an approximately 
constant ionic strength equal to 4 M . It was shown that there is no condensation into polynuclear complexes on the cationic 
complexes side of the system. The plot of D vs. ca* for the anionic complexes exhibits a minimum for ca8 =  0.60 M. This 
result could be interpreted in terms of the model suggested in earlier works: a series of polynuclear complexes AgmI2m+ 2(m +5) "  
is formed as the silver concentration increases, but the chain formation is cut off by a ring closure of the type Agml 2mm~. 
Evidence is given here that no greater ion than AgJ84“  exists in saturated solutions and that, consequently, it is probable 
that the chain formation does not exceed the term AgJio6-, contrary to what has been claimed in other papers. This con
densation model is in agreement with recent X-ray scattering studies.

The silver iodide complexes AgmI„ have been 
studied mainly by Leden, who made potentio 
metric1 and solubility2 ' 3 measurements in aqueous 
solutions at 25°, and by Nilsson who investigated 
water solutions of the complexes by X-ray scat
tering. 4 The cationic complexes (m >  n) have 
only been studied with solubility measurements. 
Therefore, the question of the condensation into 
polynuclear complexes has not yet been eluci
dated for this system. On the anionic complexes 
side, (n >  m), the potentiometric and solubility 
data have shown that a condensation phenomenon 
takes place as the silver concentration increases, 
but both methods failed to resolve completely the 
structure of the polynuclear complexes.

We have therefore studied the mobility of these 
complexes in aqueous solutions, by means of self
diffusion measurements, in order to see whether 
further information about the structure of AgmI„ 
complexes could be obtained in that way.

Starting from Fick’s fundamental diffusion equa
tions, it can be shown that, if the isotopic ex
change equilibrium is instantaneously established, 
the self-diffusion coefficient D measured in a 
mixture of various complexes ABi (the molar 
fraction of which is respectively m) is a mean value 
of the self-diffusion coefficients A  of each pure 
species

D  =  h o i iD i

The purpose of the following work was then to 
study, by means of the open-ended capillary method, 
the variations of D at 25°, when the iodide (or 
silver) concentration increases continually up to 
saturation, the total silver (or iodide) concentra
tion being kept constant and equal to 4 M.

Experiments on the cationic complexes side 
were performed with l31I as tracer, and on the 
anionic complexes side with 110Ag.

Experimental
Diffusion Cells.— The open-ended capillary method, as 

modified by Wang5 and by Mills6 requires very large volumes 
of inactive solution. In order to decrease this volume when 
expensive solutions, such as 4 M  AgC104, are involved, we 
have adopted in this work a modified type of diffusion cell,

(1) I. Leden, Acta Chem. Scand., 1 0 , 540 (1956).
(2) I . Leden, ibid ., 10 , 812 (1956).
(3) I. Leden and C . Parck, ibid., 10 , 535 (1956).
(4) R . O. Nilsaon, A rkiv K em i, 1 2 ,  513 (1958).
(5) J. H. W ang, J. A m . Chem . Soc., 7 3 , 510 (1951).
(6) R . M ills, ibid ., 7 7 , 6116 (1955).

in which the required volume of inactive solution is reduced 
to 50 ml.

The cells, made of ordinary glass, consist of 2 super
imposed coaxial cylinders, fitted together by a conical sec
tion. The upper cylinder (diameter 3.5 cm., length 7.5 
cm.) contains the inactive solution, and the lower one (di
ameter 1 cm., length 2 cm.) contains the capillary and keeps 
it in a vertical position. The cells were covered with a glass 
top, and immersed in a conventional thermostat at 25 ±  
0 .01°.

A very important problem, which has been discussed by 
most of the authors, is that of the stirring. In order to 
fulfill one of the boundary conditions of the method, i.e. , to 
keep the concentration of the radioactive isotope equal to 
zero at the mouth of the capillary, all authors have come to 
the conclusion that it is necessary to stir the outer solution. 
But an important source of error can arise if the stirring is 
too rapid or turbulent, in which case part of the active solu
tion can be swept out of the capillary by mechanical con
vection. This phenomenon has been called by Wang the 
“ Al-effect,”  as it may be primarily looked upon as a change 
in the effective diffusion path. A negative “ Al-effect,” 
arising from excessive or turbulent sitrring, leads to a meas
ured value of the diffusion coefficient which is too high. On 
the other hand, a positive “ Ai-effect”  provoked by insuffi
cient stirring, leads to a measured value which is too low. 
It must be noted however that the “ Al-effect” errors are of 
the same order of magnitude as the precision of the method 
itself (1 to 2% ) and that no appropriate method of measuring 
it accurately has been suggested up to now.

Preliminary experiments have been made in order to in
vestigate the influence of the stirring speed on the measured 
value of D, for the geometrical conditions. of our cells. 
For this purpose, a glass stirrer was placed along the axis 
of the cell, its lower extremity being 3 cm. above the upper 
end of the capillary. No difference in D has been observed, 
inside the limits of error of the method ( ±  1 % ), whether the 
outer solution was stirred mechanically (50-60 r.p.m .) or 
when a slight thermal convection was established in the bath 
(the small temperature gradient was created by keeping the 
liquid level in the cell 1 cm. higher than the water level in the 
thermostat. It did not affect the temperature of the cap
illary in the bottom of the cell, but was sufficient for main
taining the required boundary condition). Hence, all fur
ther experiments have been performed without mechanical 
stirring but with thermal convection.

Manipulations.— The capillaries had internal and external 
diameters of 0.08 and 0.9 cm., respectively, and a length of 
ca. 4 cm. Before use, each capillary was examined under a 
microscope to ensure that the bore was uniform. A glass 
seal was then made at one extremity and the length was 
measured with a micrometer to an accuracy of 0.1 mm. 
The capillary was filled with the radioactive solution by 
means of a thin capillary pipet operated with a medical 
syringe. A small drop of active solution was deposited on 
the top of the capillary in order to avoid, as far as possible, 
convection disturbances during the lowering of the tube in 
the bath. At first, only 4/r,th of the capillary length was 
immersed in the cell, for half an hour, in order to establish 
temperature equilibrium. Finally, the tube was gently 
lowered to the bottom of the cell. After S or 10 days, the 
capillary was taken out of the cell and its contents, with
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drawn by means of a capillary pipet, were transferred to a 
special test-tube fitting into the well crystal of a conven
tional scintillation counter. Five rinsing fractions were 
added to the test-tube, the liquid level of which then was 
adjusted to a standard height.

The initial capillary activity was measured by refilling 
the capillary with the active solution, after having rinsed it 
five times with the same active solution. The withdrawal 
of the capillary contents was made as previously described. 
This operation was repeated 3 times for each capillary, 
since the deviation between 2 such refillings can amount to 
1%. The mean value was adopted for the calculation of D 
according to equation 1

l being the capillary length, c the average concentration of 
the radioactive isotope in the capillary after the time t, and 
Co the initial concentration, c and Co were measured after 
one another in order to avoid corrections for radioactivity 
decay, and for apparatus stability.

Solutions.—As solubility and potentiometric data are re
lated to complex solutions of constant ionic strength equal 
to 4 M , self-diffusion also has been measured in identical 
media. All experimental operations (preparation of solu
tions and diffusion runs) were performed in a dark room, 
because of the instability of concentrated AgC104 and Nal 
in day light.

a. Cationic Complexes Region.— 4 to 5 M  silver per
chlorate solutions were prepared by precipitating Ag20  
from a hot AgN 03 solution with NaOH. The precipitate 
was filtered on fritted glass, washed 10 times with water 
and dissolved in 70% HC104. After filtration, the solution 
was titrated with a cationic exchange method (Dowex). 
The measured solutions had a total silver concentration 
equal to 4 M  and a total iodide concentration up to 0.1 M . 
Iodide ions were introduced as N al.

The active solutions were prepared by adding 5 /ul- of a 
carrier-free 131I solution (specific activity 5 m e./m l.) pro
vided by The Isotope Division AERE, Harwell, England, 
to 10 ml. of the complex solution. Preliminary experiments 
have shown that the isotopic exchange equilibrium is es
tablished _instantaneously and, hence, that the observed 
value of D does not depend on the age of the solutions in
vestigated.

b. Anionic Complexes Region.— The complexes solu
tions had an iodide concentration equal to 4 ill ( I -  was in
troduced as N al) and a silver concentration varying from 
0.01 to 0.65 M  (A g+ was introduced as AgN 03). The silver 
concentration of the saturated solution is 0.7 M .

110Ag was delivered by the Isotopes Division, AERE, 
Harwell, England, as metallic silver. The silver was first 
dissolved in hot concentrated nitric acid, and the solution 
evaporated 5 times to dryness. The pure radioactive silver 
nitrate then was dissolved in water. The radioactive com
plexes solutions were prepared by adding 5 /il. of the 110Ag- 
N 0 3 solution (concentration 0.93 M , specific activity 1 m e./ 
ml.) to 10 ml. of the complex solutions. The active silver 
thus added amounted to 5 X  10 “ 4 mole Ag/1. As this 
quantity is not negligible when the total silver concentra
tion is 0.01 M , the same relative amount of inactive AgNOj 
was added to the inactive solutions.

Results
In Tables I and II are listed the self-diffusion 

coefficients of cationic and anionic complexes, 
respectively. Each value reported is the average 
value of 3 to 4 measurements, and the error tabu
lated corresponds to the root mean square devia
tion between them. Figure 1 represents the plot 
of D vs. CAg for the anionic complexes.

T a b l e  I
S e l f - d i f f u s i o n  C o e f f i c i e n t s  a t  2 5 °  o f  S i l v e r  I o d i d e  
C a t i o n i c  C o m p l e x e s  i n  W a t e r  S o l u t i o n s , o f  T o t a l  

S i l v e r  C o n c e n t r a t i o n  4 M  
Iodide concn.,
moles/1. N a l D  X  105, cm .2/sec.

0 . 0 1  0 . 5 3 9  ± 0 . 0 0 6
0 . 1 0  0 . 5 2 6  ± 0 . 0 1 4

Fig. 1.— Self-diffusion coefficients at 25° of silver iodide 
anionic complexes in aqueous solutions of total iodide con
centration 4 M.

T able  II
Self-diffusion C oefficients at  25° of Silver  I odide 
A nionic C omplexes in W ater  Solutions of T otal 

Iodide C oncentration 4 M
Silver concn., 

moles/1. AgNCL D  X  10», cm. 2/sec.

0.01 0.575 ±  0 .004
.06 .579 ± .005
.10 .539 ± .003
.25 .480 ± .003
.50 .399 ± .009
.60 .349 ± .001
.65 .374 ± .006

Discussion
Cationic Complexes.—On the cationic complexes 

side, an unexpected experimental difficulty arose, 
since in spite of all care taken the solutions were 
still unstable, and deposited micrograins of metallic 
silver in the capillaries during the diffusion runs. 
Hence the accuracy of the measurements was some
what lower than that corresponding to the usual 
precision of the method.

Our results show, however, that in the concentra
tion range 0.01 to 0.1 M  in iodide, the diffusing 
particles have the same mobility and hence the 
same size. One may then conclude that no 
condensation phenomenon takes place, as the 
composition of the solutions increases up to satura
tion. This conclusion is further corroborated by 
the fact that orientation experiments performed in 
solutions of concentration 1 0 “ 6 ilff in iodide yielded 
approximately the same diffusion coefficient.

Anionic Complexes.—The mean diffusion coef
ficient D  is approximately constant in the concen
tration range 0.01 Sj cak ^ 0.06 Iff. As the silver 
concentration increases from 0.06 up to 0.60 M, 
the mean mobility of the complexes decreases
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regularly, as may be seen in Fig. 1. In the most 
concentrated solutions (cAg >  0.50 M), the self
diffusion coefficients exhibit a tendency to increase 
slightly again. Although this increase is relatively 
small (from 0.35 to 0.37 X 10~ 6 cm.2/sec.), it 
corresponds to a deviation in D which is higher 
than the root mean square deviation of our meas
urements. One may then conclude that this un
expected result corresponds to a real phenomenon.

Leden’s potentiometric and solubility measure
ments gave evidence for the formation of poly
nuclear complexes. The potentiometric measure
ments, performed only in the low concentration 
range 0.003 ^ c\„ .< 0.08, could be interpreted by 
assuming the presence of A gl32_, Agl43“ , Ag2I64_ 
and Ag3I85~. In saturated solutions, solubility 
measurements gave evidence for the presence of 
more condensed complexes. But the method 
failed to show whether an infinite series of com
plexes AgmI2m + 2 <m + z)~ was formed, or a series 
of such complexes, cut off at some high condensa
tion step, by a ring closure of the type Ag„J2mm~. 
Existence of such high complexes as Ag12I2412~ 
has been discussed. Nilsson’s X-ray scattering 
data could be interpreted in terms of both models 
suggested by Leden with the same accuracy: 
one of them was a chain model built up by tetra- 
hedra sharing edges, and the other was a sym
metrical ion Ag4I84~ built up from 4 silver iodine 
tetrahedra, each sharing three edges with the 
others.

From his potentiometric data, Leden has calcu
lated that the complexes distribution in a solution 
of silver concentration cas =  0.01 M  is: Agl43~ = 
90% and A gl32~ =  10%. As both complexes 
have the same type of structure, the use of Riecke- 
Graham’s formula

D\/ M  =  constant (2)

may be justified in our case.
Although this law is only fully valid for the 

limiting cases of molecules diffusing in a gas, and 
colloidal particles in a solution, it may be extended, 
in first approximation, to the case of ions diffusing 
in electrolytic solutions, as has been done by 
Andersson and Saddington.7

With the help of equations 1 and 2 it is then 
possible to calculate a rough approach of the true 
self-diffusion coefficients of the pure complexes. 
The value of D computed for this calculation was 
D  =  0.57 7 X 10~ 6 cm.2/sec. We found in that 
way

DasU2-  — 0.640 X  10-5 cm.2/sec.
-Digi43-  =  0.570 X 10-5 cm.2/sec.

Since the ion Ag4I84~ has also a tetrahedral 
structure, it is possible to calculate in the same 
way what its own self-diffusion coefficient would be. 
The value thus obtained is 0.370 X 10- 5  cm.2/sec., 
and agrees fairly well with the experimental value 
of D found in the solutions of silver concentration 
0.65 M, i.e., 0.374 X 10~ 5 cm.2/sec. Although one 
must be very careful in applying the formula 
Dy/M  =  Constant if the complexes involved have a 
chain structure, since the mobility of a chain aggre-

(7) J. S. Andersson and K . Saddington, J. Chem. S oc., 5381 (1949).

gate is probably lower than the one of a spherical 
ion of the same weight, one may, however, calcu
late an upper limit for D when the presence of more 
condensed ions is assumed. For example, a 
mixture of 80% Ag4I84- and 20% Ag4Lo5~ should 
diffuse with _a maximum mean velocity corre
sponding to D =  0.360 X 10- 5  cm.~/sec., which is 
notably lower than our experimental value for 
CAg =  0.65 M. One then may conclude that 
no complex greater than Ag4I84_ exists in saturated 
solutions.

The minimum observed in D can be explained 
in the following way. As the silver concentration 
increases, there first occurs a condensation into 
polynuclear complexes AgmI2m + 2 (m + 2)_ which 
have a chain structure. When CAg reaches 0.60 M, 
the chain formation is cut off, and the symmetrical 
ion Ag4I84~ gradually is formed. The minimum 
D value 0.35 X 10~ 6 cm.2/sec. is inferior to the 
self-diffusion coefficient of Ag3I86_ calculated in the 
same way as previously described: 0.39 X  10- 5  
cm.2/sec. This fact may be attributed to two 
factors. Firstly, since Ag3I86_ has a chain struc
ture, its self-diffusion coefficient probably is lower 
than the one calculated here. It is however im
possible to say how much lower it really is. Sec
ondly, the presence of higher terms of the condensa
tion series is not excluded. From the value itself 
of Anin it is not possible to deduce any_indication 
about the upper limit of m. But, as D increases 
after the minimum until a value fitting very well 
Das,!,1' it may be probable that the chain forma
tion is already cut off at the early step m =  4, 
since the most plausible mechanism leading to the 
formation of Ag4I84~ is, as previously suggested by 
Leden

A g 4Iio6 -  L  A g ffg 4 -  +  21 ~

The question might arise whether the increasing 
amounts of high valency ions lead to an important 
change in the ionic strength of the investigated 
media, and to what extent this variation of the 
diffusing ions environment affected the diffusion 
coefficients. It is impossible to evaluate the magni
tude of such an effect but, in our experiments, the 
relative variations of the total ionic strength are 
small enough to allow us to neglect them, in 
comparison with the consistant variations in D 
arising from the mass variation of the diffusing 
ions.

The model suggested above is in agreement with 
Nilsson’s results.

But Leden’s solubility measurements cannot be 
interpreted in terms of Ag4I8W  One must, how
ever, keep in mind that the validity of the solu
bility measurements is dependent on the constancy 
of the ionic strength of the media. In Leden’s 
work, it may be doubtful if this condition could be 
regarded having been fulfilled. The present work 
supports this argument. If one assumes that only 
Agl43“  and Ag4I84~ are to be found in a solution 
of silver concentration 0.65 M, it is possible to 
calculate a rough upper limit for the concentration 
of Agl43_ existing in solution. The presence of 
such ions as Ag2I64- or Ag3I8B~ could only decrease 
the result thus obtained. It was found in that
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way that the maximum proportion of A gl48~ 
is only 2% for CAg =  0.65 M, whilst Leden reports a 
value of 1 0 %  in a saturated solution corresponding 
to CAg = 0.70 M .
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THE DETERMINATION OF ACTIVITY COEFFICIENTS OF HYDROCHLORIC 
ACID AND p-TOLUENESULFONIC ACID IN MIXED AQUEOUS SOLUTIONS 

FROM ELECTROMOTIVE FORCE MEASUREMENTS
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Activity coefficients of hydrochloric acid and p-toluenesulfonic acid have been determined at 25° in binary aqueous solu
tions up to concentrations of 5 molal by electromotive force measurements of the cells Pt, H2/HCl(mi), ¡»-TSA(m2)/AgCl(s) 
Ag. The mole ratios of hydrochloric acid to p-toluenesulfonic acid ranged from 4.95 to 0.27. The results show that at 
constant total molality the activity coefficients of HC1 are decreased by the addition of p-toluenesulfonic acid, while the 
activity coefficients of p-toluenesulfonic acid are increased by the addition of hydrochloric acid. Both components obey 
Harned’s rule approximately in dilute and in moderately concentrated solutions, but in solutions of very high ionic strength 
deviations from Harned’s rule become quite marked.

The determination of activity coefficients in 
solutions of mixed electrolytes is of special interest 
to one of the authors due to the fact that such 
knowledge is essential for the interpretation of ion- 
exchange equilibria processes. 3 - 6  For example, 
when a sulfonated polystyrene divinylbenzene 
type resin such as Dowex-50 is immersed in an 
aqueous electrolyte solution, a number of processes 
occur in order to establish equilibrium conditions. 
First, the strongly polar exchange groups and their 
counterions attract the solvent molecules, and the 
resin network swells to accommodate this water. 
Cations and anions from the external solution 
phase pass into the internal resin phase, and at 
equilibrium all of the ions except the structurally 
bound sulfonate anions are present in both phases. 
These conditions are those necessary for the estab
lishment of a Gibbs-Donnan type equilibrium in 
which the resin particle acts as its own membrane; 
and a rigorous application of the Gibbs-Donnan 
theory requires a knowledge of the activity coef
ficients of the inbibed electrolyte as well as those 
of the resinate itself. Boyd and Larson6 have 
investigated the Donnan uptake of HC1 by the 
hydrogen form of Dowex-50 as a function of 
divinylbenzene (DVB) content of the resin and 
of the concentration of HC1 in the external solu
tion. Their results indicate that the activity co
efficient of HC1 in the concentrated resin phase is 
lower than that of HC1 in its pure aqueous solutions

(1) T h ese results were developed under a project sponsored b y  the 
U nited States A tom ic E n ergy Comm ission.

(2) P a rt of th e  w ork described herein w as included in a dissertation 
subm itted b y  Linda Lou Sm ith to the U n iversity  of South C arolina in 
partial fulfillm ent of the requirements for the degree of D octor of 
Philosophy.

(3) O. D . Bonner, W . J. Argersinger and A . W . D avidson, J . A m . 
Chem. Soc., 7 4 , 1047 (1952).

(4) O. D. Bonner and F . A . Unietis, ibid., 7 5 , 511 (1953).
(5) O. D . Bonner and V . F. Holland, ibid ., 7 7 , 5833 (1955).
(6) G . E . B oyd  and Q. V. Larson, “ T h e Gibbs-D onnan M odel for 

Ionic and Solvent E q uilibria w ith  Organic Ion-E xchange P o lym ers ,"  
presented before Sym posium  on Com plex Ions and P o ly  electrolytes, 
Am erican Chem ical Society, Ithaca, N ew  Y o rk , June 18-21, 1951,

at the same total molality of hydrogen ion as exists 
in the resin phase and also that the activity co
efficient of the hydrogen resinate is lowered by the 
entry of HC1 into the resin. In order to compare 
their results with those of a system in which it is 
possible to apply exact thermodynamic methods 
over a wide range of concentrations, it was decided 
to investigate mixtures of HC1 and p-toluenesul
fonic acid (p-TSA). This is a system which, to a 
first approximation, represents the internal gel 
electrolyte phase in that p-toluenesulfonic acid is 
similar in structure to the monomeric units of the 
ion exchange polymer but which has the advantage 
of being more flexible due to the solubility of the 
p-TSA.

The activity coefficients of HC1 in the aqueous 
mixtures were determined directly from electro
motive force measurements of the cells

Pt, Hs/HClfmj), p-TSA(m2)/AgCl, Ag 

The over-all reaction for this cell is
\/2H2 +  AgCI — Ag +  HClOnO

and (7 ± ) HC1 can be calculated from the Nernst 
expression

The calculation of values of y ±  p-TSA are some
what more involved but an equation for their 
calculation may be derived by the use of cross
differentiation.7 From the fundamental expres
sion

(10 =  — S d T +  V dP  -f- ,urd»i -f- wdn» -|- fjwdnw (1) 

one may obtain the cross-differentiation relation 
/ a In CtA =  / a In a  A  (2;
V a«, /?n, aw \ an, /m , n«

or the equivalent expression
(7) (a) H. A. C . M c K a y , Nature, 1 6 9 , 464 (1952); (b) H. A . C . 

M c K a y  and J, K , Perring, Trans. Faraday Soc., 4 9 , 163 (1953).
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/ d log tA  =  / d log yi\
V 0,̂ 2 Jnl, nw \ a?li )  ni, nw

Introducing the molalities mi and m2 the expression
/ a log ti\ =  / a log 72 \ ,4>
V a m2 /rn, \ am! Jrm

is obtained. At constant molality m2

11° s ’ - - ( i 5 r ) . , d’” ' <5>
which upon integration holding the molaity m2 
constant gives

log 72 =  log 72° +  f omi dm, (6)

where y2° is the mean activity coefficient of compo
nent 2  in its pure solution of the same molality m2 
at which it is present in the mixture.

Experimental
E lectrodes.— Silver-silver chloride electrodes were pre

pared by a procedure similar to that of Shedlovsky and Mac- 
Innes.8 A small piece of silver foil was first electrolyzed in a 
solution of potassium silver cyanide at 4 mamp. for 24 hours; 
then, in a dilute hydrochloric acid solution for an hour or 
longer at 4 to 6 mamp. The electrodes were then rinsed in 
distilled water and allowed to age in dilute HC1 for at least a 
week before being used. When not in use, the electrodes 
were stored in dilute HC1.

Hydrogen electrodes were freshly prepared immediately 
before each period of use. A finely divided deposit of plat
inum black was obtained by electrolysis of a 5%  chloro- 
platinic acid solution with platinum wire as cathode at a high 
current density for several minutes. The electrode, still as 
cathode was next electrolyzed in a dilute sulfuric acid solu
tion to saturate it with hydrogen. Before being used the 
electrode was rinsed, first with distilled water, then with 
some of the solution which was being used in the cell.

D escription of C ell and M easu rem ents.— The Pt, H2/  
HCl(mi),p—TSA(m2)/AgCl, Ag cell consisted of two com
partments: one containing the silver-silver chloride elec
trode; the other, the bubbling hydrogen electrode. Deoxy
genation of the solutions is essential in order to prevent the 
hydrogen electrode from becoming poisoned. This was ac
complished by allowing H2 gas, which was first passed 
through a series of saturators, to bubble through the solution 
in the cells. The electrodes were then placed in the cells, 
and the potential was recorded until it became steady. In 
some of the more concentrated solutions it was necessary to 
bubble hydrogen through the solutions for as long as 10 
hours before inserting the electrodes in order to obtain a 
constant potential.

Apparatus.—For the electromotive force measurements a 
Leeds and Northrup galvanometer with a sensitivity of 5 X 
10~4 ¡i amp. per mm. was used in conjunction with a Rubicon 
potentiometer. All e.m.f. measurements were made in a 
constant temperature bath maintained at 25 ±  0.05°.

Standardization of Solutions.—The total hydrogen ion 
concentrations of the mixtures was determined by titration 
with standard base employing phenolphthalein as indicator. 
The chloride ion concentration was determined by titrating 
with silver nitrate, dichlorofluorescein serving as indicator. 
The concentration of p-toluenesulfonic acid was then ob
tained by difference.

Discussion
The observed potentials, corrected to a partial 

pressure of one atmosphere for the hydrogen gas, 
are given in Table I for the various mixtures. 
The values of 7 hci, obtained from these primary 
data, are presented as a function of the total 
ionic strength of the solution in Table II for dif
ferent mole ratios of HC1 to p-TSA. The activity 
coefficients of HC1 in its pure aqueous solutions 
were obtained from the tables of Robinson and

(8) T . S.fiedloysky and D . A . M aclnnes, J . A m . Chem. Soc., 5 8 , 1970 
(1936),

Stokes. 9 The calculated values of 7 p- tsa as a 
function of concentration for the various ratios is 
shown in Table III, the activity coefficients of p- 
toluenesulfonic acid in its pure solutions having 
been obtained from the data of Bonner, Easterling 
and Holland. 10

T a b l e  I
l.M.F. D a t a  ( C o r r e c t e d  t o  a  P a r t i a l  P r e s s u r e  o f

A t m . f o r  H2 G a s ) f o r  t h e  C e l l s : Pt, H2/H Cl(m 1),
p -  T S A ^ /A g C l ,  Ag

mnci
mP. TSA M E  (cor.)
4.938 6.046 0.1648

5.372 .1740
4.150 .1937
2.525 .2166
1.353 .2306
0.6786 . 2365

.3108 .2377

.1513 . 2356

.0738 .2336

.0645 .2328

.0099 .2276

.0049 . 2263
2.151 6.078 .1670

5.022 .1830
4.043 . 1968
2.947 .2119
1.988 .2241
0.9642 .2339

.4840 .2379

.2419 .2361

.1 2 0 0 .2343

.0598 .2320

.0099 .2273
1.021 6.032 .1717

5.034 .1870
4.012 .1997
3.039 .2123
2.062 .2254
1.024 .2347
0.4994 .2372

.2490 .2374

.1065 .2348

.0526 .2326

.0105 .2279
0.270 6.120 .1788

5.094 .1916
4.020 .2050
2.956 . 2183
1.983 .2276
1 .0 0 2 .2350
0.5016 .2375

.2518 .2365

.1019 .2336

From these data it is apparent that the activity 
coefficient of HC1 decreases as the mole per cent, 
of p-TSA increases at constant molality. This 
is in contrast to the behavior of the HC1-HC104 
system11 where the activity coefficient of HC1 is

(9) R . A . Robinson and R . H. Stokes, “ E lectro lyte Solutions,”  
B utterw orth  Scientific Publications, London, 1955, pp. 476, 489.

(10) O. D . Bonner, G . D . Easterling, D . L. W est and V. F . Holland, 
J . A m . Chem. Soc., 6 9 , 2818 (1947).

(11) P . G . M urdock and R . C . Barton, ibid ., 5 5 , 4074 (1933).
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T a b l e  II
A c t i v i t y  C o e f f i c i e n t s  o f  H y d r o c h l o r i c  A c i d  a s  a  

F u n c t i o n  o f  C o m p o s i t i o n  i n  A q u e o u s  M i x t u r e s  o f

p-ToLUENESULFONIC ACID AND HYDROCHLORIC ACID
✓----- ’M ole fraction  sulfonic acid  =  mi/ (mi +  mi)-

p 0.000 0.168 0.317 0.495 0.787 1.000
5 .0 2.38 2.28 2 .15 2.00 1.78 1.60
4 .5 2.04 1.97 1.88 1.76 1.58 1.42
4 .0 1.76 1.70 1.63 1.55 1.40 1.27
3 .5 1.52 1.47 1.42 1.36 1.24 1.15
3 .0 1.32 1.28 1.24 1.19 1.10 1.04
2 .5 1.15 1.11 1.09 1.05 0.991 0.950
2 .0 1.01 0.982 0.966 0.937 .906 .879
1.8 0.960 .935 .922 .899 .875 .855
1.6 .916 .895 .885 .865 .847 .832
1 .4 .876 .859 .851 .835 .820 .809
1 .2 .840 .828 .822 .809 .800 .787
1.0 .809 .801 .796 .787 .780 .772
0 .9 .795 .790 .783 .776 .772 .764

.8 .783 .780 .774 .767 .765 .757

.7 .772 .769 .765 .762 .759 .753

.6 .763 .760 .759 .755 .751 .750

.5 .757 .755 .753 .751 .751 .751

.4 .755 .755 .755 .755 .755 .755

.3 .756 .756 .756 .756 .756 .756

.2 .767 .767 .767 .767 .767 .767

.1 .796 .796 .796 .796 .796 .796

T able  III
A c t i v i t y  C o e f f i c i e n t  o f  p - T o l u e n e s u l f o n i c  A c id  a s  a  

F u n c t i o n  o f  C o m p o s i t i o n  i n  A q u e o u s  M i x t u r e s  o f  p -  

T o l u e n e s u l f o n i c  A c id  a n d  H y d r o c h l o r i c  A c id

-Mole fraction  sulfonic acid  =  mi/(m i +  mi)-
p 0.000 0.108 0.317 0.495 0.787 1.000

5 .0 2 .07 1.27 0.981 0.747 0.538 0.448
4 .5 1.67 1.17 .929 .725 .528 .437
4 .0 1.44 1.07 .875 .705 .512 .430
3 .5 1.26 0.990 .820 .678 .501 .425
3 .0 1.11 .900 .765 .654 .505 .427
2 .5 0.995 .835 .729 .632 .506 .439
2 .0 .899 .781 .694 .625 .519 .459
1.8 .871 .769 .685 .618 .526 .469
1.6 .841 .755 .678 .616 .534 .483
1.4 .818 .745 .674 .619 .544 .498
1.2 .798 .735 .671 .624 .557 .515
1 .0 .783 .734 .669 .631 .570 .535
0 .9 .778 .726 .673 .635 .578 .546

.8 .771 .724 .676 .641 .589 .559

.7 .765 .722 .681 .649 .600 .573

.6 .762 .720 .682 .653 .614 .589

.5 .762 .731 .700 .670 .628 .608

.4 .765 .737 .714 .691 .649 .630

.3 .772 .752 .731 .706 .679 .660

.2 .783 .769 .752 .734 .716 .703

.1 .801 .795 .783 .776 .768 .759

raised by the addition of HCIO4. These results 
are not surprising, however, since at any given 
concentration in the pure solutions

Thcioj >  YhCI >  Y^TSA
As might be predicted from this sequence, the ac
tivity coefficient of p-toluenesulfonic acid is 
raised by the addition of HC1 at constant total 
molality.

A point of particular interest is that the ionic 
strength at which the minimum value of yhci 
occurs changes only slightly as p-toluenesulfonic

nip-TSA.
Fig. 1.— Variation of log yeci with molality of p-TSA: 

A, fj. =  6.0; B, ¡x — 5.0; C, =  4.0; D, ¡j. =  3.0; E, /j, — 
2.0; F, fx =  1.0.

WHCl.
Fig. 2.—Variation of log t 3-tsa with molality of HC1: 

A, M =  5.0; B, M =  4.0; C, M =  3.0; D, M =  2.0; E, u =  
1.0; F, fi =  0.6; G, ¡jl =  0.4.

acid is added; whereas the ionic strength at which 
the minimum value of t ^ tsa is observed shifts
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from 3.5 when no HCl is present to approximately 
0.6 for a trace of p-TSA in HC1. A similar shift 
in the ionic strength at which the minimum in 
y occurs is exhibited by NaCl-HCl and KC1- 
HC1 mixtures. 12 The shift in ft at which the mini
mum value of 7 NaCi is observed is not as drastic 
because the minimum value of TNaci in its pure 
solutions occurs at an ionic strength of approxi
mately 1 .2 . For KC1 (y°K ci has its minimum 
value at an ionic strength between 2.5 and 3.0) 
in aqueous mixtures of HC1 this shift is greater 
than that observed for NaCl but less than that for 
p-TSA. Again the ionic strength at which the 
minimum of 7 hci occurs when a trace of HC1 is 
present in KC1 solutions is only slightly different 
from that for pure HC1.

The applicability of Harned’s rule, log 7 1  =  
log 7 i° — ai2m2, to this system is illustrated in 
Fig. 1 and 2. In dilute and in moderately con
centrated solutions both components obey Harned’s

(12) H . S. H arned and B. B. Owen, “ T h e P hysical C hem istry of 
E lectro lytic  Solutions,”  Reinhold Publ. Corp., N ew  Y o rk , N . Y . ( 1958,
p. 608.

rule approximately, while at very high values of 
M, there is a noticeable deviation from this linear 
relationship. The interaction coefficients, aq2 and 
a2i, are of opposite sign with a12 for FIC1 being 
positive whereas an for p-TSA is negative. The 
crossover of the curves observed in Fig. 2 for large 
values of n results from the previously mentioned 
shift in the ionic strength at which the minimum 
value of 7 p - t s a  is observed.

The data for the HCl-p-TSA system have been 
compared with data obtained by Boyd and Larson6 
for 8 %  DVB Dowex-50. Although a direct com
parison is impossible, the results indicate that the 
activity coefficient of HC1 in the ion-exchange resin 
phase is lower than 7 hci in the mixed HCl-p-TSA 
solutions of the same total hydrogen ion con
centration that exists in the resin phase. A dif
ference in behavior should be expected since 
the resin is in reality a polyelectrolyte. At present 
no explanation is offered for the fact that the 
activity coefficients of p-toluenesulfonic acid are 
raised by the addition of HC1, while those of the 
hydrogen resinate appear to be lowered by the 
presence of HC1 in the resin.

SPECTROPHOTOMETRIC STUDIES OF COMPOUNDS OF THE TYPE R2SeI2 
IN CARBON TETRACHLORIDE SOLUTION. THE RELATIONSHIP 

BETWEEN THE ABSORPTION MAXIMA AND THE DISSOCIATION
CONSTANTS1

By  J. D. M cCullough and D enise M ulvey

Contribution from the Department of Chemistry of the University of California, Los Angeles, Calif.
Received October 6 , 1959

The dissociation constants of six additional compounds of the type R 2SeI2 have been determined in carbon tetrachloride 
solution at 24° by spectrophotometric procedures.' The results obtained by use of the Benesi-Hildebrand equation as 
modified by Keefer and Andrews have been compared with the results obtained by use of the Scott equation. With the 
exception of some of the ortto-substituted diarylselenides, a linear relationship has been found to hold between log K  for the 
dissociation and the absorption maximum of the compound expressed in reciprocal centimeters.

The present study is an extension of previous 
investigations2 - 4  in these laboratories on the dis
sociation constants of compounds of the type R 2- 
Sel2. The dissociations follow the equation 

R2SeI2 =  R 2Se +  h

and the dissociation constants have the form

K  =  [R,Se][I2]/[R 2SeI2]
Experimental

Materials.—Di-p-ethoxydiphenylselenide was prepared 
by the method of Alquist and Nelson6 from phenetole and 
selenium oxychloride. The resulting dichloride was re
duced with aqueous sodium metabisulfite to give the selenide. 
Di-o-chlorodiphenylselenide, di-o-tolyselenide and di-(o- 
biphenyl)-selenide were prepared by the method of Leicester 
and Bergstrom.6 The unsymmetrical 2-phenyl-4'-methyI- 
diphenylselenide was prepared by the method of Campbell

(1) Based on research which was assisted financially b y  the N ational 
Science Foundation under Research G rant N SF-G2354.

(2) J. D . M cCullough, J. A m . Chem. Soc., 6 4 ,  2672 (1942).
(3) J. D . M cC ullough and B. A . Eckerson, ibid ., 7 3 ,  2954 (1951).
(4) N . W . Tidesw ell and J. D . M cCullough, ibid., 7 9 ,  1031 (1957).
(5) F .  N. A lquist and R . E . Nelson, ibid., 5 3 ,  4033 (1931). j  i
(6) H. M . Leicester and F . W . Bergstrom , ibid., 5 1 ,  3587 (1929).

and McCullough7 and dibenzoselenophene was prepared by 
the method of McCullough, Campbell and Gould.8 All six 
selenides were carefully recrystallized several times from 
methanol shortly before use. They were thoroughly dried 
in air at room temperature in the dark and were stored in 
the dark until used, as some of the selenides discolor after 
prolonged storage in clear glass containers in the laboratory 
illumination. Stock solutions of each selenide were pre
pared in dry carbon tetrachloride as needed.

Iodine (J. T. Baker Reagent) was resublimed and stock 
solutions in dry carbon tetrachloride were prepared.

Carbon tetrachloride (J. T . Baker Reagent) was dried, 
distilled through a vacuum jacketed bubble plate column 
(30 bubble plates) and stored so as to exclude moisture. The 
initial 10% and final 10%  of the distillate were rejected.

Spectrophotometric Measurements.— All spectra were 
measured on a Cary recording spectrophotometer, Model 
11PMS by the procedure described earlier.9

Methods of Calculation.— In addition to the method of 
successive approximations described earlier9 in which the 
Keefer and Andrews10 11 modification of the Benesi-Hilde
brand11 equation was used, least-squares calculations were

(7) T . W . Cam pbell and J. D . M cCullough, ibid ., 67, 1965 (1945).
(8) J. D . M cCullough, T . W . Cam pbell and E. S. G ould, ibid ., 72, 

5753 (1950).
(9) J .  D . M cC ullough and Denise M u lvey, ibid., 8 1 ,  1291 (1959).
(10) R . M . K eefer and L . J. Andrews, ibid., 7 4 ,  1891 (1952).
(11) H . A. Benesi and J. H. H ildebrand, ibid., 7 1 ,  2703 (1949).



Feb., 1960 R elationship  betw een  A bsorption  M a x im a  and D issociation C onstants 265

carried out for each compound at each wave length by use 
of a modification of the equation proposed by Scott.12

As modified to suit the present study, the equation of Kee
fer and Andrews has been written as

SHI
(S +  H -  C')Ac 

and that of Scott as 
SHI 
A 0

1
(S +  H - C ) x «  +  l

= {S +  H  -  C) -  +  -  € €

( 1)

(2)

In these equations, the symbols have the following meanings: 
S and H  are the formal or total concentrations (in moles per 
liter) of the selenide and iodine, respectively, C is the molar 
concentration of the compound at equilibrium, A c is the 
absorbance of the solution corrected for absorbance due to 
uncombined K and selenide, l is the optical path length in 
cm., e is the molar absorptivity (extinction coefficient) of the 
compound and K  the dissociation constant in moles per 
liter. Equations 1 and 2 result from the combination of the 
equilibrium equation K  =  (S — C) (H  — C)/C with the 
absorbance equation A 0 =  tlC. In the forms thus derived, 
the equations are not restricted to the condition that S 
H  as is the case with the original forms of the Benesi-Hilde- 
brand and the Scott equations. As pointed out by Scott, 
the roles of slope and intercept are interchanged in the two 
equations and the second equation has the theoretical ad
vantage that one extrapolates through regions of decreasing 
concentration to the intercept. If there were no experimen
tal errors, and if the solutions were ideal, the two equations 
should give the same result. In practice, however, the two 
give different results because of the different ways in which 
they weigh the data.

Results and Discussion
The experimental data are similar to those 

shown in ref. 9. The final least-squares results 
obtained by use of equations 1 and 2  are listed 
separately in Table I and the averaged results are 
given in Table II with the results from previous 
work.

rmax, cm.-1 ( x  10_s).
Fig. 1.— Graph showing relationship between log K  and 

the frequency of maximum absorption for organoselenium- 
iodine compounds without o-substituents. The numbers 
correspond to the numbering of the compounds in Table II. 
Open circles represent compounds without o-substituents, 
filled circles compounds with o-substituents. The “ least- 
squares line”  for compounds 1-6 (open circles) is indicated.

T a b l e  I
M o l a r  A b s o r p t i v i t i 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 e l e n i d e - I o d i n e  C o m p o u n d s  a t  2 4 ° . C o m p a r i s o n  o f  

R e s u l t s  f r o m  E q u a t i o n s  1  a n d  2
,--------- -E q u a tion  1 ---------- ■ /----Equation 2---- .

X € K e K

Di-jo-ethoxy- 360 15,400 0.0130 15,000 0.0125
diphenyl 370 16,600 .0132 16,200 .0127

380 16,400 .0133 15,900 .0130
2-Phenyl-4'- 350 14,800 .0287 13,200 .0252

methyldi- 360 16,200 .0287 14,400 .0253
phenyl 370 15,600 .0286 13,800 .0252

Di-(o-bi- 350 13,100 .0304 16,200 .0401
phenylyl) 360 14,900 .0308 18,450 .0388

370 14,500 .0310 18,000 .0390
Di-o-tolyl 350 38,200 .214 25,500 .140

360 41,500 .214 27,700 .142
370 39,300 .215 26,200 .143

Di-o-chlorodi- 340 6,040 .2 0 1 8 ,1 0 0 .254
phenyl 350 6,920 .189 9,240 .256

360 6,680 .187 8,950 .252
Dibenzoseleno- 360 18,200 .553 13,400 .488

phene 370 21,300 .552 15,500 .468
380 20,900 .553 15,200 .488

In earlier work3 it was noted (but not reported 
since only four compounds had been studied) that 
there was a relationship between the dissociation 
constants and the wave length of maximum ab
sorption, for the compounds. If one plots log K

(12) R . L. Scott, R ec. trav. chim., 75, 787 (1956).

against the frequency of maximum absorption, 
the points fall fairly closely to a straight line. 
In Fig. 1 such a plot is shown for data on eleven 
R 2SeI2 compounds measured in these laboratories 
at temperatures near 25°. Except for some of the 
compounds with orf/io-substituents, and dibenzo- 
selenophene (which may also be considered in the 
broad sense to have orf/io-substituents) the points 
lie close to a straight line. The line indicated on 
the plot is the least-squares line fit to the six com
pounds without orffto-substituents.

Relationships between the ionization potential of 
the base and the position of the absorption maxi
mum for iodine complexes with aromatic hydro
carbons, olefins, ethers, alkyl halides, alcohols and 
thioethers have been pointed out by McConnell, 
Ham and Platt13 and by Hastings, Franklin, 
Schiller and Matsen. 14 Merrifield and Phillips16 
have reported a linear relationship between AF° 
(for formation of the complexes) and the ionization 
potential of the base for complexes between tetra- 
cyanoethylene and various aromatic molecules. 
Since AF° is proportional to log K  and since the 
ionization potential of the base is apparently re
lated to the position of the absorption maximum for 
iodine complexes, the relationship found by Merri
field and Phillips is similar to the one reported

(13) H. M cConnell, J. S. Ham  and J. R . P latt, J . Chem. P hys., 2 1 ,  66 
(1953).

(14) S. H. Hastings, J. L . Franklin, J. C . Schiller and F . A . M atsen, 
J . A m . Chem. Soc., 7 5 ,  2900 (1953).

(15) R . E . M errifield and W . D . Phillips, ibid., 8 0 ,  2778 (1958),
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T a b l e  II
S u m m a r y  o f  E q u il ib r iu m  a n d  S p e c t r o g r a p h ic  D a t a  

f o r  S e l e n id e - I o d in e  C o m p o u n d s  a t  2 5 °

No. Selenide K
log
K

\mtlx
(mix)

Vmtx
(cm .-1) Cirmx R ef.

1 D im ethyl 0.0021 - 2 . 6 7 433 23,100 2,860 4

2 D i-p-ethoxydi-
phenyl .013 - 1 . 8 9 374 26,700 16,500

3 D i-p-m ethoxy-
diphenyl .019 - 1 . 7 2 374 26,700 16,500 3

4 Di-p-tolyl .025 - 1 . 6 0 362 27,600 20,200 3

5 Diphenyl .036 - 1 . 4 4 355 28,200 13,300 2

6 Di-p-chlorodi-
phenyl .12 - 0 .9 2 340 29,400 16,900 3

7 2-Phenyl-4 '-
m ethyl-di-
phenyl .027 - 1 . 5 7 362 27,600 15,000

8 Di-(o-bi-
phenylyl) .035 - 1 . 4 6 364 27,500 18,000

9 D i- 0 -tolyl .18 - 0 . 7 4 361 27,700 30,000

10 Di-o-chloro- 
di phenyl .22 - 0 .6 6 353 28,300 9,000

11 Dibenzoseleno-
phene .52 - 0 .2 8 374 26,700 16,000

here for the compounds R 2SeI2. This relation
ship suggests that the compounds R 2SeI2 may be 
charge-transfer complexes and indeed a structural 
study of l,4-diselenane-2I2 now in progress in these 
laboratories shows Se— I-I  bonding rather than 
I-Se-I bonding. A preliminary report of this

structural study has been published elsewhere. 16 
This result is in sharp contrast to the structures of 
numerous compounds of the type R 2(Se,Te)Br2 
and R 2(Se,Te)Cl2 where X -S e -X  and X -T e -X  
bonding17 is the rule.

It is noted that those oriho-substituted com
pounds which are not on or near the line in Fig. 1 
have higher dissociation constants than indicated 
by the positions of their absorption maxima. This 
suggests that steric hindrance by the ortho groups 
may be causing additional instability in the com
pounds and invites speculation that the position 
of the absorption maximum may be an indication 
of the “ true dissociation constant.”  In the cases 
of the two compounds with o-phenyl substituents 
(whose points lie near the line), the steric effect may 
be offset by an additional attractive interaction 
between the o-phenyl groups and iodine. Such 
attractive effects are the basis of the charge-trans
fer complexes between aromatic hydrocarbons and 
iodine.

Acknowledgment.—The authors gratefully ac
knowledge the financial assistance of the National 
Science Foundation under Research Grant NSF- 
G2354.

(16) J. D . M cCullough, G . Y . Chao and D . E . Zuecaro, Acta Cryst., 
12, 815 (1959).

(17) See G . D . Christofferson, R . A. Sparks and J. D . M cC ullough, 
ibid ., 1 1 , 782 (1958), for references to earlier structural studies.

SOLID-VAPOR EQUILIBRIA FOR THE COMPOUNDS Cd3As2 AND CdAs2
By  V. J. Lyons and V. J. Silvestri

Research Laboratory, International Business Machines Corporation, Poughkeepsie, New York
Received October 7, 1959

Cd3As2 and CdAs2 are shown to thermally dissociate according to the reactions ( 1) Cd3As2 «=* 3Cd +  y 2Asi and (2) Cd- 
As2 «=* 1/ 3Cd3As2 +  7 3As,. Dissociation pressures were measured by a dew-point technique and by a direct pressure 
method employing a quartz Bourdon gauge. The dissociation of Cd3As2 in the gas phase was observed through a com
parison of the data obtained from the two methods and the identity of the gaseous species was deduced therefrom. The 
experimental data may be represented by the equation log P mm =  -  6600/T +  9 ( AH =  106 kcal./mole). In contrast to 
Cd3As2, thermal dissociation of CdAs2 is readily observed. The compound dissociation pressures measured by the two 
techniques were in good agreement and the data may be represented by the equation log Pmm =  — 7100/T +  11 (AH  =  11 
kcal./mole).

Introduction
Both CdAs2 and Cd3As2 are of particular interest 

because of their semi-conductor properties. CdAs2, 
which has an energy gap of 1.1 e.v. at 300 “K . , 1 
exhibits electrical and optical anisotropy as would 
be expected from its tetragonal crystal structure 
(c/ffl =  0.586).2 Cd3As2 exhibits an anomalously 
high electron mobility of approximately 1 0 , 0 0 0  
cm.2/volt-sec. for material with a carrier con
centration of about 2 X  1018/c c . 3 The reported 
energy gap of Cd3As2 is 0.5 e.v . 4

Nesmeyanov, et al.,6 have measured the vapor 
pressure of CdsAs2 in the range 238 to 3 7 5 ° em
ploying an effusion technique and assuming the

(1) W . J. Turner, A . S. Fischler and W . E. Reese, E lectrochem ical 
Society M eeting, Colum bus, Ohio, O ct. 18-22, 1959, A bstract No. 101.

(2) M . Senko, p rivate communication.
(3) A . S. Fischler, private com m unication.
(4) T . S. M oss, P roc. P h ys. Soc., A 6 3 , 167 (1950).
(5) A . N . N esm eyanov, B. Z. Iofa, A . A. StreJ’n ikoy £»4 V, G. 

Fursov, J . P h ys. Chem. U SSR, 30 , 1250 (1956),

molecular species Cd3As2 in the vapor phase. 
In the present investigation, which was carried 
out at higher temperatures, the vapor pressure was 
measured by two methods selected for the purpose 
of determining the degree of dissociation of Cd3As2 
in the vapor phase. In the measurement of vapor 
pressure by the dew-point technique, observation 
was made of the condensation temperature of a 
known quantity of Cd&As2 vapor in a measured 
volume. Since Cd3As2 can be sublimed and then 
recondensed from the vapor phase with no ap
parent dissociation, vapor pressures were calcu
lated from dew-point measurements using the as
sumption that the compound exists as a monomer 
in the vapor phase. A comparison of these results 
with those obtained by direct pressure measure
ments employing a quartz Bourdon gauge has 
demonstrated the vapor phase dissociation of the 
compound. From the ratio of the vapor pressures 
determined by the two methods, the identity of
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the gaseous species resulting from the dissociation 
was deduced, and thus the reaction may be repre
sented by the equation

Cd3As2(s) 3Cd(g) +  l/2A s,(g)

Both the dew-point method and the total pressure 
method were also used to study the solid-vapor 
equilibrium for CdAs2. In preliminary experi
ments wherein CdAs2 was heated under non
equilibrium conditions such as to sublime the 
material, the resulting condensate was found by 
X-ray diffraction powder analysis to be arsenic 
and Cd3As‘2 thus demonstrating thermal dissociation 
of the compound. It was also observed that a 
much greater quantity of arsenic was found in the 
condensate while most of the Cd3As2 remained on 
the surface of the CdAs2. It was assumed there
fore that a reasonably good approximation of the 
dissociation pressure of CdAs2 could be obtained 
from dew-point measurements wherein the vapor 
in equilibrium with the solid compound was con
sidered to be tetrameric arsenic only. Subse
quent total pressure measurements carried out 
in the Bourdon gauge were in good agreement with 
the dew-point measurements thereby indicating 
the validity of the assumption.

Experimental
I. Cd3As2.— Cd3As2 was synthesized by reacting stoichio

metric quantities of cadmium and arsenic of 99.999 +  %  
purity at 750° in an evacuated sealed quartz tube. 
The compound was further purified by sublimation in a 
stream of H2 at 700°. X -Ray diffraction examination 
of the sublimed crystals showed a pattern of Cd3As2 only 
and spectrographic analysis of the material revealed the 
presence of 0.0005% Cu as an impurity. Wet chemical 
analysis of the sublimate identified the stoichiometry Cd3- 
Ass.

The vapor pressures were initially determined from dew
point measurements in the range 434 to 695°. For the de
termination of each experimental point an accurately 
weighed6 quantity of Cd3As2 was sealed in a quartz tube 
which was evacuated to a pressure of 1 X 10“5 mm. A 
thermocouple well was located at one end of each tube. 
The experiments were carried out in a furnace consisting 
of nichrome ribbon wound on a quartz tube which was then 
enclosed by a second quartz tube such that the entire reac
tion tube was visible. The furnace was long enough to 
provide a gradient-free temperature zone over the reaction 
tube. Regulation of the furnace temperature was achieved 
through a variable transformer operating from a constant 
voltage supply. The temperature was measured by a P t- 
Pt, 10% Rh thermocouple7 located in the reaction tube 
thermocouple well.

The procedure for measuring each dew-point was the 
following. After the furnace temperature was increased 
until all of the Cd3As2 was in the vapor phase, a ten minute 
period was allowed for equilibration at this temperature 
(  7 ' e ) .  An air blast was then directed into the thermocouple 
well and continued until Cd3As2 was observed condensing 
on the cooled well. The air blast was used to overcome 
possible supersaturation of the vapor and to help ensure 
that the well remained the coolest part of the reaction tube. 
The well temperature was then allowed to return to TE. 
When T e  was considerably above the dew-point, the con
densate would rapidly disappear after turning off the air 
blast. Te was then lowered to a new value, equilibrated 
for 10 minutes, and the procedure was repeated. In this 
manner the approach of Te to the dewpoint was observed 
as a function of the length in time required for condensation

(6) W eighings were m ade using a Cahn R ange-Selector E lecto- 
balance. See T a b le  I for individual values.

(7) A ll thermocouples were calibrated with an N .B .S . standardized 
P t-P t , 10%  R h  therm ocouple both before and after each experim ental 
series. Therm ocouple voltages were read on a Rubicon Potentiom 
eter, M odel # 2732.
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Fig. 1.— Dissociation pressure of Cd3As2: (a) circles

represent Bourdon gauge measurements; (b) triangles 
represent dew-point measurements.

and vaporization of the CdsAs2. At temperatures within 
3° above the dew-point the condensate remained on the 
well for several hours. In crder to increase the accuracy 
and also reduce the time required for measurement, a modi
fication in the technique was introduced at this point. 
An infrared lamp was focused on the condensate thereby 
raising its temperature slightly above TE. This local 
heating was continued until most of the condensate had 
returned to the vapor phase. The remaining condensate 
was then observed over a period of 0.5 to I hour during 
which time a change in the quantity of the condensate 
could be noted. This established TE as being either above 
or below the dewpoint. TE was then varied over a narrow 
temperature range and the procedure was repeated until 
the dew-point was located within ± 1 ° .  The precision at
tained for each experimental point is shown in Table I. 
After each measurement, the reaction tube was cut open 
and the volume was measured by filling with water from a 
buret. Using the assumption that the compound existed 
as a monomer in the vapor phase, the vapor pressures were 
calculated from the equation P V  =  nRT. A plot of the 
experimental results is shown in Fig. 1.

In order to determine the degree of association or dis
sociation of Cd3Ass in the vapor, a quartz Bourdon gauge 
was used to measure the vapor pressure. The apparatus 
consisted of a Bourdon spoon enclosed in a quartz tube to 
which a stopcock was sealec.. The sample tube was con
nected to the opening at the .ower end of the flexible spoon. 
A 30 cm. long quartz fiber was attached to the top end of 
the spoon in order to increas 3 the accuracy of the measure
ment. The Cd3As2 was sealed in a separate evacuated 
quartz tube which had been baked out at 700°. After load
ing the sample tube and an iron slug sealed in quartz into 
the apparatus, both sides of the Bourdon spoon were si
multaneously evacuated to a pressure of 1 X  10~5 mm. 
and outgassed by heating to T O “ for 3 hours with continued 
pumping. The sample tube was then sealed by fusion and 
the Bourdon gauge enclosure was sealed with the stopcock. 
During the pressure measurements the tube enclosing the 
Bourdon spoon was maintained at 800° by a Wheelco con
trolled Hoskins furnace. The temperature of the sample 
furnace was controlled through a variae operating from a
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Fig. 2.— Dissociation pressure of CdAsa: (a) vertical
lines represent dew-point measurement; (b) circles repre
sent Bourdon gauge measurements.

constant-voltage transformer. The gauge was used as a 
null-point instrument, i.e., a deflection in the 30 cm. long 
quartz fiber due to the sample vapor pressure was balanced 
by an equal pressure of nitrogen admitted to the upper 
section of the tube. Nitrogen pressures were read on a 
mercury manometer. Sightings on the quartz fiber were 
made through a Wild-Heerbrugg cathetometer which has a 
probable reading error of approximately 0.01 mm. The 
procedure for making each measurement was as follows.

After establishing the zero-point position of the quartz 
fiber, the Bourdon spoon was heated to 800° and allowed 
to equilibrate for one hour. Although the sample had re
mained at room temperature, there was usually a slight de
flection in the quartz fiber during this heating. Separate 
experiments wherein no sample tube was attached to the 
gauge also showed a slight drift of the fiber and an equal 
drift in the quartz enclosure tube during heating. The 
reason for the apparatus drift was not immediately obvious, 
but it may have been caused by thermal expansion of the 
supporting frame during the heating cycle. After equilibra
tion of the upper furnace, the sample furnace was turned on 
and heated to approximately 500° in steps of 80-100°. 
Thus, any further apparatus drift could be observed by 
sightings made both on the fiber and on the quartz tube. 
Throughout the pressure measurements, sightings on the 
quartz tube were continued such that any apparatus drift 
could be observed and corrections could be applied to the 
fiber zero-point. After each change in the sample tempera
ture, equilibration times of 0.5 to 3.0 hours were allowed. 
Observations indicated that equilibrium between gas and 
solid occurred within 0.5 hour. Identical results were 
obtained in measuring pressures during both the heating 
and cooling of the sample. Sample temperatures were 
measured with a Pt-Pt, 10% Rh thermocouple. The 
results of several series of measurements are plotted as log 
P vs. 103/T in Fig. 1. Although reasonably good precision 
was obtained for pressures above 5 mm., the lack of gauge

T a b l e  I
D e w - P o i n t  M e a s u r e m e n t s  

A. CdgAs2
W t. of C d 3A s 2 , T ube voi., Dew- point Pressure,

mg. ml. °< mm.

0..067 zb 0 .001 74.8 2 zb 0.05 434. 3 zb 0 .5 0. 081 zb 0. 002
.158 dz .001 72 .3 5  dz .05 463. 7 zb 1 .0 205 zb . 002
.540 zb .001 6 8 .17  zb .05 517. 0 zb 0 .6 801 zb . 002
.699 zb .001 69.27 dz .05 526. 8 dz .7 1 .033 zb .,002

1 .199 zb .005 7 1 .7 0  zb .05 549.,1 dz .8 1 . 760 zb .,008
1 .330 db .005 7 1 .5 3  zb .05 553..8 dz .9 1 . 968 dz ..008
2 .368 zb .005 7 1 .1 0  dz .05 581 .5 zb 1 .1 3. 643 zb ..010
4..619 =b .005 70.09 zb .05 620. 3 dz 0 .6 7. 535 zb ..008
9 .83 zb .01 67.68  zb .05 666..5 zb .3 17 . 47 =b ..01

12 .64 dz .02 77 .0 2  zb .05 673..9 zb .8 19. 89 zb ,.04
13 .24 zb .02 79.62  dz .05 675..6 zb .7 20. 19 dz ,.04
15 .44 zb .02 68.39 dz .05 695..5 dz 1 .0 27. 99 zb ..05

B . CdAs2
C d A s 2  tem p., A s condensation, A s pressure,«

°C . temp.., °c mm.

334.8 318 .5-3 2 3 . 2 0 .1 2 -  0..15
404.8 389.3--395. 9 2 ,0 7- 2 .61
446.1 432.0- 434. 3 8 .5 4 - 9. 17
4 55 .7 444.5--446. 7 12 .5 -  13. 4
474.8 460.7--463. 3 20 .3 -  21. 8
492.6 475.3--477. 8 30 .7 -  32,.9
509.6 493.7--494. 4 50 .5 -  51..5
524.8 5 12 .1 --513. 9 81 .4 -  85..2
525 2 502.8--505. 2 64 .2 -  68 .3
552.6 535 7--537 1 145 .2 -15 0 .1
575.9 556.6--559. 1 235 .9 -249 6
592.3 580.3--581. 5 397 .6 -408 0
599.8 587.6--590. 5 464 .2 -493 .3
609.9 597.4-599. 3 569 .1 -591 .7
615 .0 603.9-607. 1 649 .8 -693 .3

° Arsenic pressures were obtained from R. E. Honig, 
R. C. A . Rev., 18, 195 (1957).

sensitivity at lower pressures prevented precise measure
ments below this value.

T a b l e  II
B o u r d o n  G a u g e  M e a s u r e m e n t s

A. CdsAsâ
Temp., Pressure, Temp., Pressure,

°C . mm. °C. mm.
516.9 4 .0 619.2 28 .7
533.7 4 .8 620.1 28 .9
536.2 4 .7 621.4 26 .5
536.2 4 .7 642.6 45 .8
540.6 7 .2 654.6 55 .8
549.9 7 .2 658.5 55 .2
563.3 9 .6 659.4 60 .8
577.4 13.9 676.6 82.1
584.9 15.5 692.4 104.0
600.1 19.5

B. CdAs2
444.0 7 .4 562.1 204.3
468.9 17.7 581.7 307.0
516.4 67.6 605.7 502.5
533.4 105.4

II. C d A s2.— Spectrographically pure CdAss was syn
thesized by direct combination of cadmium and arsenic 
of 99.999 +  %  purity at 630° in a sealed quartz tube under 
an arsenic pressure of approximately 0.5 atmosphere. 
Single crystals of the material were obtained by directional 
freezing in a temperature gradient. X -Ray diffraction 
powder analysis of the crystals confirmed the presence of 
CdAs2 only. The technique and apparatus employed in 
measuring the compound dissociation pressures by the dew
point method were essentially the same as used previously 
for the compound ZnAs2.8 About 10 g . of CdAs2, broken into

(8) V. J. Lyons, T his Journal, 63, 1142 (1959).
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small pieces, was sealed in an evacuated quartz tube. The 
CdAs2, located at one end of the tube, was then heated to 
various temperatures while dew-points were observed at 
the opposite end of the tube in an independently con
trolled furnace. The use of an infrared lamp in the manner 
described above was the only difference between the tech
nique used here and that used for ZnAsj. Dew-point meas
urements were carried out on two samples in the tempera
ture range 334 to 615°. The data, which are presented 
graphically in Fig. 2, were taken with both increasing and 
decreasing CdAs2 temperature.

Measurements of the dissociation pressure of CdAs2 were 
also carried out using the Bourdon gauge. The procedures 
were the same as those used for Cd3As2 except that a lower 
temperature (400°) was used during the outgassing. The 
results of the measurements are plotted in Fig. 2. A com
parison of the two methods shows excellent agreement.

Discussion
I. Cd As2.—A comparison of the vapor pres

sure data obtained by the two methods shows that 
the pressures measured by the Bourdon gauge are 
greater than those calculated from the dew-point 
experiments by a factor of about 3.6. Since the 
dew-points were calculated assuming the existence 
of monomeric Cd3As2 molecules in the vapor phase, 
the 3.6:1 ratio between the two sets of data in
dicates the degree of dissociation of Cd3As2 in the 
vapor phase. In order to correct the values of 
vapor pressure calculated from the dew-points to 
the values obtained by direct measurement, an 
average molecular weight of about 129 must be 
assigned to the gaseous species. Complete dissocia
tion of the compound to monomeric cadmium and 
tetrameric arsenic would result in an average 
molecular weight of 135. Therefore, within experi
mental error, it can be deduced that the compound 
thermally dissociates according to the reaction

Cd3As2(s) 3Cd(g) +  1 Asi(g) ( 1)

The assumption of monomeric cadmium and tetra
meric arsenic is based on data tabulated by Stull

and Sinke. 9 The equi ibrium constant for the 
dissociation represented by equation 1 is

K ’  '( S  p ) ‘(M  P )  V' -0'21P‘J <2>
The vapor pressure data when plotted as log 
P vs. 1O3/T 0k as in curve 2  of Fig. 1 may be 
represented by the straight line equation

From equations 2  and 3, the heat calculated for 
the reaction 1 is 106 kcal./mole.

II. CdAs2.—The goal agreement between the 
vapor pressures obtained from the two methods 
shows that the dissociât.on pressure of CdAs2 may 
be considered in terms of the arsenic pressure only. 
The pressure contribution from the simultaneous 
dissociation of Cd3As2 appears to be negligible. 
The equilibrium reaction, then, may be written as

CdAs2(s) ^ -  Cd3As2(s) +  -  As4(g) (4)

and the equilibrium constant for the reaction is
K v' =  P As'/3

The experimental data may be represented by the 
equation

1 13 1 190 |11 /r\log Pmm =  -  -m-------1- 11 (5)
i  OK

From equation 5 the heat calculated for the re
action 4 is 1 1  kcal./mole of solid CdAs2.
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The heat of fusion of seventeen alkali halides has been measured by means of a copper block drop calorimeter. The 
salts and their heats of fusion in keal. mole-1 are as follows: LiCl, 4.76; LiBr, 4.22; Lil, 3.50; NaCl, 6.69; NaBr, 6.24; 
Nal, 5.64; KC1, 6.27; KBr, 6.10; KI, 5.74; RbF, 6.15; RbCl, 5.67; RbBr, 5.57; R bl, 5.27; CsF, 5.19; CsCl, 4.84; 
CsBr, 5.64; and Csl, 5.64. The heats of fusion are believed to be accurate to at least ±  1-2% . Except for the Li salts 
and, to some slight extent, the sodium salts, the entropy of fusion is constant when the anion varies, but decreases with in
creasing atomic number of the cation.

In the course of an investigation of the metal- 
metal halide systems being pursued in this Labora
tory, a knowledge of the heat of fusion of the 
alkali halides became necessary. 2 Many of the 
heats of fusion listed in a number of commonly 
used compilations33'14 stem from an earlier U. S.

(1) W ork performed for the U. S. A tom ic Energy Commission a t  the 
O ak Ridge N ational Laboratory, operated b y the Union Carbide C or
poration, O ak Ridge, Tennessee.

(2) M . A . Bredig and H. R . Bronstein, J . P h ys. Chem., 64, 64
(I960).

(3) (a) Leo Brewer, in L. L . Quill, “ Chem istry and M etallu rgy of

Bureau of Mines compilation. 4 These heats are 
derived from phase diagrams and at best are 
averages of widely scattered values; while at their 
worst are derived from systems now known to be 
wholly unsuitable for this purpose. As an ex
ample, the heat of fusion of LiF as determined 
calorimetrically at the National Bureau of Stand-
M iscellaneous M aterials: TlLarmodynamics,”  N ational N uclear
Energy Series IV -19 B , M cG raw -H ill Book C o., N ew  Y o rk , N . Y ., 
1950, pp. 196-197. (b) “ Selected Values of Chem ical T herm o
dynam ic Values,”  C ircular 500, N atl. B ur. Standards (1952).

(4) K . K . K elley, U. S. Bur. M ines Bulletin  393, 1936.
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ards was found to be 6,470 cal. , 6 whereas the value 
accepted before this measurement was 2,360 cal. 
We, therefore, have measured calorimetrically the 
heat of fusion of the halides of Li, Na, K, Rb and 
Cs for which calorimetric data were unavailable.

The method used entailed the measurement of 
heat content over a sufficient temperature range 
above and below the melting point of the salt to 
allow extrapolation to the melting point. A cop
per block drop calorimeter was chosen as the 
simplest to build and operate to obtain the desired 
accuracy. Although it was not deemed necessary 
to seek the very fine precision now attainable in 
high temperature heat content measurements, 
sufficient care was taken in both the design and 
operation of the calorimeter to ensure heat of 
fusion values good to approximately 1 %.

Experimental
Apparatus.—The calorimeter is essentially of standard 

design. A gold-plated copper block of 5 in. diameter and 
8 in. long supported by three micarta legs is centered in a 
6 by 9 in. brass tank which in turn is submerged in a large 
constant temperature water-bath. The well in the copper 
block into which the sample container falls is 7 in. deep, 
the lower 1.5 in. being tapered. A copper gate at the top 
of the well in contact with the Cu block can be opened just 
before the container is dropped from the furnace and then 
closed immediately afterward to prevent loss of heat by 
radiation.

The sample is equilibrated in a 3.5 in. bore Marshall tube 
furnace 16 in. long, having ten external taps for the attach
ment of shunt resistors to help eliminate the temperature 
gradient. To further reduce gradients, the furnace tube 
contains a 3.5 in. diameter nickel block 9 in. long, above 
and below which are lavite insulators. The nickel block 
sheathes the Inconel tube in which the sample container is 
held. The 1.2 in. diameter Inconel tube extends 10 in. 
into the furnace and a sufficient distance below the furnace 
to bring it just above a similar tube 5 in. long welded to the 
brass tank. A gate in the Inconel tube just below the 
furnace lessens heat losses from the furnace. The whole 
furnace assembly is mounted on a track so that it can be 
rolled over the copper block immediately preceding a drop 
and rolled away immediately afterward.

The Inconel sample containers were tapered to fit the 
taper in the well in the copper block. This, together with 
the fact that the container bottoms were slightly larger in 
diameter than that of the bottom of the well, ensured good 
thermal contact between the container and the copper 
block.

The temperature of the water-bath around the calorime
ter was maintained constant to better than ± 0 .001° at 
approximately 26° by means of a thermistor as the tempera
ture-sensitive element in a bridge circuit employing a Speed- 
omax recorder-controller operating an infrared heat lamp 
external to the bath. The furnace was controlled by a 
Chromel-Alumel thermocouple which operated a Leeds 
and Northrup recorder-controller in conjunction with a 
Leeds and Northrup “ D A T ”  controller. The actual tem
perature of the sample was measured with a platinum, 90% 
platinum-10% rhodium thermocouple by means of a Rubi
con precision potentiometer. The temperature of the sample 
container could be maintained to about ± 0 .1° with the 
temperature gradient over the height of the container 
(about l 3/» " )  about 0.2°. The temperature rise of the 
copper block was measured with a calorimetric type plati
num-sheathed platinum resistance thermometer by means 
of a precision Mueller bridge. The thermometer was im
bedded three inches deep in the copper block midway be
tween the well and the outer wall of the block. Tempera
ture differences of 0 .001° could be measured.

Purification of Materials.—Of the salts used, NaCl, 
KC1, KBr, K I, CsBr and Csl were Harshaw optical grade 
single crystals; LiCl, LiBr, Lil, NaBr, Nal, RbF, R bl 
and CsCl were reagent grade materials; RbCl and RbBr

(5) T. B. Douglas and J. L. Dever, J. Am. Chem. Soc,, 76, 4826
(1954).

were made from Rb metal; and CsF was made from CsCl. 
The Harshaw crystals were taken to be pure and dry ex
cept for surface moisture which was removed by pumping. 
The remaining salts were purified by gradual heating under 
vacuum to just below their melting temperatures, melting 
under dry argon, and filtering while molten. Special care 
was taken with the hygroscopic salts of Li and with CsF in 
that the corresponding halogen acids were introduced dur
ing the very slow heating process to prevent hydrolysis. 
The dry salts were handled in a dry box and then sealed 
by welding in the Inconel containers under argon. Upon 
completion of an experiment, the containers were opened 
and the salts examined for discoloration, basicity and in
soluble material. In no case was a basic solution found. 
In a very few cases, slight discoloration and a trace of in
soluble material were noted. Analysis in these cases 
showed a few hundredths of a per cent, of Fe, Cr and Ni.

Experimental Procedure.—The sample was heated to 
a known temperature in the furnace, dropped into the copper 
block, and the temperature rise of the block measured. 
During the course of the experiment, the sample was al
lowed to remain in the furnace for varying lengths of time 
in order to determine an adequate length of time for equilib
ration with special care being taken for measurements a 
few degrees above the melting points of the salts. The 
temperature drift rate of the copper block was measured 
before and after each drop and extrapolated to an appro
priate time during the temperature rise period in order to 
determine the initial and final temperatures of the copper 
block.

The heat equivalent of the calorimeter was determined 
using an N.B.S. sample of synthetic sapphire (ALO3).6'7 
The experimental procedure was the same as that used for 
the salts except that the temperature rise of the copper 
block contributed by the empty container was measured 
and subtracted from the temperature rise of the container 
filled with AI2O3. Approximately 20-g. samples of AI2O3 
were used. Nine determinations over a temperature range 
of 400-800° showed the heat equivalent to be 1752 ±  4 cal./ 
degree rise of the copper block.

For each salt, a minimum of four points over a sixty de
gree temperature range above the melting point and five 
points over a one hundred degree range below were meas
ured. Data were obtained to within five to ten degrees 
of the melting point for both the solid and liquid salts. 
Premelting was encountered in a number of instances which 
necessitated the longer range of measurements in the solid 
region since the data obtained in the premelting zone could 
not be used in the extrapolation. The salts were always 
melted before the first drop in any series to ensure intimate 
contact between the salt and container throughout the 
measurements. The sample size varied from about 0.1 
to 0.25 mole depending on the molar volume of the salts.

Results and Discussion
The data were plotted as temperature rise of the 

copper block due to the heat contributed by con
tainer plus salt versus temperature from which the 
drop was made. (Small corrections were applied 
for differences in the final temperature of the cop
per block.) Straight lines could best represent 
the data over the relatively short temperature 
ranges measured. These lines were extrapolated 
to the melting points of the salts. The difference 
between the lines for the solid and liquid at the melt
ing point was taken as the temperature rise of the 
copper block due to the heat of fusion of the salt 
(the contribution of the container is cancelled out at 
this point). The product of this value and the 
heat equivalent of the calorimeter divided by the 
number of moles of salt was taken as the molar 
heat of fusion of the salt.

The scatter of the points about the straight lines
(6) D . C . Ginnings and R . J. Corruccini, J. R esearch N atl. B ur. 

Standards, 38, 593 (1947), R P  1797.
(7) G . T . Furukaw a, T . B . Douglas, R . E . M cC o sk cy and D . C . 

Ginnings, ibid., 57, 67 (1956), R P  2694.
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T a b l e  I
H e a t  a n d  E n t r o p y  o f  F u s i o n  o f  t h e  A l k a l i  H a l i d e s

Tm , ° K . This work
-----Affm (kcal, mole-1)“

Other calorimetric 
work Other lit.3»4 This work

— AiSm (e.u. mole-1)“ 
Other calorimetric 

work Other lit.*»4
LiF 1121« 6.47« 2.36 5.77 2.1
LiCl 883« 4.76 4 .728, 4.839 3.20 5.39 5.35,5.47 3.6
LiBr 823« 4.22 2.90 5.13 3.5
Lil 742 3.50 1.42 4.72 2.0
NaF 12681 8.0312, 7 .7810 7.00 6.33,6.14 5.5
NaCl 10731 6.69 6.8510 7.22 6.23 6.38 6.7
NaBr 10201 6.24 6.14 6.12 6.0
Nal 9331 5.64 5.24 6.04 5.6
KF 11311« 6.7510 6.50 5.97 5.8
KC1 104316 6.34 6.278, 6.1010 6.41 6.08 6.01,5.85 6.2
KBr 10071« 6.10 5.00 6.06 4.9
KI 954>« 5.74 4.10 6.02 4.3
RbF 106818 6.15 5.4911 4.13 5.76 5.14 3.9
RbCl 99517 5.67 4.40 5.70 4.4
RbBr 96517 5.57 3.70 5.77 3.9
R bl 92017 5.27 2.99 5.73 3.3
CsF 97618 5.19 2.45 5.32 2.6
CsCl 9183 4.84 4.979 3.60 5.27 5.40 3.9
CBr 9093 5.64 3.00 6.20 3
Csl 89918 5.64 2.50 .27 3

ch represent the data was of the order of 0 .1 %. heat content measurements reported to a high
The actual measured temperature rises of the 
block ranged from about 1.5 to 3.0° while the dif
ferences between the lines for the solid and the 
liquid at the melting points ranged from about 0.4 
to 0.8°. On consideration of the use in the heat of 
fusion calculations of this difference between two 
measured larger numbers, the precision of the heat 
equivalent and heat content measurements, and the 
small uncorrected systematic errors inherent in the 
method, the heat of fusion values are believed to 
be accurate to at least ±  1 - 2 % .

Table I lists the heat and entropy of fusion of 
all of the alkali halides. The values listed in 
literature compilations3' 4 are included for com
parison with the calorimetric values. Calori
metric values obtained by other investigators are 
given with those reported in this work. The en
tropy of fusion was calculated merely by dividing 
the heat of fusion by the absolute temperature at 
which the salts melt.

A number of the salts measured in the present 
work may be compared with values found calori- 
metrically by other investigators. As can be 
seen in Table I, Douglas’ 8 values for LiCl and KC1 
and Smith’s9 value for LiCl agree very well with 
our values. Smith’s9 value for CsCl and Kelley’s10 
values for NaCl and KC1 are somewhat outside 
our experimental error. However, the latter 
two values had been based on heat contents re
ported to only 3%. Smith’s11 value for RbF is 
considerably lower than ours, which may be due 
to the rather large scatter of his heat content data 
in the vicinity of the melting point. Of the calori
metric measurements not repeated in this work, 
the values for LiF6 and NaF12 are derived from

(8) T . B . D ouglas, N atl. B u r. Standards, private com m unication.
(9) D . F . Sm ith, U niv. of A labam a, p rivate com m unication.
(10) K . K . K elley, U . S. B u r. M ines Bulletin  476, 1949.
(11) C . E . K a ylo r, G . E . W alden and D . F . Sm ith, J. A m . Chem. 

Soc., 81, 4172 (1959).

degree of accuracy, whereas the value for K F 10 is 
based on heat contents reported to 3%.

As has been predicted previously, 13 among the
6 .4
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Fig. 1.— Entropy of fusion of the alkali halides.

(12) C . J. O ’Brien and K . K . K elley, ibid., 7 9 ,  5616 (1957).
(13) J .  W . Johnson, P . A. Agron and M . A . Bredig, ib id ., 7 7 ,  2734

(1955) .
(14) J. W . Johnson and M . A . Bredig, unpublished data.
(15) J. W . Johnson and M . A . Bredig, T his Journal, 6 2 ,  604 

(1958).
(16) O. Schm itz-D um ont and E. Schm itz, Z. anorg. Chem., 2 5 2 ,  329

(1944).
(17) I. S. Y affe  and E . R . V an Artsdalen, T his Journal, 60, 1125

(1956) .
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cesium halides the two groups having different 
crystal structures, CsF-CsCl (NaCl type) and 
CsBr-CsI (Csl type), are distinguished by dif
ferent entropies of fusion, approximately 5.3 and
6.2 e.u. mole-1, respectively. The magnitude of 
the difference as predicted in the above reference 
was incorrect because the value for the heat of 
transition of CsCl available at that time was in 
error. Smith9 has since measured the heat of 
transition of CsCl from the Csl structure to the 
NaCl structure and found it to be 581 cal. mole- 1  
at 742.5° K. This corresponds to an entropy of 
transition of 0.78 e.u. mole-1, of the same order 
as the difference in the entropy of fusion of the 
two groups of cesium halides.

The spread in the entropy of fusion of the alkali 
halides evident in the older erroneous values is 
considerably reduced in the present data. Definite 
trends in the data have now become obvious 
(Fig. 1). There is a trend in the Li salts for the 
entropy of fusion to decrease from 5.8 e.u. in 
LiF to 4.7 e.u. in Lil, while in the other salts, the 
entropy of fusion remains essentially constant with 
an increase in anion size. However, a residue of 
the effect noticeable in the Li salts is still apparent

(18) M . A. Bredig, H. R . Bronstein and W . T . Smith, Jr., J. Am . 
Chem. S oc ., 77, 1454 (1955).

in the sodium salts. In another trend, with an 
increase in the size of the cation, the entropy of 
fusion decreases from that for NaF and NaCl of 
approximately 6.3 to 5.3 e.u. for CsF and CsCl. 
The entropy curve for the Li salts appears to be 
displaced downwards by 1 to 2  e.u. It may be 
significant that, excepting the Li salts, the anion 
and cation affect the entropy of fusion in a dif
fering manner. The heats of fusion, on the other 
hand, show a decrease with an increase of the size 
of either the cation (except Li) or the anion. CsBr 
and Csl with their different crystal structure are, 
of course, excluded from the above considerations. 
As the entropy of melting is relatively constant 
for the salts of NaCl type structure (A<Sm average 
=  5.75 ±  0.30 e. u. mole-1), it follows that a plot 
of the heats of fusion bears great resemblance to a 
plot of the melting points which has been discussed 
from various points of view.19a’b

Acknowledgment.—We wish to acknowledge the 
assistance of D. E. Lavelle of this Laboratory, who 
prepared the samples of the anhydrous salts used in 
this work.

(19) (a) K . Fajans. “ Radioelements and Isotopes. Chem ical Forces 
and Optical Properties of Substances,”  M cG raw -H ill Book C o., N ew  
Y o rk , N. Y ., 1931 p. 66; (b) L. Pauling, The N ature of the Chem i
cal Bond, Cornell U niversity Press, Ith aca N . Y ., 1939.
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The self-diffusion of iodide ions in the solutions of 
alkali metal iodides has been investigated by Mills 
and Kennedy, 1 Friedman and Kennedy, 2 and by 
Wang and Kennedy. 3 The open-ended capillary 
method, introduced by Anderson and Saddington4 
and modified by Wang6 has been used for the 
measurements in HI, Lil, KI, R bl and Csl. 
The usual plot D vs. \/c showed a close similarity of 
the behavior of I -  in these five iodides: as the con
centration of electrolyte increased, D was regularly 
decreasing from the Nernst limiting vaiue cor
responding to infinite dilution.

The self-diffusion of I -  in Nal solutions, at 25°, 
has not been studied with the same method. 
Wang and Kennedy have used a free diffusion 
method, where the diffusion process took place 
from one capillary into a second identical one,

(1) R . M ills and J. W . K ennedy, J . A m . Chem. Soc., 7 5 ,  6596 (1953).
(2) A . M . Friedm an and J. W . K ennedy, ibid., 7 7 ,  4499 (1955).
(3) J. H. W ang and J. W . K ennedy, ibid., 72, 2080 (1950).
(4) Ja. Anderson and K . Saddington, J . Chem. Soc., S381 (1949).
(5) J. H. W ang, J. A m . Chem. Soc., 7 3 ,  510 (1951).

pressed against the first capillary. This tech
nique has not been used any more after this first 
trial, and other authors have criticized it.

As the results found by Wang and Kennedy were 
different from those corresponding tc the other 
alkali iodides, and as there is no apparent reason 
why Nal should behave in a singular way, it seemed 
of interest to remeasure the self-diffusion coeffi
cients of the iodide ion in sodium iodide solutions, 
using the open-ended capillary method.

Experimental
We have used a type of diffusion cel! whic is different 

from the one described by Wang, and applied no stirring. 
Details of the apparatus and manipulations are to be found 
in a preceding paper.6

The radioactive solutions were prepared by adding 5 
of a carrier-free 131I solution (specific activity =  5 m e./ 
ml.) provided by the Isotope Division, A .E .R .E ., Har
well, England, to 10 ml. of the sodium iodide solutions. 
The diffusion times were of 4 to 5 days.

Results and Discussion
The self-diffusion coefficients of I -  in aqueous 

Nal solutions, at 25°, have been measured over the 
range 10- 4  to 4 M. The results are listed in Table 
I, and the plot of D vs. \/c is represented in Fig. 1, 
We reproduce also, for comparison purposes, the 
curve of Wang and Kennedy.

Each value reported in Table I is the average 
value of 3 to 4 measurements, and the error quoted

(6) E . Berne and M . J. W eill, T his Journal, 64, 258 (1960).
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S e l f - d i f f u s i o n  C o e f f i c i e n t s  o f  I -  i n  A q u e o u s  Nal 
S o l u t i o n s  a t  25°

Table I

Concn. of N a l soin, 
(form ular w t./l.)

IO“ 4
0.04
0.25
0.50
1.00
2.00
3.20
4.00

Z) X  IO5 
(cm .Vsee.)

2.043 ±  0.006 
1.974 ±  .015 
1.906 ±  .007 
1.842 ±  .023 
1.755 ±  .013 
1.606 ±  .011 
1.442 ±  .009 
1.310 ±  .009

corresponds to the root mean square deviation. 
The average tabulated error is ±  0.7%. The 
accuracy of our method is then better than the one 
yielded by Wang’s method, ca. ±  1 to 2%  and is 
of the same order as the accuracy of Mill’s method,7 
which used a streamline flow over the mouth of the 
capillary.

Figure 1 shows a regular decrease in D when 
the concentration of Nal increases, and the curve 
has the same regular shape as the curves 
obtained in other iodides.

It is to be noticed that the value we found in a 
1 0 ~ W  solution agrees perfectly with the one 
predicted by the Nernst limiting equation, i.e., 
D° =  2.045 X 10- 6  cm.2/sec.

Our results agree with those of Wang and 
Kennedy only in a narrow range of concentration, 
from 0.6 up to 1.4 M. In the lower concentration 
zone, our results are markedly higher than those 
of Wang and Kennedy and in the higher concentra
tion zone, they are much lower (17.5% for c =  
4 M).

The relative position of these two curves may be 
compared to the relative position of the curves of 
Mills and Adamson, 8 and Nielsen, Adamson and 
Cobble, 9 concerning the self-diffusion coefficients of 
Na+ in aqueous NaCl (see Fig. 2). Both works 
were performed with a diaphragm cell technique. 
As Mills and Adamson’s values have been con
firmed later on by a very fine work of Mills, 7 
who used a modified open-ended capillary method, 
we believe their results to be the most reliable.

Furthermore, in the same paper, Nielsen, 
Adamson and Cobble have measured the self
diffusion coefficients of Na+ in Nal, and found 
values which agreed closely with those of Wang 
and Kennedy.

Together with Mills and Adamson, we could 
come to the conclusion that both Nielsen, Adamson 
and Cobble and Wang and Kennedy found incor
rect values, for the self-diffusion coefficients of 
Na+in Nal.

According to our present results, and to these 
remarks, we may conclude that Wang and Ken
nedy’s results were also incorrect for Di- in Nal.

We have not observed for our results any linear 
relation between Di- and c. as found by Mills7 
for 77Na4 in aqueous NaCl. Neither have we found 
a linear relation when the relative viscosity of the

(7) R . M ills, J . A m . Chem. S o c ., 7 7 , 0116 (19SS).
(8) R . M ills and A . W . Adam son, ibid ., 7 7 , 3454 (1955).
(9) J. M . Nielsen, A . W . A dam son and J. W . Cobble, ibid., 7 4 , 446 

(1952).

Fig. 1.— Self-diffusion coefficients of I -  in aqueous N al
solutions at 2 5 ° : ----------, data of Wang and Kennedy;
---------- , this work.

V «  (mol. wt./l.).
Fig. 2.— Self-diffusion coefficients of N a+ in aqueous NaCl

solutions at 2 5 ° : ----------, data of Nielsen, Adamson and
Cobble; ----------•, data of Mills and Adamson.

solutions is taken into account, as suggested by 
Mills and Kennedy1 for the case of unhydrated 
ions.
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Received J u ly  17, 1959

Some measurements of diamagnetic anisotropy 
in single crystals recently have been made in these 
laboratories in the course of an investigation, de
scribed more fully elsewhere, 2 devoted to improving 
the precision and accuracy of a method of measure
ment originally developed by Krishnan and co
workers. 3 The method involves suspending a 
crystal (mass m, gram formula weight W) on a 
quartz fiber (torsion constant K) in a homogeneous 
magnetic field (strength H) and twisting the free 
end of the fiber until the crystal suddenly turns 
through a large angle. The anisotropy in the plane

(1) Stanford Research Institute, M enlo P ark, California.
(2) D . A . Gordon, Rev. Sci. Instr., 29, 929 (1958).
(3) K . S. Krishnan, et al., in a series of papers in P h il. Trans. Ron. 

Soc. London, between 1933 and 1939, especially 234A, 265 (1935).
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perpendicular to the axis around which the crystal 
is constrained to rotate is calculated from the re
lation

Ax = 2KTP(amax — tfcrit)/m ff2 sin 2#orit 
in which amax is the angle through which the free 
end of the initially untwisted fiber is twisted and 
dorit is the angle through which the crystal rotates 
from its initial position of stable equilibrium before 
suddenly beginning to spin. The value of #0rH 
may be assumed to be x/4, with negligible error, 
provided amax is greater than two revolutions; 
values of amax actually used rànged from 10 to 400 
revolutions but were generally in the range 30 to 
1 0 0  revolutions.

For this work crystals of suitable size and per
fection were taken directly from reagent bottles 
whenever possible or otherwise were obtained by 
recrystallization. Specimens ranging in mass from 
0.3 to 40 mg. and generally of irregular shape were 
first weighed with a precision of about ±  0 . 0 0 2  mg. 
and then attached to one end of a relatively long 
and stout glass fiber, the opposite end of which was 
later attached to the calibrated quartz-fiber suspen
sion system. The mode of suspension thus was 
such that the axis about which the crystal rotated 
very nearly coincided with the axis of the glass 
fiber. Laue X-ray diffraction photographs were 
used to verify in each case that the desired crystal 
direction was parallel to the glass fiber within one 
degree, an accuracy sufficient for this work.

The anisotropy measurements were made at 
relatively high field strengths (15 to 24 kilogauss) 
and the anisotropy was determined from the slope 
of a plot of (2KW/M) (amax — ir/4) vs. the square 
of the field strength. At each of several field 
strengths the value of amax was determined for 
both directions of rotation and with the crystal 
initially in each of the two stable equilibrium 
positions, normally obtaining four slightly different 
results which were plotted separately. The slopes 
of the corresponding four straight lines were aver
aged to obtain the accepted anisotropy value; 
this procedure greatly reduced the effects of fer
romagnetic impurities and of a small field inhomo
geneity. Data points for a series of field strengths 
fitted separate straight lines with negligible scatter 
provided the anisotropy involved was greater than 
about 1 . 0  ( X 1 0 - 6  c.g.s./mole).

Data which have been obtained thus far are 
given in Table I. The uncertainties attached to 
the anisotropy values (third column) are either 
average deviations of measurements on two to 
four specimens or, when only one specimen was 
tested, average deviations of values obtained for 
the different equilibrium positions and directions 
of rotation. There is an additional uncertainty of 
±  1 .2 %  in the absolute value of each anisotropy 
caused partly by the uncertainty in the value of the 
moment of inertia of a torsion pendulum used to 
calibrate the quartz fibers and partly by the un
certainty in the calibration of a search coil used to 
make field strength measurements.

The measurements on anhydrous potassium 
hydrogen oxalate were made for comparison with 
the anisotropy of the oxalic acid molecule reported 
on the basis of measurements on oxalic acid

Table I
M agnetic Anisotropy D ata

Substance

A niso
tropy
inves

tigated

Obsd. value 
(X 10+« 

c.g.s./mole)

Other
reported

values

kn o3 Xb“ Xc 7.03 dr 0.24 4.824 5 . 96
(orthorhombic) Xa“ Xc 6.98 dr .15 4 .8 7 5 .7

Xb“ Xa 0.15 dr .02 0.05 0.2
U rea (tetragonal) xii -x_La 2.45 dr .04 2.57»
Anthracene (mono Xl-X*6 138.7 dr .9° 13 6 .3 ’ 14 0 .38

clinic) = 10 rb 1° * = 8° = 8C
K H C 2O4  (anhyd.) X1-X2 13.0 5 ±  0 .10

(monoclinic) X3-X2 12.61 ±  .13
XI-X3 0.43 dr .05 

t  = 0 d= 1°
G lycine (mono X2-X3 4.58 d= 0.07

clinic) X1-X2 1.59 dr .03
X1-X3 6.17 dr .07 

* = 46 rfc 2°
M onom ethylurea Xb-Xa 1.87 dr 0.02

(orthorhombic) Xc-Xb 3.33 dr .05
Xc~Xa 5.23 dr .01c

Thiourea (ortho Xc“ Xb 2.52 dr .02
rhombic) Xc-Xa 2.75 rb .04

Xb-Xa 0.23 (calcd.)

“ The susceptibility parallel to the tetragonal axis is xn ’ 
The susceptibility in any direction perpendicular to this 
axis is x i • b 'P is the angle between the principal axis xi 
and the e-axis, measured in the obtuse angle /?; X3 is the sus
ceptibility parallel to the monoclinic axis, b. c Measure
ments made on a single specimen only.

dihydrate. 9 In both substances the oxalate group 
is very nearly planar and has three mutually 
perpendicular approximate mirror planes. 10 The 
principal magnetic axes of the group are therefore 
very nearly perpendicular to the mean plane of the 
group (n) parallel to the projection of the C -C  bond 
onto the mean plane of the group (1) and perpen
dicular to the first two axes (m). The calculated 
molecular anisotropy values for the oxalate group, 
K\ -  Km. K\ -  K n and Km -  K n, based on measure
ments on potassium hydrogen oxalate are +0.5, 
+  13.1 and +12.6, respectively; the corresponding 
values reported as a result of measurements on 
oxalic acid dihydrate are —0.4, +9.3 and +9.7.

In addition, potassium chlorate was investi
gated, using twinned crystals belonging to a fairly 
common habit11 in which the crystals twin re
peatedly by reflection across a plane, forming 
myriads of microscopically thin laminae. 12 The 
separate laminae consist of normal monoclinic 
potassium chlorate crystals in which the atoms of 
each chlorate ion form approximately a trigonal 
pyramid with unique axis normal to the twofold 
axis, b, making an angle of 34° 18' with the normal 
to (0 0 1 ), the plane of twinning13; in each lamina, 
the plane of the optic axes is normal to b. The

(4) K . S. Krishnan, B. C . Guha and S. Banerjee, Ph-il. Trans. R oy. 
Soc. London, 2 3 1 A , 235 (1933).

(5) 1. I. R a b i, P h ys. Rev., 29, 174 (1927).
(6) K . Lonsdale, Proc. R oy. Soc. (London), 1 7 7 A , 272 (1941).
(7) K . S. K rishnan and S. Banerjee, Phil. Trans. R oy. Soc. London, 

2 3 5 A , 343 (footnote) (1936).
(8) N . Lum broso-Bader, A n n. Chem., 687 (1956).
(9) K . Lonsdale, J . Chem. Soc., 364 (1938).
(10) S. B . Hendricks, Z. K rist., 9 1 , 48 (1935).
(11) P . G roth, "Chem ische K rystallograp hie,”  Vol. 2, W . E ngel- 

mann Verlag, Leipzig, 1908, p. 90—92.
(12) R epeated attem pts to  obtain untw inned crystals b y  recrystalli

zation were unsuccessful.
(13) W . H. Zachariasen, Z. K rist, 7 1 , 501 (1929).
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specimens were identified as belonging to the 
laminarly twinned habit on the basis of mor
phology, convergent-light interference figures and 
Laue diffraction photographs. The latter re
vealed that the twinning had introduced apparently 
perfect orthorhombic symmetry, indicating that 
both components of the twin were present in nearly 
equal amounts. Measurement of the anisotropy 
in the plane normal to the b-axes of the separate 
laminae (i.e., in the plane of the optic axes of the 
twinned crystals), using two different specimens, 
gave an average value of 1.09 ±  0.01, the crystals 
orienting themselves preferentially with the mag
netic field normal to the plane of twinning. From 
this information and the assumptions that the 
chlorate ions were truly uniaxial and that both 
components of the twinned specimens were present 
in equal amounts, it was possible to calculate a 
tentative value for the anisotropy of the chlorate 
ion: this value was iv11 -  K±  =  1.09/cos 2(34°18') 
=  +2.99, or about half the value, K n — K± =  
+5.9, calculated by Mookherji14from data on mono
clinic potassium chlorate obtained by Krishnan. 4

Acknowledgment.— The author is indebted to 
the Allied Chemical and Dye Corporation which 
granted him a fellowship for the year 1955-1956.

(14) A . M ookherji, A cta  Cryst., 10, 25 (1957).
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The purpose of this note is to resolve the ap
parent contradiction between infrared spectral 
results which have shown that protonation in 
acetamide,la N-ethylacetamidelb and urealc,a takes 
place preferentially at the nitrogen atom , 2 and 
nuclear magnetic resonance data for some N- 
methy 1-amides in strong acid3 that have been re
garded as evidence for preferential protonation at 
the oxygen atom . 3

The n.m.r. spectra do not show the signal of the 
proton that has added to the basic site; thus there 
is no direct evidence of a hydroxylic or nitrogen- 
bound proton. O-Protonation was postulated solely 
to explain the splitting of the signal of the N- 
methyl hydrogen atoms, observed frequently, but 
not invariably, in protonated N-methyl-amides, 
the argument being that in a cation HOCR =  
N R 'C H 3 rotation about the CN bond is restricted 
by virtue of its partial3® or complete313 double bond 
character (possibility of cis/trans isomerism, etc.),

(1) (a) E . Spinner, Spectrochim . A cta , 95 (1959); C . G . Cannon, 
M ikrochim . Acta, 562 (1955); M . D avies and L . Hopkins, Trans. 
Faraday S oc., 53, 1563 (1957).

(2) T h e cations of acetam ide and urea show a prom inent band near 
2400 cm .-1 which is characteristic of the +NH3 group (R. D . W aldron, 
J. Chem. P h ys., 21, 734 (1953); C . Sandorfy, in “ T h e Technique of 
Organic C h em istry”  (E ditor A . W eissberger), V ol. I X , Interscience 
Publishers, Inc., N ew  Y o rk , N . Y .,  1956, p. 515.

(3) (a) G . Fraenkel and C . Niemann, P roc. N atl. Acad. S ci. U. S. A ., 
44, 688 (1958); (b) A . Berger, A . Loew enstein and S. M eiboom , J. A m . 
Chem. Soc., 81, 62 (1959).

while in ions I and II theie is free rotation about 
the Cco-N  bond.

However, this latter assumption is fallacious. 
Even in acetaldehyde, acetyl fluoride, chloride and 
cyanide, there are barriers restricting rotation, 4 of 
1.08-1.35 kcal./mole, because a CH bond tends to 
eclipse the C = 0  bond8; for the restricting barrier 
in trifluoroacetaldehyde6 the (somewhat doubtful) 
very high value of 9.8 kcal./mole has been pro
posed. Furthermore, rotational isomerism in sub
stances of the type RCO CH2X, due to restricted 
rotation about the C co-C cx bond, often has been
observed. 7 Rotation about the Cco-N  bond in 
ions of the type of I and II must be similarly re-

+  dr
stricted: an N-C+ie or N -H  bond will tend to 
eclipse the C = 0  bond. In addition, rotation 

+
about the N-CMe bond is restricted: only conforma-

+
tions with staggered C -H  and N -H  bonds are stable. 
The possibilities of rotational isomerism thus aris
ing explain all the splittings of proton magnetic 
resonance bands observed _n protonated amides.

An N-protonated TOono-N-methyl-amide (I) can 
exist in a “ trans”  or in a “ gauche”  conformation
(;trans arrangement of the R -C -N -C  or of the 

4~
R -C -N -H  chain). The N-Me proton signals 
should be different in the two forms. In the 
“ trans”  form of I, which should be energetically

/
R— C

\+
XN— CH,

H/ /

/
R — C

\ +
XN— H 

h c e ,

/
R - C

\  +
N— CH3

H/ /
CHS

(I) Irans (I) gauche (II) trans/gauche

O
II

R
\

c c = o O
bH 1 H b H ! H //

\  : / \ L / R — C

ß . VXN — H
H "H h '  I "‘H c i / /1 c h 3Ha H
(I) trans 

End-on view
(I) gauche 

End-on view
(II) gauche/gauche

preferred, by analogy with neutral N-methyl- 
acetamide, 8 the proton marked “ a” is different 
from those marked “ b,” and two separate n.m.r. 
signals are to be expected from them, the splitting 
being due mostly to interaction with the protons

(4) E. B . W ilson, P roc. N all. Acad. S ci. U. S . A ., 43, 816 (1957); 
C . C . Lin and R . W . K ilb, J. C h en . P h ys., 24, 631 (1956); P. H. 
Verdier and E . B. W ilson, ibid., 29, 340 (1958).

(5) T h e  author attributes this to attraction  between the C = 0  and 
the C H  bonds by  intram olecular van  der W aals-L ondon and induction 
forces.

(6) R . E . Dodd, H. L . Roberts and L . W oodw ard, J. Chem. S oc., 
2783 (1957).

(7) S. M izushim a and collaborators, J. Chem. P h ys., 20, 1720 (1952); 
21, 815 (1953); M . L . Josien and R . Calas, Com pt. rend., 240, 1641 
(1955); L . J. B ellam y, L . C . Thom as and R . L . W illiam s, J . Chem. 
S oc., 3704 (1956); 4294 (1957); R . N . Jones and E. Spinner, Can. J. 
Chem., 36, 1020 (1958).

(8) S. M izushim a, et a l., J . A m . Chem. S oc., 72, 3490 (1950).
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+
attached to the N atom. When the latter are re
placed by deuterons, which appear to interact 
weakly with protons38, (possibly on account of the 
fast nuclear quadrupole relaxation of deuterons3b), 
most of the splitting should disappear, in agree
ment with observation {cf. the n.m.r. spectra of N- 
methylacetamide38, in H2S04 and D 2S04).

An N-protonated N,N-dimethylamide (II) can 
exist in a “ trans/gauche”  or in a “ gauche/gauche”  
conformation; the former should be more stable 
and more abundant. The proton signal from the 
“ trans”  N-methyl group should differ from that 
from the “ gauche”  methyl group, just as the pro
ton signals are different for the trans and the cis N - 
Me group in a neutral N,N-dimethylamide. How
ever, the difference between a “ trans”  and a 
“ gauche”  position (rotation of 1 2 0 °) is smaller 
than that between a trans and a cis position 
(rotation of 180°); the splitting of the N-M e 
proton signal might therefore be expected to be 
smaller in the (N-protonated) cation than in the 
neutral N,N-dimethylamide; this is, in fact, always 
the case.3a

The three hydrogen atoms in a “ trans”  or 
“ gauche”  N-methyl group in II (and in a “ gauche” 
N-Me group in I) are all different from one another 
and should all give different proton signals. Such 
band splitting has, however, not been observed. 
In protonated N-methylacetamide the splitting of 
the signal is only observed in special favorable 
conditions {e.g., in 72% perchloric acid only after 
addition of dioxane); in protonated N,N-dimethyl- 
acetamide it is not observed in 72% perchloric 
acid.3a This shows that sometimes the life time 
of the isomer may be quite short compared to the 
time required for the completion of a nuclear mag
netic transition (the exact environmental condi
tions being critical). Such short life times are 
much more readily explained if the isomerism is 
attributed to (moderately) restricted rotation

4*
about a single bond (like a C-N bond in I or II), 
rather than to (strongly) restricted, rotation about 
a CN bond with a large amount of double bond 
character, in an amide cation protonated at the 
oxygen atom.

HIGH TEMPERATURE HEAT CONTENT 
AND ENTROPIES OF CESIUM CHLORIDE 

AND CESIUM IODIDE 1

B y C. E. K aylor,2 G. E. W alden2 and 
Donald F. Smith2

Contribution from  the Southern E xperim ent Station, Region V, Bureau  
o f  M in es , U. S . D epartm ent o f  the In terior , and the School o f  Chemistry 

U niversity o f  Alabama, U niversity , Alabama
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This paper presents the results of heat content 
measurements throughout the temperature range 
273.15° to 1172°K., with calculated entropies for 
cesium chloride and cesium iodide. The heat of 
transition for cesium chloride at 742.5°Iv. has been 
measured, and the heats of fusion of cesium

(1) T h e work upon which this report is based w as carried ou t in co
operation with the U niversity of A labam a,

(2) Bureau of M ines, Tuscaloosa, A la.

chloride and cesium iodide have been measured 
at their respective melting points.

Data on these compounds, in the range studied, 
have not been published previously.

Materials
The cesium chloride and the cesium iodide used in this 

investigation were supplied by the Oak Ridge National Lab
oratory. The cesium chloride was resublimed in a Vycor 
sublimation tube. The cesium iodide was of the same purity 
as the resublimed cesium chloride, and no additional puri
fication was attempted. Impurities, determined spectro- 
graphically,8 were Li, 0.1% ; K , less than 0.1% , Na, less 
than 0.1% ; and Ca, less than 0.01%. Total impurity was 
estimated to be less than 0.2% .

The samples were enclosed in platinum crucibles, the heat 
contents of which were determined by separate measure
ments. After filling with sample, the crucibles were evac
uated, filled with helium, evacuated to approximately 10 
mm. helium pressure and sealed by platinum welding.

Measurements and Results
Heat content measurements were made in a 

Bunsen ice calorimeter of the type described in 
detail by Ginnings and Corruccini. 4 The cali
bration factor for the unit, established electrically, 
was found to be 270.44 ±  0.66 joule per gram of 
mercury. Additional calibration tests made on a 
synthetic sapphire sample, at four different temper
atures, yielded enthalpy values that checked ac
cepted values5 with less than 0.15% deviation.

The experimental procedure used in the calori
metric studies is described.

A sample of approximately 18 g., sealed in the 
platinum container, was heated to an approximate 
predetermined temperature in a Marshal furnace 
designed so that it could be shunted to obtain a 
region of uniform temperature. The temperature 
of the furnace was measured with a platinum- 
platinum 1 0 %  rhodium thermocouple previously 
calibrated against a National Bureau of Standards 
thermocouple. Once it had been assured that the 
entire sample and container had reached the test 
temperature, the container was dropped into the 
calorimeter, the system was closed and the heat 
evolved in cooling to 273.15°K. was measured. 
This procedure was repeated at temperature in
tervals of approximately 30°K. over the 273.15 
to 1172.0°K. range. In each run the previously 
determined heat content of the container for that 
temperature was deduced from the total heat 
evolved.

The experimentally determined heat content 
values of the samples are listed in Table I. They 
are expressed in defined calories per mole and the 
molecular weights are in accord with the 1956- 
1957 Atomic Weight Report.

Cesium chloride exhibited two phase changes 
within the temperature range studied. One change 
was a transition from the alpha to the beta form 
and the other from solid beta to the liquid at the 
melting point. The heat of transition was found 
to be 581 cal. per mole at 742.5°K. and the heat of 
fusion at the melting point 918°K. was determined 
as 4964 cal. per mole.

(3) E . E . C reitz, Bureau of M ines, Southern E xperim ent Station, 
Tuscaloosa, A la.

(4) D . C . Ginnings and R . J. Corruccini, J . Research, N atl. B u r . 
Standards, 38, 583 (1947).

(5) D . C . G innings and G . T . Furukaw a, J . A m . Chem. Soc., 75. 
522 (1953).
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Table I
M e a s u r e d H e a t  C o n t e n t s ABOVE 273.15°K. ( C a l .

M o l e - 1)
CsCl (mol. w t. 168.37)

T, °K . H T — H 27a.IB T, °K . Ht — Hm.u
385.2 1476(a) 718.7 5873
390.5 1575 728.2 6079
397.7 1660 740.5 6257(a)
407.2 1835 753.7 7193(/3)
422.0 1997 761.3 7266
440.5 2174 779.8 7397
442.2 2264 795.0 7529
462.2 2450 825.3 8158
468.8 2551 836.7 8278
472.7 2610 852.9 8539
484.4 2766 880.0 9082
514.8 3152 904.9 9515
532.9 3372
541.5 3487 Liquid
568.2 3792
590.2 4096 923.6 14667
605.2 4197 936.1 14894
624.9 4542 970.2 15272
632.9 4585 1001.6 16009
636.1 4685 1035.6 16742
668.2 5154 1070.2 17364
676.8 5269 1128.5 18386
700.9 5631 1168.0 19050

Csl (mol. wt. 259.83)
369.3 1024 670.0 5121
394.7 1419 695.5 5480
397.1 1493 715.9 5790
420.2 1762 741.5 6132
421.5 1786 759.6 6437
443.2 2066 766.1 6678
449.7 2213 796.5 7041
463.2 2351 825.0 7399
470.2 2464 858.9 8021
484.1 2589 870.2 8183
500.7 2886 903.7 8875
504.2 2892
532.9 3344 Liquid
542.1 3395 907.7 14910
559.7 3720 918.5 15211
573.0 3858 937.1 15449
595.8 4074 960.2 15589
597.8 4252 1003.3 16362
611.2 4408 1041.4 17104
624.7 4581 1073.7 17674
628.5 4612 1106.2 18139
630.0 4667 1135.3 18830
659.0 4924 1172.2 19416

Cesium iodide had one phase change, that of
melting, within the temperature range studied. 
The heat of fusion was determined as 5979 cal. 
per mole at the melting point 907°K.

Table II presents smooth heat content and en
tropy data for the two substances at even 50° in
tervals in the 400 to 1,200°K. range.

The heat content equations of solid cesium chlo
ride (alpha) and solid cesium iodide were derived 
to fit the conditions

Hr -  H2n.u =  a +  bT +  cT 2 +  dT~i (1)
Cp =  6 +  2cT -  d T - 2 (2)

H e a t  C o n t e n t s  ( C a l . M o l e “ 1) a n d  E n t r o p y  I n c r e m e n t s  
( C a l . D e g r e e - 1 M o l e - 1 ) a b o v e  273.15°K.

.--------------CsCl-------------- . .--------------Csl-------------- .

Table II

T. °Jv. Ht — Hm.u
St -
S273.J5 Ht — H 273.15

St — 
S273.1B

298.15 320 1 11 320 1.09
400 1630 4 92 1560 4.71
450 2280 6 46 2210 6.23
500 2940 7 84 2870 7.61
550 3610 9 06 3530 8.88
600 4270 10 26 4220 10.07
650 4940 11 34 4910 11.18
700 5630 12 35 5620 12.23
742.5 6230(a) 13 18
742.5 6810(0) 13 97
750 6920 14 12 6360 13.25
800 7720 15 21 7110 14.22
850 8530 16 12 7880 15.16
900 9360 17 13 8670 16.06
907 8770(s) 16.17
907 14750(1) 22.77
918 9650(0) 17 57
918 14610(1) 22 97
950 14810 23 67 15580 23.64

1000 15710 25 31 16500 24.62
1050 16550 26 80 17380 25.46
1100 17330 28 16 18220 26.24
1150 18050 29 35 19020 26.81
1200 19740 27.50

Where Cp =  12.56 at 283. 15°K. for cesium
chloride6 and Cp =  12.39 at 283.15°K. for cesium 
iodide7

0 =  a +  bT +  cT* +  d T at 273.15°K. (3)

The heat content equation of solid cesium chloride 
(beta) was derived to fit only condition (1 ), and 
the heat content equations of liquid cesium chlo
ride and liquid cesium iodide were derived to fit 
the condition Ht — If 2 7 3 .1 5 =  a +  bT +  cT'1.

The heat content equations presented below 
were derived by the method of least squares, 
using the experimental data from Table I. Least 
square solutions were obtained by means of a 
Univac electronic computer.6 7 Entropy increments 
were calculated by means of the method suggested 
by Kelley. 8 Average deviations are indicated by 
the figures in parentheses.

The heat content data are represented by the 
equation 
CsCl (solid, alpha)

Ht -  Hm i5 =  -37 05  +  12.787’ +  6.14 X lO ^ T 2
+  4.56 X lO 'T -1 

(385.2-740.5°K.; ±  0.5%)

CsCl (solid, beta)
# t -  Hm is =  1365 +  0.805T +  8.82 X  1 0 -3T 2

+  8.91 X 10 4T - ‘ 
(753.7-904.9°K.; ±  0.5%)

CsCl (liquid)
Ht -  H 2 1 3 .1 5  =  -0 .6 9  +  13.86T +  2.14 X 10 -3T2 

Csl (solid) (923.6-1168.0°K.; ±  0.5% )

(6) J. W . Brpnsted, Z . Elektrochem., 20, 554 (1914).
(7) R . W . Sm ith, Jr., Supervisory M athem atician, Region V , 

Bureau of M ines, U . S. D epartm ent of the Interior, P ittsburgh, Penna.
(8) K . K . K . K elley, B ulletin  47G, Bureau of M ines, U . fc>. D ep a rt

m ent of the Interior, Berkeley, C alifornia.
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Ht -  Hm 15 =  -16 10  +  7.06 T7 +  5.18 X  10 -3T2
-  1.93 X 10fT-> 

(369.3-903.7°K.; ±  0.5%)
C s l  (liquid)

Ht -  Hm ,5 = 10,400 -  4.29T7 +  1.025 X \0~2r -  
(907.7-1172.2°K .; ±  0.5%)

THE REACTIONS OF 
DIPHENYLMETHYLENE RADICALS IN 

THE GAS PHASE
By W. F ielding and H. 0. Peitchakd

Chem istry D epartm ent, U niversity o f  M anchester, M anchester 18, 
England

Received Septem ber 14, 1959

The photolysis of diphenyldiazomethane in rigid 
media at low temperatures showed that the di- 
phenylmethylene radical reacted very readily with 
oxygen to form benzophenone and with diphenyl
diazomethane to form benzophenone-azine. 1 We 
have both photolyzed and pyrolyzed diphenyl
diazomethane in the gas phase to see what further 
information could be gained about the reactivity 
of the diphenylmethylene radical. All the experi
ments were performed by picking up diphenyldiazo
methane in a gas stream at 2  cm. pressure from a 
reservoir at 2 0 °, carrying it through either a heated 
tube or a suitably constructed mercury lamp, and 
trapping out the products in a refrigerated U-tube 
immediately following the reaction zone; the 
products were identified by their ultraviolet spec
tra. From the known extinction coefficient of di
phenyldiazomethane, its vapor pressure was found 
to be about 1 0 ~ 5 mm. at 2 0 °, and at the rates of 
flow employed, a sufficient sample for ultraviolet 
analysis (ca. 1 0 - 6- 1 0 ~ 4 g.) was carried over in 
about 2  hours. The diphenyldiazomethane is not 
very stable and goes off at room temperature or in 
light to the azine and (if air is present) some benzo
phenone. Our sample was kept refrigerated, in 
vacuo and in the dark when not in use, but a little 
decomposition did occur; consequently, some 
benzophenone (which is rather more volatile) 
a1 ways showed up in the spectra, but the azine 
(whi ;h is much less volatile) did not.

Photolysis using high-purity nitrogen gave solely 
benzophenone. Further purification of the nitro
gen over heated copper gave the same result, but if 
the nitrogen was first bubbled through molten 
sodium, at 360° it was sufficiently freed of oxygen 
to suppress the benzophenone formation; under 
these conditions, benzophenone-azine was formed, 
as in the low-temperature studies. Pyrolysis at 
90° gave identical results. Several other carrier 
gases were used i.e., wet nitrogen, hydrogen, car
bon monoxide, carbon dioxide and propane, but 
no other reaction of the radical was found either at 
90 or 250°. The only new reaction which was found 
was a reaction with ethylene at 250° (but not at 
90°) to give a product which we believe is 1,1-di- 
phenylcyclopropane: the same product was formed 
from propane containing 0.5% ethylene, but in the 
presence of traces of oxygen benzophenone was 
again formed. This places the order of reactivity

(1) W . B. D eM ore, H , O. Pritchard and N . D avidson, J. A m . Chem. 
S oc., 8 1 , 5874 (1959).

of the diphenylmethylene radical as
0 2 >  Ph2CN2 > >  C2H4 » >  H2, CO, C 02, H20, c 3h 8

However, it is difficult to make quantitative kinetic 
measurements when the radical source has only 
a vapor pressure of 1 0 ~ 6 mm., and no further 
experiments along these lines are projected.

The product of the reaction with ethylene gave an 
ultraviolet spectrum consisting of seven sharp 
peaks or shoulders superimposed on that of the 
benzophenone impurity; the wave lengths were 
300, 292, 288, 277, 272, 226 and 220 mM. 1,1- 
Diphenylcyclopropane has been reported as hav
ing been prepared from 1 ,1 -diphenylethylene, 
either directly by reaction of diazomethane, or 
indirectly by reaction with diazoacetic ester 
followed by saponification and decarboxylation. 2 
We failed to obtain any reaction between di- 
phenylethylene and diazomethane, either using the 
literature conditions, or by irradiation or raising 
the temperature. Using the second method, we 
obtained 1 ,1 -diphenylcyclopropane carboxylic acid 
(m.p. 171°) as stated, but decarboxylation of this 
with calcium oxide leads to diphenylpropylene and 
not diphenylcyclopropane (the product reacts 
instantly with bromine water and has the spectrum 
of 1 ,1 -diphenylpropylene3); milder decarboxyla
tions were tried, but the acid was recovered un
changed. However, both the acid and the ester 
have a fine structure in the ultraviolet, e.g., the 
acid gives peaks at 274, 266, 260, 254, 248 and 221 
m/x, whereas the 1 ,1 -diphenylpropylene spectrum 
has virtually no structure; thus, although we have 
failed to prepare 1 ,1 -diphenylcyclopropane, it 
seems likely that it is the product of the reaction 
between ethylene and diphenylmethylene radicals.

Diphenylmethylene is clearly less reactive than 
methylene, except perhaps in its reaction with 
oxygen. It does not react with H2, CO, C3H8 as 
methylene does, even at 250°, and its reaction with 
ethylene only takes place with difficulty; this 
reaction shows a positive temperature dependence 
indicating an energy of activation. It has been 
suggested4 that diphenylmethylene, which reacts 
rapidly with oxygen, must be a triplet molecule, 
whereas methylene is a singlet because it does not 
(but see Avramenko and Kolesnikova5) ; however, 
methylene does show a typically free-radical reac
tion with hydrogen and we suggest that it is un
wise to infer anything about the electronic state of 
the methylene radical from the fact that its 
typically radical reactions may in general be rather 
slower than its non-typical reactions. Some brief 
experiments on the difluoromethylene radical, 
which is definitely known to be a singlet,6 show it 
to be quite unreactive as expected. The radicals 
can be produced by a Penning discharge in difluoro- 
dichloromethane7; a stream of the fluorocarbon

(2) H. W ieland and O. Probst, A n n ., 53 0 , 274 (1937).
(3) M . R am art-Lucas and M . J. Hoch, B u ll. soc. chim., 2, 1376 

(1935).
(4) R . M . E tter, H. S. Skovronek and P. S. Skell, J . A m . Chem. S oc., 

8 1 , 1008 (1959).
(5) N . N . Semenov, “ Some Problems in Chem ical K inetics and R e

a c tiv ity ,”  Princeton U niversity Press, Princeton, N. J., 1959, p. 157.
(6) P. Venkatesw arlu, P h ys. Rev., 7 7 , 608 (1950).
(7) W . B. D eM ore, P h .D . Thesis, California Institute of Technology, 

1957.
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was mixed downstream from the discharge with the 
other reactant gas in a heated reaction vessel and 
the products were subjected to mass-spectral 
analysis. Under all conditions, small amounts of 
C2F4 were formed and some polymer was deposited 
outside the reaction vessel, but even at 250°, there 
was no evidence of any reaction with 0 2, H2, 
C3H8, C2H4 or CO. Thus, it is clear that the 
methylene radical resembles the diphenylmethylene 
radical much more closely than it does the singlet 
difluoromethylene.

INFRARED INTENSITIES OF SULFUR 
DIOXIDE: A RE-DETERMINATION 1

B y  D . F . E g g e r s , J r ., a n d  E .  D . S c h m id
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Department o f  Chemistry, U niversity o f  W ashington , Seattle, W ashington  
R eceived A u gust 31, 1959

An earlier report from this Laboratory2 listed 
the infrared intensities for sulfur dioxide, measured 
in the gas phase. Since that time, similar meas
urements have been made by others3'4; our meas
urements were about 30 to 40% lower than these, 
which agreed quite well with each other. A re
examination of our original spectral recordings 
and calculations disclosed no errors; therefore, 
we undertook a complete re-measurement of these 
intensities.

Experimental
The gas was drawn from the same cylinder used in the 

earlier investigation. A metal cell was used again, but the 
windows were sealed with an epoxide resin, instead of bees
wax-rosin mixture. The possibility of error due to adsorp
tion on the walls of the cell was investigated, and found to 
be less than the experimental uncertainty of our intensities. 
Path length of the cell was 4.43 cm. Sample pressures were 
measured directly with a mercury manometer for the bands 
vi and v2; an oil manometer was used for the band vs. Dry 
nitrogen at 200 p.s.i. served as the pressure-broadening gas. 
The spectrometer has been described elsewhere6; it differs 
from the instrument used in the earlier investigation in two 
respects: it has been converted from single-pass to double
pass, and from double-beam to single-beam. Prisms of 
sodium chloride, potassium bromide and calcium fluoride 
were used for the bands v„ v% and v3, respectively. The 
spectra recorded were replotted as lrt(JVT) vs. frequency, 
and the area measured with a polar planimeter. Sample 
pressures were chosen so that the maximum value of In 
(To/T) was in the range from 0.4 to 1.8 .

The area determined by a given replotted curve is de
noted /3, and B =  p/pl, the apparent intensity, where p is the 
sample pressure in atmospheres and l the length of the cell. 
Figures 1, 2 and 3 show the apparent band intensities, B as a 
function of pi, together with a line giving the estimated ex
trapolation to zero sample pressure.

Results and Discussion
The values of A, the “ true”  intensity obtained 

from the extrapolation are listed in Table I, 
together with the values obtained by other workers.

(1) Supported in  p a rt b y  the N ational Science Foundation and b y 
the U nited States A ir  F orce through the A ir Research and D evelop
m ent Com m and under C o n tra ct No. A F  18(600)-1522. Reproduction 
in  whole or in  p art is perm itted for an y purpose of the U nited States 
Governm ent.

(2) D . F . Eggers, Jr., I. C . H isatsune and L. Van A lten, T his Jour
n al , 59, 1124 (1955).

(3) J. M orcillo and J. Herranz, A n ales real soc. espan. fis . y  quim. 
{M adrid), A 5 2 , 207 (1956).

(4) J. E. M ayhood, Can. J . P h y s . ,  35, 954 (1957).
(5) L. D. Kaplan and D. F. Eggers, Jr., J , Chem, Phys,, 25, 876 

(1956).
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T a b l e  I

I n t e n s i t i e s  o f  S u l f u r  D i o x i d e , C . p .s . C m . - 1  A t m . - 1  

X 10-K> a t  0°
B and This research M ayhood« M orcillo and Herranz &

vi 278 317 ±  8 350 ±  20 .
V2 348 376 ±  20 360 ±  30
vs 2520 2560 ±  70 2640 ±  80
“ See reference 4. b See reference 3.

We estimate the limits of error in our measure
ments to be about 10%. This is appreciably 
larger than the scatter of the points for v, and r2, 
but is based upon the uncertainty in reproducing 
the 1 0 0 %  line, i.e., with no absorbing material in 
the cell. The over-all agreement of the present 
measurements with those of the other two groups 
is quite good, and indicates that the earlier meas
urements2 were consistently too low.

The reason for this discrepancy is difficult to 
determine. The mass-spectrometric analysis of 
the sulfur dioxide-nitrogen mixture taken from the 
infrared cell eliminates the possibility of impurities 
and adsorption. We feel the only answer can be 
in the instrument employed in the earlier work, 
patterned after that of Hornig, Hyde and Adcock . 6 
Our version of this instrument had an adjustable 
gain control in the earlier stages of its amplifier, 
which made it possible to drive the output tube 
beyond the point where output voltage is a linear 
function of input voltage The qualitative effect 
of this is to reduce the signal from the reference 
beam by a larger fraction than the signal from the 
sample beam, which will appear as an erroneously 
small absorption by the sample. However, the 
earlier paper on sulfur dioxide2 also reports in
tensity measurements for acetylene and its various 
isotopic derivatives which were carried out on the 
same instrument at about the same time. Our 
acetylene measurements, as mentioned in the paper,

(6) D . F. Hornig, G . E . H yde and W . A . A dcock, J. Opt, Soc. Am,, 
40, 497 (1950).
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are in rather good agreement with those of other 
workers. The instrument was drastically modified 
shortly after the earlier measurements, so that it is 
not possible to check this suggested source of error.

A more detailed comparison of the results in 
Table I shows, for r2 and v3, none of the results 
differs by more than about 4% from the average 
of all three groups. This high order of agreement 
is most pleasing, though the scatter of our points 
is appreciably larger for v3. In v\, however, our 
measurements are 13% lower than the average, 
while those of Morcillo and Herranz are 11% 
higher. It is of interest to note the large variation 
in the ranges of pi values investigated. For vh  
we employed values higher than either of the 
others; for v2, Mayhood worked in a lower range 
than Morcillo and Herranz or ourselves; for r3, 
Morcillo and Herranz worked in a lower range than 
Mayhood or ourselves.

The major conclusion of this investigation is 
that, with proper care, infrared intensities can be 
measured with reasonable precision. It is most 
unfortunate that each system involves an absolute 
measurement, since relative measurements can 
usually be made with facility and precision.

We must also point out that our earlier paper 
contained several errors in the calculation of bond 
moments from intensities, which have been noted 
and corrected by Mayhood . 4

THE ELECTRIC MOMENTS OF MOLECULES 
WITH SYMMETRIC ROTATIONAL 

BARRIERS
By H. B r a d f o r d  T h o m p s o n

Department of Chemistry, Gustavus Adolphus College, St. Peter, 
Minnesota

Received August 3, 1959

In his classic note on the electric moments of 
complex molecules, Eyring gives an equation (1, 
below) for the free rotation moment. 1'2 The use
fulness of this equation is enhanced by the observa
tion that it applies also for internal rotations re
stricted by p-fold symmetric potential barriers, 
where p is greater than one. This fact has ap
parently been known by a number of workers in 
the field. 3 A proof and demonstration of the 
generality of this result are presented below.

According to Eyring, the free-rotation moment 
iua is given by

n n s + l
Ma2 = ^3 m>2 +  2 23 23 mim> I I  C0S (U

y = i  j= i  8<j k - j
Here my and ms represent the magnitudes of the 
separate group or bond moments within the 
molecule, these moments being n in number. 
0k is the angle between two consecutive bonds in 
the bond framework or chain between the bonds

(1) H. Eyring, Phys. Rev., 39, 746 (1932).
(2) C . P . Sm yth, “ D ielectric B ehavior and Structure,”  M cG raw - 

H ill Book C o., Inc., New Y ork, N . Y ., 1955, section V 1II-2 . The 
choice of sym bols herein is patterned after Sm yth.

(3) See for exam ple A. Tobolsky, R . E . Powell and H . E yrin g, in 
“ The Chem istry of Large M olecules,”  R . E. Burk and O. Grum m itt, 
Editors, Interscienee Publishers, Inc., New Y o rk , N . Y ., 1943; foot
note to p. 155.

having moments mj and ms. The product is then 
taken over all the bond angles between these two 
moments. The signs of m and ms are so taken 
that m,jma is positive if the moments point in the 
same direction passing along the bond framework.

Following Eyring’s development, the moment 
for any particular rotational conformation is given
by

n n
M2 = 23 +  2 23 23 (mjeziMAj. • fisTOsfx») (2)

3 = 1  J = 1 1 < J

where exj and exs are unit vectors in the bond di
rections corresponding to m, and ms. A\ . . . 
/ l s represents a series of transformations which, 
applied successively to the vector msexa, refer this 
vector successively to rectilinear coordinate sys
tems based on each of the bonds along the chain 
from ma to TOj, until finally both mj<?xj and m8exs are 
in the same coordinate system. With coordinates 
as defined by Eyring

Ak
cos Ok 
sin Ok 
0

— sin $k cos <pk sin Ok sin 0k 
cos Ok cos 0k — cos Ok sin 0k 

sin 0k cos 0k _
( 3 )

where fa is a suitably-defined angle of intramolecu
lar rotation.

The symmetrical-barrier moment is found, es
sentially, by taking the mean of moments for a 
number of equally probable conformations, as 
given by equation 2. This mean must be taken 
over all combinations of equilibrium positions for 
all the rotational angles fa, the angles 0k remaining 
constant. We may express the equilibrium values
of fa as fa0, fa0 +  2 t /p , fa0 +  4 ir /p ,........., fa0
— 2-ir/p where the k’th rotation has p-fold sym
metry. The sum expressing the desired mean will 
be indeed complicated, but for each term in the 
double sum of equation 2  the resultant expression 
will contain, in terms of a given angle fa, terms of 
the form
B [coS  0ko +  cos(0ko +  2 ir /p )  +  • • • • +  cos(0ko — 27 / p ) ]

-f- C [sin  0ko +  sin(0k-> T  27r /p )  - T ........... -f- siiv0ko —

2 t /p )]  ( 4 )

B and C are here expressions involving Wj, ms, and 
the various angles 0  and 4>, but not involving fa. 
Each of the expressions in brackets is identically 
zero for any choice of faQ if p is an integer greater 
than one. It may now be shown simply that all 
terms in Ak involving fa will disappear when the 
average is taken. Thus for symmetrical barriers, 
as for free rotation, we can use

( 5 )

The treatment above might appear to apply only 
to the case where fa in each conformation is re
stricted closely to the neighborhooc of its equi
librium position. For high temperatures or shal
low barriers one must evaluate, in place of the sum 
in equation 4, an integral of the form

/  =  ( B '  cos 0k +  C " sin 4>k)erEIRT d0k (6 )

However, this integral may be divided into p 
integrals over intervals 2ir/p in length. Over each 
interval the exponential function has the same 
shape, so

.4k =
cos 0k 0 0 
sin 0k 0 0 
0 0 0
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/*2ir/p
7 =  J 0 | B ' [cos 0k +  M>s(0k +  2tr/p) + .......... ]

+  C'[sin 0k +  sin(0k +  2v/p) + ........ ]|e~B'KJ’ d0k (7)
As before, the expressions in brackets are identically 
zero.

Conclusion.— Equation 1 applies not only to 
free rotation, but to the more general case of rota
tional barriers of twofold or higher symmetry. 
Experimental electric moments deviating from 
those predicted by this equation thus indicate 
non-symmetrical barriers or interactions between 
rotating groups.

THE HEAT OF COMBUSTION 
OF TETRAMETHYLTETRAZENE AND

1 , 1  -DIMETH YLIIYDR AZINE
B y  T e r e n c e  M. D o n o v a n , C. H o w a r d  S h o m a t e  a n d  

W i l l ia m  R . M cB r id e

Chemistry Division, Research Department, U. S. Naval Ordnance Test 
Station, China Lake, California

Received September 26, 1959

Interest in 1,1-dimethylhydrazine and related 
compounds for consideration as propellants for 
rocket propulsion applications led to the present 
experimental work for the determination of the 
heat of combustion of tetramethyltetrazene, the 
lowest alkyl homolog of the 2-tetrazenes >N —N =  
N— N <. The redetermination of the heat of com
bustion of 1 ,1 -dimethylhydrazine was used as check 
on the experimental technique in view of the fact 
that a method utilizing Lucite on sealed thin- 
walled Pyrex bulbs was devised for the present 
work. The heat of combustion of hydrazine was 
determined by Hughes, Corruccini and Gilbert1 
and of several methylhydrazines including 1 ,1 - 
dimethylhydrazine by Aston and co-workers. 2

Experimental
Materials.—1,1-Dimethylhydrazine (Westvaeo-Chlor-Al

kali Div., Food Machinery and Chemical Corp.) was dried 
with barium oxide and purified by fractional distillation. 
Tetramethyltetrazene was synthesized by the oxidation of 
1,1-dimethylhydrazine with potassium bromate in aqueous 
hydrochloric acid,3 dried with barium oxide and fractionally 
distilled under reduced pressure. Purity of the compounds 
was verified by gas chromatographic techniques and various 
chemical and physical methods.

Apparatus and Procedure.—The heats of combustion 
were determined with calorimetric equipment described 
previously4 5’6 except for the following modification. The 
energy of ignition of the sample was determined by direct 
experimental measurement.

National Bureau of Standards benzoic acid, sample No. 
39f, was used in the determination of the energy equivalent 
of the calorimeter which was 2,785.03 ±  0.29 cal. deg.-1 for 
the tetramethyltetrazene combustions and 2,783.23 ±  0.93 
cal. deg.-1 for the 1,1-dimethylhydrazine experiments. 
The difference is due to minor alterations of the apparatus. 
All weighings were reduced to vacuum and all heat values 
are expressed in defined calories (1 cal. = 4.1840 abs. joules).

Small Pyrex ampoules (approximately 0.5 g.) were filled 
with the liquids on a vacuum manifold by an extension of a 
technique previously employed for potassium6 and hydra

(1) A. M. Hughes, R. J. Corruccini and E. C. Gilbert, J. Am. Chem. 
Soc., 61, 2639 (1939).

(2) J. G. Aston, E. J. Rock and S. Isserow, ibid., 74, 2484 (1952).
(3) W. R. McBride and H. W. Kruse, ib id ., 7 9 , 572 (1957).
(4) M . M . Williams, W. S. McEwan and R. A. Henry, T his Jour

nal, 61, 261 (1957).
(5) W. S. McEwan and M . W. Rigg, J. Am . Chem. Soc., 73, 4725

(1951).

zine.7 Ignition was accomplished by two methods. In 
the first a film of benzoic acid covering the bulb was ignited 
by fuse paper. The resulting heat concentration broke the 
bulb. This method of breaking the bulbs proved unreliable 
so a second procedure was developed. A drop of a concen
trated solution of Lucite (polymethyl methacrylate) in ace
tone was applied to the bulb. The platinum ignition wire 
was set in this drop. Then the acetone was pumped off in a 
vacuum desiccator (leaving ca. 5 mg. of Lucite). The bulb 
was supported between the electrodes by the ignition wire 
(no crucible was used). This method proved very reliable 
for breaking the bulbs. Aston2 reported breaking bulbs 
containing volatile liquids by means of a small pellet of 
benzoic acid. Long8 had equally good results using a piece 
of magnesium turning. However, the presently reported 
method has the advantages of a more intimate contact be
tween the glass and the auxiliary material and a smaller 
amount of auxiliary material is used than in previous meth
ods. The mean of three combustions of Lucite under bomb 
conditions, i.e., 5-mg. samples applied to glass ampoules, 
gave 6440 cal. g .-1 as its heat of combustion.

A 360-ml. Parr double-valve oxygen bomb, to which 1 ml. 
of water had been added, was flushed for 15 minutes wdth 
oxygen at slightly greater than atmosphere pressure and then 
filled to 30 atmospheres in all combustions. The combustion 
gases were analyzed spectrographically for carbon monoxide 
and oxides of nitrogen and any runs with a positive test were 
discarded.

Corrections were made for the ignition wire and auxiliary 
material. The observed values for the heat of the bomb 
process were corrected to obtain values for the energy of the 
idealized combustion reaction in which all the reactants and 
products were in their standard states at 25° and no external 
work was performed. The corrections, which included 
those for the formation of nitric acid were made in the man
ner described by Hubbard, Scott and Waddington.9

Results and Discussion
The heats of formation of the tetramethyltetra

zene and 1 ,1 -dimethylhydrazine were calculated 
using —68,316 and —94,059.6 (at. wt. C =  12.011) 
cal. mole- 1  as the heats of formation of water and 
carbon dioxide, respectively, and our experimentally 
determined values of —841.47 ±  0.21 and
—473.28 ±0.43 kcal. mole- 1  as the heats of combus
tion of tetramethyltetrazene and 1 ,1 -dimethylhy
drazine, respectively. These values are listed in 
Table I.

The N = N  bond energy in the atomization of 
gaseous tetramethyltetrazene was estimated to be
75.9 kcal. mole- 1  by means of our experimental 
heat of combustion of tetramethyltetrazene, its 
heat of vaporization (10.4 kcal. mole-1) calculated 
from vapor pressure data, 10 and reported bond 
energy values. 11

The heat of combustion value for 1 ,1 -dimethyl
hydrazine compares well with the value of —472.65 
±0.70 kcal. mole- 1  reported by Aston . 2 Six de
terminations were made with 1 ,1 -dimethylhydra
zine but three were unacceptable because of carbon 
monoxide in the exhaust gases. The value for

(6) G . W . W a tt and D . M . Sowards, ibid., 76, 4742 (1954).
(7) G . W . W a tt and W . R . M cBride, ibid., 77, 2088 (1955).
(8) L. H. Long and R . G . W . Norrish, Roy. Soc. {London), Phil. 

Trans., C241, Series A  (1949).
(9) W . N . H ubbard, D . N . Scott and G . W addington, J. Am. Chem. 

Soc., 58, 152 (1954).
(10) Unpublished data of A. A dam s and W . R . M cB ride. T h e fol

low ing expression was found to hold over th e  tem perature range indi
cated

log P = -  227y  -  +  8.5620 (25-50°)

(11) S. S. Penner, “ C hem istry Problem s in J e t  Propulsion," Perga- 
mon Press, New Y o rk , N . Y ., 1957, p. 62.
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Compound

Tetramethyltetrazene

1,1-Dimethylhydrazine

T a b l e  I

C o m b u s t i o n  D a t a

T ota l heat A u x. m aterial Fuze H N O j
- A H « c ,  

kcal./mole
A//°f,

kcal./m oleSample w t., g. 
(vacuum)

evolved
(cal.)

corm .
(cal.)

corni.
(cal.)

corm .
(cal.)

0.85423 6243.79 -31.61 -12.91 -21 .82 841.62
.90990 6652.32 -31 .61 -  9.68 -29 .94 841.80
.93513 6854.35 -58 .80 -10 .49 -30 .73 840.66
.91851 6712.56 -43 .85 0 -27 .76 841.50
.91000 6657.89 -46 .43 0 -29 .78 841.79

Mean = 841.47 ±  0.21 55.34

.94861 7519.04 -24 .51 0 -43 .52 472.91
.81663 6494.53 -36 .76 -31 .17 474.15
.77797 6169.03 -39 .98 -24 .14 472.79

Mean = 473.28 ±  0.43 11.90

tetramethyltetrazene represents the mean of five 
acceptable determinations. Four were rejected 
for the above reason.

THERMAL EFFECTS IN MAGNESIUM AND 
CALCIUM OXIDES

B y  C. N. R . R a o  a n d  K e n n e t h  S. P i t z e r

D epartm ent o f  Chem istry and Laiorence Radiation Laboratory, 
U niversity o f  C aliforn ia , B erkeley If, California

Received October 7, 1959

In connection with our studies on the transitions 
and thermal anomalies in silver oxide1' 2 we became 
interested in the thermal behavior of magnesium 
and calcium oxides. These oxides show large dif
ferences in the heat contents of the crystalline and 
finely divided samples. 3' 4 The crystalline samples 
of the oxides were prepared by the decomposition 
of the hydroxides at high temperatures while the 
finely divided samples were prepared by the de
composition at relatively low temperatures. We 
have now studied, by the technique of differential 
thermal analysis, the decomposition of Mg(OH ) 2 
and Ca(OH ) 2 and, in addition, a sample of MgO 
prepared by the low temperature decomposition 
of the hydroxide. Since no further work on these 
oxides is now planned, it seems desirable to report 
the rather fragmentary results at this time.

The differential thermal analysis apparatus de
scribed by Pask and Warner6 was used. The 
measurable sensitivity of the apparatus is 0.25 to 
0.5 cal. A constant heating rate of 12° per min. 
was employed in all the runs. The indicated re
action peak temperatures are constant only for a 
given set of experimental conditions. The samples 
of Mg(OH ) 2 and Ca(OH ) 2 were of reagent grade. 
A sample of MgO was prepared by the decompo
sition of the hydroxide around 350° in vacuo (at 
least 95% decomposition took place). Typical 
differential thermal analysis curves are shown in 
Fig. 1.

X-Ray diffraction patterns of the samples were
(1) K . S. P itzer and W . V . Sm ith, J. A m . Chem. S oc., 59, 2633 

(1937).
(2) K . S. P itzer, It. E . Gerkin, L . V . Gregor and C. N . It. Rao, 

“ Sym posium  on Chem ical Therm odynam ics," International Union of 
Pure and A pplied Chem istry, W attens, A ustria, 1959.

(3) W . F . G iauque, J. Am . Chem. Soc., 7 1 , 3192 (1949).
(4) K . K obayashi, Sci. R epts. Tohoku Univ., 34, 153 (1950).
(5) J. A. Pask and M . F . W arner, Am . Ceram. Soc. B u ll., 33, 168 

(1951).

taken using a North American Phillips diffractom
eter fitted with a geiger-counter recording device.

Magnesium hydroxide first showed a very large 
endothermic reaction peak around 500° due to the 
decomposition of the hydroxide to the oxide and 
water vapor, immediately following which was 
observed a small exothermic reaction peak around 
560°. The finely divided MgO prepared by the 
low temperature decomposition of the hydroxide 
showed a small endothermic peak around 390° 
(possibly due to the decomposition of the hydroxide 
impurity or removal of occluded water) and the 
exothermic peak around 450°. This seemed to 
suggest that the exothermic reaction temperature

+
h
<1

h
< - v

is o
to

T c

\

Fig. 1.—Differential thermal analysis curves: (a) alpha- 
beta inversion peak for quartz corresponding to about 4.5 
cal. heat evolution; (b) Mg(OH)2; (c) MgO prepared by 
the decomposition of Mg(OH)2 at 350° in vacuo; (cf) 
Ca(OH)2. The dotted peaks correspond to the decom
position of the hydroxide.
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is dependent on the temperature at which the hy
droxide is decomposed. The Ca(OH ) 2 showed the 
endothermic reaction peak around 600° and the 
exothermic reaction peak around 670°. In all 
these cases, when the samples were cooled down to 
a lower temperature after the completion of the 
exothermic reaction, the repeat differential thermal 
curves did not show the exothermic peaks indicat
ing that these exothermic reactions are irreversible.

There was no difference in the crystal structure 
or the parameter of the oxides before and after the 
exothermic reaction. However, an MgO sample 
heated past the exothermic peak showed consid
erably sharper lines in its X-ray diffraction pat
tern. Such a decrease in the X-ray line widths may 
be taken as evidence for the greater crystallinity 
of the oxide attained after the exothermic reaction.

The heats of these exothermic reactions were 
estimated by comparing the peak sizes with the peak 
size for the alpha-beta inversion of quartz (4.3 
cal. per g.). The heats thus estimated are of the 
order of 300 to 400 cal. per mole for MgO and 
CaO, although curves (b) and (d) in Fig. 1 give 
some indication of continued heat evolution at 
higher temperatures.

The most interesting aspect of these results is 
the sharpness of the heat evolution as contrasted 
with wide variability in the temperature of its 
occurrence. Thus the principal effect covers not 
over a 50° range in temperature in any one case, 
but it occurs at a temperature over 1 0 0 ° higher for 
sample (b) than for sample (c). There is every 
reason to believe that a reduction of surface area6 
occurs when finely divided MgO is heated, but this 
effect probably continues over a wider tempera
ture range. While reduction in surface undoubt
edly contributes to the heat evolution, we suspect 
that the removal of internal crystal defects is also 
important.

Exothermic reactions similar to those reported 
here have been observed in the case of silver oxide7 
and also in hydrates of ferric and chromic oxides.8

The authors are indebted to Professor J. A. 
Pask for the use of his laboratory facilities and to 
Mrs. M. P. Lewis for her generous assistance. 
The research was performed under the auspices 
of the U. S. Atomic Energy Commission.

(6) See R . I. R azouk and R . Sh. M ikhail, This Journal, 63, 1050
(1959); and references there cited.

(7) K . K obayashi, Sci. R ep . Tohoku XJniv., [I] 35, 173 (1951).
(8) S. K . B h a ttacha ryya , V. S. Ram achandran and J. C . Ghosh, 

Adv. in  Catalysis, 9, 114  (1957).

THE HEAT OF ISOMERIZATION OF THE
cis AND trans ISOMERS OF

9-METHYLDE C AHYDRON APHTH ALENE
B y  W i l l i a m  G .  D a u b e n , O . R o h r ,

Department o f  Chemistry, U niversity o f  Californ ia , B erkeley 4 » California

A b b a s  L a b b a u f  a n d  F r e d e r i c k  D .  R o s s i n i

Chem ical and Petroleum  Research Laboratory, Carnegie Institute o f  
Technology, Pittsburgh 13, Pennsylvania
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The heat of isomerization of irans-decahydro- 
naphthalene to cfs-decahydronaphthalene in the 
liquid state, measured as the difference in the

heats of combustion, was reported in 1941 by 
Davies and Gilbert1 to be AH =  2.1 kcal./mole 
at 25°. Using the concept of the non-bonded 
interactions characteristic of skew butane conforma
tion, 2 Turner3 evaluated the difference in energy to 
be 2.4 kcal./mole for the gaseous state, which be
comes 2.1 kcal./mole for the liquid state. More 
recent experimental measurements of the heats of 
combustion of very pure API Research samples of 
the c i s  and t r a n s  forms of decahydronaphthalene 
in the liquid state, by Speros and Rossini, 4 yield 
AH =  2.69±0.31 kcal./mole at 25° for the heat 
of isomerization of the t r a n s  form to the c i s  form.

Applying the same conformational concepts to 
the c i s  and t r a n s  forms of 9-methyldecahydro- 
naphthalene, Turner3 predicted that the t r a n s  
isomer would be more stable than the c i s  isomer 
by only 0 . 8  kcal./mole, this smaller difference in 
energy being due mainly to the interactions of 
additional non-bonded atoms. Since the 9-methyl- 
decahydronaphthalene structure is a common 
structural unit in many natural products, it was 
important to obtain experimental evidence with 
regard to the reliability of conformational analysis 
in this latter type of system.

Samples of the c i s  and t r a n s  forms of 9-methyl- 
decahydronaphthalene were synthesized at the 
University of California by methods described 
earlier, 6 and purified for *he calorimetric measure
ments. The properties o: the two samples were as 
follows: c i s  form, b.p. 93-94° at 20 mm., nv> 
1.4788 at 27°; t r a n s  form, b.p. 91-93° at 20 mm., 
wd 1.4749 at 27°. By gas phase chromatographic 
adsorption, using a 240-foot column containing 
Tween (giving about 50,000 theoretical plates), 
each isomer was found to contain 1 . 8  to 2 .0 %  of 
the other isomer. 6

Measurements of the heats of combustion of the 
two compounds were made in the apparatus7’8 of 
the Thermochemical Laboratory at the Carnegie 
Institute of Technology. Five calorimetric ex
periments were completed for each compound, 
using the procedure previously described. 9 The 
amount of reaction in each experiment was de
termined from the mass o: carbon dioxide produced 
in the combustion, which was near 2.75 g. in each 
experiment and measured to 0.1 mg. No evidence

(1) G . F . D av ies and E . C . G ilbert, J . A m . Chem. Soc., 63, 1585 
(1941).

(2) For a discussion of the conform ational concepts involved, see 
W . G . D auben and K . S. P itzer, “ St-eric Effects in O rganic C h em istry ,”  
edited b y  M . S. New m an, published b y  John W iley and Sons, N ew  
Y o rk , N . Y ., 1956, p. 23.

(3) R . B . Turner, J . A m . Chem. S o c ., 74, 2118  (1952).
(4) D . M . Speros and F . D . Rossini, Paper in  preparation, Chem ical 

and Petroleum  Research L aboratory, Carnegie In stitu te of Technology, 
Pittsburgh 13, Pennsylvania.

(5) W . G . D auben, J. B . R ogan and E . J. Blanz, Jr., J. A m . Chem. 
Soc., 76, 6384 (1954).

(6) These analyses were kindly perform ed b y  D r. R o y  Teranishi, 
W estern Regional Research L aboratory, U . S. D epartm ent of A gri
culture, A lbany, California.

(7) C . C . Brow ne and F . D . Rossini, paper in preparation, C hem ical 
and Petroleum  Research L aboratory, C arnegie In stitute of Tech
nology, Pittsburgh 13, Pennsylvania.

(8) A . L abbauf and F . D . Rossini, paper in  preparation, Chem ical 
and Petroleum  R esearch Laboratory, C arnegie In stitu te  of T ech 
nology, P ittsburgh 13, Pennsylvania.

(9) W . H. Johnson, E . J. Prosen and F . D . Rossini, J. Research N atl. 
Bur, Standards, 42, 251 (1949).
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Table I
Results of the Combustion Experiments 
(See ref. 9 for explanation of the symbols).

No. of 
expt.

A v.
mass of 
C 0 2, g.

k X  10<, 
min.~ 1

K  X  10«,
ohms

u x 104,
ohms

ARc,
ohms

Ari X  IO4, 
ohms

Arn X  10*, 
ohms

A v.
valu e of B, 

ohm s/g, C O 2

Stand, dev. 
of the mean, 
ohm s/g. C O 2

9-Methyl-«'s-decahydronaphthalene
5 2.86 16.07 7 . 7 3 0.13 0.183196 3 . 4 5 0 . 1 0 0.069169 ±0.000011

to to to to to to

16.52 12.81 4.17 0.202214 3.49 0.14

9-Methyl-irans-decahydronaphthalene
5 2.76 16.17 10.59 -0 .0 2 0.187079 3.39 0.06 0.069111 ±0.000009

to to to to to to
16.60 15.03 -3 .0 4 0.193369 3.55 0.11

Table II
Values“ of the Standard Heats of Combustion and Formation of O-Methyl-ciV decahtdronaphthalene and

9-M E TH Y L-frem S-D E C A H Y D R O N A P H T H A LE N E
B — AEb — AE° 

a t 30°, 
kj./m ole

— A H e0 
a t 30°, 

kj./m ole

,------------Atfc°---------- s a  m o 
a t  25°, 

kcal./m ole
' Compound- 

N am e Form ula State
it t ûO ‘ ,

ohm/g. C O 2
a t o0 , 

kj./m ole kj./m ole kcal./m ole

9-Methyl-cis-deca- c „ h 2„ Liq. 0.069169 6930.37 6928.38 6941.00 6943.06 1659.43 -58.31
hydronaphthalene ±0.000022 ±1.88 ±1.88 ±1.88 ±1.88 ±0.45 ±0.47

9-Methyl-inms-deca- C11H20 Liq. 0.069111 6924.56 6922.57 6935.19 6937.24 1658.04 -59 .70
hydronaphthalene ±0.000018 ±1.72 ±1.72 ±1.72 ±1.72 ±0.41 ±0.44
“ The uncertainties in this table are twice the standard deviation.

of incomplete combustion was found in any of the 
experiments reported. The results are listed in 
Tables I and II. These data give for the reaction 
9-methyl-irans-decahydronaphthalene (liquid) =

9-methyl-cis-decahydronaphtha.lene (liquid ), 
AH =  1.39 ±  0.64 kcal./mole, at 25°

Within the respective limits of uncertainty, this 
value is in substantial accord with the predicted 
value3 arrived at using the concept of non-bonded 
atoms.

Assuming the values of the change in entropy 
for the preceding reaction to be the same as found 
by McCullough, et al.,10 (see also reference11) 
for the corresponding trans and cis isomers of deca- 
hydronaphthalene, namely, 0 . 0 2  cal./deg. mole for 
the liquid state at 25°, with an uncertainty esti
mated to be near ±0.5  cal./deg. mole, it is to be 
expected that 9-methyMrans-decahydronaphtha- 
lene will be more abundant than the cis isomer at 
equilibrium at 25°.

(10) J. P„ M cC ullough, H. L . Finke, J. F . M esserly, S. S, Todd, T . C . 
K incheloe and G . W addington, J. Phys. Chem., 61, 1105 (1957).

(11) N . L . Allinger and J. L . Cook, J. Am. Chem. Soc., 81, 4080 
(1959).

ADSORPTION ON POROUS SOLIDS
By Bert H. Clampitt and Dale E. German

Physical Sciences Staff, Boeing Airplane Company, Wichita Division, 
Wichita, Kansas

Received October 10, 1959

The original Brunauer-Emmett-Teller (BET) 
theory of adsorption1 was extended by Brunauer- 
Deming-Deming and Teller (BDDT ) 2 to include 
adsorption by porous solids. The latter theory

(1) S. Brunauer, P . H. Em m ett and E . Teller, J. Am. Chem. Soc., 60, 
309 (1938).

(2) S. Brunauer, L . S. Dem ing, W . E . Dem ing and E . Teller, ibid., 
62, 1723 (1940).

leads to an equation involving four constants. 
Two of these, “ Vm”  and “ c,”  are found in the orig
inal BET theory; while the others, “n”  and “ g,”  
are unique to adsorbents containing capillaries. 
The BET “ c”  constant recently was modified3 to 
give heats of adsorption in closer accord to calori
metric heat values. It is the purpose of this note 
to extend the previous treatment to include the 
BDDT theory. It will be shown that the “ g”  
constant proves to be a unique property of the ad
sorbate, and can be determined without recourse to 
adsorption experiments.

Method
It was shown previously3 that the liquid-vapor 

surface energy is important even in adsorption on a 
non-porous surface, since it makes E l vary with 
the number of adsorbed layers; indeed it was shown 
that

e l =  T— l  AHo +  1  Affs ( d
m m

where m is the number of liquid layers, AH0 is the 
heat of vaporization of bulk liquid, and AHB is the 
heat of vaporization of the surface layer. AHB may 
be calculated from surface tension data by means of 
the equation

aH, = AHo -  1.35 [ifcr +  7 (^ ~ )Vi]  (2)

where k is the Eotvos constant, y  the surface ten
sion, p the density, M  the molecular weight, and T 
the absolute temperature.

The “ g”  constant in the BDDT theory arises 
because the last adsorbed layer in a capillary is at
tracted on both sides, releasing the surface energy 
of the liquid. This gives rise to an additional ad-

(3) B . H . Clampitt and D . E. German, This Journal, 62, 438 
(1958).
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sorption energy “ Q,”  and “ g”  is defined as g =  
exp (Q/RT).

Consider that the capillary is filled but for one 
molecular layer; then the total energy of adsorption 
of {n — 1) layers is according to the BDDT theory 

l^totai — E ,  ( n  — 2 ) E h  (3 )

As in the original BET theory, it was assumed that 
El was equal to the heat of liquefaction of bulk 
liquid; however, equation 1 indicates that E l is a 
function of the number of liquid layers present. 
Combining (1 ) and (3) gives the total energy of ad
sorption of (n — 1 ) layers as

Etotai =  £ ,  +  ( « -  3 )A H »  +  All's (4 )

The addition of the last adsorbed layer makes the 
entire system approach the conditions of bulk 
liquid; therefore, all of the layers above the first 
adsorbed layer do have an energy of adsorption 
equal to that of bulk liquid. The (n — 1) layers 
now have an energy of adsorption given by equa
tion 3, where El is equal to the heat of liquefaction 
of bulk liquid. Q, therefore, equals the new energy 
of adsorption of all the lower layers, minus the old 
energy of adsorption of all the lower layers or 
Q =  [ E i + i n -  2)AH°] -  [E, +  {n -  3)AH° +  AH„]

(5)
or

Q =  A  HO -  AH a (6 )

Combining equations 2 and 6  gives

Q = 1-35 [fcr  +  7  ( t ) 27’]  (7)

where Q is expressed in calories and y  is expressed 
in ergs/cm.2. By means of equation 7 “ Q,”  and 
therefore “ g,”  may be determined independently 
of adsorption experiments.

The BDDT paper also indicated that if C >  >  1, 
then in the neighborhood of saturation pressure, the 
equation (8 ) is approximately correct.

V = Vm k - n(n — 1)(«. — 2) 
12 \_(nc2 — c2 +  2c)g\ |

(8)
In the BDDT paper “ g”  was unknown and there
fore this formula was difficult to use to evaluate 
“ n.”  As “ g”  is now implicitly known, and as 
(nc2 — c2 +  2 c)g — c~g{n — 1 ), equation 8  reduces 
to the simple quadratic

n2 — (6 g +  2 )n + 127(1 )g 
Vrn = 0 (9)

where F (l)  represents the amount of vapor ad
sorbed at saturation pressure. Provided C »  1 
(he., at least 1 0 ) this equation serves very well for 
determining “ n.”  This is true for the great ma
jority of adsorbent-adsorbate systems.

Results and Discussion
The BDDT theory generally has been recognized 

as a logical extension of the BET theory to porous 
solids; however, the equation is rather complex and 
the evaluation of the constants “ n”  and “ g”  by 
successive approximations makes its use extremely 
difficult. If “ g”  is implicitly known, then only one 
arbitrary constant remains and it may be rather 
easily evaluated. Indeed the order of magnitude 
of “ n”  can be determined from equation 9.

Fig. 1.—Best fit of experimental curve.

Fig. 2.—Poorest fit of experimental curves.

The data of Lambert and Clark4 for the adsorp
tion of benzene on ferric oxide gel were used orig
inally to test the BDDT theory. The constants 
“ g”  and “ n”  were determined by trial and error 
to give the best fit of the experimental data. Equa
tions 7 and 9, however, lead to the same numerical 
results with considerably less effort.

The BDDT equation was used to fit the data of 
several other workers with the results shown in 
Table I. In each case the value of “ g”  was deter
mined from equation 7 and the approximate value 
of “n”  from equation 9. The exact value of “ n”  
was determined as the best fit of the experimental 
curve as determined on an IBM 610 computer. In 
all cases where C >  10, the two values of “n”  agree 
within 4%.

The agreement between the theory and the ex
perimental curves is shown in Figs. 1 and 2 . In 
these figures the solid lines represent the experi
mentally determined adsorption isotherm while the 
points are calculated from the BDDT equation. 
Figure 1 probably represents the best fit of the ex
perimental curve; while Fig. 2 shows the poorest

(4) B. Lam bert and A . M . Clark, P roc. R oy. Soc. (London ), A 1 2 2 , 
497 (1929).
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T a b l e  I
D a t a  F it  to  th e  BDDT E q u atio n  

A d- T
A dsorbent sorbate (°K .) I’m C g n R ef.

Ferric oxide gel Benzene 323 0.081 27.0 13.0 7 6 4
Silica plug Benzene 299 77 .0 18.35 16.0 5 23 5
Silica plug C yclo 

hexane 299 53 .9 5 .3 1 13 .8 35 5
Silica plug n-Hexane 299 54.6 10.75 14.0 25 5
Silica-alum ina

gel Nitrogen 78 70.07 7 9 .7 8.58 1 1 . 5 6
C atalysis -600 N itrogen 78 98.8 65.0 8.58 7 7
C atalysis —680 Nitrogen 78 8 8.5 57.0 8.58 7 7
C atalysis -970 N itrogen 78 4 3.5 65.0 8.58 7 7

agreement. In the other cases the agreement was 
intermediate between the results shown in Fig. 1 
and 2 . It should also be pointed out that variation 
of “ g”  from the calculated value did not improve the 
fit of the experimental curve. On the whole, it is 
felt that the theory adequately represents the ex
perimental adsorption isotherm.

In order to calculate adsorption isotherms at 
different temperatures, the BDDT paper assumes Q 
to be independent of temperature. Examination 
of equation 7 reveals this to be a necessary conse
quence of this equation. This interesting fact also 
means that Q can be evaluated at any temperature, 
where surface tension and density data are avail
able, and the results will be applicable at the adsorp
tion temperature.

(5) J. J. V an Voorhis, R. G . C raig  and F. E . B artell, This Journal, 
61, 1513 (1957).

(6) W . D . H arkins and G . Jura, J . A m . Chern. S o c ., 66, 1366 (1944).
(7) H. E . Ries, Advances in  C atalysis, 4, 87 (1952).

CHEMICAL KINETICS OF THE 
ZIRCONIUM-HYDROFLUORIC ACID 

REACTION 1

By W. J. Ja m e s , W. G. C u st ead  an d  M. E. Stb a u m a n is

Departm ents o f  Chemical and M etallurgical Engineering, School o f
M in es and M etallurgy, U niversity o f  M issouri, R olla, M issouri

R eceived October 24, 1959

Many reports have been published on the re
sistance of zirconium and its alloys to chemical 
attack, particularly in more recent years with 
respect to corrosion in water and steam at elevated 
temperatures. Published material pertaining to 
the corrosion of zirconium in hydrofluoric acid has 
been more limited. However, interest in the 
aqueous processing of zirconium-uranium reactor 
fuels has stimulated more research into the zir
conium hydrofluoric acid reaction and is reflected 
in the recent literature. 2 - 6

In particular Smith and Hill3 using radioactive 
Zr96 as a tracer measured the rates of dissolution in 
HF-HC1 mixtures up to approximately 0.5 N. 
They found the reaction to be first order with 
respect to un-ionized HF, independent of oxygen 
concentration in the vapors above the acid and 
independent of small additions of NO3- , Cl- ,

(1) This w ork supported b y  the U. S. A tom ic E n ergy Comm ission.
(2) J. C . Baum rucker, Dissolution of Zirconium  in H ydrofluoric 

A cid , AN L-5020 (M arch 31, 1950).
(3) T . Sm ith and G . R . H ill, J. Electrochem. S oc., 105, 117  (1958).
(4) M . E . Straum anis, W . J. James and A . S. Neim an, Corrosion, 15, 

286t (1959).
(5) E . M . Vander W all and E . M . W hitner, In d . E ng. Chern., 51, 51 

(1959).

C104- , F - , HF2-  and K+ to the acid. From their 
value of the activation energy they concluded the 
slow step to be one of diffusion of molecular HF 
through an effective boundary layer.

The purpose of this study was (1 ) to extend the 
dissolution studies above 0.5 N  HF using pressure 
measurements of evolved hydrogen for rate de
terminations, (2 ) to study the effect of temperature 
on rate, (3) to investigate the effect of noble salt 
additions to the acid, and (4) to explain the mecha
nism of dissolution.

Experimental
Material and Apparatus.—A low-hafnium content zir

conium was used with an average analysis: O, 0.11%; 
N, 0.005%; Fe, 0.04%; Hf, 0.01% b.w. After rolling, the 
zirconium was given a stress relief by an annealing treat
ment in vacuo for 30 minutes at 7000.

The apparatus operated on the principle of measuring a 
differential pressure between a selected standard atmosphere 
and the resulting pressure of the gaseous product formed in 
the unplasticized polyvinyl chloride reactor vessel. Use of 
a differential pressure between the reaction vessel and a 
ballast vessel of the same volume containing the same liquid 
reactant eliminated the necessity of corrections for changes 
in atmospheric pressure and temperature during a run and 
for vapor pressure effects of the liquid reactant. Further
more, it permitted the study of reactions at pressures up to 
the operating pressure limit of the reactor (165 p.s.i.a.) and 
down to the equilibrium vapor pressure of the liquid reac
tant.

Zirconium samples were mounted in unplasticized poly
vinyl chloride in a metallographic mounting press at 6000 
p.s.i. and 130°. The polished sample was attached to the 
stirrer so as to expose approximately 1 cm.2 of surface area. 
Due to the relatively large volumes of liquid used (500 ml.), 
changes in temperature of the bulk solution did not exceed 
more than one degree up to 1.0 A  and two degrees to 3 A.

The Rates.—Since the velocity of the liquid across the 
sample surface influences the rate of dissolution, the effect of 
stirrer speed was studied on samples in 0.25 A  HF at 30°. 
The rate of hydrogen evolution was found to be directly 
proportional to the stirrer speed, r = 0.7s — 200 where r is 
in units of mm.3 cm.-2 min.-1 and s is the stirrer speed in 
r.p.m. In this study a stirrer speed of 90 r.p.m. was arbi
trarily selected in order to approximate the measured rates 
observed in a previous study at lower concentrations.4

The differential pressures recorded on the chart were con
verted into mm.3 of H2 evolved. The rates were calculated 
using the expression

1000 AV 
AM (I)

where r = rate in mm.3 cm.-2 min.-1, V — cc. of H2 at STP 
evolved in At minutes, A =  area of the sample in cm.2, or

2 .0 3 5 A F
AM (II)

where r is now in units of mg. of Zr cm.-2 min.-1.
The reaction rates were observed for an acid concentration 

range of 0.1 to 3.0 A at a temperature of 30° in aqueous HF. 
At concentrations above 3.0 A the reaction was so rapid that 
accurate measurements could not be made. The rate equa
tion for the dissolution of zirconium in these concentrations 
was assumed to be

= ¿[HF]“ (III)

A plot of log rate v er su s  log acid concentration (stoichiomet
ric) is shown in Fig. 1. In concentrations up to approxi
mately 0.5 A  the reaction obeys a first-order rate law. The 
deviation from linearity at higher concentrations would 
appear to indicate that either the order of the reaction is 
changing or that the rate is not proportional to HF only at 
these higher concentrations. Rates also were observed in 
the same concentration range in mixtures of HF and 1 A  
HC1 to control the equilibrium concentrations of fluoride 
complexes.

The rate of hydrogen evolution in the HF-HC1 mixtures
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was higher but similar in shape to that of pure HF, Fig. 1. 
Thus, the effect of added HC1 apparently was to shift the 
equilibrium further in the direction of un-ionized HF thereby 
increasing the rate of hydrogen evolution.

Influence of Temperature on Rate.—The equipment was 
similar to that used by Straumanis, et al.* The experiments 
were made at seven concentrations of acid from 0.01 to 0.25
N. Duplicate runs were made at 30, 40, 50 and 60° in each 
of the seven concentrations. The temperature was con
trolled to within ±0 .2°. A stirring speed of 200 r.p.m. was 
maintained throughout all runs.

From plots of initial rate versus HF concentrations at each 
temperature, specific reaction rate constants were calcu
lated. From a graph of log k versus 1/T an activation en
ergy of 3.8 kcal./mole was obtained.

The increase in rate above 0.51V suggested the possibility 
of higher temperatures at the liquid-metal interface than 
in the bulk solution. Accordingly the change in tempera
ture (AT') was investigated by attaching an iron-constantan 
thermocouple to the back of a mounted zirconium specimen 
immersed in various concentrations of HF stirred at 200 
r.p.m. (Fig. 2).

Effect of Noble Salt Additions.—Gold chloride, platinum 
chloride and silver nitrate additions were made after suffi
cient time had elapsed to allow the rates to become constant 
in pure acid. A rate increase was observed in the first ten 
minutes following addition after which there was a rather 
rapid and continuous drop for the remainder of the runs. 
All samples were covered with loose deposits identified by 
X-ray analysis as the respective reconstituted noble metals. 
For equivalent amounts of added salts the platinum was 
most effective in passivating the metal surface (93%) 
with silver next (18%) and gold (16%).

A plot of rale versus time is shown for a platinum chloride 
addition (Fig. 3).

Discussion and Conclusions
At 30.0° and a concentration of 0.25 N  HF the 

value of k expressed in g{Zr) cm . ~ 2 min. - 1  (mole 
HF ) - 1  liter is 4.3 ±  0.4 X  10-3.

On the basis of an activation energy of 3.8 
kcal./mole (Smith and Hill, 3.34) 8 (Baumrucker, 
4.2) 2 (Vander Wall and Whitner, 6 .6 ) 6 and the 
fact that the rate increases at high HF concentra
tions (excluding the slow step as one of adsorption) 
it is likely that the slow step is diffusion of molecular 
HF to the metal surface. The high value of ac
tivation energy obtained by Vander Wall and Whit
ner was observed in H F-H N 0 3 solutions. The 
high concentration of H N 03, a strongly oxidizing 
acid, would favor the formation of oxide layers 
which in turn would further hinder the diffusion of 
HF molecules resulting in lower rates and a higher 
activation energy. In our studies we have also 
observed that the addition of oxidizing agents such 
as CrOv and M n04-  reduces the rate of reaction 
considerably.

Up to approximately 0.5 N  IIF the reaction is 
first order with respect to (HF)UI1. In concen
trations of HF or HF-HCI mixtures up to ap
proximately 0.4 N, a black film, ZrH2, is present 
on the metal surface. 4 '6 In the vicinity of 0.4 N  
the hydride is quite soluble in HF and this may in 
part account for the increased rate since the HF 
need no longer diffuse through the porous hydride. 
In addition, Fig. 2 suggests that a temperature 
gradient exists in the boundary layer which could 
account further for some of the observed increase 
in the rate. However, the temperature coefficient 
is far too small to account for all of the increase.

It is interesting to consider the reactions which 
might occur in the sample surface. Even high

(6) W . J. James and M . E . Straum anis, J . Electrochem . S oc., 106, 631 
(1959).

HF, N.
Fig. 1.—Plot of hydrogen evolution rate versus HF concen

tration for zirconium dissolving in HF at 30°.

HF, N.
Fig. 2.—Difference in temperature between bulk solution 

and metal-liquid interface as a function of HF concentration 
for zirconium dissolving in HF.

Time, min.
Fig. 3.—Rate of hydrogen evolution versus time upon 
adding PtCl4 at the 70th minute to Zr dissolving in HF.

purity zirconium is covered with a thin tenacious 
oxide layer. Thus, the reaction probably begins
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by the attack of HF on the oxide layer with subse
quent formation of the hydride layer up to 0.4 N  
HF. Once the oxide layer is removed or traversed 
by HF the reaction of zirconium can take place by 
direct chemical attack of un-ionized HF.

The increase in rate of Zr dissolving in HF-HC1 
mixtures can be attributed to a shift in equilibrium 
to un-ionized HF, increase in conductivity of the 
solution and an increase in the solubility of the 
reaction products.

The small initial rate increases observed with 
noble metal salt additions are difficult to explain. 
They may be attributed to increased cathodic 
areas in local cells (as postulated in electrochemical 
dissolution). The subsequent decrease of reac
tion rate is then due mainly to passivation of the 
surface by the plating of noble metal and in part 
due to the increasing anodic current. Vander 
Wall and Whitner5 added silver nitrate and re
ported no effect. However, it should be noted 
that the addition was made in the presence of 
strongly oxidizing nitric acid, thus preventing 
the reduction of Ag+.

It should be emphasized that this study is not 
just typical of the particular sample used since 
almost identical results were obtained with zir
conium samples containing 3% hafnium. Studies 
now in progress on hafnium, titanium, and solid 
solutions ZrCh, TiCh, are resulting in activation 
energies of the same magnitude lending further 
support to the idea that these reactions are not 
controlled by a chemical activation step.

DETERM INATION OF AF\m, A /T238 AND 
AS°298 FROM EQUILIBRIUM DATA AT 

VARIOUS TEMPERATURES
B y  J o h n  L . M a r g r a v e

Departm ent o f  Chemistry, U niversity o f  W isconsin , M adison, W isconsin  
Received Septem ber 21, 1959

The usefulness of the free energy function for 
treatment of equilibrium data to yield A//°298 has 
been widely demonstrated.1 In some cases, one is 
prevented from developing reliable thermodynamic 
data at 298 °K. by the lack of low temperature heat 
capacities and adequate entropies. There are, 
however, often available heat capacity data above 
298°K. where measurements are somewhat easier. 
These data are normally utilized for calculation of 
thermodynamic properties at a desired tempera
ture by empirical heat capacity equations and ACP.2

(1) (a) Various papers in the literature, especially high tem perature 
vapor pressure measurements; (b) J. L . M argrave, J. Chem. Ed., 32, 
520 (1955).

(2) G . N . Lew is and M . R andall, “ Therm odynam ics and the Free 
Energy of Chem ical Substances,”  M cG raw -H ill Book C o., N ew  Y ork, 
N . Y ., 1923, pp. 102-105 and 173-175.

A more convenient method is outlined here which 
makes maximum utilization of available equilibrium 
data on systems for which (H°29s — H°0) and S°w$ 
are not known but high temperature heat contents 
have been measured and tabulated as (H°t — H°2m) 
and ($°t — *S°298).8

Consider the free energy function

(1)

(2)

( F,t -  go,„  ̂ = _ S0t +  ( g°T -  g y )

= -  (S°T -  S'W  -  7/ m8)

For a chemical reaction, the change of free energy 
function is

* (
F0 t — i?°:

T
- A ($ ° t

A F °t

~ T ~o-
aS°2 9s) — A$°2'

Ai?°298
~ ~ T ~  

+  A ( r °t -  h °298)  (3)

A F ° t
+  A (S °T -  S « ,38) -  a ( " ° T t  7 / "MK)

& H%
-  S \ , (4 )

One may define a function <p =
( H \

-A  (S'1-

L

<S°238) +
t c°pj r

298 T  1

T — H t:298^

h i
C \ A T

Thus

$  =  —p  — Aip =  — R  ln K A <p =

Ai/°298

(5 )

(6)

-  AS°2f,8 (7 )

and, when $ is plotted versus l/T, the curve should 
be a straight line of slope AH°22$ and intercept at 1/ T 
=  0 equal to A.S'W At T =  298 °K. 4 — AF°2%, and 
this value can be used to check AH022a and A*S°298. 
Analytically, one may obtain independent values 
of AH°ms and A£°298 from every pair of equilibrium 
measurements.

This treatment yields a highly reliable AH\% 
definitely better than can be obtained by ignoring 
available heat capacity data above 298 °K. or by 
simply extrapolating a log K r vs. l/T plot back to 
298°K. The approach should find application in 
high temperature calculations, and might also be 
useful for converting solution equilibrium data at 
temperatures other than 298 °K. to the standard 
reference temperature. When necessary, values of 
A<p should be somewhat easier to estimate than A

T ^  29ŝ  since C°p is a nearly linear function 
at 298 °K. and above for many substances.

(3) For example, see K . K . K elley, U. S. Bureau of M ines, Bulletin 
470, 1949.
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Coverage of 60 papers presented at the 
International Ozone Conference directing 
interest towards the current contributions 
concerning ozone as it affects science and 
technology. At one time primarily an im
portant reagent of the organic chemist, 
ozone now has the interests of meteorologist, 
photochemists, organic and analytical chem
ists and plant physiologists.

Cloth bound—3-66 pages—$7.00

o r d e r  f r o m :
Special Issues Sales 
American Chemical Society 
1155 Sixteenth Street, N. W. 
Washington, D. C.



SAMPLE CAVITY OF THE NEW 
100 UC ÉPR SPECTROMETER, 
SHOWING RADIATION SLOTS 
AND VARIASSE TEMPERATURE

VARIAN 100-KC EPR SPECTROMETER WITH STANDARD SIX-INCH MAGNET.

N E W  V A R I A N

lOOkcEPR
S P E C T R O M E T E R
(E le c t r o n  P a ra m a g n e t ic  R e s o n a n c e )

A  RECENT ADVANCE IN INSTRUMENTATION ACHIEVES 
THE FINEST IN SENSITIVITY AND VERSATILITY

h ig h  s e n s it iv it y  — A t  a  r e s p o n s e  t im e  o f  
o n e  s e c o n d , th e  l im it in g  s e n s i t iv i ty  o f  th e  in stru 
m e n t  i s  2 x l 0 11A H  u n p a ir e d  e l e c t r o n  s p in s ,  
w h e re  A H  is th e  s ig n a l l in e  w id th  in  ga u ss. This 
high sensitivity has been achieved through the 
use of 100 kc magnetic field modulation together 
with a special frequency stabilization system.

SAMPLE TEMPERATURE CONTROL —The
sample temperature can be controlled to within 
1°C anywhere in the range —196°C to +300°C  
by means of a quartz Dewar insert system utiliz
ing gas flow.
W rite  th e  In stru m en t D iv is io n  f o r  lite ra tu re  w h ich  fu lly  e x 
p la in s  th e  1 0 0  k c  E P R  S p e c t r o m e t e r  a n d  its  a p p lica t io n  to  
b a s ic  a n d  a p p lie d  r e s e a r ch  In p h y s ic s , c h e m is tr y , b io lo g y  
a n d  m e d ica l r e s e a r ch .

s a m p l e  irrad iatio n  — A slotted window on 
the cavity permits the sample to be irradiated 
during EPR observation with U-V or visible 
light, with no adverse effect on the microwave 
properties of the cavity.

r a pid  r e s p o n s e  — For studying rapid reac
tions, the instrument is capable of response times 
as short as 100 microseconds.

o s c il l o s c o p e  pre se n ta tio n  — For quick 
observation, an oscilloscope presentation cover
ing 75 gauss of the spectrum is available at a 
sensitivity of 1013AH unpaired electron spins.

V A R I A N
P A L O  A L T O  52,

a s s o c ia t e s
C A L I F O R N I A

K LYSTR O NS, W AVE TU B E S , GAS S W ITC H IN G  T U B E S , M A G NETR O NS, H IG H  V A C U U M  E Q U IP M E N T, LIN EAR  A CCELER ATO RS, M ICR O W AVE S Y S TE M  C O M P O N EN TS, 

NM R & EPR S P EC TR O M ETER S, M A G N ETS, M A G N E TO M E TE R S , S TA L 0 S , POWER A M P LIFIE R S , GRAPHIC RECORDERS, RESEARCH AN D  D EV ELO P M EN T S ER V IC ES
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