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AN ELECTROCHEMICAL STUDY OF HYDROGEN PRODUCING REACTIONS 
CATALYZED BY GOLD AND GOLD-PALLADIUM CATHODES

B y  S i g m u n d  S c h u l d i n e r  a n d  J a m e s  P .  H o a r e

Naval Research Laboratory, Washington, D. C.
Received July 25, 1956

The hydrogen overvoltage of gold, /3-phase-palladium-hydrogen, and gold-palladium alloys of Au/Pd atomic ratios 0.24> 
0.43, 0.88 and 2.70 were determined. It was found that the rate-controlling step for the hydrogen producing reaction on 
/3-phase-palladium-hydrogen alloy, and gold-palladium alloys up to a A u/Pd ratio of 0.6 was the electrochemical desorption; 
beyond this ratio and for pure gold the rate-controlling step was the combination of hydrogen atoms. The effect of succes
sive additions of the alloying gold on the decrease in catalytic activity of palladium was large up to the 0.6 Au/Pd atomic 
ratio, but for higher ratios the successive addition of gold produced a much smaller decrease in the catalytic activity. Pure
gold was shown to be an acceptable hydrogen electrode.

Introduction
A recent study1 of the /8-phase-palladium-hydro

gen system in acid solutions showed that the cataly
tic activity for the hydrogen producing reaction on 
cathodic polarization was higher than the catalytic 
activity for the hydrogen producing reaction on a- 
phase-palladium.2 This indicated that when the 
positive holes in the d-bands of palladium were 
filled with electrons from hydrogen atoms, the cata
lytic activity of the palladium surface was increased. 
A series of gold-palladium alloys were used to de
termine the effect on hydrogen overvoltage and 
catalytic behavior by the replacement of hydrogen 
with gold in the palladium lattice.

Alloying palladium to approximately a Au/Pd 
atomic ratio of 0.6 was shown by Vogt3 and others 
to lower the paramagnetic susceptibility of the pal
ladium to zero. These authors conclude that this is 
a result of the filling of the positive holes in the d- 
bands of the palladium with electrons from gold 
atoms. When gold is alloyed with palladium, it 
forms solid solutions in which the components are 
completely miscible in all proportions.4 Up to a 
Au/Pd ratio of 0.6, an equivalent number of protons

(1) J. P, Hoare and S. Schuldiner, J. Electrochem. Soc., 102, 485 
(1955).

(2) J. P. Hoare and S. Schuldiner, ibid., in press.
(3) (a) E. Vogt, Z. Metallkunde, 27, 40 (1935); (b) N. F. Mott and •

H. Jones, “ Properties of Metals and Alloys,”  Oxford University 
Press, London, 1936, pp. 190-200; (c) A. Couper and D. D. Eley,
Disc. Faraday Soc., 8 , 172 (1950).

(4) C. J. Smithells, “ Metals Reference Book,”  Vol. I, Butterworth 
Scientific Publ., London, 1955, p. 334.

in /3-phase-palladium-hydrogen alloys are replaced 
with gold ions. Gold added above this amount 
cannot contribute electrons to a d-band.

Experimental
A series of gold-palladium alloys of the following atomic 

percentages of gold were made: 19.3, 29.8, 46.9 and 73.0. 
This gave a series of alloys for which the Au/Pd atomic ratios 
were: 0.24, 0.43, 0.88 and 2.70, respectively. In addition, 
electrodes of pure gold (99.97%) and the /3-phase-palIadium- 
hydrogen alloy were investigated. All measurements were 
made in electrolytically purified 2 N  sulfuric acid solutions 
stirred vigorously with purified hydrogen. The experimen
tal techniques and the Teflon cell used for overvoltage meas
urements were the same as previously described.1’5 Small 
beads of the metals varying in size from 0.125 to 0.150 cm. 
in diameter were used as the working electrodes. Each 
bead was electrolytically cleaned by anodic polarization at 
40 ma. for 200 seconds followed by cathodic polarization 
at the same current and for the same length of time. As 
done in the previous work, pure palladium and gold- 
palladium electrodes were converted to the /3-phase-palla
dium-hydrogen alloy and to the analogous gold-palladium- 
hydrogen alloys, respectively, by this cathodic polarization. 
By this technique all the cathodes studied were ones in which 
the positive holes in the d-ba ids of the palladium vrere com
pletely filled with electrons from either hydrogen or gold 
atoms or both. Interrupter measurements6 were used to 
confirm electrode cleanliness and to determine solution iR  
drop for all determinations. The solution temperature was 
29 ±  1°. It is to be noted that all overvoltage measure
ments were determined against a P t/H 2 electrode in the 
same solution.

Results and Discussion
The hydrogen overvoltage of the Au/Pd series, 

pure gold, and the /3-phase-Pd-H alloy are shown
(5) S. Schuldiner, J. Electrochem. Soc., 101, 426 (1954;.
(6) S. Schuldiner, ibid., 99, 488 (1952).
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ions the rate constant decreases. After the d- 
bands in the palladium are completely filled with 
electrons from gold rather than from hydrogen 
and after an excess of gold atoms are added, the 
rate constant continues to decrease, but at a much 
slower rate. The relationship between the rate 
constant — (di/drj) and the atomic ratio Au/Pd is 
shown in Fig. 3a. The curve in Fig. 3b was pre
pared by determining geometrically the slope of the 
— (di/dy) vs. Au/Pd atomic ratio curve in Fig. 3a 
at the points corresponding to those Au/Pd compo
sitions used in the overvoltage measurements; 
and by plotting these slopes against the Au/Pd 
atomic ratio. This curve (Fig. 3b) which shows the 
change in rate constant with increasing atomic ratio 
vs. atomic ratio emphasizes the fact that beyond an 
atomic ratio of 0.6 there is a sharp decline in the 
change of the catalytic activity of the hydrogen 
producing reaction. In other words, when the 
positive holes in the palladium d-bands are partially 
filled with electrons from hydrogen atoms and the 
remaining holes are filled with electrons from gold 
atoms, the catalytic activity of the alloy is markedly 
decreased by increasing the ratio of gold ions to 
protons. However, once the positive holes in the 
palladium are completely filled with electrons from 
the gold atoms (0.6 atomic ratio) and the gold con
tent is increased by adding gold atoms, the effect 
on the catalytic activity for the over-all hydrogen 
producing reaction owing to these added gold atoms 
is small.

In cases where palladium is a component of the 
electrode material, the overvoltage curves exhibited 
a plateau (see Fig. 1). This may be interpreted as 
meaning that hydrogen is dissolved as atomic hy
drogen in the lattice of these alloys.1'8 When the 
plateau is reached the alloy is saturated with atomic 
hydrogen and the rate constant for the hydrogen 
producing reaction becomes very large (see below). 
It will be observed that as the gold content was in
creased the plateau was reached at higher overvolt
age values. It is suggested that this is the case 
because as the gold content is increased the electro
chemical energy needed to saturate the lattice with 
hydrogen atoms is increased.

Couper and EleySc showed that while there were 
positive holes in the d-band of palladium, the ac
tivation energy of the parahydrogen conversion was 
constant at 3.5 kcal./mole. The activation energy 
abruptly increased to 8.5 kcal./mole at the point 
where the d-band of palladium was completely 
filled with electrons from added gold. Experi
ments which involved the addition of electrons 
from hydrogen atoms rather than gold also showed 
a sharp increase in the activation energy when the 
d-band of the palladium was filled. These authors 
pointed out that the hydrogen atoms would be more 
strongly adsorbed on the surface of palladium with 
vacancies in its d-band than on a palladium surface 
in which the d-bands were filled.

It has been postulated by Horiuti and Polanyi10 
that if the slow discharge step is rate determining 
then the catalytic activity of the metal would in
crease with increasing heat of adsorption of atomic

(10) J. Horiuti and M. Polanyi, Acta Physicochim. USSR, 2, .505 
0  935).

hydrogen on the metal. Oikawa’s11 results for 
hydrogen overvoltage measurements on copper- 
nickel alloys, where his experiments indicate that 
the discharge step is rate determining, show that 
the overvoltage is increased as the positive holes in 
the d-band of nickel are filled with electrons from 
alloyed copper. These results indicate that, when 
the slow discharge step is rate controlling and when 
the hydrogen is more strongly bound to the metal, 
the overvoltage will be lower and the catalytic ac
tivity higher.

However, as shown above,1'2 the situation for 
Pd is the reverse of that for Ni, with /3-palladium 
having a higher catalytic activity than «-palla
dium. These results indicate that when the atomic 
combination step or the electrochemical desorption 
step at low atomic hydrogen surface coverage is 
rate-controlling, then, the more strongly the hydro
gen atoms are adsorbed on the surface the slower is 
the rate of the reaction.

As hydrogen is added electrolytically to /3-palla
dium the heat of adsorption of atomic hydrogen on 
the surface decreases and the rate of the combina
tion step increases. When the palladium is ef
fectively saturated with hydrogen (H /Pd ~  1), the 
valence bonds for Pd-H  are completely saturated 
and therefore the heat of adsorption of atomic hy
drogen on the palladium surface would drop to a low 
value. This discontinuity in the heat of adsorp
tion vs. composition relationship would occur at the 
point at which the overvoltage becomes virtually 
independent of current density. Because of the 
low heat of adsorption of atomic hydrogen the com
bination step would be very fast, but the rate of the 
discharge step would become so slow that it ef
fectively does not occur. This would imply that 
a new hydrogen-producing mechanism takes over in 
this region, most likely one which would be inde
pendent of the heat of adsorption of atomic hydro
gen on palladium. This contention is supported by 
the experimental evidence, since the break in the 
overvoltage curve indicates that a new hydrogen- 
producing mechanism has taken over. A more de
tailed discussion of the kinetic mechanisms in
volved is contained in a recent paper.12

It can be concluded from the experiments with 
gold and palladium that the heat of adsorption of 
atomic hydrogen on gold is greater than on /3-palla
dium. This follows from the decrease in the cata
lytic activity of the palladium-gold alloys as the 
Au/Pd atomic ratio increases.

As shown in Fig. 2, the open circuit potential of a 
Au /H 2 electrode against a P t/H 2 electrode is zero 
volts. This means that a properly cleaned gold 
electrode makes an acceptable hydrogen electrode. 
The disadvantage of such a hydrogen electrode is 
the ease with which the gold surface is poisoned. 
The proper preparation for a Au/H 2 electrode is a 
strong anodic polarization followed by a strong 
cathodic polarization in a very pure acid solution 
stirred by a very pure hydrogen. If, as shown by 
Ivnorr,13 the gold electrode is anodized in the same

(11) M. Oikawa, Bull. Chem. Soc. Japan, 28, 626 (1955).
(12) S. Schuldiner and J. P. Hoare, presented at the International 

Colloquium on Reference Electrodes and Structure of the Double 
Layer, Paris, France, October, 195f.
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solution in which it is cathodized, a black, finely- 
divided deposit of gold covers the electrode. A 
bright active gold electrode can be prepared by an
odizing in acid solution outside of the cell, rinsing 
the electrode with conductivity water and finally

(13) C. A. Knurr, Z. Elektrochem. Ber. Bunaengea. phyaik Chem., 
59, 647 (1955).

cathodizing in the electrolytic cell. The overvolt
age measurements on a gold electrode shown in Fig. 1 
are for a bright gold electrode. Measurements on a 
gold-black electrode showed an identical Tafel 
slope which means that the electrochemical kinetics 
of the hydrogen producing reaction are the same 
for bright gold and gold-black electrodes.

THE THERMO-OSMOSIS OF THE RARE GASES THROUGH A RUBBER
MEMBRANE

By R i c h a r d  J. B e a r m a n 1

Department of Chemistry and Chemical Engineering, Stanford University, Stanford, California
Received September 20, 1956

A theory of thermo-osmosis based on the thermodynamics of irreversible processes is developed. Results on the thermo
osmosis through a rubber membrane of the rare gases (with the exception of radon) and of carbon dioxide are presented and 
then interpreted. A discussion of various sources of experimental error also is given.

I. Introduction
Thermo-osmosis, the “ diffusion of a fluid through 

a membrane under the influence of a temperature 
gradient,” 2 was discovered by Lippmann3 in 1907, 
but the lack of a theory of irreversible processes 
prevented progress toward understanding the phe
nomenon. In 1926 Eastman4 developed a highly 
intuitive theory in which he attempted to relate the 
flow of fluid through the membrane to a heat of 
passage, but the theory was very unsatisfactory. 
However, not long thereafter Onsager6 in 1931 dis
covered the now famous reciprocal relations, which 
through the work of several theoreticians were made 
the basis of a more rigorous thermodynamics of ir
reversible processes. By 1952 the understanding 
of this thermodynamics had progressed to the ex
tent that Denbigh and Raumann2'6 were able to de
velop a workable theory of thermo-osmosis and in
terpret within the framework of that theory quan
titative data obtained by them on the thermo
osmosis of gases through rubber. In order to pro
vide still more data with which to test the thermody
namics of irreversible processes we decided to con
tinue their work in a systematic fashion. For this 
reason we chose to study the thermo-osmosis of the 
noble gases through a rubber membrane.

In this paper we describe the results of our meas
urements, and also present a refined version of the 
theory evolved by Denbigh and Raumann.

II. Theoretical
A. Description of the System Used to Study

(1) Sterling Chemistry Laboratory, Yale University, New Haven, 
Conn. This paper is based on a dissertation submitted by the author 
to Stanford University in partial fulfillment of the requirements for the 
Ph.D. The dissertation itself is available on microfilm for SI.40 from 
University Microfilms, 313 N. First St., Ann Arbor, Mich. A pre
liminary report of this work has been published by R. J. Bearman and
F. O. Koenig, J. Am. Chem. Soc., 78, 691 (1956).

(2) K. G. Denbigh and G. Raumann, Proc. Roy. Soc. {London), 
A210, 377 (1952).

(3) G. Lippmann, C. R. Acad. ScL (Paris), 145, 104 (1907).
(4) E. D. Eastman, J. Am. Chem. Soc., 48, 1482 (1926).
(5) L. Onsager, Phya. Rev., 37, 405 (1931), 38, 2265 (1931).
(6) K. G. Denbigh and G. Raumann, Proc. Roy. Soc. (London), 

A210, 518 (1952).

Thermo-osmosis.—The system is drawn in cross- 
section in Fig. 1. A and A ' are heat reservoirs (at 
temperatures Ta and 7V ) separated by the mem
brane assembly, which consists of two porous, 
thermally conducting, chemically inert, circularly 
cylindrical plates /3 and /?' together with appropriate 
thermal insulation. The thin circular membrane y 
of the same area a as the plates is supported by 
them. The symmetry is such that (i) the pressure 
is uniform throughout the membrane, (ii) the 
membrane is of uniform thickness l, and (iii) the 
gradients of all properties not constant throughout 
the membrane are perpendicular to the membrane. 
If we call the direction normal to the membrane the 
s-direction, then all physical properties defined at a 
point may be specified by giving the value of the £- 
coordinate (z = 0 is at the surface of the membrane 
in contact with ¡3).

Containers a and a', each holding the same gas, 
are immersed in the baths A and A '. The gas in a 
has access to one side of the membrane through /3; 
that in a' has access to the other side through /3'. 
A, A ', a, a' (3,13' and y remain constant in volume. 
a and a' are at the temperatures Ta and TV- The 
temperature in each plate varies continuously from 
the temperature of the reservoir in contact with 
that plate to the temperature of that outer surface 
of the membrane which touches the plate.

To study thermo-osmosis we first admit gas to a 
and a ' and then observe the pressures in a and 
a' and also observe the temperatures at the surfaces 
of the membrane until a stationary state of no gas 
flow is reached.

B. Hypotheses of the Thermodynamics of Ir
reversible Processes. Applicability of Equilibrium 
Concepts and Relationships.— The independent 
properties which determine the state at each point 
are the same as those properties which determine 
the state when the system is in equilibrium. The 
equation of state is the same as tne equilibrium 
equation and the fundamental Gibbsian equation 
which relates the differential of energy to those of 
entropy, volume and number of moles is also valid 
in the non-equilibrium situation.
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Energy Flow and Mass Flow.7—The energy flow 
/ u in the membrane is partially defined by the 
differential equation

5./u =  _  5m
5z 51 U ;

where t is time and u is the energy per unit volume. 
To complete the definition we specify that Ju at z 
=  0 is

Fdufa _  Ò?7a~J _  ÒUa + l3 
L àt bt J bt (2 )

where U a and U a + p are the energies of A and a +  
¡3. do)a/dt is the rate at which work is done on a, 
and is zero when a is constant in volume.8

The mass flow of gas (component 1) Ji may be de
fined in a similar fashion. It obeys the differential 
equation

bJl _  _  ÒCj
bz ~  bl (3)

where Ci is the concentration o: gas.
At each point fixed in the membrane the funda

mental Gibbsian equation may be written
d¡¿ =  rds +  wdci (4)

where T is the absolute temperature, s is the en
tropy per unit volume, and mi is the chemical poten
tial of the gasous component.

Using eq. 1,3 and 4 it may be shown readily that
5s _  _  5̂  / Jy — MiJA . 
bt bz \ T )

z  -hi _  TJ w r ~| (5\
T bz Jl dz J (5 '

As we shall see below, the form of eq. 5 is of great 
importance in the thermodynamics of irreversible 
processes.

The Phenomenological Relations and the Re
ciprocal Relation.— When (1 /T)(pT fdz) and T- 
[(cijui/T)fbZ] are zero everywhere in the membrane 
the system is in equilibrium. When the gradients 
are not zero we assume that at each point in the 
membrane we may express the flows of matter and 
energy in a Taylor’s series, neglecting terms higher 
than those of first order. Thus

J  i =  — TL\i òn/T
Ò Z

J u TLyi <Vi (T 
bz

Z/iu bT  
T  5 7  
Lyy bT

T bz ( 6 )

These equations are called “ phenomenological re
lations” ; the coefficients in the expansion (that is, 
the L ’s) are called “ phenomenological coefficients” ; 
and the functions — T[(dni/T)/dZ] and — (1/T) 
(dT/SZ) are called “ forces,”  and are often denoted 
by the symbols Xi and Xu. The phenomenological 
coefficients are functions of the local state but not 
of the gradients.

Now the fact that in experimental situations the 
flow's often can be expressed as linear functions of

the forces is in itself of great importance. Of greater 
physical significance however is the validity of the re
ciprocal relation. To introduce it we shall first call 
attention to the form of eq. 5 which may be written

5s _  5 T , JiXi +  J yX y
bi ~  bz e +  T

where Js is an “ entropy flowr.”  Onsager6 using 
statistical-mechanical arguments demonstrated 
that if the time derivative of the entropy per unit 
volume is split up into a divergence of an entropy 
flow and a source term vuitten as in the above equa
tion, then when the J ’s are expressed as linear func
tions of the X ’s the phenomenological coefficients 
obey the reciprocal relation

Liu =  Lyi (7)
This equality from the standpoint of a phenomeno
logical theory is purely an assumption which must 
be verified by experimental means.9

The Assumption of Local Heterogeneous Equi
librium.—The chemical potential of the gas in the 
membrane at a surface is equal to the chemical po
tential of the free gas (which permeates the porous 
plate) at that surface.

C. Derivation of the Equation Valid in the Sta
tionary State. The Approach to the Stationary 
State.— When Ji =  0, by eq. 6

mr j W T  _  Liu bT
lL n  bz T bz ( 8 )

Integrating eq. 8 from z =  0 to z =  l gives

(? -) .-(? ) . - - J T f g W  <9)
where T0 and T\ are the temperatures at 0 and l. 
From equilibrium thermodynamics we knowr that 
in the gas phase to a sufficient degree of approxi
mation

jui =  mi°(L) +  RT  In P  (10)
where R is the gas constant and P  is the pressure in 
the gas phase, and in the membrane phase at each 
point

Mi =  mi*{T, Pm) +  RT  In <n ( T,Nt,Pm) (11)
where ai is the activity of the gas, N i is the mole 
fraction of the gas, and Pm is the presssure in the 
membrane phase. Under the assumption of local 
heterogeneous equilibrium we may substitute eq. 10 
into eq. 9. Adding and subtracting Hi* yields

r TlV.rr , L,u -  HJLul dT
Jn  L + ----- Lu-----

(7) Because we wish to indicate the operational aspects of the theory, 
we are presenting only as much as we require. In particular we have 
avoided the use of the generalized hydrodynamic equations (see J. G. 
Kirkwood and B. Crawford, Jr., T h is  J o u r n a l , 56, 1048 (1952)) 
which have not been formulated as yet :rom the operational point of 
view.

(8) In this definition of energy flow we have neglected convective 
motion-

(9) Our account of what Onsager showed is oversimplified, and it 
cannot be said that a satisfactory proof of this reciprocal relation 
exists. To ascertain whether or not it is valid is one of the more 
important problems yet to be solved by the statistical mechanics of 
transport processes. On the phenomenological level, an experimental 
test of the reciprocal relation has yet to be carried out. We believe 
that it has not been emphasized sufficiently that the relevant evidence 
is still inconclusive.
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where Pa and Pd  are the pressures of gas in a and 
a' (the porosity of the plates ensures that the pres
sure throughout is the same as in a and likewise 
the pressure in /?' is the same as in a')

H P  =  -  T2 àm*/T
OT

and

AH =  T2 d p i0 — mi *)/T 
àT

AH is a differential heat of solution of the gas in the 
membrane. Applying the mean value theorem of 
the integral calculus we find that
i? ] ^>a'R In p—' a -  { AH +  

V
HpLu

Ln O M - i )
( 12)

(AH +  [(Liu — H*Lii)/Ln]) is evaluated at the val
ues of T and Ni which occur at a point u> in the 
membrane. We may write eq. 12

R  In ~  = -  ( A H  +  Qm*)u  -  y )

= -  (Q*)- ( y  -  Y,) (13)
Q* is called the heat of transfer.

From the derivation of eq. 13 we see that (Q*)a 
depends in principle upon the temperature distri
bution, the concentration distribution of gas and 
the pressure Pm in the membrane. The limit of 
(Q*)a (keeping the total amount of gas in the sys
tem fixed and Pm constant) as the temperature dif
ference approaches zero is of importance. For 
Q* (T, Nlt Pm) = lim (Q*)„
= AH(T, Pm) -

LlV(T,Ni, Pm) -  Hi*(T, Pm)Lu(T, Nh Pm) , , AS
Lu(T, Nu Pm) ( ’

where T and V j are now the uniform temperature 
and composition throughout the membrane. Thus 
extrapolation of thermo-osmosis data permits the 
evaluation of Q* at definite values of the independ
ent variables which determine it.

In order to simplify our notation and to agree 
with Denbigh and Raumann, we shall in our dis
cussion below call the heat of transfer obtained by 
substituting experimental data into eq. 13 Q*, al
though it is really (Q*)a which is thereby deter
mined.

The splitting of Q* into two terms, AH and Qm*, is 
somewhat arbitrary, but this choice does have two 
important virtues. Firstly, it divides the total 
heat of transfer into a purely thermodynamic part 
and a part which depends on non-equilibrium quan
tities. Secondly, Denbigh and Raumann2 have 
shown that if the activities of the gas at 0 and l in 
the membrane are equal for all temperature dif
ferences then Qm* is zero. Because these activities 
(which in the limit of zero concentration are the 
mole fractions) should not greatly differ, the extent 
of thermo-osmosis may be determined by the purely 
thermodynamic quantity AH.

The approach to the steady state involves a more 
approximate treatment than the steady state, for 
tractable equations are more difficult to obtain. 
However, no new matters of principle arise. In 
order to treat this case, Denbigh and Raumann

made the following additional assumptions: (i) 
is constant across the membrane. This cannot be 
true exactly if there is also local heterogeneous 
equilibrium, (ii) The temperatures at the mem
brane surfaces are constant in time, (iii) The 
temperature gradient in the membrane is constant,
(iv) Q* and Ln are constant across the membrane 
and in time. Under these assumptions they 
showed that

In Xo -  kl (15)
X  QO X t

, P c ’x =  \n p- (10)

(the subscript on x denotes the time at which it is 
evaluated) and

k = 4 aPp 
nVd (17)

where P  is the mean gas pressure, nVo is the total 
volume of gas in the system at standard conditions, 
and p is a mean isothermal permeability of the 
membrane.

The equations which describe thermo-osmosis do 
not require the use of the reciprocal relation in their 
derivation, and consequently the study of thermo
osmosis alone affords no verification of the recipro
cal relation.

D. The Calorimetric Interpretation of the Heat 
of Transfer.— In this section we shall consider the 
relationship of the reciprocal relation to thermo
osmosis and in so doing shall justify calling Q* the 
heat of transfer.

When Ta = TJ  the stationary state is one of 
equilibrium and therefore Pa =  Pd. Under these 
circumstances we may consider the slow transfer, 
by changing the volumes of a and a', of — d(ni)„ 
moles of gas from a to a ' while the system remains 
isothermal and the pressures remain equal. By
eq. 2

a(Jv) o = ÔE/aI  àUa + P
àt J àt (18)

Also
àUct+t3 _

àt
r, d(ni)a 
Ua d t (10)

àVg + p _  
àt

t7 d(«i)a
Va ~à r (20)

where Ua and Va are the molar energy and volume 
of gas. By eq. 6

(J  u)o Dn <Vi
¿2

and

a(./i)„

Therefore

d(ni)a 
cl t

(Ju)o = - L \ J i d(?Ii)a
aLn d£ (2 1 )

Substituting eq. 19, 20 and 21 into eq. 18 yields
a r / A

c)t ( Ua 4“ P et Va Lm\ d(yii)q
Ln )  di

or
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dga+g =
d (» l)a

(23)

Thus Q* is the heat removed from the reservoir A 
(and taken in by A ') per mole of gas transferred 
from a to « '  under these quasistatic conditions. 
This of course is the justification for calling Q* the 
heat of transfer.

To summarize, our analysis has shown that 
neither the thermo-osmosis experiment nor the 
calorimetric experiment taken alone will suffice to 
test the reciprocal relation, but comparison of the 
results of the two experiments will provide such a 
test.

III. Experimental10
A. Apparatus.— Our apparatus was patterned after that 

of Denbigh and Raumann.6
The Membrane Assembly.— The membrane assembly, 

very similar to the assembly “ B ”  of Denbigh and Raumann, 
was placed between two constant (± 0 .0 5 ° ) temperature 
baths separated by a Lucite partition. Aluminum housings, 
about s/i in. thick, were shrunk on circular, porous bronze 
plates, which were Vi> in- thick and I 3/ ,  in- in diameter, so 
as to squeeze them tightly. The housings fitted tightly 
into Lucite rings which when held together by screws caused 
raised rims on the aluminum housings to pinch the mem
brane and thereby form a sealed sandwich. The rings were 
then fitted into a larger Lucite ring which in turn fitted into 
the Lucite partition separating the baths.

To determine the temperature at each membrane surface, 
Denbigh and Raumann used two thermocouples in each 
bronze plate, and extrapolated the readings to the surface. 
We glued a single thermocouple (# 39 B&S eonstantan sol
dered to $ 40 B&S copper) into a little notch on the face of 
each bronze plate, so that the thermocouple junction was 
flush with the membrane surface. This method of directly 
measuring the surface temperature should be no less accu
rate than the extrapolation procedure employed by Denbigh 
and Raumann.

Pressure Measurement.— So that all of the gas on each 
side of the membrane would be at a uniform temperature, 
we used manometers with capillary arms and reservoirs 
similar to one described by Gilmont.11 These manometers 
were first calibrated and the reservoirs were then immersed 
in the constant temperature baths. The calibration en
abled us to determine the pressure from a reading of the 
height of mercury in the capillary without simultaneously 
observing the height in the reservoir. A slight correction 
was made for the temperature dependence of the density of 
the mercury.

B. Materials.— In all of the experiments we used a 
single sample of a 0.01 in. thick natural rubber membrane 
which contained 2%  sulfur.12

The carbon dioxide came from a cylinder and was passed 
through a Dry Ice trap in order to freeze out any water.

The rare gases came in sealed glass flasks and with the 
exception of neon were stated to be spectroscopically pure. 
The label on the flask of neon specified that it contained 760 
mm. neon, 2 mm. argon, and Vs mm. chlorine. The gas 
from this flask was passed through a liquid nitrogen trap to

(10) For further details the reader ;s referred to the dissertation 
mentioned in reference 1.

(11) R. Gilmont, Anal. Chem., 20, 474 (1948).
(12) The rubber membrane was kindly donated by Dr. G. D. P. 

Smith, Jr., of the Chemical and Physical Research Laboratories of the 
Firestone Tire and Rubber Company.

F ig . 2.

Time in days. 
Fig. 3. '

freeze out the chlorine. The other gases were not purified 
further.

C. Procedure.— 1. The membrane assembly was 
placed between the temperature baths before the first run 
and was not altered or removed until the completion of the 
last run.

2. The temperature baths were set at temperatures of 
18.3 and 44.3° (the exact temperature difference across the 
membrane itself depended on tire gas dissolved in it, but was 
always near 4°).

3. To degas the membrane the system was evacuated to 
five microns and kept at that pressure overnight. Previous 
to the first run the membrane was degassed for several days.

4. The gas was admitted to the membrane assembly.
5. The height of the mercury level in the capillary tubing 

of each manometer was read through a cathetometer, and 
the temperature of each side of the membrane was measured 
with the thermocouples. Such measurements were taken 
until after the steady state had been attained.

IV. Results
The heats of transfer were calculated from the 

steady-state data by use of eq. 13, and the per
meabilities were obtained graphically from the 
rate data with the aid of eq. 15, 16, and 17. Fig
ures 2 and 3 illustrate the results of the neon run 
which happened to be the one of longest duration 
but was otherwise typical (in Fig. 2, P h and P c 
refer to the pressures on the hot and c5ld sides of 
the membrane). Table I lists the results of all of 
the runs together with comparable results from the 
literature.
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T able I
p (pres.

Gas Run
T

mean,
°C.

P,
mean
cm.

Q* X
10!, cal./ 

mole
exp.) X 

10 ~8, cm.2/  
sec.-atm.

p (lit.) X 
10~8, cm.2/  
sec.-atm.

o p 1 33.0 46 -  9 .8
-1 8 .6 «

He 2 34.0 63 +  11.2 33.7 33 (at 35°)>
3 34.0 62 +  11,4 53.4“ , 23 (at 25°)' 

17 (at 250) ]
Ne 4 34.5 45 +  9.0 8.6
A 5 34.5 62 -  0.6

6 +  7 34.5 55 22.06
7b 34.5 55 +  0.3

Kr 8 3.4.5 65 -  1.7 48.4“
Xe 9 34.5 40 -  3.2 73.5“ 33 (at 25°)>

“ These permeabilities are based on fewer data than our 
others. 6 Run 7 is run 6 resumed after a temporary failure 
of the temperature controls. The steady-state data ob
tained from run 7 combined with rate data from run 6 pro
vided our value of p.

V. Errors and Uncertainties
Errors in the temperature measurement may 

arise from non-uniformity of temperature on a sur
face of the membrane, inequality of the tempera
ture on the bronze with that on the membrane, and 
inaccurate recording of the surface temperature 
because of the existence of a temperature gradient 
in the thermocouple junction. It is possible in 
principle to eliminate the influence of these errors, 
as well as the influence of the temperature de
pendence of Q*, on the calculation of the heat of 
transfer by the extrapolation of sufficient data to 
zero temperature difference. Unfortunately the 
difficulty in measuring the temperature difference 
accurately increases as the difference approaches 
zero, so that extrapolation may not be practicable. 
Some evidence that extrapolation may not be 
necessary was brought forth by Denbigh and 
Raumann6 who found that in their apparatus the 
heat of transfer of carbon dioxide for temperature 
differences ranging from 9 to 16 degrees was, within 
the limits of reproducibility, independent of tem
perature difference. However, even if Q* is in ac
tuality independent of temperature difference, this 
result proves at best that the ratio of the measured 
temperature difference to the actual temperature 
difference was constant at the several temperature 
differences observed. Further study is therefore 
needed to determine whether or not extrapolation is 
desirable. The errors in the temperature measure
ment do not affect the value of the mean permea
bility obtained from the approximate theory which 
we used, because a knowledge of the temperature 
in the membrane is not required for the calculation.

The principal source of error in the pressure meas
urement arose from the capillary depression of 
the mercury in the arms of the manometers. We 
did not attempt to correct for this because we found 
by comparison of the manometers at equal pres
sures that the measured difference in the pressures 
(the error in which determined the error in the 
pressure ratio) was incorrect only by 0.05 cm. 
Because the continued degassing of the membrane 
during the course of a run was not great and was 
nearly equal cn both sides of the membrane, it did 
not affect the pressure ratio appreciably.

Although we assumed that the pressure was uni
form in the interior of the membrane, the nature of 
the squeezing was such that this probably was not 
the case. Because the membrane assembly was 
left undisturbed throughout all of the runs, the 
non-uniformity probably altered the absolute 
values more than the relative values. Inasmuch 
as most thermodynamic properties of condensed 
phases are rather insensitive to pressure, the phe
nomenological coefficients likewise may be insensi
tive, and therefore there is a good possibility that 
the pressure effect is in any event not great.

Since more approximations are made in relating 
theory to experiment, the measurement of the per
meability is less accurate than that of the heat of 
transfer. By examination of the data we were able 
to test the validity of the assumptions that during 
a run the volume of the system is constant (the 
reason for this requirement is made clear in the 
derivation given by Denbigh and Raumann2) and 
the temperature difference across the membrane 
is also constant. We found that the changing mer
cury levels in the manometers altered the volumes 
(about 30 cc. on each side of the membrane) by at 
most 1% and that the temperature difference varied 
by at most one-half degree. All of the assump
tions taken together imply that a plot of In (x«, — 
x0)/(x«, — £t) versus time is linear, and Fig. 3 
shows that within the scatter of the points the plot 
is indeed a straight line. The formula for calculat
ing p involves the thickness of the membrane as a 
multiplicative factor. Because the actual thick
ness of the rubber membrane in the assembly was 
unknown, we used the thickness 0.01 in. before 
squeezing, and hence the absolute values of the 
permeabilities are to a greater or lesser extent in 
error by a constant factor.

From Table I we see that our values of Q* dif
fered only by a few hundredths kilocalorie per 
mole in duplicate measurements, and this com
pared favorably with the reproducibility achieved 
by Denbigh and Raumann.6 When we undertook 
this research we were not primarily interested in 
the permeability, and consequently were not care
ful to obtain duplicate rate determinations. The 
two runs rvith helium present the only information 
concerning the reproducibility of permeability meas
urements in our apparatus. Unfortunately the 
second run of the two contained fewer rate data than 
any of the other runs, so that comparison of the two 
probably gives only a lower limit to the repro
ducibility.

The solubilities of the gases in rubber are prob
ably sufficiently small that the heats and per
meabilities are virtually unaffected by changes in 
mean concentration of gas in the rubber over the 
(gas phase) pressure range studied. Provided 
that the other independent variables are held con
stant, this permits meaningful comparison of re
sults for different gases obtained, as in our experi
ments, at various pressures not necessarily as
sociated with the same mean concentration. 
Since our membrane was not disturbed from run to 
run except to degas and admit gas and since the 
temperature difference across the membrane and 
also the mean temperature were approximately
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constant from run to run, we may compare as we 
do in Figs. 4 and 5 our results for the different 
gases. In fact, the comparative values of Q* and 
p may be rather better quantitatively than the 
absolute values which possibly have been seriously 
affected by systematic errors.

VI. Discussion
The few previously published results are pre

sented in Table I for comparison with the present 
data. Our value of Q* for carbon dioxide (which 
we measured especially for the comparison) of 
— 1.0 kcal. per mole compares not unfavorably 
with — 1.9 kcal. per mole obtained by Denbigh 
and Raumann. The disagreement may arise from 
errors or from variability in the properties of rub
ber membranes. The value of p for helium of 34 
X 10-8 cm.2 sec.-1 atm.-1 quantitatively agrees 
with 33 X 10-8 cm.2 sec.-1 atm.-1 found by van 
Amerongen,13 but the very close agreement no 
doubt is to some extent accidental. The data of 
Norton14 on helium and xenon at 25° qualitatively 
substantiate our results. In this case it is reason
able to suppose that the differences are due in part 
to temperature effects, and the value of the per
meability to helium found by van Amerongen13 
at 25° lends support to this view.

The heats of solution of carbon dioxide and he
lium in rubber have been fcund to be — 2.8 and 
+  1.8 kcal. per mole by van Amerongen.16 These 
values, which have the same sign as the heats of 
transfer and do not differ greatly from them, indi
cate that AH contributes in an important way to 
the total heat of transfer, AH +  Qm*. If we plot 
Q* versus atomic weight in the case of the rare gases 
(Fig. 4), we discover that it is a monotonic func
tion, and for argon, krypton and xenon the curve is 
almost linear. The difference in Q* in going from 
neon to argon is much sharper than in going from 
helium to neon. A systematic study of the heats 
of solution of the rare gases in rubber has not been 
carried out. However, Lannung16 evaluated the 
heats of solution of helium, neon and argon in 
various organic solvents, and a plot of his results 
shows not only monotonic behavior but also a 
greater difference in AH between neon and argon 
than helium and neon. This suggests that the dif
ferences in Q* among the rare gases are determined 
by the differences in the heats of solution.

(13) G. J. van Amerongen, J. Appl. Phys., 17, 972 (1946).
(14) F. J. Norton, J. Chem. Phys., 22, 1145 (1954).
(15) G. J. van Amerongen, J. Poly. Sci., 6 , 307 (1950).
(16) A. Lannung, J. Am. Chem. Soc. 52, 68 (1930). His u may be 

taken to be — AH for the purposes of our comparison.

Atomic weight. 
Fig. 4.

0 20 40 60 80 100 120 140
Atomic weight.

Fig. 5.

The permeability when plotted against atomic 
weight (Fig. 5) exhibits a minimum at neon, and is 
very nearly linear thereafter. The permeability p 
is equal to Ds where D is the diffusivity and s is the 
solubility.17 It is reasonable to guess that D is a 
monotonic decreasing function of atomic weight, 
and solubility data obtained by Lannung16 suggest 
that s is a monotonic increasing function. Thus p 
is the product of two functions monotonic in op
posite senses, and so may possess a minimum. If 
D and s were monotonic in the same sense, the prod
uct could not exhibit an extremum. The linearity 
in the graph is very likely fortuitous.
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AGING OF SILICA-ALUMINA CRACKING CATALYST. I. KINETICS OF 
STRUCTURAL CHANGES BY HEAT AND STEAM

B y  W. G. S c h l a f f e r , C. Z. M o r g a n  a n d  J. N. W i l s o n

Shell Development Company, Emeryville, California 
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A systematic study has been made of the rate of change in the specific surface area and specific pore volume of silica- 
alumina cracking catalysts exposed to temperatures in the range 478-950° and steam partial pressures in the range 0-7 
atmospheres. The decline in specific surface area is described accurately by an empirical equation of the form — dS/di =  
kSn where S is the specific surface area, t is time, and n and k are constants at any given set of conditions. These constants 
vary smoothly with changing temperature and partial pressure of steam. The rate of change in specific pore volume is 
proportional to the rate of change of specific surface area at the highest temperatures, but decreases relative to the rate of 
change of specific surface area as the temperature decreases; changes in the partial pressure of steam at a given temperature 
have a small bm  definite effect on this relationship. The results are discussed in terms of a model for the structure of silica- 
alumina catalyses and of various possible mechanisms of material transport involved in the aging process.

Introduction
The decline in specific surface area of silica-alu

mina cracking catalyst during its use in the catalytic 
cracking process is a phenomenon of economic im
portance and technical interest. It is accompanied 
by a decline in specific pore volume and in catalytic 
activity. The most important factors controlling 
the rate of decline are temperature and partial 
pressure of steam.

Little information concerning the kinetics of this 
deactivation process is available in the literature. 
Some relations between the resulting changes in the 
physical properties of the gels have been reviewed 
by Ries.1 His principal conclusions were the 
following.

(1) During aging at high temperatures (800- 
1000°) in high vacuum the distribution of pore ra
dii (as defined by the Kelvin equation for the rela
tive vapor pressure of liquids in cylindrical capil
laries) remains almost unchanged, and the average 
pore radius (proportional to the ratio of specific pore 
volume to specific surface area) remains approxi
mately constant.

(2) During aging at lower temperatures (500- 
600°) in the presence of steam the average pore ra
dius increases considerably; the distribution of 
pore radii broadens and the median pore radius 
increases.

The work reported here was undertaken with two 
objectives.

(1) To obtain detailed knowledge of the kinetics 
of the process and of the dependence of the rate on 
the temperature and on the partial pressure of 
steam.

(2) If possible, to relate the changes in the gross 
physical properties of the system to the structure of 
the gel and to the mechanisms of material transport 
involved in the aging process.

Experimental
Catalyst.— The catalyst was a synthetic microspheroidal 

silica-alumina gel commercially manufactured by the 
American Cyanamid Company in 1951. It contained 
12.4%w. AI2O3, 0.04%w. Fe20 3, 0.02%w. Na20  and 0.3%w. 
sulfate based on catalyst weight after ignition to 1100°. 
After elutriation to remove particles less than 40 n in di
ameter and calcination at 565° to remove the excess water, 
the catalyst had a specific surface area of 608 m.2/g . and a 
specific pore volume of 0.73 cc./g . All experiments were 
made with catalyst that had been pretreated in this way.

Elutriation.— Approximately one liter of catalyst was
(!) IT. E. Ries, Jr., Advances in Catah/sis, IV, 87 (1952).

placed in a Pyrex tube 90 cm. long, 9 cm. in diameter having 
a sintered frit close to the bottom to support the catalyst. 
Air, dried over drierite, was passed upward through the 
column of catalyst powder at a rate of 14 liters per minute 
for a period of 16 hours.

Calcination and Dry Air Aging.— The catalyst was cal
cined at 565° in the quartz tube and furnace shown in Fig. 1. 
The maximum charge of catalyst was 1000 cc. which, when 
fluidized by a stream of dry air (4 cc./m in ./g . catalyst), 
extended one-half of the length of the furnace. The tem
perature profile of the bed was maintained to ± 2 °  by means 
of a Celectray controller. For calcination, the temperature 
was gradually raised to 200° at, a rate of 2° per minute and 
then raised to 565° at a rate of 5° per minute. The time of 
calcination, 6 hours unless otherwise stated, was considered 
to start when the catalyst bed reached the temperature de
sired.

For high temperature aging in dry air the same apparatus 
was used. The calcined catalyst was brought to tempera
ture at a rate of 5 °/min. in a stream of dry air.

Aging in Steam at One Atmosphere.— For aging in one 
atmosphere steam pressure, water was fed to the bottom of 
the vertical quartz tube used for the calcinations; from 
there it is changed to steam and passed through the catalyst 
column. The water was maintained at a constant level by 
the arrangement of the inverted two liter graduate and 
leveling bulb (G ) of Fig. 1 the drain of which was connected 
directly to the bottom of the catalyst tube. The drain and 
air vent of the leveling bulb were of 1 mm. capillary tubing. 
These restrictions prevented surging of the water. With 
this arrangement, the passage of water as steam through the 
catalyst powder could be held remarkably constant at 20 g. 
per hour.

Samples were withdrawn periodically by lowering a quartz 
thimble suspended by a platinum wire into the fluidized bed 
of catalyst.

Aging at Less Than One Atmosphere Steam.— For aging 
at less than one atmosphere steam pressure, the air humidi
fier (H ) was attached to the bottom of the catalyst tube. 
The air was saturated with water to any desired level by 
controlling the temperature of the humidifier.

Aging at Greater Than One Atmosphere Steam.— The re
actor tube consisted of an enamel lined stainless steel vessel 
which fitted into the Hevi-Duty furnace; it is shown in Fig. 
2. The operation of the pressure steamer is self-evident 
from the figure. Samples were withdrawn via the decom
pression chamber (H ) connected to a concentric tube leading 
to the catalyst bed.

For all agings the catalyst was heated to the nominal tem
perature at a rate of 5° per minute in a fluidizing stream of 
dry air at 4 cc./m in ./g . catalyst. After equilibration of the 
temperature, the air flow was discontinued and either water 
or humidified air was allowed to flow to the lower end of the 
catalyst tube by connecting the appropriate apparatus.

The zero time sample is that withdrawn when the catalyst 
had reached the temperature of the experiment, i.e., just 
before the introduction of steam. Before a surface area or 
pore volume measurement each sample was dried at 500° 
for one hour in a stream of dry air. Values of surface areas 
and pore volumes refer to a gram of catalyst in the condition 
resulting from aging and drying with whatever w'ater re
mains.
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Temp., °C. 
Steam pres - * 478 576

sure, atm. 
fabs.)

1 0.30
Time, S, Fp, d, S, Fp, d, S,

hr. m.2/g . cc./g. A. m.2/g . cc./g. A. m.2/g .
0 609

.1 587 0.732 49.9 599

.2 602 565

.3 578 .734 50.8

.4 586 .735 50.2 564

.5

.6 569 .721 50.7

.7 523
1.0 505
1.3 561 .704 50.2
1.8 555 .708 51.0
2.0 464
2.5 545 .699 51.3
3.5 531 .692 52.1
4 537 0.700 52.1 418

10 488 .688 56.4 377
14 478 .682 57.1
20 474 .690 58.2 471 .679 57.7 341
48 426 .684 64.2 435 .670 61.6
92 276
96 418 .657 62.9

120 380 .675 71.0 405 .654 64.6 273
144 396 .653 66.0 261
192 387 .647 66.8
196 360 .671 74.6 245
216
288 365 .644 70.6
360 335 .659 78.7 230
456 357 .634 71.0
504 316 .661 83.8 219
672 339 .631 74.5
696 214
960 321 .626 78,0

Temp., °C. 
Steam pres — 678 778

sure, atm. 
abs.

1 0.11

0 588 0.710 48.3 571 0.675 47.3 581
.1 511 .659 51.6 492
.2 513 . 655 51.1 449
.3 505 .637 50.4
.4 494 .633 51.3 387
.5
.6 487 .620 50.9
.7 369

1.0 347
1.3 - . . 453 .593 52.2
1.8 423 .586 55.4
2.0 315
2.5 410 .576 56.2
3.5 395 .568 57.5
4 293 . 585 79.9 273
7 363 .533 58.8

10 341 .520 61.0 233
14 326 .502 61.6
20 224 .549 98.0 305 .492 64.5 197
48 258 .446 69.1 167
92 171 .527 123
96 225 .417 74.1

120 165 .522 127 217 .406 74.8 142
144 209 .401 76.7 136
192 191. .393 82.3 126
196 152 .515 136
216 124
288 174 .380 87.4 114
360 135 .506 150 111
384 163 .369 90.6
456 159 .364 91.6 104
480 104
504 125 .501 160
552 152 .368 96.8
696 117 .494 169
864 112 .483 173
984 107 .484 181

1320 95 .464 197

576 576 576
1 3 7

Fp, d, S, Fp, d, s, Fp, d,
cc./g. A. m.2/g . cc./g. A. m.Vg. cc./g. A.
0.719 47.2

.702 46.9

.695 49.3

.698 49.5
259 0.603 93.1

.682 52.1

.678 53.7 230 .601 105

326 0.633 77.7
.675 58.2 201 .591 117

297 .617 83.1
.660 63.2 170 . 586 138
.642 68.1

.634 74.4 216 .598 111
182 .597 131

.616 89.3
168 .599 143

.612 89.7 162 .594 147

.609 93.3
152

.608 99.3
147 .608 166

.600 104

.596 109

.593 111

778 778 863

COo 1 1

0.700 48.2 493 0.648 52.7 396 0.527 53.2
.636 51.7 395 .579 58.6 172 .303 70.5
.607 54.1 343 .534 62.3 131 .264 80.6

311 .516 65.7 117 .252 86.2
.570 58.9 289 .506 70.0 104 .241 92.7

97 .231 94.8
267 .489 73.8

.562 60.9

.527 60.7
228 .461 80.9
212 .450 84.9

.497 63.1
192 .442 92.1
177 .429 96.9

.482 70.6
146 .413 113

.451 77.4 133 .402 121
123 .397 129

.426 86.5 111 .390 141

.400 95.8

.379 107

.376 111

.374 119

.373 120

.363 127

.355 126

.352 135

.357 137
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T a b l e  II
A gin g  o f  S il ic a - A l u m in a  C a t a l y s t  in  a  Str e a m  o f  D r y  A ir

Temp.,
Time,

°C . S,
785
Fp, d, s.

847
Fp. d, s,

hr. m .2/g . cc ./g . Â. m .2/g . cc ./g . Â. m .2/g .
0 494 C.639 51.7 484 0.598 49.4 384

.2 486 .628 51.7

.3 475 .631 53.1

.5 470 .623 53.0 436 .564 51.7

.7 477 .619 51.9
1.0 465 .622 53.5 441, 451 .560 50.2 317
1.5 446 .552 49.5 305
2 468 .614 52.5 405, 408 .544 53.5 292,310
3 460 .611 53.1 406, 437 .547 53.9 295
4 282
5 467 .608 52.1 410, 419 .534 53.5 282
6 280
7 457 .601 52.6 269

24 431 .593 55.0 402, 405 .511 50.7

Fig. 1.— Appaiatus for aging in steam at less than one 
atmosphere pressure: A, removable well for recording
thermocouples; B, quartz tube, 80 cm. long, 7 cm. diameter; 
C, gel charge; D, slotted quartz plate with Refrasil cloth 
and platinum; E, model M-3024S Hevi-Duty furnace; 
F, water reservoir, 2-liter graduate; G, water leveling bulb; 
H, heating tape; I, asbestos insulation of air humidifier; J, 
sintered glass frit; K, air inlet; L, controlling thermocouples 
to celectray; M, controlling and indicating thermocouples.

Specific pore volumes were determined by the method of 
Benesi, Bonnar and Lee2 but using «-heptane and dibutyl 
phthalate instead of carbon tetrachloride and cetane. 
Specific surface areas were measured by the BET method 
with nitrogen.

For brevity, specific surface area (m .2/g .)  and specific 
pore volume (c c ./g .)  will be referred to hereafter simply as 
surface area and pore volume, respectively.

Results and Conclusions
Decline of Surface Area.—The data for agings 

at 478, 576, 678, 778 and 863° in one atmosphere 
of steam, at 576° and 0.3, 3 and 7 atmospheres of 
steam, at 778° in 0.11 and 0.3 atmosphere of steam 
and at 785, 847, 900, 940 and 950° in a stream of 
dry air are recorded in Tables I and II. When the 
log surface area is plotted versus log time, as shown 
in Fig. 3, almost straight lines are obtained. In 
most cases there is a perceptible downward curva
ture, which, in the case of the agings in steam, 
becomes progressively less marked at higher tem
peratures.

(2) H. A. Benesi, R. U. Bonnar and C. F. Lee, Anal. Chem., 27, 
1963 (1955).

900 940 950
Fp, d, S. Fp. d, S, Fp, d.

cc ./g . Â. m .2/g . cc ./g . Â. m. V  g. cc ./g . À .

0.495 51.5

180 0.266 59.1

139 0.205 59.0

169 .262 62.0 111 .167 60.2
165 .256 62.1

.395 49.8 159 .249 62.6 104 .148 56.9

.378 49.6 154 .232 60.3 97 .137 56.5

.378 50.3 143 .225 62.9 92 .125 54.3

.388 53.6 133 .223 67.1 87 .115 52.9

.364 51.6 119 .191 64.2 82 .112 54.6

.380 53.9 114 .183 64.2
.345 49.3 110 .174 63.3
.341 50.7 103 .154 60.0 72 .094 52.2

It is quite evident that both temperature and 
steam pressure exert powerful influences on the de
cline of surface area. This is shown clearly in Table 
III, by the half-life, 6/,, defined as the time neces
sary to reduce the surface area to 304 m.2/g.

T a b l e  III
H a l f  L if e  o f  Su r fa c e  A r e a  U n d e r  V a r io u s  A g in g  

C o n d itio n s

t.
Aging 

conditions 
atm. (abs) ¿1/2,

°c. steam hr.
478 i 740
576 0 .3 3000
576 1 60
576 3 3 .2
576 7 0 .2
678 1 4
778 0.11 21
778 0 .3 2 .3
778 1 0 .37
785 Dry air I0 U
847 Dry air 106
863 1 0 .02
900 Dry air 2
940 Dry air < 0 .0 1
950 Dry air < 0 .0 1

Self-steaming.—Loss of surface area at high 
temperatures in a stream of dry air occurs ex
tremely rapidly at first and then much more 
slowly. The initial loss, which incidentally is the 
major loss in these experiments, occurs in less than 
0.1 of an hour. Indeed, most of the loss occurs 
even before the catalyst reaches the nominal tem
perature of aging, that is, during time taken to 
heat the catalyst from 565° to the desired aging 
temperature.

The initial part of the heat aging is complicated 
by the phenomenon of self- steaming. The catalyst 
contains 2% water after calcination at 565° for 6 
hours in a stream of dry air. During the subse
quent heating period to temperatures in excess of 
565°, much of this water is unavoidably released 
from the catalyst. Since the steam pressure in the 
vicinity of the catalyst surface can be momentarily 
high, some steam aging occurs. Most of the self
steaming occurs at the lower temperatures because 
less and less water is released per degree rise in 
temperature as the temperature is increased. At an 
air rate of 4 cc. (STP)/min./g. of catalyst, a partial
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pressure of steam as high as 0.06 atmosphere could 
have existed in the effluent a:r. This is high enough 
at temperatures upwards of 600° to cause some 
steam aging. At the higher temperatures (900° 
and above), very little additional water is released 
and any further aging becomes more nearly “ ther
mal.”

In order to assess the importance of self-steam
ing, the calcined catalyst was heated very slowly 
(ca. l°/m in.) from 565-950°. This gave more 
time for water removal before a high temperature 
was reached. Samples were taken at 847, 900 and 
950°. An appreciable self-steaming in the earlier 
experiments is shown by the fact that the surface 
area at a given temperature was higher with slow 
heating (in spite of the longer time) as can be seen 
below in Table IV.

T a b l e  IV

S u r f a c e  A r e a s  A f t e r  H e a t in g  in  D r y  A ir

Temp, 
attained,

Rapid heating (5°/min.) 
Surface Pore Pore 

area, voL, diameter,
Slow heating (1 

Surface Pore 
area, voi.,

°/min.)
Pore

diameter.
°C. m.Vg- cc./g. Â. m.Vg. oo./g. A.
847 484 0.598 49.4 536 0.665 49.6
900 384 .495 51.5 455 .595 52.3
950 139 .205 59.0 203 .320 48.7

Heating experiments in a high vacuum (<5 n 
pressure) on the same catalyst were performed by 
Roper.3 Here the steam evolved is pumped away 
as rapidly as it is formed and self-steaming should be 
very small indeed. The results showed that even 
during the slow heating in a stream of dry air con
siderable self-steaming occurred. For example at 
950° the surface area for slow heating was 263 m.2/
g. and that for the vacuum heating was 430 m.2/g.

The foregoing results show that catalysts heated 
in dry air were not aged by a purely thermal proc
ess, but were partially aged by steam before reach
ing the nominal aging temperature. Indeed, it is 
expected that aging by self-steaming continued for 
some time at the nominal temperature. The in
fluence of steam, however, would diminish rapidly 
with time as a consequence of the rapidly diminish
ing evolution of water.

Since the steam originates on the catalyst sur
face, whether in a stream of extremely dry air or in 
the highest vacuum, there will always be a finite 
residence time of the freed water in the catalyst 
particle. It becomes apparent, then, that a purely 
thermal aging of a catalyst cannot be attained but 
merely approached.

Empirical Equation for Decline of Surface Area.
—The decline rate of surface area under all condi
tions studied can be expressed by the empirical 
equation

-  a f -  “ ■ <•>
where S is the specific surface area, t is time, and k 
and n are constants. In an expression of this type, 
k represents the reaction rate constant and n the 
order of the reaction.

In te g ra t io n  o f  th is  e q u a t io n  w ith  th e  c o n d it io n  
th a t  S =  So a t  z e ro  t im e  g iv e s

(3) E. E. Roper, Shell Development Company, unpublished work.

Fig. 2.— Apparatus for aging in steam at greater than one 
atmosphere: A, pressure gage and bursting disk; B,
enamel-lined stainless steel vessel with concentric thermo
well; C, helium for constant gas bleed through regulator; 
D, grove pressure regulator; E, liquid-vapor separator; F, 
rotameter for water feed; G, pressured water; H, decom
pression chamber for withdrawing samples; I, high pressure 
helium; J, perforated plate and Refrasil cloth; K, gel 
charge; L, Hevi-Duty furnace (Model 3024S).

Fig. 3.— Effect of temperature upon aging silica-alumina in 
one atmosphere steam.

( V S ) " “ 1 =  K n  -  l)S 0n~H +  1 (2)

which may be rearranged to

log 5 =  log S0 — —~ y 1°S k(n — l)So"~1 —

sA i ( ‘ + iifAn) <»
or

log S = -------- - - r  log k(n — 1 ) --------7 log (t +  B)

(4)

Because of the fact that some aging occurs by 
self-steaming while the sample is being brought to 
temperature in a stream of dry air, the surface area 
at the start of the isothermal aging period is smaller 
than So- This may be formally taken into account 
by increasing the aging time under isothermal con
ditions by an unknown amount At, so that the addi-
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Fig. 4.— A gin g of silica-alum ina cata lyst in one atm osphere 
steam  a t various tem peratures.

live constant B in equation4 5 becomes
3  =  At +  So1~n/k(n -  1) (5)

By adjusting the value of B so that a plot of log »S' 
versus log (t +  B ) is linear, n can be determined 
from the slope and k from the value of log S where 
t +  B is unity on the time scale.

The small scatter of points about the straight 
lines for the agings in one atmosphere steam at vari
ous temperatures (Fig. 4) shows the excellent agree
ment with equation 4 and hence with equation 1. 
The value of n at one atmosphere steam pressure 
decreases regularly from 9.1 at 478° to 3.8 at 863°. 
The changing value of n, which may be termed the 
“ order”  of the reaction, suggests that the mecha
nism for the loss of surface area may be changing 
with temperature.

T a b l e  V

A g i n g  o f  S i l i c a - A l u m i n a  C a t a l y s t  i n  O n e  A t m o s p h e r e  

S t e a m  P r e s s u r e

A ccording to the expression

i, k
° c . n (m .V g V - ’V U . ) - 1 B

478 9 .1 1 .5  X  10“ 21 2 .5
576 8.2 où X o ti 0 .3 5
678 6 .3 3 .6  X  10 ~16 .15
778 ' 4 .7 3 .2  X  1 0 - ‘° . 15
863 3 . 8 2 .0  X  10-5 .01

T a b l e  V I

S t e a m  A g i n g  o f  S i l i c a - A l u m i n a  C a t a l y s t

d$
A ccording to the Expression — g -  =  k S n

Steam kt, pressure, (m .2/g -) (1 n)
°c. atm. abs. 11 (hr.)-i B

576 0 .3 11.1 4 .5  X  III 2 .0
1 8.2 3 .7  X  10~21 0 .3 5
3 6.9 1 .4  X  1 0 ~ 16 0
7 4.6 7 .6  X  1 0 - “ 0 .5

778 0 .11 6.0 3 .5  X  I 0 - li 1 .3
0 .3 0 5 .7 1 4 X  10“ 13 0 .5
1 4 .7 3 .2  X  10 ~ 10 0 .1 5

time.6 The value of k' can be obtained from k by 
multiplication by $o,w . The value of So to be 
chosen is subject to some uncertainty; it has been 
chosen as the actual initial surface area of the sam
ple, about 600 m.2/g.

Values of k' derived from Table VI arc shown in 
Table VII, together with values of the ratio /c '/p2 
where p is the partial pressure of steam. At 576° 
this ratio is nearly constant; the deviant value at 7 
atm. would be brought into agreement with the 
rest by a change in the value of n from 4.6 to 4.7. 
This change in n would not exceed the experimental 
uncertainty. At 778°, however, the value of k' 
has a dependence on p that is intermediate between 
the first and second powers.

Application of equation 6 to the data of Table V 
yields values of k' which obey an Arrhenius equa
tion such that for all the data up to a temperature 
of 778°

log V  =  6.18 -  5.64 X  10 3/ T  
T a b l e  V II

R a t e  C o n s t a n t s  D e r i v e d  f r o m  E q u a t i o n

-
1 ds 
So d t ~~ * '(£ /& )»

t,
°c.

Steam 
pressure, 
atm. abs. n

V
(m.Vg.) 1

k '/ p -
(m-V g.) 
tatm.) :

576 0.3 11.4 0.0316 0.35
1.0 8.2 0.37 .37
3.0 6.9 3.36 .37
7.0 4.6 7.6 .16

778 0.11 0 .0 0.269 22
0.30 5.7 1.53 17
1 .0 1.7 6.1 6.1

Steam pressure also influences the value of n as 
shown in Table VI.

It has been pointed out to us by Hughes6 of these 
laboratories that the range covered by the values of 
k is very considerably decreased if equation 1 is 
written in the form

- k £ - * w <w <‘ >
This formulation also has the advantage that the 

rate constant k' has the dimensions of reciprocal
(4) It should be noted that an empirical equation of the form of 

equation 4, a line, r relation between log S  and log (i +  B ) ,  has been 
used in the petroleum industry for many years for describing catalyst 
deactivation. As early as 1948, it was applied by E. Gordon and 
R. P. Trainer at the Houston Research Laboratory of Shell Oil Com
pany.

(5) R. R. Hughes, private communication, March, 1956.

The point at 863° deviates from this relation by 
more than the experimental error. This relation 
corresponds to an activation energy of 26.8 keal./ 
mole and a value of 1.5 X 106 hrw1 for k'B. In view 
of the changing apparent “ order” of the process 
and the fact that k'(n — 1) is essentially the rate of 
change of (»Sn/iS)" ~ the significance of this ac
tivation energy is not clear. Nevertheless, the 
relation is still useful for purposes of extrapolation 
or interpolation.

The dependence of n on temperature at constant 
steam pressure is shown in Fig. 5. The substantial

(61 An obvious alternative to equation 6 is - d  log S / d t =  k (S / S o )n . 
This leads to the integrated form log (S o/S ) = 1/n  log n k  +  1/n  log 
( t  +  1 / n k ), whereas (6) leads to log So/S =  l / ( n  — 1) log (n  — 1)& +  
l / ( n — 1) log {t -{- l/ (n  — 1 )/c). Both equations, therefore, appear 
to be equally satisfactory for an empirical description of the aging 
process.
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variations suggest that the mechanism of mate
rial transport, or the competition among various 
mechanisms, may be affected by both temperature 
and partial pressure of water vapor.

If equation 5 is applied to the aging curves ob
tained at high temperatures in dry air, very high 
values of n are obtained especially at the lower 
of these temperatures. For instance, at 847° the 
n value appears to be about 35. These high 
values are probably without any real physical sig
nificance and as such do not describe thermal aging 
in the absence of water vapor. Since the deactiva
tion comprises two consecutive reactions, initially 
one of high rate (self-steaming), followed by one of 
low rate, the apparent value of n necessarily would 
be high. Of primary interest are the constants for 
the second reaction, i.e., the more nearly thermal 
one. If the latter portions (after one hour) of the 
aging curves are fitted to the equation much more 
reasonable values are obtained. The large values 
of B necessary to give a straight line are consistent 
with the existence of the initial fast reaction of self
steaming. The value of B is essentially the time 
necessary under the conditions prevailing during the 
latter, or thermal, part of the aging to account for 
the relatively large loss of surface area caused by 
self-steaming.

The surface area data for 785 and 847° showed 
too much scatter for the small decline of surface area 
after one hour to give any reliable estimate of the 
constants. It can only be said that it is possible 
that the values of n are similar to those at the higher 
temperatures, but the rate constants, k, are lower. 
The constants at 900, 940 and 950° from data after 
one hour are recorded in Table VIII.

T a b l e  V I I I

C o n s t a n t s  f o r  H e a t  D e a c t i v a t i o n

k
1, (m.yg.)u-”)

°c. n (nr.) -i B

900 4.0 9.6 X 10- 10 9.0
940 3.5 4.6 X 10“7 2.2
950 4.9 2 3 X 10~9 1 0

In the temperature range studied for aging in 
dry air there seems to be no trend of n with tem
perature. The data summarized in Table VIII 
could be fitted, for example, with a uniform value of 
n =  4.0. Because of the large probable error in
volved a more definite statement cannot be made. 
Even after one hour the aging may still be influ
enced by some self-steaming so that if anything the 
real values of n are even lower. The n values for 
heat aging were somewhat higher than those anti
cipated by extrapolation of the curve for steam ag
ing to the same temperatures. The rate constants, k, 
however, are 107 less than for steam aging at similar 
temperatures. This, of course, shows the powerful 
accelerating effect of steam for the decline of sur
face area.

Decline of Pore Volume and Enlargement of 
the Pores.—Aging by both heat and steam also 
causes the disappearance cf pore volume. The 
collapse of the pore volume occurs at a rate de
pendent on the temperature and the presence of 
steam and is seemingly not related to the surface 
area decline. The relative rates of surface area

T E M P E R A T U R E  O F  AGING, ” C.

F ig. 5.— C onstants for the aging of silica-alum ina.

and pore volume disappearance are such in the 
presence of steam that there is an effective increase 
in the average “ diameter” of the micropores.7 The 
rate of increase of average pore diameter is strongly 
influenced by temperature in the presence of steam. 
The increase is greatest at the lowest temperatures 
and becomes progressively less as the temperature 
is increased. This is seen easily in Fig. 6 where the 
surface area is plotted versus the pore volume for the 
various agings. Any straight line through the ori
gin is a line of constant pore diameter. The diago
nal line between fresh catalyst and the origin, then, 
is the line of the pore diameter of the fresh catalyst 
(48A). The pore diameters become progressively 
larger as the points depart to the right and down
ward of this diagonal. It is worthy of note that for 
aging in steam the least change of pore volume for a 
given change in surface area occurs at the lowest 
temperature.

Aging by heat alone in a stream of dry air causes 
only a small enlargement of the micropores (Fig. 7). 
Although the points are very close to the diagonal 
there is a small, but nevertheless real, systematic de
viation from the diagonal. It should be noted that 
the line for the steam deactivation at 863°, when 
drawn back to the fresh catalyst, passes through 
the points for thermal deactivation (absence of 
steam) at 847°, a temperature which is relatively 
close to 863° (compare Fig. 6 and 7). A similar 
situation exists for steam at 778° and dry air at

(7) Pore diameters are calculated from the formula d  =  4 X 
104FP//S, where d is in A . if Fp is in cc./g. and S is in m.2/g . This 
formula is valid for cylindrical pores open at both ends. In view of 
recent more exact knowledge about catalyst structure, however, it 
should be recognized that 4 X 104Fp/£  is not a true pore diameter. 
A silica-alumina gel is not a solid permeated by cylindrical pores, but 
rather is an aggregate of small spheres. If r is the sphere radius, F  
the fraction void, and p the solid density of an individual sphere, then

iSB =  3 X  10 i /p r ,  for r  in A .
7 P =  F/( 1 -  F )P 

4 X  104FP/<S =  4FY/3(1 -  F)
Thus surface area is determined by size of the ultimate spheres, pore 
volume by packing, and the apparent pore diameter by a combination 
of the two. The packing may be expressed in terms of the fraction 
void, or in terras of the number of spheres, N , touching a given sphere. 
The apparent pore diameter is still a convenient way of stating the 
ratio of Fp to S  and it will be used to some extent for correlation.
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PORE VOLUME, cc/g.
Fig. 6.— Surface area-pore volume relationship upon aging 

of silica-alumina in one atmosphere of steam.

Fig. 7.— Surface area-pore volume relationship upon aging 
of silica-alumina in a stream of dry air.

785°. This strongly suggests that the pore vol
ume-surface area relationship during aging of a 
catalyst is a function of the temperature only and 
that the primary effect of steam is to accelerate the 
change of physical properties along the path deter
mined by the temperature. This implies no funda
mental difference between heat aging and steam 
aging at high temperatures.

Work of others is not in agreement with the con
cept that temperature alone determines the change 
in average pore diameter of a catalyst. Van Nord- 
strand, et al.f observed the same pore diameter for 
silica gel aged in a high vacuum at various tempera
tures ranging from 600-1040°. However, their 
data for silica-alumina cracking catalyst suggest a 
small increase of pore diameter at the lower tem
peratures. At higher temperatures, however, the 
pore diameter is again the same as for the fresh cata
lyst. The deviation from constant pore diameter 
is probably not real and may be experimental error. 
Roper9 observed no increase of pore diameter during 
high vacuum deactivation of high alumina catalysts 
at temperatures between 875 and 970°.

In our experiments the pore diameter of catalyst 
aged by “ heat” in a stream of dry air was always 
higher than that of the fresh catalyst. The increase 
was relatively greater at the lower temperatures. 
It is possible that the small enlargement is the result 
of self-steaming by the water released from the 
catalyst during the aging, and that no increase in

(8) R. A. Nordstrand, W. E. Kreger and H. E. Ries, Jr., T his 
Journal. 55, G21 (1951).

(9) E. E. Roper Shell Development Company, unpublished data.

pore diameter would occur under truly anhydrous 
conditions. Some self-steaming has already been 
shown to have occurred. However, the same en
largement of pore diameter occurs during the slow 
heating that gives more nearly pure thermal aging. 
Thus, the small increase of pore diameter at the 
lower temperatures followed by a decrease at the 
higher temperatures may be real. As mentioned 
earlier, Van Nordstrand made a similar observation. 
This coincidence, although possibly fortuitous, 
leads one to suspect that the widely accepted con
stancy of pore diameter during thermal deactiva
tion is only approximate.

Experiments at 576 and 778° at various pres
sures of steam show a small but definite effect of 
steam pressure on the changes in pore diameter. 
As the steam pressure is lowered from 1 to 0.3 to 
0.11 atm. at 778° the pore diameter increases less 
rapidly with decreasing surface area. This same ef
fect is present although not as apparent at 576° and 
7, 3, 1 and 0.3 atmospheres steam pressure. These 
data imply that perhaps at zero steam pressure 
(dry heat) the pore diameter would be the same as 
for the fresh catalyst.

Thus, to summarize, the apparent diameter of the 
pores at a given surface area during aging is a func
tion both of the temperature and the steam pressure. 
The effect of more than traces of steam, however, is 
of minor importance. This is clearly shown in Fig. 
8 which shows the effect of steam pressure on dVp/ 
dS at various temperatures. Above one atmos
phere steam, there is little if any additional influ
ence on the enlargement of pores; but, below one 
atmosphere, the pressure of steam becomes in
creasingly more important. Figure 9 shows the 
dependency of dFp/d»S on the temperature of ag
ing.

Speculations Concerning Mechanism.— It has
often been suggested in the past that inorganic gels 
consist of a loosely packed aggregate of small 
particles.10 Direct evidence to support this view 
has been obtained recently by electron micros
copy11’12 of cracking catalysts and of silica gels. 
A reasonable model for the structure of cracking 
catalyst is thus an assembly of small, dense, 
roughly spherical particles in a rather open or loose 
random packing. Spheres will be the preferred 
shape since these materials are non-crystalline. The 
surface area of the structure will be determined by 
the radius of the particles; for a surface area of 600
m.2/g . this radius is 23 A. The pore volume is the 
sum of the volumes of the irregular spaces between 
the particles.

Such a structure will be thermodynamically un
stable because of its high surface free energy. The 
surface free energy for silica-alumina cracking cata
lyst is estimated to be of the order of 400 ergs/cm.2 
at room temperature. Consequently, when the 
surface area decreases from 600 to 100 m.2/g ., the 
system should become more stable by about 50 cal./ 
g. The lowest energy regions in the system are the 
regions of contact between the elementary particles,

(10) A. von Buzagh, “ Colloid Systems,”  The Technical Press, Ltd., 
London, 1937; P. C. Carman, Trans. Faraday Soc., 36, 964 (1940).

(11) K. D. Ashley and W. B. Innes, Ind. Eng. Chem., 44, 2857 
(1952).

(12) C. R. Adams and H, H. Voge, T h is  Jo u r n a l , 61, 722 1957.
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since these are the regions of smallest (concave) 
radius of curvature. The first result of any trans
port of solid material in the system should there
fore be the formation of fillets between the particles 
by the deposition of material in the regions of con
tact. The possible loss of surface area by fillet 
formation alone is quite limited and can account for 
only a small part of the observed aging process. For 
instance, the surface area lost by the formation of a 
fillet between two equal spheres would be less than 
3%  of the original surface of the two isolated 
spheres; if four fillets were formed per particle the 
surface area of a fresh catalyst would decline from 
600 m.2/g . to only 560 m.2/'g. Nevertheless, the 
process of fillet formation is believed to be impor
tant since it provides the necessary bridges be
tween the particles for subsequent material trans
port by surface migration, volume diffusion, or 
viscous flow and contributes also to the mechanical 
strength of the aggregate.

The second result should be the disappearance of 
the smallest particles in the system and the growth 
of larger ones. This may occur either by the 
growth of the larger particles already present at the 
expense of the smaller ones, or by the coalescence 
of several small particles to form a larger one. 
Which of these processes predominates will be de
termined by the nature of the transport processes 
involved. The possible processes for material 
transport are surface migration, volume diffusion, 
vapor-phase transport, and viscous flow.

The kinetic analysis of Kuczynski,13 who studied 
the growth of fillets between small spherical metal 
particles and a plane surface of the same metal, has 
been generalized by Herring,14 who showed by fairly 
general arguments that at a given temperature and 
with a given mechanism for material transport the 
time required for the average particle size in an ag
gregate to increase by a constant factor should vary 
as (r0p) where r0 is a measure of the initial average 
diameter of the particles in the aggregate. This was 
demonstrated only for the case where all the aggre
gates considered have the same packing and dis
tribution of particle sizes and shapes, so that they 
differ only in the magnitude of r0. The power 
p was shown to depend on the mechanism of ma
terial transport and to have the following values: 
for surface migration, p — 4; for volume diffusion, 
p =  3; for vapor phase transport, p =  2; for vis
cous (Newtonian) flow, p — 1. These conclusions 
are consistent with our empirical finding that 
— d»S/di = kSn but the values of n found empiri
cally in our experiments are considerably larger than 
the values predicted by Herring’s analysis. It is 
shown readily that the relation between the ex
ponent n of our empirical rate equation and the ex
ponent p of Herring’s analysis is n =  p +  1 for a 
given process of material transport. Thus the 
largest value of n predicted by Herring’s analysis is 
5.

We have reason to believe that the larger values
(13) G. C. Kuczynski, J. Metals, 1, 169 (1949).
(14) C. Herring, “ Structure and Properties of Solid Surfaces,”  

edited by R. Gower and C. S. Smith, University of Chicago Press, 
1953, p. 56J “ Progress in Metal Physics,”  Vol. 4, edited by B. Chal
mers, Interscience Publishers, New York, N. Y., 1953; J. Appl. 
Phys., 21, 301 (1950).

Fig. 8.— Influence of steam partial pressure on the relative 
change of pore volume and surface area.

TEMPERATURE OF AGING, 'C .
Fig. 9.-—Influence of temperature on the relative change of 

pore volume and surface area.

of n observed at the lower temperatures in the pres
ence of steam can be accounted for by a vapor 
phase transport process involving the formation of 
volatile species like Si(OH)4. It has been pointed 
out to us by C. R. Adams of these laboratories that 
the dependence of the rate on the partial pressure of 
steam at the lower temperatures is also consistent 
with such a mechanism. At higher temperatures 
the lower values of n are consistent, in the light of 
Herring’s analysis, with the predominance of proc
esses such as surface migration and volume dif
fusion. Such a change in the relative importance of 
the various mechanisms of material transport with 
changing temperature would be expected a priori 
since the different mechanisms should have dif
ferent activation energies.

The ratio d<S/dFp (loss of surface area to loss of 
pore volume) also depends on the mechanism of 
transport. If the aging occurs only by surface 
migration or vapor phase transport, the geometric 
centers of the surviving elementary particles tend 
to remain in the same relative positions in the 
aggregate, so that the pore volume remains con
stant while the surface area decreases. This, of 
course, implies an increase in the calculated pore 
diameter. The occurrence of volume migration proc
esses such as volume diffusion or plastic flow, on 
the other hand, will permit the geometric centers 
to approach each other; the whole aggregate will 
shrink and the pore volume will decrease. These 
effects will be reflected in a lower rate of increase of 
the pore diameter, or a lower value of dS/dFp. The 
curve shown in Fig. 9 indicates that the importance 
of volume transport processes increases steadily
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relative to that of surface transport processes (sur
face migration and vapor-phase transport) as the 
temperature of aging increases.

Aging at the highest temperatures results in very 
little change in the pore diameter. This observa
tion is consistent with a nearly complete predomi
nance of volume transport processes over surface 
processes, with the result that a kind of local fusion 
or coalescence destroys both surface area and pore 
volume simultaneously and in constant proportion. 
The occurrence of such a process is strongly indi
cated by the observations of Adams.12 As is shown 
in Fig. 6, the aging process approaches this course 
more and more closely as the temperature of aging 
increases.
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Steam has a strong accelerating effect on the 
aging process at all temperatures. The relatively 
small dependence of dFp/diS on the partial pressure 
of steam (Fig. 8) suggests that both volume trans
port processes and surface transport processes are 
accelerated to nearly the same extent by steam, pre
sumably by a process of hydrolytic attack on the 
silicon-oxygen or aluminum-oxygen bonds in the 
gel network.
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The physical structure of an unaged silica-alumina gel consists of coherent aggregates of dense, smooth, spherical particles, 
about 45 A. in diameter, with a relatively narrow distribution of particle sizes. The specific surface area is the geometrical 
surface area of these particles and the pore structure is the void structure resulting from the packing together of these par
ticles. Aging in the presence of steam at low temperatures (below about 800°) results in an increase in the ultimate particle 
diameter, with a widening of the distribution. The decrease in surface area is quantitatively accounted for by this increase 
in size. Aging at high temperatures is characterized by a complete collapse of microscopic regions of the gel, the remaining 
regions having essentially the same physical structure as that of the fresh gel. This high temperature sintering is strongly 
accelerated by the presence of steam.

Introduction
The fine structure of inorganic gels has been the 

subject of intensive investigation and discussion for 
many years. The interest in, and importance of, 
these gels is due, in part, to those properties which 
result from this structure: namely, pore structure, 
surface area and the subsequently important surface 
chemical activity. It is the purpose of this paper to 
present the results of a high magnification electron 
microscope study of the structure of a silica-base 
gel and the structural changes produced in this gel 
by treatments with steam and high temperatures. 
A systematic study of the changes in pore volume 
and surface area of this gel, as a function of tem
perature, steam pressure and time, has been re
ported by Schlaffer, Morgan and Wilson.1

Experimental
The gel used in those studies was a sample of a commercial 

powdered cracking catalyst manufactured by the American 
Cyanamid Company by the hydrolysis of an aluminum salt 
in the presence of a silica hydrogel. The powder was in the 
form of microspheres about 60 y in diameter, obtained by 
sprav-drying the composited hydrogel. This gel contained 
12.4% A120 3, had a surface area of 608 m.2 3 * 5/g ., and a pore 
volume of 0.73 cc./g . The experimental techniques of de
activation are given in detail by Schlaffer, Morgan and 
Wilson.1

Serious experimental problems are posed in an electron 
microscope study of such a gel, inasmuch as the diameters of 
the ultimate particles are about 30-50 A ., a range requiring 
high resolution and magnification. The greatest single 
problem was that of specimen contamination in the electron

(1) W. G. Schiaffo!-, ('. Z. Morgan and J. N. Wilson, Tins J o u r n a l , 
61, 714 (1957).

beam.2-5 This deposition of amorphous matter was so 
great (often as high as 5-6 A. per minute) at the higher beam 
intensities necessary for high magnification exposures that 
the utmost haste had to be employed to obtain a true picture. 
Exposures were usually made within 15-20 seconds after 
beam illumination, and many pictures of each sample were 
taken to ensure accurate representation of the true structure. 
Another major problem was the instability of the support 
film. Nitrocellulose films were used in most cases. These 
films have a tendency to stretch and move for a few seconds 
after beam illumination but, because of the contamination 
problem, it was impossible to wait until the film became com
pletely stabilized. Evaporated silicon monoxide films were 
used in some instances, but the advantage of the greater 
stability of this film was offset by the great tendency to 
charge up in the electron beam. Evaporated carbon films6 
have been found in later work to be very superior supports.

Samples were usually lightly ground by hand for a few 
seconds in a small mortar and either suspended in water or 
mounted dry by dusting onto the support film. Measure
ments on specimens prepared by both techniques indicated 
that the suspension in water and subsequent drying had no 
effect upon the physical structure of the gel. This is in 
agreement with other studies7 on aggregated, calcined 
BeO Tn20 3 gels which have shown that aqueous suspension 
and subsequent evaporation to dryness had no effect upon 
the pore size distribution within the aggregate.

Electronic manifications of 20,000X were obtained in an 
RCA EMU-2C microscope, with optical enlargements of 
the resulting negatives employed to obtain prints at a total 
magnification of 200,000 X . The particle size distributions 
were obtained from the photographic prints by direct meas

(2) R. L. Stewart, Phys. Rev., 46, 488 (1934).
(3) .1, U. !.. Watson, J. Appi. Phys., 18, 153 (1947).
(1) .1. Ilillior, M d., 19, 22IÌ (1918).
(5) A. 1C. ICmms, B rii. J. Appi. Phys., 5, 27 (1951).
(0) I). E. Bradley, ibid., 5, (»5 (1954).
(7) C. R. Adams and W. O. Milligan, Tuia J o u r n a l , 58. 219 

i 1954).
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urement. Measurements of different specimens of each 
sample showed the distribution of sizes in different aggre
gates to be the same within the accuracy of the measure
ments. For instance, measurements of three different pic
tures of the fresh gel yielded number-average diameters of 
45.3, 45.7 and 44.1 A., counting 596, 561 and 778 particles, 
respectively, with similar agreement in the shape of the dis
tribution. Most of the distributions given here represent 
a count of 1000-2000 particles for each sample. Such a 
large count was necessary to obtain a reliable value for the 
surface-area-average diameter, a quantity very sensitive 
to small fluctuations in the large particle tail of the distribu
tion function. Continuous curves were obtained from the 
histograms by plotting on arithmetic probability paper. 
Although the distributions were not exactly Gaussian, the 
curvature was usually slight, so that a smooth curve could 
be easily drawn.

Results and Conclusions
Structure of the Fresh Gel.—An electron micro

graph (200,000X) of the fresh gel (after calcination 
at 565° for 6 hours) is shown in Fig. la. The ulti
mate particle size distribution is given in Fig. 2. 
The ultimate particles have a rather narrow distri
bution of sizes with a number-average diameter of
44.7 A. and a surface-area-average diameter of
50.7 A. Number-average diameter is defined as 
2njdi/2«i, and surface-area-average diameter as 
(¿em =  2widi8/2riidi2. Then $ em0 = 6 X 104/p<iEM 
where S e m i s  in m.2/g . if (¿e m  is in A. Using a skeletal 
density of 2.308 g./cc. as determined by Schlaffer,8 
an electron microscope surface area ( S e m )  of 513
m.2/g . was obtained. This is in reasonable agree
ment with a surface area (SAds) of 608 m.2/g. as de
termined by BET nitrogen adsorption. The diam
eter (¿Ads =  6 X 104/ pSAds'/ of a smooth sphere 
having this surface area and the density quoted 
would be 42.8 A. Although the deviation of 18% 
between the two values for the surface area is prob
ably within the absolute experimental error of the 
two measurements, a contamination layer of only
3.9 A. would account for all the discrepancy. It is 
apparent that the structure observed in the electron 
microscope is the true ultimate physical structure of 
the gel.

The physical structure of the fresh gel may thus 
be described as an assembly of spherical particles, 
having a roughness factor (here defined as S a<1s/ 
$ e m )  of essentially unity, about 45 A. in diameter, 
and packed rather loosely together into arbitrarily 
shaped primary aggregates. The term primary ag
gregate is used here to denote those aggregates 
which appear to have no lower state of subdivision 
above the ultimate particle size level. The size of 
these primary aggregates could not be judged with 
precision, but appeared to extend over a wide range 
(0.05 to > 3 pi). Furthermore, there appeared to 
be an endless hierarchy of higher aggregation.9 
It is postulated that the primary aggregates are 
formed during the aging of the sol. The secondary 
aggregate structure is at least partially built up 
when the gel sets. This secondary (and higher 
order) aggregation is certainly strengthened and 
built up further during the drying of the gel. The 
effect of lightly grinding the dried powder is to

(8) W. G. Schlaffer, unpublished data.
(9) Ideas on the clustering of ultimate particles of gels into primary 

aggregates and of the further aggregation into roughly isometric 
secondary aggregates were proposed independently here by J. N. Wilson 
in 1953.

break up this higher order aggregation and would 
not be expected to affect the much stronger pri
mary aggregate structure.

It is apparent from Fig. la  that the pore struc
ture of this gel is merely due to the interstices be
tween the ultimate particles and results from the 
mode of packing of these particles. Although the 
size of these interstices agrees approximately with 
the size of a hypothetical cylindrical “ pore”  com
puted from gas desorption measurements,7 the 
concept of straight cylindrical pores or parallel 
plates should never be taken literally. Although 
these two models are the most accessible mathe
matically, the real pore structure of a gel of this 
type is a very complicated interconnected maze of 
void space.

Aging by Steam at Low Temperatures.—Schlaffer, 
Morgan and Wilson1 and Ries10 have shown that 
deactivation (i.e., loss of surface area) of silica-base 
gels appears to occur in different ways. Deactiva
tion in steam at rather low temperatures results in 
an increase of “ pore” size. Ashley and Innes11 
examined fresh and steamed silica-alumina catalyst 
with the electron microscope and found that the 
particle size increased upon steaming, corresponding 
to the decrease in surface area.

An electron micrograph is given in Fig. lb  of the 
silica-alumina gel after steaming for 504 hours at 
476° and one atmosphere steam pressure, with a 
resulting adsorption surface area of 316 m.2/g. 
This steamed gel resembles the fresh gel very 
closely in appearance except that the ultimate 
particle size has increased. The material con
sists of discrete, individual spheres loosely packed 
together into aggregates very similar in size and 
shape to those of the fresh gel. The particle size 
distribution given in Fig. 2 is quite ¿uniform with 
a number-average diameter of 64.5 A. and a sur
face-area-average diameter of 77.1 A. This size 
corresponds to an electron microscope surface area 
of 342 m.2/g . The nitrogen surface area corre
sponds to smooth spheres of 83.4 A. in diameter, or 
a roughness factor of 0.92. An electron micro
graph is given in Fig. lc  of the gel after one atmo
sphere steaming at 678° for 1320 hours, with an ad
sorption area of 95 m.2/g . This material has a 
slightly different appearance in that no isolated, 
individual particles were observed. The particles 
appear to be firmly bound in the aggregates, al
though surface area calculations show that most of 
the area of the ultimate particles is still accessible. 
The aggregates are roughly the same size and shape 
as the aggregates of the fresh gel. The distribu
tion of ultimate particle sizes given in Fig. 2 has a 
number-average diameter of 214 A. and a surface- 
area-average diameter of 262 A. This corresponds 
to an electron microscope surface area of 100 m.2/g., 
in excellent agreement with adsorption measure
ments of 95 m.2/g.

The observation was made above that the aggre
gates appeared similar at various stages of steam
ing. This observation allows an explanation for

(10) H. E. Ries, Jr., “ Advances in Catalysis,” Vol. IV, Academic 
Press, New York, N. Y., 1952, p. 87, and earlier papers cited there.

(11) K. D. Ashley and W. B. Innes, Ind. Eng. Chem., 44, 2857 
(1952).
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Fig. 1.— Electron micrographs of silica-alumina gel; magnification: 200,000 diameters.
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the relatively constant pore volume and increasing 
pore diameter observed over the course of low tem
perature steam deactivation. It is postulated that 
the aggregates retain their approximate shape and 
size during the process of steaming. This is strongly 
demanded by the appearance of the aggregates of 
the sample steamed to 95 m.2/g ., where the ultimate 
particles are obviously strongly bound into the ag
gregates, yet the irregular shape of the ultimate ag
gregates clearly shows that they could not be frag
ments broken off mechanically from a large homo
geneous mass. Arguments will be advanced below 
to indicate that only two mechanisms are possible 
for low temperature steam deactivation: surface 
migration or vapor phase transport. Either mech
anism will require that essentially all material 
transport occur within the aggregate. Since, by 
either mechanism, transport of matter to or from a 
given ultimate particle will be incoherent with re
spect to transport to and from all particles at least 
two particle diameters away, arid since each aggre
gate contains a very large number of ultimate par
ticles, the size and shape of the aggregate would be 
expected to remain essentially unchanged.

The above results clearly show the effect of 
steam deactivation at low temperatures upon sil
ica-alumina gel: namely, the regular growth of
individual spheres of the solid, at the expense of the 
smaller particles. Thus the larger particles are con
stantly growing larger and the smaller ones are 
constantly getting smaller and disappearing. This 
would result in size distributions spreading out to
ward the larger sizes, as steam deactivation pro
ceeded, and yet still having one side of the distribu
tion extend into the small particle range. These are 
exactly the facts observed here and displayed in 
Fig. 2. The concept of collapse, sintering or amal
gamation of two or more particles is not consistent 
with the observations of (a) round particles having
(b) a roughness factor of essentially unity, (c) in
dividually observable particles, (d) broadening dis
tributions as deactivation continues, (e), the pres
ence of an appreciable number of small particles 
even after prolonged aging, and (f) the continuous, 
smooth increase of the average particle size with 
steaming. The consistently spherical shape of the 
particles indicates that surface tension forces are 
prominent in such growth. Only two mechanisms 
of growth are consistent with all the above ob
servations: surface migration or molecular diffu
sion in the gaseous state. In either case surface 
tension forces would become important and the 
presence of steam would be expected to accelerate 
the growth. It should be pointed out that this 
type of deactivation does not result from move
ment of silica from the surface of wider capillaries 
to fill in the smaller capillaries or pores, as has been 
suggested elsewhere.12

Aging at High Temperatures.—A second method 
of deactivating silica-base gels consists of heating 
the gel at high temperatures. This type of destruc
tion of surface area is characterized by a constancy 
of pore size and pore size distribution,1'10'13 result-

(12) R. K. Her, “ The Colloid Chemistry of Silica and Silicates,”  
Cornell University Press, Ithaca, N. Y., 1955, p. 270.

(13) W. O. Milligan and H. H. Rachford, Jr., T h is  J o u r n a l , 51, 
333 (1947).

°Diameter, A.
Fig. 2.—Ultimate particle size distributions of fresh, steamed 

and heat deactivated gel.

ing from an equivalent amount of pore volume 
destroyed when the surface area decreases. An elec
tron micrograph is given in Fig. Id of the silica- 
alumina gel heated in a stream of dry air for 7 hours 
at 900°. The resulting nitrogen surface area was 
269 m.2/g. The secondary aggregate structure of 
this high temperature deactivated sample is dis
tinctively different from that of the fresh or 
steamed samples. The secondary aggregates of 
this sample are considerably larger, usually several 
microns in size. The aggregates are regularly 
shaped, having a shard-like appearance, with fre
quent fracture edges present in the ground material. 
In contrast to the low temperature steam deac
tivated samples, the ultimate particles of this heat 
deactivated sample have not changed in size from 
that of the fresh gel, as shown in Fig. 2. An electron 
micrograph is given in Fig. le of the gel heated in 
air for 7 hours at 940°, with a resulting surface area 
of 100 m.2/g. The aggregate appearance of this 
sample is quite similar to that of the sample heated 
at 900°. The ultimate particle size distributions, 
given in Fig. 2, are unchanged from that of the 
fresh gel, with the exception of slight shoulders on 
the larger particle side. It is postulated that these 
shoulders are due to only a few particles fused to
gether.

It has been shown by Schlaffer, Morgan and Wil
son1 that the deactivations in “ dry air”  were in
fluenced at least in part by steam generated at the 
high temperatures from the water originally com
bined in the gel. Electron micrographs were, there
fore, also obtained of a sample of fresh gel which 
had been calcined in vacuo at 1012° for 1.7 hours by
E. E. Roper. This material had a surface area 
of 104 m.2/g . The aggregate appearance of this 
sample was identical with that of the gel heated in 
“ dry air.”  The ultimate particle size distribution, 
given in Fig. 3, is the same as that of the fresh gel, 
again with the exception of a slight increase in the 
number of larger particles. Thus conclusions 
drawn about the mechanism of deactivation of the 
samples heated in air will apply equally well to 
deactivation in vacuo. It appears that the presence



726 C. R. Adams and H. H. Voge Vol. 61

Fig. 3.— Ultimate particle size distributions of fresh gel, after 
vacuum calcination at 1012°, and after steaming at 863°.

dyed with methyl red, approx. 1000X.
of steam at high temperatures merely accelerates 
the mechanism that occurs when the gel is heated 
in vacuo. An examination of a sample deactivated 
to 98 m.2/g . by 0.5 hour at 863° in one atmosphere 
of steam has shown that this accelerating effect of 
steam can be very marked. Heating in “ dry air” at 
this temperature and for this length of time would 
have reduced the area to only about 400 m.2/g.,

while vacuum calcination would scarcely have 
changed the area at all from the original value of 
608 m.2/g. The ultimate particle size distribution 
for the sample steamed at 863° is given in Fig. 3. 
Although there appears to be some (about 20%) in
crease in ultimate particle size, due to the low tem
perature steam mechanism, it is apparent that the 
major mechanism is that of high temperature deac
tivation. The average particle size would have in
creased to above 200 A. if the decrease of area had 
been due solely to the low temperature steaming 
mechanism.

The mechanism of high temperature deactivation 
appears to be that of heterogeneous sintering, re
sulting in local collapses of structure which spread 
through the mass in a process similar to fusion. 
This conclusion is based upon (a) the linear de
crease of pore volume with respect to surface area, 
and the constancy of (b) average pore size, (c) pore 
size distribution, (d) average ultimate particle size, 
and (e) ultimate particle size distribution for heat- 
deactivated silica-base gels. Although this evi
dence is somewhat indirect in that the data describe 
the properties of the uncollapsed regions, it is pos
sible to get direct information about the collapsed 
regions. This has been done by dying samples of 
heat-deactivated gels with a benzene solution of 
methyl red. It has been shown14 that the methyl 
red forms a monolayer on the surface, so that parti
cles having appreciable internal surface area will 
be dark red, while particles having no internal sur
face will be clear. A photomicrograph of a particle 
of gel, heat-deactivated to 100 m.2/g., is shown in 
Fig. 4. The dark regions of the particle shown in 
Fig. 4 are regions having a high internal surface 
area while the clear regions have essentially no in
ternal area. It should be mentioned that dyed par
ticles of the fresh gel appear uniformly dark. Fur
thermore, skeletal density measurements of the 
heat-deactivated gels indicated no occluded voids 
so that the clear regions visible in Fig. 4 represent 
solid, fused masses, rather than glazing. The num
ber of clear particles visible in the light microscope 
is not great enough (only about 5%) to account 
for all of the deactivation. A majority of the fused 
domains must therefore be below the resolution of 
the light microscope. This is understandable in 
terms of the aggregate structure discussed above. 
The extent of these fused domains would be ex
pected to be limited to the primary aggregates, un
til essentially all of the ultimate particles had fused 
together.

The mechanism given here for thermal sintering 
of silica-base gels is not new. Van Nordstrand, Kre- 
ger and Ries16 arrived at the same conclusion on the 
basis of pore size measurements. However, Ries10 
in a later review of the structure and sintering prop
erties of cracking catalysts, attempted to disprove 
this mechanism by showing that physically sepa
rated shell and core portions of a heat-deactivated 
catalyst bead had the same surface area as that of 
the whole bead. However, since the domains of 
fusion are limited by the size of the very small pri-

(14) I. Shapiro and I. M. Kolthoff, J. Am. Chem. Soc., 72, 776
(1950).

(15) R. A. Van Nordstrand, W. E. Kreger and H. E. Ries, Jr., T his 
J o u r n a l , 65, 621 (1951).
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mary aggregates, and since the state of aggregation 
was probably consistent throughout the bead, one 
would not expect to find any variation in surface area 
for various macroscopically large regions of the bead.
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ON THE STRUCTURE OF THE RHENIDE ION1
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The thermodynamic factors controlling the stability of the rhenide ion have been examined. The conclusion is reached 
that rhenide exists in aqueous solution as an oxygenated complex, and that solid rhenides must be "hydrated”  to be stable. 
Other ions of this general type are also examined.

Introduction
It is not generally recognized that data are avail

able in literature which help to elucidate the struc
ture of the rhenide ion.2 That this ion exists seems 
no longer subject to question. It has been con
firmed by a number of investigators,3-6 including 
this author; further, recent reports have appeared 
on the preparation of solid potassium,7 lithium8 
and thallous rhenides.7 The former two solid 
rhenides appear to be stable {as hydrates), charac
terized mainly by great ease of oxidation. Further, 
aqueous solutions of rhenide ion appear to reduce 
hydrogen ion slowly. It is the purpose of this 
communication to demonstrate that the aqueous 
rhenide ion is almost certainly not a simple halogen
like ion, but some type of an oxygenated complex.

The Thermodynamics of Aqueous Rhenide.—  
Consider the thermodynamic cycle in Fig. 1

Re(g)
A

A flv

A
------ *■ Re ~(g)

A U hyd
V

Re(c) <------- Re~(aq)
A//ox

Fig. 1.— Cycle for the aqueous rhenide ion.

In this figure the assumption is made initially that 
the structure of the aqueous ion is simple, i.e., Re- . 
A careful examination of the four AH values, for 
which the cycle must close, is necessary.

A. The Heat of Vaporization of Rhenium (AHv) . 
—The heat of vaporization of rhenium has been 
estimated by Brewer9 to be 189 kcal. at 25°. Re
cently Sherwood, et al.,w have measured the vapor

(1) This research was supported by the United States Air Force 
Office of Scientific Research of the Air Research and Development 
Command under contract No. AF 18(600)-1525.

(2) G. E. F. Lundell and H. B. Knowles, J. Research Natl. Bur. 
Standards, 18, 629 (1937).

(3) O. Tomicek and F. Tomicek, Collection Czech. Chem. Communs., 
11, 626 (1939).

(4) J. J. Lingane, J. Am. Chem. Soc., 64, 2182 (1942).
(5) E .  K. Maun and N. Davidson, ibid., 72, 3509 (1950).
(6) C. L. Rulfs and P. J. Elving, ibid., 73, 3287 (1951).
(7) J. B. Bravo, E. Griswold and J. Kleinberg, ibid., 58, 18 (1954).
(8) A. V. Grosse, Z . Naturforsch., 8b, 533 (1953).
(9) L. Brewer, “ Chemistry and Metallurgy of Miscellaneous Mate

rials: Thermodynamics,”  National Nuclear Energy Series, Vol.
IV-19B, edited by L. L. Quill, McGraw-Hill Book Co., New' York, 
N. Y ., 1950, p. 26.

(10) E. M. Sherwood, D. M. Rosenbaum, J. M. Blocker, Jr., and 
I. E. Campbell, J. Electrochem. Soc., 102, 650 (1955),

pressure of rhenium metal and have reported 
AH% as 187 ± 1  kcal. Corrected11 to 25° this be
comes 183 ±  2 kcal. very close to Brewer’s original 
estimate of 189 kcal. There is no evidence either 
way for the existence of dimeric or polymeric gase
ous rhenium species. However, the closeness of 
the estimated and experimental heats of vaporiza
tion leads one to believe that these species, if pres
ent, are a minor constituent and have not greatly 
affected the value for AHv.

B. The Heat of Oxidation of Re- (aq) (AH o x ) .  
—A close estimate of the heat of oxidation of 
aqueous rhenide comes from the chemical observa
tion that aqueous rhenide solutions oxidize hydro
gen ion moderately fast. This property is common 
to other aqueous ions whose oxidation-reduction 
potentials are around 0.4 volt (the practical oxida
tion stability limit of unit activity II + in aqueous 
solutions) for the reaction: M(reduced) =  M
(oxidized) +  e- . Thus Latimer12 gives i?0for Re-  
=  Re(c) +  e-  as 0.4 volt. This estimate is almost 
certainly accurate to a few tenths of a volt, and is 
independent of the structure of the aqueous species. 
However, following our previous assumption that 
the structure is Re~(aq), a value of AH can be es
timated from the E° of 0.4 volt as follows: the en
tropy of Re(c) has been determined as 8.89 e.u.13; 
the entropy of R e- (aq) can be estimated to be 28 
±  5 e.u.14 if the ionico radius is taken as approxi
mately16 2.3 ±  0.3 A. AiS'" then becomes —3 
±  5 e.u. for the reaction

R e-(aq) +  H+(aq) = Re(c) +  *AH,(g) (1)
E° =  +0 .4  ±  0.2 v.

AF« =  — 9 ±  5 kcal.

(11) Using i/o — H298 data for Re(g) from reference 9, and from 
reference 13 for Re(c).

(12) W. M. Latimer, “ Oxidation-Potentials,”  Prentice—Hall, Inc., 
New York, N. Y., 1952, pp. 12, 243.

(13) Wm. T. Smith, Jr., G. D. Oliver and J. W. Cobble, J. Am. 
Chem. Soc., 75, 5785 (1953).

(14) R. E. Powell and W. M. Latimer, J. Chem. Phys., 19, 1139
(1951).

(15) The ionic radius of Re~ is estimated by a comparison of the 
covalent and ionic radii of the halogens. The difference between the 
covalent and univalent radii of Cl, Br and I is 0.82, 0.84 and 0.88 A., 
respectively. It is plausible that the difference between the covalent 
radius of Re and R e-  wall also be 0.88 A. The covalent radius of 
Re w'ould appear to be almost the same as the observed metallic 
radius of 1.37 À. Thus the radius of Re -  is 2.3 A., which should be 
accurate to at least 0.3Â . Radii were taken from L. Pauling, “ Nature 
of the Chemical Bond,” Cornell University Press, Ithaca, N. Y., 1945,
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A S0 =  — 3 +  5 e.u.
AT/0 =  —10 ±  7 kcal.

Either this reaction or its abbreviated form, R e-  =  
Re -+ e - , constitutes the heat of oxidation of rhen- 
ide.

C. The Heat of Hydration of Rhenide (AHhy<\).
— The heat o: hydration of a halide-like univalent 
ion can be obtained either by extrapolation of the 
known heats for the halide ions as a function of 
ionic size, or by use of the Born expression as 
modified by Latimer16 to obtain the free energy 
and then the heat of hydration employing the 
proper entropy values. Thus from the previous 
estimate of the entropy of aqueous rhenide, 28 ±  
5 e.u., combined with the entropy of gaseous 
rhenide,17 a AS° of hydration can be obtained of 
—14 ±  5 e.u.18 This A.S\yd value can then be 
combined with the AFhyd from the Latimer-Born 
expression to obtain a AJIhyd- By the first halide 
method, A//i,yd is estimated to be — 66 ±  9 kcal.; 
by the Latimer-Born method, — 73 ±  9 kcal. 
Both values are based upon the choice of an ionic 
radius as given above of 2.3 ±  0.3 A., and the esti
mated errors are assigned wholly on this basis. 
The value of —73 ±  9 kcal. will be adopted.

D. The Electron Affinity of Rhenium (A//e).—  
The most difficult quantity to estimate is the elec
tron affinity of gaseous rhenium. Qualitatively, 
the affinity will almost certainly be less than that 
of fluorine atoms, —83.5 ±  2 kcal. mole-1.19 An 
admittedly poor extrapolation through a isoelec- 
tronic series (Os+, Ir++, Pt+++) leads to a value of 
~  —63 kcal., which may be compared to the heavi
est halogen atom, iodine, of —74.6 ±  1.5 kcal. 
Such extrapolations usually underestimate the af
finity. In any event, the electron affinity will be 
less than —83.5 and probably greater than —65. 
The lower value will be used for illustrative pur
poses.

With these values, it is now possible to complete 
the cycle (Table I).

T a b l e  I
Born cycle for rhenide AH, kcal.

Re(c) =  Re(g) +  183 ±  5
Re(g) +  e “ (g) =  Re “ (g) -6 5 ±  10

Re “ (g) =  Re~(aq) -7 3 ±  9
H +(aq) +  R e-(aq) =  Re(c) +  7 2H2(g) - 1 0 ±  7

7 Ä ( g )  =  H+(aq) +  e -(g ) 105. 6“

141 ± 3 1
“ This quantity comes from any attempt to list single ion 

thermodynamic values; in any closed cycle calculations its 
absolute magnitude has been predetermined by assignment 
of the hydration energies. Brewer (ref. 9, p. 157) lists 
103.9 kcal.; the above value is based upon a slightly different 
set of hydration energies. Its absolute value in no way 
affects the over-all numerical result of the cycle.

It can be seen that the cycle fails to “ close”  to 
the extent of 141 kcal. It is the high sublimation 
energy of rhenium metal which discriminates

(16) W. M. Latimer, J. Chem. Phys., 23, 90 (1955);
(17) For the entropy of gaseous rhenide, the Sackur-Tetrode value 

of 26.00 4- 3 /2 R In M  or 42 e.u. is used. This assumes no electronic 
contributions to the entropy.

(18) This value also neglects a small additional entropy term due to 
a change of standard states.

(19) H, 0 , Pritchard, Chem, Revs. 52, 529 (1953),

highly against rhenide. The only obvious value to 
change is the electron affinity of rhenium; to close 
the cycle would require AHe~ of —206 ±  31 kcal., 
the minimum value of which is over twice as large 
as for fluorine. That this situation is improbable is 
clear from the nature of the species involved.

The most obvious conclusion from this analysis is 
that the structure of rhenide is not halogen like, i.e., 
Re- . If the ion were combined with oxygen and 
hydrogen such as can be represented by a formula 
of the type20 HgReCh- , then our analysis would no 
longer be valid. For example, another term would 
have to be included in A/7hyd; it appears that the 
hydration energy could remain about the same, but 
a heat of reaction (and perhaps ionization) would 
have to be included. Other oxygenated species, 
such as H2ReO- , H4Re02- , H3R e02“  would not 
seem to be favored because of the required tetra- 
coórdination apparently needed to stabilize the 
species. This will be discussed further under solid 
rhenides.

Solid Rhenides.-—The discovery of solid rhe
nides21 has provided further information on the 
stability of the rhenide ion. The most significant 
fact is that the only stable rhenides prepared to 
date appear to be hydrates.22 Possibly the only 
anhydrous rhenide observed is formed upon the 
addition of thallous ion to a rhenide solution which 
results in a white precipitate that rapidly decom
poses.7-8

Qualitatively, the non-existence of an anhydrous 
rhenide and the low reactivity of the element to
ward active metals only confirms the previous con
clusions of a low electron affinity for rhenium. A 
more detailed analysis can be made in terms of a 
crystal energy calculation for a hypothetical solid 
anhydrous rhenide. Since a monovalent rhenide 
probably would crystallize in either a sodium chlo
ride or cesium chloride structure, for which almost 
identical Madelung constants of 1.748 or 1.763 
would be valid, the crystal energies for some rhe
nides can be calculated (Table II) from the equation

In this expression, rn is equal to the sum of the 
ionic radii of rhenide (2.3 A.) and the metallic ion 
in question; the repulsion term, n, for rhenide is 
assumed to be ^12.

A calculation can now be made on the stability of a 
solid anhydrous rhenide, e.g., TIRe (Table III).

It is thus obvious that solid anhydrous rhenides 
(if ionic) are not stable. For minimal stability, the 
electron affinity of rhenium would again have to be 
greater than —200 kcal. in agreement with our

(20) The formula is written in this manner to distinguish from 
normal hydration, Re(H2(»4“ . The energy of normal hydration has 
already been included in the Atfhyd term, A highly stable oxygenated 
compound is required.

(21) E. Griswold, J. Kleinberg and J. B. Bravo, Science, 115, 375
(1952).

(22) There has been one report of a direct interaction of an alkali 
metal (K) with rhenium metal (ref. 8). We have not been able to 
duplicate this result in our laboratory, nor have others (E. Scott, 
private communication). It should be noted that fusion of rhenium 
metal with an active metal followed by solution in water and observ
ance of rhenide ion does not, in itself, prove that there was a direct 
interaction in the solid state, since the reduction of Re could con
ceivably take place in an aqueous suspension.
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T a b l e  II
H y p o t h e t ic a l  C r y s t a l  E n e r g ie s  f o r  

Som e  Solid  R h e n id e s

Rhenide
rn,
A.

-V°,b 
kcal. mole

Li Re" 3 .27 163 ±  16
NaRe“ 3 .30 157 ±  16
KRe 3.63 144 ±  14
TIRe 3 .80 134 ±  13

“ In these crystals, r+/ r _ >  0.414, and the interatomic 
distances are fixed by anion-anion repulsion. 6 The calcu
lation will not be greatly affected whatever the crystal struc
ture, since the Madelung constant per valence bond for all 
known crystal types does not vary more than about 20% 
(D . H. Templeton, J . Chem. Phys., 21, 2097 (1953).

T a b l e  III

Born cycle for thallous rhenide0
Tl(c) =  Tl(g)
Tl(g) =  T1 +(g) +  e -(g ) 
Re(c) =  Re(g) 

e~(g) +  Re(g) =  Re %g)
T l+(g) +  R e -(g ) =  TlRe(c)

a H,
kcal./mole

44.5
142.3
183 ±  2

- 6 5  ± 1 0
-1 3 4  ± 1 3

Tl(c) +  Re(c) =  TlRe(c) 171 ±  28
“ Auxiliary data from “ Selected Values of Chemical Ther

modynamic Properties,”  U.S. Bureau of Standards, 1949.

previous conclusions. The situation is also similar 
for other solid rhenides. It is apparent that the 
observation of a bona fide solid anhydrous rhenide 
would require a rather serious revision of our think
ing concerning reactivity as well as electronic 
structure.* 23

Hydrated Solid Rhenides.—The hydrated solid 
species appears to be stable not because of any 
simple hydration phenomena but because the four 
water molecules observed for potassium rhenide 
are built into and are an integral part of the rhenide 
ion. The 5d26s26p4 (dsp2) electronic structure 
proposed24 for this ion appears to agree with the

(23) The possibility should be examined that the rhenide ion does 
not contain a —1 oxidation state of rhenium at all, but is, rather, a 
hydride R eH - , similar to the borohydrides. Analytical data avail
able to date would not alone rule out this species. Further, by oxida
tion the H "  would be oxidized to hydrogen, and Re to ReOi- , and 
the requirement of eight equivalents per mole of “ rhenide”  would be 
satisfied. Thermodynamic arguments are more difficult to make in 
this case but the very high electrode potential estimated for the 
hydride ion of 2.25 volts (ref. 12, p. 36), as well as the fact that none 
of the simple, metallic hydrides are stable in contact with water would 
tend to rule out this possibility.

(24) L. Pauling, Chem. Eng. News, 25, 2970 (1947).

magnetic observation of a very low paramagnet
ism.7 It would appear that the requirements for 
this type of ion to exist would be a central atom ca
pable of forming covalent bonds, with a proper elec
tronic structure required for a high orbital stabiliza
tion. In addition, it is doubtful whether the cen
tral ion could accept more than one electron to get 
into a favorable electronic structure since this 
would almost certainly be discriminated against in a 
large, unfavorable second electron affinity. Thus 
W (H20 )v  would not be a likely prospect. How
ever, Ta(H20 )8~ (d2sp3) might be stable. It is also 
possible that a simple halide-like ion might exist in 
some non-aqueous solvents which are more stable 
toward reduction such as ammonia. Further, there 
is no reason to suspect that the gaseous mono or 
even di negative ions could not be observed.26

The Technetide Ion.—Another possibility exists 
for a rhenide-like ion in the closely similar element 
technetium. Here the question would appear to 
be whether the covalent nature of technetium is 
similar enough to rhenium to form the Tc(H20 )4~ 
species, since the other thermodynamic properties 
of the two elements are similar.26 However, at
tempts by this author in 1952 to prepare an aqueous 
solution of rhenide by reduction of TcOi~ in a 
Jones reductor (which was successful for a similar 
reduction of ReCh- ) did not give a solution of the 
required reducing power.

Conclusion
Arguments have been presented for suggesting 

that the structure of the aqueous rhenide ion is not 
simple, but consists rather of some type of oxy
genated complex such as HsRe04_ . The instability 
of a hypothetical simple Re-  ion is based essentially 
upon a high sublimation energy for rhenium metal 
which cannot be compensated for by a reasonable 
electron affinity. Necessary stabilization of a — 1 
oxidation state apparently rises from a fortunate 
circumstance of covalent character and electronic 
structure in an oxygenated species. Predictions 
for certain other halide-like ions are given.

(25) To this list should be added such species as reported for the 
carbonyls: Re(CO)6-  Mn(CO)6~, Co(CO)4-, Cr(CO)»-f Fe(CO)4-, 
etc. At present the discussion trust be limited to simple ions or 
hydration complexes; there are no quantitative thermochemical data 
on those carbonyl species apparently stable in aqueous media.

(26) As a matter of fact A //v is estimated (ref. 9) to be some 50 
kcal. less for Tc which would tend to favor the existence of technetide.
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THERMODYNAMIC PROPERTIES OF SELECTED METHYL BENZENES
FROM 0 TO 1000°K.

By S. H. H a s t i n g s  a n d  D. E. N i c h o l s o n

Humble Oil and Refining Company, Technical and Research Divisions, Baytown, Texas
Received November 17, 1956

Values of the heat capacity, the heat content function, the free energy function, the entropy, heat of formation and free 
energy of formation have been calculated at selected temperatures, from 0 to 1000°K. for eight methylbenzenes in the ideal 
gas state. All of the methylbenzenes for which vibrational assignments had not been made previously were included: 
namely, 1,2,3-trimethylbenzene, 1,2,4-trimethylbenzene, and three tetramethylbenzenes, pentamethylbenzene and hexa- 
methylbenzene. Minor changes were made in the assignments for 1,2-dimethylbenzene published previously by Pitzer 
and Scott. The potential barrier associated with the hindered rotation of the ortho-methyl group in 1,2,4-trimethylbenzene 
was found to be 1400 cal./mole on the basis of frequency assignments and the experimental entropy. Employing this 
ortho-barrier for the methyl groups in the 1- and 3-positions in 1,2,3-trimethylbenzene, a barrier of 3200 cal./mole was found 
for the central methyl group. Comparison of the tetramethylbenzene isomerization equilibrium measured experimentally 
with that calculated from results of the statistical calculations shows good agreement.

Introduction
The thermodynamic properties of benzene and 

the C7-, Os- and C9-methylbenzenes in the ideal 
gas state have been published by Taylor, et al.1 
The object of the present investigation was to 
establish reliable values of the heat capacity, the 
heat content function, the free energy function, and 
quantities derived from these for the tetra-, penta- 
and hexamethylbenzenes. Recently Kilpatrick 
and co-workers2'3 have determined entropies from 
low temperature heat capacity and other data for 
the 1,2,3-and 1,2,4-trimethylbenzenes. The avail
ability of the entropy data permits a more pre
cise assignment of the potential barriers associated 
with restricted rotation of the methyl groups for 
these molecules than has heretofore been possible.

Spectral Data.— Although infrared and Raman 
spectra for a number of the compounds studied were 
available from the literature,4-6 it was necessary 
to provide additional data. The near infrared 
spectra of pentamethylbenzene and hexamethyl- 
benzene and the 15 to 35^ infrared spectra of the 
eight hydrocarbons were determined in this 
Laboratory. Purities of the hydrocarbons were as 
follows: 1,2-dimethylbenzene, 99.93% (mole); 1,-
2,3-trimethylbenzene, 99.98%; 1,2,4-trimethylben
zene, 99.67%; 1,2,3,4-tetramethylbenzene, 99.92%;
1,2,3,5-tetramethylbenzene, 99.92%; 1,2,4,5-tetra.- 
methylbenzene, 99.86%; pentamethylbenzene, 
95.8%; hexametlydbeiizene, 95%. All of the 
hydrocarbons were API standards with the ex
ception of perda- and hexamethylbenzenes, which 
were Eastman white label grade used without fur
ther purification. Spectral data in the 15-35 p 
region were obtained with a Perkin-Elmer Model 
112-C infrared spectrometer having cesium bro
mide optics.

Equilibrium Measurements.— Isomerization
equilibria among the methylbenzenes were estab-

(1) W. J. Taylor, D. D. Wagman, M. G. Williams, K. S. Pitzer 
and F. D. Rossini, J . Research Natl. Bur. Standards, 37, 95 (1946).

(2) R. D. Ta3dor, B. H. Johnson and J. E. Kilpatrick, J. Chem. 
Phys., 23, 1225 (1955).

(3) W. E. Putnam and J. E. Kilpatrick, unpublished data.
(4) American Petroleum Institute Research Project 44 at the Car

negie Institute of Technology, Catalogs of Infrared and Raman 
Spectral Data.

(5) K. W. F. Kohlrausch and A. Pongratz, Monatsh, 64, 361, 374 
(1934).

(6) K. W. F. Kohlrausch and A. Pongratz, Sitzb. Akad. TFiss. Wien., 
143 , 275, 288, 358 (1934).

lished to compare with the equilibria calculated 
from free energies of formation. At 300°K. alu
minum bromide and aluminum chloride, pro
moted with the corresponding hydrogen halides, 
were used as isomerization-disproportionation cata
lysts. The starting materials were 1,2,4-trimethyl
benzene (95 mole % ) (200 g.) and the anhydrous 
powdered aluminum halide (15-45 g.) in one series 
of experiments. Reaction times varied from 10-72 
hours with the equilibrium vessels being provided 
with continuous stirring. In the second and third 
series of runs 5-20 mole %  solutions of 1,2,4,5- 
tetramethylbenzene in benzene and 1,2,3,4-tetra
methylbenzene (99.8% purity) were chosen as 
starting materials to establish the tetramethylben
zene equilibria. At 700°K. equilibria were es
tablished using a flow reactor having a volume of 
150 ml. filled with an alumina-silica catalyst 
(Si02, 85.6%; A120 3, 12.9%; H20, 1.5%) having a 
surface area of 303 m.2/g. The products from a 
given run were recirculated to the reaction zone at 
least three times to ensure that equilibrium had 
been attained. Hydrocarbon starting materials 
in the experiments at 700°K. were 1,2,4-trimethyl
benzene, a solution of 1,2,4,5-tetramethylbenzene 
in benzene, and an equimolar mixture of 1,2,3,5- 
and 1,2,4,5-tetramethylbenzenes. It was assumed 
that equilibrium had been reached when no change 
in isomer concentration could be detected as con
tact time increased by a twofold factor.

Analysis of Products.— Reaction products from 
the isomerization-disproportionation experiments 
were analyzed, without the need for prior distilla
tion, by a combination of infrared and mass 
spectrometric techniques. Penta- and hexamethyl 
benzene concentrations were determined from mass 
spectral patterns and the individual C6~Ci0 benzenes 
by infrared spectrometric analysis. Thus total 
aromatic concentrations for a given molecular weight 
value were obtained by two independent means. 
The infrared procedure provides corrections for de
viations from Beer’s law and utilizes a thick cell to 
minimize the effects of wave length shifts of the 
absorption bands.7

Discussion
Vibrational Assignments.—All of the methyl-

(7) R. B. Williams, S. IT. Hastings and J. A. Anderson, Jr., Anal. 
Chem.. 24, 1911 (1952).
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T a b l e  I
F r e q u e n c y  A ssig n m e n t  f o r  C om pounds  o f  Vh an d  C2v S y m m e tr y

Symmetry class Freq. 1,2,4,5-Tetra-
-Frequency in cm .-: 

Penta-
1

1,2,3-Tri-Vh Cav no. Benzene methylbenzene methylbenzene methylbenzene methylbenzene
i 993 508 568 573 654
2 3062 1262 3050 3050 3046

A ir 6a 606 430 484 330 514
7a 3048 3033 786 1212 1240
8a 1595 1620 1572 1614 1589

Ax 9a 1178 346 353 1142 1163
12 1010 582 682 736 654
13 3060 1383 1371 1380 1377

Biu 18a 1035 230 223 232 228
19a 1485 1368 1450 1482 1386
20a 3080 3050 1012 1293 3046

3 1298 1202 892 1214 1220
6b 606 346 340 551 509

B2g 7b 3048 735 796 938 990
8b 1595 1560 1572 1608 1553
9b 1178 790 526 329 1191

B, 14 1693 1451 1450 1488 1653
15 1170 844 307 232 306

B*u 18b 1035 260 263 275 269
19b 1485 1368 1346 1376 1377
20b 3080 1280 1270 3050 3046

Big 10a 850 346 350 275 269
a 2 16a 400 146 150 456 484

Am 17a 985 446 446 883 810
4 685 690 326 330 709

B3e 5 1016 867 526 512 938
b 2 10b 850 260 712 705 269

b 2u 11 671 170 176 232 228
16b 400 446 153 165 458
17b 985 780 679 456 488

benzenes for which vibrational assignments have 
not been made previously were included in the 
present investigation: namely, 1,2,3-trimethyl- 
benzene, 1,2,4-trimethyl benzene, the three
tetramethylbenzenes, pentamethylbenzene and hex- 
amethylbenzene. 1,2-Dimethylbenzene also was 
included since some changes in the published 
assignments were made. In making the frequency 
assignments extensive use was made of the Teller- 
Redlich product rule analog in the manner outlined 
by Pitzer and Scott.8 This procedure was essential 
for a number of reasons, including lack of polariza
tion data for the available Raman spectra and an 
indication that certain thermodynamically-impor- 
tant low-frequency Raman bands were not ob
served. For the methylbenzenes there are thirty 
ring-frequencies; in addition, the hydrogens of 
each methyl group contribute nine degrees of free
dom. Eight of these degrees of freedom will be 
vibrational modes and one will be the internal rota
tion of the methyl group against the remainder of 
the molecule. The methyl group vibrations are 
identified by Pitzer and Scott as follows: Mi, one 
symmetrical stretching mode (2950 cm.-1); M 2, 
two unsymmetrical stretching modes (2950 cm.-1) ; 
M3, one symmetrical bending mode (1380 cm.-1); 
M4, two unsymmetrical bending modes (1450 
cm.-1); M e, two wagging modes (1050 cm.-1). 
The frequencies of these vibrations do not vary 
greatly among the various methylbenzenes and

since they make comparatively small contributions 
to the thermodynamic properties, the average 
values cited above were employed, except for the 
wagging modes.

Tables I—III give the symmetry classes, vibra
tional modes, and frequency assignments for all of 
the methylbenzenes studied. The number sys
tem in the tables is that of Wilson.9 It is possible 
to calculate approximate values of r for methyl 
substitution. For the methyl ring stretching 
modes the value of r is the square root of the ratio 
of the mass of the hydrogen atom to the mass of 
the methyl group, viz., (1/15)1/2 =  0.258. Sim
ilarly, the r-value for each methyl bending mode 
is the ratio of the moment of inertia of a hydrogen 
atom referred to the benzene ring to the moment 
of inertia of the methyl group with respect to the 
point of attachment (=  0.171). There will be 
one methyl-ring stretching and two methyl-ring 
bending modes (in-plane and out-of-plane) for 
each methyl group. In order to determine the 
class into which a given methyl-ring vibration 
frequency will fall (with its attendant r-value) one 
simply applies the covering operations of the ap
propriate point group to the symmetry of the vi
bration in question. It should be realized that 
within a symmetry class frequency assignments 
can be permuted to some extent among the various 
observed bands without affecting the values of r 
calculated from the product rule. From the selec-

(8) K. S. Pitzer and D. W. Scott, J. Am. Chem. Soc., 65, 803 (1943). (9) E. B. Wilson, Phys. Rev., 45, 706 (1934).
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T a b l e  II

F r e q u e n c y  A ssig n m e n ts  fo r  C om pou n ds  o f  C*2v an d  C s 
Sy m m e t r y

,■--------------Frequency in c m .'1------------
1,2,3,4- 1,2,4-

Symmetry
class Freq.

1,2-Di
methyl-

Tetra-
met-hyl-

TH- 
in ethyl

::2v* Cs no. Benzene benzene benzene benzene

1 993 733 650 744
2 3062 3062 1255 1239
6a 606 582 325 474
7a 3048 1223 1255 1239
8a 1595 1584 1586 1615

A, 9a 1178 1185 1165 1150
14 1693 1680 1455 1680
15 1170 1156 240 928
18b 1035 180 270 285
19b 1485 1550 1380 1377

A' 20b 3080 3080 3050 3038
3 1298 1287 1255 1212
6b 606 583 550 541
7b 3048 1275 1280 3038
8b 1595 1606 1606 1571
9b 1178 1145 320 321

B, 12 1010 740 550 557
13 3060 3046 1380 3038
18a 1035 256 240 285
19a 1485 1585 1375 1377
20a 3080 3080 3080 1239
4 685 685 325 541
5 1016 862 470 704

Ai 10b 850 256 270 285
16a 400 436 440 160

A" 17a 985 823 817 806
10a 850 823 804 748

P, 11 671 256 240 240
16b 400 405 155 439
17b 985 862 485 874

tion rules10 it is found that there should be two 
fundamentals for 1,2,4,5-tetramethylbenzene (Point 
Group D2h) which are inactive in both the infrared 
and Raman spectra. Hexamethylbenzene (D6h) 
has nine inactive fundamental frequencies, as does 
benzene; the high degree of symmetry, however, 
greatly facilitates application of the product rule 
analog because the increased number of symmetry 
classes results in fewer vibration modes falling in a 
given class. The least certain of the assignments 
is probably that for 1,2,4-trimethylbenzene, the 
low symmetry of which does not permit as detailed 
an analysis of the vibrational spectrum as was pos
sible for the other compounds. Agreement be
tween the theoretical and calculated r-values is 
within 1% for all compounds studied.

An additional check on the vibrational assign
ments is afforded by application of the vibrational 
sum rule as formulated by Bernstein.11’12 Strict 
application of this sum rule requires that param
eters be evaluated which take into account dif
ferences in the sum of frequencies (over-all, in
plane and out-of-plane) for position isomers. 
This leads to absurd results and indicates that the 
data are not sufficiently accurate to evaluate these

(10) G. Herzberg, “ Infrared and Raman Spectra,”  D. Van Nos
trand Co., Inc., New York, N. Y., 1945.

(11) H. J. Bernstein, J. Chem. Phys., 20, 263 (1952).
(12) Private communication,

T a b l e  I II

F r e q u e n c y  A ssig n m e n t  for  H e x a m e t h y l b e n z e n e

Symmetry
class Mode

Point Group Deh
Frequency,

Benzene

cm. - 1
Hexamethyl

benzene
A i g 1 993 553

2 3062 1385
A 2g 3 1298 508

R z V i =  17.06 40 .0

B i g 4 685 313
5 1016 378

Itqg 10 849 343
Rx V i =  12.02 28.2
R.v V i =  12.02 28 .2

E2K 6 606 343
7 3047 783
8 1596 1568
9 1178 367

A 2U 11 671 171
t 2 V m =  8 .8 4 12.73

B iu 12 1011 553
13 3046 1385

15 2u 14 1693 1462
15 1170 229

Em 18 1035 229 1
19 1485 1060 [
20 3080 1272 j
T* 8 .84 12.73
Ty 8.84 12.73

E 2U 16 400 155
17 985 450

differences (which are apparently small). If one 
assumes that there is no difference then it is pos
sible to evaluate an average effect of methyl sub
stitution on the various frequency sums. The 
out-of-plane sums show very good agreement and 
indicate that the assignments are reasonably cer
tain. The over-all and in-plane sums show a 
higher variation on a wave number basis; however, 
on a percentage basis the agreement is even better.

Another useful check on the vibrational assign
ments is provided by the fact that certain fre
quencies are relatively unaffected by methyl sub
stitution. Examination of Fig. 6 of reference 8 
shows that in vibrational modes 7b, 9a, 10a, 17a 
and 20b the groups located on the vertical axis (in 
the plane of the drawing) are motionless during the 
vibration and hence should not affect the fre
quency appreciably. In modes 6b and 18a only a 
slight motion of these groups is indicated, so that 
here also the frequencies should be relatively un
affected by methyl substitution. Vibrations 7b 
and 20b apparently are misassigned by Pitzer and 
Scott for 1,3,5-trimethylbenzene, but since these 
fall in the same symmetry class the product rule is 
unaffected.

The vibrational contributions to the thermody
namic properties were programmed on an IBM  
Model 650 computer. Some of the regularities 
in the contributions to the heat capacity at 500°K. 
for the methylbenzenes are shown in Fig. 1. There 
appears to be a constant increment for each suc
cessive methyl group and the variation among posi
tion isomers is of the order of one cal./deg. mole.
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Because of the uncertainties in the frequency as
signments average values of the vibrational contri
butions were used for each set of isomers. T his 
method of calculation amounts to an assumption 
that the vibrational contributions of isomers are 
identical. A further justification for employing 
average values for the vibrational contributions is 
that slightly better agreement in the experimental 
and calculated tetramethylbenzene isomerization 
equilibria at both 300 and 700°K. was obtained 
when using the average values.

Moments of Inertia and Barriers to Internal 
Rotation.— Carbon-carbon bond lengths in the 
planar benzene ring were taken as 1.39 A. and 
carbon-carbon bond lengths between the methyl 
groups and the benzene ring were selected to be
1.54 A. Bond lengths between the hydrogen and 
carbon atoms in the methyl groups and joining 
the benzene ring were 1.09 and 1.08 A., respectively- 
Tetrahedral angles in the methyl groups were as
sumed in preparing coordinate tables. The sym
metry numbers for over-all and internal rotation 
and the principal moments of inertia, for those 
compounds not previously reported,1 are given in 
Table IV. The reduced moments of inertia for the 
restricted rotation calculations were computed 
from equations lb and le in the paper by Pitzer 
and Gwinn.18 A value of 5.48 X 10~40 g. cm.2 was 
used for the reduced moments of inertia of all the 
methyl groups in the tetra-, penta- and hexamethyl- 
benzenes.

T a b l e  IV
M o l e c u l a r  P a r a m e t e r s

Sym- Principal moments of inertia,
metry g. cm.2 X 1039

Compound no. lx Iy Iz
1,2,3,4-Tetramethyl- 162 69.92 41.91 109.75

benzene
1,2,3,5-T etramethyl- 162 67.67 48.64 114.20

benzene
1,2,4,5-Tetramethyl- 324 35.12 80.54 116.43

benzene
Pentamethylbenzene 486 59.49 81.07 137.91
Hexamethylbenzene 8748 79.70 80.54 160.03

Cosine functions of the type V (<£) =  v , Fo(l ~
cos n4>) were assumed to describe the internal rota
tion of the methyl groups. The barriers for ortho 
and central methyl groups (n =  3) were calculated 
from the entropy data of Kilpatrick, et al.,2-3 for
1,2,4- and 1,2,3-trimethylbenzenes. On the basis 
of the vibrational assignments and the entropy 
data, barriers for the ortho and central methyl 
groups are 1400 and 3200 cal./mole, respectively. 
The barrier for an isolated methyl group, as in 
methylbenzene or 1,4-dimethylbenzene was as
signed a value of 750 cal./mole as had been selected 
previously.1 Using the vibrational assignments in 
this study, the ortho barrier in 1,2-dimethylbenzene 
was computed as 1800 cal./mole from entropy data. 
It is quite possible that in certain cases, e.g., for 
hexamethylbenzene, due to an interlocking effect 
the six barriers should be greater than 3200 cal./ 
mole for each methyl group. Experimental en
tropy data for 1,2,3,4- and penta- and hexamethyl-

(13) K. S. Pitzer and W. D. Gwinn, J. Chem. Phys., 10, 428 (1942).

benzene would, of course, be required before an 
answer to this question is possible. It is interest
ing to note, however, that in the isomerization- 
disproportionation experiments at 700°K. the re
action products contained about 2.0% (wt.) 
pentamethylbenzene and 0.1% hexamethylben
zene. The calculated concentrations were 6.5% 
and 0.3% penta- and hexamethylbenzene, respec
tively. Increasing the rotational barrier height 
would lower the calculated equilibrium concentra
tions of these components and give better agree
ment between theory and experiment, provided all 
the discrepancy can be attributed to an error in 
barrier assignment.

Thermodynamic Functions.—From the vibra
tional assignments, the moments and reduced 
moments of inertia, and the barriers to internal 
rotation described above, values of the thermo
dynamic functions (H° — H°o)/T, (F° — H °0)/T, 
S°, C°p, at selected temperatures from 0 to 1000°K. 
were computed. The atomic weights of hydrogen 
and carbon were taken as 1.0080 and 12.010, re
spectively. Values of other natural constants 
were: Planck’s constant, 6.624 X 10-27 erg. sec.; 
gas constant, 1.9863 cal./deg./mole; 1 calorie = 
4.1833 international joules. The harmonic-oscil
lator rigid-rotor equations were used and it was as
sumed that the internal rotors could be treated in
dependently. These thermodynamic quantities 
are presented in Table V.

Thermodynamic data for graphite and hydrogen 
given by Wagman, et al..u were used for the cal-

(14) D. D. Wagman, T. E. Kilpatrick, W. J. Taylor, K. S. Pitzer 
and F. D. Rossini, J. Research Natl. Bur. Standards, 34, 143 (1945).
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T a b l e  V
T h e r m o d y n a m ic  V a l u e s  f o r  E ig h t  M e t h y l b e n ze n e s

Temp.,
°K.

1,2-
Dimethyl-
benzene

1,2,3-
Trimethyl-

benzene

1,2,4-
Tri methyl- 

benzene

1,2,3,4- 1,2,3,5- 
Tetramethyl- Tetramethyl- 

benzene benzene

1,2,4,5- 
Tetramethyl- 

benzene

Penta-
methyl-
benzene

{H ° - Ha°)/T (cal./deg. mole)
298.16 18.83 22.26 22.05 26.22 26.01 26.72 29.40
300 18.91 22.35 22.14 26.33 26.12 26.83 29.52
400 23.32 27.44 27.08 32.42 32.07 32.61 36.64
500 27.67 32.54 31.94 38.43 37.90 38.23 43.60
600 31.82 37.33 36.73 43.93 43.34 43.53 49.89
700 35.66 41.81 41.19 49.03 48.41 48.54 55.68
800 39.21 45.93 45.30 53.71 53.08 53.13 60.95
900 42.50 49.72 49.10 57.98 57.36 57.38 65.75

1000 45.50 53.21 52.60 61.92 61.31 61.30 70.17
— (F° - - H0°)/T  (cal./deg. mole)

298.16 65.51 69.53 72.49 73.33 74.98 73.31 76.69
300 65.62 69.66 72.62 73.48 75.13 73.46 76.86
400 71.67 76.80 79.72 81.92 83.48 82.00 86.37
500 77.35 83.49 86.25 89,82 91.27 89.89 95.31
600 82.74 89.85 92.51 97.33 98.68 97.35 103.85
700 87.97 95.99 98.50 104.59 105.80 104.40 112.14
800 92.98 101.79 104.27 111.33 112.51 111.20 119.74
900 97.76 107.43 109.84 117.91 119.01 117.72 127.21

1000 102.40 112.83 115.17 124.20 125.24 123.93 134.34
Cp °  (cal./deg. mole)

298.16 31.93 37.74 36.81 45.31 44.39 44.58 51.74
300 32.10 37.82 36.99 45.50 44.57 44.77 51.99
400 40.99 48.01 46.96 56.81 55.76 55 50 65.00
500 48.98 57.25 56.26 67.01 66.03 65.62 76.43
600 55.84 65.16 64.29 75.68 74.81 74.38 86.08
700 61.61 71.87 71.12 83.13 82.39 81.97 94.27
800 66.50 77.56 76.93 89.42 88.79 88.41 101.29
900 70.68 82.42 81.87 94.82 94.27 93.94 107.20

1000 74.24 86.58 86.10 99.47 99.01 98.71 112.33
8° (cal./deg. mole)

298.16 84.34 91.79 94.54 99.55 100.99 100.03 106.09
300 84.53 92.01 94.76 99.81 101.25 100.29 106.38
400 94.99 104.24 106.80 114.34 115.55 114.61 123.01
500 105 02 116.03 118.19 128.25 129.17 128.12 138.91
600 114.56 127.18 129.24 141.26 142.02 140.88 153.74
700 123.63 137.80 139.69 153.62 154.21 152.94 167.82
800 132.19 147.72 149.57 165.04 165.59 164.33 180.69
900 140.26 157.15 158.94 175.89 176.37 175.10 192.96

1000 147.90 166.04 167.77 186.12 186.55 185.23 204.51
Ht° (kcal./mole)

0 +  11.057 +5.480 +4.503 -1 .1 5 5 -1 .7 8 2 -2 .1 0 4 -7 .6 0 8
298.16 +4.540 -2 .2 9 0 -3 .3 3 0 -1 0 .0 2 0 -1 0 .7 1 0 -1 0 .8 20 -17 .8 00
300 +4.505 -2 .3 3 2 -3 .3 7 2 -10 .0 64 -1 0 .7 5 4 -1 0 .8 63 -1 7 .8 5 2
400 +2.709 -4 .4 5 3 —5.574 -12 .3 32 -1 3 .0 97 -1 3 .2 03 -2 0 .3 2 9
500 +  1.178 -6 .2 1 4 -7 .4 9 1 -14 .1 55 -1 5 .0 47 -1 5 .2 04 -2 2 .2 73
600 -0 .0 7 9 -7 .6 7 7 -9 .0 1 4 -15 .6 78 -1 6 .6 59 -16 .8 67 -2 3 .8 83
700 — 1.115 -8 .8 8 4 -10 .251 — 16.875 -1 7 .9 36 -1 8 .1 68 -2 5 .1 26
800 -1 .9 1 6 -9 .7 3 5 -1 1 .2 1 6 -17 .7 66 -1 8 .8 9 7 -1 9 .1 79 -2 5 .9 4 6
900 -2 .4 8 8 -10 .3 85 -1 1 .9 2 0 -18 .4 03 -1 9 .5 8 8 -1 9 .8 92 -2 6 .6 80

1000 -2 .8 6 9 -1 0 .7 76 -1 2 .3 63 -1 8 .7 4 2 -19 .9 79 -20 .311 -2 6 .9 85
Ft0 (kcal./mole)

298.16 29.173 29.828 27.968 29.496 28.377 28.553 29.447
300 29.324 30.029 28.164 29.745 28.623 28.802 29.802
400 37.873 41.114 38.995 43.357 42.106 42.376 46.024
500 46.842 52.740 50.383 57.490 56.138 56.506 62.842
600 56.177 64.676 62.103 71.961 70.524 71.000 80.004
700 65.545 76.803 74.069 86.604 85.130 85.788 97.315
800 75.097 89.136 86.175 101.525 99.954 100.680 115.008
900 84.794 101.537 98.391 116.484 114.867 115.706 132.675

1000 94.517 114 020 110.703 131.525 129.858 130.846 150.442

Voi. Gl

Hexa-
methyl-
benzene

32.91
33.04 
41.28 
49.37 
56.48
62.92 
68.81 
74.10 
78.99

75.21 
75.41
86.09
96.22 

105.87 
115.44 
123.84 
132.39 
140.33

59.42
59.73
74.18
86.65
97.13

105.97
113.51
119.99
125.55

108.12
108.45
127.37
145.59
162.35
178.36 
192.65 
206.49 
219.32

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

33.909
34.258
53.583
73.483
93.751

114.012
134.935
155.578
176.503
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culations. The heats of formation of gaseous 
penta- and hexamethylbenzene have not been re
ported.15 These heats of formation for gaseous 
ChH i6 and Ci2H i6 were estimated to have values 
— 17.79 and —25.26 kcal./mole, respectively, at 
298.16°K. The derived quantities AHt° and AF °  
as a function of temperature are shown in Table V.

T a b l e  VI
C o m pa r iso n  o f  C a l c u l a t e d  a n d  E x p e r im e n t a l  

I so m e r iza tio n  E q u il ib r ia  A m ong  t h e  T r i- 
AND T e TRAMETHYLBENZENES

Temp., "K . -► 300 700
Component, mole % Exptl. Calcd. Exptl. Calcd.

1,2,3-Trimethylbenzene 3 9 9
1,2,4-Trimethylbenzene 59 65 68
1,3,5-Trimethylbenzene 38 26 23
1,2,3,4-Tetramethylbenzene 8 8 22 18
1,2,3,5-Tetramethylbenzene 47 53 45 50
1,2,4,5-Tetramethylbenzene 45 39 33 32

(15) E. J. Prosen, W. H. Johnson anc F. D. Rossini, J. ;Research
Natl. Bur. Standards, 36, 455 (1946).

Isomerization Equilibria.— Data from the iso
merization experiments are given in Table YI at 
300 and 700° K. and are compared with the concen
trations calculated using the free energies of forma
tion from the present investigation. The agree
ment is believed to be within the limits imposed by 
probable errors in product analyses and assump
tions in the statistical calculations.
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The electrophoretic mobilities of the decyl-, dodecyl- and tetradecylamine hydrochloride micelles were studied as func
tions of their concentrations in aqueous solutions. In addition the effect of ionic strength and temperature upon micelle 
mobility was studied for the dodecylamine hydrochloride micelle. Measurements on dodecylamine hydrochloride at tem
peratures of 18, 25 and 35° give values of the mobilities of 3.74, 4.43 and 5.56 X  10~4 cm.2 per volt-sec. at the critical con
centration. The determination of the mobilities of the decyl- and tetradecylamine hydrochloride micelles at 25° gave values 
of 3.62 and 5.75 X  10-4 cm.2 per volt-sec. at the critical concentrations. The micelle mobilities are more dependent upon 
the ionic strength of the solution than upon the nature of the organic monomer ion.

Introduction
Within the past few years considerable progress 

has been made toward elucidating the nature of the 
particles existing in solution of colloidal electro
lytes. McBain1 was one of the first to recognize 
that these particles were formed by the association 
of simple molecules and/or ions into complex ions of 
colloidal dimensions. In recent years Debye and 
others2-4 have applied light scattering techniques 
to the determination of the molecular sizes of these 
colloidal electrolytes or micelles. For dodecyl
amine hydrochloride Debye found that the molecu
lar weight at the critical concentration for the for
mation of micelles varies from 12,300 in pure water 
to 31,400 in a 0.045 M  sodium chloride solution.

Little work has been directed toward elucidat
ing the charge on these micelles. Van Ryssel- 
berghe5 has attempted to analyze the available con
ductivity and diffusion data for lauryl sulfonic acid 
and has obtained values for the charge on the mi
celle varying from —1 in dilute solutions to —89 in

(1) J. McBain, J. Chem. Soc., 101, 2042 (1912); 105, 417 (1914); 
113, 825 (1918).

(2) P. Debye, T h is  J o u r n a l , 50, 1 (1949).
(3) P. Debye, Ann. N. Y. Acad. Sci., 51, 575 (1945).
(4) J. N. Phillips and K. J. Mysels, T h is  J o u r n a l , 59, 325 (1955).
(5) P. Van Rysselberghe, ibid., 43, 1048 (1939).

0.6 molar solutions. Brady and Salley6 were able 
to estimate the percentage of the sodium ions which 
remained bound to the micelles of Aerosol OT and 
Aerosol MA by using a radioactive tracer technique 
but could not obtain an absolute value for the 
charge on the micelles. Hoyer and Mysels7 have 
suggested a micelle tagging technique based upon 
the preferential solubility of water insoluble dyes in 
the micelle. This technique was applied by Hoyer, 
Mysels and Stigter8 to the determination of the 
electrophoretic mobility of the potassium laurate 
and sodium lauryl sulfate micelle and by Stigter 
and Mysels9 to the determination of the mobility of 
the micelle of sodium lauryl sulfate in solutions of 
different ionic strengths. The last two authors 
interpreted their results in terms of Booth’s theory10 
of the electrophoresis of colloidal particles and ar
rived at a value of 23 for the charge on the sodium 
lauryl sulfate micelle at its critical concentration.

The present paper is concerned with the electro
phoretic mobility of some aliphatic amine hydro
chloride micelles, specifically those of decyl-,

(6) A. P. Brady and D. J. Salley, J. Am. Chem. Soc., 70, 914 (1948).
(7) II. W. Hoyer and K. J. Mysels, T his J o u r n a l , 54, 966 (1950).
(8) H. W. Iloyer, K. J. Mysels and D. Stigter, ibid., 58, 385 (1954).
(9) D. Stigter and K. J. Mysels, -'bid.. 59. 45 (1955).
(10) F. Booth, Proc. Roi/. Soc. {London), A203, 514 (1950).
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Moles amine per liter.
Fig. 1.— Electrophoretic mobility at 25° of dodecylamine 

micelle in H2O and NaCl solutions.

Fig. 2.— Effect of ionic strength at the critical concen
tration upon the mobilities of the micelles of dodecylamine 
HC1 and sodium lauryl sulfate.

0 0.02E 0.075 0.125 0.175
Moles amine per liter.

Fig. 3.— Mobilities of decyl-(DA), dodecyl-(DDA) and 
tetradecylamine hydrochloride at 25°.

dodecyl- and tetradecylamines. The effect of 
ionic strength and temperature upon the mobility 
of the dodecylamine micelle was studied as was the 
effect of monomer molecular weight upon micelle 
mobility.

Experimental
The open tube method of measuring electrophoretic mobili

ties which was used in these investigations has been described 
previously.8 The only modification introduced consisted 
of using the recently described hydrogen ion coulometer" 
as a convenient and precise method for determining the 
coulombs passed through the system during each determina
tion.

Sudan IV was used as the solubilized dye. The commer
cial sample (C .I. No. 258 from National Aniline) was puri
fied by dissolving in acetone and precipitating from solution 
with water. The amines were commercial samples and were 
fractionated in a one meter vacuum jacketed column before 
being used.

Critical micelle concentrations (CM C) were determined by 
the conductivity method for the solutions of the different 
amines in pure water and are described in a separate note.12 
Our value of 0.0138 mole per liter for dodecylamine at 25° 
is slightly larger than the value of 0.0131 determined by a 
dye titration method by Corrin and Harkins.13 This dis
crepancy produces a negligible difference in the extrapolated 
mobility of the micelle at the CMC because of the slight 
slope of the mobility versus concentrations curves. The 
equation of Corrin and Harkins connecting CMC with salt 
concentration was used to determine the critical concentra
tion for the solutions of dodecylamine hydrochloride in so
dium chloride solutions.

Results
Effect of Ionic Strength.—-The effect of monomer 

concentrations and of sodium chloride concentra
tion upon the mobility of the dodecylamine micelle 
at 25.0° is shown in Fig. 1. The short vertical 
line to the left of the plots indicates the critical 
micelle concentration of the particular solution. 
The number above each line gives the mobility 
of the micelle in each particular solution at the 
CMC for that solution. Both for the dodecyl
amine hydrochloride micelle and for the sodium 
lauryl sulfate micelle studied earlier by Stigter 
and Mysels9 the mobility decreases as the normal
ity of the sodium chloride in the solution is in
creased.

The essential similarity in the mobility of the 
micelles of these two substances, one a cationic, the 
other an anionic, detergent is shown in Fig. 2 
where the micelle mobility at the critical micelle 
concentration is plotted as a function of the square 
root of the total salt concentration existing at the 
critical concentration. Included is the one point 
for the potassium laurate micelle determined in the 
earlier work of Hoyer, Stigter and Mysels.8 The 
data reveal a marked lack of influence of structure 
upon micelle mobility. All three substances show 
essentially the same mobility versus concentration 
behavior. At the highest ionic strength for which 
the dodecylamine mobility was measured a de
viation of only 4% exists between it and the mobil
ity of the sodium lauryl sulfate micelle.

Effect of Molecular Weight of Monomer upon 
Micelle Mobility.—The effect of monomer hydro
carbon chain length upon the electrophoretic 
mobility of the micelle at 25° was studied with 
decyl-, dodecyl- and tetradecylamine hydrochlo
rides. The solution containing 0.0415 mole of 
tetradecylamine per liter apparently was super
saturated at 25° and the electrophoresis apparatus 
contained a slight precipitate at the end of each

(11) H. W. Hoyer, T his J o u r n a l , 60, 372 (1956).
(12) H. W. Hoyer and A. Greenfield, ibid., 61, 818 (1957).
(13) M. L. Corrin and W. D. Harkins, J. Am. Chem. Soc., 69, 683 

(1947).
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determination. Three separate runs with this 
solution gave an average value of 5.63 X 10~4 
cm.2/volt-sec. with an average deviation of ± 1.0%. 
This average value is included along with the other 
mobilities for the tetradecyl-, dodecyl- and decyl- 
amine hydrochloride micelles in Fig. 3.

The apparently considerable difference in the 
mobilities of these three substances is due largely 
to the differences in the ionic strengths of the solu
tions. This is shown in Fig. 4 in which the loga
rithm of the micelle mobility, n, is plotted against 
the logarithm of the total salt concentration at the 
critical micelle concentration. The data may be 
expressed by the equation

log M =  -0 .1 4 6  log (C +  Co) -  3.617 (1)

where C is the added sodium chloride concen
tration and Co is the critical micelle concen
tration, both being expressed in moles per liter.

Effect of Temperature on Micelle Mobil
ity.—Figure 5 illustrates the effect of tempera
ture upon the mobility of “he dodecylamine 
hydrochloride micelle. The mobilities at the 
critical micelle concentration are compared in 
Table I with the fluidity of water at the same 
temperature, taking the values at 25° as unity.
The close agreement between these values 
shows that there is little change in micelle 
structure in the temperature range of 18 to 
35° or that, if there is any change, mobility 
measurements cannot detect it. The mobil
ity-temperature data may be expressed in the 
more common form for equivalent ionic con
ductance

U — hsll F  ti(l — 25)] 

T a b l e  I

(2)

Temp.,
°C.

Fluidity Mobility
ratio ratio

18 0.846 0.845
25 1.000 1.000
35 1.237 1.256

where k now represents the micelle conductance at 
the critical micelle concentration, t the tempera
ture in degrees centigrade, c  the temperature co
efficient which has the average value of 0.024 and 
¿25 is the equivalent micelle conductance at 25° and 
at the critical micelle concentration. The nu
merical value of ¿25 is 42.75 cm.2 per ohm-equivalent.

Discussion
The similarity in micelle mobility which is 

demonstrated by Figs. 2 and 4 is remarkable. In 
Fig. 2 the micelles of dodecylamine hydrochloride, 
sodium lauryl sulfate and potassium laura.te are 
shown to have essentially the same mobility in 
solutions of the same ionic strengths. All three 
substances possess different polar groups but have 
a twelve carbon chain in common. Debye3 has 
outlined a theory of micelle structure which sup
poses a disk shaped micelle stabilized by a balance 
between short-ranged van der Waals forces of the 
hydrocarbon chains and long-ranged electrostatic 
forces of the polar heads. The data of Fig. 2 
would appear to support some such theory. When 
substances with the same hydrocarbon chain length,

Total ionic e.oncn.. moles/1. X 100.
Fig. 4.— The dependence of m.eelle mobility upon the total 

salt concentration.
5.8

^  3.4

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1 
Moles dodecylamine per liter.

Fig. 5.— Effect of temperature upon the mobility of the dode
cylamine HC1 micelle.

and therefore similar van der Waal forces, are 
studied in solutions of equal ionic strength the 
electrostatic forces are also equal as is shown by the 
marked similarity of the electrophoretic mobilities.

Figure 4 demonstrates that, at least to a first 
approximation, the micelle mobilities for the ali
phatic amines are independent of the molecular 
weight of the monomer and only affected by the 
total sodium ion concentration existing in equilib
rium with the micelle. That this is only a first 
approximation is suggested by the points for the 
dodecylamine hydrochloride micelle which seem to 
lie on a line with a slightly different slope.

Attention should also be drawn to the magnitude 
of the slope of the mobility vs. square root of 
the ionic strength plot of Fig. 2. Stigter and My- 
sels9 have calculated a cnarge of 23 units for the 
sodium lauryl sulfate micelle at its critical concen
tration yet the slope in this figure, as calculated 
from Onsager’s equation14 is somewhat less than 
that of a doubly charged ion. While some devia
tion from Onsager’s equation can be expected in the 
concentration range studied, a deviation of 1200%  
from the predicted value implies the existence of a 
fundamental difficulty in the direct application of 
the theoretical principles to the experimental data.

Instead of regarding the micelle as a uniformly 
charged multivalent ion there is an alternate con-

(14) See, e.g., D. A. MacTnnes, “ The Principles of Electrochemis
try,”  Reinhold Publishing Corp., New York, N. Y., 1939, Chapter 18.
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copt which might correct this difficulty. On the 
surface of the micelle in a more or less regular ar
rangement must be located the various ionized 
groups of the micelle. For the three substances 
plotted in Fig. 2 these will be singly ionized groups, 
either amino, sulfate or carboxyl groups. If these 
groups are sufficiently far apart the ion atmos
pheres of each group will be uninfluenced by those 
of neighboring groups. The micelle will then be 
surrounded by ion atmosphere “ clouds” centered 
over each ionized group. Each “ cloud”  will be es
sentially similar to the ion atmosphere surround
ing a singly charged ion. If the ionized groups are 
not sufficiently far apart then the ion atmospheres 
will overlap and the resulting atmosphere around 
the micelle will resemble that of a singly, doubly or 
triply, etc., charged ion or some fraction thereof 
depending upon the distance between the groups 
and the extent of overlapping. This overlapping 
of ionic atmospheres will also vary with the ionic 
strength of the solution and will only be complete 
when the atmosphere of each group embraces the 
entire micelle.

When complete overlapping occurs, i.c., in a 
dilute enough solution, the slope of the mobility- 
square root of ionic strength plot will be determined 
by the total charge on the micelle. For the sodium 
lauryl sulfate micelle with a radius of about 21 A. 
this will occur at an ionic strength of approximately 
0.002. Since the lowest concentration plotted in 
Fig. 2 is only 0.008 the observed slope cannot be the 
limiting one. At this concentration the “ radius” 
of the ion-atmosphere is approximately 33 A., just 
about double the average separation of 23 charges 
equally distributed on the surface of a sphere of 
radius 21 A.
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THE PROPERTIES OE FLAMES SUPPORTED BY
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Numerical calculations have been completed on flames supported by a Scmcnoff type (chain branching with first order 
chain breaking step) sequence of reactions: A —► 2B, B — C, A +  B 2B +  C (FOB). This sequence is peculiar in that, 
according to the steady-state approximation, there is an explosion point at which both the radical concentration and reaction 
rate go to infinity. Whether or not the explosion point is reached in a particular flame depends upon the assumed reaction 
rates. The Klein method was used to solve the flame equations for five cases. The deviation of the actual concentration 
of the free radical (B ) from the pseudo stationary concentration (B)* is measured by e where (B) =  (1 +  e)(B)*. A pro
cedure is given for making a preliminary estimation of e in the reaction zone which is found to be very accurate. This 
estimation of < was useful in selecting the flame parameters since the Klein method of integration does not converge if < is 
greater than around 0.4. The examples were chosen so as to show both the effect of nearness to the explosion point and the 
effect of variations in the coefficient of diffusion of the free radical. Since o becomes large near the explosion point, the 
values of e considered here are somewhat larger than for any of the flame systems previously considered. We find, as 
before,2 that in contrast to the diffusional theories of flame propagation, the flame velocity decreases as the coefficient of 
diffusion of the free radical is increased.

In a recent paper2 the authors outlined two chem
ical reaction schemes of sufficient simplicity to 
make feasible the mathematical treatment of 
flames supported by chain branching reactions. 
Each reaction scheme is designed to illustrate a 
different aspect of actual chain branching flames 
(for which the combustion of H2 and 0 2 serves as 
an example). A second-order reaction is given the 
chain-breaking role in one reaction scheme (SOB)

2 B — >  A (SOB) (1)
A +  B — ^ 2B J- C

while for the Semcnoff scheme, a first-order chain- 
breaking (FOB) step terminates the chain

(1) This work was carried out at the University of Wisconsin Naval 
Research Laboratory under Contract NG-ori-105 with the Office of 
Naval Research.

(2) J. O, Giddings and J. O. Hirschfolder, University of Wisconsin 
Naval Research Laboratory Report, Squid-5, May 1956. This 
report is being published as part of the monograph, “ Sixth Symposium 
(International) on Combustion” (Williams and Wilkins, Baltimore, 
Mil,, ,1957).

A -X  2B

B X c
A +  B -— ^ 2B +  C

In the particular example of hydrogen combus
tion, a first-order chain-breaking step of impor
tance is H +  0 2 —► II02 (inactive). Chain ter
mination, however, cannot proceed solely by this 
mechanism, since second-order radical recombina
tions will occur wherever the radical concentration 
is finite. The most characteristic feature of a 
(FOB) reaction sequence is the existence of an ex
plosion limit at the point that the rate of branch
ing, fc3(A)(B), equals the chain-breaking rate, 
kt(B). At this point the steady-state radical con
centration goes to infinity (see equation 4). Ex
actly at this point, the ubiquitous recombinations 
are most important, since their number increases
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as the square (second-order) of radical concentra
tion. Thus with the necessary inclusion of second- 
order processes at high concentrations, the steady 
state radical concentration can become very large 
(modified explosion point), but not approach in
finity (explosion point).

In inventing simple reaction schemes which 
mimic the properties of actual kinetic schemes, two 
cases arise. In the first case, first-order chain
breaking steps arc not important, and the steady- 
state radical concentration shows no abrupt changes 
with conditions. This case, the (SOB) scheme, is 
treated extensively elsewhere.

In the second case, first-order chain-breaking 
steps are important. These lead to rapid changes 
in the steady-state radical concentration at the 
modified explosion point. This same effect can be 
accomplished in (FOB) scheme by adjusting the 
kinetic parameters such that the explosion point is 
not quite reached. The properties of flames with 
underlying kinetics of this type are examined in 
this paper.

The explosion limit can be considered in the 
light of the quasi-equilibrium (steady-state) ap
proximation. From the set of reactions (2), we 
find K b , the net rate of production of the radical,
B.

K b =  d (B )M  =  2/ci(A) -  W(B) +  h ( A)(B) (3)
Equating this to zero, we get the quasi-equilibrium 
concentration.

(B)* 2/o(A)
0  — ¿s( A) (4)

The rate of reaction is proportional to the radical 
concentration

K  o =  [ h  +  fca(A)](B) (5)
It is convenient to introduce the parameter 

S  — Z':i( A ) / /a

Then S describes the nearness to explosion. The 
explosion point is defined as the condition under 
which S =  1. At the explosion point (B)* be
comes infinite and K g becomes very large.

It is clear that the flame problem becomes un
usually complicated near the explosion point. The 
steady-state radical concentration ceases to exist, 
so we do not have a reasonable first approximation 
for this quantity. Also, a term just of the form 
of (4) appears in the equations, making them un- 
tractable near the explosion point. By properly 
adjusting the kinetic parameters, we approach 
but do not reach the explosion point, as suggested 
above.

The study of the quasi-equilibrium approxima
tion to radical concentrations has been found to be 
one of the most important aspects of flame theory,3'4 
both from a mathematical and from a physical 
point of view. This approximation does not yield 
exact concentration profiles, but it is often quite 
close over most of the temperature range. The

(3) By this, we mean that e is small in the reaction zone. When
ever diffusion is considered, the cold boundary value of e is many 
orders of magnitude greater than unity. The flame equations are 
not sensitive to the value of 6 in this region as compared to its value 
in the hotter region.

(4) J. C. Giddings. University of Wisconsin Naval Research Labora
tory Report, Squid-0, June, lOofi.

difference between the quasi-equilibrium concen
tration (B)*, and the actual value (B), is given in 
terms of e, where (B) = (B)* (1 +  e). It is found 
necessary, in flame calculations, to have a reason
able input for the (B) profile. When e is small,3
(B)* is that input. When e is not small, there is 
no close approximation available. Aside from the 
input problem, one also finds great difficulty in 
bringing the equations to convergence when e is 
large in the reaction zone. Such has been the case 
for the AB2C flame,6'6 for which final results have 
not yet been obtained. The HBr flame is no 
doubt complicated by this effect.7 In the present 
calculations, we find for the cases where e ap
proaches the value — 4/ 2 in the reaction zone, the 
equations diverge. Work in this Laboratory is 
now directed toward finding the solution to the 
flame equations even where the quasi-equilibrium 
approximation is poor and e is large.

The first problem then is to make a rough esti
mate of em. In a recent paper,4 an approximate 
equation was given which very simply describes 
em, the value of e at the point of maximum radical 
concentration. We have

(A i l) T  Pbo)tB 
2 Z W a

( 6 )

where Z>ab, A>0 and Dbc are the binary diffusion co
efficients, tn and t\ are the respective radical and 
reactant relaxation times defined by4 

(B)*e 1
B - K b k2 -  U A )

, = JAL = ____m
A - K a Zt +Z-3(B)* U )

where K a is the rate of production of reactant mole
cules assuming the steady-state reaction rate. All 
quantities on the right of equations 6 and 7 are 
evaluated at Tm, the temperature of maximum 
radical concentration, (B)*max- In estimating (A) 
at Tm we suppose that (A) varies linearly with the 
temperature. This assumption is not very good 
but it does not lead to a large error in Thus

(IK ,  +  Duc\ (ki\ ( 1 +  Smy  
V 2Da, J \ k j \ l  -  S .J ( 8)

There are a considerable number of ways of 
considering the deviations of (B) from its pseudo- 
stationary values, (B)*, and each approach leads 
to a slightly different relation for em. Thus eq. 6 
is not strictly unique but it can be expected to give 
values of em which are close to the correct value. 
This accuracy has been demonstrated by compar
ing the values of em as calculated by eq. 6 with the 
values obtained by accurate point-to-point nu
merical integrations of the flame equations first for 
the ABC flame, then for the SOB flame, and pres
ently for the FOB flame. The excellent results 
obtained for the FOB flame are given in Table VI.

From preliminary estimates of «m, we were able 
to select a set of interesting numerical examples 
which come fairly close to the explosion limits.

(5) G. Klein, University of Wisconsin Naval Research Laboratory 
Report, Squid-4, August 1955; Proc. Roy. Soc. (London), in press 
(1957).

(6) T. F. Sohatzki, University of Wisconsin Naval Research Labora
tory, Report (-M-853, September, 1055.

(7) J. O. Hirschfeldcr and 10. S. Campbell, unpublished results.
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T a b l e  I
F la m e  C a l c u l a t io n s  fo r  FOB F l a m e , C a se  I 

The flame velocity, vt =  110.81 cm./sec. 
x\ qq *» 2Ob xb xb*

V ol.

s
3000 0 0 0 0 0 0 0
2900 0.02798 0.01834 0.04767 0.01125 0.00953 0.18128 0.06580
2800 .05129 .04085 .06494 .01876 .01794 .04587 .13775
2700 .07114 .06694 .06399 .02343 .02462 -  .04841 .21117
2600 .08798 .09618 .05185 .02573 .02920 -  .11894 .28243
2500 .10209 .12822 .03419 .02611 .03146 -  .16998 .34849
2400 .11354 .16267 .01468 .02490 .03134 -  .20546 .40658
2300 .12246 .19922 -  .00245 .02268 .02900 -  .21779 .45452
2200 .12894 .23744 -  .01595 .01974 .02486 -  .20595 .49047
2100 .13304 .27693 -  .02448 .01650 .01963 -  .15920 .51307
2000 .13487 .31730 -  .02841 .01321 .01418 -  .06821 .52150
1900 .13452 .35820 -  .02822 .01013 .00932 .08744 .51571
1800 .13218 .39935 -  .02520 .00741 .00554 .33679 .49636
1700 .12804 .44052 -  .02048 .00515 .00298 .72886 .46452
1600 .12234 .48157 -  .01530 .00339 .00144 1.3501 .42205
1500 .11535 .52241 -  .01048 .00209 .00062 2.3658 .37130
1400 .10734 .56303 -  .00657 .00120 .00024 4.1052 .31491
1300 .09858 .60347 -  .00375 .00064 .00008 7.3323 .25605
1200 .08930 .64379 -  .001.93 .00031 .00002 13.927 .19786
1100 .07968 .68410 -  .00089 .00014 0 29.486 .14363
1000 .06987 .72450 -  .00036 .00005 0 66.136 .09629
900 .05995 .76517 -  .00013 .00002 0 238.91 .05815
800 .04998 .80637 -  .00004 .00001 0 1133.0 .03048
700 .04000 .84875 -  .00001 0 0 9680.8 .01306
600 .03 .89408 0 0 0 100000 .00416
500 .02 .94938 0 0 0 20142000 .00082
400 .01 1.0665 0 0 0 26534000000 .00007
300 0 1 0 0 0 CO 0

T a b l e  II
F l a m e  C a l c u l a t io n s  f o r  F O B  F l a m e , C a s e  II

The flame velocity, vt =  112 .73 cm./sec.
T (7 gn =  2Gb XB tfB* s

3000 0 0 0 0 0 0 0
2900 0 .0 2 8 7 2 0 .0 2 0 8 1 0 .0 3 9 0 8 0 .0 1 2 5 6 0 .0 1 0 9 1 0 .1 5 0 9 6 0 .0 7 4 6 5
2800 .0 5 3 7 5 .0 4 4 8 8 .05641 .0 2 1 1 6 .0 2 0 0 3 .0 5 6 5 7 .1 5 1 3 4
2700 .0 7 5 4 7 .0 7 2 0 4 .0 5 8 8 3 .0 2 6 4 9 .0 2 7 0 5 -  .0 2 0 6 6 . 22725
2600 .0 9 4 0 5 .1 0 1 9 6 .0 5 1 4 7 .0 2 9 0 4 .03171 -  .0 8 4 1 8 .29941
2500 .1 0 9 5 8 .1 3 4 4 0 .03881 .0 2 9 3 3 .0 3 3 8 5 -  .1 3 3 7 0 .3 6 5 2 8
2400 .1 2 2 0 5 .16901 .0 2 3 8 7 .02771 .0 3 3 4 5 -  .1 7 1 7 3 .4 2 2 4 2
2 30 0 .1 3 1 5 3 .2 0 5 5 5 .0 1 0 2 0 .0 2 4 8 9 .0 3 0 7 4 -  .1 9 0 1 4 .4 6 8 9 6
2200 .1 3 8 11 .2 4 3 6 5 -  .0 0 0 9 7 .0 2 1 2 4 .0 2 6 1 7 -  .1 8 8 2 7 .5 0 3 3 0
2100 .1 4 1 8 8 .2 8 2 9 3 -  .0 0 8 4 5 .0 1 7 2 8 .0 2 0 5 2 -  .1 5 7 9 7 .5 2 4 1 9
2 00 0 .1 4 2 9 9 .32301 -  .01241 .0 1 3 3 4 .0 1 4 7 2 -  .0 9 3 7 6 .5 3 0 8 9
1900 .1 4 1 6 5 .3 6 3 5 7 -  .0 1 3 2 2 .0 0 9 7 5 .00961 .0 4 4 6 6 .5 2 3 4 4
1800 .1 3 8 1 2 .40431 -  .0 1 1 8 9 .0 0 6 7 0 .0 0 5 6 8 .1 7 9 4 3 .5 0 2 5 3
1700 .1 3 2 7 3 .4 4 5 0 2 -  .0 0 9 3 6 .0 0 4 3 0 .0 0 3 0 4 .4 1 6 3 5 .4 6 9 2 7
1600 .1 2 5 8 2 .4 8 5 5 8 -  .0 0 6 5 7 .0 0 2 5 6 .0 0 1 4 6 .7 5 0 2 2 .4 2 5 5 6
1500 .1 1 7 7 7 .5 2 5 9 2 -  .0 0 4 1 0 .0 0 1 4 0 .0 0 0 6 3 1 .2 2 1 7 .3 7 3 8 0
1400 .1 0 8 9 0 .5 6 6 0 7 -  .0 0 2 2 7 .0 0 0 6 9 .0 0 0 2 4 1 .9 0 4 2 .3 1 6 61
1300 .0 9 9 51 .6 0 6 0 8 -  .00111 .00031 .0 0 0 0 8 2 .9 5 8 6 .2 5 7 1 5
1200 .0 8 9 8 0 .6 4 6 0 3 -  .0 0 0 4 7 .0 0 0 1 2 .0 0 0 0 2 4 .7 3 2 5 .1 9 8 5 5
1100 .0 7 9 9 3 .6 8 6 0 2 -  .0 0 0 1 7 .0 0 0 0 4 0 8 .1 5 6 2 .1 4 4 0 4
1000 .0 6 9 9 8 .7 2 6 1 4 -  .0 0 0 0 5 .0 0 0 01 0 1 4 .3 0 1 .0 9 6 51

900 .0 5 9 9 9 .7 6 6 5 5 -  .0 0 0 01 0 0 3 9 .4 3 5 .0 5 8 2 6
8 0 0 . 05 .8 0 7 5 2 0 0 0 1 3 7 .6 2 .0 3 0 5 2
700 .0 4 .8 1 9 6 7 0 0 0 8 4 4 .4 6 .0 1 3 0 8
600 .03 .89476 0 0 0 12758 .00416
500 .02 .94974 0 0 0 869480 .00083
400 .01 1.0667 0 0 0 798480000 .00007
300 0 1 0 0 0 CO 0
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T able  III
F lame C alculations for FOB F lame , C ase III

Properties of Flames Supported by Chain-brancitinc. R eactions

The flame velocity, vi = 195.09 cm./see.
0 "A SB =■ 2(?b ZB ZB* e

0 0 0 0 0 0
0.01592 0.02640 0.00210 0.00061 0.00060 0.01373

.03287 .05385 .00387 .00117 .00115 .01505

.05064 .08294 .00532 .00168 .00166 .01456

.06881 .11339 .00621 .00213 .00211 .00752

.08674 .14520 .00612 .00248 .00252 -  .01473

.10350 .17821 .00483 .00268 .00284 -  .05419

.11824 .21267 .00237 .00269 .00302 -  .10950

.13009 .24849 -  .00068 .00249 .00297 -  .16098

.13839 .28552 -  .00340 .00212 .00257 -  .17468

.14284 .32358 -  .00505 .00165 .00186 -  .11337

.14350 .36242 -  .00533 .00116 .00111 .04784

.14077 .40183 -  .00451 .00073 .00056 .30913

.13530 .44158 -  .00316 .00041 .00025 .63673

.12785 .48153 -  .00186 .00020 .00010 .97839

.11913 .52158 -  .00093 .00009 .00004 1.2802

.10969 .56170 -  .00039 .00003 .00001 1.5236

.09991 .60188 -  .00014 .00001 0 1.7279

.08999 .64214 -  .00004 0 0 1.9523

.08001 .68250 -  .00001 0 0 2.3077

.07001 .72305 0 0 0 2.6199

.06001 .76390 0 0 0 4.7990

.05001 .80532 0 0 0 10.283

.04001 .84791 0 0 0 36.424

.03001 .89345 0 0 0 301.56

.02001 .94887 0 0 0 10912

.01001 1.0662 0 0 0 5306200
0 1 0 0 0 CO

T able IV
Flame C alculations for FOB F lame, C ase IV

The flame velocity, v[ =  235.09 cm./sec.
s -A SB = 2Gb ZB Z B * t

0 0 0 0 0 0
0.01249 0.C2543 0.00188 0.00060 0.00059 0.01506

.02614 .C5184 .00363 .00117 .00115 .01929

.04098 .C7981 .00538 .00174 .00169 .02579

.05692 .10918 .00707 .00232 .00225 .02942

.07359 .13996 .00811 .00287 .00284 .01004

.09020 .17200 .00782 .00331 .00348 -  .04782

.10573 .20568 .00560 .00354 .00421 -  .15949

.11904 .24096 .00185 .00346 .00494 -  .29885

.12919 .27772 -  .00222 .00311 .00519 -  .40109

.13563 .31576 -  .00534 .00255 .00410 -  .37801

.13823 .35480 -  .00676 .00190 .00222 -  .14384

.13722 .59455 -  .00647 .00128 .00094 .35740

.13313 .43476 -  .00503 .00076 .00036 1.1215

.12665 .47521 -  .00325 .00040 .00013 2.0787

.11854 .51578 -  .00177 .00019 .00005 3.1112

.10943 .55641 -  .00081 .00007 .00001 4.1327

.09981 .59708 -  .00031 .00003 0 5.1436

.08994 .63782 -  .00010 .00001 0 6.2927

.07999 .67867 -  .00003 0 0 8.9834

.07 .71969 -  .00001 0 0 10.982

.06 .76102 0 0 0 19.197

.05 .80292 0 0 0 45.393

.04 .84599 0 0 0 183.25

.03 .89202 0 0 0 1785

.02 .94792 0 0 0 77244

.01 1.0659 0 0 0 44989000
0 1 0 0 0 oo
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B e c a u se  o f  th e  d if f ic u lty  o f  ca r ry in g  o u t  th e  in te 
g ra t io n s  fo r  la rg e  v a lu es  o f  e, i t  w a s n o t  p o s s ib le  to  
a p p ro a ch  th e  e x p lo s io n  lim its  m u ch  c loser .

I n  a ll o f  th e  n u m e rica l e x a m p le s  w e  t o o k  th e  
p ressu re  t o  b e  o n e  a tm o s p h e r e ; th e  a m b ie n t  te m 
p e ra tu re  To =  300°K .; th e  fla m e  te m p e ra tu re  
T » =  3000°K. ; th e  m o le cu la r  w e ig h t  o f  A t o  b e  
w?a  =  2 0 ; th e  sp e c ific  h e a t  a t c o n s ta n t  p ressu re  p er  
m o le  (a ssu m in g  th a t  th e  sp e c ific  h e a t  p e r  m o le  is th e  
sa m e  fo r  A as f o r  B  as fo r  C sp e c ie s ) Cp =  3.70377? 
w h ere  R is  th e  g a s  c o n s ta n t , R =  1.98718 c a l . /  
m o le  d eg . ; th e  e n th a lp y  re lea sed  b y  th e  ch e m ica l 
r e a c tio n s  p er  m o le  o f  A  is ¡iIa(Ha — He) = 10,000/? ; 
the e n th a lp y  p er  m o le  o f  B  is g iv e n  b y  tob (H r — 
H e)  =  1 0 ,0 0 0 /? ; th e  c o e ffic ie n t  o f  th erm a l c o n 
d u c t iv it y  is  ta k en  to  b e  7 =  0.001 (T/Ta>)'/ '
c a l . / c m .  sec. d e g . ; a n d  th e  ch e m ica l ra te  co n s ta n ts  
are

k; =  5 X  10»(Î’/7 ’ „ )V . exp (-40,000/727’ ), sec.“ 1
kt =  5 X  10»(2'/2’ ,.)V«A2, sec.“ 1
k, =  5 X  108(7'/7'eo)3A exp ( -10,000/RT)A3,

cm .Vm oIe sec.

H e r e  A 2 a n d  A-„ a re  c o n s ta n ts  w h ich  are  a ssign ed  
v a r io u s  n u m e r ica l v a lu e s . T h e  d iffu s ion  co e ffi
c ie n ts  a p p e a r  th r o u g h  th e  ra tio s  o f  th e  P r a n d tl t o  
th e  S c h m id t  n u m b e rs , <5;, =  T)i}nCv/\  w h e re  n is 
th e  n u m b e r  o f  m o le s  p e r  c m .3. T h e  f iv e  e x a m p le s  
fo r  w h ich  c a lc u la t io n s  w e re  m a d e  are8

Case 1
«.\r — S,\n “  «ne =  1, Ai =  0.004, A 3 =  20,000

Case II
i\c =  1, «An =  «ne =  'A, A.. =  0.004, Aj =  20,000

S

0
0.16445 

.31514 

.45396 

.57811 

.68593 

.77503 

.84582 

.89716 

.92764 

.93589 

.92139 

.88464 

.82692 

.75104 

.66091 

.56091 

.45051 

.35318 

.25669 

.17228 

.10416 

.05464 

.02345 

.00746 

.00148 

.00013
0

Case III
«AB =  «ac =  Sbc =  1, A2 =  0.100, A , =  800,000 

Case IV
«ac =  «ab =  «ne =  1, Ai =  0.100, A 3 =  900,000 

Case V
«AC =  1, «AB =  «BC =  Vi, A 2 =  0.100, A , =  900,000

If we assume that these two cases have an xa 
profile close to that for case I, we can calculate the 
values of em from equation 8. For the first of these, 
we have em ~  0.4, and for the second, em ~  0.5. 
This again indicates the caution that must be used 
in applying conventional methods of calculation 
to those problems for which the steady-state ap
proximation is poor.

We used Klein’s method9 of successive approx
imations of an integral equation to obtain solutions 
to the flame equations. The equations and proce
dure are so similar to those explained in great de
tail in connection with the SOB flame2 that it is not 
necessary to repeat them here. As in the SOB 
flame, it is convenient to introduce a reduced tem
perature, r = 10—4Tr, and a reduced distance £ 
such that d£ = (MCp/niA X) dz. Then the quan
tity g =  d r/d£ plays an important role in the flame 
equations. The mole fractions of A and of B are, 
respectively, xa and .tb and the pseudo-stationary

(8) The following cases were tried but thesolutions failed to converge
«ac =  «ab =  «bc =  1, Ai =  0.004, A 3 =  30,000 

«AC =  1, «AB =  «BC =  2, Ai =  0.004, A3 =  20,000
(0) G. Klein. University of Wisconsin Naval Research Laboratory 

Report, Squid-1. Iebrnary, 11I.V»; Proc. Jini/. Sue. (London), in press
(isr>7).

T a b l e  V
F lam e  C a lc u l a tio n s  fo r  FOB F l a m e , C a se  V 

The flame velocity, vt =  238.67 cm./sec.
OB =  2 Git xa XB*0 X A

0 0
0.01223 0.02547

.02559 .05192

.04010 .07994

.05574 .10937

.07238 .14021

.08953 .17227

.10622 .20596

.12100 .24129

.13244 .27816

.13958 .31635

.14214 .35554

.14048 .39541

.13545 .43566

.12807 .47609

.11928 .51060

.10976 .55715

.09993 .59775

.08998 .63842

.08 .67920

.07 .72016

.06 .76142

.05 .80325

.04 .84626

.03 .89221

.02 .94805

.01 1.0659
1

0 0
0.00150 0.00060

.00286 .00117

.00417 .00173

.00549 .00232

.00662 .00292

.00711 .00347

.00621 .00384

.00368 .00358

.00043 .00346

.00225 .00275

.00351 .00194

.00336 .00119

.00241 .00063

.00137 .00029

.00063 .00011

.00024 .00004

.00008 .00001

.00002 0
0 0
0 0
0 0
0 0
0 0
0 0
0 0
0 0
0 0

0
0.01195 

.01472 

.01942 

.02572 

.02231 

.00828 

.09449 

.23068 

.34870 

.34712 

.15061 

.23917 

.72791 
1.1774 
1.4800 
1.6212 
1.6550 
1.6689 
1.7630 
1.7687 
2.9877 
5.7940 

18.321 
132.11 

0 4080.6
0 1685900
0  CO

0.00059
.00115
.00170
.00226
.00285
.00350
.00424
.00501
.00531
.00422
.00228
.00096
.00036
.00013
.00005
.00001

0 
0 
0 
0 
0 
0 
0 
0



June, 1957 P roperties  of F lames Supported  by  C hatn-branchtno R eactions 743

state mole fraction of B is z b *. The fraction of 
the mass rate of flow which is contributed by B is 
Gb and 2Gb is Klein’s variable, qr. The calcula
tions were made using the University of Wiscon
sin Numerical Analysis Laboratory IBM 650 Mag
netic Drum Calculating Machine. The results are 
given in Tables I, II, III, IV and V.

The general properties of the profiles are the same 
here as for other flames calculated at this Labora
tory. The introduction of an explosion point 
causes some changes. The free radical concentra
tion becomes sharply peaked as we approach the 
explosion condition. Thus, the diffusion of radi
cals becomes important, and is responsible for the 
sizable values of tm. This also causes a sharp peak 
in the over-all reaction rate.

We have again investigated the effect of a 
changing radical diffusion coefficient upon flame 
velocity. The results given here help substantiate 
the conclusions of reference 1. Thus the diffusion 
of radicals, in contradiction to the so-called diffu
sion theories, has greater effect in depleting the 
supply in the reaction zone than it does in increas
ing the supply in the cold zone. This is shown by 
comparing case I with II, and case IV with V. In 
each comparison, the flame velocity is decreased by 
about 2% when the diffusion of the radical is 
doubled. In the only other calculation of this 
kind,2 the flame velocity was found to decrease by 
only 0.3%. This is for the chain-branching SOB 
flame. The larger effect for the present calcula
tions no doubt is due to the fact that depletion 
from the reaction zone is more important where em 
is large. In either case, however, a decrease is 
found while the diffusion theories call for a sub
stantial increase.

In Fig. 1, e is presented as a function of tempera
ture for the five cases. The general features of 
these curves can be understood qualitatively. 
Thus in that part of the graph where e is negative 
(the reaction zone), the width of the valley is 
greatest for those cases that S is smallest (I, II), 
becomes smaller for intermediate S (III), and is 
very narrow for the cases where S approaches unity 
(IV, V). This results since, as the explosion limit 
is closely approached, there is a sudden jump in S, 
which causes an equally sudden jump in e, equa
tion 8. For those cases that the explosion limit is 
not closely approached, S is small and xb* has no 
more than the usual slow change with temperature.

The comparison between em as obtained by the 
approximate relaxation-time method and the em 
resulting from our calculations, is given in Table 
VI. This agreement is quite satisfactory.

T a b l e  V I

C om pa rison  or E stim a t e d  an d  C a lc u l a te d  em fo r  FOB
F lame

Case
em

(from eq. S)

em
(from numerical 

integrations)
i 0 .25 0.17

i i .14 .11
h i .056 .11
IV .12 .16
V . 075 . 16

Fig. 1.— The variation of e with temperature in the FOB 
flame for the five cases considered.

Looking at Tables I, II, III, IV and V, it will be 
noticed that in the hot portion of the flame e is 
much higher for cases I and II, than for III, IV 
and V. This again can be explained on the basis 
of equation 8. Although equation 8 was derived 
for the point of maximum radical concentration, 
we expect from physical considerations that the 
equation will hold qualitatively wherever eis small. 
Thus

• - - (%*%)©(%!)' o
Using equation 9, we get the comparison between 
the estimated and calculated values of e at the 
temperature T =  2900°Iv., as shown in Table VII.

T a b l e  V II
C om pa riso n  o f  E stim ated  an d  C a l c u l a te d  V a lu e s  of 

« for  FOB F lam e  a t  T =  2900°K.

Case

e
(estimated 
from ec . 9)

e (caled, by 
numerical 

integration)
I 0 .30

QCG

II .15 .15
i n .016 .014
IV .016 .015
V .008 .012

Such good agreement might not be found at all 
times, but at least the results indicate that condi
tions near the hot boundary can be both predicted 
and explained by means of the relaxation-time 
model that led to equation 8.
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The phase relations in the system BaCl2-B aT i03 were investigated using thermal curve, strip-furnace and quench tech
niques. The system is a simple eutectic-type with limited solid solubility near the barium titanate end-member. The 
eutectic appears at 938° and about 2.5 mole %  BaTiOj where cubic barium chloride, cubic barium titanate solid solution 
and liquid coexist. The solid solution of cubic barium chloride in cubic barium titanate raises the cubic-hexagonal transi
tion temperature of barium titanate from 1460 to about 1535°.

Introduction
During the past few years, these laboratories 

have conducted an extensive program concerning 
the stability relations of titanate systems with 
particular emphasis on the perovskite-type struc
tures. One of the primary objectives has been to 
obtain fundamental phase equilibrium data sub
serving the preparation of large single crystals of 
barium titanate.

The first attempts to grow crystals of this unique 
oxide phase included halide-oxide melts in which 
barium chloride was used as the fluxing agent. 
The literature is not entirely clear as to the final 
results of this application. Some confusion exists 
concerning the polymorphic form of barium titanate 
which can be grown from various barium chloride- 
barium titanate melts. This confusion and the 
continued interest in the application of barium 
chloride as a fluxing agent prompted an investiga
tion of the phase relations in the system Ba,Cl2-  
BaTi03.

Review of Literature.—The work of W ood1 and 
Blattner, Kanzig and Merz2 implies that the 
hexagonal modification of barium titanate may be 
obtained at low temperatures when BaCl2, K2C 03 
and Na2C 03 are employed as fluxes. Using a 
nitrogen atmosphere, Matthias3 obtained hexago
nal, monoclinic and cubic crystals from a BaCl2-  
BaC03-T i0 2 melt. These crystals were highly 
discolored which Matthias attributed to platinum 
impurity originating from the crucibles containing 
the melt. The discoloration could be partially 
removed by heating at 200°.

Using a similar mixture without controlled at
mosphere, Blattner, Matthias and Merz4 were un
able to obtain the hexagonal crystals of barium 
titanate. Instead they observed a pseudocubic 
phase which approximate chemical analysis in
dicated was Ba2Ti30 8.

Limited phase relations in the system BaCl2-  
BaTi03 have been reported by Belyaev and Sholok- 
hovich5 as part of their investigation of the ternary 
system BaTi03-BaCl2-B aC 03. The data are lim
ited to the area containing more than 85 mole %  
BaCl2. They indicated a eutectic at about 2 mole 
%  BaTi03 and 900°. From their diagram it ap
pears that the cubic form of barium titanate is the

(1) E. A. Wood, J. Chem. Phys., 19, 976 (1951).
(2) H. Blattner, W. Kanzig and W. Merz, Helv. Phys. Acta, 22, 

35 (1949).
(3) B. T. Matthias, Phys. Rev., 73, 808 (1948).
(4) H. Blattner, B. T. Matthias and W. J. Merz, Helv. Phys. Acta, 

20, 225 (1947).
(5) I. N. Belyaev and M. L. Sholokhovich, Dok. Akad. Nauk} 

USSR, 77, 51 (19cl)(in Russian).

stable phase in equilibrium with liquid and mono
clinic barium chloride at the eutectic temperature.

The barium chloride end-member exists in two 
stable polymorphic forms above room temperature. 
The low temperature polymorph is monoclinic and 
transforms at 925° to a cubic (high temperature) 
form.6 It has been shown by Kelley7 to melt con- 
gruently at 960°.

The Curie temperature (ca. 120°) of barium 
titanate is associated with a tetragonal-cubic phase 
change which has been extensively studied and re
ported throughout the literature. The cubic 
phase has been shown to be stable to about 1460° 
by Rase and Roy8 and DeVries and Roy.9 Above 
1460° the stable modification is hexagonal and it 
melts congruently at 1618°.

Experimental
Data were obtained from mixtures prepared from dried 

barium chloride and barium titanate and/or barium carbon
ate and rutile. Weighed amounts of constituents were 
mixed under absolute alcohol, dried and heat treated in 
platinum crucibles at temperatures below that of the solidus. 
All compositions were intermittently heat treated and ground 
for at least 48 hours or until they appeared homogeneous 
by microscopic observations. Weight loss determinations 
indicated loss of BaCk by volatilization was not appreciable 
at sintering temperatures.

The “ non-quenching”  nature of all compositions in the 
system restricted the use of the quench technique10 espe
cially in defining liquidus temperatures. However, using 
binocular and petrographic methods to detect melting and 
quench growth, the method yielded useful data though 
somewhat less accurate than normally obtained for systems 
capable of being “ quenched”  to glasses. These data have 
been particularly useful in confirming values obtained by 
thermal analysis.

The majority of data reported here was obtained using 
differential thermal analysis and strip-furnace11 methods. 
The limitations imposed by both these methods (interpreta
tion of D TA patterns and determination of strip-furnace 
temperatures) and the volatility of the barium chloride 
component necessarily reduce the accuracy. The latter 
was especially critical for compositions containing only small 
amounts of barium chloride since slight losses in these re
sulted in an appreciable percentage loss.

Since the differential thermal technique was used almost 
exclusively to define the solidus (eutectic) temperature, loss 
of BaCk would be expected to have no effect on the accuracy 
of these data. The system is essentially a simple eutectic- 
type and the solidus temperature is the same over a consid
erable range of composition. Loss of barium chloride there-

(6) “ International Critical Tables of Numerical Data, Physics, 
Chemistry and Technology,”  7 Vols, plus index, McGraw-Hill Book 
Co., New York, N. Y., 1926-33, Vol. 1, p. 147; vol. 4, p. 7.

(7) K. K. Kelley, U. S. Bur. Mines Bull. No. 393 (1936).
(8) (a) D. E. Rase and R. Roy, J. Am. Ceram. Soc., 38, 102 (1955); 

38, 389 (1955).
(9) R. C. DeVries and R. Roy, ibid., 38, 142 (1955).
(10) E. S. Shepherd, G. A. Rankin and F. E. Wright, Am. J . Set., 

28, 293 (1909).
(11) (a) H. Roberts and G. W. Morey, Rev. Sci. Inst., 1, 576 

(1930); (b) M. L. Keith and R. Roy, Am. Sci., 39, 1 (1954).
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T a b l e  I
Su m m a r y  o f  D a t a  fo r  th e  Syste m  BaCl2-BaTiO; 

A. Thermal Analyses
Temp. (°C.) of heat effects

Composition, mole % M.P., BaCl2 Others, someBada BaTiOs °C. transition Eutectic Liquidus unassipned
100.0 0.0 964 925
97.0 3 0 928 ? 9-40 838— unexplained
95.0 5.0 926 934 957
92.5 7.5 923 942 836— unexplained
90.0 10.0 924 940 1100° 835— unexplained
75.0 25.0 924 ? 1325“
60.0 40.0 926 937 1604“ 850— unexplained
50.0 50.0 929 ? 1610“
40.0 60.0 930 950 (?) 1617“ 875— unexplained

909— unexplained
25.0 75.0 1050 975ft 1619“ 868— unexplained

918— exsolution dome
20 0 80 0 o o o 920— exsolution dome
15.0 85.0

oo
1615“ 910— exsolution dome

10.0 90.0 15706 1615“ 870—unexplained
0.0 100 0 1618

B. Quenching Data
Composition, mole % Temp., Time Phases present at

BaCls BaTiOs °C. (hr.) room temp.c Remarks
90.0 10.0 920 'A BaCl, +  Tet. BT No melting

935 ‘A BaCh +  Tet. BT No melting
945 'A BaCl2 +  Tet. BT Melting

50.0 50.0 920 ‘A BaCl2 +  Tet. BT No melting
935 'A BaCl2 +  Tet. BT No melting
945 ’A BaCls +  Tet. BT Melting

15.0 85.0 1528 ‘A Tet. BT Melting
1539 ‘A Hex. BT

10.0 90.0 1519 ‘A Tet. BT Melting
1528 'A Tet. BT
1539 ‘A Hex. BT

5 0 05.0 1507 ‘A Tet. BT
15.19 ‘A Tet. +  Hex. BT
1528 V« Hex. BT
1539 ‘A Hex. BT Melting

“ Liquidus temperatures determined on strip furnace. b Temperature of first appearance of liquid (strip furnace). 
c Abbreviations: Tet. BT =  tetragonal BaTiCb (cubic above 120°); Hex. BT =  hexagonal BaTiOs.

fore affects the magnitude of the heat effect and not the tem
perature at which it occurs. In the case of liquidus data, 
however, any volatile loss must necessarily affect the 
accuracy {vide infra). Liquid and solid compositions within 
the system showed no reaction with platinum and/or plati
num-rhodium alloy. These materials, therefore, were used 
exclusively to contain the samples.

Wherever necessary, phases were identified by petro
graphic and X-ray techniques.

Results and Discussion
A summary of the thermal analysis and quench 

data is presented in Table I.
The melting temperature of barium chloride was 

determined as 964 ±  3° using both differential ther
mal and heating curve techniques. A large ther
mal effect corresponding tc the monoclinic-cubic 
transition in barium chloride was observed at 925 
±  3°. Both these determinations are in agree
ment with those reported ;n the literature. No 
other heat effects were evident for C .p . grade 
barium chloride.

The phase diagram for the system BaCl2-BaTiOj, 
drawn from the data summarized in Table I, is 
illustrated in Fig. 1. It is essentially a simple 
eutectic-type system with some proposed limited

solid solution at the barium titanate end. The 
eutectic appears at about 2.5 mole %  BaTi03 and 
938 ±  5°. From the eutectic composition and 
temperature, the liquidus rises sharply toward 
the BaTiCA end-member. For compositions con
taining more than 40% BaTi03, the data indicate 
that the liquidus is essentially flat, rising only 
slightly to the melting point of barium titanate.

Since these liquidus data were obtained using the 
strip-furnace and only very small amounts of 
sample, it is probable that the liquidus tempera
tures in this area are erroneously high. Therefore, 
even though the data obtained were reproducible, 
the results are represented by a “ dashed-line” only. 
The boiling point of barium chloride is reported as 
1560° and, although the addition of barium titanate 
undoubtedly raises it, the vapor pressure of the 
chloride at these temperatures is most likely quite 
appreciable. It follows that any volatilization of 
the chloride in the small sample utilized in the strip 
furnace determinations is an important factor. 
The loss effectively results in a composition much 
richer in BaTi03 and therefore the liquidus tem
perature approaches that of pure barium titanate
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the upper one representing the curve drawn on the basis of 
actual observations, while the lower one is a curve which is 
regarded as more probable in view of the experimental 
difficulties with volatilization (see text).
(1618°). In the absence of volatilization, one 
would expect a liquidus curve more like that repre
sented by the “ dash-dot” line in Fig. 1. No effort 
has been made to determine the change in composi
tion as a function of volatilization and the latter 
curve should be considered only as a possible liqui
dus in the absence of volatilization.

On heating, compositions containing less than 70 
mole %  BaTi03 all gave evidence of at least two 
distinct endothermic heat effects, one corresponding 
to the transition temperature of barium chloride 
and the other about 13° higher. Generally, their 
magnitude decreased as the composition became 
richer in barium titanate. It was not always pos
sible to determine the temperature associated with 
the higher of these two thermal effects because it 
was almost always partially masked by the other. 
Binocular observation of quenches from tempera
tures just above that of the second thermal effect 
all indicated that at least partial melting had oc
curred, thus establishing it as the solidus reaction.

The data obtained for the portion of the system 
containing mere than 75% BaTi03 are not as un
ambiguous. The temperature interval between 
the barium chloride transition and the eutectic 
gradually increased as the composition approached 
that of the titanate. The divergence of these tem
peratures can best be explained on the basis of a 
limited solid solution in the cubic form of barium 
titanate. The broken line shown in the diagram 
is a representation of such a solid solution proposed 
to account for the data. Such an explanation is 
consistent with the data regarding the effect of 
barium chloride on the cubic-hexagonal transition 
temperature of barium titanate (vide infra).

Besides the unexplained thermal effects men
tioned later, only one other could be detected for 
mixtures containing more than 85% BaTiOs. 
For these compositions, the temperature associated 
with the endothermic reaction was appreciably 
lower than that of the eutectic 938°, and even below 
the barium chloride transition. The lowering be
came progressively more evident with an increase 
in BaTi03 concentration. The heat effects, there
fore, have been attributed to phase changes in

volving the BaCl2 in BaTi()3 solid solution. Al
though the magnitude of the thermal effects in this 
region was small and made interpretation of the 
DTA patterns more difficult, the effect of composi
tion on this reaction temperature was conclusive.

The Cubic-hexagonal Transition of BaTi03.— 
Small additions of barium chloride appear to raise 
the cubic-hexagonal transition temperature of 
barium titanate in a manner similar to that ob
served for T i02 and Si02. Quench data for com
positions containing 85, 90 and 95% BaTi03 are 
summarized in Table I and indicate the transition 
temperature is raised to about 1535°. It was 
found that mixtures containing less than 5 mole %  
BaCls gave unreliable results. In the latter case 
the same composition repeatedly quenched from 
the same temperature would indicate partial in
complete conversion to the hexagonal form part of 
the time and no conversion at other times. Since 
data from these mixtures were not reproducible, 
the\r have not been included in the table. The in
consistent results have been attributed to a dif
ferential volatilization of BaCl2— thus in some runs, 
where the loss was low, the mixture remained ap
proximately “ on composition” and would not, for 
example, indicate any conversion, while in a 
similar run where the loss was greater (composition 
more nearly that of BaTi03) complete or partial 
conversion might be observed. The same reasons 
may be used to argue that the data reported for the 
85, 90 and 95% mixtures are similarly in error. 
However, these data were at least consistent and 
reproducible especially in indicating the lowest 
temperature at which the cubic barium titanate 
transformed to the hexagonal form.

For the reasons outlined above, the limits of 
solid solution indicated in Fig. 1 must only be re
garded as approximations. Even an indication of 
solid solution in the system is a most unexpected 
result. No defect solid solutions of A X 2 com
pounds in an A2X 3 structure are known. However, 
even though the liquidus data may be “ explained” 
by assumptions regarding volatilization, no similar 
argument can be used about the solidus data.

From the invariant point where cubic solid solu
tion, hexagonal solid solution and liquid are shown 
in equilibrium the solubility curve of cubic solid 
solution descends steeply. The extent of solid solu
tion increases gradually to conform with the solidus 
observations in the 80, 85 and 90% mixtures. 
However, below the solidus, the same observations 
require that the extent of solid solution decrease 
rapidly with temperature so that below the tran
sition temperature of BaCl2 the limit of solubility is 
very small. This may be correlated with the fact 
that the monoclinic form of barium chloride is the 
stable polymorph at these temperatures.

The data indicating solid solution in this system 
are not as conclusive as in the case of systems BaO- 
T i02 and BaTi03-S i02,8 but the proposed solid 
solution appears to be the best and simplest ex
planation of the data. The limits of solubility could 
be considerably less than indicated by the data since 
no correction has been made for volatility.

Unexplained Thermal Effects.— It, was noted 
that DTA patterns obtained for some mixtures
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during a cooling cycle often showed, in addition 
to the exothermic reactions associated with the 
transition and eutectic, one or more additional 
exothermic heat effects not apparent during the 
heating cycle. The additional reactions always 
occurred at temperatures somewhat lower than 
that of the barium chloride transition. They did 
not occur at the same temperature for all com
positions nor were they reproducible for any one 
composition. Generally, however, they did occur 
at higher temperatures for compositions richer in 
barium titanate.

Investigation showed that these exothermic reac
tions occurred only when the thermal history of the 
sample included treatment above initial melting 
temperatures. However, they never were observed 
when the sample contained only barium chloride. 
Exploratory quench work designed to “ freeze in”  
the phase present above and below the reaction 
temperature was entirely unsuccessful. X-Ray 
and optical examination indicated only the pres
ence of the barium chloride and barium titanate 
phases.

The reaction or phase changes responsible for 
the additional thermal effects have not been defined 
and no attempt has been made to include them in

subsolidus phase relationships. A combination of 
quenching and X-ray techniques has not been suc
cessful in solving the problem; however, two pos
sible explanations may be offered without attempt
ing to expand upon them: (1) the formation of a 
compound of barium not in the system BaCl2-  
BaTi03, for example, an ce^-chloride or even a per
oxide of barium, and (2) the delayed exsolution of 
the solid solution stable at higher temperatures.

The second of these would appear to be more 
likely, especially since the heat effects are exother
mic and are observed only in samples after they 
have been heated above the temperature at which 
liquid first appears as a stable phase. One might 
expect that it would be possible to supercool that 
portion of material consisting of the “ primary 
phase”  while the solid solution crystallized from 
the eutectic liquid would exsolve quite readily due 
to its small crystalline size and intimate contact. 
Furthermore, a corresponding endothermic reac
tion is not observed even when a sample exhibiting 
the exothermic effect on cooling is reheated up to 
the solidus temperature.
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The rate of decarboxylation of benzoylformic acid in phenol solution, catalyzed by 3-aminooxindole, «-phenylglyeine and 
related compounds was studied. The range of temperature was 50 to 100°. a-Phenylglycine is ca. 1/15 as effective as 3- 
aminooxindole and 3-methyl-3-aminooxindole is ineffective. The energy and entropy of activation with 3-aminooxindole 
are 18.5 ±  1.5 kcal./mole and —13 ±  4 cal./mole deg., resp. These data require a prototropic rearrangement in a Schiff 
base intermediate and make feasible an open-chain transition state as well as the cyclic one proposed earlier.

Introduction
The decarboxylation of benzoylformic acid (I) 

catalyzed by compounds such as 3-aminooxindole
(II) has been considered to be analogous to the de
carboxylation of a-ketoacids as catalyzed by nat
ural carboxylases.3'4

H NIL

c 6h 5
1

v
i f Y  \CO c=o

1
COOH V \ N/

I II À
(1) Taken from the dissertation submitted by Abraham S. Endler 

to the Graduate School of the Polytechnic Institute of Brooklyn in 
partial fulfillment of the requirements for the degree of Doctor of 
Philosophy. Presented before the Division of Organic Chemistry at 
the 130th Meeting of the American Chemical Society, Atlantic City, 
N. J., September 1956, Abstract p. 84-0.

(2) To whom inquiries should be addressed.
(3) W. Langenbeck, “ Die Organischen Katalysatoren,“  2nd Ed., 

Springer-Verlag, Berlin, 1949.
(4) R. E. Schachat, E. T. Becker and A. D. McLaren, T his J o u r 

n a l  56, 722 (1952).

It has been shown that primary amines in general 
are catalysts for decarboxylation of I.3 a-Amino- 
acids are generally more effective than simple 
amines, and lactams of a-aminoacids, such as II, are 
considerable more effective. Later work showed 
that II could be replaced as catalyst by the Schiff 
base formed by reaction of isatin (III) with benzyl- 
amine (IV).4 It was proposed that this Schiff base 
had undergone a prototropic rearrangement, and 
actually possessed the structure V, which would 
also be obtained by reaction of II with benzalde- 
hyde. This was substantiated in the previous paper

this series.5 
O H N—CHCoIIs
l \  /

A /  \ A / C \oII,o

C = 0

V \ N/ V \ „ /
1

H III H V

(5) A. S. Endler and E. I. Becker, J. Am. Chem. Roc., 77, 6008 
(1955).
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Coupling these observations with the proposal of 
Langenbeck that the active intermediate in catal
ysis of the decarboxylation was the Schiff base of 
I with II, the following mechanism was suggested

C Jh

II n h 2 H N = C /
\  / \  /  \

y c \
C6H5
1 - H , 0

,Cv COOH
A /  \

CO + c = o --------- ± I1 1 CO
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1

COOH V \ N/
11

H
1

H
II I VI

^ Rearrangement

H N = CHC6H5 C6H5
\  / /

A / C \ — C 0 2
,C = N — C— II

A /  \  \
CO

H V

3-Benzylideneaminoôxindole (V), the product of 
this sequence of reactions, then could react with fur
ther benzoylformic acid substrate to liberate benz- 
aldehyde and re-form the Schiff base VI.

The purpose of this work was to test the require
ment of a protropic rearrangement of the Schiff 
base intermediate, and to determine the energy and 
entropy of activation of the rate-determining step 
of the decarboxylation, using different catalysts.

Compounds selected for kinetic study to pro
vide information on these aims were: 3-methyl-
3-aminoôxindole (VIII), a-phenylglycine (IX), 
methyl a-phenylglycinate, benzylamine and 1- 
methyl-3-aminoôxindole.

CH3
- n h 2

N A N )
N VIII

Experimental
Materials.— Phenol was A.R . grade, stored in a desic

cator over phosphorus pentoxide. Benzoylformic acid, 
m.p. 65-66°, was prepared by acid hydrolysis of benzoyl 
cyanide.6 Potassium benzoylformate was crystallized from 
methanol after neutralizing methanolic potassium hydroxide 
with a slight excess of benzoylformic acid. 3-Aminooxindole 
hydrochloride was prepared by hydrogenation of /3-isatox- 
ime in aqueous-alcoholic hydrochloric acid, slightly modi- 
fjdng a published procedure.7 a-Phenylglycine hydrochlo
ride was prepared by alkaline hydrolysis of 5-phenylhydan- 
toin8'9 followed by conversion to the hydrochloride, which 
was recrystallized from alcohol. The carbon dioxide used 
was “ bone dry”  grade, reported to be 99.9% pure. (No 
effect was found in replicate experiments in which 99.0% gas 
was used.)

Procedure.— The reaction was conducted in phenol

(6) T. S. Oakwood and C. A. Weisgerber, in “ Organic Syntheses,” 
Coll. Vol. I l l ,  edited by A. H. Blatt, John Wiley and Sons, Inc., New 
York, N. Y., 1955, p. 114.

(7) F. J. DiCarlo and H. J. Lindwall, J. Am. Chem. Soc., 67, 199 
(1945).

(8) H. T. Bucherer and W. Steiner, J. prakt. Chem., [2] 140, 291 
(1934).

(9) H. T. Bucherer and V. A. Lieb, ibid., [2] 141, 5(1934).

solution. The usual reaction mixture contained approxi
mately 5 g. of phenol, 0.5 g. of benzoylformic acid and 0.1 g. 
of potassium benzoylformate, each weighed into the reac
tion flask with a precision of 1 mg. The quantity of cata
lyst was of the order of 1 to 20 mg., and was weighed to 0.01 
mg. precision.

All the components of the reaction mixture except the 
catalyst were placed in a 50-ml. flask, fitted with a rubber 
stopper. About 2 g. of carborundum chips was added to 
promote agitation when the flask was shaken. The cata
lyst, together with some phenol solvent, was placed in a 
wide-mouthed glass cup, fused to a glass rod which ex
tended through the flask stopper via a gas-tight rubber 
sleeve. A gas inlet tube and an outlet tube also extended 
through the stopper.

The flask was immersed up to the neck in an oil-bath, and 
clamped to a shaker mechanism which provided a 5-mm. 
throw at 600 cycles per min. The bath temperature was 
thermostatically controlled to ±0 .0 1 °, and was measured 
by an NBS-calibrated thermometer using emergent stem 
correction. The flask outlet tube was connected to a water- 
jacketed gas cooler, consisting of 1.5 meters of stainless 
steel tubing, 1 mm. i.d., and thence to a jacketed gas buret. 
Mercury was used as the confining fluid, avoiding solubility 
corrections for carbon dioxide.

For each experiment, the flask and stopper were as
sembled with the catalyst cup held out of contact with the 
benzoylformic acid-phenol mixture. A stream of carbon 
dioxide, at a rate of 40-50 ml./min., was used to sweep the 
air out of the reaction flask for 20-30 min., by-passing the 
gas buret. Then, reducing the gas flow to half-rate, the 
flask was immersed in the oil-bath, and the flow continued 
for 5 min. as the reaction mixture melted. The gas flow 
was then cut off, and the three-way stopcock of the gas buret 
adjusted to connect the buret to the reaction flask. A 
period of up to 2 hr. was allowed for the flask to reach ther
mal equilibrium, and for the reaction mixture to become 
saturated with carbon dioxide. When the buret reading 
was steady for 20 min., the reaction was started by pushing 
the catalyst cup to the bottom of the flask and breaking 
it away from the glass rod, starting the shaking mechanism 
at once.

Pressure inside the system was maintained within a few 
millimeters of atmospheric by use of a leveling bulb. When 
taking a reading, the estimated error in bringing the gas to 
atmospheric pressure was estimated as 0.5 mm. Atmos
pheric pressure was measured periodically during the 
experiments, using a mercury barometer.

Gas buret readings eoulci be taken every 30 sec. if de
sired. Timing was done by means of an accurate watch 
with a sweep-second hand held next to the buret as the 
reading was taken. The error of timing was ± 1  sec. Er
rors in reading the buret were estimated to be ±0 .05 ml., 
except when the rate of gas evolution was greater than 2 m l./ 
min., when the error became about ±0 .10  ml.

Errors due to lack of thermal equilibrium, and to possible 
un-catalyzed decomposition of benzoylformic acid substrate 
were checked in several runs where inactive materials were 
used as catalysts, and where no catalyst was used. The 
variation in the gas buret reading over a 30 min. period was 
± 0 .2  ml., less than 1% of the volume of gas usually col
lected in a 30-minute period. There usually was a volume 
change of up to ± 1 .0  ml. in the first minute of reaction 
probably due to unsaturation or supersaturation of the sol
vent with carbon dioxide. Therefore in using the data 
the first minute was normally discounted. In the runs over 
80° this effect was not noticeable.

In the experiments above 80°, it was suspected that 
volatilization of the benzoylformic acid would allow part of 
it to react with the catalyst in the cup before the cup was 
immersed in the reaction mixture. Such reaction would 
cause partial inactivation of catalyst. It was found that the 
addition of an excess of anhydrous, non-oxidizing strong acid 
(p-toluenesulfonic) to the catalyst-phenol mixture prevented 
such reaction completely, and when such a mixture was 
added to the customary benzoylformic acid-potassium 
benzoylformate mixture, the strong acid was neutralized 
and had no effect on the reaction rate. This procedure 
was followed in about half the runs above 80°, without 
noticeable difference in initial rates.

Results
Rate experiments were performed at five tem-



June, 1957 K inetics of Catalyzed D ecarboxylation of Benzoylformic A cids 749

peraturcs, in the range 50 to 100°, as indicated in 
Table I. Carbon dioxide evolution, calculated as 
moles per mole of catalyst initially present, was 
plotted vs. time. Typical results are shown on Figs. 
1 and 2.

T able  I
R ate of C atalytic  D ecarboxylation  of B enzoylformic 

A cid

Catalyst Temp., °C.
Rate constant, 

ki (min._1)
No. of 
expts.

3-Aminooxindole 49.86 0.53 ± 0 .0 3 16
hydrochloride 70.07 3.1 ±  .2 16

79.97 5.9 ±  .4 10
90.33 14.2 ± 1 . 0 6

100.19 22.5 ± 2 . 8 6
l-Methyl-3-aminooxin-

dole 70.07 1.2 ± 0 . 2 1
3-Methyl-3-aminooxin- 70.07 0.000 1

dole 79.97 0.000 2
100.19 0.04“ 2

a-Phenylglycine hydro 79.97 0.33 ± 0 .0 4 2
chloride 90.33 0.80 ±  .04 2

100.19 1.43 ±  .15 2
Methyl a-phenylgly-

cinate hydrochloride 70.07 0.002 2
Benzylamine hydro 70.07 0.000 1

chloride 100.19 0.06“ 2
“ Based on maximum rate, reached after 40 min. reaction 

time.

Little or no induction period was found in the ex
periments with catalysts II and IX. Inspection of 
Fig. 1 indicates that at 70° maximum rate was 
reached in less than 5 min., while at 50° less than 10 
min. was required. Figure 2 indicates no observable 
induction period at 90°.

The slopes of the gas evolution curves were deter
mined by the chord method, and plotted vs. time. 
Extrapolation to zero time was used for the deter
mination of the initial rate. It was found that a 
plot of the square root of the reciprocal of the rate 
usually gave close to a straight line result. This 
function usually was employed for the extrapola
tion.

The initial rate of reaction, expressed as moles of 
carbon dioxide per mole of catalyst per minute, was 
found to be invariant with concentration of ben
zoylformic acid in the range 0.3-0.8 molal, pro
vided that the mole ratio of benzoylformic acid to 3- 
aminooxindole catalyst was greater than ca. 30:1. 
With less active catalysts, like IX , a somewhat 
lower ratio could be employed without affecting the 
initial rate. Results from sixteen runs at 50° are 
plotted on Fig. 3, illustrating that the variation in 
rate found was random, with a standard error of 
about 6% and not correlated with the substrate 
concentration.

The effect of variation in the concentration of 
potassium benzoylformate in the standard reaction 
mixture was estimated in several runs, with results 
shown on Fig. 4, in which the initial rate is plotted 
vs. the mole ratio of potassium salt to catalyst. The 
rate rises from a non-zero value at zero concentra
tion of potassium benzoylformate to a maximum at 
a ratio of about 10:1 remaining unaffected at higher 
ratios.

Fig. 1.— Typical experimental results at 49.86° (solid 
circles) and at 70.07° (open circles), showing carbon dioxide 
evolution, G/C0, in moles/mole of catalyst, vs. time. The 
number on each curve gives the initial benzoylformic acid: 
catalyst mole ratio. 3-Aminooxindole (II) hydrochloride 
catalysis.

Fig. 2.—Typical experimental results. Carbon dioxide 
evolution, in moles/mole of catalyst, vs. time at 90.33°: 
curve A, 3-aminoôxindole (II) hydrochloride S0/C0 =  256; 
curve B, a-phenylglycine (IX ) hydrochloride So/Co =  30.

K in e t ic  T r e a tm e n t
The kinetic analysis proposed here is a modifica

tion of that proposed by Schachat, et al.i The basic 
outline of reaction steps is the same as that em
ployed by Langenbeck.3
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Fig. 3.—Calculated rate constant, kt, a t 49.808, plotted vs. 

initial substrate molal concentration. 3-Aminooxindole 
(II) hydrochloride catalysis.

Fig. 4.— Initiai reaction rate plotted vs. initial mole ratio 
of potassium benzoylformate to catalyst hydrochloride. 
3-Aminooxindolc (II) hydrochloride catalysis at 49.80°.

Initiation reaction:

RNH, +  CeHsCOCOOII

c  s
R N = G (C 8II5)COOH +  H20

c s  w ( 1)

Although reversible, examination of the data in
dicates that this reaction can be considered to be 
at least 95% complete in five minutes at 70°.
Decarboxylation reaction:

k2
R N =C(C 6H5)COOH — > RN=CH CGH5 +  C 02 (2) 

CS CB G
Regeneration reaction:

RN=CH C6H5 +  C6HiCOCOOH ^ ± 1

CB S
R N =C (C 6H5)COOH +  C6H5CHO (3) 

CS B
Terminat ion reac tions:

CB, CS — >  inactive products (4)
The nature of these reactions is not known. They 

are probably related to the reactions which produce 
violet-brown colored polymeric materials as side- 
products in the reaction of 3-aminooxindole with 
benzaldehyde, and in the reaction of isatin with 
benzylamine.

Rate Equations.—-If the concentration of cata
lyst active at time t is [Ct], then 

[C,] = [CB] +  [CS]
If the regeneration reaction equilibrium of eq. 3 

is assumed to be rapid relative to eq. 2, we have

= A .  _  M J i b J
3 [CB] [S]

With the reaction conditions employed, anti with 
3-aminooxindole catalysis, G was greater than 10 
Co (C0 = initial moles of catalyst) within five min
utes. Then

[B] =  [G] +  [B„l
[SI =  [So] -  [G]

Substituting and solving for [CS] there is ob
tained

[CS] = k3 [Ct]
[Cl +  [Rq] 
[So] -  [G] +  A;i

( 6 )

The rate of evolution of carbon dioxide then 
is

d [G] _  , _  _  fe/GICM
di ~  [Gj +  [B0] _

[So] -  [G] A:

(7)

To include the effect of inactivation of catalyst, 
the equation is divided by [Co], letting the frac
tion [Ct]/[C0] =  F

d[G ]/[C „] k.K,F ,
di [G] +  [B0]  ̂ ;

[So] -  [G f *  3

where [G ] /  [Co ] is the moles of carbon dioxide 
evolved per mole of catalyst initially present. 

Inverting to produce a linear function
7%

d [G]/[Co] 
di

!  I , [G] +  [Bp] 
fa + ‘ [S,1 -  ¡Gj

This equation is made more workable by calling

and [G] +  [Boi =  
[So] -  [G]

FI =  1/fa +  R/hK, (9a)

If the function F, which depends on the inactiva
tion reaction, were known, a plot of FI vs. R should 
give a straight line. Unfortunately no assumed 
first- or second-order termination step gave a func
tion which provided such a straight line plot with 
the data obtained in this work.

It will be noticed that at zero time, F =  1, and 
R =  Bo/So. When no benzaldehyde is initially pres
ent, R0 =  0, and / 0 =  1 //c2. Thus, we infer that 
the initial rate in min.-1 is equal to the first-order 
rate constant for the decarboxylation of the Schiff 
base intermediate.

The equations assume that reaction 2 is rate de
termining. We note that if reaction 3 V'ere the 
slow step, the over-all reaction rate would depend 
on k3, and would be only slightly affected by initial 
addition of benzaldehyde. This was found not to 
be the case.

This kinetic analysis indicates that the initial re
action rate should be first order in catalyst and zero 
order in substrate, provided that the substrate- 
catalyst mole ratio is high enough to validate the 
approximations used. This is similar to the usual 
kinetic analysis of enzyme reactions, based on the 
Michaelis-Menten equation.10-1-

(10) L. Michaclis and M. L. Menton, Biochem. Z 49, 333 (1013).
(11) G. E. Briggs and J. B. S. Haldane, Biochem. 19, 338 (192"»).
(12) II. Lineweaver and D. Burk, J. Am. Chem. Soc., 56, i»58 (1934)*
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Discussion
Effect of Added Benzaldehyde.— If benzalde- 

hvde is initially present in the reaction mixture, 
eq. 9a becomes

lo =  l//v2 A  Utl/kiKs (10)

The data from experiments performed with vary
ing quantities of benzaldehyde added to the sub
strate solution are shown on Fig. 5. Despite some 
scatter of the data, the trend is consistent with eq. 
10. From these results it is estimated that K3 = 
0.25 at 50° and 0.5 at 70°. Thus in competition for 
catalyst between substrate (benzoylformic acid) 
and product (benzaldehyde). the product is favored 
in this case.

Effect of Water.—Assuming that water affects 
the over-all reaction by its influence on the initial 
formation of the Schiff base by reaction 1, the 
equilibrium constant governing this reaction may 
be written

_  [CSJJWJ
[C] [SI

The fraction of catalyst initially converted to the 
Schiff base intermediate then is given by

[CS] K „
ICS] +  [C] T , [W] 

w +  [So]

( 11)

The effect of varying concentration of wafer on 
the initial decarboxylation rate will be given by an 
equation similar to (10)

h  =  l / fe  +  [[W ]/[S0]]/feKw (12)

Data from experiments at 70° with added water 
are shown on Fig. 6. These indicate that K\Vw° =  
0.5 ± 0 .1 .  At a C0/S0 ratio of 1:50, this would 
mean that 96% of the catalyst was converted to 
Schiff base.

The fact that the graph calculated from the initial 
rates of over-all reaction follows the linear equation 
12 moderately well lends support to the assumption 
made in the kinetic analysis that the initiation step, 
reaction 1, is rapid relative to the decarboxylation 
step. This must be true since, if the forward step in 
reaction 1 were rate determining, the addition of 
water, which can affect only the back reaction, 
would not affect the initial rate.

Effect of Hydroquinone and Benzoin.—Duplicate 
experiments were run at 70° with each of these 
additives in the reaction mixture at a mole ratio to 
catalyst of over 25:1. No effect on the rate was 
found, since the initial rate in these cases was found 
to fall within the range of variation from the mean 
rate shown by the experiments without these addi
tives.

The lack of effect by hydroquinone indicates that 
a free radical mechanism is not involved in this cata
lytic process. The lack of effect by benzoin confirms 
a previous report4 and contradicts a catalyst inac
tivation mechanism suggested by Langenbeck.3

Effect of Potassium Benzoylformate.— The fact 
that a considerable molar excess of this salt over 
catalyst is required for maximum reaction rate, 
as shown on Fig. 4 may be explained if only the 
non-protonated form of the amine catalyst can re
act to form the Schiff base intermediate as ex

Fig. 5.— Effect of added benzaldehyde on rate. Recipro
cal of initial rate vs. initial benzaldehyde:benzoylformic acid 
mole ratio, for catalysis by 3-aminooxindole (It) hydrochlo
ride. Graph A, 49.8(5°; graph B, 70.07°.

Fig. (i.— Effect, of added water on rate. Reciprocal of 
initial rate vs. water: benzoylformic : cid mole ratio, for 
catalysis by 3-aminooxindole (IT) hydrochloride at 70.07°.

pected. The amine catalyst can react with ben
zoylformic acid in two ways

A
RNH-2 +  CdhCOCOOII ^ 2 7  RN H 3®eOOCCOC6Hs

C6Hb(C :N R ) COOH +  H ,0

The addition of potassium benzoylformate in
creases the concentration of the benzoylformate 
anion, and drives the equilibrium of reaction path A 
to the left, increasing trie proportion of non-pro- 
tonated amine. When enough excess benzoylfor
mate anion is present, reaction A is almost totally 
driven to the left, and the catalyst amine is free to 
react almost completely by reaction B. Further ex
cess of the benzoylformate anion can then produce 
no further effect.

The fact that excess of strong acid complet ely pre
vents catalysis by II is in accordance with the above 
assumptions.

Energy and Entropy of Activation.—Assuming 
that the decarboxylation rate is determined by a 
single slow step (reaction 2 of the kinetic treatment) 
an Arrhenius plot of logr k? vs. l/T was used to cal
culate the activation energy of the reaction. The. 
transition state theory was employed to calculate
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the entropy of activation.13 The results are shown 
on Table II. The uncertainty in the determination 
of the entropy of activation for a-phenylglycine 
catalysis is unfortunately too great for comparison 
with 3-ammooxindole.

T a b l e  II

Catalyst
Energy of 
activation, 
kcal./mole

Entropy of activation, 
cal./mole deg.

3- Aminooxindole hydrochloride 18.5 ± 1 . 5  —13 ±  4
a-Phenylglycine hydrochloride 19.5 ± 2 . 5  —14 ± 1 0

Mechanism of the Catalysis: The Role of Proto
tropic Rearrangement.—The proposed requirement 
of prototropic rearrangement in catalysis by II and 
similar compounds is strongly supported by the 
fact that VIII, in which a methyl group has re
placed the labile hydrogen atom at the 3-position of 
II, is inactive as a catalyst.

The amino-acid catalyst, IX , was about 1/15 as 
effective as II. The Schiff base formed by reaction 
of IX  with I need not undergo prototropic rear
rangement in order to catalyze the decarboxylation 
of I.

COOH C6H6 C6H6
I /

c 6h 5c h n = c

\ x )O H  h ock /

COOH

Nc = n Ì h c 6h 5

Due to the symmetry of the molecule, such a rear
rangement would produce no structural change. It 
is also evident that benzylamine, produced by de
carboxylation of IX , cannot be the true catalyst, 
since it is much less effective than is IX  itself.

The mechanism suggested by Baddar14 for the 
Strecker degradation can be usefully incorporated 
into a reasonable mechanism, explaining catalysis 
by IX  and by other amino-acids.

CeH6
/

C6HSCH— N = C
I \

COO9 COOH
X

-co2 ---- >- ■C6H6CH—N ^ C C sH r  -

¿O O H .
X I

cjir,cocoon
----------C6H6C H = N — CHCeHs

¿OOH

In this case prototropic rearrangement occurs 
after decarboxylation of the Schiff base intermedi
ate. The loss of carbon dioxide from the carboxyl- 
ate anion X  is aided by the resonance-stabilization 
of the carbanion, XI. The fact that both methyl a- 
phenylglycinate and benzylamine are ineffective 
catalysts is in accord with this mechanism. The 
Schiff bases, X II and X III, produced from these 
compounds cannot produce a stabilized carbanion 
by loss of carbon dioxide, since the single carboxyl- 
ate group here is bonded to a doubly bonded carbon 
atom. In these cases, therefore, a prototropic shift

(13) A. A. Frost and R . G. Pearson, “ Kinetics and Mechanism,” 
John Wiley and Sons, Inc., New York, N. Y., 1953, p. 95 ff.

(14) F. G. Badda~, J. Chem. Soc., 136 (1950); F. G. Baddar and Z. 
Iskander, ibid., 203, 209 (1954).

prior to decarboxylation is required, as with the 
lactam catalyst, II.

C6H5

C6H5— CH— N = ( /

c o o c h 3 Z lO O 9
X II

c 6h 5
/

c.6h 6— c h 2— n = c
\

COO9
X III

A similar mechanism, involving a resonance-sta
bilized carbanion intermediate, is now suggested to 
explain the ease of prototropic rearrangement 
shown by Schiff bases of II. Prototropic rearrange
ments in simpler systems have been shown to be 
base catalyzed.15

/

X V  XVI
Attack by base at the 3-position of Schiff base, 

XIV, could produce the carbanion XV. The fused 
benzene ring, which is probably coplanar with the 
heterocyclic ring, can markedly assist resonance sta
bilization of XV. In contrast, a similar carbanion, 
XVII, derived from the Schiff base X II, would de
rive comparatively little stabilization from the ben
zene ring, since in this case the ring is not held in a 
coplanar configuration. This is proposed as the 
reason why IX  methyl ester is not an effective de
carboxylation catalyst. Similarly benzylamine

XVII

Schiff bases would not provide resonance-stabiliza
tion for a carbanion.

The entropy of activation for II hydrochloride 
does not have an unusually large negative value. 
The entropy of activation for IX  hydrochloride is 
not sufficiently precise for comparison. As a result 
these data do not exclude either an open-chain 
transition state or the previously proposed cyclic 
transition state4 for the mechanism of decarboxyla
tion of the rearranged Schiff base intermediate.

Acknowledgment.—We hereby express our ap
preciation to Professor A. D. McLaren for early 
discussions of the problem and to Professor R. A. 
Marcus for his helpful criticism of the treatment 
of the kinetic data.

(15) L. P. Hammett, “ Physical Organic Chemistry,”  McGraw- 
Hill Book Co., New York, N. Y., 1940, pp. 247-249.
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In this paper the structure of the type “ B ’-’ rare earth sesquioxide is reported. This form of Sm20 3 is monoclinic, probable 
space group C2/m  with a =  14.177, b =  3.633, c =  8.847, all ±0.01 A., and /3 =  99.96 ±  0.03°. There are six formula 
units per unit cell. There are layers of composition Sm20 3 at y =  0 and y — 'A- Parallel to the xz/-plane, layers of oxygen 
atoms alternate with layers of samarium atoms. Each samarium atom has seven oxygen neighbors at an average distance 
of about 2.46 A.

Crystal Structure of M onoclinic Sm20 3

Introduction
The rare earth sesquioxides have long been 

known to exist in three different crystalline forms. 
The “ A”  structure type is hexagonal and is ob
served in the rare earth oxides from La through Nd. 
The “ C”  type is cubic and is found in the rare 
earth oxides from Sm through Lu. A third form, 
called the “ B ” type, has been known to exist but 
its structure has heretofore been unknown. Gold
schmidt, Ulrich and Barth2 described type B 
as pseudotrigonal, orthorhombic or monoclinic.

Crystallographic data for single crystals of Sm2- 
0 3, type B, recently have been published by Doug
lass and Staritzky.3 These crystals were prepared 
by Dr. I. R. Tannenbaum, of this Laboratory, by 
fusing Sm20 3  in an oxyaqetylene flame at 3000 to 
3500°. Douglass and Staritzky found this com
pound to be monoclinic, space group C2/m, C2 or 
Cm with a = 14.17?, 5 =  3.63g, c =  8.847, all 
±0.01 A., and j3 =  99.96 ±  0.03°. Their meas
ured density is 7.68 g./cm .3 and the calculated den
sity with six formula units per unit cell is 7.74 g ./ 
cm.3. After they had finished their work a single 
crystal fragment of the material was given to the 
author for a structure determination.

Experimental
The crystal used for intensity data was rather irregular 

in shape with approximate dimensions 0.15 X 0.15 X 0.08 
mm. Weissenberg photographs about the b axis were taken 
with Mo K -a radiation. The 6-axis was approximately 
parallel to one of the body diagonals of the fragment. It 
was immediately evident that the structure was a layer type 
with layers separated by 6/2, because photographs of all of 
the even layers appeared to be identical and all of the odd 
layers were apparently identical. Geiger counter intensity 
data with Mo K-a radiation were obtained for the hOl and 
h2l layers within the range sin Mo At 0.7. On the zero layer 
285 reflections were observed out of approximately 395 in
vestigated. The intensities were corrected for the Lp fac
tors and converted to F0 on a relative scale. No absorption 
corrections were made because of the irregular shape of the 
crystal.

The data were initially placed on an approximately abso
lute scale by application of Wilson’s4 method. The tem
perature factor obtained in this way was 0.12 X ICG16 cm .2. 
It was later found that the scale factor was about 25%  too 
low. The final average temperature factor for the samarium 
atoms was 0.24 X 10~16 cm .2.

Determination of the Structure.— The diffrac
tion symmetry offers a choice of three space groups: 
C2, Cm or C2/m. If the layering is perfect, the 
atoms must lie in the reflection plane of Cm or

(1) Work done under the auspices of the Atomic Energy Com
mission.

(2) V. M. Goldschmidt, F. Ulrich and T. Barth, Skrifter Norske 
Videnskaps-Akad. Oslo, I, Mat.-Naturv. Kl., No. 5, 5 (1925).

(3) R. M. Douglass and E. Staritzky, Anal. Chem., 28, 552 (1956).
(4) A. J. C. W ils o n , Nature, 150, 152 (1942).

C2/m. Space group Cm would then require 
that all atoms be in the twofold positions 2a. 
It seemed probable that such a simple compound 
would have more symmetry than this and the 
actual structure determination eliminated this 
space group.

The similarity of the even and odd k layers shows 
that the heavy atoms are certainly in layers sepa
rated by b/2. The choice between space groups 02 
and C2/m then depends on whether the oxygen 
atoms are so slightly removed from the samarium 
layers that no detectable differences arise between 
the intensity distributions on the various even or 
odd layers.

The intensities of the h2l layer were measured to 
provide as good evidence as possible that the oxy
gen atoms are on the same level as the samarium 
atoms. A sort of reliability index was computed 
and it was found that

2[ \F(h0l)\ -  \F(h2l)\\/S\F(h0l)\ =  9.3%

where the two layers were scaled so that 2|F(M)Z)| 
= 2|F(A2Z)|. This value is lower than the R 
finally obtained for the hOl data, so that within the 
accuracy of the available data the structure is per
fectly layered. The method used for scaling the 
the two layers did not take into account that the 
form factors decrease more rapidly on the zero 
layer than on the second layer as h and l increase. 
If the data had been converted to unitary struc
ture factors, the agreement would no doubt be 
somewhat better.

In view of the above considerations the structure 
determination was pursued on the assumption that, 
the space group is C2/m. There are therefore 
3 kinds of samarium atoms and 4 kinds of oxygen 
atoms in positions 4i and one kind of oxygen atom 
in either 2a or 25.

A Patterson projection down the 5-axis was com
puted on the Maniac. Approximate xz-eoordinates 
for the samarium atoms were found without diffi
culty. The choice of //-coordinates of 0 or ' / 2 for 
these atoms was made by qualitative inspection 
of several of the hll intensities on a Weissenberg 
film. In order to get agreement with the h\l in
tensities it was necessary "o shift the original origin 
by ( - ‘A 0 ,  - l/ 2).

These samarium coordinates were used to deter
mine the phases of about two-thirds of the reflec
tions and a Fourier projection was computed. This 
projection improved the samarium positions suf
ficiently to permit a second Fourier projection to 
be computed with nearly all terms included. This 
second Fourier is shown in Fig. 1.
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T a b l e  I

P a r a m e t e r s  in  Sm 20 3

Derived from Fourier 
P tom x y
Smi 0 .1 3 4 0 ’ A 0 .4 9 1 2
Sm 2 .1900 ‘A .1376
Sm 3 .4676 ■A .1860
0 , .130 0 .290
0 2 .320 'A .020o3 .290 'A .370o4 .490 0 .340
Os 0 ’ A 0

Least-squares refinement
X

1349 ±  0 .0 0 0 5

Z

0 .4 9 0 5  ±  0 .0 008

B X 10‘«, 
cm.2

0 .1 9  ± 0 . 0 8
1897 ± .0005 .1380 ± .0008 . 12 ±  . 08
4663 ± .0005 .1881 ± .0009 .41 ±  . 10
128 ± .003 .286 ± .005 .25  ±  . 52
324 ± .003 .027 ± .005 .40  ±  . 49
299 ± .003 .374 ± .005 , 1 0 ±  . 60
469 ± .003 .344 ± .005 .41 +  . 56

0 0 1 .1 8  ±  . 10

l ì .
0 0------ - l/Z

Fig. 1.— Second Fourier projection of Sm2C>3 down the 
6-axis. Contours are at equal arbitrary intervals except 
that the interval is five times as great around the samarium 
atoms as elsewhere. The crosses indicate the final atomic 
positions as derived from the least-squares refinement.

Fig. 2.— Projection of the Sm20 3 structure down the 6- 
axis. The heavy circles are atoms at y = 1/ 2 and the light 
circles are atoms at y =  0.

In addition to the samarium peaks in Fig. 1 
there are several small peaks which could be oxy
gen atoms. The twofold oxygen at the origin is 
clearly visible. There are six other peaks which 
could be considered as possible oxygen atoms. All 
the rest can be ruled out because they are too close 
to samarium atoms (all <1.8 A.) or too close to a 
twofold axis. The peak below and to the left of the 
peak labeled 3i is about 2.2 A. from Situ and the 
peak to the left of Sm2 is 2.1 A. from Sm2, assuming 
in both cases that the ^-coordinates differ by l/2. 
Both of these distances are rather short and prob
ably unlikely. These two peaks were rejected in 
favor of the cue shown as Oi because the latter is

higher and more favorably located with respect to 
Sm, and Sm2. The other peaks selected are indi
cated in Fig. 1.

The oxygen and samarium coordinates derived 
from the second Fourier were used as the starting 
point for a least-squares refinement. The ^-coordi
nates of the oxygen atoms were chosen as 0 or 1/2, 
whichever gave the more reasonable interatomic 
distances. The choice was quite obvious in all 
cases. These coordinates are given in Table I. 
Separate isotropic temperature factors were given 
to each crystallographically different atom. The 
problem was solved as a set of 3 X 3 equations for 
each atom, the cross-terms between different atoms 
being neglected. The temperature factor for the 
twofold oxygen and the scale factor were treated as 
one-dimensional equations. The Thomas-Fermi 
form factor was used for samarium after reduction 
by 1.2 electrons because of anomalous dispersion.6 
The McWeeney6 form factor was used for oxygen. 
All reflections were given equal weight except for 
those with F0bsd =  0, which were omitted. All cal
culations were performed on the Maniac. ,

The final results are listed in Table III. The 
crosses in Fig. 2 indicate the final atomic positions 
from the least-squares refinement. The reliability 
index with the F0bsd = 0 terms omitted is 11.0%. 
The observed and calculated structure factors are 
given in Table II.7

Accuracy of the Structure.—The low value for 
the reliability index is rather surprising in view of 
the uncertainty in the data caused by absorption. 
The temperature factors for the atoms differ con
siderably. There is no structural reason why the 
thermal motions should be particularly different 
for the different atoms of the same species. In
spection of the standard deviations of the tempera
ture factors shows that these differences are entirely 
without significance. It must be assumed that 
the inaccuracy of the data has had a considerable 
effect on the apparent thermal parameters. The 
least-squares method has done its best to bring 
the observed and calculated values into agreement 
and in so doing has produced unreal temperature 
factors. It must also be assumed that the atomic 
coordinates are likewise in error, although a physi-

(5) R. W, James, "The Optical Principles of the Diffraction of 
X-Rays,”  G. Bell and Sons, London, 1948, p. 608.

(6) R. McWeeney, Acta Cry at., 4, 513 (1951).
(7) Table II has been deposited as Document No. 5115 with the 

ADI, Library of Congress, Washington 25, D. O. A copy may be 
secured by citing the Document number and by remitting SI.25 for 
photoprints or SI.25 for 35 mm microfilm in advance by check 
payable to Chief, Photoduplicating Service, Library of Congress. 
A limited number of copies are available from the author.
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cally satisfactory structure has certainly been ob
tained. Because of the uncertainty caused by ab
sorption errors, which are rather more systematic 
than random, the standard deviations were arbi
trarily assumed to be twice the value given by the 
usual formula

2(A Fy-
sJz(ÖiVöii)s.

■A

where m is the number of observations and s is the 
number of variables. These doubled standard de-

Table III
Interatomic Distances in Sm203, Type B 

The left-hand atom is crystallographically equivalent to 
the type indicated in the heading The subscripts refer 
to Fig. 2. The standard deviations for S m -0 ,o0 - 0  and 
Sm-Sm distances are ±0 .06, ±0 .08  and ±0.014 A., respec
tively. In addition to the distances given below, each atom 
has two neighbors of its own kind at 3.63 A ., the length of 
the 6-axis.

Samarium-oxygen distances
Samarium type 1 Samarium type 2 Samarium type 3

Smr'O3 2.29 (2) Sim—Oe 2.49 (2) Smio—O19 2.28 (2)
Sm.6—Oe 2.56 (2) Sni6—O25 2.32 (2) Smio-  O20 2.57 (2)
Sme-04 2.25 Sms-Os 2.38 Smio-Oi7 2.26
Smr-Os 2.71 Sms—O7 2.29 Smio—Oe 2.31
Sme-Oi9 2.49 Sms-020 2.76 Smio-Oi8 3.12

Oxygen-oxygen distances
Oxygen type 1 Oxygen type 2 Oxygen type 3

Oe-Os 2.87 (2) O25—O7 2.75 (2) O3-O 2 3.15
Or-Oi9 3.02 (2) O25—06 2.97 O3—Oô 3.01
Oô—O25 2.97 O26—O20 2.56 (2) O3-O 8 3.36 (2)
O6-O 20 2.85 (2) O2—Oa 3.15 O3—O4 3.07 (2)
06_O3 3.01 O2—O4 3.66 (2) O3—Oi 2.87 (2)

Oxygen type 4 Oxygen type 5
O4—O3 3.07 (2) O20—Ol7 3.16 (2)
O4—Ol9 2.74 Oie—O4 3.16
O4—On 3.02 (2) O20—O25 2.56 (2)
O4—Ol5 3.16 O20—Ol7 2.56 (2)
O4—O2 3.66 (2) O20-O 6 2.85 (2)

Oi6—On 2.83 (2)
Sa m ari u m-sam a r i u m d is tan c cs

Samarium type 1 Samarium type 2 Samarium type 3
Sim-Smi 3.72 (2) Sim-Sme 4. IS (2) Smr-Sme 3.86 (2)
Sms— Sm.9 3.94 Srm-Smi 3.34 Sma-Srm 3.88
Smr Sins 3.34 SmrSms 3.88 Sm.3-Sm8 3.75 (2)
Sine—Smio 3.74 (2) Sms-Smio 3.75(2) SmrSmg 3.74 (2)
Sni6—Sms 3.86 (2) Sms-Smia 3.M  (2) Smio-Smis 3.78(2)
Sme-Sim 4.18 (2) Sni6-Smi4 3.78 (2) Smio-SniH 3.62

viations are listed in Table I and were used in 
computing the standard deviations of the inter
atomic distances given in Table III.

Discussion of the Structure.—The structure in 
projection is shown in Fig. II. The various inter
atomic distances are given in Table III. The 
structure is a layer type with all atoms at y = 
0 or l/ 2. Each of these layers has the composition 
Sm20 3. Parallel to the zy-plane somewhat cor
rugated sheets of oxygen atoms alternate with 
similarly corrugated sheets of samarium atoms. 
Each oxygen sheet is a distorted close-packed 
plane. The samarium atoms are arranged such 
that there are five rather than six samarium 
neighbors in their planes.

In the hexagonal R20 3 structure, each metal 
atom has seven oxygen neighbors. The RCfi group 
is derived from an octahedron by adding a seventh 
oxygen atom along a threefold axis. In mono
clinic Sm20 3, each samarium atom also has seven 
neighbors. The coordination about the Sm3 atoms 
can formally be described as a distorted octahedron 
with a seventh oxygen atom along a “ threefold” 
axis. This seventh oxygen atom, however, is al
most too far away to be included in the primary co
ordination shell. The coordination about Sup 
and Sm2 is a distortion of the type found in the an
ions NbF7= and TaF7“  with idealized symmetry 
2mm.8 Six oxygens form a trigonal prism and the 
seventh lies along a normal to a pr'sm fa' e.

The Sm -0 distances vary from 2.25 to 3.12 A., 
but the average distance from iach of the sama
rium atoms to its seven neighbors is e,c s ntially tl e 
same, theoaverage Sm -0 distances being 2.45, 2.44 
and 2.48 A. for samarium atoms 1, 2 and 3, respec
tively. The Sm -0 distance9 in cubic Sm20 3 is
2.34 A.

The minimum, maximum and average 0 - 0  dis
tances in the coordination spheres about Sup, Sr 2 
and Sm3, respectively, are 2.74, 3.63, 3.13; 2.75, 
3.63,3.06; 2.56, 3.66 and 3.14 A.

(8) J. L. Hoard, J. Am. Chem. Soc., 61, 1252 (1039).
(9) D. H. Templeton and C. II. Dauben, ibid., 76, 5237 (1954).
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The catalytic properties of supported alkali metal catalysts for hydrogen-deuterium exchange and ethylene hydrogenation 
have been investigated. Sodium dispersed on dried alumina does not increase the activity of the alumina for hydrogen- 
deuterium exchange. However, hydriding the sodium-alumina greatly increases the exchange activity, the hydrided cata
lyst being active even at —195°. Sodium-silica catalysts are much less active than the corresponding sodium-alumina 
catalysts. Supported sodium and lithium catalysts are also active for ethylene hydrogenation even below room tempera
ture; in this case, however, hydrogen treatments have relatively minor effects on the activities. The supported alkali metal 
catalysts are much more active than the bulk hydrides of sodium and lithium for both of these reactions. The major role 
of the support is probably to increase the effective area of the alkali metal. The results of this study suggest that the mech
anisms of activation of hydrogen and ethylene on alkali metal hydrides are similar to those previously postulated for alkaline 
earth metal hydrides. The activations probably occur at metal sites at metal-metal hydride interfaces. The results ob 
tained with the bulk hydrides suggest that hydrogen activation takes place more readily at lithium sites than at sodium sites, 
and the reverse situation is likely for ethylene activation.

Introduction
The recent development of the preparation of 

alkali metals dispersed on catalyst supports has 
made it easier to study the catalytic properties of 
these elements.1 Only a few isolated references to 
the use of alkali metals dispersed over solids have 
been made previously.1

This investigation was concerned with the cat
alytic properties of supported sodium and lithium. 
In particular, the activities of these catalysts for 
hydrogen-deuterium exchange and ethylene hydro
genation have been studied.

The alkali metals and their hydrides have been 
used as reduction or hydrogenation catalysts.2-6 
They have also been used as catalysts for the al
kylation of nitrogen compounds,7'8 condensation 
reactions,9-11 and polymerization.12'13 The com
pounds used by most of these workers were limited 
to those which are readily metallated by the alkali 
metals. An exception is the use of cesium as a 
catalyst for the hydrogenation of ethylene.14

Investigations also have been made of the cat
alytic properties of the hydrides of other elements. 
In particular, the recent study of the catalytic ac
tivities of barium and calcium hydrides has been 
useful in correlating activities with other proper
ties of these substances.15

(1) “ High Surface Sodium,“  bulletin by U. S. Industrial Chemicals 
Co., New York, N. Y., 1953.

(2) F. W. Bergstrom and J. F. Carson. J. Am. Chem. Soc., 63, 2934 
(1941).

(3) G. Egloff, rJ. S. 1,950,721 (1934); 1,954,477 (1934); 1,954,478 
(1934); and 1,962,182 (1934).

(4) G. Hugel a id  co-workers, Chimie et Industrie, Special No. 128
(1929) ; Can. Chem. Met., 13, 5 (1929); Bull. soc. chim., 49, 1042 (1931); 
51, 639 (1932); Ann. combustible liquides, 6 , 1109 (1931); 7,59 (1932); 
U. S. 1,968,208 (1934).

(5) A. M. Muckenfuss, U. S. 1,958,012 (1934).
(6) O. Schmidt, Z. physik. Chem.. A165, 209 (1933).
(7) G. M. Whitman, U. S. 2,501,556 (1950).
(8) W. S. Fones, J. Org. Chem., 14, 1099 (1949).
(9) H. A. Bruson, U. S. 2,287,510 (1942).
(10) G. H. Daub and W. S. Johnson, J. Am. Chem. Soc., 70, 418 

(1949); 72, 501 (1950).
(11) N. Green and F. B. LaForge, J. Am. Chem. Soc., 70, 2287 

(1948).
(12) A. Morton, unpublished results.
(13) K. Schirmacher and L. Van Zutphen, U. S. 1,838,234 (1931); 

Brit. 315,356 (1929).
(14) D. G. Hill and G. B. Kistiakowsky, J. Am. Chem. Soc., 52, 892

(1930) .
(15) L. Wright and S. Weller, ibid., 76, 5302, 5305, 5948 (1954).

Experimental
The supported sodium and lithium catalysts were pre

pared by dispersing the molten metal over powdered alu
mina or silica which had been dried by evacuation at 500° 
for about 16 hours. In a typical preparation (sodium- 
alumina) the dried alumina and sodium were placed in a 
high vacuum reactor equipped with a magnetic stirrer. 
Transfers of materials to the reactor were made in a dry box 
in dry nitrogen. The reactor was heated slowly under evacua
tion while the solids were stirred. When the sodium melted, 
it dispersed over the alumina powder. The reactor was 
heated to about 150° and kept at this temperature (under 
evacuation and with stirring) for at least one-half hour. 
Small amounts of gaseous products were given off in some 
preparations when the molten alkali metal dispersed over 
the powder. In the preparation of lithium-alumina cata
lysts, the reactor was heated to about 250° because of the 
higher melting point of lithium (186°).

Bulk sodium and lithium hydrides were obtained from 
Metal Hydrides, Inc., Beverly, Mass.

Hydrogen-deuterium exchange reactions were carried 
out in a high vacuum apparatus equipped with an electro
magnetic circulating pump. A static high vacuum system 
was used for ethylene hydrogenations. Catalysts were evacu
ated at 200° for two hours prior to being tested for activity. 
Equimolecular mixtures of hydrogen-deuterium or ethylene- 
hydrogen were charged to the catalysts at 600 mm. Gas 
samples were analyzed by mass spectrometry. The rate 
constants for hydrogen-deuterium exchange reactions were 
calculated from a first-order rate equation. In all ethylene 
hydrogenations, the rate constants were calculated from a 
second-order rate equation for equimolecular concentrations 
of the two reactants.

Results and Discussion
I. Properties of Supported Alkali Metal Cata

lysts.— Impregnation of a support with a molten 
alkali metal decreases the surface area. For ex
ample, the surface area of an alumina support de
creased from 81 to 48 m.2/g . when 4 weight %  
sodium was dispersed on it. In the preparation of 
a sodium-silica catalyst, the surface area of the 
silica gel was decreased from 454 to 272 m.2/g. 
The sodium probably blocks some of the small 
pores of the supports. Similar results are observed 
with lithium. The average pore diameter of a 
silica gel is generally smaller than that of an alu
mina support. The most effective support for alkali 
metals would probably be a high area material 
which contains primarily large pores.

Supported alkali metal catalysts show large dif
ferences in their reactions with hydrogen. So
dium-alumina, sodium-silica and lithium-alumina 
all react with hydrogen at 300° but the rates of re
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action differ markedly. Sodium-alumina reacts 
very rapidly; all the hydrogen is sorbed within 
20 minutes. In contrast, both sodium-silica and 
lithium-alumina react slowly with hydrogen for 
over a week.

II. Hydrogen-Deuterium Exchange.—The ac
tivity of a typical sodium-alumina (4 weight %  
sodium) catalyst for hydrogen-deuterium ex
change is shown in Table I. The activity of alu
mina is about the same as that of sodium-alumina. 
An earlier study of this reaction over very pure 
alumina {ex aluminum isopropoxide) gave similar 
activity and temperature dependence.16 The ac
tivity of the sodium-alumina catalyst is enor
mously increased by hydrogen treatment. The 
hydrided catalyst is active for hydrogen-deute
rium exchange even at —195°; the other catalysts 
are inactive at this low temperature. The hydro
gen taken up by the hydridec catalyst was equiv
alent to conversion of 13 weight %  of sodium to 
sodium hydride. There is no evidence of deute
rium exchange with catalyst hydrogen in the ex
periments.

Both sodium-silica and hydrided sodium-silica 
are less active for hydrogen-deuterium exchange 
than the corresponding sodium-alumina catalysts. 
The former are inactive at —78° and slightly active 
at 0° and higher.

T able  I
H ydrogen- D euterium  E xchange Over  Sodium- A lumina

Catalyst
Temp, of 

exchange (°C.) Activity (min.
Na-AUO/ -1 0 0 0.019
Ntt-AkOa6 -1 2 3 0.0070
Na-AbO;/1 -1 9 5 Inactive
Hydride Na-AljCV -1 9 5 0.0030

A W V -1 0 0 0.029
A12( V -1 2 3 0.0074

a The quantities of hydrogen-deuterium charged were 2.4, 
2.7 and 4.4 mmoles at —100, —123 and —195°, respec
tively. b 5 g. of sodium (4 weight % ) dispersed on alumina 
(dried by evacuation overnight at 500°). c N a-Al20 3 was 
treated with hydrogen at 300°. d Evacuated at 500° for 16 
hours.

Bulk sodium hydride is only slightly active for 
hydrogen-deuterium exchange (1.0% HD in 0.5 
hour) at 100°. At this temperature there is no 
exchange between gaseous deuterium and catalyst 
hydrogen (hydride ions). At 125 and 150°, so
dium hydride is very active for hydrogen-deuterium 
exchange and appreciable exchange occurs between 
gaseous deuterium and catalyst hydrogen.

Bulk lithium hydride is more active for hydrogen 
-deuterium exchange than sodium hydride. Typ
ical data for a sample of lithium hydride are given 
in Table II. The atom per cent, deuterium in the 
gas phase remained constant during both of these 
runs, which means that no exchange occurs be
tween gaseous deuterium and catalyst hydrogen 
under these conditions.

III. Ethylene Hydrogena-.ion.— Sodium -alu 
mina, lithium-alumina and sodium-silica are active 
for the hydrogenation of ethy.ene. Data for these 
catalysts are summarized in Table III. The dif
ference in activities between sodium-alumina and

(16) S. G. Hindin and S. W. Weller, T h i s  Jouenal, 60, 1501, 1506 
(1956).

T able  II
H ydrogen- D euterium  E xchange over  L ithium  H y

dride“
HD (mole % )

Temp. (°C.) 5 min. 15 min. 30 min.
30 5.1 8.3 13.5

100 17.0 28.3 38.6
“ 1.9 millimoles hydrogen-deuterium (at 600 mm.) 

charged to 3 g. lithium hydride.

hydrided sodium-alumina for ethylene hydrogena
tion is small compared to the difference observed 
for hydrogen-deuterium exchange. Sodium-alu
mina is more active than alumina for ethylene hy
drogenation whereas they have similar activities 
for hydrogen-deuterium exchange. Sodium reacts 
readily with certain olefins and ethylene is proba
bly more easily activated on sodium-alumina than 
alumina.

T able III
E thylene H ydrogenation

Activity^
Catalyst® (mm. 1 — min. 1 X 10*)

A120 3 0.0
Na-ALOs 0.43 2 .2
Hydrided Na-Al20 3° 1 .2 2.9
Li-AL/L 0.12 0.38
Hydrided Li-ALCV 0.73 1 .6
Si02 0.03
N a-Si02 2.9 4 .4
Hydrided N a-Si02c 0.30

° Catalysts were prepared by dispersing 1 g. alkali metal 
on 9 g. alumina or silica. 6 About 5 mmoles of an equimolec- 
ular mixture of ethylene and hydrogen (at 600 mm.) were 
charged to the reactor in each experiment. Duplicate runs 
were made in most instances; the above values represent 
the averages for these runs. = Treated with hydrogen at 
300°.

Lithium-alumina is less active for ethylene hy
drogenation than hydridec lithium-alumina; this 
is similar to the result observed with sodium- 
alumina. Sodium-silica is more active than so
dium-alumina or lithium-alumina, but treatment 
with hydrogen decreases the activity of sodium- 
silica for ethylene hydrogenation, possibly because 
of pore blockage by sodium hydride. The activity 
of the silica gel base is negligible under these condi
tions.

The extents of hydriding for the three catalysts 
in Table III tvere 15, 11 and 10 weight %  of the 
alkali metal for sodium-alumina, lithium-alumina 
and sodium-silica, respectively.

The activities of bulk sodium and lithium hy
drides for ethylene hydrogenation are given in 
Table IV. The activity of the bulk sodium hy
dride is considerably less than sodium-alumina or 
hydrided sodium-alumina. From the kinetic data 
for sodium hydride between 100-200° the energy' 
of activation is 8 kcal./mole. The energy of ac
tivation over lithium hydride is 17 kcal./mole 
which is double the value for sodium hydride. The 
energies of activation of the supported alkali metal 
catalysts listed in Table III are between 2-9 
kcal./mole.

The slight activities (for ethylene hydrogena
tion) of some of these catalysts (such as sodium 
hydride) at high temperatures with no measurable
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T a b l e  IV
H y d r o g e n a tio n  of E t h y l e n e  o v e r  B ulk  Sodtum an d  

L it h iu m  H y d r id e s“
Activity (mm.-1 — min.-1 X 104)

Temp. (°C.) NaH LiH
30 Inactive5

100 0.85 0.02
150 4.2
200 8 .6 2.5

3.5-3.9 mmoles of 1:1 mixture of ethylene and hydrogen 
at 600 mm. were charged to 10 g. of hydride in each run. 
6 Pressure decreased only a few mm. in one hour.

activities at lower temperatures are consistent with 
the results of Hill and Kistiakowsky14 for cesium on 
glass.

The bulk sodium hydride is more active than 
bulk lithium hydride whereas the activities of 
these catalysts are the reverse for hydrogen-deu
terium exchange (see Table I). The decomposition 
pressure of lithium hydride is much less than that 
of sodium hydride. The pretreatment (evacuation 
at 2 0 0 °) used in this work should, therefore, result 
in more surface defects in sodium hydride than 
lithium hydride. The catalytic activities of the 
two evacuated surfaces depend not only on the 
number of defects, but are dependent on the en

ergetics of the sites. The results obtained with 
the bulk hydrides suggest that hydrogen activation 
takes place more readily at lithium sites than at 
sodium sites, and the reverse situation is likely for 
ethylene activation. The rate controlling steps 
in the two activations are probably different.

The supported alkali metal catalysts are more 
active than the corresponding unsupported metals 
or metal hydrides for both hydrogen-deuterium 
exchange and ethylene hydrogenation. This is 
probably the result of large differences in surface 
areas. The major role of the support probably is to 
increase the effective surface area of the alkali 
metal. The sodium particle size on supported 
sodium catalysts is reported to be about 0.5 to 
1 0 0 0  mju, which is even smaller than in sodium dis
persions.1

Weller and Wright15 have proposed that the 
activation of hydrogen and ethylene takes place on 
calcium and barium hydrides at metal sites at 
metal-metal hydride interfaces. This concept is 
in agreement with many of the results obtained in 
this study.
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The nature o f the vacancy distribution in the defect spinel-type oxides y-FejOs, 7-Mn20 3, y-Cr20 3 and 7 -AI2O 3 has been 
considered in the light of the available magnetic and structural data. It is concluded that all vacancies lie in octahedral 
sites, their distribution being ordered in y-Fe20 3, but random in the cases of the other oxides. The tetragonal symmetry 
of 7-Mii.0j (and also of Mn30 4) which is attributed to dsp2 square bonding of the cations in octahedral sites is stabilized 
by d2sp irregular tetrahedral bonding in tetrahedral sites.

Introduction
In the three main spinel groups, namely, the alu- 

minates (MeAl20 4), ferrites (MeFe20 4) and chro
mites (MeCr20 4), the classifying components are 
A120 3, Fe20 3 and Cr20 3, respectively. It has been 
shown that components of rhombohedral structure, 
such as a-Al20 3, a-Fe20 3 and n-Cr20 3, must undergo 
transformation to the 7 -form, a cubic defect spinel 
structure, before reacting in the solid state with the 
MeO components.1 Recent work in this Labora
tory leads to a similar conclusion in respect of the 
manganites (MeMn20 4). The 7 -form of Mn20 3 has 
a pseudo-spinel structure and is related to Mn30 4 as 
7 -Fe20 3 is tc Fe30 4. The distribution of cations 
and vacancies, and the nature of the interionic 
bondings in these oxides are of considerable interest 
but so far have not been elucidated fully.

The cubic close-packed arrangement of oxygen 
ions, located at 32-fold positions, forms the main 
framework of the spinel-type lattice, the cations 
being distributed among the 8 -fold and 16-fold in-

(1) G. I. Finch and IC. P. Sinha, Proc. Roy. Soc. {London), A239, 
145 (1957).

terstices.2-3 Each unit cell of this arrangement has 
a framework of thirty-two 0 2~ ions with 64 tetra
hedral interstices, each surrounded by four oxygen 
ions, and 32 octahedral interstices, each surrounded 
by six oxygen ions. In the ideal spinel lattice 
(space group Fd3m, 07h) only 24 of these sites ( 8  

tetrahedral and 16 octahedral) are occupied by cat
ions, with coordinates 8 a : 0  0  0 , 1/i 1/i l/i, +  f.c.c. 
and 16d: 5/ 8 5/ 8 5/ 8, Vs 7s Va, Vs Vs Vs, 7s 7s Vs, 
+  f.c.c.

The Vacancy Distribution in y-Fe20 3.— The 
crystal structure of 7 -Fe20 3 is of the defect spinel 
type, i.e., with a number of vacant cation posi
tions4'5 since, out of the 24 cation sites occupied 
in an ideal spinel, such as Fe30 4, only twenty-one 
and one third per unit cell are occupied, the rest 
being vacant. Thus, the average unit-cell com
position of 7 -Fe20 3 may be written as Fe2]i/3D 
2V1O32 where □  represents a vacant cation site.

(2) T. W. F. Barth and E. Posnjak, Z. Krist., A82, 325 (1932).
(3) E. J. W. Verwey and E. L. Heilmann, Chem. Phys., 15, 174 

(1947).
(4) E. J. W. Verwey, Z. Krist., 91, 65 (1935).
(5) G. Hâgg. Z. physik. Chem., B29, 95 (1935).
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The low electronic conductivity of y-Fe20 3 rules out 
the presence of cations of differing valencies6; thus 
the iron is present only in the Fe3+ valence state. If 
a random distribution of cations were to exist, only 
those reflections should be present in X-ray dif
fraction patterns which are permissible in the case 
of a perfect spinel structure. However, the ap
pearance of additional reflections such as 2 0 0 , 2 1 0  

300 (221), 310, 320, 321 and others forbidden in the 
case of the ideal spinel structure, points to the 
existence of a superstructure with a special distribu
tion of vacancies in the available sites.7'8

There have been suggestions6 that the vacancies 
in y-Fe20 3 are mostly distributed among the octa
hedral interstices. The observed weakening of 
111, 400, 222 reflections, which are sensitive to 
vacancy distribution, point to the same conclusion. 
Recent measurements of the average magnetic 
moment for y-Fe20 3  by Henry and Boehm9 do, in
deed, indicate a preferential distribution of the iron 
ion vacancies in octahedral sites. Thus the formula 
unit can be written as Fe [FesyCb/JCh.

In view of the weak intensities of superstructure 
lines it is a formidable task to deduce uniquely the 
correct vacancy distribution. One can, at best, ar
rive at a tentative model consistent with most of 
the properties. The model suggested so far does 
not account for all the superstructure lines. 10 Re
cent work in this Laboratory, however, indicates a 
clustering of vacancies at octahedral sites around 
the cell center which may provide a suitable model 
for the presence of water of constitution and explain 
the appearance of the forbidden reflections. 11

Spinel-type Oxides of Manganese.—The crystal 
structures of 7 -Mn20 3 and M 113O4 are of the 
pseudo-spinel type with tetragonal symmetry; in 
both, the axial ratio, i.e., c/a =  1.16 and a cation 
at a tetrahedral site is surrounded by four equi
distant oxygen ions. However, unlike in the ideal 
cubic arrangement, the angular distribution does 
not correspond to that of a regular tetrahedron. 
All the six O-M n-O angles are not equal to each 
other (109°28'), but two have the value 102°30' 
and the remaining four 113°34'. Similarly the oc
tahedral metal ion is not surrounded by six equidis
tant oxygen ions but by four coplanar equidistant 
oxygen ions and the remaining two normal to this 
plane with a cation-oxygen distance greater by 
16%.

Verwey and deBoer,6 in their attempt to explain 
the deviation in the case of M 113O 4 from cubic sym
metry, have suggested that the tendency of Mn4+ 
ions (placed at tetrahedral sites) toward a non- 
spherical field distribution may be responsible, 
while Goodenough and Loeb12 have attributed the 
tetragonal symmetry distortion to coordinate cova
lent bond formation. For Mn30 4  the probable cat-

(6) E. J. W. Verwey and J. H. deBoer, Rec. trav. chim., 55, 531 
(193G).

(7) K. P. Sinha, Ph.D. Thesis, Poona University, 1956.
(8) L. C. F. Blackman, J. Elect., 1, 04 (1955).
(9) W. E. Henry and M. J. Boehm, Phys. Rev., 101, 1253 (1956).
(10) E. W. Gorter, Philips Res. Rep., 9, 295 (1954).
(11) Since this subject will be discussed in a future note, it is not 

considered in detail here.
(12) J. B. Goodenough and A. L. Loeb, Phys. Rev., 98, 391 (1955). 

For a list of hybridized orbitals see O. E. Kimball, J. Chem. Phys., 8, 
188 (1940).

ion distribution is Mn2 + [Mn23 + ]C>42~ in which the 
Mn2+ ions have all the d orbitals half filled and are 
supposed to form sp3 empty hybrid orbitals. The 
tetragonal distortion is produced because of d 4 

configuration of Mn3+ ions at octahedral positions 
and which can form square bonds. However, as 
pointed out above, the ions at tetrahedral positions 
do not form regular tetrahedrons, as far as the an
gles are concerned, which is not likely with sp3 hy
bridization. Furthermore Goodenough and Loeb12 

have suggested that in y-Mn20 3 all the vacancies 
are in tetrahedral sites; a conclusion which conflicts 
with the magnetic data. In what follows a general
ized model of bonding, consistent with both mag
netic and diffraction data, for M 113O4 and y-Mn20 3 

is presented and which suggests the probable distri
bution of vacancies.

Moore, Ellis and Selwood13 have measured the 
magnetic susceptibilities of all the oxides of man
ganese at temperatures 25, —80 and —185°. 
Using their data the effective magneton numbers, 
/¿eff, per manganese ion for Mn30 4 and 7 -M 11.O3 were 
calculated from

(Ueff I3/cXm(T  -j- 0)
\  N. G)

where Xm is the molar susceptibility, k the Boltz
mann constant, T the absolute temperature, 8 the 
Weiss molecular field constant, No Avogadro’s 
number and ¡3 the Bohr magneton. The 6 values 
for M 113O 4 and 7 -Mn20 3 were ascertained by plot
ting the reciprocal susceptibility against tempera
ture and extrapolating for 8 to %Xm =  0. Since 
the orbital magnetic moments are quenched for 
transition metal ions, the number n of unpaired 
electrons was calculated from

Meff =  v V «  +  2) (2)

The calculated data are set out in Table I. It is 
evident that the number of unpaired electrons in 
7 -Mn20 3 per formula unit, Mn»/,0 4 , is 8.64 or about
69.12 per spinel unit cell. This suggests that at 
least two electrons per formula unit are paired,

T a b l e  I
E le c tiv e  N u m b e r  o f  U n p a ir e d  E lec tro n s  p e r  

M a n g a n e se  I ons in  7-M11.O1 an d  Mn30 4

Substance Structure

Curie- 
Weiss 

0 (°K.) n (exptl.)
7 -M 11.O 3 D efect pseurlo- — 150 3 .2 4

M 113O 4

spinel
P seudo-spinel — 1 0 0 3 .0 2

T a b l e  I I
U n it  C e l l  D im e n sio n s  of Som e  M a n g a n it e s

Substance a in Â. c in Â. c/a

C dM n .O U 8 . 2 2 9 .8 7 1 . 2 0

M iijO , 8 .1 5 9 .4 4 1 .16
7 -M 11.O 3 8 .1 5 9 .4 4 1 .16
M g M m O i“ 8 .0 7 9 .2 8 1 .15
Zn M nïO i 8 . 1 0 9 .2 5 1 .14

A . P . B . Sinha, N . R . Santana and A . B . Biswas, A d a
C ryst., in press.

which affords a clue to the nature of the vacancy
(13) T. E. Monro, M, Ellis and ?. W. Selwood, ./. Am. Chem. Roc., 

72, 850 (1952).
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distribution. No electronic configuration of cat
ions and with vacancies at tetrahedral sites can pos
sibly lead to theoretical spin values consistent with 
the observed magnetic value of 8.61 unpaired 
electrons per Mm/.Ch molecule. If we picture 
the cation configuration at octahedral sites

3 tas Mn * t t t , at tetrahedral sites as

M iT H t t and keep all the cation vacan-
cies at octahedral sites, the number of unpaired 
electrons comes out to be 13V3 X 4 +  8  x  2 =
69.3 per unit cell or 8 . 6 6  per formula unit. Thus, 
since this postulated arrangement is consistent 
with magnetic data, it may reasonably be con
cluded that there are no vacancies at tetrahedral 
sites, as has been suggested by Goodenough and 
Loeb12 but that, on the contrary, these are distrib
uted among the octahedral sites, the correct for
mula thus being Mnu [Mn!+i/,D i/,]O A . X-Ray 
data also support this conclusion and, since addi
tional reflections are absent, there does not seem to 
be an ordered distribution of vacancies at octahe
dral sites. Furthermore, the ions at these sites 
maintain their coplanar square bond formation

3 t
Mn t t t t n Al Al

i f and, in addi-

d s p2
tion, the ions at tetrahedral sites will by virtue of 
their changed electronic configuration give rise to a 
sort of irregular tetrahedral empty hybrid bond d2sp

Sincedepicted as Mn + w t t A'if A  ! V
~ v

d2 sp

the tetrahedrons in 7 -Mn20 3 are irregular this view 
may be regarded as more plausible than the assump
tion of sp3 bonding.

For Mn30 4 , Table I indicates that the number of 
unpaired electrons per molecule is about 9. If in 
Mn2+[Mn23+]0 42_ all the manganese ions had un
paired electrons, the total number would be 13. It 
follows that four electrons per molecule are paired. 
Since in view of the tetragonality of the structure, 
the Mn3+ ions at octahedral sites must take part in 
covalent square-bond formation, its electronic con
figuration should remain Mp + t  t  t  t The
pairing would therefore occur in Mn2+ at tetrahe
dral sites giving (y|i! + RtlfXl f  . The two
empty d orbitals would again take part in the d2sp 
tetrahedral empty hybrid bond formation. Thus it 
appears that the same coordinate covalent bonding 
mechanism is present in both 7 -Mn20 3 and Mn30 4,
i.e., dsp2 square bonds at octahedral sites and d2sp 
irregular tetrahedral bonds at tetrahedral sites. 
Furthermore, the tendency for empty d2sp hybrid 
bond formation in these compounds seems to be so 
strong that some of the electrons of ions at tetra
hedral sites get paired to give two empty d orbitals. 
Examples of such pairing of 3d electrons, in appar
ent violation of Hund’s rule, are found in some 
nickel complexes having square bonds14 and in anti
ferromagnetic superexchange coupling in some

rhombohedral sesquioxides.16' 16 Thus the crystal 
electric field also seems to influence this distribution 
of electrons over the 3d orbitals.

The ideal condition of bonding giving rise to te
tragonal distortion seems to be attained when all 
the tetrahedral cations show d2sp bonds and when 
octahedral cations enter into dsp2 square type 
bonding. Both Mn30 4 and y-Mn20 3 satisfy these 
conditions and have the axial ratio c/a =  1.16, 
which may be taken as a standard value. The axial 
ratios of some of the tetragonal manganites with 
normal spinel type structure are given in Table II. 
In the case of CdMn20 4 the axial ratio is c/a =  
1.20. In virtue of the large size of the Cd2+ ion 
and its tendency to form tetrahedral covalent 
bonds, a larger contribution of the irregular bonds 
(presumably spd2 in this case) is to be expected with 
a corresponding increase in the axial ratio. For oth
ers, where the tendency for the cations at tetrahe
dral sites to form d2sp tetrahedral bond is less the 
c/a ratio decreases accordingly. The hypothesis 
of Goodenough and Loeb that the axial ratio is 
maximum when only the octahedral cations are co
valently bound, and decreases with increasing 
amount of covalence at tetrahedral sites seems to be 
arbitrary and is at variance with the experimental 
values particularly for CdMn20 4.

y-Cr20 3.— y-Cr20 3 is an unstable phase of the 
normal a-Cr20 3 and is not found free in nature. Its 
existence was first reported in the dehydrated 
products of CrOOH17; no magnetic data are avail
able. X-Ray data alone must therefore be relied on 
for assessing the vacancy distribution in this com
pound. The crystal structure of 7 -Cr20 3 is cubic 
spinel type with a = 8.36 A. There are no forbid
den reflections in the diffraction patterns; thus it 
would appear that the vacancies are distributed 
randomly, either at octahedral or tetrahedral sites, 
or both. The intensities of some of the important 
reflections were calculated for these three distribu
tions and compared with those observed by the 
above workers. The results are set out in Table
III. The best fit between the observed and calcu
lated values is for the case when all the vacancies are 
in octahedral positions. It is therefore concluded 
that, as in 7 -Fe20 3 and y-Mn20 3, the vacancies in 
7 -Cr20 3 are predominantly distributed among the 
octahedral sites. However, unlike y-Fe20 3 and 
like 7 -Mn20 3 there is no superstructure of vacancies 
and the distribution is random. Thus y-Cr20 3 may 
be assigned the formula Cr3 + [Cr3+s/,,n i/,]0“- .
0 7 -A120 3.*—7 -Al20 3 is a cubic spinel with a =  7.94
A. Various forms of aluminas obtained by dehy
drating a variety of alumina hydrates at different 
temperatures have been reported in literature. 18 

The differences in these aluminas noted by these 
authors may be due to the degree of dehydration 
and their order-disorder states with respect to the 
cation distribution. Even for y-Al20 3 the reported

(14) K. 8. Pitzer, “ Quantum Chemistry,”  Prentice-Hall, New 
York, N. Y., 1953.

(15) Y. Y. Li, Phys. Rev., 102, 1015 (1956).
(16) D. Polder, Physica, 9, 709 (1942); J. Phys. Radium, 12, 174 

(1951).
(17) A. W. Laubengayer and H. W. McCune, J. A m. Chem. Soc., 

74, 2362 (1952).
(18) A. Stumpf et al., Ind. Eng. Chem., 42, 1398 (1950).
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intensities depend much on the history of the prep
aration of the samples. The most reproducible 
form of 7-AI2O3, as judged by X-ray and electron 
diffraction, was obtained by oxidizing in air thin 
films of aluminum at about 8 OO0 .7 Similar calcu
lations as for 7 - O 2O3 were made for this case and 
the calculated intensity values are set out in Table 
IV together with the observed values.

T a b l e  III
O b se r v e d  an d  C a l c u l a t e d  I n t e n sit ie s  fo r  V a r io u s  

D is t r ib u t io n s  o f  V a c a n c ie s  in  7 - O 2O 3

T-ClaCb, u = 0.383, a = 8.36 A.

hk

Vacancies in oct. 
sites

I, caled. Vacancies 
in tet. sites

Vacanciesrandomly
distributed

X-Rayintensity
(visualimpression)

i n 4.7 36 11.7 Absent
220 33.8 17 27.7 W
311 100 100 100 VS
222 2.4 8.3 4.0 Absent
400 21.1 43.4 27.4 W
440 55.4 61 57 M

T a b l e  IV
Observed  and C alculated I ntensities for V arious 

D istributions of V acancies in 7 -AI2O3

y-AfiOa,, a =  7.94 A., u =  0.383

hkl

Vacancies 
in oct. 
sites

/ ,  caled. 
Vacancies 

in tet. 
sites

Vacancies
randomly

distributed

X-Ray
intensity

(visual
impression)

111 10.6 45.2 19.4 Absent
220 38.8 17.7 31.9 M
311 108 98 105 VS
222 6.8 1.8 4.8 W
400 62.5 95 1 72.2 MS
331 0.5 1.5 0 Absent
422 16.1 7.1 12.6 W
440 100 100 100 VS

The absence of the 111 reflection is significant and 
almost rules out the possibility of vacancies in tet
rahedral positions. There is a fair over-all agree
ment between the experimental intensities and 
those calculated on the assumption of the vacancies 
predominating at octahedral sites. This may indi
cate a random distribution of vacancies at octahe
dral positions. Certainly, the possibility of a sta
tistical vacancy distribution both at octahedral and 
tetrahedral positions cannot be ruled out in the 
light of the existing data. However, in view of the 
known distribution in other defect spinels the tenta
tive formula Al3+[Al3+t/3n . / 3]0 ^  may be as
signed to 7-AI2O3.

Conclusion
X-Ray, electron diffraction and magnetic data 

for defect spinel type oxides indicate that the cation 
vacancies predominate among the octahedral posi
tions. In 7 -Fe20 3 there is an ordered distribution 
of the vacancies at octahedral sites probably around 
the cell center. In y-Mn20 3, 7 -Cr20 3 and 7 -Al20 3 

the vacancies are randomly distributed among the 
octahedral positions and an ordered superstructure 
of vacancies is apparently lacking in these oxides.

The tetragonal symmetry of y-Mn20 3 and Mn30 4  

is to be attributed to the ability of Mn3+ ions at oc
tahedral sites to form dsp2 empty hybrid square 
bonds with the overlapping oxygen orbitals, the 
tetragonal structure being further stabilized as a 
result of the formation by the Mn3+ and Mn2+ ions 
of d2sp irregular tetrahedral bonds at tetrahedral 
positions. The ideal axial ratio of c/a =  1.16 seems 
to be attained when both these bonding mecha
nisms are operative.

Acknowledgment.—The authors wish to express 
their thanks to Professor G. I. Finch, F.R.S., 
and Dr. A. B. Biswas for helpful discussions and 
keen interest in the work.
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Heat capacities from 5° to above 300°K. were determined on synthetic samples of NV*ZnzFe20 4 with x  =  0.6, 0.7, 0.8 
and 0.9 to test a hypothesis of Yafet and Kittel concerning triangular transformations. The normal sigmoid dependence 
of heat capacity on temperature is modified by ferrimagnetic contributions, and an antiferromagnetic transformation near 
10°K. becomes increasingly more pronounced with increasing zinc content. Thermodynamic functions have been evaluated 
from the data presented.

Spinel minerals are fairly common and include 
important ores. Synthetic ferrospinels (ferrites) 
possess interesting electromagnetic properties and 
are technologically significant components of high 
frequency electrical circuits. Despite these facts, 
thermal data extending to liquid helium tempera
tures (and thereby permitting a more accurate eval-

(1) Presented at the Ninth Annual Calorimetry Conference in 
Schenectady, New York, on September 18, 1954. This work was 
supported by the U. S. Army Signal Corps through the Engineering 
Research Institute of the University of Michigan.

uation of the thermodynamic properties) are avail
able probably only for zinc ferrite (ZnFe20 4) . 2 

Heat capacity data above 50 °K. have, however, 
been published for more than twelve others, 3 and 
measurements on magnetite over the range 1 .8  to 
4.2°K. recently have been published.4

(2) E. F. Westrum, Jr., and D. M, Grimes, Phys. and Chem. of 
Solide, in press.

(3) E. G. King, J. Chem. Phys., 60, 410 (1950). Cf. the references 
to other works contained therein.

(4) J. S. Kouvel, Phys. Rev., 102, 1489 (1956).
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The gross magnetic properties of the ferrospinels 
have been explained by Néel5 in terms of the paral
lel and antiparallel alignment of the magnetic mo
ments of the ions on two sublattices. For instance, 
in nickel ferrite (NÍF02O4), the antiferromagnetic 
interaction between the moments of the two sub
lattices gives rise to ferrimagnetism at 0°; how
ever, in zinc ferrite (ZnFe20 4 ), the net spin of the 
zinc ion is zero and the iron atoms are paramagnetic 
at this temperature. Mixed nickel-zinc ferrites 
are ferrimagnetic with a magnetic moment increas
ing with nickel content over the range studied. 
For certain ratios of inter- to intra-sublattice inter
actions, it is anticipated by Yafet and Kittel6 that 
the moments of two sub-sublattices composing one 
of the sublattices will be oriented neither parallel 
nor antiparallel with each other, but at some inter
mediate angle. The existence of such a triangular 
configuration would give rise to the possibility of 
transitions between triangular and ferrimagnetic oí
an ti ferromagnetic states and hence to singularities 
analogous to Curie and Néel points. Utilizing an 
experimental evaluation of the exchange interac
tions by Néel and Brochet7 8 for mixed nickel-zinc 
ferrites (N ii-zZnJ^O i), Yafet and Kittel6 pre
dicted the possible existence of such multiple transi
tions in mixed nickel-zinc ferrites with x >  0.7.

Such transitions should be detected readily at low 
temperatures by precise heat capacity determina
tions, for the discontinuities associated with the 
various types of transitions are well within the 
range of measurement of modern adiabatic, cryo
genic calorimetry. The thermal method has the 
advantage of avoiding the spurious effects in mag
netic measurements occasioned by ferromagnetic 
impurities. To test the theory of Yafet and Kittel, 
determination of the heat capacity of Ferramic E, 
a commercially available ferrite with x approxi
mating 0.6, was first measured. Although no evi
dence of the anticipated spectrum of transforma
tions was observed, the composition was indeed out
side the range specified by Yafet and Kittel.6 A 
ferrite of composition x =  0.8 was then fabricated 
and its heat capacity determined. An anomalously 
high heat capacity in the vicinity of 10°K. provoked 
further measurements on additional samples over 
the range 0.6 ^ x 5/ 1.0. In conjunction with 
neutron diffraction datas it has been established 
that this anomaly arises as a consequence of the 
antiferromagnetic-paramagnetic transition in pure 
zinc ferrite.2 Although resolution of the magnetic 
and lattice components of the heat capacity is not 
yet possible, the thermodynamic data are presented 
as a contribution to the thermodynamics of solid 
solutions.

Preparation and Purity of Samples.— Mixed nickel-zinc 
ferrites, the composition of which may be represented by 
the empirical formula Nfi-iZnjFeoO., with x =  0 .6 , 0 .7 , 0.8  
and 0 .9 , were prepared by milling a slurry of weighed quan
tities of chemically pure oxides in a steel ball mill for six hours. 
After drying, the mixture was pressed into 50-g. slugs and 
fired at. 1200° for four hours in air and the temperature then 
reduced 0 0 ° /h r . to about 400° in an oxygen atmosphere.
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(5) L. Néel, Ann. phys., 3, 137 (1948).
(0) Y. Yafet and C. Kittel, Phys. Rev., 87, 290 (1952).
(7) L. Néel and '?. Brochet, Com.pt. reñid., 230, 280 (1950).
(8) J. M. Hastings and L. M. Corliss, Phys. Rev., 102, 1400 (1950);

Rev. Mod. Phys., 25, 114 (1953).

The slugs were fragmented in a hardened-steel “ diamond 
mortar,”  annealed in an oxygen atmosphere and cooled 
at a rate of 6 0 ° /h r.

Because of the strong dependence of the heat capacity 
in the vicinity of 10“K . upon composition as x approaches 
unity, especially groat care was taken in the preparation 
technique to obtain a stoichiometric, homogeneous, non- 
inverted sample of zinc ferrite. The details of the fabrication 
procedure utilized are described elsewhere.2 Gravimetric, 
chemical analyses for iron and zinc and spectrochemical 
analyses were made. Stannous chloride oxidation-reduction 
titrations were made to determine the ferrous iron content 
of the samples. X -R a y  diffraction photographs were taken 
to establish the phase purity of the samples. The analytical 
data are presented in Table I.

T a b l e  I
P r e p a r a t i v e  a n d  A n a l y t i c a l  D a t a  o n  F e r r i t e  S a m p l e s

Anneal

Sample
ing

temp. Iron, % Fe + +,
x = (°0 .) Detected Theor. %

( 0 .6 ) “ 4 6 .9  ± 0 . 1 0 .0  ±  0 .1
.6 900 4 6 .8  ±  .1 4 6 .8 4 , 0 ±  .1
.7 (1200) . 1 ±  .1
.8 1200 4 6 .7  ±  .1 4 0 .5 9 , 0 ±  .1
.9 (1200) . 0 ±  .1

L O 6 1100 4 6 .2 4  ±  .1 4 6 .3 3 .0  ±  .1
“ Ferra.mic E , General Ceram ic and Steatite C orpr c i u i u m ;  v jr i .;u c ia i  v e u t n u u  a u u  v u i  |

6 Per cent, zinc found =  27.2 ±  0.1 (theoretical, 27.12).

Cryogenic Technique.— The design and adiabatic method 
of operation of the Mark I cryostat,9 and calorimeters W -5 10 
and W -9 11 have been described. A  calorimeter was in turn 
loaded with sample, evacuated and 2 to 4 cm. of gaseous 
helium added at 25° to aid in the establishment of thermal 
equilibrium. Lubriseal stopcock grease was used on cal
orimeter W -5  for thermal contact between heater, ther
mometer and calorimeter for determinations on samples 
with x =  0 .6 and 0 .8  and on Ferramic E . Calorimeter W -9  
with Apiezon T  grease was employed for the balance of the 
runs to allow measurement to 350 °K . Separate determina
tions of the heat capacity of the empty calorimeters were 
made with their respective conductivity greases. The 
following masses (vacuo) of samples were employed in the 
measurements: x =  0 .6 , 203.434 g .; x =  0 .7 , 164.515 g .; 
x =  0 .8 , 191.862 g .; x =  0 .9 , 180.265 g.

Temperatures were determined with a capsule-type plati
num resistance thermometer (Laboratory Designation A -3) 
contained in a central well in the calorimeter. I t  was cali
brated by the National Bureau of Standards from 10 to 
above 3 73 °K . Below this temperature range a provisional 
scale was employed. It is considered that the thermometer 
reproduces the thermodynamic temperature scale within 
0 .1 ° from 4 to 1 0 °K ., within 0 .03° from 10 to 9 0 °K ., and 
within 0 .05° above 9 0 °K . The ice point was taken as 
273 .1 6 °K . Calibrated instruments were used in the de
termination of all the measured quantities including the 
timing of the energy input.

Heat Capacity Results.— The experimental heat capacity 
determinations for the four samples of ferrospinels synthe
sized in this Laboratory are presented in Table II  in chrono
logical sequence so that the temperature increments of the 
individual runs can be inferred from the adjacent mean 
temperatures. Corrections for curvature (occasioned by the 
finite temperature increments employed in the measure
ments) and for the slight differences in the amounts of he- 
ium and solder in the measurements on the empty and the 

full calorimeters have been applied. The data are pre
sented in terms of the defined thermochemical calories of 
4.1840 absolute joules and the formula (molal) weight in 
grams using 1953 International Atomic Weights.

Heat capacities below 5 0 °K . are presented in Fig. 1. 
Figure 2 compares the heat capacities at higher tempera
tures with the smooth curve for zinc ferrite2 in order to am
plify the small differences between these curves. On both

(9) E. F. Westrum, Jr., and A. F. Reale, ,Tr. (to be published).
(10) G. A. Burney and E. F. Westrum, Jr. (to be published).
(11) E. Greenberg' and E. F. Westrum, ,Jr., .7. Am. Chem. 8oc., 78, 

4820 (1050).
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T able  II
M oral H eat  C apacities of N ickel  Z inc 

F urrospinels 
(in cal. degree-1 g.-mole-1)

T, 0K. CP T 0K. CP T, °K. Cp
NÍ0 .4Z 110..cFeA (mol1. wt. = 238.404 g.)

Series I 219. 59 29. 73 10.00 0 .2317
228 65 30. 61 11.11 .2569

G3.23 6. 324 237. 58 31 41 12.38 .2950
69. 11 7. 354 246. 56 32 19 13.77 3415
75. 83 8. 556 255. 62 32. f l 15.27 4018
S3. 16 9. 900 264. 65 33. 62 16.86 .4653
91. 49 11. 418 273. 70 34. 30 18.52 5393
90. 54 11. 255 282 71 34. 92 20.28 .6274
98. 30 12. 613 291 .70 35 .52 22.17 .7363

106. 78 14. 100 300 83 36 09 24.37 . 8862
115. 28 15. 589 26.80 1 .073
123. 12 16. 933 Series II 29.37 1 .304
130. 70 18. 189 32.14 1 .591
138. GO 19. 456 4..50 0 .068 35.29 1.956
147. 06 20. 77 4 .87 .066 38.67 2 .394
155. 74 22. 06 5 . 65 .085 42.16 2 .879
164. 52 23. 30 4 .75 .070 46.10 3 .468
173. 47 24. 51 5..58 .082 50.74 4 .204
182. 58 25. 65 5..49 .080 55.57 5 .003
191 .87 26..77 6 .66 .105 60.34 5 .818
201. 18 27. 83 7 .87 .142 65.57 6 .376
210. 40 28. 83 8..96 .184

Ni,p-jZllo.vFe20 , (mol1. wt. = 239.073 g.)
Series I 237 .48 31 .21 335.70 37 .43

247 .58 32 .07 345.83 37 .84
35. 79 2. 522 257 62 32. 86
39. 51 2. 997 267..72 33..59 Series III
48. 00 4. 276 277..04 34 29
53. 47 5. 202 288 21 34 .92 5.71 0 .142GOlO 77 6 093 298 73 35 55 6.58 .188
64. 43 7. 079 309 .38 36. 16 7.59 .300
70. 56 8. 133 319..94 36. 77 8.56 ,376
77. 46 9. 330 9.47 .444
84 48 10. 608 Series II 10.33 .4923
91 .47 11 .826 11.30 .5186
99 .32 13..162 173 .08 24 45 12.41 .5713

107 50 14 .567 182 .60 25 .62 13.65 .6353
115 .56 15 .917 192 .25 26 . 75 15.10 . 7055
123 .76 17 .273 201 .97 27 .81 16.75 .7946
132 32 IS 646 211 .82 28 .84 18.55 .8878
140 .88 19 .962 221 .95 29 .81 20.42 1 0014
149 .47 21 .25 232 .37 30 .76 22.32 1 . 1307
158 .52 22 .52 242 .87 31 .68 24.43 1 .2913
168 .10 23 .82 253 .32 32 .51 27.06 1 . 5209
177 .84 25 .07 263 .78 33 .29 30.05 1 .8177
187 .66 26 25 274 .26 34 02 33.43 2 .208
197 .62 27 .38 284 .62 34 .70 36.94 2 .660
207 .21 28 .38 294 .90 35 .34 40.31 3 .132
207 31 28 .38 305 .22 35 .93 44.10 3 .690
217 .42 29 .38 315 .47 36 .48 48.11 4 .324
227 .23 30 .32 325 .60 36 .94

Nio-2^no•sFesO., (mol. w 239.742 g.)
4 .95 0 .152 33 .87 2 .581 156.53 22 .17
5 .45 .154 37 .27 3 .023 165.21 23 .31
5 .94 .269 41 .13 3 .561 174.01 24 .46
6 .55 .438 45 .42 4 . 196 182.75 25 .48
7 .49 .578 49 .92 4 .913 191.53 26 .46
8 .70 .721 54 .87 5 .728 200.38 27 .42
9 .91 .846 60 .66 6 . 694 209.27 28 .30

11. 17 8773 67. 19 7. 809 210. 47 28. 41
12. 50 9387 73. 80 8. 934 219. 36 29. 23
14. 02 1 010 80. 35 10. 086 228. 17 30. 00
15. 66 1 091 87 .37 11 .326 237. 02 30 73
17 35 1.174 95 .11 :2 .623 245..89 31 .46
19 15 1 .266 103 .38 14,.045 254 .64 32 .08
21. 05 1 .383 112 .09 15 .437 263 23 32. 71
23 .15 1 .529 121 .39 16 .956 271 .68 33 .23
25. 46 1 705 130 54 18 .392 280 .14 33 .76
27. 98 1 .932 139..40 19. 736 288..75 34 25
30 76 2 218 148. 06 21. 01 297. 66 34 .71

Ni,mZiio.9Fe20 4 (mol . wt. =  240.411 g.)
Series 1 12..56 1..6665 94 .52 12 .191

13 .71 1..6839 101. 80 13..372
6..22 0 .330 15 .33 1 .6961 109 .70 14..646
6 .48 0 .494 17 .28 1 .7102 118 .99 16. 123
7 .08 0 .688 19 .34 1 . 7375 128..10 17 ,544
7 .76 1.29 21 .37 1 .7923 136 .30 IS 770
8 . 54 1.53 23 .49 1..8782 144 .47 19 .950
9 .29 1 .62 25..88 2. 008 153 07 21 .15

10 .00 1.7283 28 .31 2 . 175 162 .33 22 .3,
11 .32 1. 6868 30 .90 2 .400 172 04 23 .58

33 .91 2 .706 181. . 55 24 .70
Series II 37 .40 3 111 190 90 25. 73

41 .55 3 .650 200 43 26 72
5 .66 0 .353 46 .25 4 .319 210 .27 27 .67
5 .93 .543 51 .44 5 .109 220 .43 28 .59
6 .27 .584 56 .87 5 .958 230 .85 29 .48
6 .59 .647 61 .98 6 .800 241 .44 30 32
6 .98 .764 67 .43 7 .686 252 .14 31. 10
t .43 1.000 73 .39 8 662 262..75 31 82
7 .89 1 .21 80 .18 9 .809 273 .26 32. 48
8 .28 1.37 87 .50 11 . 050 283 .77 33. 10
8 .73 1.50 95 .15 12 .296 294 .16 33 68
9 .23 1 .63 304 .19 34 20
9 .75 1.72 Series III 314 78 34. 74

10 33 1 .7323 324 .97 35 .15
10. 90 1 .6768 80. 54 9. 866 335, 16 35. 59
11. 61 1 6651 87. 37 11. 023 345. 44 35..98

plots the points indicated represent the individual deter
minations, and the heat capacities of Ferramic K and zinc 
ferrite2 have been included for comparison. The significant 
features are: (1) the sharp antiferromagnetic-paramagnetic 
transition in zinc ferrite at about 9.7°K . which obviously 
persists in the mixed ferrospinols at approximately the same 
temperature, but decreases in intensity with increasing 
nickel content: and (2) the absence of other peaks or fluctua
tions in the curves. No singularities of the type predicted 
by Yafet and Kittel6 were observed. The ferrimagnetic 
contributions to the thermal properties cannot at present 
be quantitatively resolved from those of the lattice.

Thermodynamic Functions.—The entropies and 
enthalpy increments computed by numerical quad
rature from large scale plots of the heat capacity 
are provided at selected temperatures in Table III. 
Nuclear spin and isotope mixing contributions have 
not been included in the entropy. Extrapolation 
below about 5°K. was made with the Debye limit
ing law. The estimated probable error in the 
entropy increment is ±0.06 e.u. and that in the 
enthalpy increment is ±0.1% . More extensive 
tabulation of the temperature dependence of the 
thermodynamic functions of these four ferrites 
have been prepared.12

(12) Extensive tabulation of the heat capacities, enthalpy and 
entropy increments and enthalpy function of these four ferrospinels 
in addition to heat capacity data on Ferramic E have been deposited 
as Document Number 5113 with the ADI Auxiliary Publications
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Fig. 1.— Molal heat capacity vs. temperature for six samples 
of Nii_IZnIFe204 compositions below 50°K.

If the nickel ions occupy B sites and zinc ions 
occupy A sites, then the configurational entropy 
resulting from mixing zinc and iron ions at random 
on the A sites is given by

iSa = —Ji In [xx (1 — x)1 1̂]
and the configurational entropy resulting from 
mixing zinc and iron ions at random on the B 
sites is given by

5b = -R  In [4 - ' (l -  2 )'-*(l +  x )I+*]

The sum of these two expressions represents an 
upper bound to the zero-point entropy and amounts 
to 0.72R, 1.15R, 1.4672 and 1.67R for x =  0.9, 0.8, 
0.7 and 0.6, respectively. The actual entropy at 
0°K. will be less than the above due to the mutual 
ordering effects of the A and B sublattices by the 
electrical interactions between them.

Acknowledgment.—The authors express their 
appreciation to Prof. H. W. Welch, Jr., for his 
interest in this problem, to Clinton Jefferson and
J. W. Kuiper for their preparation of the calori
metric samples and some of the analytical studies,
Project, Photoduplication Service, Library of Congress, Washington 
25, D. C. A copy may be secured by citing the document number 
and by remitting SI.25 for photoprints, or SI.25 for 35 mm. microfilm 
in advance by check or money order payable to: Chief, Photoduplica
tion Service, Library of Congress.

Fig. 2.— Deviation of the experimental molal heat capacity 
points of N i,_IZni Fe204 from the ZnFe20 4 smooth curve 
over the range 50 to 300°K. (ACp = CpFerrospinci —
C pZnF etO ,)*

T a b l e  I I I
M o la l  E n t r o p y  an d  E n t h a l p y  I ncp.e m en ts  op 

N ic k e l - Z inc  F e r r o spin e l s
T, °K. x = 0.6 z -- 0.7 x = 0.8 X = 0.9

S° -  So; (cal. deg. ~l g.-mole-1)
10 0.077 0.15G 0.196 0.737
15 .197 .388 0.574 1.419
25 .507 .880 1.243 2.322
50 1.995 2.701 3.283 4.438

100 7.501 8.544 9.298 10.317
200 21.392 22.533 23.275 23.929
300 34.362 35.416 35.960 36.291
298.16 34.140 35.196 35.746 36.082

H° - Hq (cal. g.-mole *)
10 0.58 1.50 2.87 5.42
15 2.09 4.40 7.58 13.84
25 8.39 14.30 20.92 31.63
50 66.59 84.65 99.18 112.15

100 489.11 531.2 557.7 559.8
200 2579.0 2632.6 2655.3 2602.8
300 5806.5 5837.0 5809.C 5675.9
298.16 5740.3 577).5 5745.0 5613.5

to George Grenier and John J. McBride for assist
ance with the heat capacity measurements and to 
Emilia R. Martin for the calculations.
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B y  Joseph  W e issb a r t2“ and  P ier r e  V an  R y sse l b e r g h e 21>
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On the basis of several criteria of reversibility it is found that chloranilic acid behaves reversibly at the dropping mercury 
electrode. A plot of log ((¿d — i)/i) vs. potential gives the required value of 2 for the number of electrons involved in the 
electrode process. Cathodic, anodic and mixed anodic-cathodic waves exhibit practically the same half-wave potential 
at a given pH. The plot of the half-wave potential vs. pH consists of three linear segments connected by smooth curves. 
From the intersections of the linear segments the dissociation constants AT, and K, are obtained for the chosen total ionic 
strength of 1.0. The diffusion current is found to be proportional to concentration over a 500-fold concentration range. 
The pH of the solution appears to have no effect on the diffusion current. By using the Ilkovic equation it is found that 
the average diffusion coefficient for the various reducible forms of chloranilic acid is 1.04 X  10-6 cm.2 sec.“ 1

Introduction
The oxidation-reduction potential of chloranilic 

acid (2,5-dichloro-3,6-dihydroxy-p-benzoquinone) 
was first measured by Conant and Lutz.3 They 
dissolved small amounts of the acid in buffered 
solutions, added enough reducing agent to convert 
approximately one-half of the acid to its reduced 
form and measured the corresponding potential of a 
noble metal electrode. Conant and Fieser4 redeter
mined this potential in aqueous solutions and in 95 
and 50% ethyl alcohol-water mixtures. Schwarzen- 
bach and Suter5 determined the empirical “ redox 
potential”  of chloranilic acid in buffered solutions at 
constant ionic strength and obtained the acid disso
ciation constants K i and K 2 on the basis of the 
change of this empirical “ redox potential”  with pH, 
a potentiometric titration with a reducing agent be
ing carried out for each pH value.

Chloranilic acid solutions exposed to air are 
stable, the acid being then entirely in its oxidized 
red-colored form. Upon chemical reduction, by 
sodium hydrosulfite for example, the acid is de
colorized but rapidly reverts to its oxidized form, 
unless care is taken to prevent contact with oxy
gen. Applying to chloranilic acid a spectrophoto- 
rnetric method for the determination of overlapping 
dissociation constants of dibasic acids (valid for AT/ 
K2 smaller than 1000) Thamer and Voigt6 obtained 
values of AT and K 2 in rather poor agreement with 
those reported by Schwarzenbach and Suter,6 al
though the potentiometricady derived values of 
the latter authors were claimed to agree with par
allel spectrophotometrically obtained results. Some 
uncertainty concerning the exact ionic strength used 
by the Swiss authors may account for part of the 
discrepancy (see Table I ) . The interest of Thamer 
and Voigt6 in chloranilic acid was due to their pre
vious investigations on zirconium chloranilate com
plexes.7 For a similar reason (possibility of de
termining zirconium in solution by polarographic

(1) From a thesis submitted by Joseph Weissbart to the Graduate 
School of the University of Oregon in partial fulfillment of the require
ments for the Ph.D. degree, June 1956.

(2) (a) Westinghouse Research Laboratories, Pittsburgh, Pennsyl
vania. (b) Department of Chemistry, Stanford University, Stanford, 
California.

(3) J. B. Conant and R. E. Lutz, J. Am. Chem. Soc., 46, 1257 
(1924).

(4) J. B. Conant and L. F. Fieser, ibid., 46, 1867 (1924).
(5) G. Schwarzenbach and H. Suter, Helv. Chim. Acta, 24, 617 

(1941).
(6) B. J. Thamer and A . I. Voigt, T h is  J o u r n a l , 56, 225 (1952).
(7) B. J. Thamer and A. I. Voigt, J. Am. Chem. Soc., 73, 3197 

(1951).

measurement of the excess chloranilic acid after pre
cipitation of zirconium chloranilate) and on account 
of the uncertainty as to the values of AT and K 2 we 
undertook the polarographic investigation reported 
here. Breyer8 has observed the reduction of chlor
anilic acid at the dropping mercury cathode (d.-
m.e.) in the range of 9 X 10~3 to 4 X 10~4 M, while 
Breyer and McPhillips9 used chloranilic acid in the 
indirect determination of calcium based upon the 
wave heights of the remaining acid. They re
ported well-defined waves in the range 1 X 10 ~3 to
3.3 X lO“ 4 M.

Having recognized early in our work that the be
havior of chloranilic acid at the d.m.e. was essen
tially reversible we were able to carry out a detailed 
examination of the variation of the half-wave po
tential with pH, to establish the corresponding val
ues of pAi and pK2, which are compared with pre
vious values in Table I, and in addition to deter
mine the concentration and pH ranges within 
which wave height and concentration are propor
tional to each other.

T a b l e  I
C o m pa riso n  o p  V a lu e s  of pK, an d  pK2 f o r  C h l o r a n il ic  

A cid  a t  25°
Schwarzenbach 

and Suter6
Thamer 

and Voigt6
Present
paper

pKx 0.85 1.08 1.22
pK2 3.18 2.42 3.01

Experimental
Apparatus.— All polarograms were taken with a Sargent 

Model X X I  Recording Polarograph. In some phases of the 
work small Erlenmeyer electrolysis cells of the Heyrovsky 
type were used, while in other phases H cells of the Lingane- 
Laitinen type were used. In the former case a large mer
cury pool served as unpolarizable electrode, its potential 
being measured against a saturated KCl-calomel electrode. 
In the latter case either a S.C.E. or a saturated K 2S04-H g 2- 
S04 electrode occupied one arm of the cell, the connection 
with the other arm containing a coarse sintered glass disc 
with an agar plug. The 6% agar solution was saturated 
with KC1 or mixed with 4 M  NII4NO3 in the case of runs 
with the sulfate electrode. The use of the sulfate electrode 
was necessary whenever polarographic waves were recorded 
on the positive side of the S.C.E. We found the sulfate 
electrode to be at all times, before and after the recording of 
polarograms, at +0.406 v. with respect to the S.C.E. The 
cells were immersed in a wacer thermostat kept at 25 ±  
0.02°. The various capillaries used had an mV4'A product 
in the neighborhood of 1.6 mg.Vi sec.-1/ 2 (see for instance 
Table III below).

Reagents.— All reagents used as supporting electrolytes 
or in the preparation of buffers were either of C.p . or ana
lytical grade. Chloranilic acid was a practical grade (yellow

(8) B. Breyer, Australian J. Sei., 16, 109 (1953).
(9) B. Breyer and J. McPhillips, Analyst, 78, 666 (1953).
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label) Kastman Kodak Co. product and was purilied by the 
method of Thamer and Voigt.6 The standard buffers 
either were bought from the Sargent Co. or prepared accord
ing to the recommendations of Lingane.10 Table II below 
gives the composition of the buffers and the salts added to 
make up the constant ionic strength of 1.0 which we used 
in most of our work. The pH values were measured with a 
glass electrode-Beckman Model G pH-meter combination. 
Purified nitrogen was passed through the cells to remove 
dissolved oxygen.

Procedure.—The Ei/, values wore determined by inter
polation between the initial and final potentials of the wave, 
these being measured by means of an external potentiometric 
circuit. The voltage scale was expanded to approximately 
2.5 mv. per division on the recording paper. The E'/i values 
were reproducible within 1 mv., the required Ri correction 
being made in each case. In experiments carried out at a 
pH of or near G .6 for the purpose of determining the diffu
sion current ¿,i gelatin in amounts varying from 0.01 to 
0.05% had to be used to suppress a maximum in the waves. 
Residual current corrections were made in the hi determina
tions and, on account of the slow decomposition of chloran- 
ilic acid occurring on standing, the hi values were all ob 
turned with freshly prepared solutions.

Results and Discussion
Reversible Behavior. -The reversibility of a 

polarographic oxidation-reduction reaction can be 
established by determining the E i/2 values of cath
odic, anodic and mixed anodic-cathodic waves ob
servable in a given medium (with application of 
the proper Ri corrections) and verifying their co
incidence. When half of the total concentration 
of the substance under study is in its oxidized form 
and the other half in its reduced form no Ri cor
rection is necessary since i,\ is then exactly, or 
close to zero. This method furnishes the most reli
able criterion of reversibility. The corresponding 
equations have been given by Kolthoff and Lin
gane,11 and by others.

Anodic waves were obtained after first reducing 
the chloranilic acid with an excess of sodium hydro- 
sulfite. Mixed anodic-cathodic waves wore ob
tained by adding enough sodium hydrosulfite ex
actly to decolorize the solution and exposing the 
solution to the oxygen of the air for different time 
intervals before taking the polarograms.

The Ei/, values of cathodic, mixed anodic-ca
thodic and anodic waves of chloranilic acid were 
found to coincide. For a concentration of 1 X 10~3 
M  and a pH of 3.61, the E■/, value was found to be 
-0 .098  ±  0.003 volt vs. S.C.E.

We can regard this test of reversibility as satis
factory. We also used the test based on a plot of 
log ((id — i)/i) against the potential of the d.m.e. 
The recording of the polarogram for 2 X 10~3 M 
chloranilic acid in a buffer of pH 4.71 was inter
rupted at nine points along the rising portion of the 
wave, the corresponding potential being measured 
with the external potentiometric circuit. The aver
age current reading at each point was corrected for 
the residual current. An excellent linear plot was 
obtained with a slope corresponding to 1.97 ±  0.05 
or 2 electrons for the reduction of one molecule of 
chloranilic acid, as expected.

The proportionality of the diffusion current to 
the square root of the corrected height of the mer-

(JO) J. .T. Liiifr.uH*., “ Electroaualytioal Chemistry,”  Infcerseieuro 
Publishers, New York, N. Y., 1953.

(11) I. M KoltholT and J. J. Lingane, “ Polarography,” 2nd edition, 
Interscience Publishers, New York, N. Y., 1952.

cury column was rigorously verified in the case of 
10~ 3 M  chloranilic acid in 0.1 N H2SO4.

The variation of Ei/, with pH was found to give 
the theoretically expected slopes in the various pH 
regions. This is discussed in the next section in 
connection with the determination of the acid dis
sociation constants.

Acid Dissociation Constants.-The determination 
of oxidation-reduction potentials as half-wave 
potentials of polarographic waves is particularly 
convenient in the case of a quinone system such as 
chloranilic acid. The usual assumption about the 
equality of the diffusion coefficients of oxidized and 
reduced forms has of course to be made and the 
activity coefficients, made practically constant 
through the use of a constant total ionic strength, 
are incorporated into the Ei/, values. Let us rep
resent chloranilic acid by the formula IRQ. At the
d.m.e. the reduction

H,Q +  211 1 +  2 e - II..Q (1)

occurs. The dissociation of the very weak acid 
H4Q is neglected, but IRQ dissociates as

H2Q h + +  H Q - (2)
H Q -^ Z i7 H +  +  Q —  (.3)

According to the treatment of Clark and Cohen, 12 

representing by (Ox) the sum of the concentrations 
of the reducible species H2Q, HQ-  and Q , and by 
(Red) the concentration of the oxidizable species 
IRQ, the Nernst equation takes the form
E =  E« +  (RT/2F) In [(O x)/(Red)] +  (RT/2F) In (H + )1 

-  (RT/2F) In [(H +)2 +  K ,(H +) +  A.AG] (4)
At the lialf-wave (Ox) =  (Red) and we have
E >a  =  E°i/, +  (RT/2F) In (H +)6 -

(RT/2F) In [(H+)2 +  A ,(H +) +  A',AG] (5)

in which f\'t and AT arc the acid dissociation con
stants corresponding to equations 2 and 3.

Polarograms were taken for 10- 3  M  chloranilic 
acid in buffers in the pH range from 0.40 to 7.11, 
the total ionic strength being 1.0 in all cases. The 
Ei/, values reported in Table I I  were found. When 
plotted against pH (Fig. 1) they are seen to align 
themselves along three linear segments and smooth 
connecting curves. Straight lines of slopes equal, 
respectively, to 0.059, 0.089 and 0.118 were drawn 
through the experimental points. The first two in
tersect at a pH of 1.22 equal to p/R, while the last 
two intersect at a pH of 3.01 equal to pA2. These 
values are reported in Table I .

Analytical Applications.-We found the diffusion 
current ¿1 of cathodic waves of chloranilic acid to 
be proportional to concentration over a 500-fold 
range extending from 5 X 10~ 3 to 1 X 10~ 5 M. 
The corresponding experiments were carried out 
in 0 .1  A  I I2 S O 4  and in a buffer of pH 3.62. The re
sults are reported in Table III. Different capillar
ies were used in the two series of measurements, the 
ratio ijCnfFf/e being found to be 4.05 in the case 
of the 0 . 1 N  H2SO4 solutions and 4.03 in the case of 
the buffer of pH 3.62.

A possible effect of pH on the value of R for a 
given concentration of chloranilic acid was found to

(12) W. M. Clark and B. Colion, U. S. Public Health Reports, 38, 
66G (1923).
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T a b l e  I I

V a r i a t i o n  o f  Ein  w i t h  p H  f o r  1 0 " 3 M C h l o r a n i l i c  A c i d  

in  B u f f e r s  o f  T o t a l  I o n i c  S t r e n g t h  1 . 0

A 1 / 2  vs. 
S .C .E . ,

Composition pH V

h 2s o 4 +  k 2s o 4 0 . 4 0 +0 .100
h »s o 4 +  k 2s o 4 0 . 7 2 + . 1 4 5

h 2s o 4 +  K 2SO4 1 . 1 3 +  . 1 2 3
h 2s o 4 +  k 2s o 4

COLQ + 0 9 5

C itric acid +  N a 2H P 0 4 +  N a N 0 3 2 . 0 7 +  . 0 4 2

C itric acid  +  N a 2H P 0 4 +  N a N 0 3 2.20 +  . 0 2 4

C itric acid  +  N a 2H P 0 4 +  N a N O j 2 . 5 0 +  . 0 0 3

A cetic  acid  +  N a A c +  KC1 4 . 1 2 — 1 7 9

A cetic acid  +  N a A c 4 . 6 7 — 2 3 0

C itric acid +  N a 2H P 0 4 +  K 2S 0 4 5 . 1 2 — . 2 9 3

C itric acid  +  N a 2H P 0 4 +  K 2S 0 4 5 . 0 8 —  . 3 9 4

N a2H P 0 4 +  N a H 2P 0 4 +  KC1 0 . 5 8 -  . 4 7 1

N a2H P 0 4 +  N a H 2P 0 4 +  KC1 0.01 -  . 4 6 8

N a 2I I P 0 4 +  N a H 2P 0 4 +  KC1 7 . 1 1 -  . 5 3 0

T a b l e  II I

P r o p o r t i o n a l i t y  b e t w e e n  D i f f u s i o n  C u r r e n t

a n d  C o n c e n t r a t i o n

c = id,
M X 103 fi£L. ic/C Deviation

In 0.1 N  H2S 0 4, with m 2/V /’* =  1.59 mg. sec.“ 1/ 2
2.0 12.75 0.37 - 0 .0 8
1.0 6.43 0.43 -  .02
0.10 0.645 0.45 .00

.02 . 129 0.45 .00

.01 . 006 0.55 +  .10
Av. 6.45 ± 0 .0 4

In citric acid +  N a2H P 0 4 buffer o f pH 3.62,
withi vi A A 6 =  1.68 m g A ’ sec. ‘A

5 .0 32.80 0.75 - 0 .1 0
2.0 13.37 0.69 -  .02
1.0 0.75 0.75 +  .04
0 .5 0.342 6.84 +  .13

Av. 0.71 ± 0 .0 9

be  n o n -e x is te n t , as is sh o w n  b y  th e  d a ta  o f  T a b le  I Y .
O n  th e  b a s is  o f  th e  I lk o v ic  e q u a t io n  w e fin d  th a t  

th e  a v e ra g e  d iffu s ion  co e ffic ie n t  o f  th e  r e d u c ib le

pH.
Fig. I. —  V ariation of Em w ith  pH  for 0.001 M  ch tom nilic 

acid  in buffers o f ion ic strength o f 1.0.

T a b l e  I V

C o n s t a n c y  o f  D i f f u s i o n  C u r r e n t  with  p H  f o r  1 0 “ 3 .1 /  

C h l o r a n i l i c  A c i d

pH
Id,

mm. pH
n.

nun.
4 .3 2 106 2 .4 4 110
3 .8 9 107 1 .8 2 110
3 .4 8 109 1 .70 106
3 .3 0 107 1 .23 106
2.88 109 9 .9 1 110

A v. 108 ±  1. ti

sp e c ie s  H 2Q , H Q -  a n d  Q  o f  c h lo ra n ilic  a c id  is
1 .04  X  1 0 -6  c m .2 s e c . - 1 .
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HIGH TEMPERATURE HEAT CONTENTS OE CALCIUM ORTHOSILICATE
B y  J. P . C o u g h l i n  a n d  C . J . O ’B r i e n
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H igh tem perature heat con ten t m easurem ents were m ade in volvin g four crystalline varieties o f ca lcium  orthosilicatc. 
T h e entropies and heats of the p -*■ a', a ' -*• a, and 7 -*■ a' transform ations were evaluated. A  table o f sm ooth  values of 
heat con ten t and en trop y  increm ents a b ov e  298 .15°K . and algebraic representations of the heat contents are included, for 
use in th erm odyn am ic calculations.

Introduction.— T h e r e  are  fo u r  c ry s ta llin e  v a r ie 
ties  o f  c a lc iu m  o r th o s ilic a te  (C a 2S i 0 4) a c c o r d in g  
to  th e  w o r k  o f  B r e d ig 1 a n d  T r o n ic ]  a n d  M fille r .-  
T h e  d e s ig n a t io n s  a, a', f3 a n d  y , u sed  b y  th ose  
a u th o rs , are  a d o p te d  h ere. T w o  v a r ie t ie s  are c o m 
m o n  a t r o o m  te m p e ra tu re , ¡3 a n d  y. T h e  /3 -form  is

(1) AI. A. Bredig. J. Am. Ceram. Sor.. 33, 188 (1950).
(2) G. Tromel and H. Molller, Fortsch. Mineral., 28, 80 (1949).

th e r m o d y n a m ic a l ly  u n s ta b le  th r o u g h o u t  its te m 
p e ra tu re  ra n g e  o f  e x is te n ce . I t  tra n sfo rm s a t 
9 7 0 ° K . in to  th e  « '- v a r ie t y  w h ich  itse lf  is a m e t 
a s ta b le  m o d ific a t io n  a t th is  tem p era tu re . T h e  y -  
v a r ie ty  is th e  “ d u s t in g ”  fo r m  so m e tim e s  o b s e rv e d  in 
th e  m a n u fa c tu r e  o f  P o r t la n d  ce m e n t a n d  d u rin g  
c o o lin g  o f  h igh  lim e -co n ta in in g  slags. I t  is th e  
th e r m o d y n a m ic a l ly  sta b le  fo r m  to  a b o u t  1 1 2 0 °K .
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T, °Iv.

Fig. 1.— Heat contents above 298 .15°K .: A, Ca2SiC>4( 7 );
B, Ca2S i04(/3

where it transforms into a'. The a'-variety is 
thermodynamically stable between 1120 and 1710° 
Iv. where it, in turn, transforms into a. The «- 
variety is stable between 1710°K. and the melting 
point.

The energy relationships among these crystalline 
varieties have been known only qualitatively and 
it is the purpose of the present paper to supply some 
quantitative data. High temperature heat content 
measurements of the y-variety have been conducted 
from 298 to 1113°K. Measurements starting with 
the ^-variety at 298°K. were carried to 1816°K., 
data being obtained for the (3-, a - and «-varieties 
and for the transformations (3 —*■ a' and a — a. 
The only previous similar measurements of calcium 
orthosilicate are those of von Gronow and 
Schwiete3 between 293 and 1573 °K. Their measure
ments were made before the inter-relationships 
among the four varieties were completely unravelled 
and they leave much to be desired as to accuracy.

Materials.— The /3-varietv of calcium orthosilicate was 
part of the sample used by K ing4 in heat of formation deter
minations and by Todd5 in low temperature heat capacity 
measurements. The method of preparation, chemical 
analysis and X -ray diffraction are described by K ing.4 
The sample contained 6 4 .47%  calcium oxide, 3 4 .6 8 %  silica, 
0 .3 2 %  aluminum and iron oxides, 0.14 magnesium oxide, 
and 0 .0 2 %  water, as compared with the theoretical 65.11 %  
calcium oxide and 34.89 silica.

The y-variety was prepared from reagent-grade calcium 
carbonate and silica,, using platinum containers. A stoichio
metric mixture was made into a paste with water, dried at 
1000°, heated 2 hours at 1440°, cooled to 1000° in 1 hour, 
transferred to a furnace at 500°, and allowed to cool slowly 
(overnight) to 350 °. This process was repeated 4 times, 
with intervening grinding, mixing, analysis and adjustment 
of composition. The final product contained 3 4 .8 8 %  
silica, which is virtually the theoretical amount for pure

(3) H. E. von Gronow and H. E. Schwiete, Z. anorg. Chem., 216, 185
(1933). '•*

(4) E. G. King, ./. Am. Chem. Soc., 73, 650 (1951).
(5) S. S. Todd, ibid., 73, 3277 (1951).

calcium orthosilicate. Its X-ray diffraction pattern agreed 
with that for the 7 -variety in the ASTM catalog.

Measurements and Results.—The heat content 
measurements were conducted with previously 
described apparatus.6 Sealed, platinum-rhodium 
capsules were used to contain the samples during 
the measurements. The heat contents of the 
empty capsules were determined in separate, ex
periments. The results for calcium orthosilicate are 
expressed in defined calories (1 cal. =  4.1840 abs. 
joules) per mole, the molecular weight being 172.25, 
in accordance with the 1954-55 Report on Atomic 
Weights.7 The measured heat contents are listed 
in Table I and plotted in Fig. 1.

T a b l e  I
H e a t  C o n t e n t s  o f  C a l c i u m  O r t h o s i l i c a t e  A b o v e  

298.15 °K,

T,°K.

Hr -
II298 • 15,cal./mole T,°K.

Hr -
Il 29Ç.15,

cal./mole T, ° K.
Ht —
H298*16,

cal./ mole
CaoSiOify) (mol. wt., 172.25)

405.2 3,300 948.8 24,700 1079.4 30,490
494.4 6,470 999.1 26,830 1085.3 30,650
602.3 10,570 1008.6 27,280 1100.1 31,270
704.9 14,580 1045.4 28,900 1104.6 31,540
810.5 18,850 1050.8 29,220 1108.3 31,630
905.7 22,800 1075.2 30,270 1112.9 31,820

Ca2Si04 (0, <*) (mol. wt., 172.25)
406.0 3,540 974.1 26,720 1602.3 55,650
489.0 6,530 977.4 26,880 1690.6 60,410
604.9 10,990 990.4 27,430 1697.7 62,130**
694.2 14,580 1003.8 28,070 1706.7 03,880'*
799,0 18,890 1012.3 28.410 1714.6 64,930
840.0 20,610 1099.1 32,260 1730.5 65,670
847.7 20,930 1206.0 36,910 1747.4 66,620
888.9 22,660 1312.2 41,800 1780.8 68,200
940.8 24,890 1397.3 45,850 1816.0 69,730
964.6 26,000 1506.8 51,100

“ Shows pretransition effect.

The heat content of the y-variety follows a reg
ular, reproducible course to about 1120°K., that 
is, to the temperature of transformation to a .  
Reproducible values at higher temperatures could 
not be obtained because of the sluggishness of the 
a' -*■ y transformation. The substance did not re
vert completely to the y-form under the prevailing 
conditions, resulting in calorimetric end-products 
of variable crystallographic composition. This be
havior is in line with the observations of Tromel and 
Moller.2

Measurements starting with the /3-variety were 
highly reproducible over the entire temperature 
range from 298 to 1816°K. The ¡3->- a transforma
tion was sharp and completely reversible under 
calorimetric conditions. The measurement at 
964.6°K. showed no sign of any transformation ef
fect, while that at 974.1°K. showed that complete 
transformation had occurred. The rounded tem
perature, 970°K., was adopted as the equilibrium 
13 -*■ a' point. Likewise, the a a transformation 
was completely reversible under calorimetric condi
tions. Pretransition effects were noted in the 
measurements at 1697.7 and 1706.7°K., but the 
transformation was complete at 1714.6°K. The 
rounded value, 1710°K., was adopted as the equi
librium a — a point.

(6) K. K. Kelley, B. F. Naylor and C. II. Shomate, U. S. Bur. 
Mines Tech. Paper 686 (1946).

(7) E. Wichers, J. Am. Chem. Soc., 78, 3235 (1956).
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Table II contains smooth values of the heat con
tent and entropy increments above 298.15°K. 
Values in the columns headed “ Ca2Si0 4(7 ) ”  are 
based upon the y-variety as the reference state at 
298.15°K. Those in the columns headed “ Ca2- 
Si04{p,a ,a)" are based upon the /3-variety as the 
reference state at 298.15°K.

T a b l e  II
H e a t  C o n te n ts  (C a l . /M o l e ) an d  E n tr o py  I n crem en ts  

(C a l . / D e g . M o l e ) A b o v e  298.15°K.
------- Ca2SiC

H t  —
(t )------ -

St  -
--------- CaiSiO, (p, a'¡

H t  -
, a)-------- .

St  -°K. #298.15 SîM-IS H 298-15 S298.Í6
400 3,270 9.41 3,335 9.59
500 6,760 17.19 6,940 17.63
600 10,480 23.96 10,790 24.64
700 14,380 29.97 14,810 30.84
800 18,420 35.37 18,940 36.35
900 22,590 40.28 23,140 41.29
970 26,12003) 44.48
970 26,560(a') 44.94

1000 26,890 44.81 27,860 46.26
1100 31,320 49.03 32,250 50.44
1120 32,220 49.84 33,140 51.24
1200 36,720 54.33
1300 41,290 57.99
1400 45,970 61.45
1500 50,780 64.77
1600 55,710 67.95
1700 30,780 71.03
1710 61,290(or') 71.33
1710 64,680(a) 73.31
1800 69,090 75.82

The heat content results in Table II are repre
sented (to within the average deviations indicated

below) by the equations
Ca2Si04( 7 )
Ht -  H ,» .»  = 31.867' +  0.16 X IO“ 3! ’2 +  4.64 X  IO6Y1-1

-11,603
(0.2%, 298° -  110ü°K.)

Ca2Si04(/3)
Ht -  Him.a =  34.877' +  4.87 X  IO“ 3?’2 +  C.26 X  IO5'/’ “ 1

-12 ,929
(0.4%, 298° -  970°K.)

Ca2Si04(a ')
Ht -  7/298.15 =  32.107’ +  5.51 X 10 -37 2 -  9,814 

(0.1% , 970° -  1710°K.)
Ca2Si04(a )

Ht =  7/298.15 =  49.007' -  19,110 
(0.1%, 1710° -  1800°K.)

Discussion.—The heat and entropy of the 
d a transformation are, respectively, 440 cal./ 
mole and 0.45 cal./deg. mole. Corresponding 
values for the a —► a transformation are 3,390 
cal./mole and 1.98 cal./deg. mole. It is not possible 
from the present work alone to derive heat and en
tropy values for the y — a' transformation, but 
such values are obtainable indirectly. This trans
formation was shown by the present work to occur 
near 1120°K., in agreement with the findings of 
Tromel and Moller.2 Low temperature heat capac
ity data of King8 fix the transformation entropy as
I. 67 cal./deg. mole at 298.15°K. This value, in 
conjunction with entropy increments from Table
II, yields 3.07 cal./deg. mole as the transformation 
entropy at 1120°K. The corresponding heat of 
transformation is 3,440 cal./mole. The entropies of 
these transformations appear to be qualitatively in 
line with the magnitudes of the structural changes.

(8) E. G. King, unpublished measurements of this Laboratory.

THE FORMATION OF OXIDE FILMS AND COPPER POWDER ON THE 
(111) FACE OF A COPPER SINGLE CRYSTAL DURING THE CATALYTIC 

REACTION OF HYDROGEN AND OXYGEN
By R obert  E. C unningham  and  F. W. Y oung, Jr.

Conlribulion of the Cobb Chemical Laboratory of the University of Virginia, Charlottesville, Va.
Received January 6, 1957

The catalytic reaction of hydrogen and oxygen was studied on the (111) face of a single crystal of copper in the tempera
ture range of 325 to 425° with oxygen concentrations of 0 to 17 mole %. The surface was examined with elliptically polar
ized light during the reaction to detect the presence of any oxide films on the surface. Below an oxygen concentration of 
about 5% no oxide was found, but above o%  films of oxide up to 75 A. thick were detected. The rates of the catalytic 
reaction on the (111) face also were measured. When no oxide was present on the surface, the rate was independent of 
oxygen concentration, but when oxide was present the rate increased with oxygen concentration. Also, when oxide was 
present, dendritic growths of copper powder formed at polishing imperfections on the surface over a period of several hours. 
This powder formation resulted in a considerable increase in reaction rate because of the increased surface area. Under 
conditions of reaction in which no oxide was present the powder slowly disappeared and apparently rejoined the single 
crystal lattice. As the powder disappeared the reaction rate decreased to its value before powder formation. The powder 
could not be removed by heating in hydrogen alone, even at 500°.

Introduction
Previous experiments in this Laboratory on the 

catalytic reaction of hydrogen and oxygen on a cop
per single crystal have shown the striking rear
rangement of the surface to form facets.1“ 5 When

(1) A. T. Gwathrncy and A. F. Benton, J. Chem. Phys., 8 , 569 
(1940).

the oxygen concentration was greater than about 
5%, dendritic growths of copper powder up to sev-

(2) H. Leidheiser, Jr., and A. T. Gwathmey, J. Am. Chem. Soc., 
70, 1200 (1948).

(3) J. B. Wagner, Jr., and A. T. Gwathmey, ibid., 76, 390 (1954). 
(I) R. E. Cunningham and A. T. Gwathmey, ibid., 76, 391 (1954). 
(5) A. T. Gwathmey and R. E. Cunningham, J. chim. phys., 51,

497 (1954).
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Fig. 1.— Reaction at 325°.

oral microns high also were formed on the surface. 
The crystallographic orientations of the facets and 
the rate of pewder formation depended on the tem
perature, gas composition and crystal face. Thus 
when the experimental conditions were changed, the 
area and the surface structure of the catalyst were 
changed. The (111) face of copper was especially 
interesting since it did not rearrange or form powder 
over a wide range of conditions.

An important question concerning this reaction 
is whether ccppcr oxide is present on the surface 
during reaction and, if so, what influence does it 
have on rearrangement, formation of powder and 
catalytic activity. Since the (111) face remains 
smooth, it is possible to examine this face with 
elliptically polarized light while the reaction is in 
progress in order to detect very thin oxide films.

This study is essentially concerned with the in
vestigation of the oxide films and their relation to 
the catalytic properties of the surface.

Experimental Method
The apparatus previously used for studies of the oxidation 

of a single crystal6 was modified so that mixtures of hydrogen

and oxygen could be passed through the reaction chamber. 
The copper crystal was prepared as described and annealed in 
hydrogen at 500° for one hour. The system was cooled to the 
reaction temperature, and the proper amount of oxygen was 
admitted to the gas stream to give the desired composition. 
The surface was examined with elliptically polarized light 
while the reaction proceeded until no further change in film 
thickness was observed. This technique of measuring 
cuprous oxide film has a precision of 2 A. or less, so that loss 
than a monolayer of oxide could be detected. The gas com
position was then changed. After each set of measurements 
at a given temperature the crystal was exposed to pure hy
drogen, and in every case the surface returned to its original 
condition, as indicated by elliptically polarized light. Be
tween measurements at different temperatures the crystal 
was re-annealed in hydrogen at 500°.

The reaction rates on the plane face were determined using 
the apparatus and procedure previously described.5 In the 
present case all rate measurements were made by determin
ing the dew point of the gas leaving the reactor. Flow rates 
of 20-80 ml./min. were used, depending upon the tempera
ture. Observation of the copper powder was made with an 
optical microscope.

At each temperature, at least two sets of observations were 
made of botli film thickness and reaction rate.

Results
The thicknesses of the oxide films were measured 

at five temperatures from 325 to 425°. In every 
case with low oxygen concentration no oxide could 
be detected, but with oxygen concentrations greater 
than about 5 to 7%, films up to 75 A. in thickness 
were found. These thicknesses were calculated 
from the measurements with polarized light by 
assuming that the film consisted of Cu20, and that 
it had essentially the same optical properties as 
Cu20  formed by oxidizing copper in oxygen. The 
values for film thickness are given by the crosses in 
Figs. 1 to 5 according to the scale on the right. Ex
cept for Fig. 1 the reaction rates are also given in 
the same figures according to the scale on the left. 
It seems reasonable to assume that the oxide was 
Cu20  in view of the relatively high temperatures 
and the large excess of hydrogen present in these 
experiments, but the films might not have exactly 
the same structure and composition as those formed 
by the oxidation of copper. Also, it was not possible 
to determine whether the films formed during the 
catalytic reaction were continuous or covered only 
part of the surface. Nevertheless, for the purposes 
of this study, which is concerned with the relation
ship of the oxide film to the catalytic properties of 
the surface, the thicknesses given should be suffi
ciently accurate.

At 400°, as shown in Fig. 4, and to a lesser extent 
at 375° and 425°, a maximum in the film thickness 
was obtained as the oxygen concentration was in
creased. This effect was reproducible.

In the measurement of film thickness the gas 
composition at the surface was not the same as that 
at the inlet, but this difference in composition was 
small except at 425°. The film thicknesses which 
are reported here did not change with time and 
could be approached from either higher or lower 
oxygen concentration, except at 425°. At this 
highest temperature the reaction rate was very fast 
and strongly dependent upon whether an oxide film 
was present. Thus the gas composition at the sur
face also depended on whether an oxide film was 
present. The oxygen concentration at the surface

(0) l1’ . W. Young, Jr., J. V. Catheart and A. T. Gwathmey, Acta 
Met., 4, 145 (1950).
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at which oxide began to fo m  at 425° was actually 
much lower than that shown, the concentration 
given being that of the inlet gas.

The study of reaction rates was complicated by 
the formation of copper powder on the surface. It 
was found that powder formed on the surface when 
the oxygen concentration was high enough to cause 
the formation of an oxide film. When the reaction 
was carried out under such conditions, the reaction 
rate increased continuously for a period of two or 
three hours because of powder formation and the 
consequent increase in surface area. The rate more 
than doubled during this period. The powder was 
observed to be associated with a few scratches and 
pits in the surface resulting from imperfect me
chanical and electrolytic polishing. It was also 
found that, if the oxygen concentration was re
duced to 4%  so that no oxide film was present, the 
rate slowly decreased, requiring about three days 
to approach its initial value. At this time it was 
found that the copper powder had disappeared and 
the surface was smooth except for the scratches and 
pits mentioned above. No comparable amount 
of metal was found on the surfaces of the 
vessel, indicating that the copper atoms in the 
powder had rejoined the original lattice. The cop
per powder could not be made to disappear in the 
same period of time by heading in hydrogen alone, 
even at 500°.

If the reaction was allowed to proceed with ox
ide on the surface for only the short time required to 
make the measurements, rates were obtained be
fore appreciable amounts of powder formed. Meas
urements could also be made over the entire oxy
gen concentration with powder on the surface. The 
results of both sets of rate measurements, with and 
without powder, at 400° are given by the circles in 
Fig. 4, the left hand ordinates giving the rate 
scale. The lower curve gives the rates with no 
powder on the surface and the upper curve gives 
the rates when there was powder on the surface. 
The vertical arrow upward at 8% oxygen indicates 
the rate during the formation of powder. The verti
cal arrow downward at 4% oxygen indicates the 
rate during the disappearance of powder. At the 
other temperatures powder would also form, but 
the rates were determined only for the powder free 
surfaces. The rates for the powder free surfaces 
are given by the circles in Figs. 2, 3 and 5. The rate 
at 325° was too slow to be measured conveniently. 
In these measurements the gas composition at the 
surface differed from that at the inlet, as in the 
measurement of film thickness. Since different re
actors and flow rates were used for the film thick
ness and the rate measurements, the difference was 
not necessarily the same in both cases. This differ
ence in composition, however, ivas small except at 
the highest temperature, and comparison of the 
rate with film thickness is significant at all but this 
temperature.

At 350 to 400°, as shown in Figs. 2 to 4, the rate 
was independent of oxygen concentration in the 
range where no oxide was present but increased 
with oxygen concentration when oxide was present. 
There was no abrupt change in the rate between 
these two oxygen concentration ranges.
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The results at 425° were different. As shown in 
Fig. 5, the rate in the absence of oxide corresponded 
to nearly complete conversion of the oxygen to wa
ter, but the rate was much less when oxide was pres
ent.

The most important features of these results are 
that an oxide film may or may not be present on the 
surface during the reaction depending on the tem
perature and the gas composition, that powder is 
formed when an oxide film is present and disap
pears when no oxide is present, and that the reac
tion kinetics change according to whether or not 
there is oxide on the surface. These factors will be 
discussed belcw.

Discussion
In the reaction of hydrogen and oxygen on copper 

previous investigators found that oxide was formed 
at low temperatures.7 Experiments in this Lab
oratory have indicated that thick oxide films also 
formed very quickly at elevated temperatures if 
the oxygen concentration was high enough. In the 
range of temperature and gas composition used in 
the present study, however, no oxide could be seen 
on the surface with the unaided eye. Nevertheless, 
it was felt that it was important to determine 
whether a thin oxide film was present under these 
conditions. This study has shown that the cata
lytic reaction can occur with or without an oxide 
layer being present, and that the oxide affects the 
reaction and the formation of copper powder.

The reaction of hydrogen on copper can be dis
cussed by considering one at a time three distinct 
ranges of conditions with respect to temperature 
and gas composition. First, the reaction can be 
carried out in the absence of oxide on the surface. 
The lower temperature limit of this range is indi
cated by previous investigators7 to be about 200° 
and the upper limit is indicated by this study to be 
near 425°. The maximum oxygen concentration in 
this range for the (111) face is about 7% at 375°, 
and correspondingly less above or below this tem
perature. In at least a portion of this range the 
reaction rate is independent of the oxygen concen
tration .

With higher oxygen concentrations, there exists a 
second range of conditions in which the reaction 
occurred on a surface having a very thin layer of 
oxide. In this range the reaction rate increased 
with increasing oxygen concentration. It is some
what surprising that at 350 to 400°, as shown in 
Figs. 2 to 4, the rates in this range formed continu
ous curves wita those in the range where no oxide 
could be detected.

The formation of a thin oxide layer which does 
not continue to grow under a given set of conditions 
is difficult to understand in terms of equilibrium 
thermodynamics, but it is possible as a steady state 
of a non-equilibrium system. If the oxide layer for
mation is considered as a competitive process be
tween oxidation and reduction, it is necessary that 
either the rate of oxidation decrease or the rate of 
reduction increase with increasing oxide thickness in 
order to obtain a state of constant oxide thickness. 
Otherwise the cxide thickness would continually in-

(7) R. N. Pease and H. S. Taylor, J. Am. Chem. Sor.. 44, lfi37 
(1922).

crease or the oxide would disappear completely, de
pending on whether the oxidation rate or the reduc
tion rate was faster. One possible way for this to 
occur is with a surface only partly covered with ox
ide. If the uncovered copper surface then generated 
chemical species which enhanced oxidation or de
stroyed those involved in oxide reduction, a balance 
could be reached in which the surface was partly 
covered with oxide and the average oxide thickness 
would remain constant. The possible interaction 
of adjacent areas of the surface through the gas 
phase is indicated by the work of Mitchell and 
Marshall8 who showed that the reaction of hydro
gen with small amounts of oxygen on a platinum 
surface led to active hydrogen with a range of sev
eral cm.

With sufficient oxygen present a third range, that 
in which the oxide thickness continually increased, 
is indicated. The present study does not include 
this region.

In the growth of copper powder the important 
factors are the source of energy, the method of ini
tiating growth and the means of transporting ma
terial . Previous studies in this Laboratory have in
dicated that the formation of powder depended on 
oxygen concentration. The present results show 
that this dependence involves the presence of oxide 
films. From the heat of formation of bulk cuprous 
oxide, it is estimated that the energy released by 
the formation of an oxide film, a few Angstrom units 
in thickness, would exceed the difference between 
the surface energy of copper and the sum of the sur
face energy of cuprous oxide and the interfacial en
ergy of copper-cuprous oxide. Thus in the pres
ence of an oxide film, the total energy would be re
duced by an increase in surface area, as by the for
mation of powder. The powder is presumed to be 
covered with oxide.

The formation of copper powder has been found 
to be associated with steps in the rearranging sur
face3 and with other places where the crystal sur
face is growing. It has been suggested5 that ad
sorbed gas and other material such as oxide on the 
surface might interfere with the regular growth of 
the crystal lattice as the surface rearranges, thus 
initiating powder formation. The (111) face itself 
does not rearrange, and it is significant that powder 
formation was associated with scratches and pits 
where the surface structure does change. In the 
case of spherical crystals where very smooth sur
faces can be obtained, powder growth is not ob
served in the areas near the (111) poles.

The ease with which metal can move on the sur
face and the means of transport of material to the 
growing powder is indicated by the rearrangement 
of the surface which occurs during this reaction. 
In the absence of an oxide film, the surface energy 
of the metal provides a driving force for the disap
pearance of the powder. This disappearance of pow
der, however, is much slower than its formation. 
The energy involved is somewhat less than that 
provided for powder growth by a moderately thick 
oxide film (20-30 A.), but it also appears that the 
ease of movement of metal atoms is reduced in the

(8) A. E. Mitchell and A. L. Marshall, J. Chem. Soc., 123, 2448 
(1923).
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absence of the oxide. Since the powder was not 
changed appreciably by heating in hydrogen at 500° 
for three days, the movement of metal on the sur
face is certainly facilitated under the conditions of 
the catalytic reaction. The fact that a surface can 
either increase in area orbe “ catalytically sintered” 
with only a minor change in the operating condi
tions indicates that the formation of surface films 
can be very important in both the preparation and 
operation of some types of catalysts.

The rearrangement pattern on a spherical copper 
crystal also appears to be affected by an oxide film. 
At low oxygen concentrations, facets are developed 
parallel to the (110), (210), (311) and (111) faces. 
At higher oxygen concentrations, where oxide films 
are found on the (111) faces, the reflections indicate 
that (111) facets predominate. Since reaction 
rates vary markedly with crystal face, the condi
tions under which catalysis is carried out or the 
conditions of preparation can greatly affect the 
properties of a catalyst. The formation of surface 
films which stabilize facets parallel to certain crystal

faces may be an important factor in determining 
catalytic properties.

This study has shown that oxide may or may not 
be present on the surface during the reaction of hy
drogen and oxygen on copper, and that the pres
ence of oxide affects the catalytic activity of the sur
face, the rearrangement of the surface, and the 
formation of copper powder. The problem of de
termining the nature of the surface layer on a cata
lyst during reaction is difficult since this layer is 
generally so thin that conventional methods cannot 
be used. The key to many problems in catalysis 
may be a better understanding of these thin films. 
It is felt that the technique of polarized light can be 
useful in the study of a wide variety of reactions.
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THE HEAT CAPACITY OF SOLID DEUTERIUM BETWEEN 0.3 AND 13°K.'2
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The heat capacity of solid normal deuterium and solid mixtures containing 3, 14.5 and 18.5% para deuterium were meas
ured from 1.3 to 13°K. in a Nernst-type calorimeter. Measurements of the heat capacity of normal deuterium were ex
tended down to 0.3°K. using a calorimeter partially filled with ferric alum to cool the deuterium sample by adiabatic de
magnetization. The heat capacity of solid deuterium for all ortho-para compositions except 3%  para exhibits an anomaly 
beginning at approximately 10°K. In normal deuterium, the anomaly reached a maximum a*, approximately 1.3°K. The 
anomalous entropy for normal deuterium was found to be 0.60 ±  0.04 e.u. and the associated heat content 1.44 ±  0.08 
cal. mole of ?i-D 2. The anomalous entropy is assumed to correspond to removal of the rotational degeneracy of the “ frozen- 
in”  state J  =  1. It is shown that the anomaly in solid deuterium is not of the Schottky type, and it is suggested that the 
effect may be cooperative. The lack of the experimental data of a X-type transition characteristic of cooperative phenom
ena may be due to the dilution effect of the ortho molecules in the solid system. Assuming that the ./ =  1 state is split 
into two substates m =  0 and m =  ±  1 by the crystalline field, the average energy difference between the two states has 
been estimated from the AH  for the anomaly to be 6.5 cal. mole-1.

Introduction
Like hydrogen, deuterium exists in two modifica

tions, ortho and para, separately associated with 
the even and odd rotational levels. Since the tran
sition probability between these states is very low, 
solidification of hydrogen or deuterium in the ab
sence of a catalyst results in a mixture of molecules 
in both the J =  0 and the /  =  1 states and there
fore not in strict thermodynamic equilibrium. A 
Third Law check on both of these substances reveals 
that all of the entropy introduced by the 2J +  1 
degeneracy of the J = 1 state persists in the solids 
at the triple point.4 For hydrogen the removal of 
this disorder has been observed as an anomaly in

(1) Presented in part at the NBS Semicentennial Symposium on 
Low-Temperature Physics, Washington, D. C., March, 1951, and 
at the International Conference on Low Temperature Physics, Oxford, 
August 1951.

(2) This work was supported in part by the ONR under contract 
with The Ohio State University Research Foundation.

(3) Abridged from a dissertation submitted by O.D.G to the Gradu
ate School, The Ohio State University, in partial fulfillment of the 
requirements for the degree of Ph.D.

(4) (a) W. F. Giauque, J. Am. Chem. S o c 52, 4816 (1930); (b)
K. Clusius and E. Z. Bartholome, Z. physik. Chem., B30, 258 (1935); 
277 (1954).

the heat capacity at liquid helium temperatures.5 
These measurements furthermore indicate that the 
ordering probably originates from the splitting of 
the degenerate J =  1 state by the crystalline field, 
and this has been confirmed by recent experiments 
using nuclear paramagnetic resonance absorption on 
solid hydrogen.6

Due to the different spin of the deuteron the 
molecular wave functions for deuterium possess 
different symmetry properties than for hydrogen, 
so that in the former the ortho form is associated 
with the even rotational levels, and the ortho-para 
ratio for the infinite temperature mixture becomes 
2: l .7 The heavier mass of deuterium increases 
the moment of inertia and the rotational magnetic 
moment, reduces the rotational spacing of the 
free molecules, but at the same time diminishes the

(5) (a) K. Mendelsohnn, M. Ruhemann and F. Simon, ibid., B15, 
121 (1931); (b) R. W. Hill and B. W. A. Ricketson, Phil. Mag., 45, 
277 (1954).

(6) (a) J. Hatton and B. V. Rol.in, Proc. Roy. Soc. (London), A 199, 
22 (1949); (b) F. Reif and E. M. Purcell, Phys. Rev., 91, 631 (1953).

(7) This mixture, which may be obtained at room temperature, is 
commonly called “ normal,”  and this term is so used throughout this 
paper.
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lattice zero point energy which should become a 
consideration at very low temperatures. Heat 
capacity data for deuterium at present exist only 
down to 10°K., and the relative importance of 
these differences to the ordering process has not 
been established. This investigation represents an 
attempt to measure the heat capacity of solid deu
terium to temperatures sufficiently low to observe 
the complete anomaly and the corresponding en
tropy and heat content losses.

Apparatus
1. Calorimeters, a. Temperature Range above 1°K.—

The investigation was divided into two phases corresponding 
to the temperature regions above and below 1°K. For the 
region above 1°K. an ordinary Nernst-t.ype apparatus was 
employed. The calorimeter proper was a 35-ec. cylindrical 
copper container, 2.5 in. in length and 1 in. outer diameter 
with wall thickness 0.04 in., and was suspended by nylon 
threads inside of a cylindrical monel jacket. Six radial 
fins of 0.01 in. copper sheet were enclosed inside the calor
imeter to improve thermal contact. Independent lengths 
of bare constantan and bare Pb-phosphor bronze wire were 
wound bifilarly around the calorimeter as heater and re
sistance thermometers. The wires were insulated electri
cally from the calorimeter walls by a bakelite coating and 
from each other by nylon thread. Several applications of 
General Electric 7031 adhesive were used to cement the 
wires to the walls. The eight current and potential leads 
(manganin) to the heater and thermometer were passed 
through a copper block in thermal contact at all times with 
the refrigerating bath, and through an additional small lead 
block situated very close to the calorimeter. Other features 
in this apparatus were similar to the one used below 1°K. 
and described in greater detail below.

The phosphor bronze wire8 was a 
composite of 0.003 in. and 0.005 in. 
wire. Its resistance varied from 25 
ohms at 4°K . to 1 ohm at 1.3°K. 
with its dR/dT varying likewise from 
2.5 ohms/degree to 9.0 ohms/degroo. 
With pi'oper electrical arrangements 
it was possible to detect temperature 
changes of 0.0001° with this ther
mometer. The resistance of the con
stantan wire (No. 34 Driver-Harris 
“ Advance” ) varied from 110 ohms at 
16°K. to 108 ohms at 4°K ., with a 
dR/dT average of approximately 0.1 
ohm/degree within this region. A 
precision of 0.0005° was possible with 
this thermometer in the above temper
ature region.

b. Temperature Range below 
1°K.— Temperatures below one de
gree were obtained by adiabatic de
magnetization of ferric alum placed 
in thermal contact with a vessel con
taining the solid deuterium. The 
design adopted after several prelimi
nary experiments is shown in Fig. 1.

Seventy-four grams of ferric alum 
(A) was compressed into a German 
silver can (D ), 0.01.7 in. in wall thick
ness and about 4 in. long, and around 
copper-nickel cell (B) of 2.3-cc. vol
ume and 0.006 in. in wall thickness 
into which deuterium was condensed. 
The powdered salt was compressed 
in the annular cylindrical space by 
means of a brass plunger operated by 

an ordinary hand press, the outside wall of the German 
silver container being protected during packing by a 
thick, close-fitting brass mold. The small concentric cell was 
similarly protected by a close-fitting steel rod. Measure
ment of the weight and volume of the packed salt indicated 
that 95% of the crystalline density was obtained on eompres-

(8) Kindly prepared for us by Dr. R. I. .Taffe of the Battello Me- 
in ori al Institute.

sion. The lower exposed surface of the salt was varnished 
with many coatings of GE 7031 adhesive, and in order to re
tain the water of hydration of the salt, the vacuum chamber 
of the calorimeter was never evacuated above liquid nitrogen 
temperature.

A heater No. 32 manganin wire, double nylon insulated, 
wound bifilarly around the German silver container. The 
wire was evenly and closely wound to maintain the heating 
as uniform as possible and then varnished with many coats ol 
GE 7031 varnish. The capillary (C) was of German silver,
0.020 in. i.d. and 0.010 in. wall thickness, and was coiled 
twice to increase its length. It was passed through a copper 
heater station (M ) together with the electrical leads (L). 
There was also a small carbon resistor (not shown) in the 
heater station to indicate its temperature, and a manganin 
heater (H ) was wound around the station and the capillary 
to permit evaporation of solid D 2 plugs. The can was sus
pended by nylon fishline threads (K ). The vacuum jacket 
(F) was of brass and the pumping tube (G) of Monel.

A cylindrical cavity Vi in. diameter and 1 in. long, with 
its axis parallel to the axis of the calorimeter was drilled in 
the packed salt. A small carbon resistor with electrical leads 
previously attached was inserted in this cavity and cemented 
to the salt by means of GE 7031 adhesive. The resistor, an 
ordinary commercial 30 ohm-un-insulated carbon resistor, 
was previously coated with bakelite. The resistor was very 
stable and gave a linear log R ns. log T plot between 1.2 and 
4°K ., to within experimental error. Some of the resistance 
values of this thermometer were 163.2 at 4.2°K ., 286.2 
ohms at 1.2°K. and 571.9 ohms at 0.3°K ., with correspond
ing values of dR/dT of 18.4, 113 and 902 ohms/degree.

2. Electrical Circuits—Timing.— The circuits used 
throughout the research were of standard design used in 
calorimetry,9 except that the heater current and voltage were 
measured directly by a Type B Rubicon potentiometer with 
maximum range of 1.6 volts. A stopwatch checked against 
a jeweler’s electric timer was used in all cases to measure 
time.

3. Cryostat and Magnet.— The calorimeters described 
above were suspended in a 2-liter Pyrex glass dewar about 
38 in. long and 3 in. i.d. The upper end of the dewar was 
terminated in a copper-glass seal which was soldered to a 
stationary brass lid hearing connection valves to the gas 
holder and the Kinney vacuum pump.

A solenoid magnet, placed with its axis coincident with the 
axis of the calorimeter was used to obtain the necessary 
fields for magnetic cooling. This magnet was cooled by 
means of liquid nitrogen and was a modified version of the 
magnets described by Fritz and Johnston,10 Formex-coated 
copper wire (B. and S. No. 21) having been used in its con
struction, rather than cotton insulated wire. This magnet 
gave a field of 200 gauss/amp. at its center. The current 
source of the magnet consisted of twenty-four 8 volt sub
marine batteries of 500 ampere hours capacity. The maxi
mum current used was about 29 amp. and was measured with 
a precision ammeter equipped with a precision shunt.

Procedure
The experimental methods used in the measurement of 

heat capacity, adiabatic demagnetization and other cryo
genic techniques followed those commonly used and de
scribed extensively in the literature; only those features 
specific or unique in this investigation are noted below.

1. Calibration of Resistance Thermometers.—The con
stantan and phosphor bronze thermometers were calibrated 
by direct comparison with the vapor pressures of liquid he
lium and solid and liquid hydrogen, read on mercury and 
dioetyl phthalate manometers with a Gaertner cathetometer. 
The vapor pressures of solid and liquid hydrogen were con
verted to temperatures by the equations of Scott and Brick- 
wedde.11 The tables prepared by the Mond Laboratory 
were used for the same prupose for liquid helium.12

In the range 4-12°K . the calorimeter was employed as a 
gas thermometer in order to calibrate the constantan wire. 
The technique was the same as used by Leiden13 and else

(9) G. E. Gibson and W. F. Giauque, J. Am. Chem. Soc., 45, 93 
(1923).

(10) .T. W. Fritz and IT. L. Johnston, Rev. Sri. Inst., 21, 410 (1946).
(11) H. W. Woolley, R. B. Seot.t and F. G. Briekwedde, J. Research 

Natl. Bur. Standards, 41, 379 (1948).
(12) IT. Van Dijk and D. Se.hoonberK, Nature, 164, 151 {1949).
(13) C. W, Clark Thesis, Leiden. 1935.

Fig. 1.— Calorim
eter for tempera
tures below 1°K.



June, 1957 Heat Capacity of Solid D euterium 775

where.14 The pressure of a constant (but undetermined) 
amount of helium gas was observed simultaneously with the 
resistance of the constantan wire as the temperature was 
varied from 2 to 20°K. From 2 to 4°K . and from 12 to 
20.4°K. the vapor pressures of the liquid helium and hydro
gen were noted at the same time. (In the range 4-12°K. 
the temperatures were maintained constant by proper ad
justment of the current in the constantan wire). The pres
sure-temperature plot for the gas thermometer gave a con
necting and very nearly straight line for both these regions. 
Thus the gas pressures in the region 4-12°K . could be con
verted easily to temperatures, and these were then used to 
(ix the constantan thermometer points. Since the sensi
tivity of the constantan thermometer is very low below 4°K ., 
one is not justified in merely joining independent calibration 
curves in the helium and hydrogen regions. In addition 
there is a possibility of a discontinuity in the resistance of 
constantan wire at 7 °K .U However, the resistance of 
Driver-Harris “ Advance”  wire used in this research was 
continuous throughout the temperature range studied, in 
agreement with the observation of other workers on similar 
wire.14

To convert from resistance values to temperatures, large- 
scale graphs of R versus T were mace for both thermometers. 
From these graphs values of R were read to within 0.001 
ohm at intervals of 0.02° for the phosphor bronze thermom
eter and 0.1° intervals for the constantan thermometer. 
These values were tabulated, and the first and second dif
ferences were then smoothed so that the resulting tabulated 
values remained within 0.001° of the plotted curves. Thus 
a chart was obtained for each thermometer from which the 
temperature corresponding to a given resistance could be 
readily computed. At the same time errors in calibrating 
or reading from a graph were minimized by this procedure.

It was not possible with the present metal apparatus to 
calibrate the carbon resistance thermometer directly against 
the magnetic susceptibility of the ferric alum as is commonly 
done. Excessive heating was developed by eddy currents 
produced in the metal by the a.c. field of the inductance 
(" I ” in Fig. 1) originally included in the apparatus for this 
purpose. To establish a temperature scale below 1°, the 
resistance values were converted to temperatures by extrapo
lating the linear log R vs. log T calibration curve of the ther
mometer determined above 1°K. Since the thermal and 
magnetic properties of ferric alum are well known,15 the 
final temperature that is attained with given initial mag
netic fields and temperatures can be computed accurately. 
A difference of only 0.03° was observed at 0.1 °K . between 
the temperature calculated in this manner with that com
puted from the thermometer resistance after adiabatic de
magnetization of the ferric alum with no deuterium present. 
The extrapolated temperatures were therefore adjusted by a 
correction of the following form, AT — a +  bTr , where T r. 
is the temperature read from the extrapolated plot a and b 
are constants determined by the limits, AT =  0.03 at T r 
=  0.1° and AT =  0.00 at T r =  1.2°. This procedure af
fects the values of the heat capacity only negligibly, since 
the temperature differences were always taken as Vio or less 
the mean temperature. This correction will be uncertain 
at most to an estimated 0.003°, which in turn represents 
only a 1% error at 0.3°, the lowest temperature attained 
with D 2, and this is lower than the errors introduced by other 
factors (see below).

2. Condensation of Gas and Preparation of Various 
Ortho-Para Mixtures of Deuterium.— The gas samples were 
measured volumetrically before condensing by means of a 
thermostatted 5-liter buret. This equipment, which per
mits an accuracy of 0.05%, is described elsewhere.16 For 
the normal deuterium runs the gas was passed from the sup
ply cylinder through liquid air trap to buret and thence to 
the calorimeter. Ortho-deuterium was obtained by pre
viously converting D 2 in the liquid state at 20.4°K. for 24 
hours in an activated charcoal trap. The deuterium was

(14) J. E. Ahlberg, E. R, Blanchard and W. O. Lundberg, J. Chem. 
Phys., 5, 639 (1937).

(15) (a) N. Kurti and F. Simon, Proc. Roy. Soc. {London), A149, 
101 (1935); (b) N. Kurti and F. Simon, ibid., A152, 21 (1935); (c) 
N. Kurti and F. Simon, Phil. Mag., 26, 849 (1938); (d) A. H. Cooke, 
Proc. Phys. Soc., A62, 269 (1949).

(16) (a) W. F. Giauque and H. L. Johnston, J. Am. Chem. Soc.,
61, 2300 (1929); (b) H. L. Johnston, E. B. Rifkin and E. C. Kerr,
ibid., 72, 3933 (1950).

transferred to the calorimeter from the trap at 23°K. to re
duce the filling time, and this procedure raised the amount 
of para form from 2%. value of the 20.4°K. equilibrium mix
ture to a calculated 3 % .17

3. Measurement of the Heat Capacities above 1°K.—
Heat capacities were determined by the usual observation 
of temperature drifts before a id after a heating interval. 
The drifts were followed every half minute for about 10-20 
minutes (until linear), and the temperature rise was limited 
to about ‘ /io of the mean temperature by proper adjustment 
of the energy input. Heating intervals were kept at 60 to 
120 sec. in the helium range and always less than 6 min. in 
the range above 4°K . Both heating current and voltagp 
were varied at random to observe the effect of superheating 
on the final data.

Measurements of the heat capacity were begun after 
pumping out the exchange gas for 1 hour at which time suf
ficient thermal insulation was achieved. A slow upward 
temperature drift developed as the thermal insulation im
proved in the experiments on samples containing para- 
deuterium. This drift was greater than the normal heat 
leak and was approximately proportional to the para-D2 
content. This probably came from the slow ortho-para 
conversion which persists in the solid state.18 It was not 
possible, because of this effect, to evacuate the exchange gas 
for long periods of time to obtain better thermal insulation, 
if heat capacity runs were to be made at temperatures lower 
than 1.5°K.

4. Measurement of Heat Capacity below 1°K.— Cooling 
below 1°K. was achieved by adiabatic demagnetization. 
The procedure employed in measuring heat capacity was 
the same as described above. The measurements of the 
heat capacity of deuterium were taken after two independent 
magnetic cooling cycles.

Purity of Gas
The deuterium employed in the first phase of the investi

gation was obtained from a high pressure storage cylinder 
filled with gas originally prepared from electrolysis of heavy 

■water. Its main impurity was 1.6% HD determined by 
mass spectrometric analysis. For the work below 1°K. 
the deuterium came from a cylinder of higher purity con
taining only 0.6%  HD (mass spectrometer analysis). The 
gas was used for the normal deuterium work as obtained 
directly from the cylinder, room temperature equilibrium 
being assumed for the ortho-para ratio.

Experimental Results
1. Normal Deuterium and Ortho-Para Mix

tures.—The experimental results are given in 
Tables I-V I and are plotted in Figs, 2^4, The 
values marked “ Total (7P”  represent the heat 
capacity uncorrected for number of moles or heat 
capacity of the empty calorimeter and HD. The 
columns listed “ Cp”  represent the corrected results 
per mole which actually represent values taken 
under saturated vapor pressure. The two values 
above 12°K. were corrected for the small vaporiza
tion of gas occurring during measurements.

2. Ortho-deuterium below 1°K.— In order to find 
out whether any of the entropy due to the nuclear 
spin degeneracy is removed at temperatures 
obtained in this research, a simple experiment was 
performed with 97% ortho-deuterium. The ap
paratus employed for this purpose consisted of a 
small cylindrical glass cell about 3.5 in. in diameter 
and 4 in. long, containing 0.056 mole of ferric 
alum in the form of loosely packed crystals. This 
permitted a large deuterium to salt ratio, and any 
removal of the nuclear spin entropy could be de
tected very easily by the difference in temperatures 
attained between two demagnetizations carried 
under same initial conditions, first with the salt

(17) Unpublished data in this Laboratory on the homogeneous con
version in liquid Do were used in these calculations.

(18) E. Cromer and M. Polanyi, Z. physik. Chem., B21, 459 (1933).
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T a b l e  I
H e a t  C a p a c it y  op N o r m a l  D e u t e r iu m  a b o v e  1 °K .

Temp.,
°K.

AT,
°K.

Total
c Pt

cal. deg. 1
Cp,

cal. deg. 1 
mole-1

Run A: no. of moles D2, 1..2041; no. of moles HD, 0.0196
1.354 0.0485 0.3282 0.2721
1.429 .0989 .3083 .2558
1.520 .1084 .2932 .2432
1.674 .1684 .2859 .2370
1.879 .1586 .2908 .2410
1.960 . 1527 .2851 .2362
2.585 .2763 .2668 .2207
3.050 .3545 .2647 .2188
3.542“ .6951 .2722 .2132
4.041 .5062 .2625 .2158

Run C: no. of moles D 2, 1 .0641; no. of moles HD, 0.0173
9.115 0.8760 0.5000 0.457

10.002 .8644 .6625 .5906
10.858 .8232 .8315 .740
11.622 .6300 1.030 .917
12.311 .7386 1.198 1.055
13.145 .9293 1.446 1.270
14.158 .9950 1.687 1.471

Run D : no. of moles D2, 1 .0494; no. of moles HD, 0.0171
1.333 0.0974 0.2778 0.2647
1.441 .1030 .2628 .2504
1.551 .1055 .2564 .2443
1.664 .1105 .2445 .2330
1.781 .1087 .2491 .2373
2.476 .1928 .2575 .2441
2.708 .2497 .2435 .2308
2.935 .2430 .2420 .2287
3.211 .3119 .2457 .2346
3.520 .3388 .2454 .2220
3.933 .5311 .2368 .2277
4.695 1.0199 .2120 .1972
5.620 0.9870 .2194 .2023
6.578 1.0982 .2474 .2249
7.565 1.1002 .2987 .2641
8.540 0.9356 .4008 .3621
9.381 .8177 .5315 .4809

10.139 .7209 .6789 .6143
10.830 .6969 .7798 .7010
11.603 .8933 1.0094 .9120
12.499 .9027 1.1990 1.080

0 Data taken on August 4, 1950 
no. of moles HD, 0.0206.

: no. of moles D 2, 1.2448;

T a b l e  II
H e a t  C a p a c it y  o p  O rth o - d e u t e r iu m  a b o v e  1 °K .

Temp.,°K. AT,
°K.

Total, c v,
cal. deg. 1

Cp,
cal. deg. 1 

mole -1
Run B: no. of moles D2, 1 .0859; no. of moles HD, 0.0177

1.409 0.1140 0.008781 0.00783
1.540 .2770 .008267 .00776
1.802 .2335 .01063 .00920
2.075 .2847 .01159 .00995
2.412 .2779 .01192 .01004
2.749 .3445 .01347 .01123
3.226 .5984 .01780 .01462
3.878 .7748 .02615 .02142
4.080 .5468 .03447 .02874
4.490 .584 .03765 .03079
4.930 .607 .04650 .03799
5.364 .766 .05499 .05348

6.055 1.016 .1001 .09173
6.958 .951 .1504 .1273
7.818 .972 .2164 .1842
8.781 .908 .3778 .3265
9.876 1.448 .5541 .4803

10.859 0.866 .7759 .6724
11.702 .671 .9900 .8598
12.310 .577 1.156 1.004

T a b l e  III
H e a t  C a p a c it y  of 14.5° 0-P a r a - deutepjtjm  a b o v e  1 °K .

Total Cp,
Temp., AT, Cp, cal. deg. 1

°K. °K. cal. deg. 1 mole -1
Run E: no. of moles D2, 0. 7183; no. of moles HD, 0.0008

1.369 0.0740 0.08707 0.1205
1.470 .1136 .08562 .1184
1.603 .1510 .08182 .1132
1.751 .1549 .07869 .1084
1.888 . 1836 .08081 .1128
2.088 . 1848 .08042 .1110
2.457 .2161. .07735 . 1063
2.628 .222 .07594 .1041
2.898 .2579 .07076 .0966
3.072 .2928 .06987 .0937
3.299 .3119 .06843 .0928
3.524 .3841 .06576 .0916
3.860 .4518 .06727 .0901
4.602 .5990 .06312 .0826
5.254 .946 .07400 .0953
6.358 1.137 .09344 .1182
7.013 1.081 .1224 .1547
7.864 0.951 .1663 .2103
8.780 1.025 .2471 .3150
9.677 0.928 .3586 .4602

10.559 .891 .4677 .6003
11.399 .8611 .5549 . 7070
12.053 .7055 .7424 .9554
12.431 .7100 .8319 1.067

alone and then with deuterium present. Demag
netizations carried out at 3000 gauss and with and 
without V 2 mole of deuterium yielded the same 
final temperatures (measured with a calibrated in
ductance), within experimental error (±0.003°K.). 
These results indicate that no nuclear spin entropy 
is removed down to 0.3°K.

3. Probable Errors, a. Errors between 1.3 
and 13°K.—The heat capacity is computed from 
the data using the expression

Cp =  {l/n){\/J)[{E x i  X t)/T -  C0or]

where E =  voltage across heater during energy in
terval, I  =  current in amperes through heater dur
ing energy interval, t =  time interval in seconds, 
AT =  temperature difference in degrees, Ccor =  
heat capacity of the empty calorimeter and HD 
impurity, n =  number of moles of deuterium, and 
J =  factor for converting joules to calories, taken as 
1 calorie (defined) =  4.8133 international joules. 
The quantities E and I  were measured to a precision 
better than 0.1%; the time was measured to within 
0.1 sec., so that the maximum precision error for 
the smallest time intervals used, 60 sec., is about 
0.2%. The heat capacity of the empty calorime
ter comprises at most 5%, and the error introduced 
by it is at most 0.3%. The heat capacity of HD 
was computed from the Debye equation with a 9 of
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T a b l e  IV
H e a t  C a p a c it y  o f  18.5° o-P a r a - d e u t e r iu m  a b o v e  1°K.

Total Op,
Temp., AT, Cp, cal. deg.-1

°K. °K . cal. deg.-1 mole-1
Run F: no. of moles D 2, 0.9108; no. of moles HD, 0.0148

1.376 0.0968 0.1363 0.1492
1.501 .1414 .1347 .1473
1.648 .1490 .1278 .1397
1.796 .1465 .1311 .1432
1.940 .1452 .1310 .1430
2.083 .1475 .1290 .1408
2.373 .1795 .1309 .1427
2.608 .2129 .1258 .1367
2.815 .1357 .1196 .1290
3.020 .2295 .1169 .1206
3.268 .3124 .1153 .1245
3.504 .3709 .1104 .1231
3.967 .5045 .1130 .1208
4.150 .2413 .1188 .1208
5.563 .9306 .1161 .1204
6.463 .9632 . 1352 . 1380
7.306 .9229 .1799 .1830
8.208 .9907 .2680 .2741
9.287 1.0505 .4217 .4345

10.258 0.9874 .5491 .5641
11.254 1.0127 .7415 .7621
12.212 0.9765 .9549 .9813
13.209 1.0441 1.141 1.169

Table V
Heat Capacity of Ferric Alum below 1 °K.

Temp.,
°K.

AT,
°K.

Total
Cp,

cal. deg. 1
of moles of ferric alum, 0.15; initial magnetic field

3000 gauss
0.208 0.01260 0 0404

.233 .01452 .0351

.263 .01952 .0260

.399 .02760 .0187

.452 .02989 .0174

.514 .03940 .0162

.684 .05972 .0129

.784 .05588 .0136

.888 .06849 .0119

.048 .1408 .0115
1.259 .1736 .00928

; the maximum error introduced by this ap-
proximation is 0.1%. Thus Ccor can .be in error at 
the most 0.3%. Below 4° this correction was 
negligible for all measurements except those with 
97% ortho-deuterium. The uncertainty in the 
number of moles, n, is 0.5%. The temperature 
difference, AT, was obtained by graphical extrapo
lation of the temperature drifts before and after the 
heating interval. Thermal insulation was sufficient 
at all times to obtain an extrapolation precision of at 
least 0.2% of the temperature difference. With the 
exception of the temperature range between 4 and 
5° the resistance thermometers were sensitive 
enough to permit a precision in the temperatures 
difference of 0.1%, as was noted in the section on 
apparatus. The precision in the temperature dif
ference was therefore at worst 0.2% .19

(19) The small and constant heating produced by the ortho—para 
conversion will not affect the temperature difference, and hence the 
value of the heat capacity, because it is cancelled out by the extrapo-

T a b l e  VI
H e a t  C a p a c it y  o f  N o r m a l  D e u t e r iu m  b e l o w  1 °K. 

No. of moles of D2, 0.09798; no. of moles of HD, 0.0005
(a) First demagnetization from initial field of 3800 gauss

Temp.,
"K.

A 7’, 
°K.

Total
Up,

cal. deg. 1
Cp,

cal. deg. 
mole ~1

0.629 0.04995 0.0244 0.106
.732 .06566 .0278 .148
.847 .06306 .0290 .169
.993 .08196 .0281 .167

1.205 .05754 . 0333 .240
1.262 .00085 .0313 .222

(b) Second demagnetization from initial magnetic field of
5800 gauss

0.331 0.03723 0.0236 0.020
.405 .03521 .0254 .068
.479 .03565 .0278 .112
.557 .04895 .0270 .118
.062 .04839 .0274 .136
.810 .06135 .0270 . 146

1.238 .1109 . 0290 .198
1.349 . 1697 . 0329 .244

TEM PERATURE °K.
Fig. 2.— Heat capacity of solid ortho-para mixtures of 

deuterium between 1 and 13°K.
lation. Although it will raise the value of the mean temperature, 
this effect was found by observation to be negligible.
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Fig. 4.— Total hoat capacity for ferric alum and ferric alum 
with normal Dj.

If the errors discussed above are all accumulative 
and of the same sign, the expected maximum preci
sion error is 2%. The average deviation of the ex
perimental points from the smoothed curve shown 
in Fig. 2 is 3%. The cause of this extra scatter 
can originate from two sources: first, from an 
additional heat exchange with the bath, resulting 
from the desorption, during the heat capacity 
measurement, or residual helium gas which appar
ently never was pumped out completely; and sec

ond, from lack of thermal equilibrium in the sample 
due to poor heat conductivity. Since helium gas 
is absorbed to some extent by solidified gases20 it is 
not introduced into the I_)2 sample, and superheating 
was possible. Lack of thermal equilibrium, how
ever, could not be noticed from the temperature 
drifts nor by variation of heating voltage and was 
probably small. It is therefore believed that the 
main contributing factor to the scattering is the de
sorption of helium, absorbed on the outside walls of 
calorimeter, which occurs only during the heating 
interval when the local temperature at heater rises 
sharply. This was manifested strikingly in the 
region around the X-point of helium, 2.18°K. (the 
heat capacity of He increases 100 times at this 
temperature) where the heat loss due to desorption 
was so great that measurements were not possible. 
This effect may be considered as an undetermined 
uncertainty in either E or AT.

The absolute accuracy of the smoothed curve in 
Fig. 2 cannot be claimed to be better than 5%, 
mainly due to the error in the temperature scale 
below 12°K. The reliability of the curve however, 
may be attested by the fact that it joins smoothly 
the data for o-D2 obtained by Kerr, Ilifkin, John
ston and Clarke using a different and more accurate 
type of apparatus.21

b. Percentage Composition of Mixtures.—The
results for the heat capacity of the mixtures with 
intermediate compositions (originally intended to 
be 10 and 15%) were much higher than could be 
predicted from the results on the normal mixture. 
This discrepancy could only arise from an incom
plete conversion of the ortho-deuterium used in 
the mixtures or to an experimental blunder in 
preparing the first mixture. Since experimental 
difficulties prevented formal analyses of the gases, a 
computational procedure was employed to arid v'c at 
the composition figures quoted here. The heat 
capacity per mole of para-deuterium was computed 
from the data obtained for the normal mixture at 
1.3°K., where the heat capacity is due entirely to 
the para modification present. By means of this 
value the composition of the lowest mixture was 
calculated from its experimental heat capacity 
(assuming proportionality). The composition of 
the ortho-deuterium originally used in the prepara
tion of the mixtures was then found, and the com
position of the second mixture in turn computed 
from the amounts of the gases used. The heat 
capacity of the second mixture calculated on the 
basis of this composition agreed with actual experi
mental values to within 1% throughout the range
I. 3 4° K. Although the quoted percentages are 
probably accurate to this figure, no quantitative 
claims are made for the data, and the results are 
reported merely to show the effect of varying ortho- 
para compositions on the heat capacity.

c. Errors below 1°K.—The scatter of the data 
below 1°K. was necessarily much greater since, in 
addition to the contribution of the errors discussed 
above, the heat capacity of the ferric alum is very 
great. The relation between the two is seen in

(20) W. H. Keesom and J. Schwears, Leiden Comm. 204d (1941).
(21) E. C. Kerr, E. B. Rifkin, IT. L. Johnston ar.d J. YV. Clarke,

J. Am. Chem. Soc., 73, 282 (1951).
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Fig. 4. The average deviation of the data from 
the smooth curve is 7%.

An indeterminate error of as much as 10% can 
exist in the data below 1 ° due to uncertainty of the 
number of moles of D2 in the calorimeter. Al
though the actual number of moles condensed was 
known quite precisely, there was a tendency for 
some of the gas to collect in the capillary as the ap
paratus was cooled, and thus did not enter in the 
heat capacity measurements. In order to avoid a 
systematic error in the final entropy value, the 
curve in Fig. 3 was plotted so that the curves below 
and above 1° coincided. This represents an arbi
trary raising of the data below 1°K. of 10%. The 
dotted line in Fig. 3 is the curve for the actual data 
obtained. The difference in entropy between the 
two curves is only 0.02 e.u.

Calculation of Anomalous Entropy 
and Heat Content

In the calculation of the entropy and heat con
tent values associated with the heat capacity 
anomaly, the lattice contribution was determined in 
the following manner: (a) between 0.03 and 6°K. it 
was calculated using a Debye 9 =  108° derived 
from the heat capacity data on 97% o-D2 above 
6°K. where no anomaly was exhibited: (b) be
tween 6 and 10°K. the smoothed experimental val
ues for 97% o-D2 were taken to represent the lat
tice contribution. The anomalous entropy and 
heat content determined by graphical integration 
and corrected for lattice vibrations are (between 
0.3 and 10°K.)

AS  =  0.G0 ±  0.04 cal. deg. mole of n -D 2 
A H  =  1.44 ±  0.08 cal. mole of ?i-D 2

The errors quoted above were based on the uncer
tainty figures in the data previously discussed.

Discussion
Normal deuterium in the solid state is the meta

stable ortho-para mixture in the molar ratio 2:1. 
The ortho species constitute molecules in the rota
tional state J =  0 with total molecular nuclear 
spins of 0 and 2 resulting from vectorial additions 
of the deuteron spin of 1; the para species corre
sponds to molecules with J = l and total nuclear 
spin of 1. The results of this research show that 
effects due to nuclear spin are absent in the temper
ature range studied, so that the observed anoma
lous heat capacity must be attributed to a phenome
non involving the “ frozen-in” state J =  1.

Phase separation has been suggested22 as a possi
ble mechanism for the removal of the entropy of 
mixing of the ortho-para forms, and this would ap
pear as a plausible explanation for the present re
sults, in view of the value of AH obtained. Seg
regation normally occurs in solutions when the total 
free energy of the system can be reduced by forma
tion of additional phases, and this requires a posi
tive heat of mixing with corresponding positive de
viations from Raoult’s law. For hydrogen, on the 
contrary, the vapor pressures of ortho-para mix
tures in both the solid and liquid states clearly dis
play negative deviations from ideality.11 A nega
tive heat of mixing is further indicated by the value 
of 5.8 cal. obtained from the heats of sublimation

(22) L. Pauling, P h y s . Itev., 36, 431 (1930).

Fig. 5.— G raphical illustration of the suppression of anom aly 
in 3 %  para-D s sample.

for the difference between the internal energies of 
the 20.4°K. equilibrium and the normal solid mix
tures. A corresponding (although more uncer
tain) difference of 1 cal. is obtained for deuterium 
from its vapor pressure measurements.11 Phase 
separation in this temperature range therefore ap
pears untenable. In the case of hydrogen the heat 
capacity measurements in the liquid helium range 
have shown unambiguously that the ordering was 
not connected with a phase separation, for while the 
heat effect in the latter process should reach a maxi
mum at a mole fraction of l/ 2, the anomalous heat 
capacity was found to increase with the percentage 
of J =  1 species up to a value of 75%.

The only alternative mechanism which will yield 
values of AH and AS consistent with the experi
mental ones originates from the lifting of the degen
eracy of the « 7 = 1  rotational state by the crystal
line field. Since the sublevels m =  0 and m =  ±1  
of this state correspond to dissimilar electronic 
probability distributions, different energies should 
be acquired by molecules in these sub-levels in the 
presence of the electric field of the lattice. This 
amounts to a Stark-type splitting of the J  =  1 
level into two states with one doubly degenerate 
and has been verified by calculations611'23'24 which 
have applied the crystalline potential as a perturba
tion on the rotational energy. The ordering will oc
cur when molecules occupying the higher of these 
states descend into the lower at that temperature 
region where kT approximates the energy differ
ence. This will be observed as an anomaly in the 
heat capacity, and the AII accompanying this effect 
will be a measure of the energy difference between 
the two states. The AS will be given by the en
tropy of rotational degeneracy 1/:IR In 3, or 0.73

(23) R. B. Scott, F. G. Brick wedde, H. C. Urey and II. Wahl, 
J. C h em . P h y s 2, 458 (1934).

(24) K. Schaefer, Z. physik. Chem., B42, 38 (1939).
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cal./deg. for one mole of normal deuterium.25

By equating the experimental value of AII to 
that obtained by integration of a theoretical Schot- 
tky heat capacity curve for the Stark-type splitting 
discussed above, a value of 6.5 cal./mole is ob
tained for the energy difference in normal deute
rium (an equivalent excitation temperature of 
3°K.). As will be seen later, this can be at best 
only an average figure, since the use of a Schottky 
curve is not actually justified, but it indicates that 
the experimental AH is in accord with the proposed 
mechanism. The experimental value of A<S, 0.60 
cal./deg./mole of n-D2, is lower than the theoretical 
one by an amount which is outside experimental 
error. However, the data also indicate that the 
heat capacity is not vanishing even at 0.3°K., so 
that the difference is very probably undetected en
tropy below this temperature. A comparison of the 
results for deuterium and those for hydrogen re
veals that the anomaly appears at approximately 
the same temperature and is similar in nature. The 
energy of splitting may be expected to vary in
versely with the moments of inertia of the two mole
cules, so that a much lower temperature would 
therefore be predicted for the anomaly. However, 
a compensation is produced by the wider lattice 
spacing of hydrogen (which results from its larger 
zero-point energy), since the crystalline potential 
must also vary inversely with high powers of the 
intermolecular distance. This may be considered 
as additional evidence for the influence of the lat
tice. On the basis of these observations we believe 
that the anomaly observed in this research corre
sponds to removal of the rotational degeneracy by 
the crystalline field.

It was not possible to fit the data obtained in this
(25) This value assumes that the m = 0 level will be the one with 

lowest energy: the reverse situation will yield an entropy loss of
l/aR(In 3 — In 2), or 0.27 e.u., which is not in agreement with the 
experimental result.

research to either a Schottky curve derived as as
sumed above, or to a curve derived from three 
equally spaced non-degenerate levels (a Zeeman- 
type splitting). In the case of hydrogen even the 
limited early data did not yield constant values for 
the energy difference,26 as required for a pure 
Schottky anomaly, and the recent and more ex
tensive results of Hill have shown conclusively that 
this type of anomaly is not obtained in hydrogen. 
It is obvious that the crystalline potential must de
pend to some extent on the population of the sub- 
levels m =  0, ±  1 and on the distribution of mole
cules in these levels throughout the solid, so that 
the anomaly should bear characteristics of a cooper
ative phenomenon. This was substantiated by a 
pronounced dilution effect in the results for 97% 
ortho-deuterium where the anomalous contribution 
of the 3%  para form was considerably suppressed 
(see Fig. 5). Although no A-type transition was 
found in this research, the results of Hill indicate 
that this type of transition may occur at higher con
centrations of the , 7 = 1  state. Further informa
tion on this question will become available from 
heat capacity measurements on pure ortho-hydro- 
gen and para-deuterium, which can now be pre
pared,27’28 and in which these dilution effects due 
to the presence of the . 7 = 0  states would be elimi
nated. An investigation of this nature is now in 
progress in this Laboratory.
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Standards, 19, 237 (1937).
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CRYOSCOPIC BEHAVIOR OF WATER AND NITRIC ACID IN FUSED
AMMONIUM NITRATE1

By  A. G. K eenan
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H20  and H N 0 3 have been studied cryoscopically  as solutes in N H ,X 0 3 melts. H 20  alone, as w ell as m ixtures of the tw o 
solutes, show «-factors of u n ity  based on stoichiom etric mole fraction concentrations determ ined b y  analysis o f the melts. 
A consistent set of m olecular species is postulated to account for the observed «-factor and the results related to  proposed 
m echanism s for the therm al decom position of N H 4N 0 3.

It has been shown in a previous publication2 that, 
ammonium nitrate can be employed as a useful 
cryoscopic solvent despite its well-known thermal 
decomposition at higher temperatures. In the 
present work H20  and H N 03 were chosen as solutes

(1) This research was supported by the United States Air Force 
through the Air Force Office of Scientific Research of the Air Research 
and Development Command under Contract No. AF 18(600)-1148. 
Reproduction in whole or in part is permitted for any purpose of the 
United States Government.

(2) A. G. Keenan, T his Journal, 60, 1356 (1956).

for cryoscopic study because of their interest in 
connection with proposed mechanisms for the ther
mal decomposition of NH4N 0 3. Only H20  is 
mentioned in the prior literature.3 The method 
used there was an approximate one, with an ex
pected accuracy of ±  1°, and the lowest concentra
tion studied was somewhat above the highest 
concentration in the present data.

(3) I. L. Millican, A. F. Joseph and T. M. Lowry, J. Chem. Soc., 
121, 959 (1922).
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Experimental

T he freezing point apparatus and the m anipulations in
volving the am m onium  nitrate  so lven t have already been 
described . 2 D istilled  w ater and approxim ately 90 %  nitric 
acid were used as solutes. T h e nitric acid w as free of N 0 2 
according to the criteria given b y  R obertson, et a l .* In one
run 96%  acid was used and this result agreed w ith the others. 
A ppropriate am ounts of w ater or nitric acid , as judged by 
experience, were added to  the N H 4N 0 3 and allowed to 
equilibrate in a closed flask a t room tem perature for about 
one hour. A  freezing p oin t determ ination was then made 
in the usual m an ner . 2

W hen the cooling curves on the recorder chart indicated 
th at crystallization  of solid phase had begun (bu t before any 
appreciable am ount had separated out) the m elt w as poured 
into tw o tared flasks. A fter w eighing, w ater w as added 
to  one flask and duplicate aliquots titrated  w ith 0.05 N  
N aO H  using a S arg en t-M alm stad t autom atic differential 
titrator to control the titra n t. T h e base was standardized 
w ith acid containing the sam e concentration of N H 4N 0 3 as 
the solution to be analyzed . In order to determ ine the 
w ater content of the m elt, m ethanol, which had been dis
tilled from  m agnesium  turnings through a 60-cm. vacuum - 
jacketed , packed colum n, was used as solvent for the m ate
rial in the second flask. A liqu ots of this solution were 
titrated  w ith  K a rl F ischer reagent using standard proce
dures .6 A gain , blank determ inations were used to correct 
for w ater contained in the solven t and picked up during the 
transfer operations. T h e m elts w'ere colorless a t all stages, 
indicating the absence in the m elt of N 0 2 from any decom 
position of the H N O 3 added. H N 0 3 catalyzes the decom 
position of N H 4N O 3, b u t the N 20  produced is insoluble in 
the m e lt .6 A n y  w'ater retained in the m elt, from  this 
source or from  decom position of I I N 0 3, is determ ined as 
p art of the tota l w ater content b y  the analysis following the 
freezing point determ ination.

T o study the products of decom position of the ammonium 
nitrate itself, which are retained in the m elt, the pure N H 4- 
N 0 3 w as heated in the freezing point cell to tem peratures in 
the range 235-250° for about one hour and the above pro
cedures then followed.

Results and Discussion
The results are given in Table I and in Fig. 1. 

The line in Fig. 1 is taken from the data of the 
previous paper2 and represents the freezing-point 
depression for a solute showing ideal cryoscopic be
havior with a y-factor7 of 1. While the scatter 
of the data is somewhat greater than in the pre
vious work, due largely to less reproducibility in 
the analytical procedures, it is, nevertheless, quite 
definite that all of the systems follow the ideal de
pression line very closely. The data for H20  
agree with the prior literature3 within the expected 
tolerance.

The ideal behavior of water as a solute is easily 
understood. An ammonium nitrate melt consists 
of the ionic species NH4+ and N 0 3_ exclusively, 
contributions from the possible reaction

n h 4+ +  N O ,-  n h 3 +  1 1 N O 3 ( i )

being negligible in the liquid phase, at least for 
temperatures near the freezing point, as shown by 
the previous cryoscopic study.2 In such a system 
there is no apparent reaction which the water 
could undergo. On the other hand, the low vapor 
pressure of water in the me.t indicates association

(4) G. D. Robertson, D. M. Mason and W. II. Corcoran, T his 
J o u r n a l , 59, 683 (1955).

(5) J. Mitchell and D. M. Smith, “ Aquainetry,'* Interscience Pub
lishers, Inc., New York, N. Y., 1948.

(6) H. A. Bent, Doctoral Thesis, University of California, 1952.
(7) R. .1 Gillespie, E. D. Hughes and G. K. Ingold, .7. C h em . S o c ., 

2473 (1950).

T o ta l mole per cent, solute.
F ig. 1 .— O bserved freezing point depressions of solutions 

of H 20  and H N O 3 in fused N H 4N 0 3. Points m arked 
“ decom position” refer to system s where the H 20  and H N 0 3 
were produced b y  therm al decom position of the solvent.

of some kind.8 The evidence points to hydrogen 
bonding with NO3- , giving species of the type

T a b l e  I

F r e e zin g  P o in t  D e pr e ssio n s  f o r  V a r io u s  A m o u n ts  of 
th e  S o lu te s  W a t e r  an d  N it r ic  A cid  in  F used  A m m onium  

N it r a t e “
Concn., mole % Depression

Water Acid Total - A T ,  °C
4.13 4.13 10.96
2 .00 2.00 5.20
1.16 1.16 2.96
3 .07 3.07 8.55
2.33 2.33 6.19
1.68 1.20 2 .88 6 .40
1.22 0.51 1.73 4 .88
1.63 1.62 3.25 8.76
2.26 0.88 3 .14 7.53
1.87 1.85 3.72 8.98
1.39 0.35 1.74 4 .74
2.24 .67 2.91 6.51
2.33 . 45 2.78 7.83
0.72 .26 0.98 2 .65
1.00 .77 1.77 5 .18
1.47 1.03 2.50 7.27
2.64 0.08 2.72 8.30
1.86 .08 1.94 5.19
2 .96 .09 3.05 8 .98
2.62 .09 2.71 8.00
2.55 .06 2.61 7.40
2.15 .07 2.22 6.12

a T h e  d a ta  in the last six lines refer to  the decom position 
runs.

(8) E. Janecke and E. Rahlfs, Z .  a n o rg . a llg em . C h em ., 192, 237 
(1930).
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The molecular structures are appropriate for this 
species, the observed ¡»-factor would follow in the 
concentration range studied, and the thermal en
ergy (at 170°) is still an order of magnitude lower 
than any reasonable estimate of the H-bond en
ergy. Furthermore, electrostatic interactions lead
ing to non-ideal behavior of the kind usually clas
sified under an activity coefficient would be ren
dered negligible by the high dielectric constant in 
a fused salt medium.

Nitric acid also gives a »»-factor of 1, at least 
when present with water in a molar concentration 
equal to or less than that of the water, which is the 
only range encountered in the data. The expected 
reaction (2) is definitely ruled out since it would give 

H,() +  UN O,— > H 3o+  +  NO„- (2)
a ¡»-factor of zero for the nitric acid contribution to 
the total solute concentration (N 03~ does not de
press the freezing point, being common with the 
solvent anion). Reaction (2) evidently is repressed 
to negligible proportions by the high N 0 3-  con
centration in the nitrate melt used as solvent.

The autoprotolysis reaction4 for H N 03
2HNO, ^ ± 1  H,N03 + +  N 03-  (3)

would give a «-factor of ’ / 2 and would again be 
repressed by the high N 03~ concentration in the 
melt. Ionic self-dehydration of nitric acid (i.c-., 
further dissociation of the H2N 0 3+ in (3)) according 
to the reaction

2HNOs ^ ± 1  H20  +  N 02+ +  NO,- (-1)
has been detected in nearly 100% H N 03, by var
ious techniques, 10 including Raman spectra and 
cryoscopy. This would give the observed ¡»-factor 
in the present systems. However, this equilib
rium would also be expected to lie far to the left 
because of the high N 03~ and low IIN 03 concentra
tions present. Because the HN()3 persists in the

(0) C. K. Insole and D. J. Millen, J. Chcm. Soc., 2612 (1950).
(10) R. J. Gillespie, E. D. Hughes and G. K. Ingold, ibid., 2552 

(1950).

melts over long periods of time (indicating rela
tively low vapor pressures), whereas species such 
as N 02 and N»0 do not, it seems reasonable to 
assume that, like the H20, it is tied up in a com
plex of some kind. Such a complex, as well as the 
low concentration and the repression of reaction 3, 
also account for the relatively greater thermal sta
bility of the HN():t in the nitrate melt compared to 
nearly pure acid.4,11

Complexes of the type (H N 03)„N 03_ have been 
detected by vapor pressure and Raman spectral 
studies in solutions of K N 03 in H N 03 near room 
temperature.12 Under these conditions the most 
probable value of n seems to be about 2. In the 
ammonium nitrate melts, at a higher temperature 
but also at a much higher nitrate ion concentration, 
the present cryoscopic results indicate that the 
value of n is one.

Finally, the products retained in the ammonium 
nitrate melt after partial thermal decomposition at 
elevated temperatures show the same cryoscopic 
behavior, based on stoichiometric moles of H20  
and H N 03, as the mixtures of these constituents 
discussed above. Recent kinetic studies of the 
thermal decomposition of ammonium nitrate6'13'14 
have led to various postulated mechanisms in
volving reactions 1 to 3 above as important steps. 
None of these studies have been sufficiently de
tailed to allow calculation of the equilibrium con
centrations of the various species. While cryo
scopic experiments alone cannot determine un
equivocally the species present, any mechanisms 
derived from kinetics must be consistent with the 
cryoscopic data.

The concentrated nitric acid and its analyses 
were supplied by Dr. George Gibson of this depart
ment.

(11) C. W. Tait, J. A. Ilappe, R. W. Sprague and II. F, Cordes, 
J. An1. Chem. Soc., 78, 2670 (1956).

(12) J. Ch<Sdin and S. Fondant, Conijit. rend., 228, 242 (1949).
(13) T. M. Cawthon, Doctoral Thesis, Princeton University, 1955.
(14) B. J. Wood and II. Wise, J. Chem. Phys., 23, 693 (1955).

THERMODYNAMIC PROPERTIES OF PYRIDINE
B y K un L i

Jones <ft Laughlin Steel Corporation, Pittsburgh, Pennsylvania 
Received January 26, 1967

Values of the therm odynam ic properties of pyridine in the solid and liquid state up to 300°K. have been calculated from  
the low tem perature heat cap acity  data. Therm odynam ic functions in the ideal gaseous state have been com puted b y  the 
m ethods of statistical m echanics a t selected tem peratures up to 1000°K. Com bined w ith the available data  on heat of com
bustion, values of heat, free energy and equilibrium  constant of form ation are given for the same tem peratures. Other 
properties included arc: vap or pressure, heats of vaporization  and fusion, and critical constants.

Introduction
Pyridine is one of the important coal chemicals. 

In recent years, pyridine chemistry has received 
considerable attention. Numerous derivatives of 
pyridine have been prepared and utilized. Many 
more are being explored. It is apparent that the 
properties of pyridine are of great importance for 
the studies of pyridine chemistry as well as engi
neering calculations of industrial processes.

A thorough literature survey has been made on 
the thermodynamic properties of pyridine. This 
paper presents the values of thermodynamic prop
erties of pyridine in the solid, liquid and ideal 
gaseous state in a useful and convenient form. In 
closing the gaps in the data reported in literature, 
necessary interpolation and extrapolation were 
made. Thermodynamic consistency was used as a 
criterion for analyzing the data and selecting the
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best values. Thermodynamic functions in the ideal 
gaseous state were computed statistically on the 
basis of the rotational and vibrational assignments 
derived from infrared, Raman and microwave 
spectra.

Thermodynamic Properties in Solid and Liquid 
State.—Heat capacities at saturation pressure 
of the solid from 90 to 230°K. and of the liquid from 
231 to 300°K. were measured by Parks, Todd and 
Moore.1 The triple point was reported as 231.16°
K. ( — 42.0°) and heat of fusion, 1977 cal./mole. 
The absolute error of the data was ±0.7% . 
When heat capacity was plotted against tempera
ture a very sharp rise at 220°K. was noted. If a 
curve were drawn through this point and extended 
to 231.16°K., the triple point, one would have a 
value for the heat capacity of solid much higher 
than that of liquid at the same temperature. It 
is suspected that premelting might have taken 
place in the vicinity of 220°K. due to perhaps im
purities in the sample. Thus a smooth curve was 
drawn following the trend of the points at tempera
tures below 220°K. and the values of heat capacity 
at 220, 230 and 231.16°K. were read off the curve.

In order to calculate the entropy at any tem
perature, extrapolation of heat capacity data to the 
absolute zero was necessary. The extrapolation 
from 90 to 20°K. was made by the method of 
Kelley, Parks and Huffman.2 Below 20°Iv., a 
Debye function for six degrees of freedom with 
the characteristic temperature equal to 136° was 
used. By means of numerical integration, the 
heat contents, entropies and free energies were cal
culated. In Table I values of these thermo
dynamic properties are tabulated at 10° intervals 
from 10 to 300°K.

Vapor Pressure.—The vapor pressure of pyridine 
from 43 to 116° was measured by Riley and 
Bailey;3 from —15 to 116° by van der Meulcn and 
Mann;4 from 16 to 116° by Hieber and Woerner;5 
and from 47 to 116° by Herington and Martin.6

The sample used by Herington and Martin6 was 
of 99.85 ±  0.07 mole %  purity and their measure
ments are believed to be more reliable than those 
of the others in the same range. The authors6 cor
related their data in the range of 63 to 765 mm. by 
means of the Antoine equation

logio V =  7.05811 -  1384.991/(1 +  210.29G) (1)

in which p is the vapor pressure in mm. and t the 
temperature in °C. The boiling point at 760 mm. 
is calculated to be 115.256°.

No actual data were reported by van der Meulen 
and Mann,4 but an Antoine equation was given to 
represent the data from 1 to 760 mm.

logio V =  0.8827 -  1281.3/0 +  205) (2)

(1) G. S. Parks, S. S. Todd and W. A. M oore,./. Am. Chem. Soc., 58, 
398 (193C).

(2) K. K. Kelley, G. S. Parks and IL M. Huffman, T his Journal , 
33, 1802 (1929).

(3) F. T. Riley and K. C. Bailey Proc. Roy. Irish Acad., 38R, 450 
(1929).

(4) P. A. van der Meulcn and R. F. Mann, J. Am. Chem. Soc., 53, 
451 (1931).

(5) W. Hieber and A. Woerner, Z Rlektrochcm40, 252 (1934).
(G) E. F. G. Herington and J. F. Martin, Trans. Faraday Soc., 49, 

154 (1953).

T a b l e  I
T h e r m o d y n a m ic  P r o p e r t ie s  o f  P y r id in e  in  Solid  an d

L iq u id  Sta t e
-  (Fnn.d - ( hi sntd
im /T , Ho°)/T, ( H -atd - jSsatd, C,a td,

cal./ cal./ tfo°) cal./ cal./
deg. deg. cal./ deg. deg.

T, °K . mole mole mole mole mole
Solid

10 0.03 0.09 0 .92 0 .12 0 .37
20 0.24 0.67 13.5 0.91 2.42
30 0.07 1.67 50.2 2 .34 4.91
40 1.29 2.73 109.3 4 .02 6.93
50 2.01 3.72 186.2 5.73 8 .44
GO 2.77 4.60 275.9 7 37 9.49
70 3.54 5.35 374.9 8 89 10.32
80 4 .30 6.02 481.8 10.32 11.06
90 5.01 6.62 595.6 11.66 11.70

100 5.77 7.15 715.1 12.92 12.20
110 G. 48 7.63 839.8 14.11 12.74
120 7 .16 8.08 969.8 15.24 13.27
130 7.83 8.50 1106 16.33 13.87
140 8.47 8.91 1247 17.38 14.48
150 9 .10 9.30 1395 18.40 15.12
160 9.71 9 .69 1550 19.40 15.80
170 10.31 10.07 1712 20.38 16.56
180 10.90 10.45 1881 21.35 17.40
190 11.48 10.84 2060 22.32 18.34
200 12.04 11.25 2249 23.29 19.48
210 1 2 .GO 11.68 2452 24.28 21.04
220 13.15 12.14 2671 25.29 22.80
230 13.70 12.66 2911 26.36 25.15
2 3 1 .1G 13.77 12.72 2940 26.49 25.45

Liquid
231.16 13.77 21.27 4917 35.04 29.07
240 14.57 21.56 5175 36.13 29.39
250 15.46 21.88 5471 37.34 29.77
2 GO 16.32 22.20 5771 38.52 30.13
270 17.17 22.50 6074 39.67 30.64
280 17.99 22.80 6384 40.79 31.21
290 18.80 23.10 6699 41.90 31.78
2 9 8 .1G 19.44 23.34 6960 42.78 32.24
300 19.58 23.40 7019 42.98 32.36

Maximum deviation of the calculated vapor pres
sure was given as 3.1%.

It is recommended that equation 1 may be used 
to calculate the vapor pressure from 20 to 1000 
mm. With less accuracy equation 2 may be used 
for vapor pressures below 20 mm.

Heat of Vaporization.— Data on heat of vapor
ization were reported at only a few temperatures. 
Table II summarizes the available data.

T a b l e  II
t, °c. A Hv, cal./mole Ref.

0 10,180 5
0 10,210 7

20 9,710 5
114.13 8,494.1 8

The value for heat of vaporization at 25° was 
calculated by means of Clapoyron equation using 
equation 1 and Berthelot equation of state. The 
calculation gave AHv =  9659 cal./mole at 25°. 
The standard heat of vaporization, AH°v, at 25° 
with liquid and vapor in their respective standard 
state, namely, liquid at 1 atmosphere and vapor in 
ideal gaseous state at 1 atmosphere was found to 
be 9662 cal./mole. Berthelot equation of state 
was used for correcting the real gas to ideal gas.

(7) W. Hieber and II. Appel, Z. anorg. allgem. Chem., 196, 193 
(192G).

(8) J. II. Mathews, J. Am. Chem. Soc., 48, 5G2 (192G).
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Critical Constants.— The critical temperature 

was reported to be 344°9 and the critical pressure
60.0 ±  0.5 atmosphere.10

Heats of Combustion and Formation.—Earlier 
measurements on heat of combustion were re
viewed by Kharasch.11 Recently, Cox, Challoner 
and Meetham12 measured the heat of combustion 
in liquid state at 25° with improved accuracy. 
Their experimental results together with the cal
culations of this work are given in Table III.

T a b l e  III
St a n d a r d  H e a t s  o f  C o m bu stio n  an d  F o rm a t io n  of 

P y r id in e  a t  25°
State of pyridine AH°c, kcal./mole AH°f, kcal./mole

Liquid -6 6 5 .0 0  +23 .95
Gas —674.66 +33.61

The standard heat of combustion refers to the 
reaction
C6H„N(1 or g) +  25/4 0 2(g) — > 5C(+(g) +

5/2 H20(1) +  1/2 N2(g)
all the reactants and products being in their re
spective standard state, that is, liquid at 1 atmos
phere and gas in the ideal gaseous state at 1 atmos
phere.

From the value for heat of combustion of pyri
dine and the values for heat of formation of carbon 
dioxide13 and water,13 the standard heat of forma
tion of pyridine was computed according to the 
reaction
5C(graphite) +  5/2 H2(g) +  1/2 N2(g) -*■ C5H6IST(1 or g).

Entropy.—The entropy of pyridine in the ideal 
gaseous state at 1 atmosphere and 298.16°K. was 
calculated from <Ssatd liq at 298.16°K., heat of va
porization and Berthelot equation of state. Table 
IV gives a summary of these calculations.

T a b l e  IV
E n t r o p y  o f  P y r id in e  a t  298.16°K., C a l . / D e g . m o le

$sat-<l liq 42.784
Vaporization 32.296
Gas imperfection 0.007
Compression -7 .1 5 0

S° gas, 1 atm. 68.04

Thermodynamic Properties in Ideal Gaseous 
State.—From studies of the microwave spectrum 
of pyridine in the range of 22,140 to 27,300 me., 
McCulloh and Pollnow14 determined the rota
tional constants for pyridine: A =  6039.13 me.,
B =  5804.70 me., C =  2959.25 me.; principal 
moments of inertia: 7a =  83.701 a.m.u., A .2, 7b 
= 87.081 a.m.u., A .2, 7C =  170.814 a.m.u., A.2. 
In a similar study of microwave spectrum in the 
range from 20,000 to 40,000 me., DeMore, Wilcox

(9) T. M. Lowry and A. G. Nasini, Proc. Roy. Soc. {London), A123, 
686 (1929).

(10) W. Herz and E. Neukirch, Z. physik. Chem., 104, 433 (1923).
(11) M. S. Kharasch, J. Research Natl. Bur. Standards, 2, 359 (1929).
(12) J. D. Cox. A. R. Challoner and A. R. Meetham, J. Chem. Soc., 

265 (1954).
(13) “ Selected Values of Properties of Hydrocarbons and Related 

Compounds,”  American Petroleum Institute Research Project 44, 
Carnegie Institute of Technology, Pittsburgh, Pennsylvania.

(14) K. E. McCulloh and G. F. Follnow, J. Chem. Phys., 22, 681 
(1954).

and Goldstein15 also determined the rotational con
stants which are essentially the same as those of 
McCulloh and Pollnow.14

Based on the results of McCulloh and Pollnow14 
and an investigation of microwave spectra of 
monodeuteropyridines, Bak, Hansen, and Rastrup- 
Andersen16 selected a model for the structure of 
pyridine which has the dimensions 
r(C (2)-H ) =  1.085 A., r(C (3)-H ) =  1.080 A .,r(C (4)-H ) =  
1.075 A., r(N -C (2)) =  1.340 A., r(C (2)-C (3)) =  1.390 A., 
r(C (3)-C (4)) =  1.400A., ZC(6)N C(2) =  116°42", ZN C(2) 
C(3) =  124° 00", ZC(2)C (3)C(4) =  118° 36", Z C (3 ) 
C(4)C(5) =  118° 06".

The symmetry number of pyridine for rotational 
contribution is 2.

Assignment of fundamental vibrational fre
quencies was first made by Kline and Turkevich17 
who also calculated the thermodynamic functions 
of pyridine in the ideal gaseous state from 291.15 
to 1000°K. and claimed the values to be correct to 
within 5%. Later, Corrsin, Fax and Lord18 in a 
study of infrared and Raman spectra of pyridine 
and pyridine-76 revised the earlier assignments. 
Product rule was used to verify the assignment. 
Pyridine molecule belongs to C2v symmetry and has 
27 fundamental frequencies which as assigned by 
Corrsin, Fax and Lord18 are included in Table V.

T a b l e  V
F u n d a m e n ta l  V ib r a t io n a l  F r e q u e n c ie s  o f  P y r id in e

Frequency no. Species Civ Frequency, cm.
1 Ai 992
2 A, 3054
3 B, 1218
4 b 2 675
5 b 2 942
6a, b A,, Br 605, 652
7b Bi 3054
8a, b A,, B, 1580, 1572
9a Ar 1218

10a, b a 2, b 2 886, 749
11 b 2 703
12 A, 1029
13 Ai 3054
14 B, 1375
15 B, 1148
16a, b a 2, b 2 374, 405
17a a 2 981
18a, b A,, Bi 1068, 1068
19a, b A,, B, 1482,1439
20a, b A,, B, 3036, 3083

Assuming a harmonic oscillator, rigid rotator 
model, the rotational constants and vibrational 
frequencies discussed above were used for the 
statistical calculations of thermodynamic func
tions. As is usually done, the nuclear spin of hy
drogen and nitrogen was neglected. The funda
mental constants used were13: molecular weight 
=  79.103, c =  2.997902 X 1010 cm./sec., h =  
6.62377 X HR27 erg sec./molecule, N  =  6.02380

(15) B. B. DeMore, W. S. Wilcox and J. H. Goldstein, ibid., 22, 876 
(1954).

(16) B. Bak, L. Hansen and .T. Rast.rup-Andersen, ibid., 22, 2013 
(1954).

(17) C. H. Kline and J. Turkevich, ibid., 12, 300 (1944).
(18) L. Corrsin, B. J. Fax and R. C. Lord, ibid., 21, J170 (1953).
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X 1023 number of moleeules/mole, k  = 1.380257 
X 10-16 erg/deg molecule, 0°C. = 273.16°K. 
The calculated entropy at 298.16°K., 67.78 cal./ 
deg. mole, is in satisfactory agreement with the 
calori metrically determined value, 68.04 cal./deg. 
mole. In Table VI are tabulated the calculated 
values of free energy function, heat content func
tion, heat content, entropy and heat capacity up 
to 1000°K.

T a b l e  V I

T h e r m o d y n a m i c  P r o p e r t i e s  o f  P y r i d i n e  i n  I d e a l  

G a s e o u s  S t a t e

T, °K .

- (Fo _  
Ho°)/T, 

c a l . /  
d e g . 
m o le

< f f °  -
Ho°)/T,

c a l . /
d e g .
m o le

(H° -  
t f . ° ) ,

k c a l . /
m o le

s° ,
c a l . /
d e g .

m o le

C°,
c a l . /
d e g .
m o le

2 9 8 .1 6 5 6 .4 4 1 1 .3 4 3 .3 8 1 6 7 .7 8 1 9 .0 6
3 00 5 6 .5 1 1 1 .3 8 3 .4 1 4 6 7 .8 9 1 9 .1 9
4 00 6 0 .1 6 1 4 .1 7 5 .3 6 8 7 4 .3 3 2 5 .7 5
5 00 6 3 .6 4 1 7 .0 6 8 .5 3 0 8 0 .7 0 3 1 .3 1
600 6 6 .9 9 1 9 .8 2 1 1 .3 9 8 6 .8 1 3 5 .7 6
7 00 7 0 .2 4 2 2 .3 6 1 5 .3 5 9 2 .6 0 3 9 .3 4
8 00 7 3 .3 8 2 4 .6 8 1 9 .7 4 9 8 .0 6 4 2 .2 8
900 7 6 .4 1 2 6 .7 7 2 4 .0 9 1 0 3 .1 8 4 4 .7 1

1000 7 9 .3 3 2 8 .6 7 2 8 . 37 1 0 8 .0 0 4 6 .7 4

Heat, Free Energy, Equilibrium Constant of 
Formation.—In conjunction with the heat of

formation in Table III, and the thermodynamic 
functions of graphite,13 hydrogen13 and nitrogen,18 
values for pyridine in Table VI were used to com
pute the heat, free energy, and equilibrium con
stant of formation which are given in Table V1L

T a b l e  VII
H e a t , F r e e  E n erg y  and  L o g a r it h m  of I ’ o u il ib r iu m  

C o n st a n t  of F o rm a t io n  o f  P y r id in e

T ,  " K .
A //”/.kcal./molo A  F ° f ,  

kcal./mole logic A 'l

0 37.58 37.58 --- 03
298.16 33.61 45.52 -33 .36
300 33.59 45.59 -33.21
400 32.52 49.76 -27 .19
500 31.69 54.17 -23 .68
600 31.06 58.73 -21.39
700 30.58 63.38 -19 .79
800 30.24 68.09 -18 .60
900 30.00 72.84 -17 .69

1000 29.86 77.60 -16 .96

Acknowledgment.—The author wishes to thank 
Dr. K. H. Slagle for his encouragement and sug
gestions and Jones & Laughlin Steel Corporation 
for permission to publish this paper.

COMPRESSIBILITY OF GASES. III. THE SECOND AND THIRD VIRIAL 
COEFFICIENTS OF MIXTURES OF HELIUM AND NITROGEN AT 3001

B y G eorge M . K ram er  and John G. M iller

The John Harrison Laboratory of Chemistry, University of Pennsylvania, Philadelphia, Pennsylvania
Received January 29, 1957

The Burnett experiment has been used to obtain both the second and third virial coefficients of mixtures of helium and
nitrogen at 30°. These mixture values have been used to cor 
as well as the third virial coefficients, Cm, Cne-He-N,, C hc- ns.

Introduction
The compressibility factor, Z = pv/RT, where v 

is the molar volume, may be regarded as a single
valued function of the pressure, temperature and 
composition of any homogeneous phase and is a 
function of only the temperature and pressure for a 
pure gas or a given gas mixture. Burnett2 has 
utilized this relationship to design an experiment 
for the determination of the compressibility of a 
gas from isothermal pressure measurements alone. 
Descriptions of the apparatus and discussions of 
the theory of the method have been given in earlier 
papers.2-3 As an important feature of the method3 
one is able to determine the composition of a gas 
mixture from the same measurements which are 
used to determine the compressibility.

The study presented here for the helium-nitrogen 
system adds to the slowly increasing information

(1 )  B a s e d  o n  a  d is s e r ta t io n  t o  b e  s u b m it t e d  in  A p r i l ,  195 7 , b y  G e o rg e  
M . K r a m e r  in  p a r t ia l fu l f i l lm e n t  o f  th e  re q u ir e m e n ts  f o r  t h e  d e g r e e  o f  
D o c t o r  o f  P h i lo s o p h y .  P re s e n te d  at, t h e  1 3 1 st  m e e t in g  o f  th e  
A m e r ica n  C h e m ic a l  S o c ie t y ,  M ia m i,  F lo r id a ,  A p r i l ,  195 7 .

(2 ) E . S . B u r n e t t , J. Applied Mechanics, Trans. ASME, 58, A 1 3 6  
(1 9 3 6 ).

(3 ) (a ) W . C . P fe ffe r le , J r .,  J . A . G o f f  a n d  J. G . M ille r , J. Chem.
Phys, 23, 5 09  (1 9 5 5 ) ;  (b )  R . C . H a rp e r , J r . ,  a n d  J . G . M ille r ,  ibid.
25, in  press (1 9 5 7 ).

pute the second virial coefficients (pure gas and interaction) 
n . ,  and C n , .

concerning the behavior of binary systems and is 
important in that it establishes the usefulness of the 
Burnett experiment in determining not only the sec
ond but also the third virial coefficients of gas mix
tures. To the best of our knowledge the third 
virial coefficients reported here are more accurate 
than any determined heretofore for gas mixtures, 
and it is hoped that such values will eventually 
prove useful in establishing criteria for the force 
constants in various intermolecular potential func
tions.

Treatment of Data
It has been shown3 that the compressibility fac

tor which may lie expressed as a power series in the 
pressure

Z = 1 +  Bp +  Cp2 +  . . . (I )
may also lie written in exponential form

Z =  exp(ap  — 0p2 +  . . .) (2)
The latter formulation was particularly useful in 

treating the helium-carbon dioxide system,3b for it 
converges considerably more rapidly than the first 
expression. Z has been shown to be equal to 
ANrpr, where A =  Zn/p0 is a filling constant for the 
apparatus, equal to the compressibility divided by
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the pressure of the gas in the initial condition, N 
is an apparatus constant equal to the ratio of the 
combined volumes of the Burnett chambers to 
the volume of the first chamber, and r is an index 
number denoting the expansion at which the pres
sure is being measured. Insertion of this expres
sion for Z in equation 2 leads to the linearized 
equation

In pi =  —In A — r In N  +  ap, +  0pr2 +  . . . (3)

The coefficients a and /3 may be related readily to 
B and C which are the temperature dependent 
virial coefficients by expanding equation 2 and 
comparing the coefficients of similar powers of p. 
Thus, we find

Z =  1 +  a p +  ( ~  +  0 ) p 2+  (4)

so that
Oi2

B =  a ; C =  2 ~ +  0; etc.

Equation 3 is an equation of condition containing 
four unknowns, A, N, a and /?, and therefore four 
such equations are needed to permit evaluation of 
these terms. The initial pressure and the pressure 
after any expansion each contribute one such 
equation, and since from five to ten expansions 
were made in each run ample data were available to 
solve for the unknowns using a least-squares pro
cedure.

Values of B found in this manner were fitted to 
the Lennard-Jones and Cook equation

.Bmix =  x2Bn +  2xiXiBii +  xl B22 (5)

in which xi and x2 are the mole fractions of the 
respective gases, Bu and /b> arc the second virial 
coefficients of the pure gases, and Bn is the second 
virial coefficient for the helium-nitrogen inter
action.

An analogous equation was used to treat the 
values of the third virial coefficient. This equa
tion

Cmix =  xiCm 4" ¿xlXiCm T  ixiXlCm -f- ZaGsa (6)

is based on the probability of the three-body inter
actions, the subscripts being indicative of the 
molecules which are involved in each term.

Experimental
The equipment for this study was the same as that 

used earlier36 and the constant temperature bath was main
tained at 30.000 ±  0.002°.

Helium and prepurified nitrogen were obtained from the 
Matheson Company and analyzed by mass spectrometry. 
Trace quantities of hydrocarbons were the only impurities 
found in each tank and these gases were not further purified. 
“ Bone dry”  CC»2, also supplied by Matheson, contained a 
small amount of water as urcll as a trace of hydrocarbons 
and was cleaned under pressure over silica gel before being 
used in calibrating the piston gage. A sample of the puri
fied gas was tested in a mass spectrometer by the Consoli
dated Engineering Company and was found to contain less 
than 0.005% of water and no hydrocarbons.

It is of interest that the manner in which a mixture is 
prepared enables one to calculate the mole fraction of either 
gas in a convenient way which eliminates the need for chemi
cal analysis. The method consists in-placing the first com
ponent, a, whose compressibility factor Za is known, in the 
first chamber and measuring its pressure pa. The second 
component, b, is then added and after equilibrium has been 
obtained the starting pressure! p0 for the mixture is read. 
After the series of expansions the compressibility factor Zu

may be deduced and the mole fraction of a determined by the 
relationship

Wa PnV\ Z 0R T  _  p*Z0 
Xa “  n„ ~  Z JtT  p0V1 Znp0

where na and no are the numbers of moles of gas a and of the 
mixture present at the start and V i is the volume of the first 
chamber.

In a similar way, the composition of mixtures containing 
more than two gases can be determined along with the com
pressibility factor. In general, n components would re
quire n — 1 Burnett experiments to determine the mole 
fractions of the various components.

Results
A total of twenty-one runs, two on each of the 

pure gases and seventeen on binary mixtures en
compassing the entire concentration range were 
completed. All runs were made at 30° over a pres
sure range similar to that of the sample data given 
in Table I.

T able  I
C orrected A bsolute Pressures, p T ( in atm .), of H eliu m , 

N itrogen and T wo M ixtures  at  30°

r H e Ns
M ix t u r e  A

(PN2 -
2 0 .5 3 7 5 )

M ix t u r e  i
(PN2 =  

8 2 .0 8 8 1 )

0 129.9369 121.1686 103.3743 91.0569
l 87.2984 81.8946 69.4299 61.6752
2 59.0073 55.7969 46.9242 41.9708
3 40.0447 38.1463 31.8426 28.6240
4 27.2489 26.1063 21.6683 19.5416
5 18.5780 17.8749 14.7729 13.3472
6 12.6829 12.2379 10.0838 9.1192
7 8.6654 8.3792 6.8900 6.2306
8 5.9240 5.7357 4.7090
9 4.0515 3.9268 3.2206

10 2.7716 2.6873

In Table II are listed the experimental values of 
the second and third virial coefficients found by 
fitting the data to equation 3. The observed 
variation of Bmix, with composition is illustrated 
in Fig. 1, which contains the least-squares curve

T a b l e  II
T he Observed Second and T hird V irial  C oefficients of 

M ixtures  of H elium  and N itrogen at  30°
lc fraction N2 Bmix X 101 (atm.-') Crab: X 108 (atm.-2)

0 4.736 - 5 .7 4 3
0 4.694 - 3 .6 5 1

0.0594 5.108 -0 .3 8 2 4
.1067 5.269 2.990
.1594 5.436 7.196
.2111 5.743 6.075
.2628 5.777 10.35
.3215 5.838 27.24
.4040 5.624 33.59
.4716 5.408 39.27
.5231 5.038 54.52
.5826 4.605 68.33
.6315 3.965 88.19
.6779 3.534 102.8
.7284 3.062 113.2
.7848 2.569 132.8
.8720 1.268 164.3
.9152 0.2016 185.1
.9473 -0 .1 0 9 8 187.0
1 - 1 .5 9 0 234.8
1 - 1 .7 4 6 241.5
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according to the Lennard-Jones and Cook equa
tion. Table III gives the values of the coefficients, 
Bn, #12 and #22 determined for the least-squares 
curve and also the average values determined sepa
rately for the end-points.

T able  III
T he L east-Squares Second V irial  C oefficients of the 
Lennard-Jones and C ook E quation and the A verage 

V alues of the E nd-P oints ( in atm . -1 ) at  30° 
Lcnnard-Jcncs

and Cook Av. values of end-points
Biu 4.631 X  10-4 4.715 X  10"4
Bae-m  8.779 X  10-4

-1 .4 1 6  X  10"4 -1 .6 6 8  X  10-4

The observed third virial coefficients of the 
mixtures are plotted in Fig. 2. Table IV gives the 
least-squares values for the end-points and the 
interaction terms, compared with the average 
values determined separately for the pure gases.

T able  IV
T he Least-Squares T hird V irial  C oefficients of the 
E quation , Cmi, =  xfCui +  3*fxiCiu +  3xixiCm +  
and the A verage  V alues of the P ure Gas E nd- points 

( in atm . -2 ) a t  30°
Least-squares third
virial coefficients Av. values of end-points

-4 .5 1 9  X  10-s -4 .6 9 7  X  10-s
12.10 X  10-s
48.08 X  10-8

231.0 X  10-8 238.2 X  10-8

Discussion of Results
Before considering the variation of the observed 

virial coefficients of the mixtures as a function of 
composition, the accuracy of the results, or the 
possible uses of these and similar data, it is desir
able to show that the regression formula used is 
satisfactory. That this is so becomes apparent 
from a study of equation 3 with respect to the 
helium-nitrogen system. By rewriting equation 
3 in the form

In p, — ap, — f}pT~ =  — In A  — r In N  (8)
we see that the terms apT and /3pr2 may be con
sidered as correction factors necessary to estab
lish a straight line relationship between the L.H.S. 
of the equation and the index r. That this rela
tionship should exist follows from the fact that 
both a and /3 would be zero for an ideal gas and the 
plot of In pT against r would be a straight line.

A  non-ideal gas on the other hand would exhibit 
curvature in the plot of In pT against r, indicating 
the need for the correction terms. The removal of 
curvature in the subsequent plots of In pr — apr 
against r and In pr — apr — ¡}pT2 against r may be 
used as a criterion for the adequacy of equation 3.

With He, N2 and their mixtures, very little cur
vature exists in the “ ideal gas”  plot and the ap
plication of one or two correction terms is clearly 
adequate to represent the data satisfactorily in the 
experimental pressure range. It might be ex
pected from the magnitudes of the second and 
third virial coefficients of helium and nitrogen that 
one correction term would oe sufficient to represent 
the former up to 100 atmospheres, while two terms

Fig. 1.—The plot of /Jmix for helium-nitrogen mixtures at 
30°. The least squares curve is drawn for the Lennard- 
Jones and Cook equation.

Fig. 2.— Variation of the third virial coefficient with com
position for H e-N2 mixtures at 30°. The least squares 
curve is drawn for the equation Cmi* =  x3ho Cm +  3z 2h,;- 
X 2n2C ho-H c-N j +  3XHeX2N2C n c -N !-N 2 +  X 3n 2C n 2.

might be necessary for the latter in the same range, 
and this is indeed the case. Figure 3 illustrates 
the application of this treatment to nitrogen. 
The drawing in the insert provides a qualitative 
picture of the effect of the various correction fac
tors.

Next, it is of interest to interpret the shape of 
the plot of #m ix against composition and to con
sider the second virial coefficients for the various 
interactions. The magnitudes of the second virial 
coefficients may be shown to be related to the sum 
of two factors4

B x y  —  b o  —  N qB -2

where is the covolume of clusters of interacting 
particles, x and y, No is the number of molecules 
per mole, and /v2 is the equilibrium constant for 
the formation of bimolecular clusters (/v2 =  C*y/ 
CxCy). The covolumes of the interacting species, 
He-IIe, He-N2 and N5-N 2, increase in the order 
listed which would indicate a trend in the corre
sponding B values in the same direction. This 
effect is primarily responsible for the increase in 
going from # H e -r ie  to # H e -N 2 but the difference

(4) K. S. Pitzcr, “ Quantum Chemistry,”  Prentice-Hall, Inc., New 
York, N. Y., 1954, Chapter 11.

Clio
Oh e —H e —N 2  

Chb-N2-N2
C n2
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Fig. 3.— A test of regression formulas for Burnett data. 
The single curve is for nitrogen at 30°. The insert shows in 
schematic manner the behavior of all three plots.

in the equilibrium constants for the different inter
actions cannot be neglected, as evidenced by the 
negative value of Bni- n,-

The size of the equilibrium constant is dependent 
not only on the separation of the molecules but 
also on the attractive forces which exist between 
the molecules. These, which are predominantly 
of the London dispersion type between non-polar 
molecules, are much stronger between two nitrogen 
molecules than between the other possible com
plexions.

The maximum in the plot of Bm¡x against com
position is due to the fact that Bu is greater than 
Bn or K22 and is dominant in mixtures of balanced 
composition. The maximum is shifted toward the 
helium-rich end since Bne is greater than B^r 
The fact that Bn is of maximum importance in the 
central region of the curve and that it is predom
inantly responsible for the degree of fit of the least- 
squares curve in this region supports the value of 
B i2 listed in Table III. The probable error of an 
individual determination of Bmix from the least- 
squares curve is ±  0.104 X 10_4atm._1.

In Table V the values of Bn found by other in
vestigators are listed for comparison with our

value. Pfcfferle3a used the Burnett method and 
his result is the least-squares best value for only 
three binary mixtures. The Lunbeck and Boer
boom5 value of Bn is a theoretical rather than an 
experimental value. They used empirical mixing 
rules to obtain the force constants for the interaction 
between unlike molecules.

T a b l e  V
T h e  I n t e r a c t i o n  C o e f f i c i e n t , B h c- n 2, i n A T M . 1

S ilfi—N 2 tre.)
Kramer and Miller S.78 X  10-* 30
Pfefferle, Goff and Miller3“ 8.45 X  K R4 30
Lunbeck and Boerboom5 7.24 X 1 0 -4 25
Edwards and Roseveare6 5.13 X  IO"4 25

Edwards and Roseveare6 used a relationship be-
tween the volume change which occurs on mixing 
two gases at low pressures and the Lennard-Jones 
and Cook equation to evaluate BU- Two readings 
at each of two pressures were taken on a gas of a 
single composition, and the four results yielded 
the average value reported above. The source of 
the discrepancy between their value of Bn and the 
others is not readily apparent. It may be noted 
that an increase in I>v> with temperature is to be 
expected since the value of the equilibrium con
stant, Ki, decreases with rising temperature.

Knowledge of the temperature dependence of 
the second virial coefficient makes it possible to 
evaluate the constants of any of a variety of poten
tial functions which are customarily used to de
scribe the interactions between molecules. While 
much work has been done with single component 
systems, accurate data concerning the behavior of 
mixtures is relatively scarce and quite desirable to 
aid in establishing the validity of mixing rules 
which must be used to deal with the practical 
problems of everyday importance.

The temperature dependence of the second virial 
coefficient, while sufficient to establish the values 
of the constants of proposed functions is not partic
ularly useful in aiding one in the selection of a 
specific function. It is hoped that accurate knowl
edge of the temperature dependence of the third 
virial coefficient will provide additional aid in this 
selection. An investigation of the temperature de
pendence of these virial coefficients is underway at 
this Laboratory.

We wish to express our appreciation to Mr. Mat
thew Miller and the Frankford Arsenal for aiding 
in the analysis of our gases on their mass spectrom
eter, to Dr. Robert C. Harper, Jr., and Dr. John
A. Goff for their friendly interest in this work, and 
to the National Science Foundation for financial 
support of the project. One of us (G.M.K.) also 
acknowledges the aid of a Harrison Fellowship 
awarded him by the University of Pennsylvania.

(5) R. J. Lunbeck and A. J. Ii. Boerboom, Physica, 17, 76 (1951).
(6) A. E. Edwards and W. E. Roseveare, J. Am. Chem. Soc., 64, 2816 

(1942).
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THE SOLUBILITY AND ENTROPY OF SOLUTION OF IODINE IN 

OCTAMETHYLCYCLOTETRASILOXANE AND TETRAETHOXYSILANE
B y  K ozo Shinoda and  J. H. H ildebrand

Department of Chemistry and Chemical Engineering, University of California, Berkeley, California
Received January SI, 1957

Iodine dissolves in octamethylcyclotetrasiloxane, (CHAgSiiOi, to give a violet, “ regular”  solution, but in tetraethoxysilane, 
(CoiBOhSi, to give a solvated, brown solution. Its solubility, in mole fraction, conforms closely to the equations, respec
tively: log =  2.820 — 1464.3/T and log x2 =  1.499 — 8i6.9/T . The respective mole percentage and molal entropies of 
solution at 25° are 0.8104, 22.5 e.u., and 5.747, 12.5 e.u. The entropy of solution in (CHAsSLCh shows no divergence from 
the values in other violet solutions, in spite of the unprecedented disparity in molal volume of solvent and solute, 312 and 
59 cc., indicating that the entropy of solution is a function of mole fraction, not volume fraction, for quasi-spherical mole
cules of different size. The solubility corresponds to a solubility parameter of 8.2 instead of the value given by the energy 
of vaporization, 6.4. The partial molal volume, like the entropy, of iodine in the violet, siloxane solution shows no diverg
ence from its value in neighboring solvents attributable to differences in solvent molal volumes. In the silane, however, 
both properties are considerably smaller, in accord with the evidence for complex formation.

The molecule of octamethylcyclotetrasiloxane, 
(CH3)8Si404, has an octagonal core of alternating 
silicon and oxygen atoms with two methyl groups 
attached to each silicon atom. A scale model 
(LaPine) shows that the methyl groups are most 
uniformly spaced if the four silicon atoms are 
twisted about half way between a square and a 
tetrahedral orientation, making the whole molecule 
quasi-spherical. The oxygen atoms are then so 
shielded that an iodine molecule cannot approach 
closely enough to form a charge-transfer complex, 
as shown by the pure violet of its solution. A 
former member of our group, D. N. Glew, found 
that its maximum light absorption occurs at 518 
mp,. The maximum is at 517 m^ in carbon tetra
chloride and at 522 m/z in ?i-C7Fi6, “ f-heptane.” 
The solution is therefore quite “ regular.”

The molal volume of this silicone is 312 cc. at 
25°, much greater even than that of f-heptane, 225 
cc., and over 5 times that of liquid iodine, 59 cc. 
Its iodine solution therefore affords a rare oppor
tunity for testing the effect of disparate size upon 
the entropy of solution of quasi-spherical mole
cules.

The molecules of this silicone, furthermore, 
present a wide departure from a radial attractive 
potential and this puts a severe strain upon expres
sions for enthalpy of solution based upon radial 
fields.

We included in this study a second silicone, tet
raethoxysilane, ^H sO ^Si, in order to emphasize, 
by contrast, the exceptional properties of the above 
compound. The oxygen atoms of this silicone are 
not buried by the ethyl groups, hence the iodine 
solution is brown in color, indicating the presence 
of a charge-transfer complex, with non-regular be
havior. It absorption maximum is at 475 mu, near 
to that for iodine in ether,1 462 mu.

Materials.— The (CHASiiCh was pure material furnished 
by the General Electric Company through the kindness of 
R. C. Osthoff. It was vacuum distilled shortly before use 
in order to remove small amounts of polymer, evident from 
the higher viscosity of the residue.

The (C2H50 )4Si was obtained from Dow-Corning. It was 
dried, then vacuum distilled.

Results.—The solubility of iodine was deter
mined by equilibrating in the apparatus described 
by Glew and Hildebrand,2 and titrating weighed

(1) H. A. Benesi and J. H. Hildebrand, J. Am. Chem. Soc., 71, 2703 
(1949).

portions of saturated solution with thiosulfate.
Our results for iodine in (CH3)8Si404 are given 

in Table I. The calculated values have been 
smoothed out by the equation: log x2 =  2.820 — 
1464.3/T. This gives 100 x2 =  0.8104 at 25°, and 
R(d log x2/d  log T) =  22.5 cal. deg.“ 1.

T able I
Solubility of I2 IN (CH 3 )gSÍ404, M ole P er  iCen t .

20.06° 25.06° 29.96° 34.97° 39.98°
0.667 0.816 0 .9 7 3 1.176 1.388

.672 .816 0 .9 7 5 1.168 1.389

.663 .805 1.178 1.385

.665 .826

Av. 0.667 0.816 0 .9 7 4 1.174 1.387
Caled. 0.670 0.813 0 .9 7 5 1.170 1.392

Table II gives the corresponding figures for io
dine in (CuILOhSi, with log x2 =  1.499 — 816.9/T 
and i?(d log .r2/d  log T) =  12.5 between the two 
higher temperatures. No measurements were made 
above 25° because a slow secondary reaction occurs 
as shown by a gradual decrease in the height of the 
absorption band.

T able II
Solubility o f  I2 in  (C 2H 60),iSi, M ole P er C ent .

11.85° 17.07° 24.99°
4.28 4.83 5.73
4.35 4.81 5.73
4.33 5.76

Av. 4.32 4.82 5.74
Caled. 4.323 4.848 5.747

The measurements are plotted in Fig. 1 in a man
ner similar to that used in a recent paper by Hilde
brand and Glew.3 We have omitted the point for 
C7F16 there shown in order to show the remaining 
points on a larger scale. Instead of using —log x2 
as abscissa, we here use —R In x2, which represents 
the entropy of ideal solutions of liquid iodine. As 
ordinate we plot the excess of R (5 In x2/d In T)satd 
over the entropy of fusion of iodine, in cal. deg.“ 1 
mole“ 1. This likewise represents the entropy of 
ideal solution of liquid iodine, and yields points on a 
45° line starting at the origin.

(2) D. N. Glew and J. H. Plildebrand, T his Journal, 60, 616 
(1956).

(3) J. H. Hildebrand and D. N. Glew, ibid., 60, 618 (1956),
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The entropy of fusion of iodine at 25° is calcu
lated from its value at the melting point and A(7P, 
the excess molal heat capacity of liquid over solid. 
This requires extrapolation of the heat capacity of 
the liquid over the interval from the melting point, 
113.5°, to 25°, and the result is therefore somewhat 
uncertain. The data of Frederick and Hildebrand4 
that we have used heretofore, give 8.0 e.u. for the 
entropy of fusion at 25°. A later critical survey by 
Kelley6 yields 8.2. Because the small difference is 
unimportant, in view of the uncertainty, we retain 
our original figure for the sake of consistency. Point 
A corresponds to the logarithm of the activity of 
liquid iodine, and point B the activity of iodine in 
an ideal solution, where it is the same as the activity 
of solid iodine, a2 =  0.258.

The partial molal entropy of iodine in a solution 
saturated with solid is

&  — Si =  R(Z> In x2/i> In T ),*td (d In a ./d  In i 2) (1)
The factor on the right, which expresses the devia
tion from Henry’s law, is not far from unity for such 
dilute solutions. It may be evaluated by aid of 
the approximate relation

In a2 =  In x2 4- ktj>i2 (2)
where </> denotes volume fraction. Using a2 =  
0.258 and the measured values of x  gives values for 
k by aid of which we obtained the values of (d In 
cii/b In x 2) t  shown in Table III. Multiplying the 
experimental values of R(d In x2/d In T2) by these 
factors gives the entropy of transfer of solid iodine 
to saturated solution, S2 — Si in the last column. 
These values are indicated by stars in Fig. 1.

Discussion.— We invite attention, firstly, to the 
fact that the point for iodine in (CH3)8Si40 4 falls 
exactly upon the line through the points for other

(4) K. J. Frederick and J. H. Hildebrand, Am. Chem. Soc., 60, 
1430 (1938).

(5) K. K. Kelley, U. S. Bur. Mines Bull. 470.

T a b l e  III
E ntropy of Solution of I odine , 25°

/d i n  a2\ /d ln i iN
Solvent \d In x2Jx \ d In T)  3atd ¿2 — ‘S 'i

cs2 0.85 18.8 16.0
CHCh .02 20.3 18.7
CC14 .06 21 .9 21 .0
SiCh .08 23 .3 22 .8
(CHslsSiM. .09 22 .5 22 .3

violet solutions, whereas the point for the brown 
solution in (C2H60 )4Si diverges strongly. It is 
near that for p-xylene. The solvation yields 
higher solubility and smaller entropy of solution.

The correspondence of the former solution with 
other violet solutions is very significant in view of 
the large ratio of the molal volumes of solvent and 
solute, 312/59. For the neighboring solvents, 
CC14 and c-C 6H i2, the ratios are 97/59 and 109/59, 
respectively. The equation

S2 — S2° = —I2[ln d>2 A — r2ri 1)] (3)

for entropy of solution, (of component 2) where v’s 
are molal volumes, yields an excess over the ideal 
entropy, — li In ,r2, of 0.15 e.u. for the CC14 solution 
and 1.60 e.u. for the silicone solution. The plot 
shows no such discrepancy. The inescapable in
ference is that the entropy of solution of quasi- 
spherical molecules of different size is a function of 
mole fraction, not volume fraction. In a paper 
now in preparation on entropy of solution of gases 
we will present further experimental evidence in 
support of this conclusion. It indicates that the 
entropy of solution is not a function of relative 
size, but rather one of configuration, as envisioned 
in the “ string of beads”  model used for deriving the 
“ Flory-Huggins”  equation. The derivation by 
Hildebrand6 based only upon molecular sizes, while 
probably valid for gas mixtures, is invalid for the 
more highly condensed liquid mixtures.

The second fact to which we invite attention is 
that the position of the point for (CH3)8Si40 4 is far 
from that indicated by the solubility parameter,
6.4, calculated by Osthoff and Grubb7 from its en
ergy of vaporization. This would make it nearly 
as poor a solvent for iodine as is f-heptane. Its po
sition in Fig. 1, however, in relation to CC14, c- 
CeHi2 and SiCl4, whose 5-values are 8.6, 8.2 and
7.6, respectively, corresponds to a solubility parame
ter practically identical with that of C-C6H12, and 
this we have found to accord with its behavior with 
two fluorocarbons, as described in the following 
paper.

Substituting the known values in the equation
log a? =  log x2 +  r20 r (5. — 5i)V4.575r (4)

and solving for 5i gives 8.2, agreeing within the 
limit of error with its close neighbor, c-C6H i2.

Thirdly, it is evident that the “  measured”  values 
of the entropy of solution increase more rapidly 
than —R In x2 in going from the better to the poorer 
solvents. This is evidently related closely to in
creases in the partial molal volume of iodine and

(6) J. H. Hildebrand, J. Chem. Phys., 15, 225 (1947).
(7) R. C. Osthoff a n d  W. T. Grubb, J. Am. Chem. Soc., 76, 399 

(1954).
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the attendant entropy of expansion, pointed out by 
Hildebrand and Scott.8

In order to investigate this contribution we have 
determined the partial molal volume of iodine in 
several selected solvents including the two silicones 
here used. Instead of making the precise deter
minations of density and composition required in 
the usual method, we adopted a simple, direct dila- 
tometric procedure. The dilatometer consists of a 
cylindrical bulb of 150-cc. capacity containing a 
large glass ball. It has a capillary stem with an in
ternal diameter of 1.8 mm. This is filled at 25° with 
solvent extending into the lower part of the capil
lary. A weighed amount of iodine is sealed in a long 
thin glass capsule narrow enough to slip down the 
capillary. After the capsule is introduced it is 
broken and the iodine is dissolved by twirling the 
ball inside the bulb. After temperature is restored, 
the change of level in the capillary is read. From 
the change in volume, corrected for the volume of 
the glass of the capsule, the partial molal volume of 
the iodine is calculated.

The work is being extended to a number of sol
vents and will be reported later; we give here only 
the few results that contribute directly to inter
pretation of the entropy of solution of iodine in the 
two solvents here involved. Table IV gives results 
for (C2H50 )4Si and (CH3)8Si404 together with sev
eral others for comparison.

The contribution of expansion to the entropy of 
solution may be evaluated by aid of the relation 
ASExp- =  (zL — Vo°) (dp/'6T)v. For v2° we use, as

(8) J. H. Hildebrand and R. L. Scott, J. Chem. Phys., 20, 1,520 
(1952).

T a b l e  IV

P a r t i a l  M o l a l  V o l u m e s  of I o d i n e , 2 5 °

CS, CCh
(CH:,)8- 
SiC >4

n-
G7II16 C7F1B (C2ILO)4-

Si
V-i, cc. 60 .7 6 6 .7 66.6 66.3 1002 60 .5
5, 10.0 8 . 6 8 . 2 9 8 . 1 9 5.8 7. 210

A SExp- 0 . 6 1.7 1.7 1 . 6 4 .6 0 .3

heretofore, 59 cc. Since we have no measured val
ues of dp/dT for the silicones we obtain approxi
mate values from the solubility parameter as

(dp/dT)v =  (dE/Z>vh/T +  p/r  ^  (A e™» /v)T  =  5P/T

The last row in Table IV gives values of A<SExp- so 
calculated. We see that the size of the (CH3)8Si404 
molecule introduces no departure in either v2 or 
A»S'Iixp- from the behavior of solvents with neigh
boring values of 5i although A5Exp- is so large as to 
account for much of the difference between the ac
tual and the measured entropy of solution, as in 
the cases reported by Hildebrand and Scott8 and 
by Reeves and Hildebrand.11

The fact that both the partial molal volume and 
the entropy of solution of iodine in the ethoxysilane 
is so much smaller than in the siloxane is in accord 
with the formation of a strong charge transfer com
plex.

We wish to thank Dr. R. C. Osthoff for the silox
ane, Marilyn Angel for her exploratory measure
ments, Dr. J. E. Jolley for advice and the National 
Science Foundation for its support.

(9) Adjusted.
(10) Estimated from density and boiling point.
(11) L. W. Reeves and J. H. Ili.debrand, T h is J o u r n a l . 60, 949 

(1950).

THE LIQUID-LIQUID SOLUBILITY OF OCTAMETHYL-CYCLO- 
TETRASILOXANE w i t h  p e r f l u o r o m e t h y l c y c l o h e x a n e  

AND PERFLUORO-n-IIEPTANE
B y  J. E. J o l l e y  a n d  J. II. H il d e b r a n d

Department of Chemistry, University of California, Berkeley, Cal.
Received January SI, 1957

T he liquid-liquid solubility curves of m ixtures of octam ethylcyclotetrasiloxane with (a) i-m ethylcvclohexane and (b) 
f-heptane have been determ ined. T h e  critical tem peratures are (a) 43.86° and (b) 69.97°. T h e  mole fractions of the 
silicone at the curve m axim a are (a) 0.38, (b) 0.44. T h e value of the solubility param eter of the silicone a t 25° calculated 
from the measurem ents agrees w ell w ith the value 8.2 obtained from  its solvent power for iodine (see preceding paper), 
which is far in excess of the valu e obtained from  its energy of vaporization (AEvaf>/v),/2. These system s add to th e m ounting 
evidence th a t the solu bility  param eters of aliphatic hydrocarbons m ust be considerably increased in order to  conform  to  
regular solution th eory in their interactions w ith  molecules of other types. T his calls for a critical stu d y  of interm olecular
potentials.

The solubility of iodine in octamethylcyclo
tetrasiloxane, reported in the preceding paper, cor
responds to a solubility parameter of 8.2, much 
larger than 6.4, the value derived by Osthoff and 
Grubb1 from its energy of vaporization. The latter 
value would lead one to expect this substance to 
form nearly ideal solutions with fluorocarbons. 
We found, however, that it behaves like paraffin 
hydrocarbons in forming two liquid phases with f- 
heptane and f-methylcyclohcxane. We have de-

(1) R. C. Osthoff and W. T. Grubb, J. Am. Chem. S o c . ,  76, 399 
(1954).

termined its mutual solubility with these two 
fluorocarbons in order to learn whether the value
8.2 is consistent with its solvent power for sub
stances at both extremes of the parameter range.

M ateria ls .— T h e tw o fluorocarbons w ere purified b y  the 
m ethods described b y  G lew  and R eeves.2 T h e siloxane was 
from the stock described in the preceding paper.

P roced ure.— T o  contain the m ixtures, glass tubes approxi
m ately  6 m m . in diam eter an c 12 cm. long were sealed each 
at an angle of 120° to one end of a length of 1 m m . capillary 
tubin g, the other end of which could be attached to a ground 
glass jo in t. T h e tubes were thoroughly washed w ith

(2) D. N. Glew and L. W. Reeves, T his Journal, 60, file (1950).
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chromic add, water and methanol, and flamed out under 
vacuum. The pure liquids were measured in at 25° from 
a 1-cc. graduated pipet, separately calibrated for each com
ponent because of different retention, the siloxane wetting 
the glass more than the fluorocarbon. The volume frac
tions given below are corrected for thermal expansion but 
not for volume changes on mixing. The tubes were cooled 
in liquid nitrogen, evacuated and sealed several cm. above 
the bottom of the capillary. The observations were carried 
out in a well stirred water-bath whose rate of cooling could 
be adjusted to about 0.005° per minute. The thermometers 
used were calibrated against N.B.S. standard thermometers. 
The tubes were heated to one or two tenths of a degree above 
their eonsolute temperatures and allowed to cool slowly, with 
frequent shaking, and observed with a magnifying glass.

At volume fractions close to 0.5, mixtures are milky blue 
in color. This increases as the temperature falls and then 
disappears as the mixture suddenly changes to a heterogene
ous mass of small droplets. As the volume fraction varies 
from the neighborhood of 0.5, the blue color diminishes and 
is not apparent beyond about 0.3, and the sudden appear
ance of tiny droplets is taken to mark the eonsolute tem
perature. The large difference in the density of the two 
components here used makes the separation easily observ
able. In all oases, the eonsolute temperatures were repro
ducible to within 0.01°, and were the same on approaching 
from above anc. from below.

The results are shown in Table I. The points 
fall upon smooth curves of the familiar type, hence 
we omit publishing a plot of them. The critical 
temperatures and compositions read from our plot 
are given at the bottom of each series. The curves 
are broader at the top than any so far reported. 
They fit the relations

silicone and C7TIh, Tc — T — 58.9(12" — xi'Y  *' 
silicone and CjHis, TQ — T =  52.5(x2" — i 2') 3'31

The high exponents, in excess of the commonly 
used 3, express the smaller curvature. The 
linear relationship between (Tc — T)'^ and log 
(Xi/xi) , reported by Cox and Herington,3 is mod
erately well obeyed, and therefore useful in extrap
olating to lower temperatures.

T a b l e  I
L iqutd-L iqotd Solubility of (CELhSiiCL 

(Component 2)
With CeFnCF, With n-CbFit

<t> i X t t, °c. 02 X * t, °c .
0.178 0.120 35.80 0.176 0.136 59.95

.290 .205 42.03 .287 .229 67.07

.399 .295 43.86 .396 .326 69.58

.495 .382 43.85 .491 .416 69.97

.598 .484 43.45 .589 .513 69.90

.703 .598 40.58 .674 .604 68.48

.817 .737 30 55 .797 .743 60.97
.888 .852 44.78

0.48 C .38 43.86 Crit. 0.51 0.44 69.97

We may calculate a solubility parameter, 52, for 
the silicone, by aid of the equation 4RTC =  (Vi +  
v2)(<$2 ~  <h).2 In the solution with CeFuCF., this 
gives =  2.2 at. 43.86°. Both <52 and S, are
larger at 25° but their difference changes but little, 
hence if we use Si =  6.0, we get S2 =  8.2. We may 
extrapolate values of x to 25° by using the relation 
of Cox and Herington, applying then the usual 
equation, In a2 =  In x2 +  v2<5r (S2 — Si)2/RT to 
both liquid phases, with In a2 =  In a2", we get 

(h -  ¿i)2 = 4.5757’v2- ,(0i"2 -  log(z2' -  x2")
(3) J. D. Cox ard E. F. G. Herington, Trans. Faraday Soc.. 52, 920

(1956).

This gives S2 — Si =  2.4 and S2 =  8.4, close to the 
above value.

To obtain a solubility parameter at 25° for the 
silicone with f-heptane involves a much wider ex
trapolation. It is evident, however, that our two 
liquid-liquid systems behave consistently, because 
the change from CrFuCFi to C7Fi6 causes approx
imately the same rise with different second com
ponents, as shown in Table IT.

T ablf. II

D ifferences in Liquid-L iquid Critical T emperatures 
of C7F16 and C6HuCF3 with Other Liquids

(CHsLSuOt CCl. CHClj c .m

70 0° 58.7° 78.5° 113.5°
43.9° 26.8° 50.3° 85 .3°

26 1° 31.9° 28.2° 28.2°

The solubility of iodine in (CH.bsSi/h corre
sponds to a parameter of 8.2, as reported in the pre
ceding paper by Shinoda and Hildebrand. We see 
that the solubility relations of (CH3)8Si404 with 
both iodine, with a very high solubility parameter, 
and with fluorocarbons, having very low param
eters, are consistent with a parameter of about
8.2, far larger than the value of (A ev/ v ) 1/1 =  6.4. 
It behaves essentially as what, peripherally, it is, a 
hydrocarbon, and adds one more piece of evidence 
to others already noted4 of the abnormality of 
hydrocarbons with respect to regular solution 
theory. Iodine dissolves in the following solvents 
in conformity with their normal parameters: 
CCh, TiCU, CS2, CHBr3, SiCl4, C7F16,_ (C4F9)3N, 
f-propyl cyclic ether, but its solubilities in the 
following solvents can be accounted for only 
by adding the corrections here stated to their 
values of (A e v/ v ) , / ! : in 2,2,4-trimethylpentane,
I. 0; in n-C7Hie, 0.7; in 2,2-dimethylbutane, 1.1; 
in (CH3)8Si404, 1.8. Fluorocarbons mix with CC14 
in accord with their normal parameters, but with 
hydrocarbons corrections must again be added, as 
follows: C7Fi6 with 2,2,4-trimethylpentane, 1.5; 
with n-C7II16, 1.0; with 2,2-dimethylbutane, 1.8; 
C5F,o with C5H12, 1.4; C4FI0 with c-C5H i0, 1.6.

It is evident that the assumption commonly made, 
that molecules with peripheral hydrogen atoms 
have force fields similar to those with other pe
ripheral atoms, is far from adequate, and calls for 
extensive critical investigation. In the case of 
(CH3)8Si404, the rigid core, Si40 4, contributes con
siderably to the volume but only trivially to inter- 
molecular potential, making (ABvap/v )  'h too small 
t.o serve as an effective solubility parameter. The 
buried portions of the molecules of 2,2-dimethyl
butane and 2,2,4-trimethylpentane may account 
similarly for the extra large corrections they re
quire.

We wish to thank Dr. R. C. Osthoff and the 
General Electric Company for the octamethyl-

(4) (a) J. H. Hildebrand. J. Chem. Phys., 18, 1337 (1950); (b)
J. A . Neff and J. B . Hickman, T h is J o u r n a l , 59, 42 (1955); (c) J. B . 
Hickman, J. Am. Chem. Soc., 77, 6154 (1955); (d) R. L. Scott, Ann. 
Rev. Phys. Chem., 7, 43 (1956); (e) E. P. McLaughlin and R. L. Scott, 
J. Am. Chem. Soc., 76, 5276 (1954).
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tetrasiloxane, the Minnesota Mining and Manufac- for helpful comments, and the Atomic Energy 
turing Company for the f-heptane, Dr. R. L. Scott Commission for the support of the work.

HIGH PRESSURE DISSOCIATION STUDIES 
OF THE URANIUM HYDROGEN SYSTEM1

B y  G . G . L ib o w it z 2 a n d  T h o m as  R. P. G ib b , J r .

Contribution No. 244 from the Department of Chemistry, Tufts University, Medford, Mass.
Received February 1, 1957

Pressure-composition isotherms were obtained for the uranium-hydrogen system over the temperature range 450 to 
650° at pressures up to 65 atm. in a stainless steel apparatus designed for high temperature high pressure measurements. 
The experimentally determined plateau pressures are compared with values extrapolated from low temperature studies of 
Spedding and Flotow and Abraham. A value of —30.3 kcal./mole was obtained for the heat of formation of UH3 from 
the dissociation pressure data.

Introduction
The pressure-temperature-composition relations 

in the uranium-hydrogen system have been in
vestigated at temperatures below 430° by Sped
ding3 and Flotow and Abraham.4 5 These investi
gators found stoichiometric uranium hydride to 
have the formula UH3. At temperatures above 
430° the dissociation pressure of the hydride be
comes greater than one atmosphere, and' the usual 
glass-quartz apparatus can no longer be used to 
study this system. Mogard and Cabane6 have 
measured the dissociation pressures of uranium 
hydride at high pressures, and Gibb, McSharry 
and Kruschwitz6 have made a high pressure study 
of the high hydrogen composition region of this sys
tem.

It was the purpose of this investigation to study 
the uranium-hydrogen system at high pressures 
and temperatures over the whole range of hydrogen 
compositions from uranium metal to fully hydrided 
UH3 in a stainless steel apparatus especially con
structed for these investigations.

Experimental
Apparatus.— The apparatus, shown schematically in Fig.

I, consisted of a sample container, resistance furnace with 
temperature measurement and control systems, high pres
sure measuring systems, low pressure glass volume calibra
tion system, and a hydrogen purification train. The tubing 
throughout the high pressure part of the apparatus was 
Type 316 stainless steel, */< in. o.d. and Vs in. i.d. All con
nections were made with “ Koncentrik”  fittings with steel 
seats having Teflon ring gaskets. Valves A, B and C were 
Hoke Needle Valves with V point spindle. The other valves 
in the system are Hoke diaphragm-type packless valves.

The sample container was made from Type 316 stainless 
steel. The bottom was machined from flat stock and the 
main portion was bored and machined from solid rod. The 
parts were put together by atomic hydrogen welding. The 
cavity in the container was 7 in. by 1.5 in. diameter. The 
wall thickness was •/» in. A lead-in tube of standard weight

(1) This research was supported by the Atomic Energy Commission. 
Presented at the 130th Meeting of the American Chemical Society, 
Atlantic City, New Jersey, September 21, 1950.

(2) Materials Research Group, Atomics International, Canoga 
Park, California.

(3) F. H. Spedding, A. S. Newton J. C. Warf, O. Johnson, R. W. 
Nottorf, I. B. Johns and A. H. Daane, Nucleonics, 4, 4 (1949).

(4) H. E. Flotow and B. M. Abraham, Report AECD-3074, de
classified Jan. 30, 1951.

(5) H. Mogard and G. Cabane, Rev. met., 51, 617 (1954).
(6) T. R. P. Gibb, Jr., J. J. McSharry and H. W. Kruschwitz,

J. Am. Chem. Soc., 74, 6203 (1952).

V» in- stainless steel tubing with a Koncentrik fitting at the 
top, permitted the container to be attached to the high pres
sure line. By closing valve D, the bomb could be removed 
from the furnace without contaminating the sample.

The resistance heater consisted of two sections: the main 
winding and an auxiliary heater situated near the top of the 
furnace to eliminate thermal gradients. The main part of 
the furnace was a Norton Alundum core, 10 in. long and 4.5 
in. in diameter wound with 16 gage Kanthal wire. The 
sample container rested on a steel pedestal mounted at the 
bottom of the furnace. The core was surrounded by fire
brick at the sides and bottom, which in turn was surrounded 
by a galvanized iron can wrapped -with asbestos. The top 
of the furnace was covered with a slab of Vs in- transite con
taining openings for the sample container and thermo
couples. The separately controlled auxiliary heater con
sisted of coiled Kanthal wire supported by three porcelain 
rods suspended from the bottom of the transite slab. In 
this way, the top of the bomb received additional heating to 
compensate for the heat loss due to thermal conductivity. 
Temperatures were measured with two calibrated Chromel- 
Alumel thermocouples, and controlled to ± 0 .5 °  by means of 
a photoelectric control circuit.

The two thermocouples were strapped to the sample con
tainer with asbestos tape, and were so situated that they 
measured the temperatures at the top and at the bottom of 
the sample when it was fully hydrided. By inserting a 
thermocouple inside the container under conditions similar 
to those used in making a run, it was found that the inside 
and outside temperatures differed by one to two degrees over 
the range studied. This difference was taken into account 
in setting the temperature controller.

The pressure of hydrogen over the sample was measured 
with a Brown Instrument Co. Recording Pressure Gauge. 
This was a multiple Bourdon spiral gage with three separate 
recording units of 0-20, 0-100 and 0-1000 p.s.i. The 0-20 
and 0-100 p.s.i. units were connected to the manifold through 
valves which could be closed when the pressure became 
higher than these maximum values. During use, it was 
found that these pens were accurate to ± 0 .5 %  of their full 
scale reading.

The low pressure Pyrex glass system was separated from 
the high pressure portion of the apparatus by a Hoke needle 
valve, C. The glass system included two bulbs whose vol
umes were 5.535 and 12.07 liters. These were used for 
measuring the volumes of hydrogen gas removed from the 
sample during dehydriding runs. The glass system also 
contained a small calibrated bulb for calibrating volumes in 
the system and an open end mercury manometer.

Materials.—The uranium metal used was high purity 
Reactor grade (>99 .9%  U) metal furnished by the Atomic 
Energy Commission. A 230-gram block of metal was 
cleaned in 1:1 H X 0 3, 0.1 N  HC1, water, isopropyl alcohol 
and anhydrous ethyl ether in turn and transferred to the 
sample container under an argon atmosphere. Hydriding 
was carried out at about 200° and under a hydrogen pressure 
of 500 p.s.i. In this wav; uranium hydride, having the 
stoichiometric formula UII3 at room temperature, could be 
prepared. The hydrogen was purified by passing over
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Fig. 1.— High pressure apparatus for dissociation studies.

drierite, hot uranium metal getter, and finally through a 
glass wool trap to remove any getter particles.

Experimental Procedure.— In a typical dehydriding run, 
the uranium hydride was heated to the desired temperature 
under a pressure of hydrogen. After the system reached 
equilibrium (i.e., pressure did not change more than 0.5%  
of the full scale reading of the pen in the period of one hour), 
the pressure was recorded. The composition of the hydro
gen in the sample- was then decreased by bleeding hydrogen 
into the calibrated bulbs, F and G, and the pressure again 
recorded after it had become constant. By successive meas
urements in this way, pressure-composition isotherms at 50° 
intervals from 450 to 650° were obtained. The composi
tions were calculated by subtracting the S.T.P. amount of 
hydrogen above the sample and the amount of hydrogen bled 
into the glass system from the amount of hydrogen originally 
present in the container and the amount of hydrogen in 
the fully hydride! UH3, the amount of hydrogen in each 
case being calculated from appropriate volumes, pressures, 
and temperatures. For these calculations, the non-ideality 
of the gas law at high pressures, as well as the hot and cold 
volumes of the sample container were taken into account. 
At least two dehydriding runs were made at each tempera
ture.

For hydriding runs, the sample was completely dehy- 
drided to uranium metal by evacuating at 500°. With the 
sample under vacuum, valve D  was closed and the line be
tween valves D  and H was filled with hydrogen from the 
hydrogen storage cylinder at a pressure which could be read 
on the recorder. The sample was brought to the desired 
temperature, and valve D  was opened to permit hydrogen 
to flow into the sample container. After the system 
reached equilibrium, the pressure was recorded, valve D was 
closed again, and another volume of hydrogen was added by 
the same procedure. From the change in pressure on open
ing valve D , the amount of hydrogen added and the com
position was calculated. By repeating this procedure, the 
low composition and plateau portions of the isotherms could 
be obtained. At high pressures, the difference between 
dissociation pressure and the pressure in the manifold from 
D to H was too low to permit large enough increments of 
hydrogen to be added, so that hydriding runs were discon
tinued before the region of rapidly ascending pressures at 
high hydrogen compositions.

At temperatures above 550°, it was found that the diffu
sion of hydrogen through the steel was no longer negligible. 
The diffusion rate was measured at each temperature as a 
function of the pressure, and these data were used to correct 
the compositions for diffusion loss.

Although the temperature was controlled to within a few 
tenths of a degree centigrade with a photocell circuit, the 
uncertainty in temperature may be as high as ± 2 °  because 
of slight thermal gradients in the sample. As stated above, 
the accuracy of a pressure measuring unit was ± 0 .5 %  of its 
full scale reading. Under the worst conditions, therefore 
(reading 100 p.s.i. on the 0-1000 p.s.i. unit), the error could 
be as high as ± 5 % , although it was usually much less. The 
error in plateau piessure due to uncertainty in temperature 
varies from ± 4 %  for the 450° isotherm to ± 2 %  for the 650° 
isotherm. In general, therefore, it can be said that the erfor 
in pressure is no higher than ± 6 %  and usually less. Be

cause the composition error is compounded with each re
moval of hydrogen, the composition at low hydrogen con
tents is loss accurate than at high hydrogen contents. In 
the region of rapidly rising pressures at the high composition 
end of the isotherms, the precision in composition is ±0.01 
H /U , so that the upper limit of the plateau can be determined 
to ±0.01 II/U . However, the shapes of the curves in 
this region can be determined more precisely since the rela
tive error of one experimental point to the next varies from 
±0.009 II/U  at high pressures to ±0.001 at the plateau 
pressure. Notwithstanding, the lower limit of the plateau 
cannot be located to better than ±0 .05 H /U . By shifting 
the low hydrogen composition portion of the isotherms so 
that the steeply sloping part intercepts the point of zero 
hydrogen composition at zero pressure, the lower limit of the 
plateau can be determined somewhat more precisely. This 
has been done for the isotherms shown. For the two hy
driding runs, the error in hydrogen composition was some
what larger. In the 500° isotherm, the error in composi
tion at the low hydrogen composition end of the isotherms 
was only ±0.001 H /U . As the hydrogen composition in
creased in the plateau region, the error increased to ±0 .03  
H /U  near the upper limit of the plateau. The compositions 
in the hydriding run at 650° were much less precise, the 
errors being ±0.01 II/U  at the low hydrogen composition 
and ±0 .1  II/U  in the plateau region. This largo error was 
due to the fact that the dissociation pressure was so high at 
this temperature, that the difference between hydriding 
pressure and dissociation pressure was small, thereby ne
cessitating a large number of hydrogen additions in order to 
increase the hydrogen content of the sample appreciably.

Results and Discussion
The pressure-composition isotherms obtained 

are shown in Figs. 2 and 3. The open circles 
represent dehydriding runs and the black circles 
hydriding runs. Within experimental error, there 
seems to be no hysteresis between hydriding and 
dehydriding in this system at temperatures above 
450°. Hysteresis was obtained by Spedding3 at 
lower temperatures. As hydrogen is removed 
from the fully hydrided uranium hydride, the pres
sure falls rapidly until a constant pressure plateau 
is reached due to the dissociation of uranium hy
dride and the formation of two solid phases; /3- 
uranium hydride and «-uranium metal. When 
almost all the hydrogen has been removed, the hy
dride phase disappears and the pressure again de
creases sharply, indicating a single solid phase con
sisting of the metal containing dissolved hydrogen.

The plateau pressures obtained in this investiga
tion are compared with the plateau pressures cal
culated by extrapolating the low temperature (be
low 430°) work of Spedding3 and Flotow and Abra
ham4 in Table I. The errors shown are the esti
mated maximum errors. The plateau pressures 
agree within experimental error with those obtained 
by the extrapolation of Flotow and Abraham’s 
equation at 450 and 500°. However, at higher 
temperatures, it appears that the low temperature 
equation can no longer be used. The values ob
tained from the equation given by Mogard and 
Cabane8 for high pressures are also shown in this 
table. Their values are much lower than the pres
ent values, however, (except at 650°) and are even 
lower than the Flotow and Abraham values at 
450 and 500°. Since their work was essentially a 
metallographic study of UH3, no details are given 
on the measurement of the pressures so that there is 
no indication of the accuracy of the work.

If we consider the reaction
U +  3/2H-2 UH: ( 1 )
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T able I

D i s s o c i a t i o n  P r e s s u r e s  ( A t m . )  o f  U r a n i u m  H y d r i d e

Temp.,
°C. Spedding

Flotow
and

Abraham
Mogani

and
Cabane

This
research

450 1.51 1.50 1.33 1.44 ± 0 .0 6
500 3.80 3.G4 3.35 3.57 ±  .12
550 8.5 7.8 7.5 8 .4  ±  .4
G00 17.8 14.9 15.5 16.3 ±  .5
650 3 3 .8 2 0 .0 20.2 29.8 ±  .9

the heat of formation, AH, of the uranium hydride 
can lie calculated from the integrated form of the 
Yan’t Hoff equation

In P =  +  constant

where P  is the plateau pressure, T the absolute 
temperature and R is the gas constant. The equa
tion for the log P vs. ]/T plot shown in Fig. 4 was 
determined to be

log Patm =  -  ^  +  6.26

from which a heat of formation of —30.3 ± 0 . 1  
kcal./mole was obtained, as compared to —30.8 
kcal./mole from Spedding’s data and —31.8 
kcal./mole from the work of Flotow and Abra
ham. The most recent calorimetric determination 
by Abraham and Flotow7 is reported as —30.35 
±  0.03 kcal./mole at room temperature. The excel
lent agreement between the high temperature and 
low temperature value indicates that AH remains 
reasonably constant with temperature.

Some recent calculations8 indicate that the non- 
stoichiometry of uranium hydride is due to hydro
gen vacancies in the lattice. The high composition 
ends of the isotherms shown in Fig. 3 can then be 
interpreted in the following way. As hydrogen is 
withdrawn from the system, vacancies are created 
in the lattice, and the pressure drops sharply until 
the saturation concentration of vacancies is 
reached. At this point, the lattice cannot ac
commodate any more vacancies, and further re
moval of hydrogen causes the hydride to break 
down, or dissociate, thus forming a two-phase re
gion consisting of uranium metal and uranium 
hydride containing the maximum number of hy
drogen vacancies. As the temperature increases, 
the number of hydrogen vacancies which the lattice 
can accommodate increases. If this is the case, the 
heat of formation calculated above is not for reac
tion 1, but rather for the reaction

(1 +  x )V  + | l U — > U I+*H3

where x varies with temperature and is equal to 
v/(l — v), v being the fraction of vacant hydrogen 
sites in the lattice. However, since AII is constant 
with temperature over the range studied as shown 
in Fig. 4, it is obvious that the presence of vacancies 
does not appreciably affect the heat of formation, 
and the value given for AH is also valid for x  =  0, 
or stoichiometric UH3. The maximum value of 
v at each temperature is shown in Table II.

(7) B. M. Abraham and H. E. Flotow, J. Am. Chem. Soc., 77, 1446 
(1955).

(8) G. G. Libowitz, submitted for publication.

Fig. 3.

T a b l e  II
T h e  S a t u r a t i o n  C o n c e n t r a t i o n  o f  H y d r o g e n  V a c a n c i e s  

i n  U r a n i u m  H y d r i d e

Temp., °C. 450 500 550 GOO 650
v 0.008 0 018 0.027 0.041 0.054
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The rate of reaction between solid powders of certain alkali halides has been studied at about 450°. The rate was fol-
n  =  co

lowed with X-ray measurements and found to fit the formula 1 — x  =  ( 6 /tt2) 2 1/n2 ex.p( — n2kt) which is based on the
n = 1

diffusion of ions into spherical particles. The reactions were KC1 +  NaBr and CsCl +  KBr. Data of Wood were used 
to calculate the rate of the reaction Nal - f  KBr. Thermodynamic considerations are discussed. The kinetic data are 
explained on the hypothesis that the rate of reaction is determined by the diffusion of the cations followed by a slower dif
fusion of the anions.

Introduction
The equilibrium phase relations of reciprocal 

pairs of alkali halides have been investigated by 
Wood and co-workers.3 Stable salt pairs were 
identified by the X-ray diffraction patterns of the 
crystals resulting from quenching the mixed melts 
and from extensive reaction in the solid state. In 
57 of 60 reciprocal salt systems studied by quench
ing from the mixed melts complete reaction oc
curred and gave the stable salt pair. The stable 
phase pair consisted of crystals of the smaller 
cations coupled to the smaller anions and the 
larger cations coupled to the larger anions. The 
final product phases were nearly pure binary salts. 
Of the systems studied here, all showed a quenched- 
melt composition close to the stable salt pair. 
However, Wood, et al., found that the CsBr-KCl 
system displayed partial reversal and true equilib
rium when reacting in the solid state for 36 hours 
at 400°.

In this work the kinetics and mechanisms of 
three solid-solid reaction systems of alkali halides 
have been studied by X-ray diffraction, NaBr- 
IvCl, CsCl-KBr and Nal-KBr. The spacing and 
intensity of the X-ray lines were measured and al
lowance made for the formation of solid solutions. 
Since the phases resulting from solid-state reactions 
frequently contain crystal defects, thermolumines
cence studies also were made.

Thermodynamics.—The thermodynamics of
solid-state reactions are those for heterogeneous sys
tems of a multiplicity of solid phases, together with 
any participating gaseous or liquid phases. Except 
for reactions involving gaseous or liquid phases, 
or those in which solid solution of reactants and 
products occurs, equilibrium is usually not possible 
and the reactions proceed exothermically to 
completion,4 giving the stable salt pairs with 
smaller cation combined with smaller anion, and 
larger cation combined with larger anion.

For systems which are exclusively solids, equilib
rium requires a free energy change of zero for re
action between phases as they actually exist. 
These phases may be solid solutions and thus not

(1) Further details of this investigation are available in the Ph.D. 
thesis of Harold F. Mason, filed in the Library of the University of 
Wisconsin, Madison, Wisconsin, 1954.

(2) California Research Corporation, Richmond, California.
(3) L. J. Wood, et al., J. Am. Chem. Soc., 56, 92 (1934); 57, 822 

(1935); 58, 1341 (1930); 60, 2320 (1938); 62, 766 (1940); 66, 1259 
(1944); 74, 727, 2355 (1952); J. Sch. Sci. and Math., 45, 623 (1945).

(4) G. Tammann, Z. anorQ. Chem., 149, 21 (1925).

described by thermodynamic data for the pure 
phases. When true equilibrium exists in a hetero
geneous system, thermodynamic equilibrium will 
exist internally within each phase as well as ex
ternally between the different phases. A  situation 
could conceivably occur in which the various solid 
phases are not in internal equilibrium (because the 
crystal has many defects and is thus an “ active” 
phase) but in which any reaction between phases as 
they actually exist (without changes of defect 
character) will be accompanied by zero change in 
free energy. This metastable state would be one 
of “ external equilibrium,”  but might be identified 
experimentally as a true equilibrium. Thus ther
modynamic data for pure crystalline substances 
should be used with reserve when predicting 
equilibria in solid-solid reactions; and a state of 
“ observed equilibrium” may depart from the state 
of true equilibrium because of the participation of 
“ active”  phases.

The CsCl-KBr reciprocal-salt system presents 
an interesting example of equilibrium because of 
complete miscibility of reactant and product 
phases containing a common cation. Thus, in the 
reaction CsCl +  KBr =  CsBr +  KC1, there are 
only two phases, a solid solution of CsCl and CsBr 
and a solid solution of KBr and KC1. At equilib
rium only two phases exist, and, from phase-rule 
considerations, equilibrium should be possible 
under a variety of conditions.

Reaction Kinetics.—The general factors govern
ing kinetic laws for solid-solid reactions are (1) 
the rates of transfer of material between phases 
and chemical reactions at phase boundaries, (2) 
the rates of diffusion of reactants, and (3) the 
rates of nucleation and recrystallization. The form 
of the over-all kinetic law will depend on the relative 
rates of these processes; frequently one process 
will be rate-controlling. The formal statement of 
any kinetic law will also depend upon the geometry 
of the reacting phases and the spatial and temporal 
sequence in which the various phases appear. 
Thus the mathematical form of the rate equation 
for a reaction in a mixture of powders may be dif
ferent from its form for the same reaction between 
two parallel slabs of the reactants.5’6 In this work 
we are concerned with the laws for powder systems.

Powder systems are treated here by considering
(5) W. Jost, “ Diffusion in Solids, Liquids and Gases,”  Academic 

Press, Inc., New York, N. Y., 1952.
(6) B. Serin and R. T. Ellickson, J. Chem. Phys., 9, 742 (1941).
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the reaction rate to be governed by radial diffusion 
into spherical grains. Although these assumptions 
cannot be rigorously correct, the data obtained 
correlate with the functions derived on the assump
tion of spheres. Exact physical significance should 
not be attached to the parameters.

On the assumption that diffusion occurs into (or 
out of) homogeneous spherical particles of radius, 
a, the rate law may be derived1’6 from Fick’s first 
and second laws and expansion through a Fourier 
series

where

1 — x 6 -A  1 /  n V  Dt\
72 ^  n2 eX|A  a2 )n = 1 x 7

( i ) kf.

Fig. 1.— Calculations for radial diffusion into a sphere.

x =  fraction of reaction or diffusion that has occurred 
after time t and 1 — x is the fraction of the re
actants remaining

a =  radius of spherical particles
D  =  diffusivitv
n =  integer equalling no. of terra in the series expansion

The derivation implicitly assumes that diffusion 
will occur with an average diffusivity D through 
any matrix of phases (e.g., reactant and product) 
within the grain. This, is, of course, an approxi
mation, and averages diffusion through crystals, 
along their surfaces, and through microcracks.

Values of 1 — x were calculated by means of a 
Card Programmed Calculator (IBM Model II) 
for various values of the exponential7 and are plot
ted in Fig. 1 where x is the fraction of diffusion 
completed at time.

Experimental
After fusion in a platinum crucible, each pure reactant 

salt was poured into a cleaned platinum dish and allowed to 
crystallize and cool to room temperature. The solid mass 
was ground in a mullite mortar and sieved finer than 200 
U. S. Standard. Prior to each grinding, the mortar was 
heated on an electric plate to prevent pickup of moisture. 
Sieved salts were later subjected to a microscopic count of 
particle size. Powders of each reactant were then weighed 
to obtain equimolar mixtures. The individual salts were re
dried at 125° and stored in a desiccator until used. Imme
diately prior to use the individual reactants were thoroughly 
mixed in a dry box.

Solid-state reactions were performed in a Lindbergh 
muffle furnace, with automatic temperature control. Meas
ured temperatures were calibrated against a platinum to 
platinum-10% rhodium thermocouple. During all solid- 
solid reactions, and for at least 30 minutes before each ex
periment, a stream of high purity, dry nitrogen was passed 
through the furnace, purified by passage through a copper- 
copper oxide heater and a bed of Drierite.

Each series of experiments was performed with portions 
of the same reactant mixture. Several samples in porcelain 
crucibles were placed in the furnace at the same time and 
removed at appropriate intervals. The partially reacted 
mixtures were allowed to cool to room temperature in a 
desiccator, and then stored in a tightly scaled jar in a bed of 
Dry Ice until analysis. The jar contained a bed of Drierite. 
Particular care was taken in series B to assure rapid X-ray 
analysis.

Reactions were followed by X-ray diffraction, using a 
General Electric X RD -3 X-ray diffractometer. Intensities 
of diffracted X-ray beams were measured by a Geiger- 
Muller counter and recorded by means of a potentiometer 
strip recorder. Instrument errors in diffraction angle, 26, 
were corrected by calibration with standard samples. Cop
per Ka radiation was used throughout.

For samples of heat-treated NaBr-KCl, diffraction pat
terns were obtained with all of the following techniques: 
(1) a scanning speed of 2.0"/minute (scanning values of

(7) Copies of these numerical solutions can be obtained by writing
to this Laboratory.

29 from 20 to 80°) with thin sections of powder preparations 
mounted flat against a glass surface; (2) a scanning speed 
of 0.2°/minute with the same technique (scanning a few 
key patterns to detect the presence of solid solutions); and 
(3) a scanning speed of 0.2"/minute with powders in random 
orientation in thick preparations appropriate for intensity 
measurements (for the KC1 and KBr 200 reflections). 
Technique (1) was used for identification of phases and 
measurement of unit cell dimensions. Technique (2) gave 
a detailed description of any solid solution formation be
tween the KC1 and KBr, and the NaCl and NaBr phases; 
this was required for a qualitative description of reaction 
mechanisms and for quantitative interpretation of intensity 
patterns. Technique (3) was used for the measurement of 
relative intensities of the KC1 and KBr 200 reflections; 
this gave a measure of the extent of the reaction. Because 
they were diffuse, the NaCl and NaBr patterns were not 
used. Studies of the CsCl-KBr reaction system were only 
qualitative.

For intensity measurements by method (3) the powder 
was packed in an aluminum specimen holder similar to that 
recommended by the General Electric Company, to assure 
random orientation of the crystals; the depth of the pack
ing was such that virtually complete absorption of X-rays 
occurred at the back face.8 The scale deflection of the 
camera was calibrated against actual diffracted intensity. 
Diffraction patterns obtained by technique (3) above were 
regraphed to give a linear plot of intensity versus 29 on the 
basis of this calibration curve.

In the solid state reaction, of NaBr and KC1, separate 
KBr and NaCl phases are formed. If these phases were 
each pure, relative intensity measurements of the KC1 and 
KBr 200 reflections would determine the extent of reaction. 
However, some solid solution occurred between the NaCl 
and NaBr and between KC1 and KBr, as shown by the pat
terns from techniques (1) and (2). On the basis of the pat
tern obtained by technique (2), the intensity curve from 
method (3) was arbitrarily subdivided into three “ phases” : 
pure KC1 and KBr phases, and an intermediate solid solu
tion, the average unit cell dimension of which was taken as 
an average for the measured solid solution intensities (esti
mated from both types of patterns taken together). Such a 
breakdown is shown in Fig. 2. Here the average unit cell 
dimension of the K(Cl,Br) sol d solution corresponded to a 
29 value of 27.65.

The intensities of the three areas were determined by 
planimeter. The area of the composite solid-solution region 
was apportioned to KC1 and KBr on the basis of its average 
unit cell dimension a and the assumption that a is a linear 
function of molar composition for KCl-KBr solid solutions.3 
In the above example a 29 of 27.65 corresponds to an a of 
6.447 A. or 48.8 mole %  KC1 in K (Cl,Br). These appor
tioned areas were added to the areas for the respective pure 
“ phases”  to obtain total KC1 and KBr intensities. Thus 
48.8% of the K(Cl,Br) area is added to the area of the KC1 
“ phase.”  The total intensities were then used to determine 
the extent of reaction by comparison with standard mixtures 
of reactants and products.

Relative intensities of the patterns of product and reac
tant phases were correlated with actual concentrations by

(8) N. M. F. Henry, H. Lipson and W. A. Wooster, “ Identification 
of X-Ray Diffraction Photographs,”  The Macmillan Co., New York, 
N. Y., 1951.
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Fig. 2.— X-Ray spectrum of mixture of KC1 and KBr in 

thick layer.

means of standard mixtures of equimolar NaBr-KCl and 
equimolar NaCl-KBr mixed in various proportions to simu
late mixtures resulting from progressive degrees of reaction. 
Equivalent conversion was then correlated with the ratio of 
the intensities of KC1 and KBr.

The thermoluminescence equipment was that developed 
by Rieke.9 The apparatus consisted of a furnace and volt
age-regulation circuit for heating samples at a constant rate, 
a light-tight box, a 1P28 photomultiplier tube, a d.c. am
plifier, and a potentiometer recorder. Thirty mg. of pow
der covered the bottom of a small dish. The recorder kept 
simultaneous records of the intensity of the light incident 
on the photomultiplier tube and the temperature of the 
sample, which was heated at a uniform rate. The resulting 
glow curve gives peaks of higher intensity at certain tem
peratures.

All samples were irradiated in a cobalt-60 source, stored in 
Dry Ice and investigated for thermoluminescence on the 
same day.

Intensities were obtained by integrating the areas under 
peaks of the glow curve with a planimeter. The intensities 
were measured for composite peaks, covering the entire 
glow curve for a given sample from room temperature to 
300°.

The Reaction KC1 +  NaBr.— At the reaction tempera
ture, 450°, it :s probable that all binary salt-pairs in the 
systems NaBr-KCl are completely miscible. High tem
perature X-ray diffraction was employed to study the 
equilibrium phase relations of the ternary system at 450 to 
530°. Two phases were identified in both cases, both face- 
centered cubic. Unit cell dimensions calculated for the 
450° pattern (heated one hour) agreed closely with values 
predicted for that temperature for KBr and NaCl, using 
data given in National Bureau of Standards Circular 539. 
The 530° patterns were of poor quality because of experi
mental difficulties; but the phases were identified as KBr 
and NaCl by direct comparison. Low-temperature patterns 
of the quenched mixed melt, the solid-solid reaction prod
ucts, and the products of the quenched vapor mixture by 
W ood, et al.,3 and the author,1 confirm the conclusion that 
in a stoichiometric system nearly pure KBr and NaCl exist 
together in equilibrium at the reaction temperature, 450°. 
These are the stable salt-pair of the reciprocal salt system 
with the larger ions combined in one salt and the smaller 
ions combined :n the other.

Phases identified by X-ray diffraction of partially reacted 
equimolar mixtures of NaBr and KC1 are described in Table 
I. All reactant mixtures in any one series of kinetics ex
periments were portions of the same mixture of NaBr and 
KC1. Mixtures prepared for series A and B were prepared 
in a similar, standardized manner, but on different occa

(9) .1. Rioke, P'.i.D. Thesis, Univ. of Wisconsin, 1954; Tins J o u r 
n a l , 61, 033 (1957).

sions. Since solids arc highly sensitive to previous treat
ment, differences in the structure-sensitive properties would 
occur between different preparations.

T a b l e  I
P h a se s  P r e s e n t  a f t e r  P a r t ia l  R e a c t io n  o f  NaBr an d  

KC1 in  t iie  S olid  St a t e  a t  455°
No. of
lines

Products—coll iden
Time, lir. dimension a, A.a Phase tified

5.67 5.967 ±  0 .005 NaBr 3
5.67 ±  ..09 NaCl 2
6.589 ±  .009 KBr 7
6.314 ±  ,002 KCl 2

14.00 5.893 ± .001 NaBr 4
5.684 ± .012 NaCl 3
6.585 ± .004 KBr 8
6.303 ± 009 KCl 3

24.25 5.974 ± .002 NaBr 2
5.72 ± .03 NaCl 3
6.572 ± .006 KBr 7
6.313 ± Oil KCl 2

0.95 5.982 ±  0 .000 NaBr 4
6.59 ± .02 KBr 3
6.29 ± .02 KCl 3

1.90 6.003 ± .007 NaBr 3
5.90 NaCl 1
6.597 zb .004 KBr 2
6.438 ± .002 K(Cl,Br) 2
6.294 ± .018 KCl 3

3.93 5.992 ± .001 NaBr 3
5.73 ± .04 NaCl 2
6.600 ± .001 KBr 3
6.446 ± .001 K(Cl,Br) 2
6.32 KCl 2

5.55 5.996 ± .005 NaBr 3
5.74 ± .03 NaCl 3
6.609 ± .01 KBr 4
6.47 K(Cl,Br) 1
6.30 ± .03 KCl 3

12.32 5.962 NaBr 2
5.702 NaCl 1
6.594 ± .006 KBr 5
6.51 ± .03 K(Cl,Br)
6.33 ± .02 KCl 2

“ The cell dimensions a for the pure phases are: NaBr, 
5.977; NaCl, 5.640; KBr, 6.590; KC1,6.297.

In both series patterns were identified for four phases: 
KC1, KBr, NaBr and NaCl. Diffuse patterns were ob
served between the KC1 and KBr peaks and between the 
NaCl and NaBr peaks, indicating some solid solution. Ex
cept for patterns obtained after very little reaction, the in
tensifies of the solid-solution patterns were less than those 
of the pure phases. There was no evidence for any percep
tible solid solution of the potassium halide and sodium halide 
phases. Wood, et al.,3 also identified the patterns of all 
four phases in their work at 400°. These workers indicated 
that extensive solid solution between potassium and sodium 
halide does not occur.

Tiie difference in rate between series A and B is not sur
prising, since tiie reaction very probably is structure sensi
tive. Other evidence for structure sensitivity has been de
rived from electrical conductivity and self-diffusivity meas
urements for NaCl; these processes are structure sensitive 
below about 550 0.5

The unit cell dimensions of all the pure phases except 
NaCl agree with the accepted values. The data for NaCl 
indicate that it contains some NaBr in solid solution.

On the basis of the solid solubilities of the binary salt- 
pairs, one would predict that the KOI and KBr phases 
should mix to form one solid solution, which would change
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continuously in composition from pure KC1 to pure KBr as 
the reaction progressed. Yet this is not the case. The 
existence of separate KC1 and KBr phases in contact with 
the solid solutions indicates that the cations diffuse much 
more rapidly than do the anions. This concept is supported 
by electrical conductivity measurements, which are inter
preted by Smekal5 to show that at temperatures below 550°, 
the conductivity of NaCl is structure sensitive and is due, 
almost entirely, to the cations.

The solid solutions probably result from the slower, but 
not insignificant, diffusion of the anions. Tims diffusion 
of cations alone cannot give solid solutions of the type KG1- 
KBr, since the halide ions would still be separated on the 
basis of their original distribution between the NaBr and 
KC1 phases.

Intensities of X-ray diffraction patterns from partially re
acted mixtures of KC1 and NaBr are summarized in Table I I . 
The method of calculation was given in the Experimental 
section. Kinetic data are given in Table III and are repre
sented in Fig. 3.

T a b l e  I I
I n t e n sit ie s  o f  D if f r a c t io n  R e fl e c t io n s  (200) in  th e

NaBr-KCl R e a c t io n
K(Cl.Br) Total

Time, Pure Pure K Meile intensity
hr. KBr KC1 (Cl.Br) 26 a % KCl KBr KCl

Series A
5. 67 7. 95 1 .78 4 .11 27.80 6. 412 60 .7 9. 57 4.27
5.,67 8. 40 2 .05 3 .50 27.83 6. 404 63 . 5 9. 68 4.28

14 .00 8. 95 0 .51 3 .82 27.70 6.. 436 52 .6 10. 76 2.52
24 .25 12..22 .69 5 .73 27.52 6..477 38 .6 15. 74 2.90

Scries B
0.. 95 1. 51 4,.13 3 .16 27.80 6. 413 60 .4 2. 70 0.04
1. 90 1. 11 5. 38 4 .20 27.67 6. 442 50 . 5 3. 19 7.50
3. 93 2. 71 3. 73 6 .34 27.65 6. 447 48 .8 5. 95 6.82
5. 55 2. 00 3. 30 5 .54 27.55 6. 470 41. 0 5. 27 5.57

12. 32 4. 14 1..16 9 .88 27.50 6. 481 37. 2 10. 34 4.84

T a b l e  III
F r a c t io n  o f  R e a c t io n  C o m pl e te d  an d  K in e t ic  D a t a  fo r  

t h e  NaBr +  KC1 R e a ctio n  
x =  fraction reaction completed, as ealed. from

In-
Intensity

KBr
Intensity

KCl
Av.
frac
tion

Time,
hr.

tensity
KBr

tensity
KCl

Intensity
KCl

Intensity
KBr

com
pleted kt

Scries A
5.07 0.463 0.520 0.498 0.485
5 .67 .470 .519 .499 .507 0.494 0.292

14.00 .525 .715 . 051 .640 .633 . 553
24.25 .855 .675 .710 .711 . 738 .854

Scries B
0 .95 0.140 0.310 0.177 0.175 0.201 0.038
1.90 .161 .162 .168 .165 .164 .025
3.93 .295 .239 .280 .280 .274 .071
5.55 .268 .380 .296 .298 .311 . 104

12.32 .500 .457 .488 .509 .489 .281

Fractions reacted arc given as read from correlations with 
integrated intensities of KBr, KC1 and the two ratios of 
these intensities (sec Experimental section). These four 
calculations arc then averaged to give the figures in the next 
to the last column and from these the corresponding values 
of Id are obtained from Fig. 1 and more accurately from 
tallies containing numerical values calculated by eq. 2.

The data are correlated with eq. 1 rewritten as

1 — x =  A  ^2 ^  exp( - n 2if )  (2)
w n = l n

where k is a rate constant. If the assumptions made in the 
derivation of this equation are obeyed rigorously, the rate 
constant k equals it2D/a2 and the equation reduces to cq. 1. 
Since the physical model is only approximately realized, k is 
an empirical rate constant, and depends in fact on the 
preparation and structure of the crystals.

Fig. 3.—Fraction of reaction completed versus time for the 
reaction NaBr +  KC1 at 455°.

KCI+ NaBr

Fig. 4.— Correlation of Na Sr -f- KC1 reaction at 455“.

Values of kt were obtained from conversions measured by 
X-ray diffraction. These values of kt, should plot as a linear 
function of t if the correlation is satisfactory. Such a plot 
is given in Fig. 4.

These results show that cq. 2 provides a satisfactory em
pirical expression of the rate law for the NaBr-KCl reaction 
and gives k a value of 0.00202 hr.-1 for scries B (the later 
and more accurate series). A “ diffusivity,”  D, calculated 
from cq . 1 for data from series B and for an average particle 
diameter of 70 ¡i (from microscopic particle count) was 7.9 X 
10"13 cm.2 sec."1, compared to a value of 8.7 X 10"12 cm .2 
sec.-1 for self-diffusivity of sodium ions in NaCl calculated 
from ionic conductivity data given by Smekal5 and the 
Nernst-Einstein equation. The agreement is surprisingly 
good in view of the approximate nature of our assumptions.

The Reaction CsCl +  KBr.—From data of Wood and co
workers3 the KBr-CsCl solid-state reaction appears to be 
unusual, because of the role played by solid solutions of 
CsCl-CsBr and K Cl-K Br. As the reaction progressed at 
480“ , these solid solutions changed composition, approach
ing equilibrium at 79% forward reaction, starting with 
equimolar reactants. Wood obtained data for equilibrium 
studies and only the very last range of reaction was studied; 
rate measurements wore not made and mechanisms were not 
discussed.

The formation of solid solutions suggested that the reac
tion might be followed by changes in the unit cell dimensions 
of the K Cl-K Br and the CsCl-CsBr solid solutions. The 
unit cell dimension is very nearly a linear function of the 
molar composition {e.g., Cslir in CsCl-CsBr) for both solid 
solutions, according to Wood, el al. From W ood’s data the 
reaction appeared to progress by changes in composition of 
solid solutions and, accordingly, measurements of the unit 
cell dimensions of the solid solutions might suffice to deter
mine the extent of reaction. This technique would obviate 
intensity measurements.

Cesium chloride and cesium bromide crystallize in the 
body-centered system, as opposed to the face-centered cubic 
lattice characteristic of the other alkali halides studied. 
Cesium chloride undergoes a polymorphic transformation
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to the face-centered cubic system at 451 ±  50;'0'11 cesium 
bromide is not reported to undergo similar transformation. 
The CsCl-CsBr solid solution crystallizes in the body- 
centered cubic system throughout the entire range of solu
tion.

Data of Wood, el al., and of this research indicate that 
the Cs(Cl,Br) and K(Cl,Br) phases resulting from solid 
reaction do not form solid solutions with each other.

Experimental results with a powder mixture, sieved be
tween 200 and 235 U.S. mesh, are summarized in Tabic IV.

T a b l e  IV
P h a se s  P r e s e n t  a f t e r  P a r t ia l  R e a ctio n  o f  CsCl an d  

KBr in  th e  S olid  St a t e  a t  455°
No. Moiar %
lines CsBr in

Reaction Products3 iden solid
time, hr. a in Â. Phase tified soin.

5.67 4.187 ±  0.010 CsCl 3 31
4.274 ±  .007 CsBr 4 72
6.596 ±  .008 KBr 0
6.302 KC1 o

14.00 4.237 ±  .002 Cs(Cl,Br) 6 66
6.590 ±  .010 KBr 6
6.220 ±  .004 KC1 2

24.25 4.260 ±  .013 Cs(Cl,Br) 4 79.6
6.565 ±  .013 KBr 4
6.307 ±  .005 KC1 2

Data of Wood, et al., at 480°
36 4.255 Cs(Cl,Br) 76
72 4.262 Cs(Cl,Br) 78.9
“ The cell dimensions a for the pure phases are as follows: 

CsCl =  4.123 A ., CsBr =  4.296 A ., KBr =  6.590 A ., KC1 =  
6.297 A.

The per cent. CsBr in solid solution is calculated from the 
experimentally determined value of a.

The results are similar to those of NaBr-IvCl except that 
CsCl and CsBr form a single mixed phase much more rapidly 
than the other salt pairs. After 5.67 hr. at 455° four phases 
are present—pure KC1, pure KBr and CsCl containing some 
CsBr in solid solution, and CsBr containing some CsCl in 
solid solution. After 14 hr. the KBr and KC1 phases are 
still distinct, but the CsCl and CsBr are now mixed to give 
a single solid solution containing 66 mole %  CsBr. After 
24.25 hr., the KC1 and KBr phases have mixed slightly and 
the cesium halide solid solution contains 79.6 mole %  CsBr, 
close to W ood’s value for equilibrium.

At the reaction temperature, 455°, pure CsCl is very close 
to its temperature of potymorphie transformation. A 
phase undergoing polymorphic transformation is highly re
active;12 thus the reactivity of and the rate of diffusion 
through the CsCl phase should be greatly enhanced. This 
seems to be borne out by the rapid formation of the Cs(Cl,

Time, Hr.

Fig. 5.— Correlation of Nal +  KBr reaction at 510°.

(10) "International Critical Tables,”  Vol. I, Vol. IV, McGraw-Hill 
Book Co., Inc., New York, N. Y., 1926 and 1928, p. 352.

(11) S. Zemcznvzn y  and F. Rambach, Z. anorg. Chem., 65, 403 (1910).
(12) J. A. Hedvall, "Reaktionsfähigkeit fester Stoffe," .1. A. Barth, 

Leipzig, 1938,

Br) solid solution and the relatively rapid rate of the over-all 
reaction.

It was not possible to calculate rate constants because X - 
ray intensities were not measured. The products with four 
phases were more complicated than had been anticipated.

The Reaction Nal-KBr.—From solid solubility data 
given by Wood, et al,3 and by the International Critical 
Tables,10 15 it appears likely that extensive miscibility occurs 
between all salt pairs except the stable pair, N aBr-KI, at 
temperatures above 500°.

Wood, et al., report data for the conversion of Nal and 
KBr to the stable salt pair at 510°. Conversions were esti
mated from X-ray intensities of reactant and product 
phases. Taking their results, and calculating kt by eq. 2 
above, the data of Table V are obtained.

T a b l e  V
K in e t ic  D a ta  fo r  t h e  R e a c t io n  Nal +  K B r  B a se d  on 

D a t a  o f  W o o d , et al.
Reaction time, hr. Fraction completed kt

0.5  0.20 0.036
2.0 .35 0.132

15.0 .80 1.123
30.0 .90 1.750

The values of kt arc plotted again t in Fig. 5. The value 
of k for the reaction is 0.0744 hr.-1. The point at 90% con
version is highly uncertain since small errors in x yield 
relatively large errors in kt and estimates of x itself become 
increasingly difficult when x approaches unity.

Thermoluminescence Studies.— Product phases resulting 
from solid-solid reactions often are “ active phases,”  rich 
in defects and possessing unusually high energy contents. 
Accordingly certain of their physical properties may be 
affected: magnetic susceptibility, adsorptive properties and 
catalytic activity.

One physical property of defect solids is thermolumines
cence.13-10 Thermoluminescence peaks are displayed by 
many irradiated alkali halides.16 In addition, after irradia
tion, many of these salts display colorations and absorption 
bands characteristic of F-centers.

It seemed of interest to investigate any thermolumines
cence effects that might be associated with solid-state reac
tions, and any enhanced thermoluminescence that might be 
due to the presence of “ active phases”  among the products 
of such reactions.

Quantitative studies were made of the integrated intensi
ties of glow curves of the partially reacted NaBr-KCl sys
tem. Results are given in Table VI, where data are given 
also for the products and reactants. Areas were obtained 
by integrating areas under composite peaks covering the 
entire glow curve from room temperature to 300°. The 
temperature is the temperature of the maximum of the 
major (usually KC1) peak in the glow curve. Samples were 
irradiated for five hours in a cobalt-60 source, receiving 
approximately 25,000 roentgens. The thermoluminescent 
activities of the reactant and product mixtures were due 
almost entirely to KC1 and NaCl. KC1 has one sharp peak 
at 120°; NaCl displays thermoluminescent activity from 
105 to 270°. The KC1 120°, NaCl 105° and NaBr 108° 
peaks are coincident and cannot be distinguished in a mixture.

In all reaction samples, only one peak could be distin
guished between 105 and 130°, coincident -with the KC1, 
NaCl and NaBr peaks in this region. No thermolumines
cence was observed between 140 and 270°, the temperature 
range of the high-temperature NaCl peak. Temperatures 
at which the peaks occurred were closely reproducible.

Integrated intensities are plotted against time of reaction 
in Fig. 6. As the reaction time of the mixture increases, 
the intensity falls off from its initial value to a value some
what above that of the product mixture, KBr +  NaCl. 
The total change in intensities is 85% of the over-all de
crease from reactants to produce, while over the same in-

(13) P. Pringsheim. "Fluorescence and Phosphorescence," Inter
science Publishers, Inc., New York, N. Y ., 1949.

(14) J. T. Randall and M. H. F. Wilkins, Proc. Roy. Soc., (London) 
B184, 366, 390 (1945).

(15) F. Seitz, "The Modern Theory of Solids,”  1st ed., McGraw- 
Hill Book Co., Inc., New York, N. Y., 1940.

(16) L. Heckelsbcrg and F. Daniels, T h is J o u r n a l , 61, 414 (1957).



June, 1957 K inetics of R eactions of Solid Alkali Halides 801
T a b l e  VI

T h e r m o lu m in e sc e n c e  o f  P a r t ia l l y  R e a c t e d  M ix t u r e s

Sample

o f  KC1 a n d  NaBr 
Fraction

Time, reaction Temp, of 
hr. completed peaks, °C.

Thermo-
luminescence

intensity«*

KC1
Unreacted

120 7440
KBr
NaCl 105-270 3760
NaBr 108 460
Mixed reactants“ 125 5550
Mixed products6 105-270 1480

KC1 +  NaBr
Partially reacted 

0.95 0.201' 130 5610
1.90 .164 120 
3.93 .274 105 
5.55 .324 105 

12.32 .489 105 
“ 50 mole %  KC1 +  50 mole %  NaBr.

4500
3060
1930
2020

6 50 mole %
KBr +  50 mole %  NaCl. e Fraction reacted calculated 
from X-ray measurements in series B. d Area on thermo
luminescence glow curve (intensity versus time) in arbitrary 
units.

terval of reaction times, the solid phases reacted 48.9% (by 
X-ray diffraction). Independent studies of the thermolu
minescence of solid solutions of KBr in KC1 showed the pres
ence of as little as 0.1 molar %  KBr reduced the intensity 
of the 120° KC1 peak to less than one tenth of its value for 
pure KC1. Thus the disproportionate decrease in thermo
luminescent intensity with reaction is not surprising and 
may be an indication of a small amount of relatively slow 
anionic diffusion.

Correlation of reaction kinetics with fractional decrease in 
thermoluminescent activity, using eq. 2, was not successful. 
Because of effects of small amounts of a second species in 
solid solution on thermoluminescence intensity, this method 
does not appear to offer an attractive means for following 
solid-solid reactions of the alkali halides.

The effect of "active”  product phases might be expected 
to be shown by maxima in Fig. 6. Such were not observed, 
with the possible exception of a questionable maximum after 
one hour reaction. Actually, jhe NaBr-KCl system is a 
poor test for any hypothesis of enhanced thermolumines
cence resulting from “ active phases.”  The phase giving 
the strongest thermoluminescence is a reactant phase, KC1; 
and "active phases”  resulting from solid-solid reactions 
would be expected to be product phases. Such might be 
true of the reaction between CsCl and KBr, where KC1 is 
among the products.

Glow curves of the partially reacted CsCl-KBr mixture 
displayed weak thermoluminescence near 100°, but it re
mained weak even after 24.25 hr. at 454°. No definite 
trends in intensity could be identified. The reaction mecha
nism postulated involves rapid diffusion of both potassium 
and bromide ions through the original CsCl phase, which is 
highly “ active”  because the reaction temperature is close 
to the temperature of the CsCl polymorphic transformation. 
Under such conditions, the creation of anything resembling 
a pure KC1 phase is unlikely; and, indeed, the thermolu
minescence data are evidence for the postulated mechanism.

In addition, unmixing of any NaCl-KCl and NaBr solid 
solutions probably occurred as the heated mixtures were 
cooled to room temperature, and these phase changes would 
be superimposed upon primary phase changes occurring in 
the course of the solid-solid reaction.

In conclusion, no evidence was found for increased ther
moluminescence as a result of the formation of active 
phases, but these tests are not definitive.

Discussion
The X-ray patterns observed for the partially 

reacted NaBr-KCl system can best be explained 
by a relatively rapid counter-diffusion of cations, 
followed by a slower diffusion of anions. Predom
inant cationic migration is shown by the appearance

7000-

o
6000- ®

2 0 0 0 -

0 ----------- ,-------- ,------------ ,---------- ,---------- ,------------ ,---------- ,------------r -
0 2 4 6 8 10 12 14 16

TIME, HR.

Fig. 6.— Variation of thermoluminescence intensity with 
extent of NaBr +  KC1 reaction.

of separate patterns of the product and reactant 
phases, while the slower anion diffusion is apparent 
from the simultaneous formation of Na(Cl,Br) 
and K(Cl,Br) solid solutions.

Consider rapid diffusion of potassium ions and 
a much slower diffusion of chloride ions into a 
NaBr grain (noth counter-diffusion of sodium and 
bromide ions to maintain electroneutrality). In 
the absence of recrystallization the NaBr grain will 
contain a solution of sodium, bromide, potassium, 
and (a relatively much smaller amount of) chloride 
ions. The mixture will, however, recrystallize to 
give the stable salt pair, with excess ions going into 
one phase or the other. Thus NaCl and KBr 
phases will be formed, with excess sodium and bro
mide ions being distributed between the two 
phases. From independent studies by Daniels 
and Mason1 it was found that a mixed vapor of 
KC1 and excess NaBr crystallizes to give pure KBr 
and a solid solution of NaBr and NaCl (up to at 
least 62 molar %  NaBr). No evidence was found 
either in this work or by Wood, et al.,3 for the exis
tence of (Na,K)Cl or (Na,K)Br solid solutions 
(after quenching). The proposed mechanism, then, 
involves the formation of KBr and Na(Cl,Br) 
phases by recrvstallization in the NaBr grain. In 
similar manner, NaCl and K(Cl,Br) phases are 
formed in the (original KC1 grain).

The total mixture, then, would contain relatively 
pure KBr and NaCl phases formed in the original 
NaBr and KC1 grains, respectively, as well as solid 
solutions of mixed chloride and bromide of a com
mon cation, and the unreacted reactant phases. 
These conclusions are consistent with the X-ray 
diffraction observations.

It is believed that this recrystallization occurs 
largely within the original reactant grains, since 
the crystals present after as much as 73.8% reac
tion, possessed the same cleaved, irregular habits 
and particle size distribution as the ground, un
reacted reactant mixture, with no evidence of a 
more regular recrystallization outside the original 
grains.

The reaction mechanism is also consistent with 
the observed thermcluminescence phenomena. 
The total intensity of thermoluminescence of the 
irradiated NaBr-KCl mixture could decrease from 
the value for the reactant mixture as a result of (a) 
the removal of KC1 (the most thermoluminescent
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constituent) by reaction, or (b) by diffusion of 
bromide ions into the KC1 phase. From studies 
of the thermoluminescence of KCl-KBr solid solu
tions, it is clear that the thermoluminescence in
tensity decreases with addition of bromide far 
more than would be predicted from a simple pro
portionality. The intensity of thermolumines
cence does not decrease more rapidly than the re
action occurs (i.e., than IvCl is used up) until after 
about 30% reaction has occurred. This is inter
preted to mean that the bromide ion does not pre
cede the sodium ion into the IvCl grains, and is ad
ditional evidence that the rate of diffusion of the 
cations is greater than that of the anions. The 
disproportionate reduction of intensity as the reac
tion progresses beyond 40% is believed to result 
from the presence of bromide ions in the KC1 phase 
as a result of anionic diffusion and recrystalliza
tion of NaCl and K(Cl,Br).

A similar pattern is followed by the N al-KBr 
reaction.

The CsCl-KBr reaction mechanism would be 
similar except that: (1) the reaction to CsBr and 
KC1 does not proceed to completion, but to an 
equilibrium composition of Cs(Br,Cl) and K- 
(Cl,Br). Thus the CsBr phase at 455° (presum
ably formed by recrystallization of reactants in 
the KBr grain) contains 20 molar %  CsCl in solid 
solution (compared to Wood’s equilibrium value of 
21 molar %  at 480°). (2) A polymorphic trans
formation occurs in CsCl near 450°; this should 
greatly enhance the reactivity of the CsCl phase 
according to Hedvall.12 In particular, the rates of 
diffusion should be increased through this “ active” 
phase. This may explain the rapid formation of a 
CsCl-CsBr solid solution, since bromide ions might 
be able to move through the CsCl lattice with 
facility near the transformation point.
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Summary
(1) Phases observed during the course of double 

decompositions of the alkali halides in the solid 
state consisted of all four binary salts formed by 
combination of two cations with two anions. This 
is taken to indicate a reaction mechanism based on 
cationic diffusion through the reactant phases, fol
lowed by recrystallization of the stable salt pair.

(2) The kinetics of the reactions of NaBr +  
KC1 and Nal - f  KBr are correlated by means of 
the assumption of diffusion (of cations) into reac
tant grains and the law for symmetrica] diffusion 
into spherical particles. A “ diffusivity”  term cal
culated for NaBr +  KC1 is of the order of mag
nitude of the structure-sensitive self-diffusivity of 
sodium ions in NaCl at the reaction temperature.

(3) The reaction of CsCl +  KBr gives four 
phases in the initial stages of the reaction. The 
subsequent rapid formation of a CsCl-CsBr solid 
solution is believed to result from the enhanced re
activity of CsCl due to its polymorphic transfor
mation near the reaction temperature, 450°.

(4) Thermoluminescence studies of the NaBr 
+  KC1 and CsCl +  KBr reaction systems fail to 
show major effects on the glow curves resulting 
from the presence of highly “ active”  phases in the 
partially reacted system, although secondary effects, 
such as solid solution, may have masked such 
phenomena.

KINETICS OF SOLID STATE REACTIONS OF SILVER SULFATE WITH
CALCIUM AND STRONTIUM OXIDES1
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The rate of the reaction Ag2S04 +  CaO — Ag20  +  CaS04 2Ag +  I/ 2Oj +  CaSO, has been studied in solid powders 
between 500 and 500°. A similar reaction with SrO has been studied between 400 and 450°. The fraction reacted is 
measured by loss in weight of oxygen and by amount of soluble silver remaining. The data and rate constants are in agree
ment with a kinetic formula. The reactions are abnormally fast at first probably due to a rapid surface reaction.

Most researches in chemical kinetics have been 
concerned with reactions in solution or in the gas 
phase. Progress in solid state physics suggests in
teresting studies in solid state chemistry, and 
several researches in this field have been carried

(1) Further details of this reseach may be obtained from part of a 
Uh.D. thesis by William P. Riemen, filed in the Library of the Univer
sity of Wisconsin, Madison, Wisconsin, in 11)55.

out in this Laboratory. Reactions of solids to give 
solids would be exceedingly slow except for imper
fections in the crystals which act as centers for the 
diffusion of materials through the crystal structure. 
Reactions between solids are significant in geolog
ical phenomena where long periods of time have 
been available, and in the preparation of crystals of 
high purify. They are important also in catalysts
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and other materials having particular impurities.

Pioneer work has been summarized by Hedvall,2 
Cohn,3 and Rees.4 The kinetics of the reactions 
between some of the alkali halide crystals around 
450° has been studied in this Laboratory by Ma
son6 in which the rate of the reaction was measured 
by the changing X-ray patterns.

The purpose of this investigation was to study a 
solid-solid reaction which can be followed by sim
ple chemical means. It is not easy to find suit
able reactions because further chemical changes 
are apt to take place during the chemical analysis 
which destroy the kinetic significance of the an
alysis. Reactions involving a loss of a product as 
a gas or the change in concentration of a chemical 
element are suitable for direct analysis. The re
actions between a powder of silver sulfate and a 
powder of calcium oxide and strontium oxide, giv
ing a product gas and metallic silver, were chosen 
for this investigation.

Theoretical.—Exchange reactions of this type 
proceed by diffusion through two different product 
layers. Several factors may be involved in the 
kinetic behavior, including phase boundary proc
esses and the rates of diffusion of the reactants 
through each other and through the products. 
Jander6 gave a mathematical treatment of diffusion 
assuming diffusion through a concentric shell of 
product on the outside of a sphere. Serrin and El- 
lickson7 published a more rigorous diffusion-con
trolled rate equation. Mason5 has derived this 
equation, and subjected it to experimental test 
with very good results.

The equation is

where k =  ir~D/a2, x is the fraction of the reaction 
completed at time t, D is the diffusivity based on 
Fick’s law, a is the radius of the particles, and k is the 
rate constant for the solid state reaction based on 
diffusion into a sphere. This equation has been 
solved by Mason6 for numerical values of kt from 0.01 
to 1.20 and the corresponding values of 1— x from 
0.8727 to 0.1844 with the help of an I.B.M. calcu
lator.

In using this equation, x  is determined by chem
ical analysis and the corresponding value of kt is 
obtained from the tables. Then kt is plotted 
against time. The resulting line should be straight 
if the process is diffusion controlled and the as
sumptions of the derivation are valid. The slope 
of the line gives the value of k. Straight lines have 
been obtained frequently in this Laboratory, even 
though the particles are not spherical and the dif
fusion law is not entirely applicable. Thus, the 
equation may be used as an empirical equation for 
powders.

(2) J. A. Hedvall, "Einführung in die Festkorperchemie,”  F. Vieweg 
and Sons, Braunschweig, 1952.

(3) G. Cohn, Chem. Revs., 42, 527 (1948).
(4) A. L. G. Rees, “ Chemistry of the Defect Solid State,”  John 

Wiley and Sons, New York, N. Y., 1954.
(5) H. F. Mason, Ph.D. Thesis, University of Wisconsin, 1954; 

T h is J o u r n a l , 61, 796 (1957).
(6) W. Jander, Z. anorg. Chem., 166, 33 (1927).
(7) B. Serrin and R. T. Ellickson, J Chem. Rhys., 9, 712 (19-11).

Experimental
The reaction between silver sulfate and calcium oxide in 

the solid state was first studied by Hedvall8 who applied 
the method of thermal analysis rather than the more con
venient chemical method of gas evolution. Moreover, he 
gave no kinetic data which could be used to calculate a rate 
constant.

Solid silver sulfate reacts with solid calcium oxide in the 
temperature interval from 500 to 600°. Below 500° it is too 
slow to follow. Consequently, this research was restricted 
to the temperature interval of 500 to 600°. The reaction 
can be considered as a double decomposition reaction, as

Ag2S04 +  CaO — >  Ag20  +  CaS04
At temperatures above 300°, silver oxide is completely dis
sociated into elemental silver and gaseous oxygen. In 
these studies carried out at temperatures above 500“ , the 
above reaction should then be written

2Ag2S04 +  2CaO — 4Ag +  0 2 +  2CaS04

Two means are available for following the course of this 
reaction. The first measures the loss in weight of the re
action mixture which occurs when oxygen is evolved. The 
second determines the remaining, unreacted silver sulfate.

Analytical grade materials were used throughout the re
search. The calcium oxide was prepared by heating cal
cium hydroxide at 1000° for 24 hours. This ensured that 
all the hydroxide was converted to the oxide. Both chemi
cals were heated independently at 500° for two hours to en
sure complete drying. They were then ground in a mullite 
mortar and sieved. The fraction of the powder which 
passed through a 200-mesh screen and lay on a 320-mesh 
screen was collected and stored in a desiccator. The sieve 
screens were heated on a hot plate before use to remove the 
possibility of moisture being picked up by the powders.

At room temperature this reaction is very slow if the re
actants are kept in a dry condition. Consequently a large 
amount of an equimolar mixture of the powdered calcium 
oxide and silver sulfate was prepared by weighing out the 
appropriate amounts of each and mixing thoroughly by 
passing three or four times through a sieve whose openings 
were several times larger than the size of the particles. 
These mixtures were stored in desiccators until used.

The kinetic data were obtained by the following proce
dure: 3.6790 g. of the reaction mixture was weighed into 
crucibles which had been previously dried and weighed. 
These crucibles were placed in a Lindberg muffle furnace 
controlled to ± 4 °  for times which varied from 5 to 1000 
minutes. After the reaction lime had elapsed, the crucible 
was removed, cooled in Dry Ice to stop the reaction quickly, 
and reweighed. The loss of weight which represented oxy
gen evolution was taken as a measure of the extent of the 
reaction.

The procedure was repeated with another set of crucibles 
at the same temperature and the soluble silver sulfate which 
remained unreacted, was determined. The reaction mix
ture was treated with a diltre solution of ammonium hy
droxide and filtered. Using litmus as an indicator the dis
solved silver was precipitated from this filtrate with dilute 
hydrochloric acid, care being observed not to add too great 
an excess of the acid. This precipitate was allowed to di
gest at 80° for 1 hour. It was then filtered off into Gooch 
crucibles, washed and dried at 110“ for 1 hour. The weight 
of the silver chloride was converted into silver sulfate. 
This value was used to obtain another measure of the ex
tent of the reaction.

The silver analysis was no; used as much as the oxygen 
evolution method. However, checks were made at each 
temperature to ascertain whether there was agreement. 
The comparison between the results of the two methods 
gave good agreement and the average difference amounted 
to about 5% . This difference showed no trend indicating 
that one method was always lower or higher than that of the 
other. Hence, it was concluded that the oxygen method 
was quite acceptable. The results of the two methods ap
pear in Table I.

The data are summarized in Table II and presented in 
graphical form in Figs. 1 and 2. The rate constants for the 
reaction are calculated from the slopes of the curves which 
represent kt versus time. In 7ig. 3, log k is plotted against

(8 ) J . A. H e d v a ll,  Z. angcic. Chem., 39, 781 (1 9 3 1 ).
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Fig. 1.— Fraction of reaction completed versus time for reac
tion CaO +  Ag2S04 at temperatures 500-600°.

Fig. 2.— Rate constant k multiplied by time versus time for 
reaction CaO +  Ag2S04 at temperatures 500-600°.

Fig. 3.— Log rate constant versus reciprocal of absolute 
temperature for reaction CaO +  Ag2S04.

the reciprocal of the absolute temperature, giving an activa
tion energy of 41,000 cal. per mole.

The reaction between silver sulfate and strontium oxide 
in the solid state is similar to the reaction between silver 
sulfate and calcium oxide. The details of the experimental 
procedure were the same as those which were used in the 
calcium oxide and silver sulfate reaction with the exception 
that 4.2545 g. of a 50:50 molar mixture of the reactants was 
used as the react on mixture.

T a b l e  I
C omparison of A nalytical M ethods

Time, min. Temp., c■c.
Fraction of reaction completed 

By silver anal. By oxygen ana!
105 500 0.32 0.37
900 500 .48 .47
285 570 .58 .61

45 600 .55 .58
225 600 .76 .73

T able  II
K inetic  D ata  f o r  R eaction Ag2S 0 4 +  CaO

Time,
min.

Fraction
reaction

completed kt
Time,
min.

Fraction
reaction

completed
Temp., 500° Temp., 530 O

5 0.19 0.03 5 0.23 0.05
15 .25 .06 15 .30 .09
45 .27 .07 45 .37 .15

105 .35 .13 225 .45 .23
220 .38 .17 500 .49 .28
500 .42 .20 825 .52 .34
900 .48 .27
k = 1.6 X 10 4 min. 1 k =  2.2 X  10-4 min.-1

Temp., 570° Temp., 600O

5 0.26 0.06 5 0.29 0.09
15 .33 .12 15 .43 .22
45 .41 .18 45 .56 .42

105 .48 .28 105 .64 .56
285 .59 .49 225 .74 .89
600 .67 .62 425 .86 1.47
885 .72 .77
k = 7.9 X 10-4 min. -I k = 27 X 10-4 min.-1

The reaction between silver sulfate and strontium oxide 
occurs at a measurable rate in the temperature interval of 
400 to 450°. The reaction may be represented as

2Ag2S04 +  2SrO — > 4Ag +  0 2 +  2SrS04
The data are summarized in Table III and presented in 
graphical form in Fig. 4 and 5. The rate constants k are 
calculated from the slopes of the lines of Fig. 5. A plot of 
log k against the reciprocal of the absolute temperature gives 
an activation energy of 14,000 cal. per mole.

T a b l e  III
K in e t ic  D a t a  fo r  R e a c t io n  Ag2S04 +  SrO

Temp. 400° Temp., 425° Temp., 450°
Frac- Frac- Frac-

Time,
min.

tion
reac
tion
com

pleted kt
Time,
min.

tion
reac
tion
com

pleted kt
Time,
min.

tion
reac
tion
com

pleted kt
5 0.22 0.04 5 0.23 0.05 5 0.27 0.07

15 .28 .07 15 .29 .09 15 .33 .12
45 .34 .12 45 .36 .13 45 .35 .13

100 .42 .18 100 .40 .18 75 .41 .18
230 .48 .27 250 .45 .23 195 .45 .22
500 .52 .34 500 .57 .41 350 .57 .41
690 .58 .45 650 .60 .48 500 .68 .67
k = 4.9 X 10-4 k = 5.6 X 10-4 k = 10 X 10-4

min.-1 m in.-1 m in .-1L

Discussion
It is observed that all the curves representing 

kt versus time give straight lines after the initial part 
of the reaction. The initial part of the reaction is 
also very nearly a straight line which passes through 
the origin. The slope of this line is greater than the 
slope of the straight line representing the major 
portion of the reaction. This behavior is ap
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parently quite general for the reactions between 
silver sulfate and calcium oxide or strontium oxide. 
The fact that the curve can be divided into two 
straight lines with different slopes suggests that the 
reaction proceeds in two stages. The later stage, 
after the initial stage of the reaction is complete, is 
controlled by diffusion into the interior of the 
solids. The other mechanism may be surface dif
fusion.9 Presumably, the surface reaction occurs 
first and is a fast reaction which is completed in a 
short time. After the surface is covered and the 
surface reaction is completed, the dominant mech
anism is volume diffusion. This phase of the reac
tion is adequately described by the spherically 
symmetrical diffusion rate equation given earlier. 
This equation does not take surface diffusion into 
account.

Another explanation for the deviations from the 
rate law for spherical diffusion which occur in the 
initial phase of the reaction is based on the fact that 
the solid state reactions are exothermic. Since the 
heat capacities and conductivities of solids are 
usually low, the powder mixture becomes heated 
during the reaction. The initial heat liberated will 
raise the reaction mixture almost immediately to 
a temperature higher than the furnace tempera
ture. From this maximum temperature, the mix
ture gradually cools down to the furnace tempera
ture. On this basis, the initial part of the reaction 
would be expected to go at a faster rate than after 
the mixture had cooled down. This idea was 
first formulated by Jander.10 Calculations in
dicate that if the reaction were adiabatic there 
would be a sufficient rise in temperature to account 
for the increased rate at the beginning. However, 
on this hypothesis, a more gradual change to the 
slower rate would be expected.

Experiments indicated that surface reactions do 
occur rapidly in the reaction between silver sulfate 
and calcium oxide. Large particles of silver sul
fate were placed in crucibles and completely sur
rounded by very small particles of calcium oxide. 
The large particles were about 0.5 cm. in diameter 
and the small particles were about 50 ¡x in diameter. 
These mixtures were heated to 625° for periods of 
time which varied between one and three days. 
A similar experiment was performed in which the 
large particles were calcium oxide and the small 
particles were silver sulfate. After each of these

(9) S. Glasstone, K. Laidler and H. Eyring, “ The Theory of Rate 
Processes,“  McGraw-Hill Book Co., Inc., New York, N. Y., 1941.

(10) W. Jander, Z. anorg. Chem., 166, 33 (1927).

TIME IN MINUTES.

Fig. 4.— Fraction of reaction completed versus time for reac
tion SrO +  Ag2S04 at temperatures 400 and 450°.

Fig. 5.— Rate constant k multiplied by time versus time, for 
reaction SrO +  Ag2S04 at temperatures 400 and 450°.

mixtures was heated for one day, it was removed 
from the furnace and a few of the large particles 
were taken from each crucible for visual examina
tion. All the particles were completely covered 
with a grayish-black surface. The particles were 
then placed on a microscope slide and secured in 
place with Canada Balsam. They were subse
quently thin-sectioned and observed under a mi
croscope. No evidence was observed for diffusion 
into the interior of either calcium oxide or silver 
sulfate. This procedure was repeated after two 
days of heating and the results were the same. 
After three days of heating a small ring of gray sil
ver was observed in the interior of the calcium 
oxide particles.

The evidence indicates that a rapid surface re
action does occur at first. However, the pos
sibility of the heat build-up hypothesis as a par
tial explanation for the rate curves is not excluded.

Acknowledgment.—The authors are pleased to 
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T h e dielectric Constanta of aerosols consisting of polystyrene, silver iodide or iron powder suspended in dry nitrogen, or 
oil sm oke suspended in air have been measured a t a frequency of 9400 m egacycles. T h e  results are fitted well b y  the simple 
expression, equation 1, in spite of the com plexity and wide diversity  of the system s studied. T h e  observed data  were well 
fitted b y  this equation even in cases where m agnetic as well as electric interactions would be expected.

The problem of the effective dielectric constant of 
a mixture of two substances of different dielectric 
constants has been considered by many authors3̂ 11 
from a theoretical viewpoint. A considerable 
amount of simplification is necessary for the mathe
matical treatment to be successful, and different 
authors have worked with quite different models. 
If consideration is restricted to aerosols, where the 
dielectric constant of the medium is essentially 
unity, the size of the particles is small compared 
with the wave length of the measuring radiation, 
and interaction between suspended particles may 
be neglected, the results of these various investiga
tions can all be expressed in the form

Ae =  3.0 A t T i  £  x  10-o ( i )
6i +  Z p

where Ae is the difference between the dielectric 
constant of the suspension and that of the medium, 
ei is the dielectric constant of the suspended sub
stance, C is the mass concentration of the suspen
sion in micrograms per cc., and p is the density of 
the suspended material. The derivations of this 
formula still contain a number of restrictions which 
are not met by aerosols and by the usual methods 
of measurement. The derivation of Lewdn,9 for 
example, assumes that the suspended particles are 
spheres, that no agglomeration of particles occurs, 
that the spheres are arranged in a cubical lattice and 
are stationary, and that the measurement is made 
with a plane-polarized electromagnetic wave.

Numerous studies have been made12 on the dielec
tric constant o: two phase mixtures, but these have 
usually been done with coarse mixtures of high 
concentration rather than with aerosols, in order to 
obtain a value of Ae high enough to measure by the 
older experimental techniques. The interpretation 
of the results is less simple than might be antici
pated for aerosols where the suspended particles are 
small, far apart, and essentially independent of each 
other.

In recent years, techniques for the measurement
(1) This work was supported by Air Force Contract AF 33(61(5)- 

2842.
(2) The authors would like to express their appreciation for the 

valuable assistance of Herbert L. Mitchell and James B. Magee.
(3) H. A. Lorentz, Wied. Ann., 9, 041 (1880).
(4) L. Lorenz, ibid., 11, 70 (1880).
(5) J. W. Rayleigh, Phil. Mag., 34, 481 (1892).
(0) K. W. Wagner, Arch. Elektrotech., 2, 371 (1914).
(7) D. A. G. Bruggeman, Ann. Physik, 24, 036 (1935).
(8) R. W. Sillars, J. Inst. Elec. Engrs. (London), 80, 378 (1937).
(9) L. Lewin, ibid., 94, [3], 65 (1947).
(10) H. C. Thacher, Jr., T h is  J o u r n a l , 56, 795 (1952).
(11) J. Fricke, J. Appl. Phys., 24, 644 (1953); T h is  J o u r n a l , 57 „ 

934 (1953).
(12) C, A. P. Pearce, Brit. ,7. Appl. Phys., 6, 358 (1955).

of dielectric constants at microwave frequency 
have been developed which make possible the detec
tion of very small differences in dielectric constant 
with relative ease. Dorain13 has measured the di
electric constants of liquid drop aerosols of dioctyl 
phthalate and triethylene glycol di-(2-ethyl buty
rate) suspended in air. His measurements show 
good agreement with equation 1 over the concen
tration range of 0 to 0.8 microgram per cc.

The problem of the dielectric constant of solid- 
particle aerosols would appear to be more complex 
than that studied by Dorain, since here the sus
pended particles may be far from spherical and 
considerable agglomeration of the particles into 
clusters may exist. We have studied a number of 
such systems to see how well experimental measure
ments agree with the simple theory. The aerosols 
chosen exhibit a wide range of particle size and 
shape, degree of clustering, and density, dielectric 
constant, conductivity and permeability of the 
suspended substance.

Experimental
Apparatus.— All of the measurements were made at a fre

quency of 9400 megacycles, using a Crain microwave refrac- 
tometer.14 In this instrument, the resonance frequency 
of a microwave cavity, which depends on the dielectric con
stant of the material within the cavity, is used to stabilize 
a Klystron oscillator. The resulting frequency is beat 
against that of a similar reference cavity and oscillator, the 
beat frequency being a measure of the difference in the dielec
tric constants of the materials in the two cavities.

For our experiments, the aerosol was passed through one 
cavity of the refractometer, then through a Cambridge “ ab
solute”  filter,15 then through the other cavity of the refrac
tometer. The filter used will remove 99.95% of particles 
of 0.3 y size or larger. Thus the refractometer reading gives 
the difference between the dielectric constant of the suspen
sion and that of the gas phase, or the contribution due to the 
suspended particles. After passing through the second 
cavity, the gas was passed through a wet-test gas meter to 
measure its volume. The weight of the suspended material 
in the aerosol used was determined from the increase of 
weight of the filter during the run. From these two meas
urements, the average concentration of the aerosol during 
the experiment could be determined. The frequency dif
ference between the two cavities was converted to a voltage 
and recorded continuously, giving a plot from which the 
average dielectric constant difference could be calculated. 
The pressure drop across the filter was measured, so that if 
a significant pressure difference developed between the two 
cavities, the run could be terminated.

Aerosols.— Polystyrene spheres with an average diameter 
of about 3 jit were obtained from the Wright Air Develop
ment Center. Under high magnification these were seen to 
be nearly perfect spheres with quite a narrow range of par
ticle size. There was very little clustering. The powder

(13) P. B. Dorain, “ The Dielectric Properties of Aerosols,”  Ph.D. 
Dissertation, Indiana University, 1954.

(14) C. M. Crain, Rev. Sci. Instr., 21, 456 (1950); C. M . Crain 
and C. E. Williams, Electronics, 29, 150 (1956).

(15) D, H. Northrop, Chem. Eng. Progr., 49, 513 (1953).
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was placed in a flask with a conical bottom and subjected to 
moderate agitation with an external vibrator. A stream of 
carefully dried nitrogen was passed through the flask, through 
a settling chamber, through the refractorneter cavities, and 
then through the wet-test meter. The aerosol density 
could be varied by diluting the aerosol stream with dried 
nitrogen, or, to some extent, by varying the flow velocity 
and extent of agitation.
_ A silver iodide aerosol was generated by heating solid 

silver iodide in a zirconium oxide combustion tube heated 
by a small tube furnace. Dried nitrogen was passed over 
the heated silver iodide, through a sufficient length of tubing 
to bring the temperature back to room temperature, through 
the refractorneter cavities, through the wet-test meter, then 
through a vacuum pump. Electron micrographs of the re
sulting silver iodide particles showed them to have an ir
regular shape with a moderate degree of clustering and con
siderable variation in size around an average diameter of 
about 0.1 n for the individual particles.

An oil smoke aerosol was generated by burning diesel oil 
in an inadequate supply of air, using an asbestos wick. 
The smoke was passed through a cold trap to remove water, 
and drawn through the refractorneter cavities as before. 
Great care must be taken to remove all traces of water vapor, 
since it will be absorbed to some extent by the filter and it, 
has such a high dielectric constant that small traces of it can 
give highly erroneous results. Electron micrographs showed 
this aerosol to have a strongly clustered structure, the clus
ters averaging about 1 micron in diameter with individual 
particles about 0.05 11.

A suspension of iron particles was obtained, using “ SF”  
carbonyl iron powder obtained from An tara Chemicals Co. 
These particles average 3 n in diameter, 94% of them falling 
in the size range from 1.5 to 5 They contain 98.2-98.8% 
iron, the remainder being mainly carbon and nitrogen with 
about 0.2%  oxygen. The particles are nearly spherical 
and show little clustering. The powder was dispersed by 
the same technique used for the polystyrene. A moderate 
amount of iron powder was found to settle out in the first re- 
fractometer cavity, giving a gradual shift in the base line 
of the refractorneter tracing for which a correction had to be 
made.

Results
The density of polystyrene is 1.032 g./cc. The 

refractive index at optical frequencies is 1.592, the 
square of which gives 2.54 for the dielectric con
stant. This agrees well with measurements at one 
megacycle, and may be taker, as the value of 9400 
megacycles. Using these values, equation 1 be
comes Ae = 0.98C X 10-6. This line is plotted in 
Fig. 1, together with the measured points. The 
best line through the experimental points has ex
actly the proper slope, but an intercept of Ae = 
— 0.5 X 10-6. This presumably corresponds to a 
constant error in measurement and is within the 
error which can be expected in the absolute value of 
Ae.

For silver iodide, the density is 5.67 g./cc. and 
the square of the optical index of refraction is 2.21. 
A crude measurement of the dielectric constant at 
9400 megacycles gave substantial agreement with 
this. Substituting these values in equation 1 gives 
Ae =  0.30C X 10-6. This line, together with the 
experimental points, is shown in Fig. 2. It  can be 
seen that the agreement is excellent.

Both polystyrene and silver iodide have low elec
trical conductivities, but this is not true of the par
ticles in the oil smoke and iron suspensions. The 
observed' change in frequency of the refractorneter 
cavity is given by

A/  =  A /c +  A/m

where Afe and A/m are the contributions from the 
electric and magnetic effects considered independ-

Mg./cc.
Fig. 1.— Dielectric constant increment for polystyrene 

aerosols as a function of mass concentration.

Mg./cc.
Fig. 2.— Dielectric constant increment for silver iodide 

aerosols as a function of mass concentration.

ently.16 The Af m term is related to the effective 
relative permeability, //, in the same way that the 
A/e term is related to the dielectric constant, e. 
For a non-magnetic non-conductor, is essentially 
1 and Af m is 0. Thus the observed frequency 
change depends only on the electric contribution 
and can be interpreted in terms of the dielectric 
constant alone. For a substance of very high con
ductivity, e approaches infinity and (e — l) /(e  +  2) 
approaches 1. At the same time, the effective ,u 
approaches 0 and (/x — l)/(.u +  2) approaches —1/2. 
Thus, for conducting particles, the magnetic effect 
should lower the observed frequency change below 
that predicted considering electric interaction alone. 
These considerations apply strictly only if one can 
assume that the electric field lines do not enter the 
conductor. At 9400 megacycles the depth of pene
tration is of about the same order as the diameter of 
the particles used, and we have not tried to make a 
prediction of the quantitative effect of high elec
trical conductivity.

Oil smoke is a rather indefinite thing chemically, 
but we may assume that its density is around 1.95 
g./cc., an average of a number of reported values for 
amorphous carbon. Amorphous carbon is a moder
ately good conductor, so the effective dielectric 
constant should be high. If ex is taken as infinity,

(16) J. G. Linhart and T. II. B, Baker, Brit. J. Appl. Phys., 6 , 

100 (1955).
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jllg./cc.
Fig. 3.— Dielectric constant increment for oil smoke aerosols 

as a function of mass concentration.

Mg./cc.
Fig. 4.— Dielectric constant increment for iron powder 

aerosols as a function of mass concentration.

equation 1 becomes Ae =  1.54C X 10“ 6. At be
comes rather insensitive to variations in ei if ti is 
large. Thus, a value of 50 for the dielectric con
stant of oil smoke would reduce the slope of the 
line by only about 6% from that calculated for an 
infinite dielectric constant. The predicted line and 
the observed points are compared in Fig. 3. It can 
be seen that the agreement is good in spite of the 
fact that no allowance has been made for magnetic 
interaction caused by the conductivity of the parti
cles. Minor effects might not appear in our experi

ment because of the uncertainties involved in our 
selection of the density and dielectric constant val
ues.

The density of the “ SF” iron particles is 7.81 g ./ 
cc. If the dielectric constant is taken as infinity, 
equation 1 becomes At =  0.38C X 10“ 6. Figure 4 
shows this line, together with the observed points. 
Our measurements on iron are probably less accu
rate than those on the other aerosols because of the 
refractometer background drift caused by settling 
of iron particles in the first cavity. It was assumed 
that this drift was linear with time, but this may 
not be exactly true. The best line which can be 
drawn through the experimental points will have 
an intercept of +0.6 X 10-6 for Ae, which can 
reasonably be attributed to instrumental error, and 
a slope of 0.28. This, qualitatively, is the effect we 
have seen should be observed for an aerosol made 
up of conducting particles, but it is doubtful here 
whether it is beyond the limits of experimental er
ror.

Conclusions
Equation 1, developed by different authors on 

the basis of various highly restrictive models, has 
been shown to have surprisingly wide applicability 
in predicting the dielectric constant of aerosols. It 
is to be expected that this relationship might break 
down at high aerosol concentrations, because of in
teraction between the charge distribution in closely 
adjacent particles. Although we have tried to pro
duce very dense aerosols, and have measured con
centrations 65 times as high as those studied by 
Dorain,13 we have seen no evidence of such a devia
tion. While it is recognized that suspensions of 
materials with high electrical conductivity or per
meability will have a magnetic as well as an electric 
interaction with electromagnetic radiation, no such 
effect was observed with oil smoke and only a small 
effect, possibly not beyond experimental error, for 
iron powder.

Our measurements have been made on substances 
with densities ranging from 1.032 to 7.81 g./cc., with 
dielectric constants from 2.21 to infinity, with and 
without high permeability, on aerosols in concen
trations from 2 to 50 micrograms per cc., having 
particles of widely different sizes and distributions 
of sizes and of widely varying degrees of clustering.

NOTES
THE EFFECT OF PRESSURE ON TPIE 

SURFACE TENSIONS OF LIQUIDS
B y  E m il  J. Sl o w in s k i, Jb ., E r n e st  E. G a te s  an d  C h a r le s

E. W a r in g

Chemistry Department, University of Connecticut, Storrs, Connecticut 
Received August 10, 1956

The only reported experimental measurements 
of the effect of pressurizing gases on the surface 
tensions of liquids are those of Kundt.1 He found

that in. general the surface tension of liquids de
creases with increasing gas pressures. Theoretical 
treatments of the effect are more numerous, with 
Gibbs,2 Guggenheim3 and Rice4 among those who 
have made important contributions. The effect 
is attributed to adsorption of the pressurizing gas

(1) A. Kundt, Ann. physik. Chem., 12, 538 (1881).
(2) J. W. Gibbs, “ Collected Works," Vol. I, Yale University Press, 

New Haven, Conn., 1948, pp. 219-269.
(3) E. A. Guggenheim, J. Chem. Soc., 128 (1940).
(4) O. K. Rice, J. Chem. Phys., 15, 333 (1947).
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on the liquid surface, but it seems no clear de
pendence of surface tension on actual concentra
tion of adsorbed molecules can be derived theoreti
cally. The difficulty is related to the necessity of 
quite arbitrarily defining the position of the liquid 
surface, usually as was done by Gibbs, before any 
relation between surface tension and concentration 
of adsorbed molecules can be stated. It thus ap
pears that experimental measurements of depend
ence of surface tension on pressure would be useful, 
both to establish more quantitatively than could 
Kundt the nature of the effect and to furnish data 
which might aid in further developing the theoreti
cal interpretation.

In a series of experiments we have measured the 
surface tensions of water and normal hexane under 
pressures of helium, hydrogen, nitrogen, methane, 
ethane and carbon dioxide. The capillary-rise 
technique was used and the procedures suggested 
by Richards5 and Harkins6 were followed. Ex
periments were carried out in a steel bomb pro
vided with methyl methacrylate windows and hav
ing an inner diameter of about 2.5 inches and a 
usable length of about 6 inches. The U-tube sur
face-tension cell due to Richards was modified to 
satisfy space restrictions. The cell was of Pyrex 
glass, with the large tube about 38 mm. in diame
ter and the capillary tube made re-entrant above 
the level of the large meniscus and concentric with 
the large tube. The inner capillary diameter was 
about 0.4 mm. and was calibrated in accordance 
with Harkins’ methods.

Capillary rise was measured during both increas
ing and decreasing gas pressure portions of a run. 
Calculated values of surface tension for a given 
system were found in general to lie on the same 
curve; this would imply that equilibrium condi
tions existed within the cell and that temperature 
held substantially constant during the time re
quired for a run. Capillary rise was measured to 
0.03 mm. with a cathetometer, and pressures, as 
measured on a Heise gage, were taken to 100 atm. 
where possible. All measurements were made at 
room temperature, about 25°.

An important feature of the surface-tension cell, 
necessary if one is to be able to ascertain the es
tablishment of equilibrium, is a small capillary, 
made by drawing out ordinary capillary tubing, 
attached to the cell capillary with rubber tubing. 
This introduces a delay in the time for pressure 
equilibrium to be attained in the cell and allows 
one to raise or lower the small meniscus momen
tarily by simply increasing or decreasing gas pres
sure in the bomb.

Since the data do not warrant the use of equa
tions of higher precision, calculations offsurface 
tensions were made on the basis of the simple rela
tion

7 =  l/&gh(p\ — p6)

where y  is the surface tension, r is the capillary 
diameter, g is the acceleration of gravity, h is the 
capillary rise, pi is density of the liquid, and pg is

(5) T. w . Richards, J. Am. Chem. Soc., 43, 827 (1921).
(6) W. D. Harkins and A. Weissburger, “ Physical Methods of Organic 

Chemistry,” , Chapter IX, Interscience Publishers, Inc., New York, 
N. Y., 1949.

the density of the gas, all in c.g.s. units. Liquid 
density was taken to be that of the pure liquid cor
rected by a compressibility factor of 50 X  10-6/  
atm. for water and 100 X 10_6/atm. for hexane. 
Gas density was calculated from the van der Waals 
equation.

Experimental results are given in graphical form 
in Figs. 1 and 2, where relative surface tension, 
7/ 70, is plotted against gas pressure in atmos-

Fig. 1.— The effect of gases on the surface tension of water: 
O, increasing pressure; •, decreasing pressure.

Fig. 2.— The effect of gases on the surface tension of n- 
hexane: O, increasing pressure; •, decreasing pressure.
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pheres. It is seen that except for helium, which 
shows no effect, surface tensions of the two liquids 
decrease approximately linearly with increasing 
gas pressure. At a given pressure the magnitude 
of the effect increases with increase in critical tem
perature or boiling point of the pressurizing gas. 
The relative effect of gas pressure on surface ten
sion is larger for hexane than for water, but if one 
calculates the actual change in surface tension it is 
found that for most of the gases a given pressure 
decreases the surface tension about the same num
ber of dynes/cm. for hexane as for water. That is, 
dy/dP seems to depend mainly on the nature of the 
pressurizing gas and only in a minor way on the 
liquid.

A simple theoretical expression for the depend
ence of surface tension on pressure7 is

d7 _  r^R T
dP ~ P  1 ’

where P  is the pressure of the gas (assumed to be 
ideal) and r 2(1) is taken to be the concentration of 
adsorbed gas in moles per unit of surface area. 
Since dy/dP is found experimentally to be essen
tially constant at low pressures, this means that 
r 2(1> =  KP, and hence concentration of adsorbed 
gas as defined follows what might be considered to 
be either a sort of Henry’s law for the surface 
phase or the limiting form of the Langmuir adsorp
tion equation (usually applied to solid surfaces). 
If under these conditions we integrate (1) we ob
tain as a relation consistent with our experimental 
results

y  -  70 =  —KPRT  =  -  I\WRT (2)
Equation 2 essentially states that a concentra

tion of one molecule per sq. cm. for any adsorbed 
molecules will lower the surface tension of any 
liquid by an amount equal to kT dynes/cm., where 
k is the Boltzmann constant.

Since K  in (2) appears in our work to have 
nearly the same value for a given gas over water and 
over hexane, it would seem that more precise 
measurements on the effect of an inert gas such as 
argon on the surface tensions of a group of liquids 
would be of interest. If K  in such experiments 
were constant for all liquids an extension of this 
sort of measurement might possibly be made to in
clude the determination of the areas of solid sur
faces.

(7) For a clear derivation of this relation and a discussion of the 
meaning of IV 1) see N. K. Adam, “ The Physics and Chemistry of Sur
faces,”  Oxford Press, 1941, pp. 107-117.

SURFACE ENTROPY AND SURFACE 
ORIENTATION OF POLAR LIQUIDS1

By R o b e r t  J. G o o d 2

Contribution from the Applied Science Research Laboratory, University 
of Cincinnati, Cincinnati, Ohio

Received September 14, 1956

No generalizations have been made as to the sur
face' orientation of low molecular weight liquids,

(1) Based on portion of WADC Technical Report 56-188, M ay’ 
1956.

(2) Convair Scientific Research Laboratory, San Diego, Cali
fornia.

except for one isolated case. Weyl3 has suggested 
that in liquid water the surface molecules all have 
their oxygens exposed and hydrogens all pointing 
inwards.

We wish to propose that the surface entropy of a 
liquid may be taken as a criterion of surface orienta
tion. Orientation in the surface will lead to a lower 
entropy than that in the condition where the sur
face molecules are disordered. The question is, 
first, how much lower is the surface entropy of 
polar substances than that of non-polar substances? 
And second, can we set up a simple model which 
will account for the lower entropy of polar liquids, 
as resulting from surface orientation?

Ramsay and Shields4 reached the conclusion em
pirically that there was a “ normal”  value (2.1) 
for the Eotvos constant, which is directly related to 
the molar surface entropy.6-7 From various theo
retical studies,6-9 particularly that of Born and 
Courant, it might be expected that there should be 
a “ normal” value for nearly spherical non-polar 
molecules. (The extension of this concept to non- 
spherical molecules cannot be made very simply, be
cause the number of molecules “ in the surface” per 
unit area depends on the degree of orientation as 
well as the ratio of length to thickness.7) The hy
pothesis of Ramsay and Shields, that the degree of 
association could be calculated from the ratio of the 
observed Eotvos constant to the “ normal”  value,
2.1, has of course long since been discredited;7 
but it persists in textbooks and the literature, prob
ably because of the lack of a plausible alternative. 
We will show that surface orientation furnishes a 
much more reasonable explanation.

The molar surface entropy has been calculated 
for 214 organic liquids and 26 inorganic liquids of 
molecular structure such that they could be con
sidered approximately spherical. The formula9

aA = ^

was used, where <r is specific surface entropy, A is 
molar surface area, V is molar volume, N  the Avo- 
gadro number, y the surface tension and T the ab
solute temperature, and j  a factor9 which depends 
on the “ packing”  or “ structure”  of the liquid. 
For hexagonal close-packed liquids, /  =  1.09; 
for body-centered cubic packing, /  =  1.12. We 
will employ a compromise between these two values 
for convenience (though recognizing that this 
introduces an element of uncertainty of about 2 to 
3%), /  =  1.10. dy/dT was calculated from data 
given in the recent compilation of Quayle.10 Other 
data were taken from Harkins7 and from the Inter
national Critical Tables. Density data were taken 
from the authors who measured the surface ten
sions, from the International Critical Tables, from

(3) W. A. Weyl, J. Coll. Set., 6, 389 (1951).
(4) (a) W. Ramsay and J. Shields, Phil. Trans., A184, 647 (1893); 

(b) J. Chem. Soc., 1089 (1893).
(5) M. Born and R. Courant, Phys. Z .,  14, 731 (1913).
(6) J. Frenkel, “ Kinetic Theory of Liquids,”  Oxford University 

Press, London, 1946.
(7) W. D. Harkins, “ Physical Chemistry of Surface Films,” Rein

hold Publ. Corp., New York, N. Y., 1952.
(8) N. K. Adam, “ Physics and Chemistry of Surfaces,”  Oxford 

University Press, London, 3rd Edition, 1941.
(9) A. S. Skapski, J. Chem. Phys., 16, 386 (1948).
(10) O. R. Quayle, Chem. Rev., 53, 439 (1953).



June, 1957 N otes 811

the Chemical Rubber Handbook, and from Lange’s 
Handbook. The values of <rA and d7 /dT  are 
tabulated in the Appendix.11 The frequency dis
tribution of values of A are shown in Fig. 1, for the 
various compounds divided into three classes.

Figure la appear to have two fairly well devel
oped peaks. Examination of the data showed that 
the non-hydrocarbon liquids accounted for about 
half of the peak to the left, and contribute nearly 
nothing to the peak to the right. This indicates the 
possibility that the non-polar non-hydrocarbon 
liquids are part of a different population from the 
hydrocarbons. However, the sample is rather 
small and the dispersion of the data is large; also, 
there is the fact that at the low temperatures em
ployed for non-hydrocarbon liquids such as He, Ne, 
A, 0 2, there is a larger chance for experimental er
ror. Besides, over the range of below 100 to 293 °K., 
there might actually be an appreciable effect of 
temperature on the “ normal”  surface entropy.

Figure lb, for the non-hydrogen bonded polar 
compounds, shows some skewedness to the left; 
this is due (as will be discussed below) to the inclu
sion of the aliphatic nitriles, nitro compounds and 
aldehydes. When these are excluded, the distribu
tion curve at the left is lowered to the level indi
cated by the dotted line; the distribution curve is 
then seen to be much more symmetrical.

It seems reasonable, from the overlapping of the 
distributions in la and lb, eo combine groups (a) 
and (b) to obtain the “ normal”  surface entropy. 
The mean for group (a) is 24.4 joules; for group (b) 
it is 23.8; and the lumped mean is 24.0. We can 
conclude that there is a “ normal”  range of surface 
entropy for non-hydrogen bonding liquids, and use 
the lumped mean of 24.0. Substances with surface 
entropy below 18 or 20 (as is evident from the 
graphs) can be taken as probably belonging to a 
separate population; and when a whole class (based 
on molecular structure) falls below 20, then there is 
a very high probability that the populations are 
distinct. The “ normal”  range corresponds to 5 to 
7 cal./degree or 2.5 to 3.5 times R ; the mean falls at 
2.9R or 5.75 cal./degree.

The strongly hydrogen bonding compounds then 
clearly form a separate class. No significance can 
be attached to the mean of the strongly hydrogen 
bonding liquids, because there is a very strong 
trend toward increasing A a (as calculated by equa
tion 1) with increasing molecular weight in homol
ogous series. This trend is probably the result of 
the extreme orientation (to be discussed below), 
which leads to incipient breakdown of the relation 
A ce F !/s (changing over toward A =  constant) at 
lower chain lengths for hydrogen bonding com
pounds than for non-polar molecules. Thus the 
molar surface area of n-butane should be consider
ably larger than that of n-propyl alcohol.

This tendency to orientation of the alkyl chain 
can be minimized by considering the lowest mem
bers of the series, as in Table I.

(11) The appendix has been deposited as Document No. 5085 with 
the ADI Auxiliary Publications Project, Photo-duplication Service, 
Library of Congress, Washington, D. C. A copy may be secured by 
citing the Document number and remitting in advance $1.25 for 
photoprints or $1.25 for microfilm, by check or money order payable 
to: Chief, Photo-duplication Service, Library of Congress.
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Molar surface entropy, joules/deg.
Fig. 1.

T able I

Substance
-d y/d T ,

20°
A a, 

joules
Water 0 .145 9 .8
Formic acid .108 11.3
Methanol .096 1 0 .0
Formamide .084 9 .1
M ethyl amine .099 10.8
Hydrogen cyanide .125 13.5

Mean 1 0 .8

The difference, 24.0 — 10.8 =  13.2 joules, or 3.15 
cal., may be accounted for by considering the ef
fect of surface orientation. Energetically, the con
figuration of a molecule such as water or methanol 
in which a hydrogen sticks up out of the surface 
should be higher than that in which a hydrogen is 
directed into the liquid, by the energy of one hy
drogen bond. This energy is about 4 to 7 keal. 
per mole12 for systems such as O -H —O, N -H —N, 
etc. The thermal energy, RT, is only about 10% of 
the hydrogen bond energy. Hence one would expect 
that thermal agitation should be too small to lead 
to an appreciable proportion of the hydrogens to be 
pointing outwards, at any time. If the surface 
layer is completely oriented, it would be very sur
prising if the second layer were not at least par-

(12) C. A. Coulson, “ Valence,”  Oxford University Press, London, 
1952.
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tially oriented, and indeed if there were not still 
some orientation in the third layer.13

In the interior of a polar liquid, for every possible 
orientation of a given molecule there will be on the 
average one other molecule in exactly the opposite 
orientation. In the surface, for each molecule in a 
particular orientation, there is no molecule in the 
opposite orientation.14 Hence on bringing a mole
cule from the interior to the surface, just half the 
possible orientation is lost. If the oriented sur
face layer is just one molecule deep, there should be 
a deficit of entropy, given by R times the logarithm 
of the ratio of the number of configurations in the 
surface to that in the interior.

AS =  — R In 2 =  —5.8 joules/deg./m ole (2)

If the completely oriented region is two molecules 
deep (and below that level, chaos is complete), 
then the deficit of entropy, when calculated with re
spect to a mole of molecules in a layer one molecule 
deep, should be twice the quantity. Actually there 
will of course be a gradation of order, from oriented 
outermost layer to disordered interior; but this 
method will give the correct order of magnitude for 
the number of layers, n, in which the orientation is 
important

AS ^  -n R  In 2 (3)

This very crude equation has the advantage that it 
yields qualitative information very easily.

It may be seen that the 13.2 joule deficit in en
tropy, for the compounds in Table I below the 
mean for those in Fig. la combined with lb, cor
responds to the value 2.3 for n. Hence the mole
cules in the surface layer for these strongly hydrogen 
bonded substances are probably completely ori
ented, the second layer is largely oriented, and there 
is at least some orientation in the third layer.

The surface entropy of water increases from 9.0 
joules/deg. at 0° to 12.6 at 100°. Other liquids 
such as methanol and acetic acid show similar in
creases. (This is as opposed to almost all “  normal” 
liquids, which have surface entropy nearly inde
pendent of temperature.) Hence the deficit of en
tropy, which is attributed to surface orientation, 
ranges from 15.0 joules at 0° down to 11.6 at 100°. 
This variation is now easily understood, in terms 
of the destruction of orientational order in the third 
and second layers below the surface, with increas
ing thermal agitation.

There are four cases where surface orientation due 
to hydrogen bonding might be expected, but ap
parently is absent. These are the tertiary alcohols 
(a-A ranging from 19.6 to 22.2, mean =  20.8), the 
secondary, tertiary and aromatic amines, (<tA 
ranging from 18.7 to 26.1), the mercaptans (aA 
ranging from 19.0 to 22.5, mean =  21.9), and am
monia16 (aA =  26.9). In the ¡i-alcohols, the ef
fect may be blamed on steric hindrance to hydrogen 
bonding, particularly bonding in chains of more 
than two molecules. A similar explanation can 
probably be given for the amines. It is not so 
clear, however, why the surface entropy of aniline

(13) J. C. Henniker, Rev. Mod. Phys., 21, 322 (1949).
(14) This does not necessarily mean that all surface molecules are 

oonside red oriented normal to the surface.
(15) Data of y  vs. T from R. A. Stairs and M. J. Sienko, J. Am. 

Chem. Soc., 78, 920 (1950).

and o-toluidine should be so high, 23.2 and 24.2 
joules/deg., respectively. Other ring compounds 
also have high surface entropies in contrast to the 
low values for aliphatic members of the series, see 
Table II.

T a b l e  I I
-d y/ d  T a A

Cyclopentanol 0 .077 14 .5
Cyclohexanol .109 2 2 .6
Phenol .105 19.3
o-Hydroxybenzaldehyde .133 2 7 .4
m-Hydroxybenzaldehyde .116 2 4 .5 (1 3 0 °)
p-Hydroxybenzaldehyde .077 1 6 .3 (1 2 0 °)
Benzaldehyde .114 2 3 .0

The obvious suggestion of steric hindrance seems 
inadequate to explain why both phenol and cyclo- 
hexanol should have so much higher surface en
tropy than cyclopentanol. The hydroxybenzalde- 
hydes form an interesting series. The ortho com
pound is internally hydrogen bonded16 and hence 
should not orient. The mefa isomer forms inter- 
molecular hydrogen bonds, but because of its an
gular structure probably does not form chains very 
well. It should orient, and its surface entropy ac
tually is a little lower than that of the ortho com
pound (though this might be an effect of tempera
ture.) p-Hydroxbenzaldehyde should have a very 
strong tendency to form chains, and hence should 
exhibit orientation to a depth of two or more layers. 
The deficit of 11.1 joules/deg. below the o-isomer is 
in agreement with this prediction. This series, then, 
points to a possible explanation for the high surface 
entropy of substances such as phenol and aniline: 
as wfith the ¿-alcohols, the formation of hydrogen 
bonded chains, starting with a surface molecule, is 
somehow hindered, either sterically or in terms of 
availability of the necessary electronic structures 
in the hydrogen bonding groups.

The high surface entropy of ammonia was at first 
surprising. However, consideration of the “ inver
sion vibration” 17 and of the fact that having only 
one electron donor site, ammonia can form only two 
hydrogen bonds per molecule on the average, leads 
to the conclusion that there should be no net orien
tation in the surface. The observed value of A a is 
well within the “ normal”  range.

The aliphatic nitriles form a group about which, 
from the low surface entropies, one would conclude 
that surface orientation exists. The values for 
a A range from 17.1 to 17.5 for three mononitriles, 
and down to 12.3 for dinitriles. (The aromatic ni
triles have values of a A in the range of 22 joules and 
above, indicating that they are “ normal”  com
pounds, showing no orientation.)

The treatments of Coulson12 and of Schneider18 
lead to the conclusion that the lone pair of elec
trons on the nitrile N is largely responsible for the 
dipole moment of 3.4 D. This means that the di
pole is in a singularly exposed position. Two pos
sibilities then exist: dipole-dipole interaction, and 
hydrogen bonding involving the a-methyl hydro-

(16) L. Pauling, “ The Nature of the Chemical Bond,”  2nd Ed., 
Cornell University Press, Ithaca, N. Y., 1940.

(17) W. Gordy, W. V. Smith and R. F. Trambarulo, “ Microwave 
Spectroscopy,”  John Wiley and Sons, New York, N. Y., 1953.

(18) W. G. Schneider, J. Chem. Phys., 23, 26 (1955).
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gens. The former should lead to a very high inter
action energy on account of the possibility of close 
approach of the “ exposed”  dipoles on neighboring 
molecules to each other. The latter should also be 
considered very possible in view of the similarity of 
the “ lone-pair”  dipole in nitriles to that in water or 
ammonia.18 In either case, the CN group should be 
directed away from the surface. The C -H —-N bond 
energy of HCN is about 3 to 4 kcal.16'19 In ali
phatic nitriles, the a-hydrogens may well be polar
ized sufficiently to take part in hydrogen bonding, 
just as the H is in CHCI3 as shown by the complex 
formation of chloroform with acetone.19 The very 
low surface entropy of malononitrile, 12.3 joules, 
tends to confirm this view, since the hydrogens on 
the central carbon should be more strongly polar
ized than those in mononitriles, and hence hydrogen 
bonding should be stronger. We have been unable 
to find any reference in the literature to this type of 
hydrogen bonding in nitriles. Hence, it may be sug
gested that independent evidence for or against 
such hydrogen bonding should be sought.

A similar argument may be made to explain the 
low surface entropy of the aliphatic nitro com
pounds (mean =  17.25), and also that of acetalde
hyde, for which aA =  16.4. Actually, for the 
latter compound a dimer structure has been re
ported,12'20 with a C-H — 0  bond energy of 2.6 kcal. 
(The surface entropy of the ketones, for which this 
kind of hydrogen bonding is impossible, is normal— 
mean =  22.5.) We may conclude that the aliphatic 
nitriles and nitro compounds, and probably also the 
aliphatic aldehydes, show surface orientation, and 
that such orientation is very possibly the result of 
hydrogen bonding. Hence the elimination of these 
compounds from the group of Graph lb  is justified.

Conclusions
The hypothesis of surface orientation in strongly 

hydrogen bonded liquids appears to be well justi
fied, both energetically and as an explanation for 
the low surface entropy of these liquids, as com
pared to “ normal”  polar and non-polar liquids.

Acknowledgment.—The author wishes to thank 
Mr. John McAndrews for assistance in calculation 
of the molar entropies, and Dr. Hans Jaffe for dis
cussion of the nature of hydrogen bonds.

(19) J. H. Hildebrand and R. L. Scott, “ Solubility of Non-Electro
lytes,”  3rd ed., Reinhold Publ. Co., New York, N. Y., 1950.

(20) E. A. Alexander and J. D. Lambert, Trans. Faraday Soc., 37, 
421 (1941).
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SILVER AND SULFUR IN THE SOLID 

STATE1
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Reactions in the solid state have been reported 
from this Laboratory.3'4 5 The reaction between

(1) More details are available in a portion of a Ph.D. thesis by W.
P. Riemen filed in the Library of the University of Wisconsin, 1955.

(2) U. S. Rubber Company, Passaic, New Jersey.
(3) H. F. Mason, Ph.D. Thesis, University of Wisconsin, 1954, 

T h is  J o u r n a l , 61, 796 (1957).

Fig. 1.— Fraction of reaction completed versus time, for 
reaction 2Ag S —* A g2S at 25°.

Fig. 2.— Rate constant k multiplied by time versus time, for 
reaction 2Ag +  S -*■ Ag2S at 25°.

-5, X 10'* IN CNL*
Fig. 3.— Rate constant k versus reciprocal of square of 

particle radius for reaction 2Ag - f  S -*■ Ag2S.

silver and sulfur is an excellent solid reaction to 
study because it proceeds with measurable velocity 
at room temperature and it can be followed readily 
by dissolving out the unreacted sulfur with carbon 
disulfide. It has been studied before.6 7“ 8 Fur
ther research is reported here because the measure
ments fit a kinetic formula1'3'4 and they bring out 
quantitatively the influence of particle size on re
action velocity.

The silver was precipitated from silver nitrate with cop
per, washed thoroughly, and dried at 200° for an hour.

(4) W. P. Riemen and F. Daniels, ibid., 61, 802 (1957).
(5) K. Fischbeck, Z. anorg. Chetn., 165, 55 (1927).
(6) F. Hohn, ibid., 99 , 118 (1917).
(7) J. Smith, Bull. soc. chim., 7, 706 (1940).
(8) F. Taradoire, Bull. soc. chim. France, 147, 623 (1932).
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The sulfur was prepared by melting flowers of sulfur, cool
ing and grinding the crystals in a mullite mortar. Both 
sulfur and silver were sieved to give uniform sizes.

2.1576 grams cf silver powder was thoroughly mixed with 
0.3206 g. of sulfur powder of the same size placed in weighed 
sintered glass-bottom crucibles at 25° for periods of time 
ranging from 1 to 50 days. A t suitable time intervals a 
crucible was extracted five times with about 10 ml. of fresh 
carbon disulfide and the loss in weight gave the amount of 
sulfur still unreacted.

Experiments were also carried out in which the powders 
were pressed into pellets under pressure of 3 tons per sq. 
inch, as in the experiments of Fischbeck.5 There was no 
significant difference in reaction rate between the pressed 
and unpressed powders and the act of compression gave no 
appreciable reaction. This lack of action on compression 
was unexpected because preliminary work on K B r and 
A g N 0 3 indicated that compression under high pressures 
does bring about some reaction.

The data on the reaction between silver and sul
fur at 25° are given in Fig. 1.

These data fit well the rate equation for sol
ids, based on diffusion, as derived by Mason3 and 
checked by him on NaBr +  KC1 and CsCl +  KBr, 
and checked by Riemen and Daniels4 on AgoSCh +  
CaO and SrO. The formula is

1 — x = 6 /ir2 T, —, exp(— n%t) 
n = l n

x is the fraction of the reaction at time t, D is the 
diffusivity, a is the radius of particles, and k is the 
rate constant =  x2D /a2; ki is evaluated from 1 — 
x by I.B.M. calculations.3

Figure 2 shows the Id plot against time which 
permits a calculation of k. For 55 ¡x particles, k is 
0.039 day-1, for 85 ¡x, k is 0.019 day-1 and for 285 
ix, k is 0.002 day-1.

Figure 3 shows that the rate constant k is in
versely proportional to 1/a2 in agreement with the 
formula.

The author is glad to acknowledge the help of 
Professor Farrington Daniels with whom this re
search was carried out and to acknowledge the 
support of the II. S. Atomic Energy Commission 
through Contract AT(11-1)-178.

DECOMPOSITION OF HYDROCARBONS BY 
SILICA-ALUMINA CATALYSTS
B y  J. L. F r a n k l in  an d  D . E. N icholson
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Company, Baytown, Texas
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The kinetics of the catalytic decomposition of 
eight low molecular weight hydrocarbons have been 
reported previously.1 It was found that the eight 
hydrocarbons studied could be divided into two 
groups kinetically, depending on whether rates of 
disappearance of starting material obeyed a first- 
order or a 1.5-order law. Some recent studies have 
shown that the activation energy for cracking of 2- 
methylpropane remained constant, within experi
mental accuracy, as the specific surface of the 
catalyst was systematically varied from 303 to 81 
sq. m. by heat and steam sintering. These data 
arc recorded in Table I.

(I) J. L. Franklin ami D. E. Nicholson, Tins Journal, 60, 50 
(1006).

T a b l e  I
Catalyst 

surface area. Pore vol., A E*.
m. Ve ml./g. kcal./mole

st 0 .42 3 3 0 .7
122 .477 3 1 .5
224 .507 2 9 .8
303 .515 3 0 .0

The experimental procedure for making the rate 
measurements was described previously. On the 
basis of the data cited above, the average activation 
energy for the decomposition of 2-methylpropane on 
the different catalysts is 30.5 ±  0.6 kcal./mole.

An error was made in the calculation of the ac
tivation energy for disappearance of 2-methylpro
pane as originally presented (AE* = 37.1 keal./ 
mole) for the catalyst having specific surface of 81 
sq. m. Thus the active centers on the silica- 
alumina catalysts of the investigation are shown to 
be quite similar in nature.

It may be noted that a linear relationship exists 
between the logarithm of the frequency factor (ex
pressed per unit surface area) and the activation 
energy for decomposition of all of the hydrocarbons 
obeying first-order kinetics. Such a relationship 
has been reported before in catalysis.2

(2) D. A. Dowden, Research, 1, 239 (1948).

NOTE ON THE CALCULATION OF THE 
MOLECULAR WEIGHT DISTRIBUTION OF 
A LINEAR AMORPHOUS POLYMER FROM 
ITS RELAXATION DISTRIBUTION IN THE 

RUBBERY REGION
B y  H ir o sh i F u jit a  an d  K a zu h ik o  N in o m iy a

Physical Chemistry Laboratory, Department of Fisheries, University of 
Kyoto, Maizuru, Japan
Received October 5, 1956

In a recent article1 (hereafter referred to as 
Paper I) a method was presented by means of 
which the distribution of molecular weights in a 
linear amorphous polymer may be predicted from 
relaxation spectrum data obtained over the time- 
scale of rubbery consistency. Stress-relaxation 
data on polyvinyl acetate2 and on polystyrene1 
from this Laboratory were analyzed in terms of this 
method, with results in both cases which compared 
quite favorably with the observed data. No es
sential difficulty which would violate the basic as
sumptions of the theory was found in those applica
tions, except for an apparent anomaly which ap
peared in the low molecular weight regions of the 
calculated molecular weight distributions. Since 
very extensive viscoelastic data recently have be
come available3 on a sample of high molecular 
weight polyisobutylene distributed by the Na
tional Bureau of Standards for an international 
cooperative program of dynamic tests, it seemed of 
interest to use those data as a basis for the cal
culation of the molecular weight distribution, even 
though no experimental check of the results is pos
sible. It was found through this calculation that

(1) II. Fujita and K. Ninomiya, ./. Polymer Sci., in press.
(2) Iv. Ninomiya and II. Fujita, J. Colloid Sci. , in press.
(3) A. V. Tobolsky and E. Cat sill, ibid., 10, 375 (1955).
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some of the assumptions made in Paper I are no 
longer applicable for viscoelastic data of the type 
employed; some improvement must be made to 
make the method more generally usable. The 
present communication describes the results of 
this calculation.

Tobolsky and Catsiff3 have presented recently in 
great detail their own stress-relaxation data, along 
with Philippoff’s unpublished dynamic mechanical 
data, on this NBS (National Bureau of Standards) 
polyisobutylene sample at 25° over an extremely 
wide range of time-scale. The relaxation spec
trum at 25°, $(log r), derived from those data by 
making use of the Ferry-Williams second approx
imation method,4’5 is graphically shown in Fig. 1 
on a log-log plot. In the region where both transi- 
dent and dynamic property data are recorded, the 
calculation was effected using the latter because of 
the greater accuracy of $  values derived there
from. From this relaxation spectrum the steady- 
flow viscosity 7] at 25° is calculated to be 1.8 
X  1011 poises.

In order to calculate the molecular weight dis
tribution from a given relaxation _spectrum, it is 
necessary to evaluate parameters E, Mc and k for 
the given system. We assume for E, the quasi
static modulus of elasticity appearing in the initial 
part of the rubbery region, a value of 1.0 X 107 
dynes/cm.2 from Philippoff’s data for the real part 
of the complex dynamic modulus.3 This same 
value of E was previously adopted by Ferry and 
colleagues,6 who compared their extended Rouse 
theory of viscoelastic behavior with the data of 
the NBS polyisobutylene herein concerned. To
bolsky and Catsiff have provided a value 7.6 X 
106 dynes/cm.2 for this quantity. This, however, 
seems to be a slight underestimate for the purpose 
of this calculation. From the viscosity data re
ported by Fox and Flory,7 Mc, the critical molecular 
weight in the viscosity vs. molecular weight relation 
may be taken as 1.7 X 104 for undiluted “ solid” 
polyisobutylene, as proposed by Fox and Loshaek.8 
It was hoped that this value could be used suc
cessfully for the calculation concerned. However, 
preliminary calculation showed that this Mc value 
leads to a molecular weight distribution which is 
too narrow to be likely for an unfractionated linear 
polymer of very high molecular weight. Fox and 
Loshaek8 have derived a relation v-M0 ~ 4 X  104 
for concentrated solutions of polyisobutylene from 
•Johnson, et al.’s viscosity data9 in xylene. Here 
v2 is the volume fraction of the polymer in a given 
solution. Assuming that this equation may be 
extrapolated to the undiluted state, a value of 4 X 
104 is obtained for Mc of solid polyisobutylene. 
The large difference from the value of Fox and 
Flory may be attributed to the drastic extrapolation 
of the above relation to zero diluent concentration. 
However, it is of interest to note that any M

(4) J. D. Ferry and M . L. Williams, J. Coll. Sci., 7, 347 (19521.
(5) M . L. Williams and J. D. Ferry, J. Polymer Sci., 11, 169 (1953).
(6) J. D. Ferry, R. F. Landel and M. L. Williams, J. Applied Phys., 

26, 359 (1955).
(7) T. G Fox, Jr., and P. J. Flory, Tins J o u r n a l , 55, 221 (1951).
(8) T. G Fox ami S. Fosback, J. Applied Phys., 26, 1080 (1955).
(9) M. F. Johnson, W. W. Evans, 1. Jordan and J. D. Ferry, J.

Colloid Sci., 7, 498 (1952).

Fig. 1.— Distribution of mechanical relaxation times of the 
N B S sample of polyisobutylene at 2 5 ° : solid line, calculated 
from both Tobolsky-Catsiff’s relaxation data and Philip
poff’ s data for the imaginary part of the complex dynamic 
modulus; dashed horizontal line, substituted fictitious one.

value, ranging from abou~ 1.5 X  104 to 3.0 X  104, 
may be derived from Fox-Flory’s original viscosity 
plot (Fig. 8 of ref. 7), depending on how one draws 
the straight lines through the experimental points 
therein shown. It thus appears reasonable to re
gard Mo as an empirical parameter, rather than to 
define it rigidly as the point at which a log-log plot 
of the viscosity-molecular weight relation exhibits 
a break. It should be noted that this arbitra
riness in the evaluation of Mc makes the present 
method only a purely empirical one, although it 
does not violate the mathematical framework of 
the theory. In what follows, Mc for solid polyiso
butylene is assumed rather arbitrarily as 3.5 X 
104. The validity of this value must, of course, 
be checked by comparing the resulting molecular 
weight distribution with experimental data.

As has been shown in Paper I, k can be obtained 
with sufficient accuracy, provided the viscosity rj 
at the given temperature and the z-average molec
ular weight of the sample are known. The value 
of i? can be calculated from the relaxation spec
trum, and has been noted above. No published 
value of Mz of the NBS polyisobutylene is available 
to us, and so we tentatively evaluate it from the re
ported weight-average molecular weight Mw (1.56 
X  106),10 assuming for the molecular weight distri
bution in question a_“ most probable” shape; i.e., 
it is assumed that Mz =  1.5Mw. The required k 
vahie is then computed from the equation -q =  
kMz (eq. 29 in Paper I) to be 4.53 X 10-11.

The thin solid line in Fig. 2 shows the resulting 
molecular weight distribution, <p (M). It is seen 
that the curve goes down to the negative side in the 
region of molecular weights below about 6 X 10s, 
a behavior in contradiction with physical reality. 
It is readily found by following the process of cal
culation described in Paper I that anomaly is as
sociated with the positive slope of the relaxation 
spectrum in the corresponding region on the time- 
scale axis. The dashed line portion of the <p (M) 
curve has been drawn arbitrarily, considering the

(10) R. S. Marvin, Proc. 2nd-Intcrnatl. Congress Rheology, Oxford 
1953, p. 156.
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Fig. 2.— Calculated molecular weight distribution <p(M) 
of the N BS sample of polyisobutylene: thin solid line,
original distribution; thick solid line, modified fictitious dis
tribution.

fact that in the corresponding region of the re
laxation spectrum the effect of the transition region 
is apparently overlapping. This point will be dis
cussed in detail elsewhere. The area enclosed 
by the <p (M) curve is 0.99, indicating that the 
normalization condition is practically satisfied. 
That the calculated molecular weight distribution 
exhibits a negative portion doubtless implies that 
some of the assumptions and approximations un
derlying the method are either invalid or not of gen
eral applicability. By either modifying or dis
carding them, the method must now be improved so 
that it may be applicable to any relaxation spectra 
such as would be obtained for actual systems.

In Paper I it was assumed that the relaxation 
spectrum of a monodisperse fraction in the rubbery 
region be approximated by a “ box-type”  function 
with a lower boundary re independent of molecular 
weight. As has been shown above, superposition 
of such a function, multiplied by the molecular 
weight distribution <p (M) in the form of eq. 2 of 
Paper I, is not capable of representing any curve 
having a positive slope, without violating the phys
ical requirement that <p (M) must be positive or 
zero for any positive M. This fact suggests two 
ways for improving the method in the desired di
rection. One is to replace the “ box”  for the re
laxation spectrum of a monodisperse fraction by 
another shape, keeping its lower boundary re 
independent of M, and the other is to retain the 
box approximation in its present form but with re 
as a parameter which depends on M. One of the 
present authors (K. N.) has investigated the first 
alternative, assuming a rectangular triangle-shaped 
relaxation spectrum for the monodisperse fraction, 
and has found that the aforementioned anomaly 
can be eliminated if appropriate values are as
signed to the parameters involved. However, his 
calculation fails, for the cases of polyvinyl acetate 
and polystyrene, to yield as favorable results as 
those found in Paper I with the box approximation. 
The details of the calculation will be published else
where.11

In accordance with the theory described in Paper
(11) K. Ninomiya, J. Chem. Soc. Japan (Ind. Chem. Sect.) (to be 

published).

I, the time-scale corresponding to the boundary 
between the transition and the rubbery region 
should be close to the value given by the equation

T  a =  kMc'A/E  (1)

and, as a matter of fact, it can be observed from the 
data of Paper I that this prediction holds with 
reasonable accuracy for both polyvinyl acetate 
and polystyrene. The re calculated for Hie NBS 
polyisobutylene, using the k, Ma and E  values 
obtained above, is 1.28 X  10-2 sec. This, how
ever, is about one-fiftieth as large as the value esti
mated from the point at which the relaxation spec
trum of Fig. 1 passes through a minimum. This 
enormous difference of the predicted from the ac
tual value may be ascribed to a variety of reasons. 
One of the most probable interpretations would be 
in terms of the variation of re with molecular 
weight. It is shown readily that, if the restriction 
that re is independent of molecular weight is re
moved, the superposition of box functions in the 
form of eq. 2 of Paper I can represent relaxation 
spectra of any shape without introducing the 
anomaly that the calculated  ̂(M) becomes negative 
for some values of M. The fact that the calculated 
re from eq. 1 differs largely from the value esti
mated from the dip between the “ wedge”  and 
“ box”  spectra may also be interpreted in terms of 
the model of McLoughlin and Tobolsky12 for re
laxation spectra of linear amorphous polymers. 
According to their model, re in our model should 
approximate the long-time boundary of the wedge 
spectrum associated with the glass-transition re
gion, and may not be identified (as assumed in the 
present treatment) with the short-time boundary, 
7-3 (in their designation), of the box spectrum as
sociated with the rubbery region. In general, re 
is apparently independent of molecular weight, 
while Tg increases with increasing molecular weight. 
For medium- and low-molecular weight polymers, 
the box and wedge spectra overlap. Since the 
latter then predominates, r3 becomes unrecogniz
able; it appears that in such cases we may identify 
T3 with re with a reasonable approximation. For high 
enough molecular weight polymers this approxi
mation may not be valid. It is probable that this 
effect is responsible for the large difference of the 
calculated re from the actual value as found for 
the NBS polyisobutylene. As far as the present 
authors are aware, the NBS polyisobutylene is the 
only unfractionated polymer sample which ex
hibits a relaxation spectrum having a positive 
slope in the rubbery region; all other published 
relaxation spectra in the rubbery region of a variety 
of unfractionated linear amorphous polymers, 
both in solid and in concentrated solutions, have 
exclusively negative (or zero) slopes, increasing in 
absolute value with increasing relaxation time.

The thick solid line in Fig. 2 represents a fic
titious molecular weight distribution obtained by 
subtracting from the lower molecular weight side of 
the positive part of the calculated <p (M) curve the 
area equal to that of its negative portion. This 
molecular weight distribution is equivalent to that

(12) J. R. McLoughlin and A. V. Tobolsky, J. Polymer Sci., 8 , 543
(1952), The authors wish to thank Referee III for calling attention 
to this paper.
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which can be obtained directly by replacing the 
positive slope part of the actual relaxation spec
trum by a horizontal line, as shown in Fig. 1 by a 
dashed line, in a such a manner that the sub
stituted relaxation spectrum yields an elastic 
modulus (when calculated in terms of Alfreyh ap
proximation1) equal to the assumed value of E at a 
time-scale corresponding to re_calculated from eq.
l._  The viscosity-average (Mv), weight-average 
(M w), and ^-average (M z) molecular weights cal
culated from this fictitious distribution are 1.51 
X 10®, 1.73 X 106, and 2.18 X 106, respectively.13 
The first two may be compared with the experi
mental values, Afv =  1.35 X 106 and M w =  1-56 
X 106. The rather reasonable agreement suggests 
that the over-all spread and the shape in the higher 
molecular weight portion of the calculated molec
ular weight distribution are not very far from the 
truth.

(13) In the calculation of Mv, a in the equation was as
sumed as 0.64 from eq. 1 of ref. 7.

X -RAY  DIFFRACTION STUDY OF TIIE 
POLYVINYL ALCOHOL-IODINE SYSTEM

B y  M asao  H aisa  and  H iroharu  Itami

Contribution from the Department of Chemistry, Faculty of Science, 
Okayama University, Okayama, Japan

Received November 28, 1956

Numerous publications describe the formation of 
polyiodine chains in the hydrophilic organic poly
mers.1-3 The polyvinyl alcohol-iodine system is 
of great interest because of the additional infor
mation on the structure of high polymers and also 
because of its practical implication. At present, 
however, it is uncertain whether the iodine mole
cules can be introduced into the crystalline region 
or into the amorphous region. In this connection 
we present the results of the X-ray diffraction 
study on the correlation between the stretching 
orientation of the crystallites in the polyvinyl al
cohol film and the configuration of iodine mole
cules absorbed in it.

Experimental
Both polyvinyl alcohol and polyvinyl alcohol-iodine 

systems were examined in the form of films about 0.1 cm. 
thick. A  sample of the polyvinyl alcohol-iodine system  
was prepared by steeping the film of polyvinyl alcohol in a 
potassium iodide solution of iodine.

The X -ray beam o foNi-filtered copper radiation with a 
wave length of 1.54 A . from a rotating-anode tube was 
passed perpendicular to the stretched direction of the film. 
The angle of oscillation was 2 0 ° . The diffraction pattern 
was registered on a flat film placed at a distance of 3.663 cm. 
from the specimen. Accurate values for the relative inten
sities and for the interplanar spacings of the reflections were 
estimated from the photometric densitometer curves of the 
corrected coherent scattering. In this calculation the as
sumption was made that the corrected densitometer curve 
in the vicinity of the diffraction maxima can be fitted to a 
Gaussian curve.

Results and Discussion
Unstretched Films.— The reflections given by 

the unstretched polyvinyl alcohol and polyvinyl 
alcohol-iodine films were visually poorly resolved

(1) R. E. Rundle. J. Am. Chem. Soc., 69, 1769 (1947).
(2) H. V. Dietrich and F. Cramer. Ber., 87, 806 (1954).
(3) C. D. West, J. Chem. Phys., 15, 689 (1247).

and were very similar to each other. No significant 
difference could be detected between different 
preparations of the same materials. The intensities 
of the independent coherent scattering on the 
equator for the unstretched films are shown in 
Fig. 1.

Distance on the film, cm.
Fig. 1.— Equatorial spectra of the unstretched films of poly

vinyl alcohol ( - • - )  and polyvinyl alcohol-iodine (-Q-).

The results presented in Fig. 1 indicate that the 
reflections of the patterns appear alike in both posi
tion and relative intensity. Hence the absorbed 
iodine in the polyvinyl alcohol film did not modify 
the original structure of crystallites of polyvinyl 
alcohol and thus penetration into the interior of 
the crystallites seems entirely unlikely.

It is interesting, moreover, that the liquid halo 
corresponding approximately to the spacing of 3.5
A. for the polyvinyl alcohol-iodine film is consid
erably more intense than those for the untreated 
polyvinyl alcohol film. The variation in the in
tensity of this halo seemed to accompany a change 
in the iodine content absorbed. Since the (111), 
(200) and (112) reflections due to the crystal of the 
orthorhombic iodine4 could not be satisfactorily 
resolved owing to their marked broadening, the 
iodine molecules absorbed appeared to enter the 
amorphous regions in the form of the crystallites 
whose sizes average about 50 A. at most. This 
interpretation supports the electron-microscopic 
findings, by Hess and Mahl.6

Stretched Films.—Excepting the characteristic 
reflection due to the addition of iodine, the X-ray 
patterns of the films with and without iodine at 
various degrees of stretching were much alike as 
in the case of the unstretched films. The agree
ment with the estimates of the position and inten
sity of the reflections from the polyvinyl alcohol 
reported by Mooney6 and others7 was satisfactory. 
The identity period 2.52 A. along the stretching 
direction is identical with the fiber period and hence 
suggestive of Natta’s isotactic configuration8 of the 
polyvinyl alcohol chain. The abnormal reflections 
found out for the stretching of denatured egg al-

(4) P. M. Harris, E. Mack and F. C. Blake, J. Am. Chem. Soc., 50 , 
1583 (1928).

(5) K. Hess and H. Mahl, Naturwis., 41, 86 (1954).
(6) R. C. Mooney, J. Am. Chem. Soc., 63, 2828 (1941).
(7) C. W. Bunn and H. S. Peiser, Nature, 159, 161 (1947), etc.
(8) G. Natta and P. Corradini, J. Polymer Sc*.. 20, 251 (1956).
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Fig. 2 .— Meridional spectrum of the fourfold stretched poly
vinyl alcohol-iodine film.

bumin film3 did not occur in the case of the poly
vinyl alcohol film.

At 100% elongation the preferred orientation 
indicated by arcing of the reflections from the 
crystallites of polyvinyl alcohol is conspicuous 
while the characteristic halo reflection caused by 
the polyiodine chains remains unchanged in one 
direction. These results would suggest that the 
molecular orientation does not occur but the hydro
gen-bonded polyethylene sheets may be becoming 
parallel to the direction of elongation. Even at 
300% elongation the angle of dispersion of the 
crystallites round the stretched direction is esti
mated to be abcut 15°.

Configuration of Iodine Absorbed.—An impor
tant feature of the patterns obtained from the 
stretched polyvinyl alcohol-iodine film is the ap
pearance of a new meridional reflection cor
responding to an identity period of 3.03 ±  0.03 A. 
which is spread out laterally with considerable 
intensity. It is to be noted that the extension of 
the reflection must arise from the polyiodine chain 
predominantly, whereas the arcing of the reflections 
arises from the crystallites of polyvinyl alcohol 
predominantly. The extensiveness of the former 
indicates that the interplanar spacings extend from
3.03 to 2.85 A. while the identity period in the direc
tion of stretching remains constant. The photo
metric curve of the meridional spectrum of the 
fourfold stretched polyvinyl alcohol-iodine film is 
shown in Fig. 2. With the intrinsic broadening of 
this reflection, moreover, the approximate linear 
dimension of coherent region can be calculated 
from the Scherrer expression10 to be more than 
4 5  ±  10 A. The hydrogen bonds in the polyvinyl 
alcohol film are expected to form a dipole field 
which could permit the intrusion of iodine mole
cules and then the formation of the polyiodinc 
chain with average length of about 15 atoms of 
iodine. Under parallel conditions the absorption 
band of 500 ma of iodine is shifted to 590 ma in 
soluble starch,11 and to 610 ma in polyvinyl al
cohol.12 The results of the present work are con
sistent with these implications and indicate that the 
length of the polyiodine chain occurring in the poly
vinyl alcohol film is of the same order of magnitude 
as that in the soluble starch.

Thus, we are presently inclined toward the view 
that the iodine molecules intrude into the amor
phous regions between the crystallites of the poly-

(9) W. T. Astbury, S. Dickinson and K. Bailey, Biochcm. J., 29, 
2351 (1935).

(10) P. Scherrer, Gôüinger Nachrichle.n2, 98 (1918).
(11) R. R. Baldwin. R. S. Bear and R. E. Bundle, ./. Am. Chem. 

Soc.. 66, 111 (1911).
(12) Y. Hoshino, J. Eleclrochem. Soc. Japan, 18, (5 (1950).

vinyl alcohol and are presumed to be oriented by the 
dipole field to form the polyiodine chains made up of 
more than 15 atoms of iodine when the film is 
stretched.

THE CRITICAL MICELLE CONCENTRA
TIONS OF DECYL-, DODECYL- AND 

TETRADECYFAMINE HYDROCHLORIDE
B y H o r s t  W . H o y e r  a n d  A n n  G r e e n f ie l d

Contribution from Hunter College, New York 21, N. Y.
Received November 17, 1956

As part of an investigation into the electropho
retic mobility of the micelles of some aliphatic 
amine hydrochlorides and the relationship of this 
property to micelle structure it was necessary to de
termine the concentration at which the single mole
cules and/or ions associate into micelles. This 
concentration is generally called the critical micelle 
concentration, abbreviated CMC. We adopt the 
definition of Williams, Phillips and Mysels1 for the 
CMC as the concentration of solute at which the 
concentration of micelles would become zero if their 
concentration were to change at the same rate as it 
does at a slightly higher concentration. Experi
mentally this means that we measure an additive 
property which varies linearly, or approximately 
linearly, with some function of the concentration of 
the micelles and which varies in a similar manner 
but with a different slope for the concentration of 
the unassociated solute molecules or ions. The 
method we chose as providing a convenient and 
precise means for determining the CMC is the con
ductivity method which depends upon the lower 
specific conductance of the micelles as compared to 
the solute ions. For our systems, and over the con
centration range studied, the specific conductance 
was found to vary in a linear manner with the mo
larity of the solution for both the associated and the 
simple ions.

Experimental
Tire decyl-, dodecyl- and tetradecylamines used in these 

studies have already been described.2 Solutions were pre
pared by dilution of a standard sample with either distilled 
or conductivity water depending upon the precision required. 
Temperature was controlled to ± 0 .0 1 °  in a water thermo
stat. The a.c. Wheatstone bridge, constructed from a 
Iiohlrausch 450 cm. slide wire, an oscilloscope null point 
detector, L  & N  standard resistances, a Wagner earthing 
circuit and a 1000 cycle oscillator, was tested against Bu
reau of Standards resistors. Measurements were taken at 
25.0° for solutions of decyl-, dodecyl- and tetradecylamine 
which had been neutralized by an equivalent amount of hy
drochloric acid as determined by potentiometric titration, 
and at 18.0 and 35 .0 ° on similar solutions of dodecylamine. 
Cell constants were redetermined at each temperature. 
The results are summarized in Table I.

These results may be compared with those of Corrin and 
Harkins3 who used a dye adsorption method which gave a 
value of 0.0131 mole per liter for the C M C  of dodecylamine 
hydrochloride at 2 5 ° . Klevens4 reports values of 0 .040  
for the decylamine hydrochloride at 2 5 °, 0 .013 for the do- 
decylamine hydrochloride at 30° and 0.0031 for the tetra
decylamine salt at 4 0 °. No results are available for the 1 2 3 4

(1) R. .1. Williams, J. N. Phillips and K. J. Mysels, Trans. Faraday 
Soc.. 51, 728 (1955).

(2) li. W. Hoyer and A. Greenfield, T his J o u r n a l , 61, 735 (1957).
(3) M. I,. Garrii] end W. 11. Harkins, J. Am. Chem. Soc., 69, G83 

(1917).
(4) II. 11. Klevens, This Journal, 52, 130 (1918).
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T a b l e  I
C r it ic a l  M ic e l l e  C o n c e n tr a t io n s

Amine Temp., CMC,
hydrochloride °C. moles/i.
Decyl 2 5 .0 0 .0540
Dodecyl 2 5 .0 .0138
Tetradecyl 2 5 .0 .0028
Dodecyl 1 8 .0 .0145
Dodecyl 2 5 .0 .0138
Dodecyl 3 5 .0 .0133

temperature variations of the C M C  of the aliphatic amine 
salts reported upon in this paper although the work of Kle- 
vens4 and of Wright, Abbott, Sivertz and Tartar6 shows 
that there is a slight increase in the C M C  with rising tem
peratures for some alkyl sulfate, sulfonate and fatty acid 
salts. However, the effect of temperature upon the C M C  
of the alkyl sulfate is still in dispute since Flockhart and 
Ubbelohde6 have reported recently that the C M C  of sodium 
dodecyl sulfate is a minimum at 3 0 °. Our results indicate 
a decrease of about 5 .5 %  for the C M C  of dodecylamine hy
drochloride in the temperature range 18 to 35°.

Acknowledgment.— T h e  a u th o r s  g ra te fu lly  a c 
k n o w le d g e  fin a n cia l s u p p o r t  fu rn ish e d  fo r  th is  
w o rk  b y  th e  N a t io n a l S c ie n ce  F o u n d a tio n .

Fig. 1.— Order of reaction vs. tm/tm'.

[(1 -  M ) ' - »  -  1] =  ktmC0“ ~l (A )

I f  in' f r a c t io n  o f  th e  r e a c ta n t  C« is  c o n s u m e d , th en  
b y  d iv id in g  tw o  e q u a t io n s  o f  ty p e  (A )

(5) K. A. Wright, A. D. Abbott, V. Sivertz and H. V. Tartar, J. 
Am. Chem. Soc., 61, 549 (1939).

(6) B. D. Flockhart and A. R. Ubbelohde, J. Coll. Soi., 8, 428
(1953).
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T h e  v a lu e s  o f  tm ;tm' o b ta in e d  fr o m  e q u a t io n s  B  a n d  
C  are g iv e n  in  T a b le  I.
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A  n e w  m e th o d  o f  d e te rm in in g  th e  o rd e r  o f  r e a c 
t io n s  a n d  th e  r e a c t io n  c o n s ta n ts  s im p ler  th a n  p re 
v io u s ly  p r o p o s e d 2 is  p re se n te d . T h is  m e th o d  p e r 
m its  d e te rm in a t io n  o f  r e a c t io n  o rd er  a n d  a n y  
ch a n g e  o f  o rd e r  in  a  ch e m ica l r e a c t io n  w ith o u t  su c 
ce ss iv e  a p p r o x im a t io n . T h e  re a c t io n  c o n s ta n t  o f  
a n y  fr a c t io n a l  o r d e r  r e a c t io n  ca n  b e  ca lc u la te d  b y  
th is  m e t h o d  as e a s ily  as fo r  an  in te g ra l o rd e r  r e a c 
t io n . T h e  n e w  m e t h o d  p r o p o s e d  b y  W e ig h t , et al.,3 
s t ill in v o lv e s  a  series o f  a p p ro x im a tio n s .

Method of Calculating the Order of a Reaction. 
— I f  th e  ra te  e x p re ss io n  o f  a  c h e m ica l r e a c t io n  is 
n th  o r  p s e u d o  n th  o r d e r  r e a c t io n , th e n

I f  m  fr a c t io n  o f  th e  r e a c ta n t  Co is  c o n s u m e d , th en  
b y  in te g ra tio n

(1) The author wishes to express his sincere gratitude to Dr. Arthur 
A. Frost for his stimulating lectures which led to the conception of 
this idea and his continued guidance in completion of this work. The 
author is also indebted to Abbott Lab., Research Foundation Co. and 
Visking Co. for their financial assistance.

(2) A. A. Frost and R. G. Pearson, “ Kinetics and Mechanism,”  
John Wiley and Sons, Inc., New York, N. Y., 1953, pp. 14, 23, 40, 44.
K. J. Laidler, “ Chemical Kinetics,”  McGraw-Hill Book Co., Inc., 
New York, N. Y., 1950, p. 13. S. L. Fries and A. Weissbcrger, 
“ Investigation of Rates and Mechanism of Reactions,”  Interscicnce 
Publishers, Inc., New York, N. Y., 1453, pp. 180-190.

(3) J. H. Weight, J. II. Black and J. Ooull, ./. Chem. ttduc., 33, 
542 (1950). This appeared after the present paper was submitted.

T a b l e  I 
V a lu e s  of tm/tm

Value ti/, U/2 ‘ ■A (y , n A
of n (V, i»/4 ¡y  ! (y. «V,

- 1 . 0 0.844 0 . 800 0.584 0.741 0.625
- 0 . 5 . 800 . 739 .542 .705 .504

0 .0 .750 . 067 .500 . 607 .500
0 .5 . 093 .587 .457 .028 .435
1.0 . 630 . 500 .415 . 585 . 369
1.5 .500 .414 .374 .543 .307
2 .0 .500 .333 .334 .500 .250
2 .5 .436 .261 .295 . 456 .199
3 .0 .375 .200 .269 .417 . 156
4 .0 . 26!) .111 . 196 339 130

F ro m T a b le  I, F ig . 1 can b e  c o n s tr u c te d .
In  o rd e r  to  d e te rm in e  th e  o rd e r  o f  r e a c t io n , o n e  

p lo ts  th e  v a lu e s  o f  th e  p h y s ic a l o r  c h e m ica l p r o p 
e r ty  m ea su red  a g a in st th e  tim e  o f  m ea su rem en t. 
F r o m  th e  s m o o th  c u r v e  o b ta in e d  th e  v a lu e s  o f  tm 
can  b e  fo u n d  ea s ily  b y  th e  fo llo w in g  m e th o d . A s 
su m e  Xn is th e  v a lu e  o f  th e  p h y s ic a l o r  ch e m ica l 
p r o p e r ty  a t th e  b e g in n in g  o f  th e  r e a c t io n ; X „  is th e  
v a lu e  o f  th e  sa m e  p r o p e r t y  a t th e  e n d  o f  th e  r e a c 
t io n ; A,„ is th e  v a lu e  o f  th e  sa m e  p r o p e r t y  a t tm. 
T h e n

XTO — //¿(Xco — Xo) -f- Xo
A fte r  tm (w h ere  m  e q u a ls  l/ 2, * /3, l/ 4, * /* , * /« ) v a lu es  
a re  fo u n d , th e  v a lu e s  o f  tm/t n c an b e  ca lcu la te d . 
T h e  la tte r  v a lu e s  w ill g iv e  th e  o rd e r  o f  r e a c t io n  
fro m  F ig . 1.

Method of Calculating the Rate Constant of a 
Chemical Reaction.— It  ca n  b e  sh o w n  th a t th e
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Fig. 2.— Order of reaction vs. ktmCan l.

Fig. 3 .— Order of reaction vs. ktmCo’*-1 .

values of ktmC0n~1 are only a function of n and to. 
If n is held constant, then it is a function of to only. 
From equation A, the equation is obtained

ktmCo"~1 =  1G — m )1-n — 1] =  f(m)n

For first-order reactions the following can be shown

ktmCo"-1 =  In ^  1 =  / ( « ) „ _ !

The values of ktmCon ~ 1 obtained are given in Table
II. From Table II, Figs. 2 and 3 can be con
structed.

T a b l e  I I
V a lu e s  of ktmC0n~i

Values of n kt>/,Cin 1 W2/jC 0n-:1 kti/,Con- 1 *(>/,Co"'1 kti/iCon 1
- 1 . 0 0.375 0.445 0.469 0.278 0.219
- 0 .5 .431 .539 .583 .304 .234

0 . 0 .500 .667 .750 . 333 .250
0.5 .586 .846 1 .0 0 0 .368 .268
1. 0 .693 1.099 1.387 .406 .287
1.5 .828 1.464 2 . 0 0 0 .449 .310
2 . 0 1 .0 00 2 . 0 0 0 3 .0 0 0 .500 . 334
2.5 1.219 2.797 4.667 .556 . 360
3.0 1 .509 4.000 7.500 .625 .389
4.0 2.333 8.667 2 1 . 0 0 0 .792 .457

From Figs. 2 and 3 the values of tJcCo" ~ 1, where
m equals V2, Vs, l.U, 2 / 3 , 8A and n equals any in
tegral or even a fractional number between — 1 and 
I, can be obtained. Since the value of n can be

known from the preceding section of this paper, a 
simple division of ktmC<A -  1 by the experimental 
value of tmCon ~ 1 will give the value of k.

In order to check the correctness of the result 
and to obtain the best value of k, tm values obtained 
from a given run can be plotted against the values of 
tmkC0n ~ 1 obtained from Figs. 2 and 3. A good 
straight line should be obtained the slope of which is 
kCt>n ~ 1. In practice it seems that the k values ob
tained from the direct calculation are so consistent 
that the graph can be omitted.

This method has been tested in several cases and 
has been found useful.

T H E  I N T E G R A T E D  I N T E N S I T Y  O F  T H E  
I N F R A R E D  O - H  A B S O R P T I O N  I N  P H E N O L S

B y  T h e o d o r e  L. B r o w n

Noyes Chemical Laboratory, University of Illinois, Urbana, Illinois 
Received January 14, 1957

A lth o u g h  fr e q u e n c y  r e la t io n s h ip s  in  in fra re d  
v ib r a t io n s  h a v e  b e e n  s tu d ie d  t o  a  c o n s id e r a b le  e x 
te n t , th e r e  h a s  o n ly  r e c e n t ly  a r ise n  a n  in te r e s t  in  
th e  a b so lu te  in te n s it ie s  o f  a b s o r p t io n . T h e  v a r ia 
t io n s  in  in te n s ity  o f  a v ib r a t io n a l  b a n d  w h ic h  is 
p o sse sse d  in  c o m m o n  b y  a ser ie s  o f  r e la te d  m o le 
c u le s  c a n  in  m a n y  ca ses  b e  c o r r e la te d  w ith  s tru c 
tu ra l v a r ia t io n s  in  th e  series . F o r  e x a m p le , th e  in 
te n s ity  o f  th e  O - H  s t re t ch in g  b a n d  in  a lip h a t ic  
a lc o h o ls  is  d e te rm in e d  b y  th e  in d u c t iv e  p r o p e r t ie s  
o f  th e  g ro u p s  a t ta c h e d  t o  th e  h y d r o x y l ;1 fo r  th e  
C = N  b a n d  in  su b s t itu te d  b e n z o n itr ile s  it  h a s  b e e n  
r e la te d  t o  th e  H a m m e tt  <r-constant o f  th e  s u b 
s t itu e n t .2 I n  th e  p r e se n t  n o te  th e  in te n s it ie s  o f  th e
O - H  s t re t ch in g  b a n d  fo r  so m e  su b s t itu te d  p h e n o ls  
a re  e x a m in e d  t o  d e te rm in e  h o w  th is  q u a n t ity  is  re 
la te d  t o  th e  n a tu re  o f  th e  s u b s titu e n t .

Experimental
Procedure.— The experimental procedure has been de

scribed elsewhere.1’3 Solution concentrations in the range 
0 .02 -0 .0 05  molar were employed. The Perkin-Elmer model 
112 spectrometer, fitted with lithium fluoride prism, was 
frequency calibrated by use of water vapor absorption.

Materials.— Reagent grade carbon tetrachloride was used 
as solvent. Mallinckrodt Analytical Reagent phenol from 
a newly opened bottle was used without further purification. 
All of the other phenols were Eastman Kodak materials. 
p-M ethoxy, p-i-butyl and 3,5-dimethylphenol were purified 
by recrystallization and vacuum sublimation; the other 
compounds were used without further treatment.

Results
T h e  r e su lts  o f  th e  in te n s ity  m e a su re m e n ts  a re  

s h o w n  in  T a b le  I . T h e  first c o lu m n  a fte r  th e  c o m 
p o u n d  n a m e  lis ts  th e  in te n s ity , A ',  in  u n its  o f  1 X  
1 0 4 m o le -1  1. c m . - 2 . T h e  s e c o n d  c o lu m n  lis ts  th e  
h a lf - in te n s ity  w id th , A r . / „  a n d  th e  th ir d  lis ts  th e  
f r e q u e n c y  o f  b a n d  m a x im u m , vm, b o t h  in  u n it s  o f  
c m . - 1 . T h e  in te n s it ie s  lis te d  are  n o t  c o r r e c t e d  fo r  
w in g  a b s o r p t io n 4; th e  r e la t iv e  m a g n itu d e s  a re  c o n -

(1) T. L. Brown and M. T. Rogers, J. Am. Chem. Soc., 79, 577 
(1957).

(2) H. W. Thompson and G. Steel, Trans. Faraday Soc., 52, 1451
(1956) .

( 3 )  T .  L .  Brown, J .  M. Sandri and H. Hart, T h i s  J o u r n a l , 61, 6 9 8
(1957) .

(4) D. A. Ramsay, J. Am. Chem. Soc., 74, 72 (1952).
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s id ered  c o r r e c t  t o  w ith in  a b o u t  3 % .  T h e  v a lu e s  o f  
vm a re  p r o b a b ly  c o r r e c t  t o  w ith in  a b o u t  2 c m . - 1 ; 
th e y  are  in  fa ir ly  g o o d  a g re e m e n t w ith  th o se  re 
p o r te d  b y  In g r a h a m , et al.,s a lth o u g h  in  a  fe w  ca ses  
th e  v a lu e s  o b ta in e d  h e re  a re  s o m e w h a t  lo w e r .

T a b l e  I

I n te g r a t e d  I n t e n sit y  o f  t h e  O -H  Str e tc h in g  B an d  
f o r  S om e  Su b st it u t e d  P h enols

Substituent A 'a A vi/  2 v m <7« p  A'a7

m-Nitro 1.71 23 3600 0 .71 8 .35
m-Chloro 1.31 22 3602 .37 9 .0 2
m-Bromo 1.29 23 3604 .39 9 .11
p-Bromo 1.23 23 3607 .23 9 .3 4
p-Chloro 1 .19 22 3607 .23 9 .3 8
None 0 .9 9 21 3610 .00 9 .9 5
p-Methoxy 1 .06 23 3614 -  .27 10.20
p-LButyl 1 .06 21 3612 -  .12
3,5-Dimethyl 0 .9 5 22 3611 -  .17 10.17
“ Units of I X  104 m ole- 1 1. c m .-2 .

Discussion
I n  th e  fo u r t h  a n d  fifth  c o lu m n s  o f  T a b le  I  are  

lis te d , r e s p e c t iv e ly , th e  H a m m e t t  <r-constant fo r  th e  
s u b s t itu e n t ,6 a n d  th e  p K & v a lu e  fo r  th e  p h e n o l m e a s 
u re d  in  w a te r .7 I t  is  c le a r  th a t  th e  in te n s ity  o f  th e
O - H  a b s o r p t io n  is  r e la te d  t o  th e se  q u a n tit ie s ; 
lo g  A ' is  l in e a r ly  r e la te d  t o  th e  p K a v a lu e s , a  re la 
t io n s h ip  s im ila r  t o  th a t  o b s e r v e d  b y  T h o m p s o n  a n d  
S te e l fo r  th e  C = N  b a n d  o f  b e n z o n itr ile s  re la te d  to  
th e  pKu’s o f  th e  c o r r e s p o n d in g  b e n z o ic  a c id s .2 T h e  
s lo p e  is  o f  th e  o p p o s ite  s ign  fr o m  th a t  w h ich  is  o b 
se r v e d  fo r  th e  b e n z o n itr ile s , f o r  w h ich  th e  in te n s ity  
in cre a se s  w ith  in cre a s in g  e le c tr o n -r e le a se  o f  th e  s u b 
s t itu e n t . I t  h a s  b e e n  sh o w n  th a t  f o r  a l ip h a t ic  a l
c o h o ls  th e  in te n s ity  in cre a s e s  w ith  in cre a s in g  e le c 
t r o n -w ith d r a w a l o f  th e  g ro u p  a t ta c h e d  t o  th e  h y 
d r o x y l ;1 a  s im ila r  c o n c lu s io n  fo l lo w s  f o r  p h e n o ls  
fr o m  th e  p r e se n t  resu lts . T h e  m a jo r  d iffe r e n c e  b e 
tw e e n  th e  p h e n o ls  a n d  th e  a lip h a t ic  a lco h o ls , h o w 
e v e r , lie s  in  th e  m o d e  o f  e le c tr o n -w ith d r a w a l ; fo r  
th e  la t te r  c o m p o u n d s  th e  in d u c t iv e  e f fe c t  a lo n e  is 
o p e r a t iv e , w h e re a s  th e  s u b s t itu e n ts  in  th e  p h e n o ls  
m o d ify  th e  e le c tr o n  d e n s ity  in  th e  r in g  th r o u g h  
c o n ju g a t iv e  as w e ll a s in d u c t iv e  in te r a c t io n s . T h e
O - H  g ro u p  it s e lf  in te r a c ts  c o n ju g a t iv e ly  w ith  th e  
r in g , le a d in g  t o  s tru c tu re s  o f  th e  ty p e s  I  a n d  I I ,  
a n d  th is  in te r a c t io n  is  r e fle c te d  in  th e  h ig h e r  v a lu e s  
o f  in te n s ity  fo r  th e

p h e n o ls  as c o m p a r e d  w ith  a l ip h a t ic  a lco h o ls . E le c 
tr o n -w ith d r a w in g  g ro u p s , b y  d e c re a s in g  th e  e le c 
t r o n  d e n s ity  in  th e  r in g , p r o m o t e  s t ru c tu re s  I  a n d  
I I ,  le a d in g  t o  h ig h e r  in te n s it ie s .
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D r ic k a m e r  f o r  th e  u se  o f  th e  in fra re d  in s tru m e n t.

(5) L. L. Ingraham, J. Corse, G. F. Bailey and F. Stitt, ibid., 74, 
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(6) H. H. Jaffe, Chem. Revs., 53, 191 (1953).
(7) E. A. Braude and F. C. Nachod, ‘ ‘Determination of Organic 
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Various estimates lying within a wide range were 
formerly assigned to the activation energy of the 
forward process

C H 3 +  H 2 — > C H 4 +  H  ( l )

In more recent times E, has been the object of care
ful and almost simultaneous studies by Davison and 
Burton1 and by Majury and Steacie,2 who, in using 
different methods, obtained very discordant re
sults, namely >  13 and 9.7 ±  0.6 kcal., respectively. 
The latter investigators comment (in sufficient de
tail to dispense with the need of reproducing the 
paradoxical situation here) that their result is 
several kcal. too low to accord with what is known 
concerning the over-all heat of reaction and the ac
tivation energy of the reverse process. Other work
ers have also remarked on the paradox. Notwith
standing, Steacie has since3 attempted to reconcile 
the disagreement in the experimental values for the 
activation energy of the forward process essentially 
in favor of his lower value. This attempt is seen 
to be unconvincing, however, once it is appre
ciated that the disagreement referred to is in es
sence the outcome not of experimental shortcom
ings but of an oversight in the theory underlying the 
methods.

It was assumed in both experimental approaches 
that the only other methane-producing reaction oc
curring in the systems is

C H 3 +  A  — >■ C H 4 +  products (2)

where A is a molecule of acetone (or acetaldehyde). 
But because of the circumstance that wherever 
there are methyl radicals there will inevitably be 
ethane on account of the rapid combination reac
tion

2C H 3 — C 2H 6 (3)

it needs to be emphasized that the ethane will itself 
enter into competition for methyl radicals and ini
tiate a series of steps in a way which has recently 
been demonstrated for other methyl compounds4’6

C H 3 +  C 2H 6 — =► C H 4 +  C2H 5 (4)
C H 3 +  C2H 5 — >- C 3H s (5)
C H 3 +  C 3H s — >- C H 4 +  C 3H 7 (6)

C 3H j -— >■ C H 3 +  C2H 4 (polymerizes) (7)

Reactions 4 and 6 constitute additional methane- 
producing processes, while the former is also an 
ethane-consuming process, so that neglect to con
sider them may have far-reaching consequences. 
Since (4) has an activation energy of the same order

(1) S. Davison and M. Burton, J. Am. Chem. Soc., 74, 2307 (1952).
(2) T. G. Majury and E. W. R. Steacie, Canadian J. Chem., 30, 800 

(1952).
(3) E. W. R. Steacie, “ Atomic and Free Radical Reactions,”  Vol. 

2, Reinhold Publ. Corp., New York, N.Y., 2nd Edition, 1954, p. 536.
(4) L. H. Long, Trans. Faraday Soc., 51. 673 (1955).
(5) L. H. Long, J. Chem. Soc., 3410 (1956).
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as (2 ) ,  th is  c o m p e t in g  m e ch a n ism  c a n n o t  b e  e x 
c lu d e d , a n d  th e  q u e s t io n  is th e  e x te n t  t o  w h ich  it  
o c cu rs . C o n fir m a tio n  th a t  it  is n o t  n e g lig ib le  m a y  
b e  seen  in  th e  o b s e rv a t io n  th a t  p r o p a n e  h a s b e e n  o b 
s e r v e d 6 in  th e  p h o to ly s is  p r o d u c ts  o f  a ce to n e , e v e n  
th o u g h  r e a c t io n  5 w ill h a v e  n o  o p p o r tu n ity  o f  b u ild 
in g  u p  a  s iza b le  c o n c e n tra t io n  s in ce  (6 ) is  fa s te r  
th a n  (4 ) .  F u rth e r , p o ly m e r ic  h y d r o c a r b o n s 7-8 an d  
u n p o ly m e r iz e d  e th y le n e 9 a lso  h a v e  b e e n  o b s e rv e d , 
a lth o u g h  a h ig h  c o n c e n tra t io n  o f  th e  la tte r  w o u ld  
n o t  in  a n y  case  b e  e x p e c te d  as its  p o ly m e r iz a t io n  is 
p h o to s e n s it iz e d  b y  a c e to n e .10-11 T h e  e f fe c t  on  th e  
c ite d  d e te rm in a t io n s  o f  th e  a c t iv a t io n  e n e rg y  o f  re 
a c t io n  1 ca u sed  b y  ta c i t ly  n e g le c t in g  th is  c o m p e t in g  
m e c h a n ism  is th e re fo re  w o r th  b r ie f  c o n s id e ra tio n .

T h e  m e th o d  o f  D a v is o n  a n d  B u r t o n 1 co n s is te d  
in  p h o to ly z in g  a c e to n e  o r  a c e ta ld e h y d e  in  th e  p re s 
e n ce  o f  d e u te r iu m  a n d  o f  h y d r o g e n -d e u te r iu m  m ix 
tu re s  a n d  s tu d y in g  th e  te m p e ra tu re -d e p e n d e n c e  o f  
th e  C H g D /C E L j r a t io  in  th e  p r o d u c ts . S in ce  th e  
p r e c a u t io n  w a s  ta k e n  o f  s u b je c t in g  th e  resu lts  t o  a 
lo g a r ith m ic  e x tr a p o la t io n  to  ze ro  tim e  (e th a n e  c o n 
c e n tra t io n  z e r c ) ,  it  tu rn s  o u t  th a t  a p p re c ia b le  error  
th r o u g h  ig n o r in g  r e a c t io n  4  is e f fe c t iv e ly  a v o id e d .

T h e  p o s it io n  is q u ite  o th e r  w ith  th e  m e th o d  o f  
M a ju r y  a n d  S s e a c ie ,2 w h ich , u n lik e  th e  fo r e g o in g , 
d e p e n d s  u p o n  th e  ra te  o f  e th a n e -fo r m a t io n  as w e ll 
as th a t  o f  m e th a n e -fo r m a tio n . T h e s e  in v e s t ig a to rs  
s tu d ie d  th e  te m p e ra tu re -d e p e n d e n c e  o f  lo g  / q /  
fc31/! w h en  a c e to n e  w a s  p h o to ly z e d  in  th e  p resen ce  
o f  h y d r o g e n , b u t  th e  d e r iv a t io n  o f  /q  a lso  in v o lv e d  a 
p r e lim in a ry  d e te rm in a t io n  o f  /c2 fr o m  e x p e r im e n ts  
o n  a c e to n e  a lo n e  (su b s cr ip ts  re fe r  th r o u g h o u t  to  th e  
n u m b e r in g  o f  r e a c tio n s  in  th e  p re se n t c o m m u n ic a 
t io n ) .  T h e  e q u a t io n s  a ssu m ed  in  th e  a b se n ce  o f  
h y d r o g e n  w ere

d [C H d /d i =  R, =  fe[C H 3l[A] 
d[C2H 6]/dZ =  i?3 =  fa[CH 3]2

B u t  i t  fo l lo w s  fr o m  w h a t  h as a lre a d y  b e e n  sa id  th a t  
th e y  sh o u ld  in stea d  b e  w r it te n  
d [CH4]/d£ =  R2 +  R, +  if , =  fe[C H s][A] +

2&4[CH3] [C2H 6]
d [C2H 6]/dZ =  R3 -  R, =  kz[CH3]2 -  fc4[CH3][C2H 6]

(w h ere  i ? 6 ca n  b e  e q u a te d  w ith  R x b e c a u se  fc6 is 
la rg e  c o m p a r e d  w ith  fc4) .  C le a r ly  th e  e th a n e  c o n 
c e n tra t io n  w ill n o t  v a r y  in  a lin ea r  m a n n er , a n d  th e  
a m o u n t  re m a in in g  a t  th e  en d  o f  e a ch  ru n  m a y  b e  
o n ly  a  fr a c t io n  o f  th e  to t a l  e th a n e  fo r m e d . I g n o r 
in g  the_ te rm s  in  fc4 w ill h ere  e x a g g e ra te  k2, d im in ish  
fc3 a n d  in tr o d u c e  a p p re c ia b le  error  in to  th e  s lo p e  o f  
th e  A rrh e n iu s  p lo t  o f  lo g  h / k p 2. E v e n  i f  sa tis
fa c t o r y  a ssu m p tio n s  a b o u t  th e  v a r ia t io n  in  e th a n e  
c o n c e n tr a t io n  c o u ld  b e  m a d e , it  w o u ld  c le a r ly  b e  u n 
so u n d  t o  a t te m p t  t o  e s t im a te  th e  seriou sn ess  o f  th is  
e r ro r  f r o m  th e  ra te  co n s ta n ts  b a se d  o n  w o r k  in 
v o lv in g  p r e c ise ly  th e  sa m e  o v e rs ig h t  reg a rd in g  
m e th a n e -fo r m a * io n  th a t  is h ere  u n d e r  d iscu ss ion .

(6) L. Mandelcorn and E. W. R. Steacie, Canadian J. diem., 32, 79
(1954).

(7) C. A. Winkler, Trans. Faraday Soc., 31, 7C1 (1935).
(8) H. S. Taylor and C. Rosenblum, J. Chem. Phys., 6, 119 (1938).
(9) For example, L .  Mandelcorn and E. W. R. Steacie, Canadian 

J.  Chem., 32, 331 (1954).
(10) H. S. Taylor and J. C. Jungers, Trans. Faraday Soc., 33, 1353 

(1937).
(11) L. Mandelcorn and E. W. R. Steacie, Canadian J. Chem., 32, 

474 (1954).

More direct evidence would be forthcoming if the 
ratio

(ffic jH n  +  V i -B c H i +  1A I 2 o H jC O C ,H i) /I ic O

were known for the system of Majury and Steacie. 
If their mechanism is 100% pure, this ratio will 
equal unity. Unfortunately the figures for 
72ch,coc2h5 are not given, but the experimental ratio 
for the rather similar system of Mandelcorn and 
Steacie6 is 0.95. The deficiency of 5% corresponds 
to 10% decomposition by the cited competing 
mechanism (or some other mechanism), since the 
corresponding amount of methane liberated by the 
competing mechanism itself was unavoidably in
cluded in the said experimental ratio. Rough esti
mates of Ech8coc2h6 values for the runs of Majury 
and Steacie with acetone alone (see their Table I) 
can be obtained by assuming that the E ch3coc2Hi,/ 
Ren, ratios are the same in the two systems. If this 
is done, the ratio (Rc,n, +  V2Rcn, +  V2-Rch,coc2hb) 
/Rco for Majury and Steacie shows for most runs a 
deficiency between 2 and 5 times as great as for 
Mandelcorn and Steacie, the deficiency being larg
est at the highest temperature, where the reaction 
turns out to be only 50-70% pure.

The effect on kx will be considerably more serious 
than that on fc2, since /q was derived from experi
ments in the presence of hydrogen (Majury and 
Steacie, Table II) by estimating the additional 
methane formed with the help of the relation

Rl — litota l methane Rz
where R, =  /q[CH3][H2]. Rx amounted to as little 
as -~20% of R2 in some runs, so that the error 
would be serious even if the purity of the pyrolysis 
mechanism were as high as 90%. Ri, as the dif
ference between two much larger quantities, is 
hence very much more sensitive to systematic er
rors than R2\ it is moreover to be noted that R2 in 
the above equation for determining Rx should in 
reality be replaced by the complex quantity (f?2 +  2Ri), in which the relative magnitude of /iff changes 
in the presence of hydrogen on account of the effect 
of the additional competition for methyl radicals 
on the ethane concentration. It follows that the 
ethane not formed by reaction 1 cannot be simply 
calculated. The result of this method will therefore 
be a spurious slope to the Arrhenius plot for log 
ki/kp2 and a misleading value for the activation 
energy of reaction 1 derived from it.

Clearly, were it not for such a complicating factor, 
the two methods1-2 would yield the same value for 
Ei. Consideration of the additional factor exam
ined here thus reveals the need for a reassessment 
of the evidence in favor of the higher value of >13 
kcah, and this at the same time would remove the 
paradox involving the activation energy of the re
verse process.

ON THE LOW RATES OF EQUILIBRATION 
IN DIALYSIS EXPERIMENTS W ITH IONIC 

SURFACE-ACTIVE AGENTS
B y  L a w r e n c e  M . K u sh n e r  an d  R e b ecc a  A . P a r k e r  

National Bureau of Standards, Washington, D. C.
Received January 7, 1957

In opposition to the conclusions of Yang and
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Foster1 and Harrap and O’Donnell,2 Elevens and 
Carr3 have shown recently that in equilibrium dial
ysis experiments with pure ionic surface-active 
agents, equal concentrations of surfactant on both 
sides of the membrane are achieved if sufficient 
time is allowed for equilibrium to be attained. 
However, the time required to reach equilibrium 
increases in all cases as the surfactant concen
tration is increased and as the membrane pore 
size is decreased. They conclude that the aver
age pore size of the membrane relative to the 
micelle size and to that of the individual surfactant 
ions is an important factor. Elevens and Carr do 
not discuss this further and one assumes that the 
sieve action of the membrane is of primary im
portance in determining the rate of equilibration.

The purpose of this paper is to call attention to 
another factor which may be of importance in ex
plaining the long times required to reach equilib
rium in dialysis experiments with ionic surface- 
active agents.

Sollner4 and co-workers have shown that the ion- 
selectivity of membranes is due to the existence of 
an electric charge on the membranes, this charge 
being due to the ionization of appropriate groups 
which may occur in the structure of the mem
brane. In those instances in which the membrane 
contains no ionizing groups, it may become charged 
by selective adsorption of ions from solution, al
though one would expect such an occurrence to be 
unlikely in aqueous solutions of inorganic elec
trolytes. In the case of a solution of an ionic sur
factant, however, one must expect strong adsorption 
of the surface-active ion at the membrane/solution 
interface. Such a process would cause the mem
brane to assume the charge of the surface-active 
ion, thereby increasing the activation energy for the 
diffusion of non-absorbed surface-active ions or 
their micelles across the membrane.

Below the critical micelle concentration, an in
crease in the concentration of surfactant would in
crease the adsorption on the membrane and increase 
its selectivity. Hence the rate of diffusion would 
decrease. Above the critical micelle concentration 
adsorption is maximal, but because of the formation 
of large, highly charged micelles, the rate of dif
fusion would continue to decrease. Further, at 
any particular concentration, decreasing the mem
brane pore size should decrease the rate of equili
bration.

Since it is possible to determine the degree of ion- 
selectivity of membranes by electromotive force 
measurements in appropriate concentration cells, 
this has been done with a number of cells containing 
an ionic surface-active agent and, for comparison, a 
number of cells containing a non-surface-active 
electrolyte.

Experimental
Materials.— The surfactant was dodecyltrimethylam- 

monium chloride obtained from Armour & Company. It 
was crystallized a number of times from ethyl alcohol by  
the addition of ether and by cooling. In earlier light scat

U) J. T .  Yang and J. G. Foster, T h i s  J o u r n a l , 57, 628 (1953).
(2) B. S. Harrap and I. J. O’Donnell, ibid., 58, 1097 (1954).
(3) H. B. Klevens and C. W. Carr, ibid., 60, 1245 (1956).
(4) For an excellent review of this work see K. Sollner, J. Electro-  

chem. Soc., 97, 139C (1950).

taring work, the material behaved as if no ionic or non-polar 
impurities were present. Its critical micelle concentration, 
determined by light scattering, was 0.570 g ./d l.

The membrane was Nojax cellulose easing obtained from 
the Visking Corporation.

Concentration Potentials.— If, by adsorption of the posi
tive dodecyltrimethylammonium ion, the membrane were 
behaving as an ideal ion-selective membrane (i.e., permitting 
only the chloride ions to diffuse through), then the electro
motive force of the cell

SCE/surfactant (Ci)/mem brane/surfactant (C2)/S C E  (I)  
would be the same as the electromotive force of the cell

SCE/surfactant (C O /A gC l,
Ag, AgCl/surfactant (C2)/S C E  (II)

SCE refers to a saturated calcmel electrode. The concen
trations of surface-active agent on each side of the mem
brane are Ci and C2.

Measurements of the electromotive force of cells of types 
I and II at various values of Ci and C, have been made. For 
the sake of comparison, measurements on cells of the types

SC E /K C 1 ( Ct) /membrane /K C 1 (C2)/S C E

and

S C E /K C 1(C il/A gC l, Ag, A gC I/K C l(C 2)/S C E

have been made. All measurements were made at room 
temperature. The results, corrected to 2 5 ° , are given in 
Tables I and I I . In each of the tables Emem is the electro
motive force of the cell with 'he membrane. Em„*. is the 
electromotive force of the corresponding cell with a AgCl, 
Ag, AgCl bridge between the two solutions.

T a b l e  I

C o n c e n t r a t i o n  P o t e n t i a l s  f o r  C e l l s  w i t h  

D o d e c y l t r i m e t h y l a m m o n i u m  C h l o r i d e

Cl. ft, Emem, Em„ , Emem/
g . / d l . g . / d l . mv. mv. Emm

1 . 2 6 4 0 . 8 3 5 - 4 . 2 4 - 4 . 9 2 0.86
1 . 2 6 4 . 5 7 0 - 8 . 1 1 - 9 . 7 6 . 8 3

0 . 8 3 5 . 5 7 0 - 3 . 8 7 - 4 . 8 7 . 8 0

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

. 6 0 2 . 5 7 0 - 0  5 8 - 0 . 7 6 . 7 6

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

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

. 5 7 0 . 2 5 5 -10  8 8 - 1 8 . 5 . 5 9

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

. 3 2 4 . 1 9 4 - 5  9 3 - 1 1 . 4 . 5 2

. 3 2 4 . 1 2 9 -10  0 8 - 2 0 . 8 . 4 8

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

T a b l e  II

C o n c e n t r a t i o n  P o t e n t i a l s  f o r  C e l l s  w i t h  K C 1
ft , ft. Em,m, Emm.
g./l. g . / l . mv. mv.

1 . 6 1 0 1 . 4 5 0 + 0 . 2 4 - 2 . 6 2

1 . 6 1 0 1 . 1 2 7 + 0 . 7 0 - 8 . 9 2

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

1 . 6 1 0 . 4 0 0 + 3 . 3 3 - 3 4 . 2

1 . 6 1 0 . 0 0 8 +  1 1 . 2 1 —  1 1 1 . 4

Discussion
The data are represented graphically in Fig. 1 

and show strikingly the marked ion-selectivity of 
the membrane when placed between two sur
factant solutions. In A, cf Fig. 1, both of the solu
tions involved in each measurement were at or 
above the critical micelle concentration. In B, each 
of the solutions concerned was at or below the crit
ical micelle concentration. In A, the value of 
Emem was consistently 75 to 85% of Emax. In B, 
Emem was generally about 50% of Fmax. These 
data are in agreement wbh the anticipated higher
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c,/c2.
Fig. 1.— A, the dependence of E,nax (— -— ) and Emem( — ) 

on Ci/Ci for docecyltrimethylammonium chloride when each 
of the concentrations is at or above the critical micelle con
centration; B, the dependence of EmtiI (—— ) and Emem
(------- ) on C1 /C2 for dodecyltrimethylammonium chloride
when each of the concentrations is at or below the critical
micelle concentration; C, the dependence of 2?max ( -------) and
Emsm (--------) on C\/Ct for potassium chloride.

selectivity of the membrane when an appreciable 
quantity of the surfactant is in micellar form. This 
is because (1) adsorption of the dodecyltrimethyl
ammonium ion is maximal and (2) it is much more 
difficult for the micelles, because of their large size 
and high positive charge, to migrate through the 
membrane than it is for unassociated surface-active 
ions.

The data given in Table II and shown in C of 
Fig. 1 show that the membrane itself has little or no 
ion-selective character when placed between solu
tions of KC1. The electromotive force observed is 
opposite in sign to that expected if the membrane 
were inherently more permeable to negative ions 
than positive ions. The positive values observed 
for Emem may indicate that the membrane has a 
slight electronegative character due to the presence 
of a few acid groups in its structure, although in
cluded in Emem is the sum of all of the liquid junc
tion potentials in the cell.

In the light of the above results it appears that a 
cellophane membrane, as used in equilibrium dialy
sis experiments with ionic surfactants, can become 
ion-selective in such a manner as to tend to pre
vent the passage of surface-active ions or their 
micelles through the membrane. Presumably this 
is due to the adsorption of the surface-active ions on 
the membrane. The precise size of the effect de
pends on the ratio of the concentrations of the sur
factant solutions and on the absolute magnitude of 
the concentrations. The effect is more important 
when micelles are present in the system. It ap
pears, therefore, that any explanation for the low 
rates of equilibration in dialysis experiments with

ionic surface-active agents should not neglect the 
induction of ion-selective properties in the mem
branes by adsorption of the surface-active ions.

AN ACTIVE SPECIES FORMED IN  THE 
ELECTRICAL DECOMPOSITION OF DI- 

M ETHYLAM INE1
B y F r a n c is  O w e n  R ic e  a n d  C h e s t e r  G r e l e c k i

Contribution from the Chemistry Department, Catholic University of 
America, Washington, D. C.

Received February 8, 1967

The decomposition of dimethylamine has been 
studied thermally2 and photolytically3 and the re
sults of these experiments indicate that the main 
reaction is different in the two cases. Carter, et 
al,,2 have reported a kinetic study of the methyl- 
amines; their analytical results indicate that in an 
unpacked bulb, the products of the thermal de
composition of dimethylamine consist mainly of 
methane and a non-volatile residue having the 
empirical formula C2H5N corresponding to methyl- 
methyleneimine (CH3N=CH2).

The results of the photolysis of dimethylamine 
have been reported by Bamford.3 The actual ex
perimental results showed that the main products 
of the photolysis of gaseous dimethylamine were 
hydrogen and a polymer which analyzed (C2H5N)„.

In our present experiments, dimethylamine was 
decomposed in the field of a high frequency oscil
lator and the products were condensed as a green 
solid at —196°. This material slowly changes to a 
white solid when allowed to stand at liquid nitrogen 
temperatures for extended periods and this color 
change is accompanied by the evolution of hydrogen 
containing small amounts of methane. We tried 
to prepare the green material by quickly cooling the 
products of the thermal decomposition of dimethyl- 
amine4 but were not successful. We were unsuc
cessful in attempts to prepare the green solid by the 
photochemical decomposition of dimethylamine.

Experimental
Anhydrous dimethylamine vapor was passed through 

the field of a high frequency oscillator. W ith  the pressure 
of the dimethylamine between 10 _1 and 10 “ 2 m m . a glow dis
charge resulted when the point of a commercial type Tesla 
coil was placed on the tube. The vapors leaving the field 
were quickly condensed onto a surface cooled with liquid 
nitrogen. The condensate thus formed was a green solid at 
— 196°. The permanent gases formed during the initial 
phase of the reaction were removed from the system by  
means of a high speed mercury diffusion pump and then 
analyzed on a mass spectrometer.

Anal. Found: H 2, 94.5 , 95.0 ; C H 4, 4 .5 , 3 .8 ; N j, 1 .0, 1 .2.
The green deposit slowly turned white even at — 196°; 

when allowed to warm up at the rate of about 5 ° per minute, 
a sharp transition occurred when the temperature reached 
about 173°. A t this point the deposit turned white rather 
suddenly, there was some blistering and a permanent gas 
was evolved. The composition of the permanent gas was: 
H 2, 82.4 , 81 .5 ; C H 4, 16.3, 17.6; N 2, 1 .1 , 0 .7 .

Half-life Determinations.— In our early experiments it 
was observed that the end of the Tesla coil had to be near

(1) This work was supported in part by the Atomic Energy Com- 
mission, Contract Number AT-(40-l)-l305.

(2) A. G. Carter, P. A. Bosanq^uet, C. G. Silcocks, N. Travers and 
A. F. Shilshire, J. Chem. Soc., 495 (1939).

(3) C. H. Bamford, ibid., 17 (1939).
(4) See F. O. Rice and C. Grelecki, J. Am. Chem. Soc., 79, 2679 

(1957).
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the cold surface otherwise no green material was produced. 
In order to determine the half-life of the active species, a 
series of experiments were performed in which the distance 
of the coil from the cold finger was systematically varied 
and the time for the initial appearance of the green com
pound was noted. This time was taken to be inversely pro
portional to the concentration of the active species. W e  
also measured, for various distances of the coil from the 
finger, the amount of permanent gas liberated during the 
transition of the green material and assumed that this is 
directly proportional to the concentration of radicals stabil
ized.

In these experiments the cross sectional area of the tube 
was 0.785 cm .2 The pressure drop along the tube was 0.035  
m m . per cm. and the average pressure at the reaction site was 
0.07 m m . Since 5.42 X  10-2  mole of dimethylamine was 
passed through the tube in 15 minutes the average flow rate 
was 200 m ./sec .

T able  I
D is the distance of the coil from the cold finger, t is the 

time taken for the radicals to flow from the point of origin 
to the liquid N 2 cooled surface and is calculated by dividing 
the distance by the flow rate, p is the pressure of permanent 
gas formed after the transition of the green material, 
im is the time required for a visible green deposit to form.

D, cm. t X 104, sec. p, mm. tm, sec.
1 .5 0 .7 5 0 .7 0 30
2 1 .0 0 .20 90
3 1 .50 .07 240
4 2 .0 .03 480

The first-order rate constant was obtained by plotting 
log p vs. At and also from the plot 1 /¿m vs. At. The rate 
constant was the same (1.87 X  104 sec.-1 ) regardless of 
which method was used to follow the reaction. The half- 
life of the green material in the vapor phase is therefore 3.7 X  
10~5 sec. This is an extremely short life compared to the 
half-lives of other radicals which have been reported. It is 
smaller, by a factor of about 25, than the half-life5 of N H  
and the hydrocarbon radicals6’7 C H 3 and C H 2, and by a 
factor of about 250, than the half-life of the hydrazino 
radical.8

The Activation Energy of the Reaction.— When the green 
solid was allowed to stand for extended periods at — 196° 
it became appreciably lighter in color. Since evolution of 
hydrogen accompanied this reaction, the increase in pres
sure could be used to measure the rate of the reaction at 
the temperature of boiling nitrogen and boiling oxygen. 
The temperature of the coolant was measured to ± 0 .2 °  
with a low temperature thermometer calibrated by the 
National Bureau of Standards. Care was taken to ensure 
that the concentration of the green compound was the 
same at the beginning of each reaction, so that the initial 
rates could be compared by means of the Arrhenius equa
tion to yield an energy of activation for the reaction.

The initial rate of appearance of permanent gas at 
— 195.3° was 1.42 X  10~3 m m . per min. and at — 183.3° it 
was 4 .6  X  10~3 m m . per min. which gives an activation 
energy of 1.3 kcal. This result is probably accurate to 
within a few tenths of a kilocalorie since an error of 1° in 
the measure of the temperature difference results only in an 
error of 0.1 kcal. in the activation energy.

Discussion
We have not been able to determine the com

position of the green material, but its extremely 
short life time and its reactivity at very low tem
peratures strongly suggest that it is a free radical 
stabilized in the condensed phase. We were not 
able to detect any trace of tetramethylhydrazine 
despite the fact that we examined the mass spec
trum of the products very carefully. At the present 
time we think that our results are best explained by

(5) F. O. Rice and M. J. Freamo, J. Am. Chem. Soc., 73, 5529 
(1951).

(6) F. O. Rice and W. R. Johnstcn, ibid., 56, 214 (1934).
(7) F. O. Rice and A. S. Glasebrcok, ibid., 55 , 4329 (1933).
(8) F. O. Rice and F. Scherber, ibid., 77 , 291 (1955).

assuming that one of the six hydrogen atoms at
tached to carbon is knocked off in the electric field 
and the resulting radical CH3NHCH2 is stabilized 
on the cold finger.

THE REACTION OF ACID GASES WITH 
PYREX GLASS1

B y  J a m e s  E. B o g g s , L y n d a  L. R y a n  a n d  L a u r e l  L . P e e k

Department of Chemistry, The U liver sity of Texas, Austin 12, Texas 
Received February 23, 1957

In an attempt to understand the mechanism of 
certain halogen isotope exchange reactions, Boggs 
and Mosher2 have recently studied the chemical re
action between Pyrex #7220 glass wool and HC1 
gas. They found an extensive, diffusion-controlled 
reaction forming NaCl on the glass surface, pro
ceeding at a measurable rate in the temperature 
range between 295 and 385°. It is the purpose of 
the present study to attempt to discover what other 
gases react in a similar manner, to determine the 
mechanism of the reaction, and to relate the reac
tion with Pyrex glass to the effect of the wall in 
halogen isotope exchange reactions.

Experimental
Hydrogen bromide was prepared by distillation from an 

acetic acid solution purchased from Eastman Kodak Co. 
The other gases used were p urchased in cylinders from The 
Matheson Co. All gases were purified by fractional dis
tillation in a vacuum system. The apparatus and experi
mental methods in this study were similar to those reported 
earlier.2-3

Results and Discussion
Hydrogen bromide was found to react with Pyrex 

#7220 glass wool in a manner very similar to that 
previously reported2 for HC1. Electron micro
scope photographs of t ie  glass surface after reac
tion showed the develop ment of considerable thick
nesses of loosely-adhering crystalline material, 
which when studied by electron diffraction tech
niques proved to be Na3r.

The specific reaction rate constants were deter
mined by the method of Boggs and Mosher,2 using 
an average of 48 experimental points at each tem
perature, these being taken from several separate 
runs using different qumtities of glass wool. The 
shape of the curves an I the reproducibility of the 
individual observations were similar to the earlier 
work. At an HBr pressure of 50 mm., the rate 
constant, 7c, has a va ue of 3.7 X 10-19 (moles 
cm .-2)2 sec.“ 1 at 300°, 12 X  10“ 19 at 350° and 32 
X 10~19 at 400°. An Arrhenius-type plot of these 
values, shown in Fig. 1, gives an activation energy 
for the reaction of 17 kcal./mole. Figure 1 also 
shows the results obtained by Boggs and Mosher2 
for the reaction of HC1 with glass wool at a pressure 
of 500 mm. The two curves are nearly the same, 
the difference being barely more than the limits of 
experimental error. Under similar conditions, the 
gases H2S, S02 and CH3C1 did not react with Pyrex 
#7220 glass wool at a measurable rate.

(1) This work was supported by grant #478 from The University 
of Texas Research Institute.

(2) J. E. Boggs and H. P. Mosher, J. Am. Chem. Soc., 78, 3901 
(1956).

(3) J. E. Boggs and L. O. Bi ockway, ibid., 77, 3444 (1955).
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Fig. 1.— Arrhenius plot for the reaction of Pyrex #7220  
glass wool with HC1 or HBr.

Attempts to measure the rate of the reaction of 
HBr at 450° led to irreproducible results. For any 
one run, the kinetic results followed the same rate 
law as at lower temperatures, but in different runs 
the rate constant varied from 15 X 10- 19 to 35 X
i o - 19.

Unlike the reaction of HC1 with glass, the rate of 
the reaction of HBr with glass was unaffected by 
the pressure of the hydrogen halide in the gas phase. 
Variations of HBr pressure from 30 to 430 mm. 
caused no measurable difference in the rate of the 
reaction.

We propose that the reaction of HC1 or HBr with 
glass occurs in the following manner. Even at 
400° there is a thin film of adsorbed water held te
naciously on the glass surface. The gas dissolves in 
this film, forming H30  + ions and halide ions. Pro
tons from the H30  + ions then diffuse into the glass, 
Na+ ions diffusing outward at the same rate to 
maintain electrical neutrality, this ionic counter
diffusion being the rate-determining step in the 
over-all process. At 450°, the water film is no 
longer maintained intact, and the rate falls off, the 
exact value of the rate constant being determined 
by the extent to which the water has been removed 
from the surface.

With sufficient H30  + ions in the surface solution, 
the rate of the counter-diffusion of Na+ ions and 
H + ions may be limited by the rate of Na+ dif
fusion. Thus above a certain pressure limit, the 
rate would be independent of gas pressure. At 
lower pressures of HC1 in the gas phase, the surface 
concentration of H30 + would be decreased, so that 
the diffusion of H+ takes over as the rate-deter
mining step, leading to a slower reaction. It would 
be difficult to predict the relative solubilities of HC1 
and HBr in a surface film of moisture at these tem
peratures, but in bulk solutions at lower tempera
tures the solubility, on a molar basis, of HBr is 
greater than that of HC1 and decreases less with 
temperature. Thus it might be that over the pres
sure range studied with HBr, there is always suf

ficient H30 + ion in solution so that the over-all 
rate is controlled by N a+ ion diffusion.

Boggs and Mosher2 studied the effect of HC1 
pressure only at a temperature of 385°, which was 
the highest temperature used in their measure
ments. On the basis of the above reasoning, one 
can predict that at a lower temperature where the 
solubility of HC1 would be greater, there might al
ways be sufficient H30 + ion in the surface layer so 
that the Na+ ion diffusion would be rate-controlling 
and the over-all rate would be found to be independ
ent of HC1 pressure. We have made such measure
ments at 295°, varying the HC1 pressure between 75 
and 430 mm. Within experimental error, the rate 
of the reaction was found to be independent of 
pressure under these conditions. The fact that 
the HC1 curve in Fig. 1 falls very slightly below 
that for HBr may indicate that even at 500 mm. 
pressure of HC1, the H30 + ion concentration on the 
surface is not sufficiently high to allow complete 
control by the Na+ ion diffusion (evidence for 
which is also found in Fig. 3 in the paper by Boggs 
and Mosher2).

H2S and S02 form weak acids when they dissolve 
in water, giving very low H30 + ion concentrations. 
The rate, being controlled by these very low con
centrations, would be too slow to measure. CH3C1 
might be expected to react by hydrolyzing in the 
surface film of water to form HC1, which would 
then behave as HC1 alone does. Apparently this 
does not happen, possibly because the hydrolysis 
reaction removes the surface water before an ade
quate H30 + ion concentration can be established.

Several semi-quantitative isotope exchange ex
periments were performed in an attempt to corre
late the reaction between the hydrogen halides and 
glass with published studies on halogen isotope ex
change reactions. Three reaction tubes of the type 
used by Boggs and Brockway3 were filled with HC1 
containing 39.7% Cl37 (the normal abundance is 
24.5% Cl87). The tubes were then heated at 300° 
for 4 hours to allow the HC1 to react with the glass 
wall. After this time, they were evacuated, filled 
with CH3C1 containing the normal isotopic ratio, 
resealed, and heated for 2 hours. The results, sum
marized in Table I, show that exchange of Cl be
tween HC1 and CH3C1 can occur through the inter
mediate formation of NaCl on the wall.

T a b l e  I
I soto pe  E x c h a n g e  B e t w e e n  NaCl F o rm ed  on  th e  R e 

a c t o r  W a l l  a n d  CH 3C1
Pressure
CHaCl, Temp.,

C l" in 
CHaCl,

mm. °0 . %
150 200 2 4 .5
485 300 2 5 .9
485 450 3 1 .4

Boggs and Brockway3 found that they could ob
tain reproducible exchange rates between HC1 and 
CH3C1 only if the reaction tubes were evacuated 
and heated at 450-500° for 4 hours before use. 
Otherwise much more rapid exchange was ob
served. Since the exchange rates reported in this 
study are higher than those reported by Boggs and 
Brockway in baked tubes, it appears probable that 
exchange through NaCl formation was responsible
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for the higher rates in unbaked tubes. The ex
tensive heating served to remove adsorbed water 
from the glass surface, so that any exchange would 
have to proceed by a different mechanism. The ir- 
reproducibility of the measurements in unbaked 
tubes could have been caused by variations in the 
surface area of NaCl exposed on the surface (see 
Fig. 1 of Boggs and Mosher2).

It is to be expected, of course, that HC1 and HBr 
will react with glasses of different composition to 
quite different extents, dependent mainly on the so
dium content of the glass. The alkali content of 
the Pyrex #7220 glass used in these studies is higher 
than that of the Pyrex #7740 commonly used in the 
construction of laboratory apparatus. Pyrex #7740, 
however, contains 3.6% Na, and from the results of 
the isotope exchange experiments it appears that it 
reacts in a similar manner.

KINETIC EFFECTS IN DETERM INING 
HEATS OF REACTION BY DIFFERENTIAL 

THERMAL ANALYSIS
B y H ans J. Bcbchardt

General Engineering Laboratory, General Electric Company, Schenectady, 
New York

Received January 17, 1957

The dynamic gas method of differential thermal 
analysis as developed by Stone1 recently has been 
used to measure the heat of reaction of the mag
nesite dissociation.2

and material (M gC03) only, hence is the same for 
all the differential thermographs, regardless of the 
C 02 pressure.4 The constraint must therefore be 
imposed that the rate of reaction is the same at all 
the reaction temperatures. In order to obtain an 
expression for the rate o: reaction, we assume the 
rate equation

r = frf/(MgCO,) -  NPdtaff(MgO) (3)
Here r is the net rate of reaction, ki and kT the rate 
constants for the forward and reverse reactions, 
respectively, and Pdta the pressure of C 02; 
/(M gC 03) and (/(MgO) are functions, respectively, 
of the activities of MgCO, and MgO. By defining 
r as a constant, equation 3 is restricted to those sets 
of temperatures (including the reaction tempera
tures) where the rate of reaction is the same. 
Dividing equation 3 by 7cr <7 (MgO) gives

A-f/(M g C O a) _  r
fcrff(MgO) Arÿ(M gO)

14)

The term kt/h, is by definition the equilibrium con
stant which for this reaction is equal to the equilib
rium partial pressure of C 02 (Peq). Since P eq is 
truly given by the Clav.sius-Clapeyron equation, 
Peq =  exp(—AH/RT +  C), equation 4 becomes

P dta /(M g C O ,)
ff(MgO)

e -\ H / R T +C r
Arff(MgO) (5;

Substituting for kr with the Arrhenius equation, 
k = S exp —E/RT, gives

P dta /(MgCOs)
ff(MgO) e -  AH/RT +  C r eE,/RT ( 6)

MgCOs M gO  +  C 0 2 (1)

Differential thermographs for this decomposition 
were obtained in atmospheres ranging from 0.001 
to 3320 mm. of C 02. Increasing CO? pressures 
displaced the peak to higher temperatures. The 
In of the pressure was plotted against the reciprocal 
of the reaction temperature3 according to the 
equation

In  P dta =  -  § f  +  C" (2)

where Pdta is the pressure of C0 2, T the reaction 
temperature in °K., AH the heat of reaction, R the 
gas constant, and C  a constant. The slope of this 
plot being — AH/R gives the desired heat of reac
tion.

This use of a Clausius-Clapeyron type equation 
makes the implicit assumption that the reaction 
temperature can be treated as the equilibrium de
composition temperature at the particular partial 
pressure of C 02 employed. The purpose of the 
present discussion is to examine the validity of this 
assumption.

We first inquire as to the significance of the reac
tion temperature. This is the temperature at which 
the rate of reaction, hence the rate of heat absorption, 
is sufficiently rapid to establish a temperature dif
ferential which the instrument is just able to detect. 
This minimum detectable rate of heat absorption 
(rate of reaction) is a property of the apparatus

(1) R. L. Stone, J. Am. Ceram. Soc., 35, 76 (1952).
(2) R. L. Stone, ibid., 37 46 (1954).
(3) The term “ reaction temperature”  is used to designate the tem

perature at which the peak is first observed to appear.

where S is for all practical purposes a constant and 
Et the activation energy for the reverse reaction. 
Equation 6 relates the reaction temperature to 
the pressure in the DTA sample holder without 
the assumption made in equation 2 that equilibrium 
conditions exist.

The behavior predicted by equation 6 can best 
be seen by the substitution of data. AH is taken 
as 10.1 kcal./mole, the value given by Stone.2 
C is evaluated by taking Peq =  1 atmosphere at 
410° as reported by Cremer and Gatt.5 The ac
tivation energy for the forward reaction has been 
observed to be 35.6 kcal./mole.6 This gives Er 
as 35.6 — 10.1 =  25.5 kcal./mole. The functions 
/(M gC 03) and g(MgO) are, in the absence of data, 
taken as unity. The constant r/S is evaluated by 
taking Pdta =  0.001 mm. at 350° as reported 
by Stone.2

With these data, equation 6 is plotted as a con
tinuous curve in Fig. 1. The circles represent the 
data reported by Stone.2 The broken line was 
used by Stone to calculate AH. Relatively good 
agreement is obtained. It should be noted how
ever that the agreement between the theoretical 
curve and Stone’s data with regard to the limiting 
slope and the temperature at which Pdta approaches

(4) This assumes that the instrument itself does not undergo any 
significant changes in the temperature range under consideration. 
A formal justification for this interpretation of the reaction tempera
ture can be derived from the k.netic equations described by H. J. 
Borchardt and F. Daniels, J. Am. Chem. Soc., 79, 41 (1957).

(5) E. Cremer and F. Gatt, Radex Rundschau, 4, 144 (1949) ; Ceram. 
Abstr., 56d (1950).

(6) H. T. S. Britton, S. J. Gregg and C. W. Winsor, Trans. Faraday 
Soc., 48, 63 (1952).
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Fig. 1.— The solic curve is plotted according to equation 6. 
The circles represent the data reported by Stone.2

zero is due solely to the use of Stone’s data in 
evaluating the constants of equation 6 (AH and 
r/S).

Due to the inverse exponential appearance of 
temperature in the terms on the right-hand side of 
equation 6, the second term will become negligible 
at elevated temperatures and equation 6 reduces 
to

P  dta /(M g C O ,)
</(MgO)

e -A  H /RT+C (7)

The temperature at which equation 7 becomes ap
plicable depends very much upon the sensitivity 
of the apparatus. The constant r is essentially a 
sensitivity parameter, diminishing as the sensi
tivity increases. With the present data, equation 
7 becomes applicable above 394° (1 /T less than
1.5 X HD3).

Three conditions can be realized with equation 
7; where the ratio /(M C 0 3)/gi(MgO) is (1) unity,
(2) a constant other than one, (3) a variable. If 
the ratio is unity, the system is at equilibrium and 
equation 7 reduces to the Clausius-Clapeyron equa
tion. If the ratio changes slowly so that its In is 
essentially a constant, equation 2 is applicable but 
the constant C' is not the same as in the Clausius- 
Clapeyron equation. This appears to be the case 
with Stone’s measurements. It is seen in Fig. 1 
that the high temperature data points fall sys
tematically below the theoretical curve in which 
the functions are assumed to be unity.

If the ratio of the functions is a variable, the plot 
of In P versus l/T will be non-linear at the tem
peratures where equation 7 applies.

It may therefore be concluded that if the plot of 
In Pdta versus l/T is linear at elevated temperatures, 
the slope of this line is — AH/R. These data can
not however be taken as equilibrium data.

Acknowledgment.—The author wishes to thank 
Professor Norman Hackerman of the University 
of Texas for interesting discussions and Dr. 
Ellington Magee of the Humble Oil Company for 
critically reading the manuscript.

SEMIEMPIRICAL POTENTIAL ENERGY 
FUNCTIONS. II. GENERAL DIATOMIC 

MOLECULES1
B y P axji. S h ih  K a n  C h e n , M u r r a y  G e l l e r  a n d  

A r t h u r  A . F r o s t

Department of Chemistry, Northwestern University, Evanston, Illinois 
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In paper I 2 of this series there was presented the 
following potential energy function V for the PI2 and 
H2+ molecules as a function of the internuclear 
distance R.

V =  e - « *  ( j  -  b j  (1 )

The parameters a and b were determined from 
known spectroscopic constants such as De, the dis
sociation energy from the minimum Re, the equilib
rium internuclear distance fce, the force constant, 
etc. The form of V was chosen to satisfy the fol
lowing theoretical criteria: (a) the purely elec
tronic energy (V — e2/R) must remain finite as R 
approaches zero and must vary as — e?/R when R is 
large, and (b), V must be capable of going through 
a minimum.

For general diatomic molecules the simplest 
generalization of equation 1 is

V  = e ~ aB -  &) (2)

where the new parameter c might be expected to 
have the form

c =  ZiZ^e2

or, in atomic units
c =  Z,Z, (3)

where Z\ and Z2 are some kind of effective nuclear 
charges of the two atoms.

The purpose of this paper is to test this function 
against known spectroscopic data.

Determination of the Parameters.— Whereas 
the two parameters of equation 1 required a graphi
cal solution, equation 2 permits direct algebraic 
evaluation of the three parameters, a, b and c from 
the spectroscopic constants, De, Re and ke as

a - p/Re
b =  De(l +  p) exp(p) 
c = DeRep exp(p)

where p =  ( l  +

Table I shows the spectroscopic constants and the 
resulting values of the parameters for the ground 
states of a set of hydrides and homonuclear mole
cules. These molecules include all of those in Herz-

(1) This research was supported by a grant from the National Sci
ence Foundation. A preliminary report was made at the meeting 
of the American Chemical Society at New York in September 1954.

(2) A. A. Frost and B. Musulin, J. Chem. Phys., 22, 1017 (1954).
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berg’s3 tables for which accurate values of all three 
experimental constants were known.

T a b l e  I
H y d r id e s  an d  H om ontjclear  D ia t o m ic  M o le c u l e s  

(All quantities are expressed in atomic units)
Mole-
cule:
Hy-

dridea ke Re De a b c
. CH 0.2881 2.116 0.1342 1.067 4.178 6.126

OH .5006 1.833 .1683 1.263 5.652 7.235
HC1 .332 2.407 .1697 1.044 7.349 12.653
KH .0361 4.24 .0684 0.5280 2.077 6.088
ZnH .0971 3.013 .0349 1.369 11.056 26.812
HBr .264 2.670 .1440 1.030 8.454 16.554
CdH .0774 3.33 .0281 1.386 15.960 43.685
HI .2018 3.033 .1176 1.021 10.657 24.434
HgH .0732 3.29 .0169 1.799 43.543 122.555

Homonuclear
H, 0.368 1.40 0.1743 0.9049 1.402 1.0972
Li, 0.0164 5.05 .0386 0.4832 1.524 5.459
N, 1.4756 2.067 .3640 1.587 41.413 65.601
O, 0.756 2.280 .1904 1.602 34.143 61.111
Naa .01103 5.82 .0272 0.4878 1.785 7.682
P, .357 3.58 .1867 1.131 54.143 155.45
Cl, .2113 3.76 .0923 1.270 63.257 196.67
K, .00632 7.41 .01912 0.4556 2.448 13.994
Br2 .1576 4.32 .0732 1.254 105.81 385.86
I, .1107 5.04 .0572 1.207 177.47 768.17

Test of the Function. Having determined the 
parameters it would be desirable to make predic
tions of properties other than those used in deter
mining the parameters. Third and fourth deriva
tives at the potential energy minima have been 
calculated and compared with those obtained from 
the spectroscopic constants ae and coeX e. Although 
the calculated values are the right order of mag
nitude (often within 20%) the results are no better 
than obtainable in the same way with the Morse 
function or with the more recent Lippincott4 func
tion, or with the reduced potential energy function.5 
Therefore these calculations will be omitted here.

More interesting is the test of the parameter c as a 
product of effective nuclear charges (eq. 3). For 
hydrides, since the H atom would presumably have 
Z — 1, C — Ze, the effective charge of the other

T a b l e  II

E f f e c t iv e  A to m ic  N u m b e r s  R e l a t e d  to  th e  P a r a m e t e r  c

Ele Hydride Homonuclear Effective Atomic No. Ratio
ment c c1/, z . Z, Ze/Zs
H 1.04 1.04 1.00 1.04
Li 2.33 2.33 1.30 1.80
C 6.12 6.12 3.25 1.88
N 8.09 8.09 3.90 2.07
O 7.23 7.81 7.52 4.55 1.60
N a 2.77 2.77 2.20 1.26
P 12.47 12.47 4.80 2.60
Cl 12.65 14.02 13.34 6.10 2.19
K 6.08 3.74 4.91 2.20 2.24
Zn 26.81 26.81 4.35 6.16
Br 16.55 19.64 18.10 7.60 2.38
Cd 43.69 43.69 4.35 10.1
I 24.43 27.72 26.08 7.60 3.44
Hg 122.6 122.6 4.35 28.1

(3) G. Herzberg, "Spectra of Diatomic Molecules,”  2nd Edition, 
D. Van Nostrand Co., Inc., New York, N. Y., 1950.

(4) E. R. Lippincott, J. Chem. Phys., 21, 2070 (1953); E. R. Lip
pincott and R. Schroeder, ibid., 23, 1131 (1955).

(5) A. A. Frost and B. Musulin, J. Am. Chem. Soc., 76, 2045 (1954).

atom. In the case of homonuclear molecules C =
2 e 2'

Table II lists for the hydrides and homonuclear 
molecules of Table I, c and cI/!, respectively. For 
five elements both values are available and are gen
erally comparable except for K. The fourth column 
lists as Ze either c or c‘/s, or the average where both 
are available. Inspection reveals that these values 
for effective charge show a periodicity and lie in 
general between the core charge as a lower limit and 
the atomic number as an upper limit. A more quan
titative comparison is shown in the last two columns 
in which are given Zs and Ze/%  where ZB is the ef
fective charge acting on the valence electrons as 
calculated by Slater’s rules. With the exception of 
Zn, Cd and Hg the ratio ZJZS shows a general 
trend as the atomic number increases.

Discussion
Although the generalized semi-empirical equa

tion 2 is not as well-founded on theoretical prin
ciples as is equation 1, which is restricted to hydro
gen, the present results show that the interpreta
tion of the parameter c as a product of effective 
nuclear charges has some semblance of truth. It is 
particularly gratifying that the pairs of Ze values 
for O, Cl, Br and I agree so well.

Of course no such simple potential energy func
tion as equation 2 would be expected to be univer
sally valid. In particular ionic states would re
quire special treatment and can be handled by an 
extension of the methods of Paper I. Furthermore, 
since Pitzer6 has found that London forces may 
contribute considerably to bond energies equation 2 
should probably be modified to give an inverse 
sixth power law at large distances.

(0) K. S. Pitzer, J. Chem. Phys.. 23, 1735 (1955).

THE HEAT OF FORMATION OF SILANE
B y  E . O. B rim m  an d  H a r r ie  M . H u m p h r e y s

Contribution from the Research Laboratory of Linde Air Products 
Company, a Division of Union Carbide and Carbon Corporation, Tona- 

wanda, New York
Received January ¡89, 1957

The heat of formation of silane gas from crystal
line silicon and hydrogen at 25° and one atmosphere 
pressure was measured by a direct calorimetric 
method. The value obtained was +7 .8  kcal./mole 
with an average deviation of ±3.5 kcal./mole.

The values for the heat of formation of silane 
given in the literature1-3 vary from —8.7 to 
— 14.8 kcal./mole. In addition, these values are 
not consistent with certain other observed proper
ties of silane.4-5 The present investigation was 
undertaken in order to provide an additional, inde
pendent determination of the quantity and, if pos
sible, to reconcile the existing inconsistencies.

(1) H. Von Wartenberg, Z. anorg. allgem. Chem., 79, 71 (1913).
(2) F. R. Bichowsky and F. D. Rossini, “ The Thermochemistry of 

Chemical Substances,”  Reinhold Publ. Corp., New York, N. Y., 
1936, p. 253.

(3) U. S. National Bureau of Standards Circ. No. 500, “ Selected 
Values of Chemical Thermodynamic Properties,”  Washington, 1952.

(4) T. R. Hogness, T. L. Wilson and W. C. Johnson, J. Am. Chem. 
Soc., 58, 108 (1936).

(5) J. C, Brantley and T. Sniist., unpublished data.
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Previous determinations of the heat of formation 

have been based on indirect measurement, either 
the heat of combustion of silane or the temperature 
coefficient of the equilibrium constant for the reac
tion

Si(s) +  2 H 2( g ) ^  SiH Jg) (1)

The first method depends upon the heat of forma
tion of hydrated silica, which is not accurately 
known.6 7 The second depends upon the establish
ment of a true equilibrium, and the existence of such 
an equilibrium is questionable.2 Also, the values 
obtained for the heat of formation of silane, 
namely, —8.7-, —13.72 and — 14.83'6kcal./mole are 
not consistent with the following observed proper
ties of this compound. Hogness, Wilson and John
son (ref. 4) allowed finely divided silicon and hy
drogen to remain in contact for several days at tem
peratures up to 480° and a total pressure of one at
mosphere. No pressure drop was observed; no 
silane could be detected. Measurements made in 
this Laboratory8 9 show that, when silane and excess 
hydrogen are mixed at 425° and a pressure of 100 
atmospheres, complete decomposition of the silane 
takes place. However, if the values for the heat of 
formation listed above are combined with the free 
energy functions (obtained from heat capacity or 
spectrographic measurements) for silicon, hydrogen 
and silane,7-9 calculated values of the equilibrium 
constant for reaction 1 require large equilibrium 
mole percentages of silane under the conditions 
used by Hogness, Wilson and Johnson or by Brant
ley and Smist. In view of these contradictory re
sults, a direct determination of the heat of forma
tion of silane seemed necessary.

The heat of formation was measured by a stand
ard calorimetric procedure,10 purified silane being 
decomposed to crystalline silicon and hydrogen at 
680°. The calorimeter was designed to operate at 
550° but a temperature of 680° proved necessary to 
ensure complete decomposition of the silane. At 
680° there was considerable thermal lag in the 
calorimeter system. Also the ratio of electrical 
energy to silane decomposition energy was 60:1 
in contrast to 35:1 at 550°. These facts probably 
account for the large average deviation in the 
measurements. The value obtained, based on five 
calibration runs and four runs in which silane was 
decomposed, was +7 .8  ±  3.5 kcal./mole. The 
heat of formation is positive in contrast to the 
negative values reported previously. Because of the 
limited data and large average deviation in the 
calorimetric experiments, the sign of the heat of 
formation was checked by another method.

A  l-inch quartz tube was fitted with gas inlet and outlet 
tubes, a gas flow meter in the inlet side, and a thermocouple 
in the center of the quartz tube about 3 cm. downstream 
from the inlet tube. This assembly was placed in a tube

(6) T. L. Cottrell “ The Strength of Chemical Bonds,”  Academic 
Press Inc., New York, N. Y., 1954, p. 241.

(7) Calculated from data given by K. K. Kelley, Bur. Mines Bull., 
371 (1934).

(8) N.B.S.-N.A.C.A. Tables of Thermal Properties of Gases, 
Tables 7.10 and 7.11.

(9) (a) C. Cerny and E. Erdos, Chem. Listy, 47, 1742 (1953); 
(b) A. P. Altschuler, J. Chem. Phys., 23, 361 (1955).

(10) See, for example, W. H. Johnson, R. G. Miller and E. J.
Prosen, N.B.S. Report No. 2257, January 15, 1953.

furnace and heated to 600°. The system was flushed with 
hydrogen and was then allowed to come to temperature 
equilibrium with no gas flowing through the system. H y 
drogen was then allowed to flow through the system and the 
thermocouple registered a large temperature drop (about 
10°). The thermocouple returned to its original equilib
rium value when the hydrogen flow was stopped. Next, 
silane was allowed to flow at the same rate, and the thermo
couple registered an increase in temperature (about 2 ° ) .  
The system returned to equilibrium when the silane flow 
was stopped. This procedure was repeated several times, 
with the same results. The temperature of the furnace was 
then set at 320° and the same experiments performed. A t 
this temperature, which is well below the temperature at 
which silane decomposes rapidly, a flow of either silane or 
hydrogen resulted in a decrease in the temperature of the 
thermocouple (about 4 °  for silane, 10° for hydrogen). The 
temperature increase observed during the silane flow at 600° 
must then result from the exothermic decomposition of this 
gas.11

Calculated values of the equilibrium constant for 
reaction (1) based on AHf° =  +7 .8  kcal./mole and 
the data from references 7, 8 and 9 are: Kp =
1.9 X  10-10 at 25° and Kv =  1.4 X  10-7 at 450°. 
The amount of silane present at equilibrium at 
450° is therefore extremely small, about 1.4 X 
10-5 mole %  in the gas phase at one atmosphere 
pressure and about 1.4 X 10-3 mole %  at a pres
sure at 100 atmospheres. This explains the failure 
of Hogness, Wilson and Johnson to form silane and 
the essentially complete decomposition of silane 
under the conditions employed by Brantley and 
Smist. The stability of silane at room temperature 
must be attributed to a very slow rate of decom
position rather than to a favorable equilibrium.

Acknowledgment. The authors wish to thank 
Dr. J. C. Brantley for his assistance in carrying out 
the experimental work and Dr. E. J. Prosen, chief 
of the Thermochemistry Section of the National 
Bureau of Standards, for helpful discussions on the 
calorimetric method.

(11) Mr. E. G. Caswell of this Laboratory carried out these con
firming experiments.

THE METHYL IMINO RADICAL1
B y  F r a n c is  O w e n  R ice  an d  C h e st e r  J. G r e l e c k i

The Catholic University of America, Washington, D. C.
Received February 4> 1957

The thermal decomposition of methyl azide has 
been studied2 and found to be a homogeneous, uni- 
molecular reaction. Leermakers3 reported the re- 
sults’ of a study of the reaction in a static system at 
temperatures between 200-240° and pressures from 
0.078 to 46.6 cm., and suggested that the methyl- 
imino radical forms, and then undergoes a rear
rangement to methyleneimine. Our experiments 
were designed to stabilize the methylimino radical 
or other active species by freezing the products of 
the thermal decomposition in a high speed flow 
system.4

(1) This work was supported in part by the United States Atomic 
Energy Commission, contract No. AT-(40-1)-1305.

(2) H. C. Ramsperger, J. Am. Chem. Soc., 51, 2134 (1929).
(3) J. A. Leermakers, ibid., 55, 3098 (1933).
(4) For a description of the technique see F. O. Rice and M. Freamo, 

ibid., 73, 5529 (1951).



Experimental
Methyl azide was prepared by allowing dimethyl sulfate 

to react drop by drop with an alkaline solution of sodium 
azide heated on a steam-bath. The evolved gases were 
passed over anhydrous calcium chloride and collected at 
— 7 8 °. The crude material was distilled through a Vigreux 
type column and fractions of the distillate were analyzed on 
the mass spectrometer as the distillation proceeded. The 
main impurity was found to be the lower boiling dimethyl 
ether which was removed by a careful fractionation. The 
pure methyl azide obtained in this manner boiled between 
20 and 2 1 ° , and was stable indefinitely when stored in the 
dark at —8 0 °. The mass spectrum of the methyl azide was 
obtained before each experiment and did not vary from day 
to day.

M ethyl azide was allowed to expand into an evacuated 
reservoir of known volume, fitted with a manometer. In a 
typical experiment about 10 ~2 mole of methyl azide was 
passed through a quartz tube heated to about 9 00 °. The 
rate of flow was adjusted by means of a suitable capillary so 
that the pressure at the inlet end of the furnace was about 
0.1 m m . The products of the reaction which were condens
able at — 196° were frozen out onto a surface cooled with 
liquid nitrogen, located about 2 .5  cm . from the exit end of 
the furnace. The non-condensable gases which were 
formed at this stage of the reaction were removed from the 
reaction chamber by means of a high speed pumping system, 
and were passed into a gas measuring buret. Use was then 
made of the mass spectrometer as an analytical tool for the 
determination of the composition cf these gaseous products.

Anal. N 2, 76 .5 , 80 .0 ; H 2, 2 2 .6 ,1 8 .5 ; C H 4, 0 .9 ,1 .4 .
The other products condensed on the cold finger at — 196° 

in the form of a clear colorless glass. When the liquid nitro
gen was removed from the finger, the deposit almost imme
diately underwent a rapid transition to a white opaque 
solid. The change was quite vigorous and was accompanied 
by a slight “ ping”  with small pieces of the deposit being 
shot off the tube. N o hydrogen or other gas was produced 
during this phase of the reaction. This transition was not 
observed in a blank experiment where all conditions were 
the same except that the furnace was not heated.

When the deposit was finally warmed to room tempera
ture, the pressure in the system increased and a thick sirup 
remained on the glass surface. The vapor phase was ana
lyzed on the mass spectrometer and found to consist prac
tically entirely of ammonia and hydrogen cyanide. Anal. 
N H 3, 5 5 % ; H C N , 4 5 % . Under our conditions ammonium 
cyanide is completely dissociated. Table I gives the 
amounts of the gaseous products formed per mole of methyl 
azide used.

T a b l e  I

A n a ly sis  o f  G ases  ( m o l e s ) F orm ed  d u r in g  t h e  T h e r m a l  
D e c o m p o sit io n  o f  M e t h y l  A zide

June, 1957

Expt.
1

Expt.
2

M ethyl azide used 1 .00 1 .00
Nitrogen 0 .9 8 0 .9 6
Hydrogen 0 .2 3 0 .2 8
Methane trace trace
Ammonia 0 .2 7 0 .2 9
Hydrogen cyanide 0 .2 2 0 .23

Under the conditions of the experiment essentially all of 
the methyl azide was decomposed. Each mole of methyl

azide which decomposed yielded on the average 1.25 moles 
of permanent gas, of which one mole was nitrogen and 1/i 
mole was hydrogen. For each mole of methyl azide con
sumed there was also produced y 2 mole of products, which 
condensed at — 196° but were gases at room temperature. 
This result may be slightly low due to the solubility of some 
of the gases in the condensed phase at room temperature. 
These gases consisted of about 0 .28  mole of ammonia and 
0.23 mole of hydrogen cyanide for each mole of methyl 
azide decomposed.

The only other product was the polymeric material whose 
empirical formula could be calculated by difference since 
the quantities of all other products were known. This cal
culation gave an empirical formula of C 5N 3H 9. The calcu
lated analysis of C 6N 3H 9 is: C , 54 .1 ; N , 37 .8 ; I I , 8 .1 . 
The actual analysis for the material gave: C , 55.12, 55.27; 
N , 35.19, 35.04; H , 9 .48, 9 .64. Extensive attempts to 
sublime this material in order to obtain a crystalline product 
failed. I t  did not sublime in a vacuum when heated to 100°. 
When heated in vacuo for extended periods at temperatures 
near 150°, it turned brown but only minute amounts of a tan 
sirup appeared on the condenser. Leermakers identified 
both ammonium azide and hexamethylenetetramine in the 
white crystalline solid which formed during the thermal de
composition of methyl azide in a static system. The poly
meric material formed in our experiments did not contain 
ammonium azide or hexamethylenetetramine in any detect
able quantity since these would certainly sublime from the 
condensate during the extensive attempts to sublime it.

Discussion
A mechanism which is consistent with the results 

of the analysis of the product is
C H 3N 3 -— >  C H SN  +  N 2 ( l )

0 .25C H 3N  — ^  0 .25H C N  +  0 .25H 2 (2)
0 .75C H ,N  — >- 0 .3N H , +  0.15C 5N 3H 9 (3)

The C5N3H9 represents the empirical formula of the 
material required to complete the mass balance.

Reaction 1 involves the formation of the methvl- 
imino radical (CH3N) by the elimination of a mole 
of nitrogen. The radical can decay at least in part, 
according to (2). This reaction takes place exclu
sively during the initial stage of the reaction and 
does not occur in the solid at —190°. This reaction 
probably only goes with an appreciable rate at the 
elevated temperature in the furnace, since neither 
hydrogen nor hydrogen cyanide is found in products 
of the thermal decomposition at 200-240°. If 
some of the methylimino radicals are stabilized on 
the cold finger at —190°, then (3) is the reaction 
which occurs at liquid air temperatures and is ac
companied by the physical transition.

It is possible that the methylimino radical is not 
stabilized but rather rearranges to methyleneimine, 
either in the vapor phase or on contact with the 
cold surface. Then CH2= N H  is the active species 
stabilized and this polymerizes on slight warming. 
This polymerization may be initiated by some 
isolated methylimino radicals that are trapped in 
the deposit.
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COMMUNICATION TO THE EDITOR
STABILITY OF SULFONATED CROSS- 
LINKED ION EXCHANGE RESIN IN 

HYDROGEN PEROXIDE
Sir:

The sulfonated copolymers of styrene divinyl- 
benzene have become important as solid acid cata
lysts in epoxidation, esterification and inversion. 
The literature is rather limited on the stability of 
these cation exchange resins under various condi
tions. Soldano1 showed the loss of active groups 
on prolonged heating of the hydrogen form of the 
cation exchanger at 200°. He also observed that 
the swelling of the resin from the dry to the wet 
form decreased with the heating of the resin in the 
hydrogen form, indicating that there was a loss in 
active groups rather than a change in the crosslink
ing of the resin since reduction in crosslinking 
would increase the degree of swelling.

Tests in our laboratory on resins in the sodium 
form indicate no change in capacity upon heating 
to 150° in vessels under pressure, but the resins 
undergo crosslink degradation when the sodium ex
changers are heated in the presence of hydrogen 
peroxide.

In catalytic work on epoxidation of various un
saturated oils, we have also observed that the de
gree of crosslink degradation of the hydrogen form 
exchanger in the presence of strong peroxide solu
tions (10-50%) is increased considerably by the 
presence of trace amounts of iron in the resin. 
Such amounts of iron are usually found in commer
cial exchangers. Copper is next to iron in its ac
tivity for crosslink degradation. Nickel and zinc 
on the other hand show no catalytic effect in the 
decrosslinking of the hydrogen cation exchange 
resin in the presence of hydrogen peroxide. This 
would indicate that the decrosslinking of the resins

(1) B. A. Soldano, J. Phys. Chew.,, 50, 456 (1954).

is catalyzed by those cations which bring about 
the decomposition of hydrogen peroxide.2

The breakdown of the crosslinking in the resin is 
shown by changes in the physical character of the 
resin. The resin swells so that the increase in 
volume of the exchanger after heating it for three 
hours in 50% hydrogen peroxide can be used as a 
measure of the degree of cross-link degradation. 
If the crosslink degradation is high, the resin goes 
into solution so that the loss in weight is another 
indicator of the degradation. Similarly, the degree 
of water retention by the exchanger can be another 
guide of crosslink degradation since the amount of 
water retained by the ion-exchange resin is a 
measure of the degree of crosslinking.

If the iron concentration is high enough, the 
whole resin goes into solution. No loss was found 
in active groups of the decrosslinked resin when the 
determination was made on weight basis. Tem
perature, peroxide concentration and quantity of 
iron affect the degree of degradation. Table I 
shows the effect of iron on the degree of degrada
tion.

T a b l e  I
St a b il it y  op P e r m u t it  Q (S u l fo n a t e d  C r o sslin k e d  
P o l y s t y r e n e ) in  5 0 %  H yd r o g e n  P e r o x id e  (60 ° C .)
Iron added, mg. per Volume increase of Weight decrease of

liter of wet resin resin, % resin, %
0 3 0 .0 7
100 17 6
500 190 23
700 — 60
800 — 100

R e s e a r c h  L a b o r a t o r y
T he  P e r m u t it  C o m p a n y  W il l ia m  W ood
B ir m in g h a m , N e w  Je r se y

R e c e iv e d  A p r il  25, 1957

(2) W. C. Schumb, C. N. Satterfield and R. L. Wentworth, “ Hydro
gen Peroxide,”  A.C.S. Monograph 128, Reinhold, Publ. Corp., New 
York N. Y., 1955.
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