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Fig. 1.— Heat of adsorption of nitrogen on Graphon. Fig. 3.— Heat of adsorption of neon on Graphon.

Fig. 2 .— Heat of adsorption of argon on Graphon.

at average temperatures corresponding to the normal 
boiling point of the gas. For helium, the calorimetric meas­
urement was limited to temperatures obtainable with liquid 
hydrogen as the refrigerant.

Equilibrium pressures of the adsorbate as a function of 
coverage were determined either as individual isotherms in 
the neighborhood of the normal boiling points or from 
observations at essentially constant coverage while the 
temperature of the calorimeter was varied. Isosteric heats

Fig. 4.— Heat of adsorption of deuterium on Graphon.

of adsorption then were evaluated at specific coverages from 
the data by the use of the Clausius-Clapeyron equation 
or graphically from plots of ln p vs. 1 /7 '. In the case of 
helium, the isosteric heats were evaluated from one iso­
therm at 11.8°K. determined with a 31.3-g. portion of 
Graphon and a second isotherm at 4.2°K . determined with 
a separate 3.25-g. portion.
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Results and Discussion
The results of the equilibrium pressure measure­

ments have been correlated by means of the equa­
tion

• p/v(p0 -  p) =  1 fvmc +  [(c ~ l)A-'mc] (p/po) (1)
which is evolved from the BET 1 multilayer theory. 
The values of the two parameters, c and vm, for 
the systems which were studied appear in Table I. 
The surface areas in each case which were calcu­
lated from vm assuming liquid packing of the mole­
cules in single layer on the surface are given in the 
last column of Table I.

T a b l e  I
S u r f a c e  A r e a s  f r o m  t h e  BET P l o t s  f o r  t h e  V a r i o u s  

G a s e s  o n  G r a p i i o n

A rea of
tin,

m onolayer
molecule 

from liq.
S urface

area,
G as T,  °K . in moles e den sity, A." sq. in./g.

Ar 87.5 0.0311 443 14.4 8 6 . 1

N -2 77.4 .0275 6 8 8 16.2 85.9
Ne 27.3 .0486 329 1 0 . 0 93.4
d 2 23.5 .0703 55 12.9 174.3
h 2 20.4 .0620 168 14.2 169.3
He 4.2 
“ For 3.25 g.

.00934° 
of Graphon.

150 15.4 266.6

The differential heats of adsorption which were 
determined calorimetrically and the isosteric heats 
of adsorption which were evaluated from equi­
librium pressure data are summarized in graphs 
of these quantities as a function of the amount ad­
sorbed. Figure 1, 2, 3, 4, 5 and 6  present the 
results, respectively, for nitrogen, argon, neon, 
orthodeuterium, parahydrogcn and helium. The 
open circles represent the calorimetric data while 
the solid or half-solid circles represent the values 
from equilibrium pressure data.

In those cases where precise measurements of the 
differential heats of adsorption of the systems have 
been made, there is good agreement despite the 
wide variety in the nature of the graphitic surfaces 
which have been used. The results of Aston and 
Greyson8 with neon and helium adsorbed on graphi- 
tized carbon (P-33, 2700°) and of Young and co- 
workers9-" 11 with argon adsorbed on graphite 
and Graphon correspond well with the results of 
the present investigation.

Acknowledgment.—We are indebted to Dr.
W. D. Schaeffer of Godfrey Cabot Laboratories, 
Boston, Massachusetts, for the sample of Graphon 
and pertinent structural data. Mr. Robert Shep­
ard of the National Carbon Company, Cleveland,

(S) J. G . Aston and J. Greyson, T his Journal, 61, 015 (1057).
(9) D . I i. E v erett and D . AX. Y oung, Trans. Faraday Soc., 48, 1161 

(1952).
(10) A . D . C row ell and D . M . Youn«, ¡bid., 49, 1081 (1955).
(11) R . A. Beebe and I). M . Young, T in s  Journal, 58, 95 (1951).
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Fig. 5.— Heat of adsorption of hydrogen on Graphon.

Fig. 0. -Heat of adsorption of helium on Graphon.

Ohio, made the liquid helium which was used in 
the experiments available to us. The research has 
been carried out with the support of the Atomic- 
Energy Commission under Contract No. A T (30-1)- 
824.
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type 302, 0.018 in. thick; aluminum, type 2024-T3, 0.020 
in. thick; Alelad aluminum, type 2024-T3, 0.016 in. 
thick; or magnesium, FS-1-H24, 0.025 in. thick, depend­
ing on the difference between driver gas pressure and re­
actant gas pressure. These materials provide for a range 
of pressure differentials from 90 to 3 atmospheres.

Before a run, the shock tube is evacuated and premixed 
mixtures of 90% argon-10% reactant or 98% argon-2% 
reactant are charged to the reactor. The reactant section 
is re-evacuated and then recharged with the methane- 
argon mixture. Helium is added to the high pressure section 
to a pressure precalculated to give the desired shock condi­
tions. The tank remains evacuated at 65 mm. pressure. 
After the reactor was charged, a shock wave was set off by 
rupturing the diaphragm between the driver and the re­
actant sections with a plunger. This plunger is actuated 
by firing a small auxiliary shock tube which generates a 
shock wave that sets the plunger in motion. The small 
shock tube also actuates a second plunger, a controlled 
instant later. The second plunger ruptures the diaphragm 
between the high pressure section and the vacuum tank. 
The reflected shock wave heats the reactant to the desired 
temperature and the gases are cooled rapidly at the end of 
the reaction period by the cooling wave generated from the 
vacuum tank.

The velocities and pressures of the incident shock and 
expansion waves are measured at two points along the shock 
tube by SLM quartz pressure transducers which are spaced 
eight and a half feet apart with the downstream one six 
inches from the end plate. Similar information is obtained 
for the reflected shock wave from the transducer adjacent 
to the end plate. The signals from these transducers are 
displayed on a model 152A Hewlett-Packard oscilloscope. 
The histories of these signals are recorded by a Polaroid 
camera to provide the data needed to calculate experi­
mental conditions.

Following the run, a vacuum line is opened to the re­
actant section and samples of the products are withdrawn. 
These samples are analyzed for methane, argon and helium 
by mass spectrometry. The argon provides a material 
balance. The presence of large amounts of helium in the 
sample indicates either mixing across the contact discon­
tinuity between reactant and driver or turbulent mixing due 
to poor intersection of the reflected shock wave and contact 
discontinuity. Such runs w'ere rejected and not used for 
kinetic calculations.

Two series of experiments were carried out. The first 
was done with CH4-A r mixtures in the temperature range 
1656-1965°K. The second series was done with CH4-H 2-A r 
mixtures between 1650 and 2040°Iv. Compressed gases 
were purchased from the Matheson Company and used 
without further purification. CH4, H2, He and Ar all had 
purities greater than 99.0, 99.9, 99.99 and 99.998%, re­
spectively. All gases were analyzed by mass spectrometry 
prior to use.

Results
A study of the reaction kinetics is dependent on 

an accurate estimate of the time during which the 
high temperature and pressure were maintained. 
Special considerations are necessary to determine 
time in a shock tube study, because it decreases 
throughout the sample with increasing distance 
from the end of the shock tube. This is evident from 
Fig. 1 . At the end of the run, segments of gas sample 
having different residence times become mixed, 
and a composite sample is therefore withdrawn 
for analysis. Consequently, the conversion de­
termined by product analysis will represent a 
composite of conversions from a series of reaction 
volumes having residence times varying from the 
endplate residence time, t, to a residence time of 
zero. Therefore, reaction rate constants cannot 
be explicitly calculated from the over-all con­
versions and the endplate time or some average 
residence time. Expressions which take the vary­
ing residence times into account can be derived

DISTANCE --------------► PLATE
Fig. 1.— Wave diagram for single pulse shock tube reactor.

to provide the rate constants from the shock tube 
data.

The expressions show that the observed rate 
constant is lower than the true constant. For 
a first-order reaction the relation between con­
centrations and true constants is given by

where
c =  concentration
k =  reaction rate constant

For a second-order reaction, the corresponding 
equation is

c =  J -  In (1  +  c o / . r )  ( 3 )ACT

The results of the first series of experiments at 
temperatures from 1656-1965°K. were used to 
calculate both first- and second-order reaction rate 
constants using the expressions derived above. 
Equation 2 also was used to calculate the effect 
of hydrogen on methane pyrolysis in the tempera­
ture range 1650-2040°Iv. These data collected 
at a variety of temperatures, pressures and con­
versions, are given in Table I.

The “ tailored-interface”  technique12 was not 
employed in these experiments. Any error con­
sequently introduced in the reaction times is, 
however, believed to be small, because the wave 
diagrams of the experiments showed the contact 
discontinuity, reflected shock wave and cooling 
waves to intersect either in, or close to, a point. 
The transducer histories also showed no significant 
pressure changes due to either secondary shock 
or expansion waves reflected back into the reacting 
gases when the reflected shock wave intersected 
the contact discontinuity. These secondary waves, 
therefore, had to have a negligible effect in com­
parison to the strong cooling wave generated from 
the vacuum tank.

The first- and second-order reaction rate con­
stants were fitted graphically to Arrhenius func­
tions

k =  Ae~E'RT (4)
An excellent correlation of the shock tube data was 

obtained using an Arrhenius plot based on first- 
order reaction rate constant. The scatter was 
small in spite of the wide variation in experimental

(12) H. S. Click J. J. Klein and W. Squire, J. Chem. Phys., 27, 850
(1957).
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T a b l e  I
Shock  T u be  P y r o l y sis  o f  M eth a n e

Feed compn.
Vol. %  CIT 
Vol. %  H2 
Vol. %  A

React, press., p.s.i.a.
Driver press., p.s.i.a.
Shock press., p.s.i.a.
Refl. shock press., p.s.i.a. 
Reactant temp., °K.
Driver temp., °K.
Shock temp., °K.
Refl. shock temp., °K.
Shock wave vel., ft./sec.
Contact discontinuity vel., ft./sec. 
End plate res. time, millisec. 
Total material bal., %
H2 material bah, %
Methane conv., %
Feed compn.

Vol. %  CH4 
Vol. %  IT 
Vol. %  A

React, press., p.s.i.a.

-10

00- 0S -
1.25 1 .25 1.25 1.25 1.25 1.25 4.1 4.4 3.3

125 125 125 125 125 125 215 215 215
13 13 13 14 13 13 38 42 33
53 50 50 56 53 50 156 174 140

-3 0 0 ------
-300------

1005 972 972 1029 1002 979 960 975 1008
1701 1656 1656 1750 1707 1671 1701 1680 1813
3148 3091 3091 3208 3148 3091 2931 2962 3038
2143 2094 2094 2195 2145 2094 1940 1960 2007

1 .6 1 .9 2.4 1.7 1.8 1.8 1.4 1.5 1.8
98.0 99.5 98.8 99.3 99.9 99.4 99.2 99.4 99.8
94.3 98.1 95.3 97.2 98.8 97.7 96.9 97.5 99.3
10.4 8.8 12.5 13.0 9.1 7.6 21.2 13.7 48.8

2------------ ---------- 0 .9........— —  0 .9 —

-98-
2.0 2.15 4.1 2.9 2.5

- 0 .0 -
-08.5

92.3 2.2 3.1
Driver press., p.s.i.a. 
Shock press., p.s.i.a.
Refl. shock press., p.s.i.a. 
Reactant temp., °K. 
Driver temp., °K.
Shock temp., °K.

215
26

113
300
300

1032

215
24

103

215
33

130

215
28

117

215
25

106
-298
-298

215
25

108

215
24

105

215
24

105

215
29

120

1073 864 969 1013 1064 1076 1076 954
Refl. shock temp., °K. 1875 1965 1650 1870 1860 1960 2040 2040 1790
Shock wave vel., ft./sec. 3078 3172 2424 2972 3047 3148 3184 3184 2931
Contact discontinuity vel., ft./sec. 2040 2140 1800 1980 2025 2110 2130 2130 1950
End plate res. time, millisec. 2.1 1.5 1.3 2 . 0 1 . 6 1 . 8 1.5 1.6 1.4
Total material bal., % 98.8 1 0 0 .0 125.1 129.0 1 2 0 .8 113.2 120.3 124.6 115.3
1I2 material bal., % 95.5 1 0 0 .1 1 1 1 .2 117.6 117.8 108.4 128.6 118.7 107.4
Methane conv., % 75.0 8 6 . 2 2 2 . 0 79.5 50.0 79.8 93.1 8 8 . 1 54.0

conditions. Furthermore, when the correlation from the shock tube data. On the basis of these
was extended to the low temperatures at which 
Shantarovich and Pavlov carried out their studies, 8 
an excellent fit of their data was obtained, as shown 
in Fig. 2. This is good evidence for the selection 
of first-order kinetics. Pressure provides addi­
tional evidence. The Arrhenius plot data of 
Shantarovich and Pavlov were obtained at CTE 
pressures of 100 mm. The data of this investi­
gation were obtained at methane partial pressures 
up to 290 mm. and total pressures of about 1 0 0  
p.s.i.a. The insensitivity of the rate constant 
to a threefold increase in methane partial pressure 
also tends to indicate that, the reaction is first 
order.

The data were further tested by assuming that 
the reaction could be second order. Second-order 
reaction rate constants were calculated and fitted 
to an Arrhenius line. When plotted in this 
fashion, the shock tube data gave an empirical 
activation energy of 133 kcal./mole. This acti­
vation energy is considerably greater than that 
required to break the strongest bond strength 
in reacting methane by such a large amount. 
The data of Shantarovich and Pavlov , 8 recal­
culated on the assumption of second-order kinetics, 
failed to fall on the experimental line extended

observations, the possibility that the reaction is 
second order is discounted.

While it is possible that the reaction follows 
fractional order kinetics, the shock tube tech­
nique does not permit resolution from the nearest 
integral order over the variable ranges covered 
in this study.

The excellent fit of the data to a first-order 
Arrhenius function, the insensitivity of the system 
to changes in methane pressure, and the demon­
stration that the reaction is not second order, leads 
to the conclusion that the homogeneous decom­
position of methane follows first-order kinetics 
over a wide range of conditions.

The first-order rate constant fitted to the com­
bined high and low temperature data has a value of
1.32 X 1014i?— oa.ooo/«v Rec - 1  The measured 
frequency factor agrees with the value predicted 
by the kinetic theory of gases for a unimolecular
reaction, 1 0 13—1 0 1 sec. The measured acti-
vation energy is also in substantial agreement 
with the values, 78-95 kcal./mole, reported by 
other investigators for the reaction at lower 
temperatures. 13

The activation energy for methane pyrolysis 
measured in this study may be in error because of
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several reasons. It is essential that measurements 
of the incident and reflected shock velocities be 
correct, for the reaction temperature is calculated 
from these data. The rise time of the SLM 
transducers to a step increase in pressure, about 
15 ¡¡¿seconds, does not introduce any error be­
cause the shock velocities are calculated from the 
measured time delays of the arrivals of the shock 
fronts at the transducer locations. The measured 
wave velocities would, therefore, be the same if 
the transducer rise times, which do not differ, 
were 0 or 15 ¿¿seconds. Error may be introduced, 
however, because of the difference in rise times of 
the calibrators used in the transducer circuits. 
A difference of ±  20 ¿¿seconds would cause the 
activation energy to vary between 92 and 96 kcal.

In shock wave experiments, it is not possible 
to determine precisely the temperature at which 
all of the reaction occurs, because some takes 
place during the cooling process. This would 
cause the observed conversions at the calculated 
“ reaction temperatures”  to be high, which in turn 
would cause the reaction rate constants to be over­
estimated. To determine this effect on the acti­
vation energy, cooling rates were calculated from 
the transducer pressure time histories, assuming 
an adiabatic expansion. These cooling rates varied 
from about 2 0 0 °K./millisec. for the lower tem­
perature experiments to 300°K./millisec. for the 
higher temperature ones. The additional con­
version which occurred after the arrival of the 
cooling wave at the end plate was determined from 
these cooling rates, the measured rate expression, 
k =  1.32 X lOl4e_93’00°/fl7’, short time incre­
ments, and equation 2 . The calculations, made 
at three temperature levels: 1650, 1750 and 1950°-
K., were continued until the conversions became 
constant, signifying that the reactions were 
“ stopped.” The actual conversion at the reflected 
shock (“ reaction” ) temperature then was calcu­
lated, permitting new rate constants to be de­
rived. Using these new rate values and the low 
temperature rate data of Shantarovich and Pav­
lov ,8 an Arrhenius plot was made which resulted 
in an activation energy of 91 kcal.

Because the chief sources of error, as discussed 
above, cause a total uncertainty of less than 5 kcal., 
it is believed, therefore, that the reported acti­
vation energy is likely accurate to within ±  1 0 %.

The strong effect of hydrogen inhibition, re­
ported in the literature, has not been observed at 
the high temperature conditions of this study. 
The work of Shantarovich and Pavlov8 indicated 
that at a conversion level of 40%, the ratio of the 
rate of the reaction inhibited by hydrogen to the 
initial uninhibited reaction rate would be 0.04. 
Mixtures of hydrogen and methane of 0.64 mole 
ratio were pyrolyzed in the shock tube to deter­
mine whether hydrogen inhibits the reaction at high 
temperatures. The operating conditions for these 
runs are listed in Table I. In an experiment at 
2040°K., 93% of the methane was converted. 
If the inhibition reported by Shantarovich and 
Pavlov8 is used to calculate the extent of the in-

(13) B. Brooks, C. Boord, S. Kurtz and L. Schmerling, “ The 
Chemistry of Petroleum Hydrocarbons,”  Vol. II, Reinhold Publ. 
Corp., New York, N. Y., 1955, p. 71.
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Fig. 2.— Plot of log K  as a function of temperature show­
ing the data of this investigation and the low temperature 
data of Shantarovich and Pavlov.

hibited reaction at these temperatures, only 1 0 %  
conversion would have been predicted (Table II).

T a b l e  II
M e t h a n e  C o n v e r sio n , %

No H2 Il2
Measured inhibition“ inhibition &

50.0 61.8 4 .4
79.5 79.5 9.3
93.0 95.0 9.7

0 Calculated from this study. 6 Calculated from Shan­
tarovich and Pavlov.

Several experiments were carried out in which 
deuterium was added to the methane-argon 
mixture. Because the deuterium concentration 
was low and because of interference in the mass 
spectrometer caused by water, it was not possible 
to measure the deuterated methane that might 
have been in the reaction product. HD was found, 
however.

Discussion
The kinetics of the thermal decomposition of 

methane have been defined over the temperature 
range 1656-1965°K. While the kinetics are in 
substantial agreement with other studies made at 
lower temperatures, the high temperature reaction 
exhibits a feature that is distinctly different. The 
high temperature, homogeneous reaction is not 
inhibited by hydrogen as might be expected.

The absence of high temperature h3'drogen 
inhibition may be due to either of two causes. 
The one which first suggests itself is that the hy­
drogen inhibition step in the reaction sequence is 
a heterogeneous one, as found by Germain and 
Vaniscotte.9 Because wall reactions are of no 
significance in a shock tube, hydrogen inhibition
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would therefore not occur when methane is py- 
rolyzed in such a reactor. Skinner and ltuehr- 
wein14 pyrolyzed methane in a shock tube at tem­
peratures between 1430 and 1785°K. Although 
their highest temperature experiment resulted in 
a CH4 conversion of about 50%, they noticed no 
inhibitory effect of hydrogen.

A second possible explanation is that a different 
termination step predominates under the homo­
geneous high temperature conditions of the shock 
tube, resulting in no hydrogen inhibition. If such 
a termination step is assumed, and it is further 
assumed that the primary step in methane pyroly­
sis is the formation of methylene radicals, CH2, 
then a reaction sequence may be written which 
explains both the low temperature, conventional 
reactor studies, and the present high temperature 
shock tube study.

Such an assumption finds support in the litera­
ture as noted below. Although the data presented 
in this paper are not sufficient to establish the pro­
posed mechanism, it is believed that such a mech­
anism explains the observations made in this as 
well as more conventional studies better than a 
methyl radical mechanism. It is hoped that the 
results and proposed interpretation will stimulate 
others in this field to identify the elusive and highly 
reactive CH. radical.

The mechanism proposed in this study involves 
free radical reactions as required by the deuterium 
experiment. The HD observed in the products 
probably arises from the reactions 

II +  D .— HD +  D 
D +  CH4 —  ̂ HD +  CH3 
CH3 +  D2 — ^ CHjD +  D

The reaction seems to have a negligible chain 
length. Greene, et al.,u added some NO to ethane 
before pyrolyzing it at a high temperature in a 
shock tube, and apparently noted no effect on the 
reaction rate. If the chain length is sufficiently 
short, the measured kinetics would represent those 
of the primary step. This primary step may be 
decomposition of methane to either CH3 or CII2 
radicals. The decomposition to CH3 would re­
quire an activation energy of at least 1 0 1  keal. 
The decomposition to CII2 would be endothermic 
by 85 keal. 16 and have an energi' barrier of 9 keal.8 
Therefore, if the pyrolysis of methane at shock tube 
conditions involves a non-chain process whose 
primary step is the decomposition of CH4 to CH2, 
the over-all activation energy wou'd be about 94 
keal. The measured experimental activation energy 
of 93 keal. tends to agree with the decomposition to 
methylene radicals, although the higher activation

(14) G. B. Skinner and R. A. Ruehrwein, T his Journal, 6 3 ,  1730 
(1959).

(15) E . F. Greene, R. L. Taylor and W. L. Patterson, Jr., ib id ., 62, 
238 (1958).

(16) N. N. Semenov, “ Some Problems in Chemical Kinetics and 
Reactivity,”  Vol. T, Princeton University Press, Princeton, X. J., 
1958.

energy for reaction to methyl radicals max’- be 
within the experimental error.

The opening step of the proposed mechanism is 
thus assumed to involve the decomposition of 
methane to methylene radicals. The reaction 
products arise from the subsequent reactions of 
CII3 formed by the abstraction reaction of CH2 
and methane. The inhibition of methane decom­
position arises from reaction 9 which is exothermic.

Primary rupture CH4 — >  CH2 +  H2 (5)
Reaction CH. +  CH4 — > CH: +  CH3 (6)

CH, +  CH, — C2H6 (7)
C .H s >  Products (8)

Termination CH2 +  H2 — >- CII4 (9) 
CH2 +  H2 — >- CH3 +  H (10)
CH4 +  H — ^ CH3 +  H2 (11)

This step may have both heterogeneous and homo­
geneous components. Germain and Yaniscotte9 
concluded that hydrogen inhibition involves both 
homogeneous and heterogeneous reactions. At 
the higher temperature, homogeneous conditions 
in the shock tube, an endothermic termination 
step CH2 +  H2 CII3 +  H may become impor­
tant. Consequent^, the system should reflect a 
change from one termination step to the other as 
conditions change. This is apparent from the rate 
expressions which can be written for the reaction 
on the customary basis of steady-state approxi­
mation of radical concentrations.
Over-all reaction rate

d(CII4) , f .  , A-,(CH4) +  (A,„
r - :  ai ■ = As(CH<) L + w f i D T d , ,

-  A-.KH.ri 
+ A-.KH.jJ

(1 2)
Hydrogen inhibited—A-9 )§>Aio

d(CH„) 2A-5(CH4) (13)di 1 -f- A’9(H-2)
A(CH4)

Noil-inhibited—Aio3> A'»
-  = 2A's(CH4) GY

The hydrogen inhibited expression is identical 
to the equation proposed by Shantarovich and 
Pavlov8 to correlate their data at high conversions. 
Furthermore, at low conversions, where H. in­
hibition is not important, equation 13 reduces to a 
first-order expression in agreement with the noil- 
inhibited equation 14. Equation 14 predicts first 
order kinetics and shows no H2 inhibition. This 
agrees with the shock tube findings.

I11 conclusion, it is believed that these studies 
define the kinetics of the thermal decomposition of 
methane at temperatures below 2000 °K. The 
data further indicate that the high temperature, 
homogeneous reaction is not hydrogen inhibited. 
Finally, the kinetics and energetics of methane 
decomposition determined in this work provide a 
new view into the behavior of hydrocarbons at 
very high temperatures.
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Radiolysis of liquid cyclohexane results in the formation of three major products— hydrogen, cyclohexene and dicyclo­
hexyl— in amounts that vary with the total radiation adsorbed. Examination of the reactions with three free-radical scav­
engers— butyl disulfide, butyl mercaptan and cyclohexene— demonstrates the formation of thermal hydrogen radicals and 
shows that hydrogen-radical reactions account for about 40% of hydrogen production. Radiolysis of C dR -C sD ,. mixtures 
gave an upper limit of about 25% for direct detachment of hydrogen. The remaining 35 to 60% of the hydrogen must form 
by other non-radical processes.

Introduction
Radiolysis of cyclohexane has been studied with 

170 Kv. cathode rays, 1 high-energy electrons, 2-3 
7 -radiation, 4-5 and heavy-particle radiation.5 Three 
major products result: hydrogen, cyclohexene and 
dicyclohexyl. The yields of these products are 
independent of linear energy transfer6 and tem­
perature3; variations in yield reported with y- 
radiation have been ascribed to dose-rate effects. 4-5 
Solutes also affect yield: iodine reduces hydrogen 
yield, but, except under special conditions,7 little 
or none of the expected hydrogen iodide is formed, 8-9 
benzene also reduces hydrogen yield,7 and both 
reduce the yield of cyclohexene, 3-6 as does oxygen. 3 
Total yields of free radicals from cyclohexane 
have been determined by scavenging with iodine9 
and with diphenylpicrylhydrazyl10 are in agree­
ment.

In spite of these investigations, the radiation 
chemistry of cyclohexane remains inadequately 
defined. Reported distributions of liquid products 
differ, 4 and the mechanism of hydrogen formation 
in this system is still open to speculation.8

Three approaches have been used to clarify the 
complex radiation chemistry of cyclohexane. 
Radiolysis of cyclohexane was examined over a 
range of total radiation doses, and the product 
distribution was extrapolated back to low total 
dose to determine the initial radiolysis products. 
Three free-radical scavengers—butyl disulfide, 
butyl mercaptan and cyclohexene—were used to 
determine yields of thermal and epithermal hydro­
gen radicals. Radiolysis of cyclohexane and cvclo- 
hexane-rf^ mixtures was used to investigate the 
production of non-radical hydrogen. Results from 
these experiments have been used to formulate a 
partial mechanism.

Experimental
Cyclohexane was research grade and freshly distilled from 

sodium. Cyclohexane-di2 containing 9.8%  cyclohexane-du
(1) C. S. Schoepfle and C. H. Fellows, Ind. Eng. Chem., 23, 1396 

(1931).
(2) FI. A. Dewhurst, J. Chem. Phys.. 2 4 , 12,64 (1956).
(3) II. A. Dewhurst, T h is Journal, 6 3 .  813 (1959).
(4) A. C. Nixon and R. E. Thorpe, J Chem. Phys., 28 , 1004 (1958).
(5) II. A. Dewhurst and R. H. Schuler, J. Am. Chem. S o c ., 8 1 , 3210 

(1959).
(6) R. H. Schuler and A. O. Allen, ib id ., 77, 507 (1955).
(7) G. Meshitsuka and M. Burton, Radiation Research, 10, 499 

(1959).
(8) M. Burton, J. Chang. S. Lipsky and M. P. Reddy, J. Chem. 

Phys.. 2 6 ,  1337 (1957).
(9) R. W. Fessenden and R. H. Schuler, J. Am. Chem. Soc., 79, 273

(1957).
(10) A. Prevost-Bernas, A. Chapiro, C. Cousin, Y. Landler and AI.

Magat, Disc. Faraday Soc., 12, 98 (1952).

(Merck), cyclohexene, n-butyl mercaptan and butyl di­
sulfide were used without purification.

Samples for radiolysis were degassed, sealed into glass 
tubes under high vacuum, and subjected to 7-radiation from 
spent uranium fuel slugs at Argonne National Laboratory. 
The dosimetry, supplied by Argonne, was based on a 
ferrous oxidation yield of 15.5; dose rate was approximately 
10ls e.v./g ./m in . After radiolysis, the samples were 
opened into a vacuum system and the hydrogen pressure 
was measured in a calibrated volume. The vapor pressure 
of cyclohexane was compensated for by a differential manom­
eter.

Infrared absorption at 13.94 m was used to measure the 
cyclohexene content. Gas chromatography was used to 
detect the products and to determine the amount of dicyclo­
hexyl formed. An estimate of the accuracy of the deter­
mination of cyclohexene and dicyclohexvl is shown in Fig. 1. 
Mercaptan content was determined by potentiomet.rie 
titration with silver nitrate.11 Disulfide was determined by 
refluxing the radiolysis mixtures with zinc, and acetic acid 
and analyzing an aliquot of the resulting solution for in­
creased mercaptan content. Sulfide was determined from 
the ultraviolet absorption of the sulfide-iodine complex.12 
Deuterium compounds were analyzed with a mass spectrom­
eter.

Product Distribution.—Formation of the three 
major identifiable products—hydrogen, cyelohex- 
ene and dicyclohexyl—might appear to result from 
simple free radical reactions

C6H,2 — > C 6H „- +  H- ( l )
II- +  C6H12 — > C6H „- +  H. (2)
2C6H „------ j-CeH .i +  CeH.o (3)

2CVH„------ M C sH nk (4)
Although these reactions probably occur, other 
equally important reactions also may take place. 
The distribution of three major products was 
studied over a ten-fold range in radiation dose. 
(7 -values of hydrogen, cyclohexene and dicyclohexvl 
are shown in Fig. 1 as functions of adsorbed radia­
tion. The reduced hydrogen formation with in­
creased radiation doses below about 1 0 20 e.v./g. 
confirms a previous study13 and also agrees with 
our observed decrease in G(cyclohexene) and 
increase in (7(dicyclohexyl). Though (((cyclo­
hexene) grows smaller, accumulating cyclohexene 
diminishes (7(1 1-2)

Cell,» T  II- — >- (AHi!* (5)
This higher cyclohexene concentration may also 
produce more dicyclohexyl radical

CeHjo +  CeHj,- — >- CjTL,- (6 )

The rise in G(dicyclohexvl) can be attributed to 
reaction 6  followed by hydrogen abstraction or 
disproportionation.

(11) M. W. Tamele and L. B. Ryland, -4naZ. Chem., 8, 16 (1936).
(12) S. H. Hastings, i b id . , 25, 420 (1953).
(13) W. Guenter. T. Hardwick and R . P. Nejak, J. Chem. P hys., 30, 

601 (1959).
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Radiation absorbed, e.v./g. X  10 20.
Fig. 1.— Radiolysis of cyclohexane.

In Fig. 1 , the product yields extrapolated to 
zero dose give a very poor hydrogen balance. 
Approximately 30% of the total hydrogen is not 
accounted for by formation of cyclohexene and 
dicyclohexyl. Some products boiling higher than 
dicyclohexyl—possibly eyclohexadiene polymers4— 
must have been formed, even though they were not 
detected by high-temperature gas chromatography. 
In addition, traces of hexenes and a minor product 
tentatively identified as cyclohexylcyclohexene 
were found. Methylcyclopentane also was found 
in traces and had been detected in previous studies 
with electrons'2’3; in studies with 7 -radiation, it 
was reported as a major product. 4

The G-values for cyclohexene and dicyclohexyl 
level out above about 1 0 20 e.v./g. and are between 
those obtained by cobalt-60 7 -radiation6 and those 
obtained by 800-kv. electrons3

Co-00 Electrons

Dose rate, e.v./g. min. X 10-17 10 2 900
Total dose, e.v./g. X  10-21 0 .2 -0 .5 6 2-6
G( cyclohexene) 2.2 1.1 2.5
G( dicyclohexyl) 1.5 0.8 2.0

These data support the view that differences 
observed result from dose-rate changes rather than 
from differences between the linear energy transfer 
of 800-kv. electrons and of 7 -radiation.5

Effect of Scavengers.—Free-radical scavengers 
were used to detect thermal hydrogen radical and 
to estimate a maximum and a minimum G(H-).

The presence of thermal hydrogen radical has 
been detected with iodine scavenging.7 This result 
agrees with our findings that the radiolysis of 
cyclohexane with butyl disulfide produces small 
amounts of butyl mercaptan

R S SR , 
moles/1.

T ota l dose, 
e .v ./ g . X 10-2° G(RSH )

0.06 3.6 0.3
.06 3.3 .3

.03 1.7 .4

.03 3.6 . 1

.015 1.2 2

Free radicals attack butyl disulfide by displace­
ment of mercaptide radical so that thermal hydro­
gen radical should produce mercaptan

Radiation absorbed, e.v./g. X  10 20. 
Fig. 2.— Free-radical yield.

H- +  RSSR — RS-  +  RSH
The mercaptan produced also reacts with radicals, 
so that a true Gfthermal H ) could not be obtained.

A maximum yield of hydrogen radical was ob­
tained by determining free-radical yields from 
cyclohexane with butyl mercaptan as a radical 
scavenger. The concentration of sulfide and di­
sulfide, the products of mercaptan scavenging, are 
plotted as a function of radiation in Fig. 2. 
G(RSSR) and G(RSR) are proportional to the 
slope of the line, and G(R ) is equal to twice their 
sum. 14 The G-value for total radicals produced,
5.6, confirms the 5.7 reported for iodine scaveng­
ing.9 Because a maximum of one hydrogen radical 
was produced for each alkyl radical, the maximum 
hydrogen yield from hydrogen radicals is half the 
total radical yield; thus, G(H2 from IT) can be no 
greater than 2 .8 .

The minimum hydrogen-radical yield was deter­
mined by cyclohexene scavenging. As was shown in 
Fig. 1, cyclohexene produced during the radiolysis 
of cyclohexane apparently lowers the G(H2) from 6 . 6  
to 4.8. Figure 3 shows that adding gross amounts 
of cyclohexene reduces G(H2) to about 4.2. If the 
total reduction in hydrogen yield is due to scaveng­
ing hydrogen radical by cyclohexene and not to an 
unknown protection mechanism, G(H2 from H-) can 
be no greater than 2.4. This value agrees with a 
previous observation with high-energy electrons, 3 
supports the maximum value of G(H-) obtained in 
the mercaptan experiments, and indicates that 
about 35% of the hydrogen is formed by reaction 
of thermal hydrogen radical. The yield of epi­
thermal hydrogen radical must be less than the 
difference between that of total hydrogen radical 
and the decrease in hydrogen yield from scavenging; 
that is, G(Epithermal H-) must be less than 0.4, or 
about 5% of the total hydrogen yield.

Non-radical Hydrogen.—The nature of the 60% 
of the hydrogen not formed from hydrogen radical 
was examined by radiolysis of mixtures of cyclo­
hexane and cyclohexane-di2 and measurement of the 
amount of hydrogen, hydrogen deuteride and deu­
terium produced. Hydrogen produced by reac­
tion 2  should be randomly mixed; that is, to a rea­
sonable first approximation

( H D ) 2 „

(H2) ( D 2)
Non-random hydrogen and deuterium formed dur-

(14) T. D. Nevitt, W. A. Wilson and H. S, Scelig, Ind. Eng. Chew.., 
61, 311 (1959).
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ing the radiolysis can be calculated15 from 
expression

A' =  1 - r nn;)- T/*
L4(H2)(Ib)J

the

where X  is the fraction of non-random hydrogen and 
deuterium. As shown in Table I, more hydrogen 
and deuterium were formed than calculated for 
random mixing. The non-random hydrogen and 
deuterium account for less than 25% of the total 
if the results are extrapolated back to low total ra­
diation absorbed. Introduction of an aromatic, 
benzene, did not change this value, although total 
reaction decreased.

T a b l e  I
R a d io l y sis  of C 6H ,2- C 6lt ii

Radiation Fraction
dose non-

C ’ i U , . / X 1 o  -, Isotopic nnalys s random
( V D i ; e.v./p. H : nn D . IÍ2 +  I)
0 .95 3 .3 0 .44 0.39 0 .16 0 .26
1.11 5 .5 .50 .37 .13 .27
0.45 5 .2 .37 .39 .23 .33
0.87 11 .47 .37 .16 .32
1.58“ 11 .48 .39 .13 22
20% C6D 6 present.

Formation of non-random excess hydrogen and 
deuterium can be explained by direct detachment of 
molecular hydrogen15

C6Hi2 — C6H,o +  lb
Thus, up to 25% of the reaction might occur by de­
composition of excited cyclohexane molecules to hy­
drogen and cyclohexene. Results based on oxygen 
scavenging gave a value of about 15%.3 In the 
presence of benzene, reduction of the total yield 
of hydrogen isotopes without a change in the ratio 
among them supports the view that benzene de­
creases both radical and non-radical hydrogen 
formation.7

If direct detachment of hydrogen occurs, forma­
tion of the remaining 35% random-mixed unscav­
enged hydrogen remains to be accounted for in 
terms of mechanisms involving ions or excited mole­
cules. For example, hydrogen may form by the 
reaction of cyclohexane molecule-ion on its first

(15) L . M . Dorfm an, T his Journal, 6 0 ,  820 (I95G).

I) 0.5 1.0
%  cyclohexene added.

Fig. 3.— Radiolysis of C6HI2- f ' 6H i0.

collision, with subsequent decomposition of the 
ionic intermediate

F 'f iH jo -  - f -  C e H j « ------->  C e H i3 +  - f -  C A H n *

C6H13+ +  e ~ — 5- C6H „- +  Ho
On the other hand, because decomposition of the 
C6H13+ species also may not be random, non-random 
excess hydrogen need not form from cyclohex­
ane by direct detachment of molecular hydrogen. 
Although similar ionic mechanisms have been sug­
gested, 1416 reactions of such ions in a liquid phase 
hydrocarbon system are difficult to demonstrate. 17 
Thus, postulation of hydrogen formation through 
any particular ionic species or excited molecule is 
highly speculative.

Conclusion
Despite the formation of only three major prod­

ucts, the radiation chemistry of cyclohexane is 
complex. Products of radical reactions account 
for less than 40% of the total. No more than about 
25%, of the reaction can occur by direct molecular 
detachment o: hydrogen to form cyclohexene. By 
inference, 35 to 60% of the product must be formed 
by undefined processes.

(16) For example, see H. A. Dewhnrst, J .  Am. Chem. S oc., 8 0 ,  5607
(1958) ; P. C. Chang, X. C. Yang and C. D. Wagner, ib id ., 8 1 ,  2060
(1959) .

(17) However, see E. Collinson, F. S. Dainton and H. A. Gillis, 
T h i s  Journal, 6 3 ,  909 (1959).
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A DILATOMETRIC STUDY OF THE CYCLOHEXANE ANILINE SYSTEM 
NEAR ITS CRITICAL SEPARATION TEMPERATURE1

By M arilyn E. Jacox , John T. M acQueen and 0. K. R ice

Department of Chemistry, University of North Carolina, Chapel Hill, North Carolina
Received September 21, 1959

It is shown that the coefficient of expansion of the homogeneous mixture of cyclohexane and aniline has a normal value 
just above the critical temperature. The change of volume which occurs on mixing two phases, which were in equilibrium 
slightly below the critical temperature and which have been warmed to slightly above the critical temperature is, however, 
much smaller than expected. The results are discussed in terms of the mechanism of mixing in the immediate neighborhood 
of the critical point, with due regard for the probability that the interfacial tension between the two phases vanishes while 
the phases still differ in composition.

The density of coexisting phases of the cyclohex­
ane-aniline system and of the homogeneous mixture 
just above the critical solution temperature have 
been measured by Atack and Rice , 2 -3 using a sub­
merged float suspended by a quartz fiber spring. 
These measurements indicated a possibility that 
the homogeneous liquid just above the critical tem­
perature had a rather large negative coefficient of 
expansion, although the temperature range was so 
narrow that the actual changes in density were so 
small that they had to be regarded as within the 
possible limits of error. The presently reported 
measurements were begun to check on the possi­
bility of an anomalous coefficient of expansion. It 
was also desired to ascertain whether there was a 
sudden change of density at the critical tempera­
ture. There appears to be a range of critical com­
positions in the cyclohexane-aniline system2 - 4  cor­
responding to a flat horizontal section of the co­
existence curve, and Atack and Rice3 found a sud­
den change in the density of the upper portion of 
the mixture on lowering the temperature past the 
critical temperature, resulting, they believed, from 
the sudden appearance at the critical temperature of 
two phases of distinctly different composition. If 
the density of the homogeneous liquid just above 
the critical temperature is not exactly the mean 
(properly weighted according to the amounts of the 
phases) of the densities of title two phases just be­
low, passing through this temperature would cause 
a sudden change in the volume of the entire system.

We have accordingly made measurements of the 
volume of a mixture in the critical range, using a 
dilatometrie method. Direct measurements of the 
position of the meniscus in the capillary of a dila­
tometer were made. We also made some measure­
ments in which the system was cooled just below 
the critical temperature, so that two phases were 
present. The system then was heated just above 
the critical temperature without stirring, so that 
two phases were still present, and the change of the 
position of the meniscus upon stirring then was re­
corded as a function of the temperature to which 
it had been cooled.

It will be noted that our motivation was some­
what different from that of earlier workers who 
have made similar measurements,5 and our meas-

(1) Work supported by the Office of Ordnance Research, U. S. Army.
(2) D. Atack and O. K. Rice, Disc. Faraday Soc., 15, 210 (1953).
(3) D. Atack and O. K. Rice, J. Chem. Rhys., 22, 382 (1954).
(4) R. W. Rowden and O. K. Rice, “ Changements de Phases,”  

Compt. rend. 2e Réunion Annuelle, Société tie Chimie Physique, Paris, 
1952, p. 78.

urements have been largely, although not en­
tirely, confined to temperatures very close to the 
critical.

Experimental Details
Materials.— The cyclohexane was from the National 

Bureau of Standards, sample No. 209a-25, with 0.010 ±  
0.006 mole %  impurity, and was used without further 
purification. The aniline, part of a special cut provided 
by National Aniline, was thrice distilled, the last two times 
in an aspirator vacuum, discarding the first and last 10 cc. 
and collecting the distillate over zinc dust. The resulting 
purified aniline was twice reerystallized, then distilled 
four times in a high vacuum system and sealed in an am­
poule under vacuum. Two 9.5-cc. samples, each 0.451 
mole fraction aniline, were prepared for the final sample, 
and were exhaustively dried, as described in earlier work 
from this Laboratory,2-4 by successive distillations over 
calcined calcium oxide. The composition chosen was within 
the critical range of the cyclohexane-aniline system, and 
the phase boundary always appeared slightly above the 
middle of the tube.

The dilatometer consisted of a bulb containing a magnetic 
stirrer leaving a volume of 14.8 ±  0.3 cc. available to 
the liquid, connected through precision capillary tubing 
(Fischer and Porter) with inside diameter 0.0820 ±  0.0008 
cm ., to a reservoir, as shown in Fig. 1.

The purified samples were combined and distilled into 
the reservoir, which then was sealed off with the sample 
frozen. With the sample thoroughly mixed and held above 
the critical temperature, it. was poured through the capil­
lary into the dilatometer bulb. When the capillary was 
completely filled at 32.5°, it was found tiiat the liquid 
level was conveniently centered in the capillary upon lower­
ing the temperature to the critical temperature. The 
dilatometer, containing the proper amount of liquid, was 
sealed off at the top of t he capillary. This was accomplished 
by blowing streams of liquid nitrogen against the capillary 
at the point where the menieus stood, thus forming a frozen 
plug to seal the liquid in the dilatometer. At the same 
time warm jets of air were directed at the capillary, im­
mediately above the cold jets, to prevent more liquid from 
the reservoir from condensing into the capillary.

The dilatometer was held firmly in place in a water- 
bath by a simple brass rack. The liquid level in the capil­
lary was measured with respect to a reference mark fused 
onto the capillary wall, using a Gaertner Scientific Corpora­
tion micrometer slide cathetometer capable; of measuring 
vertical displacements up to 2.5 cm. accurate to at least 
0.001 cm. Our actual reproducibility was about 0.002 
cm.

Temperature Control and Measurement.—The dilatom­
eter was immersed in a bath whose temperature was con­
trolled to about ±  0.001°. The temperature was measured 
by a platinum resistance thermometer and Mueller bridge 
assembly. We found that the effect of room temperature on 
the unthermostatted coils of the Mueller bridge was a dis­
turbing influence, and in this case we have no control by 
simultaneous comparison of different tubes in the same bath, 
as in previous studies. Direct observation indicated that 
around 26°, a change of 1° in room temperature would pro-

(5) See, e.g., G. Jura, D. Eraga, G. Maki and -J. H. Hildebrand, Proc.
Natl. Acad. Sci. U. S., 39, 19 (1953); I. R. Krichevskii, N. E. Khaza-
nova and L. R. Linshits, Zhur. Fix. Khim., 29, 547 (1955).
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Tc vacuum

Fig. 1.—Sketch of dilatometer, with arrangement for filling.

duce a change of 0.0025° in the reading of the resistance 
thermometer. All readings were reduced to 26°. The 
room temperature was always within 2 ° of 26°, and usually 
within 1°.

Results
A number of checks were made on the transition 

temperature of the mixture in the dilatometer. 
Exact reproducibility was not obtained, perhaps 
because of difficulties in observation of the fairly 
large sample, possibly in part due to difficulties of 
temperature regulation or equilibration of the large 
sample, and perhaps in part due to personal dif­
ferences of two different observers. Various ob­
servations gave temperatures ranging from 29.529 
to 29.533°, on the scale used. The mean, 29.531°, 
is, in any case, within 0 .0 0 2 ° of the extremes.

A series of readings was made on the level of the 
liquid in the capillary. These were made by allow­
ing the dilatometer to come to equilibrium at some 
temperature, then slowly changing the tempera­
ture, allowing sufficient time for equilibration be­
tween readings. These results are displayed in 
Fig. 2. In order to avoid a great multiplicity of 
figures, the readings for the different series of runs 
are displaced vertically with respect to each other, 
the scale for each series of runs being indicated.

After the series of readings described above were 
made, some observations of a different character 
were made. The sample was cooled to a tem­
perature Ti, usually below the critical temperature, 
and allowed to come to equilibrium for at least an 
hour (sometimes overnight). The temperature 
then was raised to a temperature T2, above the 
critical temperature, and held there about an hour. 
It then was stirred, and an almost immediate ob­
servation was made of the change, Al, of the height 
of the liquid in the capillary which occurred as the 
phase boundary disappeared on stirring. The re­
sults of these experiments are shown in Table I. 
The order of the experiments is given by the first 
column. The mixture always expanded on stir­
ring.

The last experiment recorded in Table I was a 
special experiment. The sample was allowed to 
stand for some days in a refrigerator at 5.0°, was 
stirred at this temperature, and then allowed to 
stand for two more days. It then stood at room 
temperature for over four hours and finally was 
placed in the bath. It was not stirred and the 
phase boundary remained sharp and clear, there 
being no indication of opalescence. The position 
of the meniscus in the capillary was noted, the re­
sults shown in Fig. 3 being obtained; in each case

29.525 29.530 29.535 29.540
T (°C .).

Fig. 2.—Dilatometrie measurements: open circles, one
phase present; half black circle, two phase present; circle 
with line doubtful (meniscus, if present, invisible, on ac­
count of opalescence); arrows indicate order in which read­
ings were made If two points are connected with a solid 
line the mixture was not stirred between readings. A broken 
line means stirring between readings.

1' (°C .).
Fig. 3.— Dilatometric measurements over a greater 

temperature range: half black circles, two phases present,
after chilling to 5.0° without subsequent stirring; slope ol 
line, 2.6 cm./deg. Open circles, one phase presen slope 
of line 3.4 cm./t.eg. Length of broken line shows change on 
stirring.

the level remained constant for one-half hour be­
fore recording. (The “ free length”  is the distance 
from the met.incus to the top of the capillary. A 
correction had to be made since there was some liq­
uid in the upper part of the capillary, which was 
not readily dislodged. This had not occurred in 
the earlier measurements.) After the reading at 
30.143° the sample was stirred. At first the vol­
ume suddenly contracted until there was some free 
space in the dilatometer bulb. With further stir­
ring, during the next minute or two, the volume in-
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Table I
AV/V

No. Ti T, (av.) «  — *1 AFcalc/F
i° 29.548 29.571 0.00
3“ 29.538 29.562 .00
4“ 29.534 29.565 .00 ,
66 29.533 29.552 .00 to 0.01 2 X 10 “ 7 0.056e 6.3 X  10" 8
7b 29.533 29.545 . 00 to . 02 4 X 10 7 ,056e 6.3 X  IO“ 6
b" 29.532 29.545 .01 to .02 5 X 10- 7 ,059e 7 .0  X  10" 6
2C 29.530 29.547 .03 to .04 1.25 X 10“ 6 ,065e 8 .5  X  IO" 6
86 29.530 29.542 .04 to .05 1.6 X 10-0 ,065e 8 .5  X IO“ 8

10c 29.528 29.544 .06 2.1 X  10 " 6 ,070e 9 .9  X 10-®
9' 29.524 29.536 .09 3.2 X 10-« ,079e 1.3 X  IO" 5

I F 5 .0 30.143 Z9d 1.39 X  10~3 ,83/
a No meniscus. 5 Meniscus visible at 7\ before stirring; invisible or doubtful at Ti because of opalescence. c Meniscus 

visible at Ti and at 7'2 before stirring. d Corrected to 29.54°. e From Fig. 2 of reference 7, taking Tc — 29.533, which 
seemed most consistent with this set of observations. f  Estimated from Fig. 3 of reference 8.

creased, reaching the position indicated in Fig. 3, 
the over-all change in its position being given in 
Table I, corrected to 29.54°. The other readings 
on the upper curve were made the next day; again 
there was one-half hour constancy before the final 
recording was made.

Discussion
It is clear from the above results that there are 

no very remarkable volumetric effects in the neigh­
borhood of the critical point. The apparent nega­
tive expansion coefficient suggested by the results 
of Atack and Rice is not confirmed. A rough value 
of the expansion coefficient of the homogeneous 
phase above the critical temperature, calculated 
from the dimensions of the apparatus and the slopes 
of the lines shown in Fig. 2 (weighted as indicated 
by the circled numbers, this being based mostly on 
the temperature range involved in each case, sec­
ondarily on the number of readings taken) is 1.2 X 
1 0 - 3  per degree, which is in the normal range. 
From the two extreme points for the one phase sys­
tem in Fig. 3, the temperature coefficient appears to 
be 1.19 X 10 ~3, in good agreement. The coef­
ficient of expansion for pure cyclohexane at 30° is6
1.22 X 10~3, that for aniline is6 0.85 X 10-3.

To analyze the data of Table I, we will attempt 
as a preliminary proposition to represent the molai 
volume as a simple quadratic function of the mole 
fractions

V = Fc +  Oi(x — xc) +  a2(x — x„ ) 2 ( l )

where x represents the mole fraction of aniline and 
the subscript c refers to a solution at the middle of 
the critical range. In view of the anomalies in 
the neighborhood of the critical point we may ex­
pect that such a curve would not be valid for the 
whole range of x; indeed, we shall see that it is 
not. It may, however, at least give us a norm, in 
terms of which deviations may be described. It 
has been shown by Rice7 that the mole fractions xi 
and .c2 of solutions in equilibrium with each other at 
temperature 1\ are related by

x2 — X\ — b(Tc -  T\ +  0.005°)'A (2)
where Tc is the critical temperature (highest tem­
perate at which a meniscus can be observed) and b 
is a constant. Having effected the separation of

(0) J. Timmermans, “ Physico-Chemical Constants of Pure Organic 
Compounds,”  Elsevier Publishing Co., Inc.., Houston, Texas, 1950.

(7) O. K. Rice, J . Chem. Phys., 2 3 , 164 (1955).

phases at a certain temperature rJ\ we now raise the 
temperature to one just above Tc, anc in this proc­
ess x-i — Xi will not change much, nor will the cor­
responding difference of molal volumes, V2 — Fi. 
If we have ni moles of solution with aniline mole 
fraction x\ and n2 moles with aniline mole fraction 
x2 such that n-y +  n2 =  1 , then the volume before 
stirring will be, if eq. 1 holds
niVi +  n2F2 =  Vc +  niOi(xi — xc) +  n2ai(x2 — x„) +

n,a2(xt — Xc)2 +  n2a2(x2 — xc)2 (3)
The mole fraction after stirring will be niXi +  n2x2 
and the total molal volume will be given by
V  =  Vc +  a, [»fix, -  xc) +  n2(x2 — xc)] +

a2[rti(x, — xc) +  n2(x2 — X c ) ] 2  (4)
Subtracting eq. 3 from eq. 4, remembering n, +  n2 
=  1 we find

AFcdc =  F  — niVi — n2F2 =  — a2n,n2(xi — x: )2 (5) 
or, by (2 )

AFcaic =  —ciibihriiiTc — T, +  0.005°)!/a (6)

This suggests that we should plot Al. which is pro­
portional to AF, against (Tc — Ti +  0.005°)!/3. 
This is done in Fig. 4, and Al is also plotted against 
(Tc — TiY/s which, since nxn2 is almost constant, 
should give a straight line passing through the ori­
gin if there were no flat top to the coexistence 
curve. It is seen that the latter condition is nearly 
fulfilled; however, we feel that the independent 
evidence that the coexistence curve is actually 
truncated about 0.005° below that would be the top 
of a rounded curve is very good , 2 .3 '7 and it would ap­
pear much more sensible to find the value of x2 — 
Xi corresponding to a given from the available 
data7 -8 (this is done in Table I) and use this in eq. 5 
to find a A F ca ic  to compare with the experimental 
AF. AFcaic is, of course, a calculated value only in 
the sense that it is calculated on the basis of a sec­
ond-degree curve, the constants of which have to 
be found empirically. Schlegel9 and Atack and 
Rice2 3 have both given densities in the critical re­
gion which, combined with densities of the pure 
liquids, could be used to find a value for a2. How­
ever, their results are not in good agreement, and 
it seems best for present purposes to find a2 from 
run no. 11 of Table I and use this value to get 
AFcaic/F. In this way we have found AFcaic/F

(8 ) H . Schlegel, ./. chim. phys., 3 1 , 517 (1934).
(9) H . Schlegel, ib id .,  3 1 , 668 (1934).
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for the other runs listed in Table I, using ni = 
n2 =  y 2, which is sufficiently close to our experi­
mental conditions, especially since the product n-pn-i, 
with +  n2 =  1 , is quite insensitive to the indi­
vidual values.

It- is seen that in Table I the AF of mixing is, in 
all runs except run no. 1 1 , small compared with 
that calculated using run no. 11 as a basis. The 
molal volume curve then, as is the case with other 
thermodynamic properties, must become anoma­
lously flat near the critical composition. This can 
be given a physical interpretation if the vanishing of 
the meniscus at Tc occurs because of the vanishing 
of the interfacial tension between two phases which 
have not actually become identical. 10’ 11 We would 
then really have mixing (“ emulsification” ) of two 
phases, without their complete mutual solution on 
a molecular scale, so, just at the critical tempera­
ture, there would be little or no change of volume 
on mixing and there would still be an anomalously 
small change of volume if the mixing occurred at a 
temperature T2 a couple of hundredths of a degree 
above Tc.

We believe that this effect is real, and not caused 
by the conditions of the experiment. We assume 
that temperature equilibrium was achieved before 
the measurements were made. In run no. 11 this 
seems fairly certain from the procedure used in the 
observations. We also assume that there is no 
equilibration of material between phases on raising 
the temperature. If there were such equilibration 
in run no. 1 1 , t his presumably would cause Al to be 
too small and so would tend to cover up the effect. 
Equilibration of material in the other runs would 
lower their AZ’s and so appear to enhance the effect, 
but it seems quite impossible that there would be 
appreciable diffusion in an hour of time without 
stirring. If temperature equilibrium in these cases 
were incomplete in the hour, and then were sud­
denly effected by a few seconds stirring, this would

(10) 0 . K. Rice, J. Chem. P h y s ., 15, 314 (1947).
(11) O. K. Rice, T his Journal, 1293 54, (1950).
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Fig. 4.— Changes in reading, Al, of dilatometer on stirring a 

two-phase sj'stem equilibrated at 77.

increase Al and appear to diminish the effect. Also 
heat produced by the mechanical work of stirring 
could only increase the expansion. However, the 
mixing of the phases may result in cooling and con­
traction, though no tendency was observed for the 
meniscus to rise further on standing a short time 
after the first observation, except in the case of run 
no. 1 1 , in which, as we noted, there was an initial 
decrease in volume, which may have been due to 
cooling. In the other runs we may say certainly 
that the temperature did not decrease enough to 
bring the mixture to the transition temperature 
and slow down the rate of mixing. From the ex­
pansions observed in Figs. 2 and 3, it is seen that in 
the case of run no. 9, where T-2 is very close to Tc, 
the cooling effect could not be sufficient to change 
our conclusion that the change of volume on 
mixing is anomalously small. In any case it is hard 
to believe that merely a nice counterbalancing of 
heat, effect and true expansion, both of which cer­
tainly must decrease as Ti approaches Tc, could 
give the more or less uniform decrease in AF 
shown in Table I. We, therefore, believe that we 
have uncovered a critical phenomenon in the AF of 
mixing.
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The interfacial tension between two phases is considered in the framework of the theory developed by Cahn and Hilliard 
in which tl Le free energy of a non-uniform system is assumed to depend not only on concentrations but on their gradients 
Explicit account is taken of the observed cubic form of the coexistence curve. A phenomenological theory is developed for 
the coefficients in the expansion of the free energy in terms of concentrations and their gradients. The coefficients are as­
sumed to depend on the derivatives of the chemical potentials with respect to composition, but it is assumed that as one de­
parts from the critical point, the contributions from derivatives of partial molal energies and entropies can become in a cer­
tain sense independent of each other. A plausible argument makes the interfacial tension in a binary liquid system roughly 
proportional to (1\ — T)'h (T  =  temperature, T0 =  critical temperature), accidentally the same result obtained by Cahn 
and Hilliard on the basis of other assumptions. In a liquid-vapor system the surface tension is estimated to be propor­
tional to ( Tc — Ty/t, the difference arising because there is no Gibbs-Duhem equation in this case. It is shown that the 
theory is consistent with Tolman’s theory of surface tension. Effects of pressure variations in the transition region are 
considered. Finally, a general thermodynamic formalism for non-uniform systems is developed.

1. Introduction
Recently Cahn and Hilliard2 have developed a 

thermodynamic theory of surfaces which can be 
used as the framework for a phenomenological study 
of the interfacial tension near the critical point of a 
binary liquid system. This theory is based upon 
the general idea that the free energy per molecule of 
a small portion of fluid must depend not only upon 
the concentration at the particular point but also 
upon the various spatial derivatives of the concen­
trations. It is our purpose in this paper to con­
sider the effect of the peculiarities of the critical re­
gion, and eventually to proceed to some more gen­
eral considerations.

Following the notation of Cahn and Hilliard, let 
c be the mole fraction of component B of the binary 
mixture and let x measure the distance perpendicu­
lar to the surface (we will consider only plane sur­
faces). The free energy per molecule, which the 
system at any point would have if there were no 
concentration gradients, will be denoted as / 0. 
This is equal to ( 1  — c)pa +  egb, where pa and pb 
are the chemical potentials, per molecule, charac­
teristic, of a uniform concentration c. The actual 
molecular free energy, which is a function as well of 
dc/d.r, b2c/b.v'2, . . . will be designated as/. In the 
two bulk phases in equilibrium with each other we 
have p a  = p a .e and p b  =  p b .p , where the subscript e 
denotes the equilibrium value. We now define a 
quantity A/  which differs from zero only near the 
interface
A/ = fo — (1 — C)pA,e — CpR.e = (1 — C)(pA — PA.e) +

C ( p  B —  P B . e )  ( 1 . 1 )

All quantities are evaluated at the same tempera­
ture. I f f  were equal to/n the interfacial tension a' 
would be obtained by integrating A/ across the in­
terface; actually Cahn and Hilliard have shown 
that

<r' =  A’v f " "  [A/ +  d d cA rF Icb  (1.2)

where k is a coefficient that is a function of c and T, 
where Vv is the number of molecules per unit vol­
ume. Vv can be assumed with good approximation 
to be constant. A term involving b2c/bx2 (whose

( l -) Work supported by the Office of Ordnance Research, U. S. Army.
(2) J . W. Cahn and J . E. Hilliard, J. Chem. P h y s 2 8 , 258 (J958).

coefficient, however, as we shall see, is probably 
zero) can by integration by parts be merged into the 
term involving bc/dx, its coefficient contributing to 
k . Higher derivatives and higher powers of bc/bx 
are neglected; they are higher order terms and are 
small near the critical point where the interface is 
not too sharp. Terms in the first power of bc/bx 
were eliminated by Cahn and Hilliard on grounds 
of symmetry, since the effect should not change sign 
when bc/bx does. At the expense of some discon­
tinuity, a possibility which cannot be completely 
excluded, it might be imagined that /  could depend 
on the absolute value of the first power of bc/bx. 
However, one might expect the effect of a uniform 
gradient to vanish in the limit of a small gradient, 
since the effects on the side of greater x would just 
about cancel those of the side of smaller x, so the 
quadratic form seems reasonable.

Use of the methods of the calculus of variations to 
minimize a' yields the result

A/  — k (dc/dx)2 — const. (1.3)
and eventually, after a change of variables, the con­
stant in (1.3) being zero because A/  and (bc/bx)2 
are zero at the concentrations, ca and cp, of the 
equilibrium phases, the equation

is obtained, a being the minimized value of a'. 
k and A/  are functions of c and T, so if these func­
tions are known a can be found. It will be in the 
evaluation of these quantities that we will differ 
from Cahn and Hilliard.

2. Evaluation of the Excess Free Energy in a 
Binary System.— We will now wish to attempt to 
expand A/ by means of a Taylor expansion about the 
critical point. We will do this assuming a rounded 
coexistence or solubility curve. It :s probably 
actually flat at the top , 3 but this “ truncation” oc­
curs so close to the critical temperature that it will 
not be important for interfacial tension measure­
ments.

Preparatory to making this expansion we will 
write down expressions for various partial deriva­
tives of A/, the independent variables being T and c, 
one of these being held constant. In writing down

(3 )  O . K .  R ic e ,  ib id ., 2 3 ,  1 0 4  (1 9 5 5 ) .
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these expressions we note that MA.e and m b .«  depend 
only on T, not on c. The expressions following an 
identity sign are obtained from the preceding ex­
pression by applying the Gibbs-Duhem relation. 
The quantity following the arrow gives the value at 
the-critical point, or the designation to be used for 
the particular quantity at the critical point. 
These results will be explained below.
dAf/dc — — (jUA — MA.e) +  (mb — MB.e) +

(1 — c)dfi.\/dc +  Ĉ Mb/SC =  —(mA — MA.e) +
(MB — MB.e) —► 0 (2.1 )

d 2 A /W 2 =  — 5ma/£>c +  £>mb/ c>c —*■ 0  ( 2 .2 )
d3Af/dc3 = —dJMA/dc2 +  5 2 mb/S c2—>-0 (2.5)
diAf/dci = -d W £ > c 3  +  2>W dc 3  ->■ 0 (2.4)

&’Af/dc3 =  —d4 MA/Sc4  +  2>4 mb/ c>c4 —► ( 5 !) 7 o (2.5)
dA //M ’ =  (1 -  C)(&MA /a ?  -  dMA.e/d?’ )

+  c(d/ub/£>T — dMB.e/d? ) —► 0 (2.0 )
d-Af /dcd'T =  -  (c)ma/ a r  -  dMA.e/d?)

+  (dMB/djT — dMB.e/dT) —► 0  (2.7)
£)3Afdc2dT — — 5 2 ma/dcdT +  d2MB /dcdT —► 2jS0  (2.8)

At the critical point ma =  MA.e and mb =  MB,e, 
hence the result of eq. 2.1. Also, the general cri­
teria of a critical point are du\/dc =  5mb dc = 
d W d c -  =  d-MB 2>c2 =  0. These are analogous 
to the pressure-volume relationships, dp dE = 
d-p/dV2 =  0, in a one-component system. If 
these are the only derivatives which vanish one will 
find a quadratic coexistence curve. However, in 
actual practice the coexistence curve for binary 
liquid systems4 as well as for liquid-vapor systems5 
turns out to be cubic, i.e., to good approximation we 
may write, close to the critical point

(Are ) 3  =  a(Tc — T) — aAT (2.9)

where Ace =  ce — cc and a is a constant, which, how­
ever, is positive if Ace is positive and negative if Ace 
is negative, assuming an upper critical point. The 
subscript c denotes a value at the critical point. If 
this is the correct form then one more derivative 
must vanish,6 i.e., dV.\/dc3 = dVB/dc3 = 0 , which 
explains the result of eq. 2.5. It is at this point 
that we first differ from Cahn and Hilliard, since 
they did not allow for the vanishing of these deriva­
tives, and thus obtained a quadratic coexistence 
curve.

As with eq. 2.9, a discontinuity with change in 
sign must occur in d4MA/dc4 and dVii/dc4 at the 
critical point; otherwise, since all lower derivatives 
are zero, m a  and m b  would not decrease and increase, 
respectively, uniformly with r. Thus in attempt­
ing an expansion of Af about the critical point we 
really need two expansions, one about each side of 
the critical point. This is unpleasant, but seems to 
be the best representation of the experimental 
facts. yn will be positive for c >  cc, negative for c <  
cc.

Turning now to eq. 2.6 and 2.7 we may write, us­
ing the subscript e on a derivative to denote its 
value at the coexistence curve

(4) Data summarized b y  J. D. Cox and E. F . G .  IIorinKton, T r a n s . 

Faraday F oe.. 52, 926 (1056), who, however, discuss them in terms of an 
empirical equation which holds over a greater range than oq. 2.0.

(5) Data summarized by E. A. Guggenheim, J. Cfiem. I’hys.. 13, 2,33 
(1945).

(6) O. K. Rice, ibid., 23, 169 (1954).

dMA.e/lir =  (£»MA/i>T)e +  (Dma/A c), (ICe/tlT  (2.10)

Since we wish to evaluate the derivatives at the 
critical point, where c and Ce coincide, we see that 
the partial derivatives with respect to temperature 
cancel in eq. 2.6 and 2.7, and (5ma/ dc)e vanishes at 
the critical point. dee/dT, to be sure, becomes in­
finite; by eq. 2.9, it is the limit, as Ace goes to 
zero, of — a/3(Ace)2; however, setting up a Taylor 
expansion for (£>MA/dc)e we see that it starts
(dMA/0c)e =  —(&2MA/dcd(T)c A T  +

|y (d 4MA/dc4)c(A c„)3 (2.11)

so that it goes to zero to a higher order. This will 
take care of eq. 2.6 and 2.7. If we substitute eq.
2.11 into eq. 2.10, using the value for dce/dT, and 
substitute the result with its companion equation 
for m b  into eq. 2.7, we obtain

/ ömA ÖM.V /Ö mb\ , ÖMB
\öT Je àT ' \ à f ) ,B ' àT
2 20
g (¡¡¡Ac, +  - -  c*7 oACe =  2/3o(Ac — Ac,,) —

2 20g @oAce H— —- <*7oAce (2.12)

where Ac = c — ce- A similar reduction can be 
effected for (2.6).

As soon as we attempt to go to higher derivatives 
with respect to T  infinities appear. This means 
that the attempt to expand A f  in a Taylor series 
about the crirical point fails. As an alternative we 
shall expand it about the concentration cc at each 
separate temperature. Even this procedure is 
fraught with difficulties and cannot be carried out in 
a completely rigorous fashion, but we will be able 
to find a plausible solution. We will carry out this 
calculation on the assumption that T c — T  is small, 
and that no coefficient need be carried if the degree 
of the term involved at Ac =  Ace exceeds that of the 
leading terms by as much as Ace or (Tc — T ) l / \

The infinities noted above arise from terms con­
taining MA,e mid MB.e, coming eventually from the 
behavior of dce/d T ;  terms not containing them 
will give no difficulty. There is, however, another 
kind of infinity which appears at the critical point; 
it comes from the discontinuities in 5 4 m a /dc4 and 
5 4 m b /be4, which means that the fifth derivatives are 
infinite at the critical point. This will also mean 
that d5MA/dc45T and will have anoma­
lous values near the critical point, since the dis­
continuity in the fourth derivatives will not be ex­
pected to persist below the critical temperature. 
The expected behaviors of dV.A/dc4 at T c and just 
below T c are shown in Fig. 1. Clearh' what we 
must do is to ignore the, hopefully small, region 
where 5 4 m b / c ) c 4  changes rapidly, and assume that 
outside this region everything behaves normally. 
Doing this, we assume that d5A//dc5 remains 
roughly fixed as (5!) 7 0 , and we start our expansion 
as though the region of rapid change did not exist. 
This difficulty should be less with the lower deriva­
tives; from (2.8) we may write 

(d 2A //d c 2)7’,cc =  2/30(7’ -  r „ )  =  -  2«-'/3oA c,3 (2.13)

the subscripts indicating that it is evaluated at tem­
perature T  and Ac =  0.

d A f / d c  vanishes at the critical point, and at a
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Fig. 1.— Behavior of c) 4h a / c>c 4 near the critical point.

point near the critical point, with the same concen­
tration it will be given by

( d A / / d c ) 7 ' , < >  =  f T  ( d '-A f / d c d T ) r , i\ T  =
J  Tc

- 3 « - >  (02A//dcd7’ )rc Acc2dAc0 (2.14)

We may use eq. 2.12 with Ac =  0 to evaluate 
(d2Af / d c d T ) Cc. (Equation 2.12 depends on eq. 
2.11, but the latter is justified if interpreted prop­
erly in the light of the discussion just given.) We 
obtain after integrating

(d A //d c )r ,c . =  « -> (2 ft -  5 « T„)Ace4 (2.15)
We can now set up the Taylor expansion for A/  

about the point Ac = 0, neglecting terms arising 
from d3A//dc8 and d4A//dc4, since they will be of 
higher degree
Af  =  A/cc +  o( Acc)4Ac — 6(Ar0)3(Ac)2 +  7o(Ac)6 (2.1G)
where

a = Of_I(2/3o — 5ayo) 
b =

Since A/ must be zero when Ac =  Acc (see Cahn 
and Hilliard’s Fig. 1), we can readily evaluate Af rc, 
and we thus obtain
A/  =  a( Ace)4( Ac — Ace) — 6(Ace)2[(Ac)2 — (Ace)2]

+  toKAc) 2 -  (Ac,,)5] (2.17) 
This can also be obtained by evaluating and inte­

grating dA//dT. From the definitions, a  — 2 b  +  
5 to =  0, which means that ( d A f / d c ) e =  0, which is 
consistent with eq. 2.1.

Because of the discontinuities at Ac = 0 we must 
regard the signs in eq. 2.16 with care. It will be 
seen that because a , y o and Ace change sign when Ac 
does, A/  can always be positive, as it must.

3. Discussion of the Interfacial Tension.—To 
calculate the interfacial tension we must introduce 
the expression for A/  into eq. 1.4. Remembering 
the discontinuity at Ac =  0 it will be best to replace 
eq. 1.4 by

/'Acc<7 =  4Nv J  (kA/)'A cl Ac (3.1)

where Ace > 0 ;  this is at least a good approxima­

tion. If we introduce the variable z =  Ac/Ace, 
then, by virtue of (2.17), eq. 3.1 becomes

<r = 4Ny (ACc)7A / ;  K‘A[a(z -  1) -  6 (z2 -  1) +
7 o(z6 -  1)]‘A dz (3.2)

If we assume with Cahn and Hilliard that k is 
approximately constant it appears that <r should 
vary as (Ace)I/! or ( A T ) 1' 0. The appearance of the 
fractional power in (Ace),/! is of course closely con­
nected with the infinities in the derivatives.

The exponent of AT is definitely too low for the 
cyclohexane-aniline system, which is about the 
only one which has been examined close to the 
critical point; Atack and Rice7 found empirically 
that the surface tension varied about as (AT)1-89. 
Cahn and Hilliard, effectively assuming a quad­
ratic coexistence curve, deduced that a  should vary 
as (AT) 'A. This agrees within the limits of error. 
However, since Cahn and Hilliard’s result was 
based on the quadratic coexistence curve, the em­
pirical basis was not correct, and the apparent 
concordance with the interfacial tension cannot at 
this point be considered significant.

Atack and Rice made the assumption that the 
surface entropy was proportional to the “differ­
ence” between the two phases, measured by the 
equivalent of Ace. Since the surface entropy is 
equal to —dv/dT, this gives, with eq. 2.9, the result 
that a  is proportional to (T0 — T)4/l or to (Ace)4. 
This also agrees within the experimental error.

Looking at eq. 3.2 we see that the result of Atack 
and Rice would be obtained if k  were not constant 
but vanished at the critical point and either was de­
pendent on temperature, being in first order pro­
portional to |Ace| , or dependent on concentration, 
being in first order proportional to | Ac| , or else be­
ing a linear combination of such terms. On the 
other hand, if a  varied as (Tc — T)’A, then k  must 
be proportional to (Ace)2, (Ac)2, or AceAc.

4. The Coefficients in the Free-Energy Expres­
sion.—The suggestion that k  should be zero at the 
critical point certainly does not seem unreasonable 
in view of the insensitivity of the free energy there. 
To see how this might come about we will develop a 
phenomenological theory of the coefficients in the 
expression for / .  ha represents the increase of free 
energy when a molecule A is introduced into a uni­
form environment, f  represents an average in­
crease of free energy per molecule when some mole­
cules (composition that of the solution) are intro­
duced into an environment with gradients, aside 
from the pressure effects which are discussed below. 
This depends upon the relation of the introduced 
molecules to their surroundings, upon the possible 
configurations and upon the energy relations. Fur­
thermore, it must be noted that, on account of the 
size of the molecules, the neighbors intrude percep­
tibly on any position. One might say then that a 
given molecule is affected by its neighbors up to a 
certain average penetration distance S x , which de­
pends on temperature and concentration (but, we 
assume, not too strongly), and there will 
be an effect on this molecule depending upon how 
much the concentration has changed in this dis-

(7) D. Atack and O. K. Rice, D isc. Faraday Soc., 15, 210 (1953).
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tance. The change in mole fraction will be given by

8c =  ( dc/dx)8x +  ~(d2c/dx2)(8x)2 +  . . . (4.1)

We then might expect /  to be affected by the 
changes of /¿a and /m with 8c. These changes 
should be weighted by the respective mole frac­
tions. Thus we will be interested in the expres­
sion

(1 — c)d/iA/dc +  cdjuB/dc (4.2)

This, however, vanishes on account of the Gibbs- 
Duhem relation.

We have so far assumed that the effect depends 
only on the gradients of and hb- A chemical po­
tential, however, is a composite term, depending 
upon a partial molecular energy contribution and a 
partial molecular entropy contribution. The ef­
fective 8x for energy might be different from that 
for entropy. However, an equation similar to the 
Gibbs-Duhem relation holds for all partial molal or 
molecular quantities. Thus we must conclude 
that the coefficients of all the terms, dc/dx, d2c/ 
da;2, . . . must vanish in the expansion for/. It has 
been concluded already on other grounds that the 
coefficient of dc/dx will vanish, but it now appears 
that many other coefficients will vanish also. The 
effect of dc must be at least a second-order effect. 
We have

(8c)2 =  (dc/dx)2(8x)2 +  . . .  (4.3)

and we must expect effects which would be propor­
tional to
[(1 — c)d2/jiA/dc2 +  cd2/j.B/'dc.2}(8cy2

= (dn.Jdc -  cWckO(Sr)2 (4.4)
the equality arising by differentiation of the Gibbs- 
Duhem equation. If the effects of the energy and 
entropy are to some degree dissociated there will be 
an additional term proportional to
[(1 — c)d2e\/dc2 +  cd2CBX>c2|(Sc)2 =

(de.\/dc — dee/dc)(8c)2 (4.5)

where e\ and cb are the partial molecular energies. 
The coefficient of (dc/d.r) 2 in the expression for /  
will thus be proportional to a linear combination of 
the quantities multiplying (8c)- in (4.4) and (4.5).

Let us suppose at first that the coefficient de­
pends only on the expression in (4.4). Then we 
see at once from eq. 2.2 to 2.5 and eq. 2.8, expanding 
about the critical point, that

k cc 2/30AT -  20y0(Ac)3 (4.0)

We would expect k not only to be proportional to 
dn\/dc — duB dc but to have the same sign. Or­
dinarily dfix/dc — diMi dc will be negative, but in 
the unstable region below the critical temperature, 
duk/dc — dfiB/ dc is positive (do is positive). Thus 
in such a region k would start out positive at the 
critical concentration, but the second term in eq.
4 . 6  would cause it to become negative at concen­
trations beyond8

|Ac| =  ^ / S o/G to) 7 !At’d <  |Ac,.| (4.7)

(8) The inequality in (4.7) follows because when Ac = Ace we 
have A / — A/fc = — A/cc <  0. Thus, setting Ac = Acc in eq. 2.16, 
we see that if Ace >  0 (so that a and 70  arc positive), then a — b +  
7 0  = a _,/So — 4 7 0 1 s negative.

If k were negative there would be no solution to eq. 
1.3, and dc/dx would tend toward infinity. It 
would not actually become infinite because of 
higher order terms, but to our approximation we 
may consider that we would have a discontinuity. 
It must be stated that even in a single phase a cer­
tain instability would result if k were negative,2 for 
one can always imagine oscillations in concentration 
which ivould make dc/dx large, and if the “ wave 
length”  More short enough this could be accom­
plished without much variation in concentration. 
Indeed (dAf/dc)KC always averages zero for a stable 
phase, so some fluctuations hi concentration must 
be expected; too large a fluctuation Mould be 
prevented, especially far from the critical point, by 
the non-zero value of diAf/dc.2 It is not certain 
that such fluctuations should worry us; indeed, 
their effect should already be taken into account 
in calculating the free energy of a stable uniform 
phase, the fluctuations being a normal property of 
the phase. In our problem m o  consider a superim­
posed gradient, and the occurrence of a near dis­
continuity in this gradient does not seem impos­
sible. In our approximation the value of Ac would 
jump from that given by eq. 4.7 to Ace itself. In 
this case m o  apply the variation problem to the 
concentrations M'ithin the limits9 given by (4.7). 
The constant in eq. 1.3 M ould not be zero but rather 
equal to the value of Af  at the concentration given 
by eq. 4.7. The variation problem can be solved 
and yields an equation of the same dimensionality 
M'itli respect to Ace or Ac and the same poMor of 
k as eq. 3.2. Since k itself noM’ depends on (Ace) 3 
and (Ac)3, the net effect Mill be that a Mill be pro­
portional to (Ace)5 or (7 c — Ty/: M'hich seems too 
high.

This suggests that M’e consider possible dissocia­
tion of the energy and entropy terms in calculating 
k. If they must be considered separately at the 
critical point, then the leading term in k is constant, 
because de^/dc- — dcn/dc is not expected to 
vanish at the critical point. But. just at the critical 
point we might suppose that the energy and en­
tropy effects would come in together, for here there 
are large fluctuations, and any concentration or any 
gradient must be an average over a rather vide 
range. A particle at a given position finds itself 
first in one situation, then another, because the 
fluctuations Mill bring to it conditions resembling 
those on one side of it, and conditions resembling 
those on the other, the frequency of any particular

(9) Since the uniform equilibrium phase already includes the 
effects of gradients it seems natural to set the value of k at this con­
centration equal to zero, and to suppose that the effective value of k 
does not depart too greatly from zero in the near discontinuity. Then 
the contribution to tlie interfacial tension from the region of the near 
discontinuity would be approximately

(7 , 1  =  Nv f  [A / +  Kn (dc/d.r)"J da;
assuming the situation is controlled by a higher power of dc/dx; 
the minimization condition would be

A / ~  \n ~~ 11 Kn (c)c/d.r)n =  0
the constant being zero if one can assume that in actuality, taking into 
account the higher-power terms, this region merges continuously into 
the uniform phase. Then

<7,, =  [n/(n -  1)]Av f  [(«■ -  1 )*„■]»“( A/) dc
which would be expected to involve a higher power of Ace, and so does
not need to be included in our considerations.
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situation falling off with the distance at which this 
particular condition resembles the average one. 
The molecule thus experiences intimately all the 
conditions in closely neighboring volume elements. 
When this is the case it is not surprising if entropy 
effects and energy effects come in together. The 
above argument suggests that 5x is connected with 
the fluctuations and that there might be a relation 
between Sx and the dissociation of energy and en­
tropy terms. 8x would presumably have a maxi­
mum at the critical point where the fluctuations 
are largest, but probably not a sharp one, so in first 
order the dependence of a on T would not be af­
fected. If the dissociation of energy and entropy 
has a simple minimum which is very nearly zero at 
the critical point it would behave approximately as 
(Ac) 2 and9a (Ace)2, giving terms of this order in the 
expression for k. These terms would presumably be 
positive and would eliminate the discontinuity in 
composition. They would make a proportional to 
(ACe)‘A or (Tc — T)3/\ the same result obtained by 
Cahn and Hilliard, though it is now on a very dif­
ferent basis. On the other hand, it might be that 
the minimum is very flat and that there is a small 
amount of dissociation of the energy and entropy- 
effects even at the critical point, and the experi­
mental values of a, rather than being a simple 
power, represent some compromise between the (Tc
— T ) ;/6  term which would arise thus and the (Ta
— T)s/s contribution obtained from the considera­
tion of eq. 4.4. While we cannot draw any very 
exact conclusions, the analysis at least shows the 
factors involved in the temperature dependence of 
the interfacial tension, and makes the observed 
behavior appear quite reasonable.

It is also possible that there might be some disso­
ciation of the effects of the two different kinds of 
molecules, especially if they were very different in 
size or structure. If this occurred we would not 
have an expression like (4.2) but one in which the 
effects of the two species were not proportional to 
their mole fractions. Thus the Gibbs-Duhem 
equation would not apply, and the coefficient of 
d2c/cte2 in the free-energy expression could have a 
non-zero value. This must be the situation in a 
one-component system and this is treated below. 
It can lead to a lower dependence of k on Ac. How­
ever, this dissociation of effects would also be ex­
pected to be practically vanishing at the critical 
point where the fluctuations are large, and its in­
crease away from the critical point would be super­
imposed on the other effects. So it seems unlikely 
that this would give rise to any term of net lower 
degree in Ac than those already considered.

Our considerations are designed, of course, to ap­
ply only in the immediate neighborhood of the 
critical point. One may wonder whether the values 
of Ace which are attained even quite close to the 
critical point are really “ small,”  since actually the 
width of a solubility curve is quite appreciable even 
a very small distance from the critical point. The 
very fact that Ace does increase so rapidly with AT, 
and that this is connected with the small variation 
of the chemical potentials in this region, may lend

(9a) We assume that the temperature dependence will be given by
(Ace) 2 if the concentration dependence is (Ac)2, in analogy to eq. 4.6.

credence to the idea that it can be regarded as a 
small quantity. On the other hand, the considera­
tions of Widom and Rice10 concerning equations of 
state in the critical region indicate that further 
consideration of this point might be desirable.

It is interesting to note that the thickness of the 
interface, calculated according to eq. 2.25 of Cahn 
and Hilliard, turns out to be proportional to (Ta — 
T )~ 'A  ff K is proportional to (Ac) 2 or (Ace)2, a much 
smaller dependence than given by Cahn and Hil- 
liards’ calculation. In any case we would not ex­
pect the interface actually to reach an infinite thick­
ness if the coexistence curve is flattened at the top 
and the interfacial tension vanishes while the phases 
are still different.

5. Liquid-Vapor Equilibrium.— Though the
liquid-vapor equilibrium of a one-component sys­
tem resembles the solubility equilibrium of a binary 
liquid system, there are certain differences, which 
stem from the fact that pressure and pressure gra­
dients are of importance in the liquid-vapor sys­
tem, and from the fact that there is no Gibbs-Du­
hem equation in the latter.

Consider a two-phase system in a fixed volume. 
If the bulk densities of liquid and vapor remained 
unchanged up to a boundary surface, this surface 
would divide the system into two volumes each of 
which was also fixed. The surface tension then is 
equal to the excess Helmholtz free energy over that 
which would exist if the properties of liquid and 
vapor were unchanged up to the boundary surface. 
Since the Helmholtz free energy per molecule is 
equal to p — p/p, where p is the chemical potential, 
p is the pressure and p the number density (which 
plays the same role as c in the preceding theory), we 
will have for the surface tension arising from any 
arbitrary distribution

[p(iU — Pe) — P +  Pe]4r (5.1)

where the subscript e indicates the value for the 
equilibrium phases as before. We now set

/  =  p —  p / p  (5.2)

f  is in general a function of p and its space deriva­
tives. If the space derivatives are zero, then /  =  
f0. We let

A/ =  fo — Pe +  Pe/p =  po — Pe — (po — Pe)/p (5.3) 

and obtain

/ CO
p [ /  -  Pe +  P e/ p Ida: =

J '_ m pfAf +  £>2p/cto2 +  K2(dp/dx)2 +  ..  , ]cLe (5.4)

where the last terms come from the expansion of /  — 
fo in terms of the space derivatives. The same ar­
gument as in Section 1 indicates that the coefficient 
of dp/dx should vanish. The equilibrium value 
cr of the surface tension will be the minimized value 
of a'. The factor p plays the role of Arv in eq. 1 . 2  
but cannot be taken to be constant in this case, 
although this will still be a good approximation 
near the critical point. The term in yp/dx2 can 
be integrated by parts as before; though we shall 
see that there is probably a near-discontinuity in p,

(10) B. Widom and O. K. Rice, J. Chem. Phys., 23, 1250 (1955).
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since it is only a near-discontinuity this requires no 
special attention. We have

f  p K i ( d 2p / d x 1 ) d x  =  p n i ( d p / d x )  | —J — CO [ — CD

J ’_ ai [2>(pki)/&p1 [<Wdx)2dx (5.5)

dp/dx vanishes at and — thus eq. 5.4 becomes, 
to terms in (dp/dx ) '2

<t' =  p[A/ +  K(dp/dx)*]tte (5.0)

where
pk =  pk-2 — £>(p/ii)/dp (5.7)

Minimization of eq. 5.6 will again give the equiva­
lent of eq. 1.3 even if p is not constant, and if there 
is only one point of discontinuity the constant of eq. 
1.3 will still be zero. The final result will be, if 
p =  pi for the bulk liquid and p =  pv for the bulk 
vapor

but with no contributions from the range in con­
centrations between any gap which may occur. 9

We will assume5 that the shape of the coexist­
ence curve near the critical point will be given by
2.9, replacing Ace by Ape. This means that d3p0/ 
dp3 vanishes at the critical point, but not d4p0/d p 4. 
The latter, however, has a discontinuity and 
changes signs there, like d V\/dc4 and d Vn/dc4.

6. The Excess Free Energy in the Liquid-Vapor 
Boundary.— We can now proceed to write down the 
various derivatives of A/, noting that pe is a function 
of T only, and that, according to the well-known 
thermodynamic relation

(d»A>Po)r =  p - ' (G.l)
so that

dpo/dp =  (dpo/dp0)r dpo/dp =  p 'bp0/bp (6.2) 
In writing partial derivatives p and T are generally 
taken as the independent variables, and if no indica­
tion to the contrary is given either p or T is held 
constant. As before we use the arrow to indicate 
the value approached at the critical point. We find, 
writing out only the highest derivative of j>u in most 
cases

5Af/dp — p-2(po — pe) ->- 0 (6.3)
b2Af/bp2 =  p- 2dp0/dp — 2p_s(po — pc) —► 0 (6.4)

d3A //dp3 =  p -W po/dp2 +  . . .  — 0 (6.5)
d4A f/dp4 =  p- 2d3po/dp3 +  . . .  —  0 (6.6)

VAf/bp2 =  p -W po/dp4 +  . . . - > -  (5 !bo (6.7)
bAf/bT = bpu/bT -  dpe/dT -

p -\ bp0/br  -  dpJdT) —  0 (6.8) 
b2Af/bpbT =  p-\ bp0/bT -  dpe/dT) 0 (6.9)

b2Af/bp2bT -*  - 2 p -\ b Po/bT) -  dpJdT) +
p~2b2p0/bPbT  —  20„ (6.10)

Equation 6.9 may be reduced as was (2.7). We 
have

d pe /dr  = (bpa/bT)e +  (c)po/0p)c dpc/d7’ (6.11)
Expanding about the critical point 
(bP)/bp)e =  - ( d 2po/dpd7’)Pc AT +

( 3 4p „ / 3 p 4) f c ( A p e ) 3 =  pc2( - 2 « - %  +  2 0 7 o ) ( A p c ) 3

(6.12)

which gives
2 ^0b-Af/bpbl =  2/3u(Ap Ape) — — fioApe - - oryoApc
o o

(6.13)
the exact analogy of eq. 2.12. Formally, then, the 
expansion of Af  looks exactly the same as before, 
and we finally obtain eq. 2.16, with c replaced by p.

7. Evaluation of k and the Surface Tension.—  
In considering k we find one difference from the dis­
cussion given in Section 4. In the liquid-vapor 
case there is no Gibbs-Duhem equation, hence we 
can expect effects arising from the first-power term, 
5p. Thus we cannot exclude the first-degree terms 
in p; the coefficient of dp/dx is, as we have seen, ex­
pected to be zero in any case, but the coefficient of 
d2p/dx2 will not be. Considering the case where 
dp/dx vanishes, we see that a positive value of d2p/ 
dx2 means that a molecule will find itself on the 
average near a region of concentrations greater than 
that at its own position, whereas a negative value 
of d2p/dx2 will have the opposite effect. Thus we 
may expect a non-zero value of ki.

Both <i and k2 should vanish at the critical point, 
on the basis of the arguments given in Section 4. 
The dissociation of the energy and entropy effects 
should, if the phenomenological suggestion of Sec­
tion 4 is correct, cause them to increase propor­
tionally to (Ap)2. However, we recall that k de­
pends upon d/ci/dp and it will on this basis contain a 
term proportional to Ap. To the approximation 
that terms of higher degree can be neglected, k will 
change sign at Ap = 0.

If energy effects predominate over entropy ef­
fects, then, because of the attractive forces, the 
greater the density the lower the free energy will 
be. Therefore the sign of the contribution to A/ 
will be opposite to that of 5p so that, by eq. 4.1 (with 
p substituted for c), the sign of ki will be negative. 
This being the case, d(Ci/'dp will be negative on the 
liquid side, positive on the vapor side, and, this 
being the leading term in k, the latter will by eq. 5.7 
be positive on the liquid side and negative on the 
vapor side, the dividing concentration being ap­
proximately po.. According to the discussion in 
Section 4 a discontinuity (or near discontinuity) 
will occur where « becomes negative, and there will 
be no concentrations in the range extending ap­
proximately from po to pv. So eq. 5.8 takes the 
form

a =  2 f Pi pcUA.fy/-. dp (7.1)
J pc

For our purposes it is sufficient to replace p in the 
integrand bv pe. If we set k =  K0Ap, where x0 is a 
constant, use the variable z =  Ap/Ape, and substi­
tute the value of Af  (eq. 2.17) we obtain

a  =  2 p c ( A p e ) 4 K u z ' / * [ a ( z  —  1) — 6(z2 —  l )  +

toG5 -  I)] 'A d z  (7.2)

Thus a will be proportional to (Ape) 4 or (Tc — T)1/ ’. 
If entropy effects predominate the discontinuity 
will be on the liquid state, but the results will be 
otherwise similar.

One cannot perhaps exclude the possibility, 
though it does not seem too probable, that, in the
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dissociation of energy and entropy effects, the en­
ergy would predominate at high densities and the 
entropy at the lower densities where the freedom of 
movement is greater. If this were the case kx 
would change sign at Ap = 0, and it would seem 
natural to suppose it proportional to Ap. Then it 
would contribute a positive term to k and a would 
be proportional to (Ape);/2 or (Tc — T);/‘.

In any case, it is very interesting that the lack of 
the Gibbs-Duhem equation causes the dependence 
of a on Tc — T to be slightly less in the case of the 
liquid-vapor equilibrium than in the case of the 
binary solutions. Unfortunately there are hardly 
any data by means of which to test the results, 
Guggenheim5 has shown that for many liquids a is 
proportional to (Tc — T )“/’ [instead of (Tc — 
T)I!/S], or, what is equivalent, to (Ape)"/3 [in­
stead of (Ape)4; the (Ape)4 law is the M cLeod11 
equation, but it is not exact]. This is based upon 
data sufficiently far from the critical point so as not 
to be too significant for our purposes, and is not, in 
my opinion, to be taken as evidence for a behavior 
of k, such as is discussed in the preceding para­
graph. Winkler and M aass12 have measured the 
surface tensions of dimethyl ether and propylene 
fairly near their critical points. The data, how­
ever, are hardly sufficiently accurate to distinguish 
between (Tc — T)u/9 and (Tc — T )‘/j near the 
critical point, and one is handicapped in interpreta­
tion by the fact that they did not give the exact 
value of Tc for the samples used. They did believe 
that their data for dimethyl ether fit the McLeod 
equation; their data for propylene, however, did 
not. Surface tension data very close to the critical 
point would surely be of great interest, but the ex­
perimental difficulties are formidable.

8. Relation to Tolman’s Theory.— Tolman13 
developed a theory of surface tension which, when 
applied to a flat surface, gave this expression for a

a =  J * _ ra (Pe — p)dz (8. l )

The relation of this expression to the expression 
which we have used is easy to see. Our expression, 
eq. 5.4, can be written, using eq. 5.2

P / P  +  Me +  Pe/p) d i  (8.2)

A t equilibrium this integral will be a minimum so 
that, if b denotes a small variation

/ co
S[p(m — p/p +  Me +  Pe/p)l dx = 0 (8.3)

Since the variation is arbitrary the integrand in 
(8.3) may be set equal to zero, which gives, since pe 
and pe are fixed

(5p)(p — Me) + p8m — tip = 0 (8.4)

This is, of course, the beginning of the procedure of 
the calculus of variations, p and p may depend 
upon p and its derivatives with respect to a-, but if 
one is prepared to accept the fundamental as­
sumption that it is possible to assign a definite en­
ergy and entropy to the particles in any slab of mat­
ter, regardless how thin it may be, then (see Section

(11) J .  M cLeod, Trans. Faraday Soc., 19, 38 (1923).
(12) C. A. Winkler and O. Maass, Can. J . R es., 9, 65 (1933).
(1 3 ) R , C .  T o lm a n , J , C k m , P h ys.: 16; 753 0 9 4 3 ),

9) thermodynamics requires that at fixed tempera­
ture p5p = bp, and we see from eq. 8.4 that p = pe, 
which is, of course, the expected equilibrium con­
dition. Under these circumstances eq. 8.2 obvi­
ously reduces to eq. 8.1.

There is a simple physical interpretation o f eq.
8.1. If we attempt to stretch a surface by means of 
an instrument (say a wire to which the surface 
clings) there will be a pressure of pe all around the 
instrument except on the side toward the surface. 
The net force per unit length will be given by the in­
tegral of (8.1), which is a pressure difference multi­
plied by an average width.

The considerations which were valid for a liquid- 
vapor system will also apply to the binary liquid 
system. In this case the pressure of ;,he two bulk 
phases can be taken as zero, and where we consider 
a solution of a non-equilibrium concentration but 
with no concentration gradient we also deal with a 
case of zero pressure. Thus we have avoided any 
mention of pressure in this case, but a pressure 
(which will be predominantly negative) will de­
velop in the transition layer. We will indeed have

/  =  9 ~  p/Nv ( 8 .5 )

where g is the Gibbs free energy per molecule, and is 
equal to

g = (1 — c)u a +  cmb (8.6)
Here pa and pe are the chemical potentials when 
there are concentration gradients and c  is the 
mole fraction as before. Again equating the over­
all chemical potentials throughout the system, we 
will be left with eq. 8.1.

The equality of the chemical potentials can be 
deduced in much the same way as before, but in 
minimizing the integral we must leave Nv inside 
the integral instead of taking it out as in eq. 1.2. 
The minimization condition in this case is

Si-VvKl — c)(ma — MA.e) +  c(mB — MB.e) ~  (p  ~  Pe)/iVv] }
=  1(1 — c)(M A — MA.e) +  C(uB — M B .e)]5A  V ~

A V (m.\ — MA.e)5c +  A'v(mB — MB.e)5C +
A rv  [ (1  — c )5 /ja  +  c8p b ] — dp =  0  ( 8 .7 )

Since (1 — c)5pa +  cSpo will be the change in g at 
constant composition, it must, at fixed tempera­
ture, be equal to Sp/Ny, by the argument used 
above. Thus, since 5Ny and Sc are both arbitrary, 
we must have pa = PA,e and pb = PB,e at equi­
librium.

The pressure which develops in a binary liquid 
system can itself affect the free energy, a fact which 
has been neglected. We can make an estimate of 
what this effect will be. According to eq. 8.1 the 
average difference in pressure, bp, will be given by

Sp --------o - /(  ( 8 .8 )

where l is the thickness of the surface. The effect 
of this pressure difference on Af  will be roughly

/Vo +  5r /*dp
SAf ~  — I Spdv =  — I S p (dv/dp )dp  ~  —

J vo JO

\ ( d w / d p ) ( 5 p ) 2 ( 8 .9 )

where !’0(~ A rv_I) is the original molecular volume, 
and Sv is the change in it produced by the pressure 
difference Sp.

In first approximation the effect may be esti­
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mated from the equation obtained by substituting 
eq. 1.3 (with const. =  0) in eq. 1.2

/ co
A fdx  (8 .10 )

From eq. 8.9 and 8 .1 0 , and then 8 .8 , we see that
5a ~  — Nv(dv/dp)(Sp)H ~  — Nya2(dv/bp)/l =  o-2/3/Z

(8.11)
where /3 is the compressibility of the liquid mixture. 
Giving |8 a typical value of 10-1 0  cm . 2 dyne-1, as­
suming l =  5 X 10- 8  cm., and taking a =  1 dyne 
cm.-1, we find

ha/a ~ 2 X  10“ 3

Near the critical point where <j is very small the 
relative change will be still smaller, and it is still 
essentially negligible even if a is as great as 1 0  dyne 
cm.-1.

9. Thermodynamics of Non-uniform Systems.
—Conclusions which are formally the same as those 
of Section 8  may be drawn from a paper by Hart14 
together with a more recent paper of Cahn15; these 
results, however, in contrast to ours and to Tol- 
man’s do not give the interfacial tension in terms 
of the intrinsic pressures of separate elements of 
volume. Hart defined the intrinsic pressure dif­
ferently, as a partial coefficient for energy change 
when molecular volume is changed keeping density 
gradients and similar derivatives constant, and 
his intrinsic pressure cannot be used in eq. 8 .1 . 
In attempting to consider actual physical processes 
his definition creates some difficulties, as was noted 
by Cahn, for it is hard to conceive of a process in 
which the proper quantities are kept constant. 
The definition of pressure implied in the foregoing 
discussion is the more usual operational one: the 
work which is done by its surroundings on a volume 
containing certain specified molecules when this 
volume is changed by an amount bV is equal to 
— pbV. The interpretation of this statement 
needs some discussion when it is applied to a very 
thin slab of material, because in such a case the 
potential energy of the molecules whose centers are 
included in the slab is to a significant extent mutual 
potential energy with molecules outside the slab. 
This suggests that we must have some means of 
dividing this potential energy among the various 
molecules.

This difficulty can be avoided by a more careful 
formulation. We suppose that there is a certain 
volume element dr containing certain molecules; 
we then assume that these molecules are con­
strained to move in a different volume, dr +  Sv, 
thus effectively changing the density in this region 
while the density elsewhere remains fixed. We then 
define p by stating that the change of the total en­
ergy E  of the entire system is given, if no heat 
flow occurs, by 16

(14) E. W. Hart. Phys. Rev., 113, 412 (1959).
(15) J. W. Cahn, J. Chem. Phys., 30, 1121 (1959).
(16) G. Bakker 'W. Wien and F. Harms, ed., “ Handbuch der Ex­

perimental Physik,”  Akademische Verlagsgesellschaft, Leipzig, 1928, 
Vol. 6, pp. 18 ff.) has claimed that the pressure is different in the direc­
tions normal to and parallel to the surface. His “ proof”  of this con­
tention is obviously incorrect, as may be seen by reading the paper of 
Tolman,13 but a disproof is more difficult. If his contention is correct, 
our arguments will apply to the pressure parallel to the surface (which 
is then defined as the thermodynamic pressure) with changes in volume

SE =  -phv  (9.1)
This includes the effect of any density gradients 
which are introduced or changed, rather than taking 
them into account explicitly, as was done by Hart. 
Our procedure results in a simpler formulation, 
since changes in density gradients cannot be sepa­
rated from changes in density. It is legitimate, 
since the effect of a subsequent change in a neigh­
boring volume element will not be changed to the 
first order of small quantities (Sv «  dr), and the 
contributions of different volume elements are there­
fore additive. The total change of energy in all 
parts of the system, allowing heat flow, will, if each 
volume element of the system is in internal equi­
librium, be given at constant temperature, by

dE  =  TdS — fp(5v/dv) dv (9.2)
the integral being taken over the whole system. We 
now define the Gibbs free energy

G =  E  -  TS +  fp d v  (9.3)
If we allow the introduction of molecules of various 
kinds (he., changes bnh bn2, . . .  in the numbers of 
these molecules) into various volume elements of 
the system we have, at constant temperature 
dG = f\dp  +  m(6th/dv) +  fSn^/dv) +  . . .] dr (9.4) 
where

mi =  h — Ts\ +  pin (9.5)
with ei =  (dE/diii)P'T, etc., these quantities being 
functions of position. The usual properties of a 
homogeneous function hold. By introducing the 
different components into the system over the dif­
ferent portions of the fluid in such a way that their 
densities, proportions, and surroundings remain 
constant we can assure that bp =  0 , and we find

G =  f[m{d:ni/dv) +  m (dm/dv) +  . . ,]dv (9.6)
where dn\ is the total number of molecules of kind 
i  in the volume element dr. Similarly

E =  f e d  dni/dv) +  e-ddm/dv) +  . . .] dr (9.7)
S ■= fsiid ih / d v) +  s2(dn2/dv) +  . . .] dr (9.8)
V  =  f 7Jh(dni/dv) +  ih{dn2/dv) +  . . . ] dr (9.9)

The integrands in eq. 9.6 to 9.9 may be written
g{dn/dr), e(dre/dr), s(dn/dr) and r(dn/dr), where 
g, e, s, v, are contributions of the particular volume 
element per molecule and dn is the total number of 
molecules in the volume element, and we see that 
(9.6) is equivalent to (8 .6 ).

We can now rewrite eq. 9.1 as
SE =  —p8V (9.10)

since clearly bv =  bV under the circumstances under 
which (9.1) holds. Equation 9.10 will be valid 
either before or after we have added some new 
molecules of type i to the volume element in ques­
tion. Hence, also

Sci =  -p S  Vi (9.11)
By a similar argument, we have in general, if heat 
flow is allowed and the temperature held fixed
confined to those produced by displacements in that direction, this 
type of displacement being implied in any case in the development 
below of eq. 9.6 to 9.9. When the whole system is in equilibrium one 
might argue that the parallel and normal pressures must be equal, 
otherwise a change in the shape of a volume could produce a net change 
in the energy of the system at constant entropy; however, this argu­
ment is hardly rigorous, since the shape of one volume element could 
not change without changing that of others.
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be, =  Tbsi -  pbr, (0.12)

Hence at constant températ ure

Sin =  v, bp (9.13)

which was used in the deductions of Section 8 . 
We have thus achieved a consistent thermodynamic

formulation on the basis of the definition of pres­
sure given in eq. 9.1.”

I am indebted to Professor J. C. Morrow for an 
interesting discussion of these thermodynamic 
questions.

(17) T. L. Hill, J . Chem. Phys.. 30, 1521 (1959), lias considered the 
problem of setting up thermodynamic functions in a non-uniform sys­
tem from the point of view of statist ical mechanics.

LIGHT SCATTERING STUDIES ON THE G-E TRANSFORMATION OF ACTIN’
B y  T a t su o  O oi

Department af Physics, Faculty of Science, Nagoya University, Nagoya, Japan
R eceived O ctober 9 , 1959

The G -F  transformation of actin, which occurs upon the addition of magnesium ions, was studied by light scattering and 
sedimentation methods. At constant magnesium concentration the curve of the reduced intensity, Ro, vs. the actin concen­
tration is divided into two linear regions; one below the critical concentration of actin corresponds to the G-state of actin, 
and the other above the critical concentration has a much steeper slope which indicates the formation of F-actin. The criti­
cal concentration is dependent on the magnesium concentration. F-actin particles can lie centrifuged at 100,000 g. The 
amount of precipitated F-actin increases linearly with the protein concentration above the critical concentration and the 
molecular weight (about 8,000,000) and the z-average radius of gyration (about 800 A.) do not vary with the protein or 
magnesium concentration. Thus, the rapid increase in turbidity, after the formation of F-actin, obtained by increasing the 
protein concentration is due to an increase in the number of F-actin particles and not to a gradual growth of F-actin mole­
cules.

Introduction
Actin, one of the muscle proteins, exists in a 

globular form in salt-free solutions, and is con­
verted to a fibrous form by the addition of neutral 
salts. From our study of this G -F  transformation 
of actin by several experimental methods, 1 we con­
cluded that the transformation can be regarded as a 
condensation phenomenon. In this paper, some 
results obtained with light scattering and sedi­
mentation methods are described in detail.

Some light scattering studies have been made on 
the depolymerization of F-actin2 at high concen­
trations of mono-valent salts, e.g., concentrations 
above 0.1 M  KC1, the optimal polymerization con­
centration, however, we are interested in the poly­
merization of G-actin to F-actin caused by a small 
amount of magnesium ions, a specific reagent for 
actin polymerization. 3 Our finding that F-actin 
solutions in the intermediate stages of polymeriza­
tion contain both fibrous molecules (F-actin) and 
small molecules (G-actin) suggested that the G -F 
transformation is a condensation phenomenon. 
Therefore, the size and the molecular weight of F- 
actin in the polymerization process is of great in­
terest. Our light scattering and sedimentation 
measurements indicate that the F-actin molecules 
have almost the same molecular weight regardless 
of the extent of the polymerization.

Experimental
Sam ples.—The crude G-aetin solutions, obtained from 

acetone dried rabbit skeletal muscle from which myosin had 
been removed by Straub solution (0.G M  KC1 pH G.5) ac­
cording to Feller, el al.,* were extracted with glass-distilled

(1) F. Oosawa, S. Asakura, K. Hotta, N. Imai and T. Ooi, J. Polym er  
S cu , 37, 323 (1959).

(2) R. F. Steiner, K. Laki and S. Spicer, ibid., 8, 23 (1952).
(3) A. Szent-Gyorgyi, “ Chemistry of Muscular Contraction,“  

(second edition), Academic Press, New York, N. Y ., 1951.
(4) G. Feuer, M . Molmir, E, Pettko and F. B. Straub, Acta P h ysiol.

U im g., 1, 150 (1948).

water and purified by the procedure by Mommaerts.5 The 
solutions, after depolymerization by dialysis for about four 
days against water containing adenosine triphosphate, 10 “ 4 
it/, were centrifuged at 100,000 g for 5 hours to remove traces 
of F-actin. The supernatant is our original G-actin solu­
tion.

The samples to be measured were made up by the addition 
of MgCI, and veronal-IKM buffer (pH 8.0) to the original 
G-actin solution. They were stored for 1-2 hours at room 
temperature and then at 0 ° for more than one day; if the 
samples are measured before storage, reproducible results 
are not obtained because of non-equilibrium polymerization. 
Special attention must be paid to the buffer which converts 
some of the G-actin to the F-forrn depending on the amount 
and the species of ions,6 e . g . .  phosphate buffer exerts a 
marked affect, while that of veronal or tris buffer is relatively 
weak.

Equipment and Measurements.—The light scattering 
measurements were carried out, with a Shimazu light scatter­
ing photometer, and the scattering intensity over the angular 
range of 30-135° was measured by the use of small cylindri­
cal cells. Light of wave length 546, 436 or 36G ra^, from a 
mercury arc was used as the incident beam. Immediately 
before the measurement each sample was centrifuged at 
about 20,000 g to remove the large particles suspended in 
the solution.7 The refractive index increment, which was 
measured in a differential refractometer,8 was An/Ac =  0.18, 
a value which agrees closely with that of Mommaerts.9 
There was practically no difference between the refractive 
index increments of G-actin and F-actin. The protein con­
centration was determined by dry weight and miero-Kjeldahl 
analysis, and then the refractive index measurement was 
conventionally employed for the determination of concen­
tration. The F-actin solutions were centrifuged with a 
Spinco Model L Ultraccntrifuge for 10 mi Hires at 100,000 
g; the gel-like sediment was dissolved in a given volume of 
water and the concentration (Cg„i) determined with a dif­
ferential refractometer. Viscosity measurements were made 
with a capillary viscometer at a shear rate of several hundred 
sec.-1.

(5) W. Mommaerts, J. B iol. Chem., 188, 559 (10511.
(Ij) M . Barany, N. A. lîiro ami J. -Molnar, Acta I'lurstol. Hung., 5, 

03 (1054).
(7) G. Oster, A n n. Chem., 25, 1105 (1053).
18) G. V. Schul/,, O. Bodemann and 11. .1. Cantow, J Polym er Sri., 

10, 73 (11153).
(9) W. Mommaerts, J. B iol. Chem., 198, 445 0052).
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Results
The original G-actin solutions are clear and non- 

viscous; the molecular weight of G-actin deter­
mined by our light scattering measurements is
1 2 0 , 0 0 0  or less, the value differing from sample to 
sample; the corresponding intrinsic viscosity is 
about 0.3.-'9’u This molecular weight of G-actin 
is somewhat larger than that usually reported prob­
ably due to the polydispersity of the original solu­
tions which often contain small aggregates of G- 
actin, e.g., dimer, trimer, etc. Upon the addition of 
magnesium ions the solutions become turbid and 
viscous, and the extent of F-actin formation in­
creases with the protein concentration Ca and the 
magnesium concentration [Mg]. When Ca is 
increased at constant [Mg], the turbidity increases 
approximately with Ca  below a critical concentra­
tion which is depend on [Mg]. Above this critical 
concentration G-actin turns into gel-like F-actin 
and a steep linear increase of turbidity is observed. 
Thus, we obtain turbidity versus Ca curves which 
can be divided into two linear regions at the critical 
concentration; see Fig. 1 in which the scattering 
intensity from the angle 8, Re, is plotted against C a -

The critical concentration for F-actin formation 
becomes lower with increasing [Mg], as shown in 
Fig. 2 in which the reduced scattering intensity 
(Ro) is plotted against C a for various magnesium 
concentrations. This critical concentration, of 
course, also depends on the buffer and pH. At a 
magnesium concentration of about 0 . 2  mil/ or be­
low (pH 8.0), the G-F transformation is negligible 
even at very high actin concentrations. Within the 
Ca  range of our experiments, a remarkable change 
in the scattering intensity occurred between 0.4 and 
0.8 mil/ [Mg].

The relationship between the scattering intensity 
and M w, the weight average molecular weight, is 
given by

KC/R, =  1/Afw + 2  BC (1)
where B is the second virial coefficient and K  =  
27r2n2(dn/dc)2/iVoX4 (n is the refractive index of the 
solvent, An/Ac is the refractive index increment, Nn 
is Avogadro’s number and X is the wave length of 
the incident beam) . 11 When we replot the data in 
Fig. 2  in the form K C a /Ro vs. C a , we obtain curves 
which are approximately horizontal below the criti­
cal concentration and gradually fall off with in­
creasing C.\. These curves suggest that the weight 
average molecular weight of F-actin increases with 
C'a or [Mg], but these results may be interpreted 
in other ways; e.g., the decrease in the K C a /R o vs. 
C a curves above the critical concentration may be 
due to large negative values of B. However, the 
break in the Ru-Ca curves at the critical concentra­
tion suggests the sudden formation of long F-actin 
particles, and the subsequent sharp linear rise of 
the curve points to an increase in the number of 
such particles. This interpretation is supported by 
the results of the sedimentation experiments de­
scribed below.

From the sedimentation experiments, we can 
estimate the amount of gel-like F-actin in the orig-

(10) T . C . Tsao, Biochem . B ioph ys. A cta , 11, 227 (1953).
(11) P. D oty and .T. T . Edsall, “ Advances in Protein Chemistry,”  

Vol. IV , Academic Press, New York, N. Y ., 1951, p. 37.

sin W 2 )  +  500Ca.
Fig. 1.—The relative scattering intensity Rer vs. sin-(&/2) 

at various protein concentrations: veronal-HOl buffer (i 
m.t/; pH 8.0; [Mg] = 0.6 m il/; Ca =  1.5, 1.0, 0.75, 0.5 
and 0.25 mg./ml.; \ 436 mp.

Fig. 2.— The relation between the relative reduced in­
tensity /¿or and the actin concentration C\: vcronal-HCl 
buffer 6 mM; pH 8.0 ; [Mg =  1.0, 0.8, 0.6, 0.4, 0.2 and 0 
m M.

inal F-actin solutions. Above the critical con­
centration at constant [Mg], Cgei increases linearly 
with C'a (Fig. 3 ), a result which is similar to that 
obtained from the light scattering measurements. 
The supernatant after centrifugation contains 
small actin molecules which can be converted to 
F-actin by the addition of a sufficient amount of 
magnesium ions. Thus, the F-actin solutions be­
fore centrifugation contain G-actin molecules in 
equilibrium with F-actin particles. It is remark­
able that the centrifugation does not affect the 
equilibrium between F-actin and G-actin since the 
G-F transformation of actin is a condensation 
phenomenon.

In solutions containing both very large molecules 
and small molecules, we can assume that the scat-
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Fig. 3.—The relation between the concentration of F-aetin 
and Ca at various [M g]. Two experimental runs are shown.

<%.! (mg./nil.).
Fig. 4.—The relative, reduced intensity /?<,. rs. u 

several experimental runs are plotted: X 366 mfi: x, i.4 
mM [M g]; 0 ,A, 1.0 mil/ [Mg]; A ,® , 0.8 m.l/ [Mg], 
© , 0.6 mil/ [Mg]; □, 0.4 mil/ (M g[;  •, 1.0 m .l/ [Mg]; 
0.8 mil/ [Mg] and 0.6 mil/ [Mg],

Fig. 5.— Plot of (3A '-yi67r2)(d //8/dsin 2(0/ 2)V_o as.
/?„,: 0 ,1 .0  m l /  [Mg]; « , 0.8m il/ [M g]; © ,0 .6 m il/ [M g];
A, 0.4 mil/ [Mg]; X = 436 ni/j.

tering intensity at small angles is contributed 
mainly by the larger molecules because of the 
reduced intensity R0 and the weight average molec­

ular weight; in the present case, the F-actin par­
ticles which form the gel-like sediment make the 
principal contribution to Ro. When Rq was plotted 
against Cgei without regard for Ca and [Mg] (Fig.
4), we obtained a straight line which passes through 
the zero point. The slope of this line gives, the 
molecular weight of the large F-actin molecules; 
7,800,000, 8,000,000 and 8,100,000 for the inci­
dent beams of wave length 366, 436 and 546 m/t, 
respectively. Thus, the F-actin particles have 
the same weight average molecular weight irre­
spective of Ca and [Mg].

The size of the F-actin molecule, which can be 
derived from the angular dependency of the scat­
tering intensity (Re), was also found to be inde­
pendent of C'a and [Mg], a result which supports 
our conclusion that the molecular weight of F-actin 
is constant. The e-average radius of gyration, 
((rg2)),/2, can be determined from the particle 
scattering factor, P(d), by the relation12

P(0) =  1 -  ( 167rV3X' 2) (fg2) sin2 (0/2) (2)

where X' is the wave length in the medium. As­
suming that there is no interaction between parti­
cles and that Rg vs. sin2 (9/2) gives the size of par­
ticles in the solution, we can rewrite equation 2  as

(dlte/d sm2(0/2))« = o//?c =  16tt73X '2 <rK*) (3)

Consequently, we can evaluate the ¿-average radius 
of gyration from the slope of the line 3X'2/1 6 tt2 
(dRe/d sin2(0/2))8=o vs. R0 given in Fig. 5 which indi­
cates that ((rg2))Vl is independent of C'a and 
[Mg]. The values obtained were 710, 780 and 930 
A. for the wave lengths 366, 436 and 546 m/x, re­
spectively.

On the basis of these results we can draw the fol­
lowing conclusions: above the critical concentra­
tion which is determined by the magnesium concen­
tration, large F-actin molecules, having a molecular 
weight of 8 ,0 0 0 , 0 0 0  and a radius of gyration of 800 
A., exist in equilibrium with active G-actin mole­
cules. The amount of F-actin increases linearly 
with the actin concentration and also increases with 
the magnesium concentration. Accordingly, the 
apparent turbidity increment with C'a and [Mg] is 
due to an increase in the number of F-actin mole­
cules and not to the gradual growth of individual F- 
actin molecules.

Viscosity measurements usually are employed as 
a measure of G -F transformation. In our experi­
ments the dependence of the specific viscosity, rjsp, 
on Ca and [Mg] (Fig. 6 ) corresponds to that of R0 
or (Tbe! on C\ and [[Mg]; i.e., ?/sp rises linearly with 
Ca above the critical concentration. If all the ac­
tin molecules were active (i.e., if they were all con­
verted to F-actin at high magnesium concentra­
tion), the specificity viscosity would be propor­
tional to Cgei since all the protein would be spun 
down and therefore C'a =  Cgei- However, some in­
active actin usually is produced by the purification 
process, for in the majority of cases the amount of 
total protein which cannot be polymerized by any 
means is 20-40%; therefore, we estimate the con­
tribution of unit particle to viscosity, i?sp/c ge], from 
the measurements of i?8p and Cgei, a valid procedure

(12) P. Debye, T h is  J o u r n a l , 51, 18 (1947).
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since the viscosity increase is attributable to the 
increase of F-actin, irrespective of the amount of 
inactive actin. 7/sp/C'gei was found to be nearly 15, 
the average of the values at various C'a and [Mg]. 
From this value and n]s„!C\ (where ijsp was meas­
ured at high [Mg], a few millimoles) we can esti­
mate the activity, i.e., the ratio of active to total 
protein.

Discussion

We assumed that there is no interaction between 
actin molecules, and that the turbidity is given by 
the sum of the contribution of individual G-actin or 
F-actin molecules. The falling off of the KCa/Rd 
vs. Ca  curve above the critical concentration means 
that attraction occurs between actin molecules or 
that some aggregates are formed. The curves in 
Fig. 2 (R0 vs. C'a) indicate a kind of phase transition, 
and the linear increase of R0 with C'a  above the 
critical concentration suggest an increase in the 
number of F-actin molecules of about the same par­
ticle weight rather than a gradual growth of parti­
cle size. The sedimentation experiments lend 
strong support to this tentative interpretation of 
the light scattering data. Nevertheless, it seems 
strange that the interaction constant between F- 
actin molecules was observed to be nearly zero; 
to investigate this phenomenon, it is necessary to 
measure the scattering intensity of more concen­
trated actin solutions.

The other assumption that the reduced intensity 
R0 is mainly due to large molecules in F-actin solu­
tion is based on the well-known relation between R0 
and the weight average molecular weight in a poly- 
disperse system

R0/KCa =  -  Y  Afi/i (4)
i

where M¡ is the mass and /¡ the weight fraction of 
ith molecule. From the sedimentation experiments 
we can assume roughly that only two kinds of mole­
cules, small molecules M t and large F-actin mole­
cules Mi, are present in the solutions; then, substi­
tuting Cgei for C'a, we can rewrite equation 4 as

Ro/KCgeí =  M, -  M, [(Ca/G c ) -  1] (5)
The approximation that Y  -Wi.fi =  W 2 implies that

i
Mi is much larger than Mi[(C\/CRei) — ]]. Since 
Mi is of the order of G-actin, about 100,000, and 
C'gei/C’a  is usually greater than 0 .2 ,  the error in the 
approximation is less than about 5%, which is 
comparable to the error caused by the extrapola­
tion of the scattering intensity to zero angle.

Strictly speaking, F-actin solutions must be poly- 
disperse, probably having a narrow distribution 
around molecular weight 8 ,0 0 0 ,0 0 0 , although it is 
not clear whether the deviations from the straight 
line in Fig. 5 are due to polydispersity or to experi­
mental error. The molecular weight of F-actin ob­
tained here is nearly three times larger than the val­
ues reported by other authors2 -13 who employed 
0.1 M  potassium chloride or iodide, as the polymeri­
zation agent, and used more dilute solutions; a 
possible explanation for this discrepancy is that

(13) J. Gergely and IT. Kohler, Conference on the Chemistry of 
Muscular Contraction, 17, Igaku Shoin, Tokyo, Japan, 1057.

Fig. (5.— The relation of the specific, viscosity to C'a : 
vcronal-HCl buffer (> m il/; pH 8.0; o , 1.0 mil/ [Mg]; 
x, 0.8 milf  [Mg]; A, 0.0 mil/ [Mg]; □, 0.4 mil/ [Mg].

two or three F-actin fibers are bundled together in 
concentrated solution and separate on dilution. 
This explanation is supported by the agreement be­
tween our value for the radius of gyration of F-ac­
tin and that reported for a much more dilute solu­
tion . 2 The observation that F-actin solutions ex­
hibit elastic properties at very low shear rate but 
flow easily at high shear rate, is consistent with 
this picture14; i.e., F-actin molecules are weakly 
bound to each other and separate readily upon me­
chanical agitation.

In regard to the forces binding actin molecules, 
it is obvious that hydrogen bonding is involved 
since large amounts of neutral salts or other rea­
gents which tend to prevent the formation of hy­
drogen bonds (e.g., urea) cause the depolymeriza­
tion of F-actin15; furthermore, the polymerization 
is accelerated by a decrease in pH. And of course 
the damping out of electrostatic repulsion caused 
by the addition of salts is regarded as a major fac­
tor in the polymerization. Adenosine triphosphate 
(ATP) must also play an important role since actin 
becomes inactive in the absence of A TP16; once 
ATP bound to an actin molecule is freed by heating 
or dialysis against pure water, the actin molecule 
loses its ability to polymerize. Furthermore, de­
phosphorylation always accompanies the poly­
merization of G-actin. 1718 Although quantitative 
results are lacking, the amount of ATP seems to 
affect the polymerization rate. The nature of the 
interaction n:ay well be the key to actin polymeri­
zation.

It is notable that the turbidity increment of d r  
lute solutions below the critical concentration in­
creases with [Mg], i.e., the molecular weight before 
gel formation becomes larger with [Mg], This ini­
tial stage of the polymerization cannot be simply 
explained by the monomer-dimer transformation of 
Tsao11 or the ovoid picture of Szent-Gyorgyi, 3 the 
two suggestions which seem to be relevant to the

(14) H. Boedtker and P . Doty, T his Journal, 5 8 , 968 (1954).
(15) A. Szent-Gyorgyi and J. Rosalie, Arch. Biochem,, 3 1 , 90 (1951).
(16) A. Szent-Gyorgyi, ib id .,  3 1 , 97 (1951).
(17) F. B. Straub and G. Fe.ier, Bioc-him. Biophys. Acta, 4, 445 

(1950).
(18) W. Mommaerts, J. Biol. Chem., 1 9 8 , 469 (1952).
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problem. Our preliminary results indicate the first and then to polymerize to fibers until a network 
G-actin monomers are likely to form the dimer is formed. Details will be published e.sewhere.

SOLVENT EXTRACTION OF HEPTAVALENT TECHNETIUM1 2 3 4 5 6 7
B r  G. E. B o y d  a n d  Q. V . L a r so n

Contribution from Oak Ridge National Laboratory, Oak Ridge, Tennessee 
Received October 26, 1959

The extraction of heptavalent technetium, initially contained in aqueous acid, neutral salt and in alkaline solutions, by a 
wide variety of immiscible organic liquids, including alcohols, ketones, ethers, esters, nitro-compounds, nitriles, amines, 
hydrocarbons, chloro-hydrocarbons and organo-phosphorus and organo-nitrogen compounds dissolved in ncn-polar liquids 
was measured. A basic oxygen or nitrogen atom in the organic molecule was necessary to effect a partition. Quantitative 
extraction was obtained when the active solvent also possessed an appreciable dielectric constant. Structural effects were 
evident and with mixtures involving alcohols synergistic actions were observed. The partitioning T c(V II) species was shown 
to be the pertechnetate ion, Tc0 4- , for which the molar extraction coefficient was concentration independent up to 10" 8 M. 
Extraction generally was much more efficient from acid than from neutral salt or alkaline aqueous phases indicating that the 
hydronium ion possessed properties especially favoring its distribution. The extraction mechanism with amines dissolved 
in inactive solvents w as anion exchange; with the »-alkyl phosphine oxide solutions stoichiometric complexes were formed 
in the organic phase; with the alcohols, ketones and ethers the formation of a cationic complex appeared to be essential.

Reports of observations on the extraction of 
technetium from aqueous solutions by organic 
liquids have been few in number and limited in 
scope. 2 - 7  Accordingly, in developing a rapid 
separation technique for the isolation of the short­
lived fission-product technetium isotopes it be­
came necessary to conduct measurements on the 
extraction of Tc(YII) from acid, neutral and alka­
line aqueous solutions. Several new correlations 
of extraetability with the molecular structure of the 
organic solvent were discovered, and previous ob­
servations were greatly extended. These latter 
may be of interest because pertechnetate ion, 
TcO,- , is a member of the class of complex ions, 
M X 4", which are important in the solution chemis­
try of a number of the transition elements. The 
magnitudes of the extraction coefficients for many 
of these elements present in halide ion solutions are 
determined by the formation constant and by the 
intrinsic (Nernst) partition coefficient for the 
complex ion involved. 8-9 Pertechnetate ion is 
stable in a wide variety of aqueous media so that 
measurements of its partition should give infor­
mation on the intrinsic factor in the solvent extrac­
tion of structurally analogous M X 4-  ions.

(1) Presented before the Division of Physical Chemistry, 133rd 
National Meeting, American Chemical Society, San Francisco, Cali­
fornia, April 13-18, 1958.

(2) C. Perrier and E. Segr£, J. Chem. Phys., 7 ,  155 0  939).
(3) O. E. Boyd, Q. V. Larson and E. E. Motta, “ Observations on the 

Chemistry of Element 43,” (Abstract No. 48), Symposium on the New 
Elements, Division of Physical and Inorganic Chemistry, American 
Chemical Society, Syracuse, N. Y., June 28-30, 1948.

(4) F. Morgan and M. L. Sizeland, A ERE C/M-96, Harwell, 
England, December (1950).

(5) W. Goishi and W. F. Libby, J. Am. Chem. Soc., 7 4 , 6109 (1952).
(6) S. Tribalat and J. Beydon, Anal. Chim. Acta, 8, 22 (1953).
(6a) E. Alperovitch, “ Contribution to the Problem of Naturally

Occurring Technetium,”  Doctoral Dissertation, Columbia University, 
1954.

(7) J. B. Gerlit, Proceedings of the 1st International Conference on 
the Peaceful Uses of Atomic Energy, Vol. 7, Section 9B.2, United 
Nations, 1956, p. 145.

(8) H. Irving, F. J. C. Rossotti and R. J. P. Williams, J. Chem. Soc., 
1906 (1955).

(9) R. M. Diamond, T his Journal, 61, 69 (1957).

Experimental
Observations on the solvent extraction behavior of ultra­

micro amounts of heptavalent technetium were facilitated 
by using the 60 d Te95m 7-rav emitting isotope as tracer. 
This activity was formed by Mo (p,xn) reactions in metallic 
molybdenum irradiated with 22 Alev, protons; the amount 
produced in a typical two-hour bombardment was 6.4 
millicuries (yield =  18.2 juaC./juahr.). The procedure for 
separating “ carrier-free”  T c95ra from cyclotron targets has 
been described.10 The final step in the isolation consisted 
in the dissolution of a technetium dioxide electrodeposit on 
platinum in ammoniacal peroxide. This solution was evap­
orated to drvness to ensure t.he formation of T c(V II) and 
the residue (NII4T 0O4) was taken up with distilled water and 
diluted to give 25.00 ml. of solution. Aliquots (usually 
100 A) were taken from this solution for the extraction meas­
urements.

in several experiments extractions were performed with 
initial aqueous concentrations of Tc(V II) between 10-4 and 
10“ 8 fib These solutions were prepared by dissolving a 
weighed amount of pure KT<-04 (containing 2.2 X  10s y 
T c!,9k) in distilled water. Sixty-day To95"1 tracer was added 
if a radiometric analysis of the equilibrium phases was to 
be conducted. Alternatively, concentration ratios were 
determined spectrophotometrically with a Gary Model-14 
photoelectric, recording spectrophotometer using the ultra­
violet absorption band of pertechnetate ion in aqueous solu­
tion at 2875 A.

Organic solvents of the highest purity were obtained from 
the Eastman Kodak Company or from the Matheson, 
Coleman and Bell Company ( i.e., White Label or Reagent 
grade); usually they were not purified additionally. Tech­
nical grade tri-ra-butyl phosphate (TBP), however, was 
purified by steam distillations.11 Interferences by impuri­
ties in the organic liquids were believed t o  have been 
absent. However, reagent, grade cyclohexanol preparations 
from different sources gave different technetium extractions 
even though gas chromatographic analyses showed them 
both t o  be quite pure.

Tri- «-octyl phosphine oxide (TOBO) obtained from the 
Eastman Kodak Company was of high purity as indicated 
by ultraviolet absorption spectrum measurements on its 
solutions in "Spectro-grade”  cyclohexane.12 Tri-ra-octvl- 
amine (TOA1 employed was supplied hv Carbon and 
Carbide Chemicals Company. A differential titration

(10) G. E. Boyd, Q. V. Larson and E. E. Motta, J. Am. Chem. Soc., 
82, 809 (1900).

(11) K. Alcock, S. 3. Grimley, T. V. Healy, J. Kennrdy and H. A. C. 
McKay, Trans. Faraday Soc., 52, 39 (1956).

(12) The authors are indebted to J. C. White for the pure prepara­
t ion s^  TOPO used in the initial stages of this work.
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revealed its tertiary amine content to be greater than 97% .13 
Dimethyldidodeeenylammonium chloride (D D A ) was ob­
tained from the Rohm and Haas Chemical Company and 
was greater than 98.5% pure.

Extractions were performed in the survey measurements 
(Table II) by equilibrating initially equal volumes of 
aqueous and organic phase at room temperature. Ten 
ml. of each phase (with the technetium in the aqueous 
layer) w'as added to a 30-ml. glass-stoppered separatory 
funnel equipped with a Teflon stopcock, and was shaken 
together on a mechanical shaker for 15-30 minutes. 
Phase separation was effected by a brief centrifugation using 
a Size 1, Type SD International Centrifuge wherein the 
temperature remained close to 25°.14 Equilibrium phase 
volumes were estimated to ± 0.1 ml. by draining each from 
the separatory funnel into 15-ml. graduated centrifuge tubes. 
The ratio of aqueous to organic volume, V^/Va, was re­
producible to better than 5% , and in no case did the sum 
differ from that for the initial phases by more than 5% . 
In the extraction mechanism studies the aqueous and organic 
phases were pre-equilibrated with one another before the 
addition of T c(V Il) tracer to the aqueous phase so that here 
Va./ V0 always was close to unity.

The entire volume of each phase was assayed for its y- 
radioactivity with a 4?r geometry ionization chamber filled 
with 40 atm. of argon gas.15 This instrument W'as excep­
tionally stable, and its response w'as linear over a wide range 
of intensities. Using the ion chamber efficiency-y-ray 
energy calibration and the decay scheme16 for 60 d T c96“1 
it w'as possible to convert the radioactivity assay readings 
into absolute disintegration rates and thence into concentra­
tions of pertechnetate ion. Thus, in the technetium tracer 
experiments the initial concentration in the aqueous phase 
was between 10-11 and 10-10 mole liter-1. Radioactivity 
balances which differed by no more than 3%  from the 
activity added to the aqueous phase before extraction were 
obtained in all the measurements reported. This result 
suggested that errors such as those caused by the adsorp­
tion of pertechnetate ion onto the w'alls of the separatory 
funnel, etc., were absent.

Molar distribution ratios, or extraction coefficients, 
Ea° w'ere computed from the radioactivity (or spectro- 
photometric) and volume measurements using the definition

^  o _  Activity in total organic phase /  Fa\ 
a Activity in total aqueous phase \ V 0J

Generally, Ea° w'as determined with a precision of ±  5%  
or better. However, when Ea° w'as quite small (i.e., <  
0 .01) or quite large {i.e., >  100) the precision was no better 
than ± 1 5 %  because of difficulties in the phase separations 
{i.e., occlusion of phases), because of statistical errors in 
the estimation of the minute quantities of radioactivity in 
one of the phases, and sometimes because a few tenths of a 
per cent, of the technetium tracer apparently was non- 
extractable. The spectrophotometric estimations of E f  
W'ere less precise and were restricted to a more narrow' range 
{i.e., 0.1 <  Ea° <  10) than w'ere the values obtained using the 
radiometric method. Under favorable circumstances, how­
ever, the former procedure may be more reliable in that 
changes in the intensity of the unique ultraviolet absorp­
tion spectrum of pertechnetate ion are assaj'ed, rather than 
a gross radioactivity assumed to reside entirely in the T c04-  
ion.

Studies of the reversibility of the extraction showed, when 
the phases w'ere in complete equilibrium, that the value of 
E*° was independent of whether pertechnetate ion was 
present initially in the aqueous or in the organic phase. 
The extraction coefficient w'as also independent of the rela­
tive volumes of the two equilibrium phases.

The temperature variation of Ea° was measured to de­
termine the need for maintaining constant temperature. 
In these experiments the immiscible phases w'ere stirred in 
a tube immersed in a water-bath controlled to within 
± 0 .1 °  of the desired temperature. Samples from each

(13) Private communication, K. B. Brown, 1957.
(14) In an interesting recent study C. E. Higgins and W. H. Baldwin 

of this Laboratory have shown that temperature rises as large as 12° 
can be obtained in lengthy centrifugations, cf.. Anal. Chem., 3 2 , 236
(1960).

(15) C. J. Borkovski, ibid., 21, 348 (1949).
(16) H. Medictis, Helv. Phys. Acta, 23, 299 (1950).

2 2 0 0  2 5 0 0  3 0 0 0  3 5 0 0

WAVELENGTH (Angstroms).
Fig. 1.— Ultraviolet absorption spectra of pertechnetate 

ion in (A ) water and in various organic phases: (B ) cyclo- 
hexanol, (C) 0.1 M  tri-n-octyl phosphine oxide, TOPO, in 
cyclohexane, (1)) 0.1 M  tri-re-octylamine, TO A, in cyclo­
hexane, and (E) dimethyldidodeeenylammonium chloride, 
DDA, in cyclohexane. Molar ahsojbancy indices for aque­
ous solutions at 2440 and 2880 A. and 6055 and 2290, 
respectively.

phase were taken after a sufficient time to allow for complete 
phase separation by gravity on cessation of stirring. At 
25° the variation of Ea° was 35% per degree for 1-hexanol 
and 5.2% per degree for a 10% w ./v . solution of tri-re- 
oct3'l phosphine oxide in a hydrocarbon diluent, correspond­
ing to apparent partial molar heats of extraction at 25° 
of —5.8 and —9.2 keal. mole-1, respectively. Because of 
this relatively small temperature dependence, all extrac­
tions w'ere performed at room temperature {i.e., 25 ±  1°).

Spectrophotometric examinations of the organic phases 
from several extraction experiments show'ed that pertech­
netate ion, TcOi- , was the partitioning T c(V II) species. 
The characteristic (Fig. 1) ultraviolet absorption spectrum 
exhibited in aqueous solutions was found with all the organic 
solutions. A comparison of the spectra for the aqueous and 
cyclohexanol solutions with those for the cyclohexane solu­
tions of TOPO, TOA and D DA revealed a 15 ±  5 A. shift 
to the red in the absorption maximum w'ith the latter; 
the vibrational “ fine structure”  of the electronic bands also 
wras enhanced. The blurring of the structure in the w'ater 
and cyclohexanol solutions may be explained in terms of
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Fig. 2.—Extraction of Tc(V II) from normal acid, neutral 
salt and alkaline solutions by straight chain alcohols.

Franck-Condon strain and the relaxation time of the sol­
vent cage.17 In non-polar solvents such as cyclohexane 
where strain is absent, vibrational structure was preserved.

Experiments also were conducted to determine if /i„° 
were independent of the pertechnetate ion concentration. 
The radiometric method was employed using Te95m tracer 
in solutions of K T c04 made up to the desired concentration 
with fission-product TcS9g. For extraction from 2 N  nitric 
acid solution with cyclohexanol, cyclohexanone and with a 
dilute solution of methyldioctylamine (M DO A) in ben­
zene the data (Table I) show that /i„° was concentration in­
dependent from 10-10 to I0 “ 3 M . This result is consistent 
with the hypothesis that Tc(VII) did not occur in a poly­
meric species in the organic phases.

T a b l e  I
C o n c e n tr a t io n  D e pe n d e n c e  o f  E x t r a c t io n  C o e ff ic ie n t s

FOR Tc(VII) 

Initial T c04-

in  A qu eo us  2 N  H N 03 S o lu tio ns
5%  w ./v.

Cyclo- Cyclo- MDOA in
ion concn., M hexanol hexanone CsH,

ca. 1..5 X  K ri10 8.16 8.74 9.31
2 X lO“8 7.98 7.95 8.99
2 X 10 ~7 8.07 8.56 9.22
2 X 10 3 8.52 8.55 9.03
2 X 10 3 7.88 8.12 (7.37)
2 X 10-" 8.16 8.61 8.78
2 X 10-8 8.28 9.09 9.41

Av. 8.15 ± 0 .1 5 8.52 ± 0 .2 7 9.12 ± 0 .1 9

Experimental Results and Discussion 
Survey Measurements.—The extraction of tracer 

quantities of Tc(VII) from normal sulfuric acid, 
sodium sulfate and sodium hydroxide solutions, 
respectively, was measured using 75 different 
organic liquids or solutions. The extraction co­
efficients, AY’, derived from these measurements 
are summarized in Table II which also presents 
value for the static dielectric constants for the 
moisture-free liquids taken from the literature, 18 
unless otherwise noted. The following generaliza-

(17) N . S. Bayliss and E . G . M cR ae, T h is  Journal, 58, 1002
(1954).

tions based on Table II may be of interest.
(1) The extraction of pertechnetate ion by ali­

phatic and aromatic hydrocarbons and chloro- 
hydrocarbons was negligible even when the latter 
possessed relatively large dielectric constants (viz.,
1,2-dichloroethane). A necessary condition for 
efficient extraction by a pure liquid appeared to be 
the presence of an electron donor atom in its mole­
cules (e.g., a basic oxygen or nitrogen atom).

(2) The presence of donor atoms in the molecules 
of the organic liquid was not a sufficient condition 
for extraction. Such measures of solvent basicity 
as are given by infrared frequency shifts19 or by 
heat of mixing determinations20 have indicated 
ethers and esters to be more strongly basic than 
ketones or nitro-compounds; yet, pertechnetate 
ion was poorly extracted by the former and ef­
ficiently by the latter classes of solvents. The 
possession of an appreciable dielectric constant 
favored extraction by a liquid even when only weak 
donor atoms were present in it (viz., the organo- 
nitro compounds). Increasing the dielectric con­
stant of diethyl ether by substituting strongly 
electronegative atoms (see d/A-diohlorodiethyl 
ether) markedly enhanced extraction despite 
indications19 of a significant decrease in basicity 
thereform.

(3) The extraction of Tc(YII) decreased within 
an homologous series on increasing the hydro­
carbon character of the molecules. This de­
pendence for alcohols, ketones and ethers could be 
correlated with the 0 :C  atom ratio for the molecule 
(Fig. 2) . 21 Increasing the hydrocarbon portion of 
an 71-alkyl alcohol lowers the number of donor oxy­
gen atoms per unit volume of organic phase because 
of the increased molecular weight and because of 
change in density. If the basicity of the carbinol 
groups is not changed by increasing chain length 
it should be possible to vary the O .C  ratio, and 
hence AY’, by adding a pure hydrocarbon liquid to 
an alcohol. The results presented in Fig. 3 ap­
peared to confirm this expectation and to suggest 
that it was the polar group concentration which 
governed the extraction. The data given in Fig. 3 
also yielded a linear relationship when log A’a° 
was plotted against the mole fraction of hexane, 
as did extraction data (not shown) taken with 2 - 
hexanone in the same inactive solvent. A thermo­
dynamic justification for this latter behavior, 
first observed in the extraction of indium tracer 
from 0.2-0.5 N  HBr by solutions of methyl iso­
propyl ketone in cyclohexane and benzene, has 
been given. 22

(4) Significant differences in the basicity of cyclo-
(18) A. A. Maryott and E. R. Smith, “ Table of Dielectric Constants 

of Pure Liquids,”  NBS Circular 514, 1951; A. J. Petro, “ Table of 
Dielectric Constants and Dipole Moments,”  Publication 503, National 
Research Council, 1955, p. 29. Dielectric constants for which litera­
ture values could not be found were measured in this work using a 
simple, tuned-circuit, radio-frequency bridge.

(19) W. Gordy and S. C. Stanford, .7. Chem. P h y s . ,  8, 170 (1940).
(20) C. S. Marvel, M. J. Copley and E. Ginsberg, J. Am. Chem. Soc., 

62, 3109 (1940).
(21) A similar correlation in the extraction of uranyl nitrate by ethers 

has been noted by E. Glueckauf, H. A. C. McKay and A. R. Mathieson, 
Trans. Faraday Soc., 47, 428 (1951). When the C :C  atom ratio be­
comes larger than ca. 0.25 the extraction coefficient decreases because 
of the increasing miscibility of the aqueous and organic phases.

(22) H. Irving and F. J. C. Rossotti, J. Chem. Soe., 2475 (1950).
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T a b l e  II
E x t r a c t io n  of T c(V II) fro m  V a r io u s  1 N  A queous  

So lu tio n s  a t  25°

Organic liquid
0 :C
ratio

Dielec­
tric
con­
stant IDS04 NasSOi NaOH

1-Pentanol
Alcohols

1:5 13.9 4.0 1.5 0.10
3-Methyl-l-butanol 1:5 14.7 4.0 1.5 .10
2-Methyl-l-butanol 1:5 3.6 1.2 .080
2-Pentanol 1:5 14.2 7.0 3.2 .26
3-Pentanol 1:5 13.6" 9.5 3.1 .24
2-Methyl-2-butanol 1:5 5.8 10.4 4.0 .73
1-Hexanol 1:6 13.3 2.1 0.16 .045
2-Hexanol 1:6 11.3 2.9 .50 .059
2-Methyi-2-pentanol 1:6 3.7 .21 .062
Gyclohexanol 1:6 15.0 32 3.6 .77
Cyclohexanol6 1:6 0.003
1-Heptanol 1:7 12.1 .95 0.008 .020
4-Heptanol 1:7 6.2 .43 . 040 .011
Benzyl alcohol 1:7 13.1 3.1 .36 .13
1-Oetanol 1:8 9.8 0.60 .047 .015
2-Ethyl-l-hexanol 1:8 7 .2n .24 .006 .003
2-Octanol 1:8 7.8 .62 .021 .008
2,6-Diniethyl-4-heptanol 1:9 .10 .002 .002
1-Decanol 1:10 8.1 .22 .020 .008

2-Butanone
Ketones

1:4 18.5 20 12 7.9
2-Pentanone 1:5 15.4 38 32 15
3-Pentanone 1:5 17.0 35 6.2 2.5
3-Methyl-2-butanone 1:5 (15.5) 33 21 (2.2)
2-Hexanone 1:6 14.6 14 3.0 1 .2
4-Methyl-2-pentanone 1:6 13.1 14 1.7 0.79
Cyclohexanone 1:6 18.3 93 14 6.7
Cyclohexanone6 1:6 0.002
2-Heptanone 1:7 11.9 4.6 1.0 0.42
3-Heptanone 1:7 2.4 0.35 0.21
4-Heptanone 1:7 0.26
2,4-Dimethyl-3-

pentanone 1:7 12.6 2.1 0.26 . . .
2-Oetanone 1:8 10.4 1.7 0.30 0.10
A cetophenone 1:8 17.4 14 6.0 5.2
2-Nonanone 1:9 0.72 0.06.8 0.015
2,6- Di methyl-d- 

li eptanone 1:9 0.15 .041 .019

D i b u toxy tet ra e t h y I on e 
glycol

Ethers

5:16 5.9“ 6.5 .50 .32
Dibutoxydiethylene

glycol 1:4 4 .6ft 0.19 .015 .004
Di-ethyl 1:4 4.3 0.029 . 003 .002
/S.fS'-Diehloro-dicthy; 1:4 21.2 1.5 .073 .05
/3,j3'-Dichloro-diethyl6 1:4 0.002
Glycol dibutyl ether 1:5 3.8" .024 .004 .003
Di-isopropyl ether 1 :6 3.9 .012 .002 .001
Anisole 1 :7 4.3 .001 .004 < .01
Di-n-butyl ether 1:8 3.1 .012 .003 .002
Thiophene 2.8 .028 . 036

Amyl acetate 2:7
Esters

4.8 .091 .018 .014
Ethyl benzoate 2:9 6.0 .060 .035

( )rgano--phosphorus compoundg
Tributyl phosphate 7.9 44 8.3 7.5
Tributyl phosphate6 0.27 0.002 0.001
Tri-hexylphosphine

oxide6 40 .051 .017
Tri-octylphosphine

oxide6 41 .017 .013
Tri-decylphosphine

oxide6 49 . 023
Tris- (2-ethylhexy 1) 

phosphine oxide6 1.4 .002 . 003
I )i-(2-etliylhexyl) 

phosphoric acid* 0.011 .019

Organo-nitrogen compounds
Nitromethane 35.9 3.0 2.5 0.50
Nitrobenzene 34.8 1.2 0.086 0.057
Benzonitrile 
Primary Gamine

25.2 5.1 .56 1.6

(JM-T)6
Secondary amine

12 .002

(9D-178)6 70 .020 . 003
Di-n-decylamine6 47 .036 .003
Tri-n-octylamine6 110 .004 .002
Tri-iso-octylamine6 72 .003 .002
Methyl di-n-octylaoine6 30 3.3 .18
Tribenzylamine 8.3 0.004 .002
Pyridine6
Cetyldimethylbenzyl-

12.3 180

ammonium chloride** 
Dimethyldidodecenyl-

105 18

ammonium chloride** 
Tributyll au ryl-

100 65 99

aramonium bromide** 6.0 0.34 0.004
Hydrocarbons and chlorocarbons

1,2-Dichloroethane 10.4 <0.01 < .01 < .01
1,1-Dichloroethane 10.0 < .01 < .01
Dichloromethane 9.1 < .01 < .01 < .01
Chloroform 4.8 < .001 < .001 < .001
Trichloroethylene 3.4 < .001 < .001 < .001
Xylene 2.5 < .001 < .001
Toluene 2.4 .057 < .01 < .01
Benzene 2.3 .017 < .01 < .001
Carbon tetrachloride 2.2 < .001 < .001 < .001
Cyclohexane 2.0 .004 < .01 < .01
n-Hexane 1.9 .005 .003 .003

" This work. 6 0.1 M  
sine. d 0.1 M  in toluene.

in cyclohexane. * 0.1 M in kero-

hexanol, cyclohexanone, /3,/?'-dichlorodiethyl ether 
tri-n-octylphosphine oxide (TOPO) and tri-n- 
octylamine (TOA) were demonstrated by measure­
ments (Table II) of the extraction effected by their 
0.1 M  solutions in cyclohexane. The enormously 
greater effective basicity of TOPO and TOA when 
compared under circumstances where the dielectric 
constant and stoichiometric concentrations of 
“ donor atoms”  remained unchanged is evident. 
The results in Table II also afford other compari­
sons at constant “ donor atom” concentration. 
A plot of log Ea° against polar group molarity for the 
homologous methyl ketones and secondary n- 
alkyl alcohols showed the former compounds to be 
the more efficient extractants. However, the 
latter compounds are usually considered the more 
strongly basic; possibly the effective basicity of the 
alcohols is reduced by hydrogen bonding.

(5) Experiments with mixtures of 4-heptanol and
4-heptanone also suggested that extensive molecular 
association may be one of the causes for the rela­
tively low solvent extraction power of alcohols. 
Values of A'a° for extraction from 1 N  H2SO4 solu­
tions by the aforementioned pure compounds were 
nearly the same (viz., 0.43 and 0.26, respectively): 
however, the addition of 10, 25, 50 and 75% v ./v . 
of ketone to alcohol increased the extraction co­
efficients to 0.74, 1.80, 1.51 and 0.88, respectively. 
The initial additions of ketone to alcohol pre­
sumably caused dissociation of the latter thereby 
increasing the thermodynamic activity of the al­
cohol and hence the extraction. 23

(6 ) Within any one class of compounds f?a° ap­
peared to depend on the structure of the molecule.

(23) An analogous synergistic effect in the extraction of Pa(V) from 
concentrated HC1 has been reported quite recently: A. T. Casey and 
A. G. Maddock, J. Inorg. and Nucl. Chem., 10, 289 (1959).
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Fig. 3.—Comparison of the extraction of Te(VII) from N  
H«SOi by pure alcohols (open circles) with solutions of 1- 
hexanol in «-hexane (filled circles).
This finding was not unexpected as molecular 
structure controls the density and hence the donor 
group concentration in an organic liquid, its di­
electric constant and influences the basicity of 
the donor groups in its molecules.

Alcohols.— (a) Tertiary alcohols were better ex­
tractants than secondary or primary alcohols of the 
same 0 : C  atom ratio. Presumably, the tertiary 
alcohols are less hydrogen-bonded and hence more 
basic, (b) Aromatic substituted or cyclic ali­
phatic alcohols showed higher E a° values than 
straight-chain alcohols of the same 0 : C  atom ratio,
(c) The distance of branching from the carbinol 
group in the ?i-alcohols was important ; branching 
at the end of a straight chain did not alter £a°; 
branching at the a-carbon atom reduced the ex­
traction coefficient.

Ketones.— (a) Among a series of isomers E a° 
varied with the position of the carbonyl group 
.along a straight chain; methyl ketones showed the 
largest and symmetric ketones the smallest ex­
traction efficiency, (b) Aromatic substituted or 
cyclic aliphatic ketones showed higher 7i’a° values 
than the a-aliphatic ketones of the same 0 : C  
atom ratio. The substantially greater basicity 
of cyclohexanone19 compared with 2-hexanone may 
have been the cause for the large E a° observed with 
the cyclic ketone.

Ethers.— Poly-ethers were more effective ex­
tractants than normal ethers of the same ( ) : C  
atom ratio. The former compounds also showed a 
much lower miscibility with aqueous solutions 
than the latter. Among the poly-ethers there was 
a correlation (not shown) of log Z?a° with (he 0 : C  
atom ratio. This correlation suggested that the 
oxygen atoms in these compounds act independently 
with the CIR-groups behaving simply as diluents.

Organo-phosphorus Compounds.— (a) The es­
ter of phosphoric acid, t-ri-n-butyl phosphate 
(TBP) was greatly superior to any of the carboxylic

acid esters examined. This superiority appeared 
to result from the much greater basicity of the 
oxygen atoms in TBP; the large size and polar 
nature of this molecule probably were important 
in addition, (b) Compared with TBP at equal 
concentrations in an inactive solvent the more 
strongly basic tri-n-alkyl phosphine oxides were 
substantially more effective, (c) Changes in the 
size of the phosphine oxide molecule appeared 
unimportant as demonstrated by the values of 
E a° for tri-n-hexyl, tri-n-oetyl and tri-n-decyl phos­
phine oxides. Branching in the straight chain of 
tri-alkyl phosphine oxide, however, reduced E &° 
(c f TOPO and tris-(2-ethylhexyl) -phosphine ox­
ide).

Organo-nitrogen Compounds.— (a) The magni­
tude of E a° for extraction from acid solutions in­
creased in going from primary to secondary to 
tertiary amine solutions in cyclohexane, (b) 
Among the tertiary amines decreased basicity was 
accompanied by decreased extraction coefficients 
(cf., TOA and tri-benzylamine). (c) Quaternary
ammonium salts dissolved in inert solvents gave 
an efficient extraction not only from acid but also 
from neutral and alkaline solutions.

An li3rpothesis consistent with all of the results 
from the survey measurements on the partition of 
heptavalent technetium is that the necessary and 
sufficient condition for extraction is that a cationic 
complex exists in the organic phase and that an 
ion association pair or cluster involving this 
cation and an esssentiallv unsolvated TcCfi-  
ion be formed.24 The stability of the complex may 
be high and its composition definite when substi­
tuted ammonium ions are the active reagents in an 
organic solution, less so when the basic phosphine 
oxides and phosphoric acid esters are employed, 
and probably the complex is only poorly defined 
in the pure solvents. For the latter the complex 
mav possess a stoichiometry consistent with either 
H36+(H20)mS„Tc04-  or SH+(H20 )pS5Tc0 47 . Re­
cently evidence has been adduced supporting the 
first of these formulas with m  = 3.26 Increasing 
cation size will promote extraction so that the 
larger the value of n (or q) the larger E a° will be, 
provided the dielectric constant is not decreased 
unduly. Thus, the fact that tri-w-octylamine gave 
a larger extraction from N  FFSCfi than did methyl- 
di-n-octylamine (Table II) may be considered a 
consequence of the larger size of the former, if 
the difference in shape can be neglected.

Extraction from Acid Solutions.— Further in­
vestigations with acid solutions seemed desirable 
as one of the interesting facts revealed by Table I 
was that while the extraction of Tc(VII) from neu­
tral salt and alkaline aqueous solutions was quite 
incomplete with acid solutions quantitative ex­
traction was observed. Results from measure­
ments with normal solutions of several strong acids 
shewed (Table III) that a correlation for a variety 
of solvents existed between the extraction of 
pertechnetate ion and the nature of the acid 
anion. Acid extraction into cyclohexanol was

(24) See for example the discussion by G. IT. Morrison and II. 
Freiser, “ Solvent Extraction in Analytical Chemistry,” John Wiley and 
Sons. Inc., Now York, N. Y., 1957, p. 30.

(25) It. M . Diamond, T h i s  J o u r n a l , 63, G59 (1959).
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T a b l e  III
E x t r a c t io n  of Tc(VII) from  N o r m a l  So lu tio n s  o f  V a r io u s  St r o n g  A cids , E*°

Solvent HjPO. H2SO4 HCI HBr HNO, HI 6 IICIO,
Cyclohexanol 210 32 15 12 8 .8 5.5 4.3

0.027“ 0.05“ 0.18“ C .29“ 0.41“ 0.59“ 0.48“
Cyclohexanone 130 93 51 25 14 5.1 2 .6
/S,/3'-Dichlorodiethy] ether 1.5 0.40 0.T2 0.031 0.074 0.001
Tributyl phosphate 44 120 91 29 70 5.6
Tri-octylphosphine oxide“ 130 51 48 25 0.46 65 0.24
Tri-octylamine“ 74 n o 580 74 26 3.6 0.44

“ 0.1 M  in cyclohexane. 6 Even at quite small concentrations pertechnetate ion is thermodynamically unstable toward 
reduction by N  HI. Possibly the valence state extracted from this acid was Tc(V). • Extraction coefficient for acid.

measured also, and the E &°  values are given in the 
second row of Table III. With this solvent at 
least, the extraction of pertechnetate ion decreased 
as that of the acid increased. An anion-exchange 
mechanism between Tc04~ ion and the anion of 
the acid was involved in the extractions effected by 
tri-n-octylamine solutions. A similar dependence 
on the nature of the acid anion was shown by the 
other extractants; possibly they also extract 
Tc(VII) by an ion-exchange mechanism.

The dependence of the extraction of Tc(VII) 
on the concentration of acid initially in the aqueous 
phase was determined. With pure cyclohexanol 
(Fig. 4) the extraction increased rapidly upon the 
addition of small amounts of acid, and, after 
a maximum E a° value was reached at, or below, 
1 N , an exponential decrease set in.26 Curves 
similar to those in Fig. 4 also were observed with 
cyclohexanone, with pure tri-n-butyl phosphate 
and with solutions of TBP in a liquid hydrocarbon; 
maxima in the values of 7 i ’ a °  were exhibited at sig­
nificantly lower acidities, however. The rate of 
decrease in the extraction coefficient for cyclohex­
anone with acid concentration past the maximum 
was much greater than for either cyclohexanol or 
TBP. Presumably, such behavior reflects the 
increased miscibility of the ketone with strongly 
acid aqueous phases. In other work27'28 it also 
has appeared that decreases in 7?a° always coincide 
with gross changes in phase volumes on equili­
bration.

Complications because of interphase solubilities 
may be minimized if dilute solutions of strongly 
basic extractants in hydrocarbon or other inactive 
liquids are employed. Accordingly, measure­
ments of the acid concentration dependence of 
Tc(VII) were performed with deci-molar solu­
tions of tri-n-octylphosphine oxide, tri-n-octyl­
amine and dimethyldidodecenylammonium nitrate 
in cyclohexane. Maxima in the variations of 
E &° with acid molarity were observed with the first 
two compounds for concentrations of acid at and 
below 0.1 IV (Figs. 5 and 6). In the case of the 
amine the decrease below ca. 0.05 N  was probably 
a consequence of the hydrolysis of its (nitrate) 
salt; the decrease above this concentration re­
flected the exchange of T c04~ by the competing 
N03~ ion. No maximum was found with 0.01

(26) The variation of Ea°  shown for HC1 solutions above 5 N does 
not represent the behavior of Tc(VII). At and above this concentra­
tion increasing amounts of Tc(V) were formed by the reduction of per­
technetate ion by chloride ion.

(27) H. Irving and F. J. C. Rossotti, Analyst, 77, 801 (1952).
(28) D. E. Metzler and R. J. Myers, J. Am. Chem. S o c 72, 3776 

(1950).

Fig. 4.— Acid concentration dependence of the extraction of 
T c(V II) from aqueous acid solutions by cyclohexanol.

M  solutions of the quaternary ammonium salt 
dissolved in toluene (Fig. 6).29

A qualitative explanation for the linear decrease 
in log E &° for Tc04~ ion concentrations less than 
10 _5 M  with the log of the acid concentration 
(Fig. 6), and for the linear increase with the log of 
the tri-n-oetjdammonium nitrate (or dimethyl­
didodecenylammonium nitrate) concentration in 
the organic phase (Table IV) can be based on the 
assumption that a mass law governed anion ex­
change equilibrium occurred

Ib N + N O r -  T c0 4-  R 4N +T0O ;- +  NO.r ( 1)
where the bar denotes the organic phase. The 
equilibrium concentration product quotient is then

n  _  CtcOi~ Onoi- _  p  o (  CW 03 \ ™
^ Cxor CtcO(- “ VCr,nno3/

and, for a constant nitrate ion concentration in the 
organic phase, E &°  will decrease inversely as the

(29) The departures from a straight line of unit negative slope be­
low 0.05 N HXO3 in Fig. 6 are believed to have been caused by minute 
amounts of technevium irreversibly adsorbed on CuS and ether col­
loidal impurities in the radio-tracer preparation.
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N O R M A L I T Y  O F  H N O ^  .

Fig. 5.— Extraction of Tc(VII) from aqueous nitric acid 
solutions by tri-n-oetyl phosphine oxide (TOPO) solutions in 
hydrocarbon solvents.
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NORMALITY OF HNO.

Fig. 6.— Extraction of Tc(V II) from aqueous nitric acid 
solutions by 0.01 .1/ tri-n-octylamine (TOA) in cyclohexane 
and by 0.01 M dimcthyldidodecenylammonium chloride 
(i)D A ) in toluene.

first power of the nitrate coneentration in the 
aciueous phase provided thermodynamic ¡ictivity 
coefficient variations may he ignored. The failure 
of this latter approximation may be the cause for 
the departures of the points at the highest con­
centrations in Fig. 6 from the unit slope straight

T a b l e  IV

E x t r a c t io n  o f  P e r t e c iin e t a t e  I on  a t  T r a c e r  C o n ­
c e n tr a tio n s  in  A qu eo us  N it r ic  A cid  So lu tio n s  b y  P r e -  

e q u il ib r a t e d  O rg a n ic  So lu tio n s  o f  A m m on iu m  Sa lt s
Molarity En° Q

Dimethyldidodeeenyliimmonium 
1 N H N 03

nitrate in toluene:

Cdda

0.0005 0.40 802
.00075 .63 842
.001 .76 756
.002.5 2.00 800
.005 3.59 718
.01 6.39 639
.05 26.3 526
.10 45.3 453

Tri-rc-octylammouiuin nitrate in a 
2 N  H N 03

hydrocarbon solvent

C’toa

0.015 0.90 120
.0283 2.01 144
.0283 2.21 156
.06 3.92 131
.14 9.60 137
.25 18.7 149
.43 39.7 185
.65 41.7 128
.85 67.8 160

lines. In addition, excess nitric acid over that 
needed to form ammonium salt in the organic 
phase was found to be extracted; alternatively, 
this may have been the cause of the deviation.

In applying the mass law to systems wherein 
the concentration of ammonium salt in the organic 
phase was varied, it was assumed that the species 
IEN+NOs-  or R3XH+N0 3 _ were monomeric. 
Xo direct measurements supporting this assump­
tion have been reported; however, light scattering 
and other studies with solutions of tri-n-octylam- 
monium sulfate in benzene have indicated this 
salt to be molecularly dispersed.30 It seems less 
likely that dimethyldidodecenylammonium nitrate 
would be unassociated even in organic solutions 
after considering the extensive researches of 
Kraus31 on similar compounds. The decrease of 
Q with increasing DDA concentration shown in 
Table IV may therefore be a result of an increas­
ingly complex organic, solution.

The dielectric constant of the inactive organic 
solvent lor ammonium and other salt-type com­
pounds may influence their efficiency for extrac­
tion if electrolytic dissociation can occur in the 
organic phase. The measurements reported in 
Table V show that the extraction of pertcchnetate 
ion was the most complete when solvents of high 
dielectric constant were used. A similar de­
pendence was observed with solutions of t-ri-ra- 
octvlphosphine oxide although with this compound 
chloroform probably is not an inactive diluent.

Xon-ideal behavior by the foregoing organic 
solutions may sometimes govern their solvent

(30) K. A. Allen, T h i s  J o u r n a l , 62, 1119 (1958).
(31) C. A. Kraus, ibid., 60, 129 (1950).
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T a b l e  V
E x t r a c t io n  of T c(V I I )  from  1 X  H 2S 0 4 b y  So lu tio n s  of 
T r i- r- o cty l  P h o sp h in e  O x id e  (TOPO), T r i- r- o c ty la m in e  
(TOA) an d  D im e t h y l d id o d e c e x y l a m m o n iu m  S u lfa te  

(D D A ) in Va m ou s I n e r t  So lv e n t s
*---- —Extraction coefficient--------«

Diluent TOPO° TOA« DDA &
1,2-Dichloroethane 27 200 190
Chloroform 0.077 120 120
Benzene .63 110 40
Carbon tetrachloride .13 110 17
Di-isopropyl ether .91 100 15
Cyclohexane .41 81 8.6
Hexane .57 96 8.2

“ 0.01 X  solutions. b 0 .001 N  solutions.

extraction efficiency. Thus, association of the
solute to give low molecular weight micelles will 
lower the thermodynamic activity of the salt and 
reduce extraction. The molecular structure of 
the amine (c/. Table II) may determine the 
degree of its interaction with the solvent as well as 
its tendency to form micelles, and hence the ex­
traction efficiency of the solutions of its salts.32

Assuming that the extraction of pertechnetate 
ion by organic solutions of TOPO (and tributyl 
phosphate) involved the formation of complex 
which reacted according to

H+ +  T c0 4-  +  -yTOPO HTcCVgTOPO (3) 

application of the law of mass gives
log E,° =  log K  +  log [H +] -f- q log [TOPO] (4)

w’here [TOPO) is the thermodynamic activity of 
the uncomplexed reagent which may be taken as 
monomeric.33 Concentrations may be employed 
instead of activities for sufficiently dilute TOPO 
solutions; when this was done (Table VI), the ex­
traction data were found consistent with q = 2. 
Adduct numbers of two have been reported34 for 
the extraction of dichromate, Zr(IV), Mo(VI), 
U(VI), Ti(IV) and Sn(IV) from acid aqueous chlo­
ride, sulfate and nitrate solutions. The extrac­
tion of Th(IV) with TOPO appears to be excep­
tional; here, q = 3.

The increase in extraction of heptavalent techne­
tium with increasing acidity at low concentrations 
observed with alcohols (Fig. 4) and ketones may 
be explained by assuming that increasing amounts 
of salt (t.e., ion pairs) were formed in the organic 
phase by reaction of the basic solvent S with acid
H30 +  +  N O r  +  nH20  +  mS

H30 +-(H20 )„S „-N 0 3-  (5)
This salt, which alternatively may be SH+-(H2- 
0)pS?-N03~, may then react with trace amounts of 
pertechnetate ion in aqueous solution by ion ex­
change to give H30+. (H20)„Sm Tc04-. When only 
small amounts of HN03 are in the organic phase it 
is expected that the concentration of salt will be 
linearly proportional to the nitric acid activity in

(32) See also C. F. Coleman, K. B. Brown, J. G. Moore and K. A. 
Allen, Proceedings of the 2nd International Conference on the Peaceful 
Uses of Atomic Energy, Geneva, Switzerland, 1958.

(33) C. F. Baes, Jr., Oak Ridge National Laboratory Unclassified 
Report, ORNL-2737, July 2, 1959.

(34) J. C. White, “ Solvent Extraction in the Analysis of Metals,”  
ASTM STP 238, Am. Soc. for Testing Materials, Philadelphia, Pa., 
1958.

Fig. 7.— Variation of the extraction of Tc(V II) into cyclo- 
hexanol with acid concentration in HNO* +  NaNOj mix­
tures at 1.0 M. Straight line obtained by subtracting limit­
ing value of El =  0.32 from observed values.

T a b l e  V I
E x t r a c t io n  of P e r t e c h n e t a t e  I on a t  T r a c e r  C o n cen ­
tr a t io n s  in  A qu eo us  A cid  So lu tio n s  b y  P r e - e q u il i- 
b r a t e d  O rg a n ic  So lu tio n s  o f  T r i-w- o c ty lph o sp h in e  

O x id e
Molarity Ua°/(CTOPO!CH:

TOPO in hydrocarbon solvent:: 2 X  HNOs
0.0215 0.0188 20.3

.043 .0307 8.30

.086 .0967 6.54

.17 .569 9.84

.23 1.02 9.64

.35 3.42 13.9
TOPO n carbon tetrachloride: 1 X  HC1°

0.0041 0.0129 767
.0103 .0514 485
.0207 .093 217
.031 .241 251
.0413 .420 246
.1033 2.25 211
.2060 9.37 220

“ Extraction by pure CC14 gave E.° =  0.003.

the aqueous phase. If the aqueous nitrate ion 
concentration is held constant i?a° for Tc(VII) 
should increase linearly with the concentration of 
H30 +- (H20)nSmN0.i", and hence with the aqueous 
acid concentration. This expectation appeared to 
be confirmed by measurements of the extraction 
of technetium from constant ionic strength aqueous 
solutions by pure cyclohexanol (Fig. 7).

Extraction from Salt Solutions.— Relative to acid 
solutions Tc(YII) was poorly extracted from nor­
mal neutral salt and strong-base solutions (Table 
II). Nonetheless, an examination of the factors 
which appeared to govern the partition with the 
latter seemed worth while. Measurements with 
strongly basic extractants dissolved in non-polar 
organic liquids were not carried out, because it was 
considered that the extraction mechanism with
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n o r m a l i t y  o f  A O U FO U S  SO LU T IO N .

Fig. 8.—Extraction of heptavalent technetium from aqueous 
salt solutions by C3'dohcxanol.

: - n.o e- o o.o
OORMALU A OF A'.IF! Oit', ■.OLUTlOM

Fig. 0.— Extraction of heptavalent technetium from aqueous 
salt solutions by tri-re-butyl phosphate (TBPJ.

them was simple ion exchange. It did not seem 
probable, however, that the extraction of Tc(YII) 
by pure alcohols, ketones, nitro-compounds and by 
tributyl phosphate from neutral and alkaline solu­
tions occurred by such a process. Data presented 
in Figs. 8 and 9 for cyclohexanol and tri-n-butyl 
phosphate, respectively, show the dependence of 
pertechnetate ion extraction on the anion of the 
salt and on the concentration. Heptavalent tech­
netium, with all solvents, including methyl ethyl 
ketone and cyclohexanone for which data are not 
shown, was extracted to the greatest extent from 
sodium sulfate and least from sodium nitrate or 
sodium perchlorate solutions. Maxima in the 
variations of E &" with salt concentration were absent 
except possibly in the extractions from sodium 
perchlorate solutions by tri-n-butyl phosphate and 
from sodium hydroxide solutions by cyclohexanol. 
The relatively efficient extractions from Na2S04 
solutions could have resulted if small amounts of 
free acid had been present; pH measurements 
always showed these solutions to be close to neutral, 
however.

The data in Fig. 9 appear to be consistent with

information on the solubilities of the various sodium 
salts in pure TBP.35 For example, the solubility 
of Na2S04 in the TBP is extremely small (0.00022 
molal) compared with NaC104 (1.11 molal). 
Further the sequence of extractability of the sodium 
salts from their aqueous solutions into TBP at 
25° is: NaC104 > NaNOs > NaCl. Sodium per­
technetate, by analogy with NaC104, should be 
appreciably soluble in TBP and should be ex­
tracted efficiently by this solvent from its own pure 
aqueous solutions. In the extraction of micro­
amounts of pertechnetate ion from concentrated 
salt solutions “salting-out” effects in the aqueous 
phase and competition in the formation of TBP- 
salt complexes in the organic phase must occur. 
The initial rapid increase of E a°  with increasing 
salt concentration shown in Figs. 8 and 9 was prob­
ably the consequence, however, of the increasing 
sodium ion concentration. If the salt in the aque­
ous solution in which pertechnetate ion is con­
tained possesses a high thermodynamic activity 2?a° 
should be increased. Thus, for example, if LiNCh 
were the salt a higher pertechnetate ion extraction 
would be expected than if KNOs were used. Dis­
tribution measurements showed that such dif­
ferences did occur between electrolytes in the an­
ticipated order but that these were significantly 
larger than was expected (Table VII). This out­
come suggested that the extent of cation solvation 
and ion-pair dissociation in the organic phase was 
likely to be important. Tte data presented in 
Table VIII, in contrast to those in Table VII, 
may be taken to indicate that the relative contri­
butions from these two factors may be different: 
With TBP strong solvation forces favoring the 
small cations may be involved, whereas because of 
the high dielectric constant of nitromethane36 
all the alkali pertechnotates must be ionized ex­
tensively in the organic phase. In the latter case 
salts with large cations should extract better than 
those with small cations of a similar structure.

T a b l e  VII
E x t r a c t io n  o f  T c(V H )  from  1 M  N it r a t e  So lu tio n s  b y  

T f i-ji- b u t y l  P h o sw ia te
Aqueous soin. Aqueous soin. £ >

HNO, 28.3 KNO, 1.1
Li NO, 14.7 Ca(NO,)s 15.6
N H., NO., 4.6 Cu(NO,)j 5.4
NaNO, 2.2 A1(N0,), 4.4

T a b l e  VIII
E x t r a c t io n  of Tc(VII) in to  N it r o m e th a n e from  N eu -
t r a l , M o l a r  A qu eo us  So lu tio n s  o f  t h e  A l k a l i C u lo -

rid es
Salt E.° Salt

LiCl 0.55 KC1 2.1
NaCl 1.2 RbCl 2.5
HC1 1.6 CsCl 3 .7

(35) T. V. Healy and P. E. Brown, “ Extraction of Alkali Salts into 
Organic Solvents,”  AERE-E/R-1970, Harwell, Berks., England, June 
6, 1956.

(36) H. L. Friedman and G. R. Haugen, J. Am. Chem. Soc., 76, 2060 
(1954).



August, I960 Energetics of Physically Absorbed Films 997

ON THE ENERGETICS OF PHYSICALLY ADSORBED FILMS, WITH 
PARTICULAR REFERENCE TO THE USE OF KRYPTON FOR SURFACE

AREA MEASUREMENT

B y  G eorge L. G aines, J r ., and Peter Cannon

General Electric Research Laboratory, Schenectady, New York 
Received November 12, 1959

Some simple considerations of the energetics of adsorbed films suggest that fairly complete monolayers of gases such as 
krypton should be formed before the onset of significant multilayer formation. Such monolayer formation should be ex­
perimentally observable by the Brunauer-Emmett-Teller method. It is noted that the experimentally observed variations 
in the molecular area parameters used to calculate areas may reflect differences in the adsorption energetics for different ad­
sorbate-adsorbent systems. On the basis of these considerations, together with our experimental results for krypton ad­
sorption, it is concluded that recent criticisms of the use of krypton in the BET surface area method are not justified.

If a gas is adsorbed on a solid surface in a nearly 
complete monomolecular layer before the onset of 
multilayer adsorption, and if the point at which 
this first monolayer is completed can be evaluated 
from the experimental observations, a method for 
surface area measurement is available. This, of 
course, is the basis of such widely-used techniques 
as that due to Brunauer, Emmett and Teller.

Krypton is used extensively for the measurement 
of surface areas of solids by the BET method.1-3 
Malden and Marsh4 have recently suggested that 
this is unwise, since they have obtained curved 
BET plots in some of their measurements. Honig 
and Reyerson6 have also suggested, on theoretical 
grounds, that nitrogen is to be preferred to other 
gases for surface area measurements. On the basis 
of a large number of surface area determinations 
performed in this Laboratory over the past several 
years, we do not feel that these criticisms are 
justified.

Some rather simple considerations of the ener­
getics of an adsorbed film, which we present below, 
lead us to conclude that under conditions normally 
found in surface area measurement, fairly complete 
monomolecular layers will be formed. This is so 
for krypton as well as the other commonly used 
measuring gases, such as nitrogen and argon.

It should be emphasized that our consideration 
of the BET method here deals only with the ques­
tion of its utility for determining surface areas. 
The validity of the assumptions underlying the 
BET theory and the applicability of the isotherm 
equation are pertinent to the present discussion 
only insofar as they affect the method of determin­
ing surface area and the significance of the results 
obtained. As will be apparent, however, this does 
not constitute treating the method as a purely 
empirical approach; to do so, in our opinion, 
vitiates much of its utility and casts doubt on the 
physical significance of the surface area values 
measured.

The range of applicability of the BET equation 
is commonly quoted in terms of a relative pressure

(1) R. A. Beebe, J. B. Beckwith and J. M . Honig, J. Am. Chem. 
Soc., 67, 1554 (1945).

(2) R. A. W. Ha-.il, Angew. Chem., 68, 238 (1956).
(3) A. J. Rosenberg, J. Am. Chem. Soc., 78, 2929 (1956).
(4) P. J. Malden and J. D. F. Marsh, T h i s  J o u r n a l , 63, 1309 

(1959).
(5) J. M. Honig and L. H. Reyerson, Can. J. Chem., 34, 1101 

(1956).

range (specifically 0.05 < p/p0 < 0.35), but this 
seems to us to obscure the physical implications of 
the equation: a more direct reference to mono- 
layer formation seems to be in order, and several 
authors6’7 have indeed pointed out that the range 
of applicability would better be discussed in terms 
of coverage. Meyer8 has observed that the 
BET equation itself contains a criterion for con­
sistency in this sense, since at monolayer coverage, 
the relative pressure of measuring vapor has a 
definite relation to the energy parameter c. We 
have preferred to use this criterion in the form 

P_| =  I
Po; vm l  +  V c

It is also instructive to consider the range of 
relative pressures which will correspond to given 
values of surface coverage, 8, for various magnitudes 
of c. Some values computed from the BET 
equation

e = JL = ____________cp____________

4 i + (c- l}3
are presented in the second and third columns of 
Table I.

T a b l e  I
M o n o l a y e r  R e l a t iv e  P r e ssu r e s  a n d  T h e r m o d y n a m ic  
F u n c tio n s , C a l c u l a te d  fro m  t h e  B E T  E q u a tio n  (T  = 

77.4°K.)

c
V/Pol fra p/po range, 

9 = 0.8-1.2
Ei — E l 
(=  RT 
In e)

A F
(=  RT
In p/po)

-A S
(~ (A  E 

-  AF))/T
10 0.240 0.167-0.315 355 95.4 3.4
30 .154 .084- .245 533 125.1 5.3

100 .091 .033- .199 710 160.3 7.1
300 .055 .012- .179 888 194.0 9.0

1000 .031 .004- .171 1065 232.3 10.8

If we are to require, therefore, that a BET plot 
be linear over a given range of surface coverage in 
the vicinity of the first monolayer, it is apparent 
that both the position and length of this linear 
region, in terms of relative pressure, will vary for 
different substrates. These statements are true 
regardless of Lhe gas being used.

Let us now consider the nature of a sorbed film. 
In order that the completion of a monolayer shall 
be detectable, there must be some change in the

(6) M. L. Corrin, T his J o u r n a l , 59, 313 (1955).
(7) D. S. Maclver and P. H. Emmett, ibid., 60, 824 (1956).
(8) L. Meyer, Z. physik. Chem. (N.F.), 16, 331 (1958).



998 George L. Gaines, Jr ., and Peter Cannon Vol. 64

rate of increase of enthalpy of the adsorbed film 
with respect to the amount adsorbed. Such a 
change is assumed in the BET theory, since in the 
terms commonly used in that theory, E\ ^ A'i.. 
In this connection, Meyer8 suggested that vm 
should be considered the volume of gas adsorbed 
over the range of enthalpies (A H i — AH\) greater 
than R T , where H i and H i are the enthalpies of 
sorbed film and bulk liquid adsorbate, respectively, 
per mole. He suggested that since this quantity is 
larger than R T  considerably beyond 6 = 1 for the 
adsorption of helium, helium forms multilayers and 
therefore cannot indicate the formation of a mono- 
layer. If a sharp (or fairly sharp) monolayer is to 
exist, the surface must possess a good deal of 
ordering power for the gas involved. To borrow 
the terms of information theory, the surface must 
have a considerable negentropy which can be 
expended in forming the monofilm, and which is 
sufficient to hold the gas in an ordered way (we wish 
to imply by “ordered” a state in which the p -v - t  
behavior is significantly different from that of the 
gas or vapor above it). Now the quantity (A H i — 
AH\) is indeed a measure of such negentropy, but 
at coverages below the monolayer we must remem­
ber that AH\, the enthalpy of vaporization of bulk 
liquid sorbate, is not the best standard against 
which to judge the excess negentropy. If we 
consider only nearest neighbor interactions (con­
sistent with the general idea of the short-range 
nature of the forces governing the physical adsorp­
tion of molecularly small species), the lateral 
forces in a monomolecular film result in a heat of 
sorbate-sorbate interaction only one-half as big as 
the heat of three-dimensional liquefaction of the 
vapor. Now sorbate-sorbent interactions must be 
(within the first layer) larger than the sorbate- 
sorbate interactions, or we shall not form a mono- 
layer, but rather condense the sorbate in a bulk 
form on the substrate.

The smallest sorbate-sorbent interactions that 
one can reasonably expect are those exhibited by 
gases sorbing on the basal plane of certain co­
valently-bonded layer structures (e.g ., graphite,93 
MoS2,9b etc.), and this fact has been used to permit 
studies of sorbate-sorbate interactions beloiv the 
critical liquid temperature of the sorbate. As a 
result of such studies, the lateral interaction ener­
gies have indeed been found to be equal to, or 
less than, one-half of AHi at 6 ~  1. Bearing in 
mind the magnitude of the maximum observed 
sorbate-sorbate interactions then we would propose 
use of the criterion (A IR  — */2 AH i)  ̂ some 
constant, for the range up to one monolayer, in 
order that the first monolayer may be clearly 
observed.

Let us now consider how large (A H i — :/2 AH\) 
must be in order that the measuring gas will be 
successful in indicating the monolayer point. The 
configurational entropy of the film, ASc =  k In 12, 
which is cognate with the entropy of mixing in a 
three-dimensional system, will contribute to the 
total interaction but this contribution cannot 
exceed (R T  In 2) cal./mole adsorbed, which would

(9) (a) C. H. Amberg, W. B. Spencer and R. A. Beebe. Can. J. 
Chem., 63, 305 (1955); (b) P. Cannon, T h i s  J o u r n a l , 64, 858 (1960).

correspond to complete randomness. However, 
this may be enough to cause the anomalous be­
havior of helium cited by Meyer8 since the entropy 
of vaporization of helium, AH\/Tv ~  5 cal. mole“ 1 
deg.“ 1, and in this case then (\/2)(AU \/TV) +  R  
In 2 ~  AH\/TV; consequently a two dimensional 
monofilm of He at 4.2°K. is thermodynamically 
unstable, and multilayers will be formed spon­
taneously. On the other hand, the physical 
adsorption of krypton (AHi/Tv = 18 0 cal. mole“ 1 
deg.-1) and nitrogen (A H i/T w = 17.6 cal. mole“ 1 
deg.“ 1) could not be expected to be controlled by 
the same mechanism. The point here is simply 
that if the net increase in enthalpy for the adsorp­
tion of one monolayer of gas is less than R T  In 2 
for any gas-solid pair, the entropy gain associated 
with configurational randomness will lower the 
threshold for macrocondensation to the point that a 
true monolayer measurement will be impossible.

The only example which is well known in which 
this case obtains is that for helium,8 where the 
increase in enthalpy associated with the transfer 
of atoms from a bulk liquid phase to an adsorbed, 
well defined monofilm is given by (A H t — A H i) 
+  (1/2)AH], which is approximately equal to R T  
In 2. We advance this as evidence that the use 
of our criterion may be justified, and as a plausible 
new explanation for the anomalous behavior ob­
served with He. In the cases with which we are 
concerned, however, 10 < c < 1000, with c =  exp 
(A H i -  A H i)/ R T .

However, multilayer formation does begin in 
some of these cases; those sorbate particles going 
into the second and third layers do count in the 
heat or entropy of the sorbed phase per statistical 
monolayer, and it can be seen in the last column of 
Table I that in order to achieve a statistical mono- 
layer coverage at c < 300 with the sorbed atoms 
having a cross section very nearly that of those 
atoms in the corresponding liquid, a second layer 
will have to start to form, since — AS  for a true 
monolayer of either Kr or No is 9 e.u./mole ad­
sorbed, and a surface with c < 300 has an intrinsic 
negentropy or ordering power of <9 e.u. It is 
thus apparent that if a preliminary estimate of the 
surface energy of the solid is available, it is possible 
to choose a suitable measuring gas, provided its 
heat of vaporization is known. In the context of 
our present set of definitions, a suitable measuring 
gas is one whose cross section in the sorbed phase is 
(i) not very different from that in the corresponding 
liquid and (ii) constant from substrate to substrate. 
We have shown above that these requirements place 
certain restrictions on the relative magnitudes of 
(A H i — AH \)/RT  and A<SV. It comes then as no 
surprise that Ar, Kr, N2 and even 02 should be 
acceptable as measuring gases in the majority of 
cases, since their standard liquid entropies are 
about 18 e.u. Even Ne with A//i/7'v = 17.5 e.u. 
would serve for area measurements on substrates 
having c values greater than 3 against such gases. 
For lower energy solids, hydrogen at its boiling 
point might be used, since AH\/TV for hydrogen is
10.6 e.u. Here, the efficient range cf negentropy 
would run from 5.3 to 3.3 e.u., allowing measure­
ment at rather low partial pressures of H2. It is
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readily recognized that the highest energy solids 
present no problem: the higher c becomes, the 
larger the intrinsic negentropy available at cover­
ages up to r,„ (i .c ., the more nearly perfect an ad­
sorbed monofdm). It is entertaining to consider 
how large c would have to be in order that the 
monolayer of krypton would constitute a perfectly 
still “ crystal” : c would have to be in excess of 106 
and the monolayer would be complete at p  p 0 <
i o - 6.

We have implied the possibility that (A//f — 
A//i) may become smaller than R T  before the 
completion of the first monolayer, and it is quite 
possible that under these circumstances there may 
be differences not only between gases but between 
different surfaces and the same gas. If this were 
to happen very much before the completion of the 
monolayer, however, it should be reflected in 
the value of c : as Brunauer10 has pointed out, c is to 
be associated with the less-active part of the 
surface. This is of course a necessary result of 
fitting the BET equation near monolayer coverage, 
where it is the less-active part of the surface which 
is being filled. The failure of an isotherm calcu­
lated from the BET equation to fit the experimental 
points at low relative pressures is generally ac­
knowledged to be due to surface heterogeneity. 
One of us already has remarked11 that the applica­
bility of the BET method to systems with widely 
varying degrees of gas-solid interaction is a reflec­
tion of the energetic “smoothing” of the surface by 
the gas molecules adsorbed at low coverage. If 
(A//f — A//0 should approach R T  at 9 equal to a 
small fraction of 1, c would have to have a value not 
much greater than 3; it is well known that when 
the adsorbent-adsorbate interaction is as weak as 
this, satisfactory BET surface areas are not ob­
tained (c/. Emmett12).

Another point, however, must be considered in 
this connection. It is well known that there is 
uncertainty about the cross-sectional area per 
molecule, a, to be used in calculating surface areas 
fromorm values. ]7or nitrogen, values of <j from
15.4 A.2’13 to 1(1.2 A.2 (both by calculation from the 
liquid density14 and by experimental measure­
ments16) have been proposed. For other gases, 
even wider ranges have been found; for krypton 
individual experiments have given a values from
17.7 A.2'1 to 22.0 A.2’16 while the (extrapolated) 
liquid density leads to a value of 15.0 A.2. These 
variations have been interpreted in terms of differ­
ences in packing of the adsorbed molecules.17 
This argument, however, leads to a number of 
difficulties. One would expect, for example, that 
for a given group of solids, an adsorbate composed

(10) S. Brunauer, "The Adsorption of Gases and Vapors. L 
Physical Adsorption," Princeton University Press, Princeton, N. J., 
1945, p. 158.

(11) G. L. Gaines, Jr., T h i s  J o u r n a l , 62, 1526 (1958).
(12) P. H. Emmett. "Catalysis,”  Vol. 1, Reinhold Publ. Corp., New 

York, N. Y., 1954, p. 52.
(13) H. K. Livingston, .7. Colloid Sci.. 4, 447 (1949).
(14) P. II. Emmett and S. Brunauer, J. Am. Chem. Soc., 59, 1553 

(1937).
(15) W. D. Harkins and G. Jura, ibid., 66, 1366 (1944).
(16) R. T. Davis, Jr., T. W. DeWitt and P. H. Emmett, T his 

J o u r n a l , 51, 1232 (1947).
(17) W. C. Walker and A. C. Zettlemoyer, ibid., 57, 182 (1953).

of small spherical molecules would show less 
variation in packing than one containing molecules 
of any other shape. Particularly, an elongated 
molecule like X2, which might be adsorbed either 
standing up or lying down, should exhibit a wider 
range of apparent molecular areas than those found 
for rare gas atoms. In terms of Meyer’s interpreta­
tion, however, these variations might stem from a 
fairly sharp decrease in (A H i — AH\) from a high 
value over most of the first monolayer to a value 
less than R T  at a coverage not quite equal to the 
complete monolayer. In Table II, some estimated 
parameters related to (A H i — AH\) are compared 
with the experimentally found a variations (ex­
pressed as monolayer density compared to liquid 
density, i.c., (a-iiq/Vexpti)). For these gases, at 
least, it appears that when a stronger adsorption 
force is combined with a lower value of A//|, 
apparent monolayer density equals or exceeds the 
liquid density; when the liquid has a high heat of 
vaporization, and the adsorption force is low, 
(A//f — A Hi) would be expected to lie smaller, 
and the apparent monolayer density is low and 
more variable.

T a b l e  I I
F actor s  A ffecting  O b se r v e d  C ross- s e c tio n a l  A r e a s

Gas
Adsorption forces 
(to produce Allf)

AHl, o 
kcal./ 
mole

Exptl. 
monolayer 

density 
(relative to 

liquid packing)
n 2 Quachupole +  dispersion 1.38 1.0 -1 .05
Ar Dispersion only 1.63 0.84-0.96
Kr Dispersion only 2.61 0.68-0.85
“ Estimated from vapor pressures of liquid near 77.4°, by 

Clausius-Clapeyron equation.

All of these considerations suggest that the 
widespread applicability of the BET method 
should not be considered as merely an empirical 
fact. If properly evaluated, and confirmed by 
the checks inherent in the BET equation, the value 
of vm is of real physical significance. If this is then 
converted to a surface area through the use of a 
significant a ■ 'mine, appropriate to the solid at hand, 
the result also is significant. We have seen that a 
may not have a unique value, but may vary. 
However, the experimental results so far reported 
suggest that this variation is generally not great. 
For krypton, for example, measurements on ma­
terials as different as metals and oxides,13'16 
aluminosilicates,18 graphite,19 silica20 and organic 
materials21 have yielded surface areas in reasonable 
agreement with the values determined by other 
methods, if <TKr is taken to be 19.5 ± 1 A.2 Fur­
ther confirmation of the ability of krypton adsorp­
tion data on a variety of substrates to yield good 
linear BET plots in the monolayer region is given 
by Fig. 1, where typical plots obtained in this 
Laboratory are presented. (Table III gives the 
sample data and the parameters obtained from the 
plots shown.)

(18) G. L. Gaines, Jr., and C. P. Rutkowski, ibid., 62, 1521 (1958).
(19) H. L. McDermot and B. E. Lawton, Can. J. Ckem., 37, 54 

(1959).
(20) K. Wheatley, 7. Appl. Chem., 9, 159 (1959).
(21) A. C. Zettlemoyer. A. Cl.and and E. Gamble, 7. Am. Chem. 

Soc., 72, 2752 (1950).
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on various solids (crosses indicate monolayer coverage eval­
uated from c) (see Table III).

T a b l e  III
D a ta  Sh o w n  in  F ig u r e  1

Curve Sample
Wt. uf 

sample, g.
Surface area, 

m.2/g .« C

1 Sintered Ag 34.30 0 .0 0 8 5 52
2 Glass powder 6.24 0.11 80
3 Mica paper 1.00 1.92 15
4 MoS, 0 .1 7 0 8.31 64
5 W powder 1.70 0.90 215

« With ffKr =  19.5 A .2.

Malden and Marsh4 have criticized the use of 
krypton on the basis of lack of general utility. 
We feel from our own results and those cited in this 
paper that the general applicability has been 
amply demonstrated. Furthermore, the use of the

rare gases eliminates the possibility of chemisorp­
tion, which recently has been found to occur with 
N2 at low temperatures on certain metals, e . g . ,  
Ni'J- and W .23 Of course, krypton and argon 
adsorption can be affected by the presence of 
chemisorbed or strongly physically adsorbed surface 
contamination,24-25 but one usually attempts to 
measure surface areas in the absence of contamina­
tion. The presence of phase changes in adsorbed 
films, appearing as discontinuities in the isotherms, 
might have been thought to cause poor surface 
area results,12 but this has been shown not to be 
the case for krypton.19'26 It is of course also well 
known that with certain types of adsorbents, 
different gases will measure different areas; for 
example, a zeolite such as Molecular Sieve 4A 
(Linde Co.) adsorbs krypton only on the external 
surfaces,27 while admitting oxygen into the lattice23 
with a spectacular difference in apparent area.

For these reasons, therefore, it is certainly 
necessary to consider the nature of the adsorbent 
and possible interactions between it and the adsorb­
ate before selecting a gas for surface area measure­
ment. If there is uncertainty about the likelihood 
of such specific effects, it is probably wisest to make 
measurements with more than one adsorbate.

We are indebted to Miss C. P. Rutkowski, who 
performed all of the adsorption measurements 
described, and to Dr. B. H. Zimm for a critical 
review of the manuscript.

(22) R. J. Kokes and P. H. Emmett, J. Am. Chem. Soc., 80, 2082 
(1958).

(23) G. Ehrlich, T. W. Hickmott and F. G. Hudda, J. Chem. Phys., 
28, 506 (1958).

(24) F. S. Stone and P. F. Tiley, Nature, 167, 654 (1951); P. F. 
Tiley, i b id ., 168, 434 (1951).

(25) P. Cannon, T h i s  J o u r n a l , 63, 1292 (1959).
(26) B. B. Fisher and W. G. McMillan, J. Chem. Phys., 28, 549 

(1958).
(27) P. Cannon and C. P Rutkowski, unpublished data: surface 

area measured 8.20 m.2/g .
(28) D. W. Breck, et a t..  J. Am. Chem. S o c . , 78, 5963 (1956): 

surface area measured. 785 in.2/? .

C. R. T urner

A NEW APPARATUS FOR MEASURING THE SORET EFFECT
By J. N. A g a r  a n d  J. C. R. T u r n e r 1

Department of Physical Chemistry, University of Cambridge, Cambridge, England 
Received November 25, 1959

A simple conductimetric method of measuring the Soret effect in dilute aqueous solutions of electrolytes is reported. The 
construction and operation of the thermal diffusion cell are described, and results for dilute solutions of CdSOj, AgN 03, 
XaBr and T12S 04 are given. These are in satisfactory agreement with results obtained by other methods.

Introduction
Information about the Soret effect in dilute 

aqueous solutions of electrolytes is sparse. For 
solutions of higher concentration, methods based 
on optical interferometry have been developed, 
most recently by Longsworth.2 In dilute solutions 
such methods are insufficiently sensitive, and other 
techniques must be devised for measuring the con­
centration changes. Agar and Breck3 followed

(1) Dept, of Chemical Engineering, University of Cambridge, 
Pembroke St., Cambridge, England.

(2) L. G. Longsworth, T h i s  J o u r n a l , 61, 1557 (1957).

the concentration changes by measuring the e.m.f. 
of a non-isothermal cell, but this method is appli­
cable to only a few systems. Measurements of 
conduction offer good prospects and we shall 
describe here a simple conductimetric cell (cell A) 
which gives a clear demonstration of the Soret 
effect in dilute solutions. Details of a different 
design of cell (Cell B) are given elsewhere4 and

(3) J. N. Agar and W. G. Breck, Trans. Faraday Soc., 63, 167 
(1957).

(4) (a) J. N. Agar and J. C. R. Turner, Proc. Roy. Soc. (London), 
255 A, 307 (I960); (b) J. C. R. Turner, Ph.D. Thesis, University of

Cambridge.
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further results obtained with a later cell will be 
forthcoming.

Apparatus.— The cell (Fig. 1) consists of two rectangular 
silver end-plates (Ag) screwed to a Perspex block (P). 
The solution (S) is contained between the plates in a cylindri­
cal hole in the Perspex, thin rubber gaskets being used to 
make a liquid-tight joint between the plates and the Per­
spex. A narrow-bore filling hole (F) is used for filling and 
emptying the cell. The four platinum wires (E) of diameter 

mm. and protruding about */, mm. into the solution 
compartment, are used as conductance electrodes. A 
satisfactory seal between these wires and the Perspex 
(superior to that obtained with adhesives) was made by 
heating them and forcing them through the Perspex while 
hot. The protruding ends of the wires were platinized 
before the end-plates were attached.

To commence a run, the cell, containing the desired 
solution, was placed between two copper cylinders main­
tained at 20 and 30° by circulating water from two thermo­
stats. To minimize convection, the top of the cell was kept 
at the higher temperature (30°), the sides were lagged, and 
the cell was accurately levelled. The resistances of the 
solution between the top pair and between the bottom pair 
of electrodes were measured at intervals using an audio­
frequency bridge sensitive to 1 part in 104. The steady 
temperature distribution is established in about 12 minutes, 
and during this period there are large changes in the meas­
ured resistances. To ensure that subsequent resistance 
changes are due to changes of concentration and not to 
further changes of temperature, it is necessary to keep the 
temperatures constant to within 0 .01°.

Theory of the Method
During the approach to the steady state the 

molality (m) at time (t) and distance (x ) from the 
lower plate should be given to a sufficiently good 
approximation5 6’6 by
— ln(m/?reo) me — m _  t x  1\

tjAT trATrtlo \Gt 2 /

—. cos —  X e~t/o ( 1) a

provided t > 0/3. In this equation
mo =  initial uniform molality
a =  total height of cell
<r =  Soret coefficient
AT =  temp, difference between the ends
$ — a^/v^D, the characteristic time
D  =  diffusion coefficient
For times less than 0/3, additional terms are 

required.6-6 The derivation of (1) assumes a uni­
form temperature gradient and ignores the tem­
perature dependence of D  and <r. “Warming-up” 
corrections6 are small and also have been ignored in 
this work.

The measured resistance (R ) of either pair of 
electrodes is proportional to the specific resistance 
(p) at the relevant height in the cell, and changes in 
R , p and m  can be related by

d In R =  d In p =  — B d In to (2)
where

b = (i + *]nA) x ( s r - )
and A is the equivalent conductance. The co­
efficient B  can be calculated from published data 
and can be treated as constant over the ranges of 
temperature and molality occurring in any one 
experiment. Since d In to is small we may write 

R  — R0 B(m — mo)
R0 ~  too

(5) J. A. Bierlein, J. Chem. P h ys., 23, 10 (1955).
(G) J. N. Agar, Trans. Faraday Soc., 56, 77G (19G0).

Fig. 1.— Cell A3 (height = 1.34, cm.), approximately to 
scale. Dimensions of cells A1 and A2 are similar except for 
their heights (see Table I).

where Ro is the resistance at t =  0 (uniform solu­
tion). Equation 1 thus becomes

R — Ro 
BaATRe +  - ,  cos —  X e t/e 7. a (-D

where x  now refers to the effective position of one 
or the other electrode pair.

For the steady state ( t -*■ °°), we obtain
Ra> — Ro ( x  l\
B a A T R o  ~  \a 2 /  K ’

and (4) can thus be rewritten in the form
In 1R -  R „I = In \R0 -  R„

In

+
” 4 cos(,irx/a) '

AR)
t
e (6)

The effective positions of the electrodes may be 
deduced from resistance measurements with a uni­
form solution in the cell under the following 
conditions: (a) isothermal at 20° (T i), (b) iso­
thermal at 303 (T2), ( c )  with the upper end plate 
at To and the lower at T\.

By interpolation, the effective temperatures at 
the electrodes under the usual operating conditions
(c) can be determined. A small correction is neces­
sary for non-linearity in the temperature-conduct­
ance relationship. Assuming a uniform tempera­
ture gradient, the effective positions x  then follow.

The resistance measurement (c) varies with time 
due to thermal diffusion in the solution. It is thus 
necessary to extrapolate back to zero time to ob­
tain the resistance appropriate to a uniform solu­
tion, bearing m mind that the unsteady tempera­
ture distribution in the first few minutes renders 
useless any readings in that period. We have used 
free-hand extrapolation and this introduces an 
uncertainty into the value of x/a  deduced from the 
resistance readings.

The possibility of error in the extrapolation is 
clearly reduced if the Soret coefficient is small; 
with this in view we have used 0.02 to solutions of 
N ad, KC1 and L id  and, in these cases at least, 
graphical extrapolation is quite adequate. For 
cell A3 the preferred values of x/a  by this method 
are 0.852 and 0.186. All measurements (using the 
three solutions mentioned above and some others) 
lie within ±0.005 of these values, and the error due 
to the extrapolation seems to be within ±0.001.

Longsworth2-7 found that the temperature gra­
dient in his cells was not uniform, which implies 
some lateral Low of heat through the walls. This
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-0.045 m cadmium sulfate; 0-24 hours, thermal diffusion
run (30-20°) r = (obsd. rcsistanre)/(rcsistanee extrapd. to zero 
hr.); 24-48 hours, isothermal return run (20°1 r = (obsd. resis­
tance)/^ resistance with uniform soil!, at 20°).

is less likely to occur in our cells, since the thermal 
conductivity of their Perspex walls is much less 
than that of the glass walls used in Longsworth’s 
cells. We therefore think that the assumption of 
uniform temperature gradient is unlikely to intro­
duce serious errors into our estimates of x/a. 
As far as steady-state observations are concerned, 
the point is in any case unimportant, because the 
difference in In m  between the two electrode pairs 
is governed by the difference in T  rather than that 
in x.

Results
Figure 2 shows the results of an experiment 

using 0.045 m  CdSO.i. As the solute diffused from 
the upper (hot) part of the cell to the lower (cold) 
part, the resistance of the upper pair of electrodes 
rose and that of the lower pair fell. After 24 
hours the “steady state” was nearly achieved, in 
which thermal diffusion was balanced by ordinary 
diffusion in the opposite direction.

The cell was then brought to an isothermal state 
by holding the temperature of the lower end-plate 
at 20° and cautiously reducing that of the upper 
end-plate from 30 to 20°. The concentration gra­
dient thereafter collapsed by ordinary isothermal 
diffusion, as shown by the right-hand plot of Fig. 2.

In general, it is difficult to avoid convective mix­
ing when changing the temperature gradient , but in 
the case of 0.045 m CdSCq the liquid is stabilized 
by the density gradient associated with the Soret 
concentration changes and it is possible to bring 
the cell to an isothermal state without convection 
provided the process is carried out slowly (30 
minutes).

The observations on CdS04 and other solutions 
agree well with equations 4 and 6, except for slight 
anomalies in the early stages of a run, which cannot 
be explained by the omission of higher exponential 
terms from (1) and are perhaps due to local ir­
regularities in the diffusion field near the electrodes. 
These anomalies vary from one cell to another. 
It is worth noting that the next term in the series

that should replace the single time-de­
pendent term in (1) is

* cos '>'lrX 9 a
which vanishes when x/a — 1/6 or 5/6 
and very nearly vanishes when x/a =  
0.186 or 0.852, as in cell A3 (c f. Harned 
and French8).

In an experiment of sufficiently long dur­
ation the observed R  approaches R m closely. 
In order to save time, it is more con­
venient to extrapolate the observed R  to 
t =  co with the aid of (4). Using a rough 
estimate of 9, a plot of R  against e~ ^ 6 is 
constructed and extrapolated to e~ t/e =  
0. The intercept (Ra>) is insensitive to 
errors in 9.

When Roo has been determined, 6 may be 
found from a plot of In R, — R w\ against 
t (see (6)), although accurate values of 9 
cannot be obtained in cases where the 
Soret coefficient is small—for example, 
0.02 m  NaBr (Table I). Equation 6 also 

shows that \R0 — 7?«I (and hence Rt,) may be 
estimated by extrapolation of the linear part of 
the In \R, — RJ. v s . t graph to t =  0.

Alternatively, R „ may be obtained by a free­
hand extrapolation of the R  vs. t curve to t = 0; 
the values of \Ro — R c„| obtained in this way are 
always slightly greater than those obtained by the 
log plot, although the resulting differences in 
a do not exceed 0.2 X 10"3 deg."1. The extrap­
olation of the log plot is not entirely satisfactory 
owing to the anomalies in the early stages, as 
mentioned above. We have therefore used the 
simpler free-hand extrapolation throughout.

Cell

T able I
103 <7,

deg. “ L 1(P a.
height,

Soin., m Oraied $meas this deg. -
cm. min. min. work cell Bf

A l
2.055

0.014
A gN 03

422“ 410 3 . 3 3 3.30
3 .5 l

A2
1.520

0.014
AgXOî

230° 240 3 . 2 9 3 .3 o
3.51

A3
1.344

0.014
AgNCL

180“ 184 3.03 3.3o
3 .5 i

A3 0.045
CdS04

500'’ 465 7.30 7 .4 i
7.33

A3 0.02
T12S 0 4

235° 7.15 7.04

A3 0.02
NaBr

195'' 170' I .83 1.76
2 .I 4

“ D =  1.08 X 10~5 cm.2 sec. " 1 extrapolated from results 
of Harned.9 D =  0.61 X 10"5 cm.2 sec. " 1 extrapolated 
from results of Longs worth .7‘  D unknown; this value of 
8 corresponds to D  =  1.30 X  10" 5 cm .2 sec."1. d D esti­
mated as ] .55 X 10" 5 cmAsec. " 1 from data in Harned and 
Owen.10 ‘ This value is not accurate because a is small. 
1 Upper figure =  steady state value of a\ lower figure = 
initial rate value of a (see Agar and Turner1*).

(7) L. CJ. Longsworth, “ The Structure of Electrolytic Solutions,”  
Ed. W. J. Hamer, John Wiley and Sons, Inc., New York, N. Y., 1959, 
pp. 183-199.

(8) II. S. Harned and D. M. French, Proc. Ar. Y. Acad. Set., 46, 2(37 
(1945).

(9) II. S. Harned and C\ L. Hildreth, J. Am. Chern, Soc... 73, 3292 
(1951).
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Table I gives a summary of results with cells of 
different height and with solutions of widely dif­
ferent diffusion coefficients. The tabulated values 
of a and 8 are the means of observations on the 
top and bottom pairs of electrodes. By taking 
these means we eliminate changes in resistance 
due to drift in the mean temperature of the cell. 
In fact, however, the values of <r and 6 for the in­
dividual electrode pairs usually agree closely 
(e.g., to within 0.2 X 10-3 deg.-1 for a). Values of 
a obtained in cell B are given for comparison.

Discussion
Although we have used cell B more extensively 

than cell A (and generally prefer it, especially fol­
low concentrations) the results obtained from cell 
A are a valuable confirmation of those from cell 
B. Furthermore, cell A has the advantage of

(10) H. S. Harned and B. B. Owen, “ The Physical Chemistry of 
Electrolytic Solutions,”  Reinhold Publ. Corp., New York, N. Y., 1958.

simpler construction. In cell B the end-plates 
themselves act as electrodes, and platinum­
faced silver plates are required. These specialized 
and expensive components are not needed in cell 
A. It also seems possible that cell A will operate 
satisfactorily at higher concentrations than can be 
used in cell B, although we have not used either at 
concentrations above 0.05 m.

Evidence lias been presented elsewhere1 2 3 4 5“ that 
convection effects occur in cell B, and the steady- 
state values of a (see Table I) are therefore low. 
The initial rai.e values of a from cell B should be 
free from convection errors. Comparison of the 
results for cell A and cell B suggests that some con­
vection is also occurring in cell A. It is to be ex­
pected that convective mixing will usually be a 
less serious problem at higher concentrations,4“ 
and it is in this region that cell A may prove most 
useful.

THE REACTIONS OF WATER VAPOR WITH BERYLLIA AND RERYLLIA-
ALUMINA COMPOUNDS1

By W illiam A. Y oung

Research Department, Atomics International, A Division of North American Aviation, Inc., C'anoga Pari', California
Received December 19, 1959

The reactions of water vapor with BeO, B e 0 A ]20 3 and Be0-3A120 3 were studied in the range 1300 to 1575° using a trans­
piration technique. The equilibrium constants for the reactions per mole of water are given by: log K p =  1.93 — 9280/7’, 
log K p =  2.45 — 10800/T, and log K v =  1.55 — 9450/7’, respectively. Values of AFa, A77° and AS° are given for these 
reactions and for solid state reactions involving these materials and alumina.

Introduction
It has been shown2-6 that beryllium oxide reacts 

with water vapor at high temperatures to form a 
volatile compound, probably Be(OH)2.4 Hutchison 
and Malm3 found that beryl is much less reactive 
with water vapor than is beryllia; this fact led 
Potter6 to suggest that the addition of other 
oxides might sufficiently reduce the chemical 
potential of beryllia to cause a substantial reduction 
in the volatility. This study was undertaken to 
investigate the reactions of water vapor with the 
two established compounds in the beryllia-alumina 
system7'8: chrysoberyl (BeO-ALOs) and the com­
pound Be0 oAl203. The reaction of water vapor 
with beryllia was studied to test the experimental 
procedures.

Experimental
Materials.— The two beryllia-alumina compounds were 

prepared from BeO of 0.2 p particle size and 99.98% purity, 
and A120 3 of 0.3 M particle size and 99.9% purity. Tor

(1) This work was sponsored by the U. S. Atomic Energy Commis­
sion under contract AT (1 l-l)-GEN-8.

(2) M. G, Berkman and S. L. Simon, ANL-4177, July 15, 1948.
(3) C. A. Hutchison, Jr., and J. G. Malm, J. Am. Chem. Soc.. 71, 

1338 (1949).
(4) L. I. Grossweincr and R. L. Seifert, ibid., 74, 2701 (1952).
(5) G. R. B. Elliott, UCRL-1831, June 1952.
(6) N. D. Potter, NAA-SR-MEMO 2152, November 5, 1957 (AEC 

Classified Report).
(7) W. R. Foster and H. F. Royal, J. Am. Ceram. Soc , 32, 26 

(1949).
(8) S. M. Lang, C L. Fillmore and L. H. Maxwell, J. Research Rati. 

Bur, Standards, 48, 298 (1952),

each compound the two pure oxides were weighed into 
separate beakers, slurried separately with methanol, quanti­
tatively transferred to a polyethylene bottle, and shaken 
vigorously for 45 minutes. The mixed slurry was trans­
ferred to a Morganite alumina crucible, allowed to air dry, 
and sintered at 1350° for two eight-hour periods after each 
of which the sintered mass was crushed and returned to the 
crucible with a small portion withheld for X-ray powder 
pattern analysis. The patterns indicated that very little 
of the 1:3 compound had been formed and that both ma­
terials contained appreciable amounts of free alumina. The 
mixtures then were fired for four hours at 1850°, crushed and 
analyzed chemically and by powder patterns. The latter 
indicated that the chrysoberyl sample contained no free 
alumina or berydia and only a very small amount of the 1 :3 
compound; the sample of the latter contained no free 
beryllia and very small amounts of alumina and of chryso­
beryl. Chemical analysis yielded B e0 /A l20 3 ratios of 1.06 
±  6.12 and 0.318 ±  0.035. The samples used in the trans­
piration runs consisted of particles varying in size from 0.25 
to 2 mm. in maximum dimension.

The beryllia used in the water vapor-beryllia study was 
obtained from a high-fired, high-puritv crucible supplied by 
the U. S. Naval Research Laboratory. Spectrochemical 
analysis of the material gave the values: A120 3, 0.008%; 
CaO, 0.003%; Si02> 0.002%; MgO, 0.001% ; no detectable 
amounts of the oxides of Ti, Cr, Mn, Fe, Co, Ni, Cd, Ba 
and Zn. The samples used consisted of irregular particles 
from 0.5 to 3 mm. in maximum dimension.

Apparatus.—Steam was generated in a one-liter flask 
equipped with a capillary vent and heated by a Variac 
controlled Glas-Col mantle; it was then passed through a 
Teflon packed, stainless steel, needle valve into the reaction 
vessel where it was preheated before passing through the 
inductively heated sample into a condenser and water 
collection system.

The reaction vessel consisted of a vertical 45 mm. quartz 
test-tube, 32 cm. long, surrounding the susceptor and 
crucible which were supported by an alumina tube 6 in. long



1004 W illiam A. Y oung Vol. 04

X 0.500 in. o.d. X 0.250 in. i.d. Thn lowor end of the 
quartz tube was joined to the valve by a 45/50 Vycor and 
Pyrex ground joint and Pyrex tubing. The lower end of the 
alumina tube was ground to fit, and supported by a 10/30 
Pyrex joint which was ring-sealed to the large Pyrex joint 
.and to 12 mm. Pyrex tubing. The latter was fitted with a 
side arm and terminated in a Pyrex window below which 
a front-silvered mirror was fixed for optical temperature 
measurement.

Water was condensed in a water jacketed condenser con­
nected to the Pyrex side arm and collected in a 25 mm. 
Pyrex side-arm test-tube. The latter was attached by 
ground joints to the condenser and a drying tube which was 
weighed with the collector tube. A second drying tube, 
also filled with anhydrous magnesium perchlorate, was 
attached to the first by a ground joint and was used to 
prevent absorption of atmospheric, water vapor.

All tubing between the boiler and the condenser, including 
the quartz reaction vessel below the induction coil, was 
maintained at 120 to 150° by heating tapes; all glass-to- 
metal seals were Kovar and all inotal-to-metal connections 
were silver soldered.

The samples were contained in a cylindrical Morganite 
crucible, 25 mm. high X 9 mm. i.d. and ground to 0.465 in.
o.d. The bottom of the crucible was perforated with seven 
0.009 in. holes and ground to fit the flat ground top of the 
supporting alumina tube. In addition, the lower half of the 
crucible was ground to a 3° taper so that it could slip within 
a 0.460 in. annular constriction near the center of the 
susceptor. The latter was a 2.500 in. length of platinum- 
10% rhodium tube, 0.500 in. o.d. with a wall thickness of 
0.015 in. The susceptor was attached with Morganite 
cement to the alumina supporting tube, the upper s/ 4 in. 
of which was ground to 0.469 in. diameter. This arrange­
ment prevented the formation of an annular passage around 
the crucible due to differences in thermal expansion; the 
fit was such that an appreciable force was required to push 
the crucible from the susceptor after each run. Alumina 
crucibles were used rather than platinum because the latter 
is known to react with water vapor in the presence of 
beryllia.4 The non-reactivity of alumina was established 
by passing water vapor for 3.25 hr. at 1500 l./hr., through
11.5 g. of Morganite thermocouple tubing heated to 1525°; 
the contact area was 75 cm .2 and the weight loss, 0.1 mg., 
was less than the precision of weighing.

Temperatures were measured with a model 75 Micro 
Optical Pyrometer which was calibrated by observing the 
filament of a standard tungsten lamp through the mirror, 
window and alumina tube. After completion of the final 
run, the calibration was checked by simultaneous pyrometer 
and thermocouple measurements which agreed to within 3° 
over the entire range.

Power was supplied by a 10 kc., 15 kw., Toeco motor- 
generator unit; the 250-volt output was fed to a parallel 
resonant circuit in which the coil and susceptor constituted 
the inductance.

Procedure.— The Morganite crucible was weighed, filled 
to a depth of 0.5 to 1 cm., reweighed to determine the weight 
of sample, and placed in the susceptor mounted on the 
alumina tube. The quartz tube was placed in position and 
helium, dried by passage through hot zirconium turnings, 
was allowed to flow through the system overnight at 20-30 
cm .3/min. The sample was heated to a. steady temperature 
and the weighed water collection system was attached to the 
condenser. The helium flow then was discontinued and the 
steam valve opened. The temperature of the bottom of 
the crucible (hence, of the exit gases) was measured fre­
quently and averaged over the length of the run which was 
taken to be the time between opening and closing of the 
steam valve; during each run the temperature remained 
constant to within approximately 10° except for the initial 
20 minutes, during -which an increase of up to 80° occurred. 
Water vapor pressure was assumed to be constant at the 
atmospheric pressure measured at the middle of each run; 
this pressure varied from 736 to 744 mm. After closing the 
steam valve, helium was readmitted and allowed to flow 
until no water was visible on the inner tube of the condenser. 
The collection system then was removed and reweighed to 
determine the amount of water which had passed through 
the sample. The power was shut off and the sample 
allowed to cool to room temperature with dry helium flowing. 
The crucible then was removed from the susceptor, re­

weighed to determine the weight loss of the sample to 
± 0.2 mg., emptied and prepared for the next run.

The partial pressure of the volatile beryllium compound 
was calculated from the weight data and water vapor 
pressure assuming that the entire weigh*, loss was BeO, 
that the volatile product was monomeric Be(OH)2, and that 
all gases behaved ideally.

Results and Discussion
Grossweiner and Seifert4 have shown that the 

volatile product of the beryllia-water vapor re­
action contains BeO and H20 in equimolar amounts 
and that it is energetically unlikely to be a simple 
molecular association. Although there are no 
experimental data on the molecular weight of the 
product, their assumption that it is monomeric 
seems reasonable and will be adopted here. Hence, 
the predominant reaction is assumed to be

BeO(s) +  HsO(g) =  Be(OHMg) (1)

It is also assumed that the gaseous product is 
monomeric in the reactions of the two beryllia- 
alumina compounds with water vapor.

To determine the nature of the solid product of 
the water vapor-ehrysoberyl reaction, the first 
two runs only were conducted on one sample. 
The powder patterns obtained from these runs con­
tained no lines attributable to Al2Os alone; com­
parison of the two patterns showed a progressive 
and marked increase in the intensity of the pattern 
of the 1; 3 compound and an observable decrease 
in that of the chrysoberyl pattern Hence, the 
predominant reaction of water vapor with chryso­
beryl is
3/2BeO-AIsO,(s) +  H20(g ) =  l,/2BeO-3AIjO;)(s) +

Be(OH)2(g) (2)
Powder patterns obtained after five preliminary 

runs, conducted on one portion o: Be0-3A1203, 
showed a progressive increase in the intensity of 
the alumina pattern, a corresponding decrease in 
that of the pattern of Be0-2A1203, and essentially 
zero intensity for the chrysoberyl pattern. Spec- 
trochemical analysis and a powder pattern of a 
sample of the solid condensate obtained from the 
alumina tube showed that the condensate con­
sisted of BeO with approximately 1% A1203. 
The predominant reaction of water vapor with the 
1 :3 compound is, therefore
Be()-3A].,0:,(s) +  H ,0(g) = 3A1203(s) +  Be;OH)2(g) (3)

It should be noted that the sensitivity of the X- 
ray diffraction method is not sufficient to preclude 
the possibility of the occurrence of side reactions 
with reactions 2 and 3. Unfortunately, this source 
of error could be eliminated only with great dif­
ficulty, if at all; the necessity of carrying the re­
actions to completion under equilibrium condi­
tions would require extremely long runs and would 
be complicated by diffusion effects in the solid. 
However, since no solid solutions and no other 
compounds have been found7-8 in the alumina- 
rich portion of the beryllia-alumina system, it is 
unlikely that any side reactions would be of suf­
ficient importance to affect the observed experi­
mental error to an appreciable extent.

For each material a series of measurements was 
made at 1535 to 1575° with varying flow rates to 
determine whether equilibrium could be achieved.



August, 19G0 R eaction of Water Vapor with B eryllia and Beryllia-Alumina 1005

The results, given in Table I, show no trend in the 
partial pressure of Be(OH)2 with variations in the 
flow rate of fivefold in the case of beryllia, three­
fold in the case of chrysoberyl, and sevenfold in 
the case of the 1:3 compound; in addition, no 
trend was evident with twofold and threefold 
variations in the amount of sample for chrysoberyl 
and the 1:3 compound, respectively. Within the 
accuracy of the measurements, therefore, equilib­
rium was attained. The extremes of flow rate at

T a b l e  I
E q u il ib r iu m  P a r t ia l  P r e ssu r e  o f  Be(OH)2 in  W a t e r  

V a po r

Temp.,
±15°K .

Sample
wt.,
mg.

Wt.
loss,
mg.

Flow
rate,
l./hr.

Run,
hr.

I ’HefOlPi,
mm.

For BeO
1822 713.0 5.2 5.6 7.80 0.553
1839 707.8 12.0 30.1 3.20 .561
1576 698.2 4.3 12.7 15.00 .087
1605 691.5 7.6 20.1 15.00 .099
1586 683.9 8.4 24.2 15.17 .089
1713 675.5 3 .4 7.1 9.00 .222
1703 672.1 11.7 25.5 9.00 .213

For BeOAl20 3
1828 641.6 4.7 9.9 7.00 0.303
1842 554.1 9.4 30.7 5.00 .276
1848 1163.2 7.9 26.6 4.50 . 295
1843 456.2 9.9 33.4 5.00 .268
1841 365.2 10.7 24.4 7.00 .282
1732 464.9 4.4 21.4 8 .0 0 . 109
1604 1195.1 1.9 15.4 12.00 .040
1606 564.4 4.1 26.1 16.00 .039

For BeO3Al20 3
1791 444. S 2.9 19.4 4.75 0.138
1821 384.1 7.6 50.6 3.60 .186
1813 335.6 9.3 48.0 5.00 .172
1808 573.6 9.4 146 2.00 .142
1832 311.4 5.0 19.9 6.30 .178
1832 174.4 5.8 63.1 2.25 .183
1814 191.9 5.9 67.0 2.40 .163
1734 216.0 4.9 48.0 6.00 .072
1649 331.3 1.4 8 .0 12.50 .056
1626 610.5 2.5 50.7 5.00 .039

these temperatures correspond to the following 
linear velocities in the unoccupied portion of the 
crucible: for beryllia, 13 and 2.4 cm./sec.; for 
chrysoberyl, 13 and 4.3 cm./sec.; for Be0-3A120 3, 
G4 and 8.5 cm./sec. If it is conservatively assumed 
that 40% of the volume of the occupied length of 
the crucible was available for gas flow, these veloc­
ities yield contact times of 0.03 to 0.1G sec. for 
beryllia, 0.02 to 0.06 sec. for chrysoberyl, and 0.004 
to 0.03 sec. for the 1 :3 compound.

The variation of the equilibrium constant with 
temperature is given in Fig. 1. No correction was 
made for the vaporization of BeO, the total vapor 
pressure of which is only 3 X 10~7 mm. at 1575°9; 
no correction was made for the pressure of gaseous 
A1203 species in view of the negligible loss observed 
using alumina thermocouple tubing and the results 
of Elliott.6 The straight lines in Fig. 1 were oh-

(9) N. D. Erway and R. L. Seifert, J. Eleclrochem. S o c 98, 83 
(1951).

Fig. 1.— Log Kp vs. 1 /T (A20 :l should read A120 ;).

tained from a least squares treatment of the data, 
using the method of fractional residuals, and cor­
respond to the expressions

log K„ =  1.93 ±  0.04 -  (9280 ±  SO)/?’ (I)
log A'„ = 2.45 ±  0.07 -  (10800 ±  130)/?’ (II)

and
log K p =  1.55 ±  0.10 — (9450 ±  170)7"’ (III)

for reaction 1, 2 and 3, respectively; the dashed 
line is that obtained by Grossweiner and Seifert4 
for reaction 1 and corresponds to

log Kp =  1.63 -  9060/77
These equations yield the values given in Table 

II for A , B , A H 0, AS0, and AF1673° where A  and B  
are constants in the expression

AFt° =  2.303/«.4 -  BT)

The values given for the solid state reactions
BcO-AlsO, =  l/3BeO-3AI2Os +  2/3BeO (4)

and
Bc0-3A1,03 =  3AlsOs +  BeO (5)

obtained by linear combinations of reactions 1, 2 
and 3, were calculated from the results of this work. 
For all reactions it is assumed that A H 0 is inde­
pendent of temperature, that the standard state 
of all gases is one atmosphere, and that the solids 
are in their standard states.

Combining the above da ta with free energy values 
for metal oxides10 yields the following free energies 
of formation at 1400°: for gaseous Be(OH)2,
— 111 kcal./mole; for BeOAbCh, —378 kcal./ 
mole; for BeO-lAbOs, —952 kcal./mole.

The value of A H 0 for the bervllia-water vapor 
reaction obtained in this work differs from that of

(10) A. Glassner, ANL-5750.
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T a b l e  II
T h e r m o d y n a m ic  P r o p e r t ie s

Rruu-
tion .1, 0K. B

A//»,
kcai.

AS".
e.u.

A Fim\ 
keal.

1“ 9000 1.63 41.5 7 .4 29.0
1 9280 1.93 42.5 8 .8 27 .7  ± 0 . 7
•> 10800 2.45 49.4 11.2 30 .7  ± 1 . 1
3 9450 1.55 43.2 7.1 31 .4  ±  1.5
-i 1012 0 .35 4 .6 1 .6 2 .0  ±  1.2
5 108 - 0 . 3 8 0 .8 - 1 . 7 3 .7  ±  2 .2
° From Cirossweiner and Seifert.4

Grossweiner and Seifert4 by only 2.4%, probably 
within the experimental accuracy of the two studies. 
However, this difference in A H 0 is sufficient to ac­
count for nearly one-half of the discrepancy in the 
values obtained for B , the intercept of the log K  
vs. \/T  curve. The remainder probably is due 
to two factors: it is likely that some water vapor 
by-passed their samples through the annular space 
between the sample container and the furnace wall; 
secondly, and much less important, the contact 
time in their work was approximately one-third 
of that of this work. Since each of these factors 
would lead to lower values for the partial pressure 
of Be(OII)2, the results of this work should be closer 
to equilibrium values.

The value of A.S'° obtained for the chrysoberyl - 
water vapor reaction is unusually high for a re­

action involving no change in the number of moles 
of gas; Kubasehewski and Evans, 11 however, list 
several reactions for which the entropy change is 
comparable; for example A.Sjeoo0 = 14.1 e.u. for the 
reaction

Cr(s) +  Cb(g) =  CrCl2(g)
The difference in the slopes obtained for the re­
actions of chrysoberyl and BeO IAbC):i with water 
vapor is consistent with the requirement of higher 
temperatures for the formation of the latter than 
for chrysoberyl, as observed here ai d by Foster 
and Royal,7 and with the fact that, unlike chryso­
beryl, it is not a naturally occurring substance. 
In addition, measurement of the intensities of X- 
ray diffractometer tracings of a sample of Be(> 
3AI2O3 before and after heating at 1150° for two 
weeks showed some disproportionation into chryso­
beryl and alumina.
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DETERMINATION OF PARTICLE SIZE IN SILVER BROMIDE SOLS BY
LIGHT SCATTERING1
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The average particle size in stable silver bromide sols has been measured by six different light scattering methods. The 
results are interpreted both by the Min theory and approximations thereto and compared with particle sizes by electron 
microscopy. The effect of polydispersity upon light scattering is discussed. The type of average size given by a method 
depends upon the size distribution and the ratio of the refractive index of the particle to the refractive index of the surround­
ing medium. Various average sizes from light scattering agree with the corresponding average size from electron microscopy 
within about 10%. Measurements of specific turbidity of sols of known concentration at two widely spaced wave lengths 
may be used to estimate the distribution of sizes, in good agreement with the distribution derived from electron microscopy.

Introduction
This study was carried on in conjunction with a 

study of the kinetics of nuclcation and growth of 
silver bromide particles. For the purpose of find­
ing an accurate and reliable light scattering method 
to apply to aqueous sols of growing particles, several 
methods were tested on stable sols. The methods 
useful for the type of sols under consideration arc 
limited by the high refractive index ratio (1.67 to 
1.76, depending on wave length) and size of the par­
ticles, and also by the polydispersity. Six light scat­
tering methods could be used. Four of the six 
methods are based directly on Mie theory for 
spherical particles. Two of these use the absolute 
intensity of transmitted or scattered light, and two 
are based on the relative intensities scattered at 
different angles. The remaining two methods are 
based upon extension of the Debye approximation

(1) Taken from the Ph.D. thesis of Willard II. Beattie, October, 1958.

for particles with refractive index ratio near unity. 
A full discussion of the theory may be found else­
where. 111 The methods which were investigated 
are described in the following section.

Methods
1. Specific Turbidity.— When light passes 

through thickness l of non-absorbing scatterers, 
the turbidity - is given by equation 1

in which /„ and 7 are incident and transmitted 
intensities, respectively, r  depends upon the num­
ber, size, shape and refractive index of the il­
luminated particles. For spheres of radius r

t =  mrr2K  (2)

where n  is the number of particles per ml. of suspen-
(la) H. C. Van de Hul.st. “ Light Scattering by Small Particles,”  

John Wiley and Sons, Inc., New York, N. Y., 1957.
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sion, and K . the scattering coefficient, is the ratio 
of scattering cross section to geometric cross sec­
tion. For particles such that r < X'/20

where a  =  2irr/\', X', wave length in medium sur­
rounding particle, = X / jlio, X is wave length in 
vacuo, m  is m/mo, u is refractive index of particle, 
and mo is refractive index of surrounding medium. 
For larger spheres, K  must be calculated from the 
Mie equations.1

Specific turbidity2 for spheres is given by
t  =  J L r _  K  

C  2A 'D  X a (4)

where D  is density of particle and c = concentra­
tion in g./ml. Specific turbidity depends upon the 
size and refractive index of the particles but is 
independent of n. Since the refractive index ratio 
m is usually known, the specific turbidity may be 
used as an absolute method to measure particle 
size. For Rayleigh particles, size may be obtained 
from equations 3 and 4. For large particles, K /a  
is not a simple function and size is best found from 
graphs of K / a  vs. a.

Scattering coefficients for use with silver bromide 
sols were obtained by interpolation of tabulated 
scattering coefficients.3-5 Graphs of log K  vs .  m 
were prepared3 at each a. Using interpolated 
scattering coefficients for to equal to 1.76 and 1.70, 
corresponding to silver bromide sols at 436 and 
546 m/(, respectively, plots of log K / a  vs. a  were 
prepared. These are shown in Fig. 1.

2. Specific Scattering Intensity.— When light 
falls on a suspension of non-absorbing spherical 
particles, the intensity of light scattered at, angle 
6 from the forward direction of the incident beam is

7/ X ̂ “
Ron — Voa +  He u = o ( l 1+ Vi) (5)

O  7T “

where Rgu is the Rayleigh ratio or reduced intensity, 
= Igb2/ h , Ie =  intensity of light scattered per ml. 
of suspension at angle 0 from the forward direction 
of an unpolarized incident beam of intensity 70, at 
a distance b from the scattering volume; Vou
and IIan are the vertically and horizontally polarized 
components of R 0u, respectively, and A and i 2 
are intensity functions for vertically and horizon­
tally polarized light, respectively. For particles 
such that r < X'/20, R and L are given by

and substitution into equation 5 gives the Rayleigh 
equation for angularly scattered light. For large

(2) W. Heller and \Y. .1. Pangonis, ,/. C h em . P h tjs ., 26, 498 (1057).
(3) A. N. Lowan, “Tables of Scattering Functions for Spherical 

Particles,” National Bureau of Standards A.M.S.-4. Washington, 
D. C., 1948.

(4) E. J. Median and W. H. Beattie, ./. O p t. S oc . .lw., 49, 735 
(1959).

(5) R. O. Gumpreeht and C. M. Sliepcevich, “Tables of Light 
Scattering Functions for Spherical Particles,” Engineering Research 
Institute, University of Michigan, Ann Arbor, 1951.

(6) W. H. Beattie, Ph.D. Thesis, University of Minnesota, 1958.

Fie. 1. Specific turbidity as a function of a for m equal to 
1.70 and 1.70.

particles, the intensity functions are given by the 
Mie equations.1

Specific scattering is given for the vertical com­
ponent of unpolarized incident light by

U  3 _  v  flF i
C 4Ì)\' X a3 (6 )

For Rayleigh particles, size may be obtained by 
substitution into equation 6. For larger particles, 
a  may be found from V 0u/c with the aid of graphs
01 h id )/a 3 vs. a.

Intensity functions for use with silver bromide 
sols were interpolated graphically6 from published 
values.3-5 Plots of log ii(d )/ a3 vs. a  were pre­
pared (Fig. 2) for to equal to 1.76 and 1.70. Figure
2 also includes values for m = 1.55, corresponding 
to silver bromide in glycerol (vide in fra ). In both 
the specific turbidity and specific scattering 
methods, size is a single valued function of K / a  
or i/ a 3 only for sizes smaller than the size cor­
responding to the first maximum in the correspond­
ing function.

3. Dissymmetry.— Dissymmetry is defined7 as 
the ratio of intensities scattered at two angles 
symmetrical about 90°. It is a measure of size 
for particles larger than Rayleigh particles. In 
the present instance (high m) Mie theory must be 
used for calculations of dissymmetry. Figure 3 
was calculated for angles of 40 and 140°.31

4. Polarization Ratio.— This is the ratio of in­
tensities scattered with different polarizations at a

(7) P. Debye and E. W. Anaeker, T h i s  J o u r n a l , 55, 644 (1951).
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Fig. 2.— Specific scattering at 0° as a function of a for m 
equal to 1.76, 1.70 and 1.55.

_____ .-.T-______I_______ I_______ I_______ I_______
0  0.4 0.8  1.2 1.6 2 .0  2.4a.

Fig. 3.— Dissymmetry (40°, 140°) as a function of a for m 
equal to 1.76, 1.70 and 1.54.

given angle.8-9 It may be used to determine the 
size of isotropic spheres larger than Rayleigh 
particles. Figure 4, which is a plot of polarization 
ratio vs. a , was prepared from tables of light 
scattering functions.8-4 Angles of 80 and 90° 
were found to give maximum sensitivity.

5. Zimm-Dandliker Equation.— The Zimm- 
Dandliker equation10 extends the range of the 
Debye approximation to particles of relatively 
high m. It is not restricted to spherical particles. 
The equation is

+  *■> ( £ ) , . ,  -  ¡ ,  <7>
9 = 0

where

K\ 2j V  /òM y
iVX4 \òc )  '

_ MO _ 
4 X 'W

N  is Avogadro’s number and M  is molecular weight 
or particle weight. For particles with m  ~  1, 
K > < < K h and equation 7 reduces to Zimm’s 
well known equation.11

6. Extrapolation to Infinite Wave Length.—
The Debye approximation is valid when 2 a (m  — 
1) < < 1. Since a becomes small at sufficiently long 
wave length, the method can be extended to high 
vi when long wave lengths are used. Cashin and

(8) D. Sinclair and V. K. LaMcr, Chem. Revs., 44, 245 (1040).
(0) M. Kerker and V. K. LaMer, J. Am. Chem. Soc., 72, 35IG 

(1050).
(10) B. H. Zimin and W. B. Dandliker, T h i s  J o u r n a l , 58, G44 

(1954).
(11) B. H. Zinnn, J. Chem. Phys., 16, 1093, 1099 (1948).

Debye12 13 derived equation 8, giving molecular or 
particle weight as a function of turbidity and wave 
length

(8)

where H  =  167r/x/3, and Q is the particle dissipa­
tion factor, a function of particle size and wave 
length.

Billmeyer18 introduced an expanded form of the 
particle dissipation factor into equation 8, obtain­
ing

( H c \  1 A U -
\ t /c = o M  +  \'*M (9)

A  is a constant dependent upon the shape of the 
particle, equal to 3.95 for spheres, and L  is major 
dimension of particle (diameter for spheres). 
A plot of (H c/ t) c = o vs. 1/X'2 extrapolated to 
infinite wave length gives ili.

Refractive Index Relations.— In all the above 
methods, the refractive index of the particle, 
relative to that of the surrounding medium, is a 
parameter. The first, four methods require m  to 
be known. The last two methods require the 
refractive index increment, dii/dc, to be known. 
This is usually measured, but for spherical particles 
it may be calculated from m  and scattering in­
tensity.10 The relation is

ÛM _  11 * )
be “  2 cA D

(12) W. M. Cashin and P. Debye, Phys. Rev., 75, 1307 (1949).
(13) F. W. Billmeyer, Jr., J. Am. Chem. Soc., 76, 4G36 (1954).
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1.70.

where R (ii* )  is the real part of the forward scat­
tering function, as defined by Lowan.3 l'or small 
spheres obeying Rayleigh scattering, the relation 
becomes

Òfl _  3Mo / TO2 — 1 \ 
òc 2D  \?n2 +  2 / ( 11)

Fig. 5.— Graphs of K  and S as a function of a for m equal to 
1.30, from calculations by Heller and Pangonis.2

t =  ki ^2 met iy
i

S =
1

c = «¡on3

Effect of Polydispersity
1. Calculation of Type Average.— Different 

light scattering methods give the same size when 
applied to monodisperse suspensions, but generally 
give different sizes when applied to polydisperse 
suspensions. The difference is due to (1) different 
kinds of averages yielded by different light scat­
tering methods, and (2) different kinds of averages 
yielded by different size ranges in any given method.

The latter effect arises in the following way. 
For a monodisperse suspension at a given X, 
scattering functions such as K  or t / c are propor­
tional to the radius to a power ?/ which may be 
defined by relation to the scattering cross section

where S =  wr~K. S  represents the total light 
energy scattered by one spherical particle per second 
per unit intensity of illumination. In this and the 
later equations, ku ki, - • ., include the numerical 
constants. K  is given by the relation K  = fc2a*-2.

In a heterodisperse system the values of r, S  
and concentration c are given by

Hence the specific turbidity and average value of 
a!/- 3are

y  n.a ¡v

\ = k* 4 - -----, -  k* “T~3 (13)6 aiou'1
i

where «"~3 corresponds to the (?/ — 3)rd average 
of a. Figure 5, according to Heller and Pangonis,2 
gives relative values of scattering cross section 
and scattering coefficient for m  = 1.30. Narrow 
size distributions, a to h, are indicated on the graph. 
The corresponding values of y  are given in Table 
I. For sizes up to g, the effect of large particles 
in a given distribution becomes continually less. 
Between a and c, large particles affect average 
size more than small, and between e and h, small 
particles affect average size more than large.

The value of y. for any a  and m, is obtained as 
follows. From equations 13 and 4

(1 log K/a =  cl log t / c =  (y — 3) cl log «  (1-1)
A plot of either log K / a  or log t/c vs. log a  has the 
slope (y  — 3) At high m, the irregular variation 
of K  with a  makes the determination of type average
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Fig. 6.— Graph of (y  — z) as a function of average a for m 
equal to 1.70. The exponents, y and z, determine the type 
of average for narrow distributions about an average a.

Fig. 7.— Graph of x as a function of average a for m equal 
to 1.70. The exponent, x, determines the type of average for 
narrow distributions about an average a, when applying the 
Zimm-Dandliker equation to spheres.

T able I
V ariation  of y with a, m =  1.30 (cj. F ig . 5)

Size range
Ex­

ponent
y Remarks

a 0 Rayleigh scattering
b 5
c 4
d 3 K  proportional to a
e 2 Maximum in K
f 1 S proportional to a
g 0 Maximum in S
h 2 Minimum in K

difficult-. With wide distributions of size the
of y  changes throughout the distribution, and it is 
impossible to assign any meaningful type average. 
For narrow distributions, it is possible to describe 
the type of average at each a  for the methods used 
in this paper. Let F  represent any light scattering 
function defined as the ratio of two measurable 
quantities, such as dissymmetry, or r/c. F  is 
defined as

E  n'a 'v
F  =  W ---------  =  W -  (15)

2_, n iaf
i

As a consequence, d log F  =  (y  — z) d log a. A 
plot of log F  vs. log a  gives the type average from 
the average slope over the distribution. If F  is 
r/c, slope is y — 3. Log-log plots were made for 
the methods used in the paper with m = 1.70. 
The results, giving type of average as a function 
of a, are shown in Fig. 6. The first maximum in 
F  corresponds to an abrupt change in the type of 
average for particles of high refractive index.

Mi approximate type of average may be obtained 
for wide distribution if the largest particles are 
smaller than the size corresponding to the first 
maximum. A value of y  taken as 5 or 6 is a good 
approximation for either specific turbidity or 
specific scattering at 0°. Distributions with 
larger particles than corresponding to the first

maximum will err on the low side if y  is taken as 
5 or 6.

The type of average given by the Zimm-Dand­
liker equation (eq. 7) for spherical particles is as 
follows. The equation may be expressed

R$v =  ks?iazF(a)

where

F(a) = 4 r 2 m ' + ( ï ï ( i ï
For a distribution of sizes, the specific scattering is

R$v
c

?ii(Xi6F(<xi)
=  A’«

n,av
(16)

F (a )  has been calculated from tabulated functions 
for spheres with m  = 1.70. To evaluate the type 
of average obtained it is convenient to define x  by 
the relat ion

F (a ) = ax

so that a plot of log F  vs. log a  has the slope x. 
The dependence of x  on a  for m =  1.70 is shown 
in Fig. 7. The type average given by the Zimm- 
Dandliker equation is

y*. nict,6+x
a 3+x =  -4-------------

E  mad

For Rayleigh particles, x  =  0, and the weight 
average of a3 is obtained. For Ó.5 < a <  1.5, the 
average is constant and slightly higher than that 
for Rayleigh particles. This is the most useful 
range of the Zimm-Dandliker equation for m  = 
1.70.

2. Estimation of Distribution of Size.— A num­
ber of workers have tried to estimate the degree of 
polydispersity from light scattering data. Most 
have confined their attention to systems with 
m  ~  1, so that the Rayleigh-Gans approximation 
applies. The methods that have been tested for 
in ~  1 arc: (a) variation of concentration,14 later 
refuted,16 (b) angular distribution of scattered 
light,11'16’17 and (c) angle of minimum intensity.18'19 
Atherton and Peters20 calculated turbidity, dis­
symmetry and slope of log r vs. log a  for Gaussian 
distributions of spheres, using graphical integration. 
Arrington21 and Sloan22 estimated distribution of 
size using low angle scattering. Ellison23 used both 
the Rayleigh Gans and the diffraction approxima­
tions to calculate the effect of polydispersity for 
three types of distributions. Little direct use has 
been made of the Mie scattering functions to esti­
mate polydispersity. Kerker and LaMer9 esti­
mated size distributions of two and three component

(14) B. II. Zimin and P. Doty, J. Chem. Phys., 12 203 (1911).
(15) J. Waacr, R. M. Badger and V. Shomaker, ibid., 14, 43 (1946).
(16) P. Doty and R. F. Steiner, ibid., 18, 1211 (1950).
(17) II. Benoit, J. Polymer Sci., 11, 507 (1953).
(18) W. B. Dandliker, ./. Am. Chem. Soc.. 72, 5110 (1950).
(19) V. Buoclie, ibid., 74, 2373 (1952).
(20) E. Atherton and R. H. Peters, Brit. J. Appi. Phys., 4, 366 

(1953).
(21) C. II. Arrington, Jr., Abstr. Papers 125tli Meeting Am. Chem. 

Soc., Kansas City, Marcii, 1954.
(22) O. K. Sloan, T h i s  J o u r n a l , 59, 834 (1955).
(23) J. McK. Ellison, Brit. J. Appi. Phys., Supplement 3 (1954).
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mixtures using the polarization ratio and phase 
angle methods. Evva24 calculated average K / a  
values for polydisperse spheres with three types of 
distributions. The K / a  vs. a  curve was shifted 
to larger a  with a broader distribution of size, 
but the shape was not much changed. An ap­
proach combining light transmission with dif­
ferential settling according to Stokes’ law was used 
by both Sinclair and LaMer,8 and Gumprecht and 
Sliepcevich.25

In principle the size distribution for larger than 
Rayleigh particles can be obtained directly either 
from accurate transmission measurements over a 
range of wave lengths, or accurate intensity meas­
urements over a range of angles. This cannot be 
done for Rayleigh particles, since r depends upon 
X in the same way for all sizes, and i(ff) depends upon 
6 in the same way for all sizes. For larger than 
Rayleigh particles, the same dependence that 
changes the type of average makes possible the 
calculation of size distribution. The main dif­
ficulty, as Ellison23 found, is that variation of in­
tensity with angle is due mainly to particles larger 
than the number average. This causes small 
particles to be masked by large ones.

The distribution may be approximated by as­
suming a type of distribution, and calculating its 
average size and width. Kottler26 has pointed out 
that the log-normal distribution is a probable one, 
and this is supported by the data of Loveland and 
Trivelli27 for certain silver bromide emulsions. 
The log-normal distribution28 is defined by the 
equation

/ W d r - C . * p [ - I ( I ^ A - ) ' ] d ,  (17)

where /(r) dr = number of particles in size range 
r to r  +  dr, r = particle radius, rg =  most frequent 
size, or geometric mean radius, crg = geometric 
standard deviation, and C  = maximal value of 
/(r). The number average (rn), surface average 
(rs), and weight average (rw) radii arc defined by

E
r n =

E m
i

E  »¡ré
i

E - v
l

E  »¡n '

E  "A'Y

(18)

(lì))

(20)

In a log-normal distribution various averages are 
related by equations 21-23.

ln(r „.As) = ln!<rK (21)
ln(r8/r„) = 2 In2 (22)

(24) F. Evva, Z. plnisik. Chem. {Leipzig), 202, 208 (1953); 203, 81) 
( 1954).

(25) R. O. Gumpreclit a n d  C .  M .  Sliepcevich, T h i s  J o i ' k x a l , 57, 
95 (1953).

(26) F. Kottler, J. Franklin. Inst., 250, 339, 419 (1950).
(27) R. P. Loveland and A. P. H. Trivelli, ibid., 204, 377 (1927); 

T h i s  J o u r n a l , 51, 1004 (1947).
(28) G. Herdan, “ Small Particle Statistics,”  Elsevier, New York,

X. Y., 1953.

Fig. 8.-— Specific turbidity of silver bromide sols illumi­
nated by light of 450 m// as a function of geometric average 
radius for three distribution widths.

ln(r„/rK) = 0.5 In2 <re (23)
A log-normal distribution is determined by three 

parameters: average size, standard deviation
and number of particles per unit volume. If the 
concentration and particle density are known, only 
two measurements are needed to fix the three 
parameters.

The distribution can be calculated from results 
of transmission measurements at two wave lengths 
as shown. The turbidity of a heterogeneous distri­
bution is

r = 7T Y e mrSKi (24)
l

where K\ = scattering coefficient for particles of 
radius r,. The concentration (g./ml.) is given by

c =  — mr,3 (25)
i

If the log-normal distribution is followed and sums 
replaced by integrals, the specific turbidity is

f  f(r )r2K  dr

? = 4D -----------  (26)I f(r)r3 dr

where /(?•) is defined by eq. 17. Numerical inte­
gration of eq. 26 was carried out for several distri­
butions of silver bromide sols, based upon meas­
urements at 450 and 800 m/4 (in air). These 
wave lengths were found to give distinctly dif­
ferent types of averages for the size ranges under 
consideration, which is advantageous in determin­
ing the parameters of the distribution. Typical
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curves are shown in Figs. 8 and 9. In use, the ex­
perimental value of r/c fixes rg for each tk. When 
rg is plotted against rg for each wave length, the 
intersection of the two curves gives both rg and 
<7g (Fig. 12 vide in fra ).

Experimental
1. Preparation and Handling of Sols.— Stock solutions 

of potassium bromide and silver nitrate were prepared from 
reagent grade chemicals dried 2 hours at 105°, dissolved 
in dust-free conductivity water in polyethylene containers 
and stored in the dark. A non-dialyzed sol A was prepared 
according to Kolthoff and Bowers.29 A dialyzed sol C was 
prepared as follows. A 25-ml. portion of 0.01100 .V potas­
sium bromide (25°) was stirred at 900 r.p.m. in a 250-ml. 
polyethylene beaker, using a 1-inch right angle stirrer. 
An equal volume of 0.01000 M  silver nitrate was added by 
pipet (hiring 30 seconds and stirring was continued for 40- 
50 seconds. (The effect of variations of preparation on 
particle size is discussed in detail in a separate paper.30 The 
sol was transferred to dialysis tubing, shielded from light, 
and 20 gallons of conductivity water was flowed over the 
tubing during a 2 day period. The concentration of silver 
bromide in the dialyzed sol was determined by Liebig’s 
method.31 Five-ml. aliquots were dissolved in potassium 
cyanide solution and titrated with 0.01 M  silver nitrate to 
a turbidity end-point which was reproducible to 0.5%. 
Particle sizes in all the sols studied in this paper had reached 
constant values by the time the measurements were made; 
dependence of size on time is discussed elsewhere.30 All 
the suspensions were shaken gently before measurement. 
Scattering by water was negligible compared to the scatter­
ing of the most dilute sols even at 25° from the direction of 
the incident beam. The sols were kept in the dark except

(29) T. M. Kolthoff and R. C. Bowers, J. Am. Chem. Soc.. 76, 1503 
(1954).

(30) E. J. Meehan and W. H. Beattie, to be published.
(3.1) I. M. Kolthoff and V. A. Stender, "Volumetric Analysis,”  Voi. 

II, Interscience Publishers, New York, N. Y., 1950, p. 282.

during measurement. Separate experiments showed that 
photochemical reduction of silver bromide during the 
measurements was negligible. Further precautions are de­
scribed in detail elsewhere.6 Two separate preparations 
according to method C gave sols of practically identical 
particle sizes.

2. Optical Measurements.—For turbidity and scat­
tering measurements, sols were diluted to 10-4 to 10 ~5 
M  silver bromide. Experiments described elsewhere30 
show that errors in turbidity and in scattering intensity are 
less than 3%  at these concentrations if extrapolation to 
infinite dilution is omitted. The corresponding error in 
particle diameter is less than 2 %.

Turbidities were measured over the range 436 to 1000 
m/j, using a Beckman DU spectrophotometer with 1, 5 
or 10 cm. cells. Following the recommendations of Heller 
and Tabibian,32 the cells were painted black on the outside 
and all measurements were made in a 10 cm. cell compart­
ment fitted with exactly centered aperture plates of 4 mm. 
diameter aperture at both ends to limit the forward scattered 
light received by the phototube. Apertures of various 
diameters were tested in preliminary experiments. The 
turbidity of a sol containing particles about 0.1 m diameter 
was independent of aperture diameter below 5 mm.

Angular scattering measurements were made with an 
Aminco Light Scattering Photometer.33 The transmis­
sion scale was calibrated by measuring the transmission 
of solutions of potassium chromate.34 35 Two types of 
cylindrical cells were used. One was 2.5 cm. in diameter 
with ground flats for entrance and exit of the beam.36 This 
cell was painted black on bottom and back. The other was 
4 cm. in diameter with concentric precision ground walls. 
The instrument was calibrated with both types of cells 
using Ludox, following precautions outlined by Goring.36 
Correction for reflection of the incident beam was applied 
in all measurements.37

Consideration of all sources of error indicates that the 
absolute turbidities and scattering intensities should be 
reliable within 10% .

Dissymmetry (ratio of intensities scattered at 40 and 140°) 
was measured at 436 and 546 m/i. These wave lengths 
were used also for measurement of the polarization ratio 
ii(d)/i:(d) at 80 and 90°.

A portion of sol C was diluted 250-fold with glycerol and 
the angular scattering and polarization ratio was measured 
at 546 nia (4 cm. cells). The refractive index ratio of silver 
bromide in this medium at 546 m^ was 1.54.

Refractive index increment was measured with a Bryce- 
Phoenix differential refractometer. For undialyzed sols an 
aqueous solution having the same concentrations of potas­
sium nitrate and bromide as the sol was used as reference. 
Because of the relatively high turbidity of the sols, cor­
responding to the high m value, the slit image in the refrac­
tometer is relatively poorly defined and the error in the 
measurement of ö.u/öc is relatively large. In the sols studied 
this error is estimated at 10-20% at 546 m/i, and 30-100 %  
at 436 m/i, dependent upon particle size. The observed 
values in an undialyzed sol (Table II) agree within the ex­
perimental error with the values calculated from eq. 10 
and independent estimates of diameter (vide infra).

’F a b l e  II
O b s e r v e d  a n d  C a l c u l a t e d  R e f r a c t iv e  I n d e x  I n c r e ­

m e n t

Wave length, mu 
Particle diameter," /a 
Calcd. refractive in­

dex increment 
Measd. refractive in­

dex increment 
“ From absolute for

430
0.111

0.1G5

0.129 ±  0.023 
■ard scattering at 0 °

540
C.122

0.145

0.133 ± 0 .0 1 0

(32) W. Holler and R. M. Tabibian, J. Colloid Sei., 12, 25 (1957).
(33) O. Oster, Anal. Chem., 25, 1165 (1953).
(34) O. W. Haupt. J. Research Natl. Bar. Standards, 48, 414 (1952).
(35) L. P. Witnauer and H. J. Sherr, Rev. Sei. Instr., 23, 99 (1952).
(36) D. A. I. Goring, M. Senez, B. Melanson anc M. H. Huque,

J. Colloid Sei., 12, 412 (1957).
(37) H. Sneffer and J. C. Hyde, Can. J. Chem., 30, 817 (1952).
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3 .  Electron Microscopy.— Particle size determination 
of silver halides by direct electron microscopy is unre­
liable because of decomposition in the electron beam. Car­
bon replicas and collodion-chromium replicas of sol C-2 
were prepared.18 Electron micrographs of the replicas 
were made using an RCA EMU-2 microscope at 7100 X 
magnification, calibrated with an accuracy' of 5% . Particle 
diameters were measured at a total magnification of 106,500 
X . Frequency distributions derived from 415 and 341 
particles (carbon and collodion replicas, respectively) are 
shown in Fig. 10. An approximate estimate of size distri­
bution, less reliable than that obtained from replica micro­
graphs, was obtained for sol A; the sol was sprayed onto 
grids and exposed to direct sunlight to reduce it to silver.29 
Micrographs were made at a total magnification of 15,200 X . 
Small particles appeared as nearly round individual silver 
particles, but many large ones appeared as clusters of round 
or oblong silver particles with a crust-like outline of the orig­
inal particle. The crusUlike outline appeared only in elec­
tron micrographs of non-dialyzed sols and was probably 
a mixture of potassium nitrate and potassium bromide 
from the surface of the original particle. Diameters of 
single silver residues were measured when possible. For 
broken particles, the crust-like outline was measured and the 
diameter estimated. Aggregates of particles could not be 
interpreted, since broken large particles could not be 
distinguished from small ones. Plates with aggregates, or 
many oblong particles were not used. A total of 697 
particles was measured, and various average diameters 
calculated. They were corrected to correspond to silver 
bromide from the molar volumes of silver bromide and silver.

4. Calculations.— Particle diameter was calculated from 
transmission measurements at 436 and 546 mft by use of 
eq. 4 and Fig. 1. Angular intensities were extrapolated 
to zero degrees by plotting log I/O  sin 6 vs. sin5 6/2 whereO = 
microammeter reading, proportional to Veu. Use of the 
logarithmic function gave a better straight line than the 
corresponding linear function. Absolute intensities were 
calculated from the intercept and calibration constants. 
Particle diameters were found from cq. 6 and Fig. 2. Trans­
mission measurements at long wave lengths were used to 
calculate particle weight by extrapolation to infinite wave 
length, using eq. 9. Refractive index increments were 
calculated from eq. 10 using the size from transmission meas­
urements at 546 mju, assuming that m =  1.70 and density 
=  6.47 g./m l. Extrapolations are shown in Fig. 11. 
Particle diameter was calculated from both the slope and 
the intercept of the plots.

Diameters were calculated also from eq. 7 using data at 
436 and 546 m/j. The refractive index increments were 
calculated as above and also measured for sol C. Diameters 
were obtained from dissymmetry using Fig. 3 and from polar­
ization ratio using Fig. 4. Finally, diameters were calcu­
lated in three ways from the measurements in glycerol: 
(1) from the extrapolated value of i/6), via Fig. 2 (m = 
1.55); (2) from dissymmetry (Fig. 3), and from polarization 
ratio using graphs (not shown) for m =  1.55.

5. Sources of Error.— Aside from experimental error 
in measurement of transmitted or absolute scattered in­
tensity, diameters calculated from any of the measurements 
discussed in this paper may be affected by some of the fol­
lowing sources of error: interpolation of Mie scattering 
functions to intermediate values of m and a, effect of true 
absorption by silver bromide, deviation from spherical shape, 
and measurement of refractive index increment. The 
maximum errors in the interpolation of ie and K  (con­
sequently in is/a3 and K/a are estimated to be less than 5- 
10% for the range of a under consideration. The cor­
responding maximum error in a is 2 -5% . The value of m 
is reliable to better than 1% , which corresponds in most 
cases to a negligible error in a. Silver bromide absorbs 
below 450 mji, but the error at 436 mju is negligible for di­
ameters in the range considered in this paper. Thus for 
spheres of 0.075 and 0.15 n diameter, the values of specific 
turbidity t/c at 436 m,u (see Fig. 1, eq. 4) are, respectively, 
0.425 X 10J and 2.66 X  10b In a measurement in which 
c = 2  X  10-s g./m l. and / =  10 cm., the values of In 
Io/I, due to scattering, would be. respectively, 0.85 and 
5.32. From the absorption coefficient of fused silver 
bromide39 it is calculated that the value of In Io/l at the

(38) E. J. Meehan and W. II. Beattie,./. Colloid Sci., 15, 183 (1960).

Fig. 10.— Size frequency distribution for silver bromide 
sol C-2. Bars show numbers by electron microscopy of 
carbon replicas (upper graph), and collodion replicas (lower 
graph) of silver bromide particles. Curves show log normal 
distribution calculated from specific turbidities.

Fig. 11.— Extrapolation of reciprocal specific turbidities to 
infinite wave length for sols A and C-2.

above concentration and path length due to true absorption 
would be only 0.015.

Sizes determined with the electron microscope are re­
producible to ± 5 % , and the accuracy is usually better 
than ± 1 0 % . The fact that number average diameters of 
the collodion and carbon replicas agreed within 4%  (vide 
infra), indicates that no systematic errors were introduced 
in making the replicas. Measurement of diameter of the 
projected image was accurate to 1-2 size classes, the greater 
error for large and irregular particles. Random errors of 
this type tend to cancel out in the size classes with many 
particles. At the large end of the distribution random 
errors in measurement are considerable. This causes con­
siderably larger error in averages highly dependent upon 
the number of large particles, than with other type averages. 
This is evident from the increasing deviation between

(39) “ International Critical Tables/’ Vol. V, McGraw-Hill Book 
Co., New York, N. Y., 1926, p. 270.
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T a b l e  III
A v e r a g e  P a r t ic l e  S i z e s  b y  D if f e r e n t  M e t h o d s

Sol a  Sol C-i Sol C-2
?.Ieasu rement 436 ni/x 546 m/x 436 ni/x 540 ni/t 436 m/x 546 m/x

Specific turbidity
t/c X 10 “ 4 2.21 0.952 2.77 1.375 2.91 1.45
Diameter, m 0. 142 0.143 0.151 0.172 0.153 0.175

Specific scattering (extrapolated to 0°)
Rfiv/2c =  1%,/c (2.5 cm. cell) 4200 1330 4970 2560 4830 2170

(4 cm. cell) 5810 2540 5030 2230
(average) 5390 2550 4930 2200

Diameter (from average), /x 0.152 0.159 0.162 0.188 0.169 0.180
Refractive index increment

Caled. ( òn / òc )2 0.0281 0.0229 0.027 0.0235 0.0185 0.0236
Measd. (d/x/òc)2 0.0006 0.0185

Zimm-Dandliker equation
2/fi using ealed. (d/x/dc)2 X 107 9.18 3.01 8.9 3.08 8.8 3.14
2Ki using measd. (d/x/dc)2 X 107 0.02 2.46
K 2 X  107 1.92 2.24 3.01 0.467 3 .4 0.52
M  X  109 using ealed. (d/x/dc)2 7.95 8.30 9.2 14.4 8.1 12.0
Diameter of corresponding sphere, /x 0.158 0.160 0.165 0.192 0.159 0.181
M  X 10-9 using measd. (d/x/dc)2 36 17.4
Diameter of corresponding sphere, /x 0.28“ 0.204

Extrapolation to infinite wave length
.1/ X 10“ 9 (from intercept) 0 7 17
Diameter of corresponding sphere, /x 0 149 0 20
Sphere diameter from slope of plot, /t 0 18“ 0.32“

Dissymmetry 6.55 3.70 12.0 6.8 12.5 7.4
Diameter, n 0.133 0.154 0.141 0.171 0.143 0.174

Diameter from polarization ratio
At 80°, n 0.148 0.176 0.155 0.190
At 90°, il 0.155 0.184 0.157 0.194 0.157 0.193

° Unreliable, see text.

diameters for collodion and carbon replicas as one progresses 
down Table V (vide infra). It appears that average sizes 
from the electron microscope are accurate to 10- 20%  de­
pending upon the type of average.

The effect of deviation from spherical shape and un­
certainty in the refractive index increment are discussed 
later.

Results
Average diameters derived from all the meas­

urements on silver bromide sols in water and in 
glycerol are collected in Tables III and IV. The 
various methods yield different values for hetero- 
disperse systems, which accounts for the difference 
in some of the results. Table V lists average di­
ameters calculated from electron micrographs, and 
these values are compared in Table VI with values 
derived from light scattering which give the cor­
responding average values. Finally, the distri­
bution of diameters has been estimated from light 
scattering data, assuming the log normal distri­
bution. From the specific turbidities at 450 and 
800 m/x, rg was obtained for 3 assumed values of 
o-g at each wave length (Fig. 8, 9). The values of 
rg are plotted against <rs in Fig. 12 for sols A and 
C-2. The results for these sols plus C-l (not shown 
in Fig. 12) are given in Table VII. Figure 10 
shows the calculated distribution (smooth curve) 
derived solely from light scattering measurements, 
compared with the distributions measured in the 
two replica electron micrographs.

With respect to the value of d 3 (first group of
Table VI) the agreement, between the values de-

T a b l e IV
C o m p a r is o n  o f  D ia m e t e r s  f r o m  S c a t t e r in g  in  G l y c e r o l  

a n d  in  W a t e r , S o l  C - l ,  A 546 nut
Method Glycerol Water

Diameter from scattering extrapld. to 0°, M 0.172 0.188
Diameter from dissymmetry, /x .161 .171
Diameter from polarization ratio (80°), M . 185 .190

T a b l e  V
A v e r a g e  D i a m e t e r  C a l c u l a t e d  f r o m  

E l e c t r o n  M ic r o g r a p h s

Diameter, Sol C-2, /x
Average

d
Carbon
replica

0.119

Collodion
replica

0.115

Diameter 
Sol A, fi

0.078

-, 2 nd4 
2nd3 .149 .166 .140

d, _  5f%6
2 nd3 .159 .178 .153

TI 2 nd7 
d =  2nd3 .103 .185

T, 2 nd8 
d =  Znd* .18 .21 .18

rived from specific turbidity and electron micro­
graphs is excellent. The specific turbidities at 
two wave lengths yield the same diameter for sol 
A, which differs by 8% from the microscope value. 
The diameter of sol C from .specific turbidity at 546 
m/x lies between the two diameters from carbon 
and collodion replicas, which themselves differ 
by 11%. No reliable estimate of diameter for
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this sol can be calculated from specific turbidity 
at 436 nip because (c f. Fig. 6) at this wave length 
some of the particles are larger than a =  1.0, 
and the average does not correspond to 51«¡(/¡4/

1
The diameter obtained by extrapolation to 

infinite wave length is high for sol C which contains 
larger particles than sol A. The method is not 
accurately applicable to such particle sizes, be­
cause the condition 2a (m  — 1) < 1 is not fulfilled 
even at the longest usable wave lengths.

In the second group of Table VI the value of d4 
derived from specific scattering at 0° is in excel­
lent agreement with the diameter from electron 
micrographs. The diameter for sol C by light 
scattering lies between the diameters of replicas 
by electron microscopy. Diameters in sol A by 
light scattering at two wave lengths are in excellent 
agreement. The value for sol C at 430 mp is 
unreliable for the same reason given above.

T a b l e  V I
C o m pa r iso n  o f  A v e r a g e  Sizes

Type of Diamett*r in
average Method Sol A Sol C

:n  _  5 ^
2nd3 T| A 540)c 0 .1 4 3 0 .1 7 5

- f  A 436) 
c

.142 ( -15 )

(Wt. average Kxtrapolated to X =  °° .140 .20
volume) Electron microscope . 153 .159

.178
, 7  2nd1

d =  »¡d* ( v ) , J x u c >
.159 .180

( - )  (A 436) .152 ( .1 5 )
\ c / 0 = 0

Electron microscope f  1031
l 1 8 5 /

;,T  2nd6-3 Zimm-Dandliker eq. .160 .181
‘ -  2nd3 (X 546)

¡n  _  2n d8 Slope of extrap, to
2nd6 X =  co .18 .32

Electron microscope .18
U ? }

j  2nd4 
<l ~ 2nd3 -, for log-normal dis-c

tribution .131 .164
(W t. average Electron microscope .140 /  -149 4

diameter) l 1 6 6 /

The type average given by the Zimm-Dandliker 
equation indicates that for the diameters under 
consideration it should give a diameter about half 
way between that given by turbidity and angular 
scattering extrapolated to zero degrees. While 
the diameter obtained at 540 nq is somewhat higher 
than this, the agreement is good. The value found 
by application of the Zimm-Dandliker equation 
at 436 mp is considerably in error because of the 
relatively great experimental uncertainty in the 
measurement of dp/dc at this wave length. Also 
in this connection, the calculation of dp/dc using 
eq. 10 and an independent estimate of a  is subject 
to large error if the distribution of size is not narrow. 
For wide distributions such that dp/dc is close to

Fig. 12.— Graphical determination of width parameter, 
Solid points are for sol A; open points, so! C-2.

its maximum value, the calculated dp/dc obviously 
is higher than the average value (cf. Table II).

The diameter given by the slope of the extrapo­
lation to infinite wave length in sol C is in poor 
agreement with the electron micrograph diameter, 
again because the condition 2a (m  — 1)< < 1 is 
not fulfilled. The fact that slopes of lines in Fig. 
11 cannot be determined accurately makes matters 
worse. The agreement of values for sol A un­
doubtedly is coincidental.

The last group in Table VI gives weight average 
diameters calculated with the assumption that log­
normal distributions arc followed. The agreement 
with results of electron micrographs is excellent.

The dissymmetry and polarization ratio methods 
do not give tne same type average over the entire 
distribution. Diameters by these methods can 
be compared with each other qualitatively using 
Fig. 0. Large particles (a >1.9) show decreasing 
dissymmetry with increasing size. At 430 mg, 
but not at 5-6 mg, the large particles in all three 
sols are larger than a =  1.9. Therefore dis­
symmetries and corresponding calculated sizes are 
lower at 430 than at 540 nip. The discrepancy may 
also be due in part to the finite angular cone < f 
scattered light received by the phototube.

The same thing happens with polarization ratio 
at both 80 and 90°. At 90° y -z  goes to zero at a 
larger size than at 80°. Therefore, measurements 
at 90° have greater contributions from largo 
particles than measurements at 80°. Similarly, 
with polarization ratio at 80°, y-z  goes to zero at a 
larger size than with dissymmetry. Therefore 
average sizes of broad distributions at either wave 
length will have the order

dissymmetry <  pso <  pm

This agrees with the order of diameters in Tal le
m .

All the above considerations of types of average 
apply for m = 1.70-1.75. I11 glycerol (in = 1.54)
different averages are yielded by the same range of 
a. From the Mie scattering functions it is found 
that in glycerol angular scattering extrapolated 
to zero degrees gives an average defined by d3 = 

up to a  = 2.0. At 540 nip the en-
i i

tire distribution of sol C gives this average. This 
is the same type average given by r/c measure­
ments in water at 540 mp. The results (Table
IV) are in excellent agreement with this prediction. 
Dissymmetry and polarization ratio in water and
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glycerol may be compared qualitatively. Both 
methods give lower types of averages with de­
creasing to. Results in Table IV are in agreement 
with this.

The log-normal distribution calculated for sol 
C-2 is shown in Fig. 10. Allowing for errors in 
measurements, the calculated distribution is in 
good agreement with the distributions by electron 
microscopy.

All the light scattering data discussed above have 
been interpreted on the basis that the particles are 
spherical. From electron micrographs it appears 
that the small particles actually are spherical, but 
the larger particles begin to show cubic crystal 
habit. Only the large particles can cause an error, 
but they contribute most to light intensity scat­
tered. For particles with to ^  1, the scattering at 
0° depends only upon the total weight, and is in­
dependent of shape. At increasing angle of scat­
tering, the particle shape becomes increasingly 
important. Relative scattering intensities for discs, 
spheres and rods are known (c f. ref. 1, Chapter VII). 
At any angle except 0°, rods and discs scatter 
more than spheres of the same weight. At high 
to, the effect of shape is not known in general, 
but to a first approximation the effect with to ^  1 
should be followed. This would mean that di­
ameters calculated from angular scattering ex­
trapolated to 0° would have little if any error due 
to deviation from spherical shape, but diameters 
from dissymmetry and turbidity should be slightly 
high.

T a b l e  VII
Parameters of Log Normal D istribution

Sol rg, ß dü, ß dw. ß
A 0.044 1.40 0.094 0.131
C-l .051 1.41 .108 .154
C-2 .059 1.30 . 124 .104

In order to see whether the relatively small dis­
crepancies between diameters from scattering and 
the appropriate average from electron micrographs 
could be due to the effect of deviation from spheri­

cal shape, the specific forward scattering and the 
dissymmetry were calculated for the size distri­
bution of sol C-2 given by electron microscopy. 
The counts of collodion and carbon replicas were 
combined to give a large sample. The results 
were

Function Calculated Measured
V g jc  1810 2200
Dissymmetry 7.05 7.4

Comparison of results shows that the measured 
values are about 22 and 5% higher than the re­
spective calculated values. The deviations are 
opposite to the direction expected for non-spherical 
particles. Therefore these deviations cannot be 
attributed to non-spherical shape.

In summary, the results reported here show that 
reliable estimates of size and size distribution for 
heterodisperse systems of high refractive index 
ratio can be obtained by light scattering methods. 
For suspensions with the values of to and a  studied 
in the present work, the most suitable methods from 
the practical viewpoint are specific turbidity and 
specific scattering extrapolated to zero degrees. 
Both must be interpreted by use of the Mie theory. 
Of the two, specific turbidity is preferred because 
of the simplicity of measurement, the choice of 
wave lengths, and the instrumental accuracy. 
Measurements of dissymmetry and polarization 
ratio are satisfactory only for narrow distributions. 
The simplicity of these measurements may make 
them desirable methods in some cases. If con­
centration is not known, they may be the best 
methods to determine size.
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The initial stages of oxidation on a germanium surface freed of combined and adsorbed oxygen by reduction with carbon 
monoxide at G00c was studied with a vacuum microbalance sensitive to ‘ /.»nth of a GeO, layer. These experiments were 
done at an oxygen pressure of To mm. and at temperatures from 25 to 400°. The oxidation laws were found to change with 
temperature and ;he extent of oxidation. The initial oxygen uptake is consistent with the viewpoint that the surfaces pre­
pared by reduction in carbon monoxide behave as if they are atomically clean. The first oxygen layer, as one oxygen per 
surface germanium atom, forms in less than a minute on the clean surface. At temperatures below 250° a second layer of 
one oxygen per surface germanium atom forms according to the logarithmic rate law in agreement with the results of Green 
and Kafalas. Subsequent oxidation beyond the second layer is not logarithmic but obeys a Mott and Cabrera thin film- 
type equation. At temperatures about, 250° the second layer forms in less than one minute. The subsequent oxidation 
rates beyond the second layer where only GeCE is formed, are very slow and even at 400° only 17.5 A. of GeOs formed in 
three hours. Activation energies for the logarithmic law and for the Mott and Cabrera equations were calculated.

Introduction
Most oxidation studies have been concerned 

with the growth of oxide films on pre-existing thin­
ner films and most theories of oxidation treat 
such systems.1 The first stages of oxidation would 
be concerned with the following problems: given 
an initial condition a metal surface free of oxide 
and adsorbed gases, how would the first monolayer 
of oxide be formed? Would oxygen react with 
such a surface to produce a monolayer of the oxide 
directly or would this first layer form by some less 
direct path? The first experimental answer to 
these questions was provided by Lanyon and 
Trapnell2 in the course of a study of the oxygen up­
take by evaporated metal films. It was found that 
for a number of metals the oxygen first very rapidly 
formed a monolayer of one oxygen atom per surface 
metal atom followed by a very much slower for­
mation of a second monolayer of one to two oxygen 
atoms per original metal surface atom. The rate 
of formation for the second monolayer was found to 
be proportional to the square root of the oxygen 
pressure and the activation energy for the process 
varied linearly with the uptake of this second mono- 
layer.3 Cabrera4 5 has suggested that this latter 
slow uptake is due to the formation of a chemi­
sorbed oxygen monolayer which when completed 
is able to transform by some nucleation mech­
anism to the first monolayer of the stable oxide upon 
which the normal oxidation could proceed by the 
high field Mott and Cabrera6 mechanism.

The oxygen uptake by clean germanium surfaces 
which were formed by crushing single crystals 
in. vacuo, has been studied by Green, Kafalas and

(1) K. Hauffe, “ Oxydation von Metallen und Motallegierungon,”  
Springer-Verlag, Berlin, 1956; T. B. Grimley, "Chemistry of the Solid 
State, (Ed. W. E. Garner), Academic Press, New York, N. Y., 1955;
O. K. Kubaschewski and B. E. Hopkins, “ Oxidation of Metals and 
Alloys,”  Academic Press, New York, X. Y., 1953.

(2) M. A. H. Lanyon and B. M. \V. Trapnell, Proc. Roy. Soc. 
{London), A227, 387 (1954).

(3) The equation is 9 = A expf — (AEo +  6AE\)/RT), whore 6 is the 
coverage and the A£"s are activation energies. It is usually referred 
to as the Elovich, or less commonly as the Roginsky-Zeldovich equa­
tion. In its integrated form the equation is b  —  0  In ( t / t o  -4- 1) where 
t is time. Hereafter this type of uptake will be called the logarithmic 
1 iw.

(4) N. Cabrera, "Semiconductor Surface Physics,”  University of 
Pennsylvania Press, Philadelphia, Penna., 1957, p. 327.

(5) X. F. Mott, Trans. Faraday Soc., 43, 429 (1947); X. Cabrera,
Phil. Mag., 40, 175 (1949); X. Cabrera and N. F. Mott, Rep. Prog, in
Phys., 12, 1G3 (1949).

Robinson6 and for ion bombarded and baked sur­
faces by Wolsky.7 Green found that an initial 
uptake occurred in less than six seconds to form a 
monolayer of one oxygen atom for every surface 
germanium atom. This was followed by a much 
slower rate forming a second layer proceeding 
according to the logarithmic law.

Since the second layer forms so slowly it was de­
cided to increase the rate by increasing the tem­
perature. By raising the temperature while hold­
ing the pressure constant the slowest process will 
be accelerated and any new phenomenon will be 
observed in shorter periods of time.

The experiments to be described were carried 
out with a vacuum microbalance and germanium 
powder. This technique was chosen because of 
its direct nature and sensitivity. Further, oxida­
tions with rates which depend on pressure can 
be followed most conveniently by this technique. 
The precision of the experiments was 1/300th of 
a monolayer as the amorphous form of germanium 
dioxide (6.47 X 15_n g./cm.2). The germanium 
surface was freed of oxide by reducing the powder 
in carbon monoxide at temperatures from 580 to 
615°. After outgassing the powder in  vacuo, 
oxygen was admitted to the powder at a pressure 
of 75 mm. and at temperatures from 25 to 400°. 
The reaction course was followed by measuring 
the increase ir. weight of the powder. The powder 
area was measured by adsorbing nitrogen at 77 °K. 
and applying the BET method. By interspersing 
an area determination with a reduction and oxi­
dation it was found that the area remained con­
stant. Ten oxidations were performed, and 
throughout the temperature range oxidation was 
both slow and slight compared to most metals. 
Even after three hours at 400° an oxide film of only 
five layers (17.5 A.) thick was formed.

Initially, in less than one minute, a monolayer of 
one oxygen atom per surface germanium atom8 
was formed. After this first monolayer a second 
layer formed following the logarithmic law. The 
logarithmic law was obeyed up to the completion 
of this second layer at which point oxidation 
stopped for a time interval. The time interval was 
dependent on the temperature of the system. After

(6) M. Green, J. A. Kafalas and P. II. Robinson, ref. 4, p. 349.
(7) S. P. Wolsky J. Phys. Chem. Solids, 8, 114 (1959).
(8) Assuming tli2 reduced surface to consist of atoms with f i l l ]  

layer spacings.
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this induction period, the oxidation proceeded at a 
rate which obeyed the Mott and Cabrera equation.

Experimental Technique
The vacuum microbalanee used in this study is a modi­

fied version of the apparatus described by Gulbransen.9
Load on the balance in those experiments was about 0.4 g. 

The sensitivity was 1.107 X 10 7 g ./1 0 " 4 cm., with a period 
of 13 seconds. Beam arrests on the frame allowed a total 
deflection of 2 cm. so that the working range was about 
2 mg.

The germanium powder and its counterweight were car­
ried on quartz pans. These pans, matched to 20 /ig., 
weighed about 125 mg., and were attached to the balance 
by 60 cm. long, 50 u diameter platinum wires. One pan 
was loaded with 257 mg. of germanium powder. The 
counterweight pan carried a solid piece of germanium 
matched in weight to the powder within 20 ,ug.

The balance was mounted in a cylindrical glass case pro­
vided with quartz hangdown wells. The interior of the 
case was coated with a transparent conducting coating of 
tin oxide. The exterior of the ease hangdown wells was 
coated with Aquadag. Addition of an a-ray source in the 
vicinity of the balance and grounding eliminated all static 
charging.

Damping of oscillatory motions of the beam was ac­
complished by hanging a Cunife magnet 1 cm. long, 250 ¡j. in 
diameter from each hangdown. By activating a solenoid 
placed around one of the hangdown wells it was possible 
to stop the most violent motions within 2 to 3 periods.

The vacuum sj-stem was equipped with a liquid nitro­
gen trap filled with copper foil. All gases used passed 
through this trap before contacting the germanium powder. 
Liquid nitrogen was maintained around the trap during the 
course of the entire experiment. A titanium getter bulb 
was used to reduce the partial pressure of any oxidizing 
gases in vacuo during the outgassing of the powder prior to 
admission of oxygen.

Temperatures of the powder were determined by setting 
up a dummy experiment without the balance. A ehromel- 
alumel thermocouple was buried in the germanium powder 
carried by the silica pan and the temperature in the interior 
of the powder was compared with the temperature in the 
annular space between the oven and hangdown well, in 
vacuo and in the presence of gas. Oven temperatures were 
maintained with a Foxboro Potentiometer Controller.

Germanium powder was prepared by crushing a 4 ohm- 
cm. N-type crystal with a mortar and pestle. After pass­
ing the powder through a 300 mesh screen, the silica pan 
was loaded and hung on the balance. All the experiments 
were done on one loading of powder.

The carbon monoxide and oxygen gas used were Air 
Reduction Company reagent gases.

The powder area was measured by applying the BET 
method to the adsorption isotherm of nitrogen on the 
powder at 77° K . as determined by the microbalance. 
LTsing 15.4 A .2 for the area of adsorbed nitrogen molecule10 
and the BET equation, the powder area was found to be 898 
±  4 cm.2. Three separate determinations were made and 
were interspersed with one to two reductions and oxidations 
which established the independence of the area on these 
treatments.

A typical experiment was done in the following manner: 
the powder was outgassed in a titanium gettered vacuum of 
from 3 X  10-7 to 10~6 mm. at a. temperature of 530°. 
Carbon monoxide was admitted to the powder by way of a 
copper foil filled trap kept at 77° K. after the vacuum 
reached its lowest point. At 530° GeO volatilizes at a 
rapid rate so that when it was desired to measure the 
amount of material lost in a CO reduction the reducing gas 
was admitted at temperatures below 500°. Carbon monox­
ide pressures were usually 40 to 100 mm. and reduction 
temperatures ranged from 530 to 615°. The reduction 
usually began immediately except for some rare instances 
occurring at the lower temperatures, where the reduction 
was preceded by an induction period. After a more or less 
abrupt cessation of weight loss which signalled the end 
of the reduction, the reduction conditions were maintained 
for an additional 10 to 20 minutes. The powders always

(9) E. A. Gulbransen, Rev. Sci. I n s tr . , 15, 201 (1944).
(10) H. I\. Livingston, J. Colloid Sci., 4, 447 (1949).

remained unchanged in weight during this period. After 
this check the carbon monoxide was pumped out of the 
system while keeping the powder at the rec notion tempera­
ture. (lettering with the. titanium filamait was started 
after the pressure dropped to 10 1 mm. The. powders did 
not suffer any further change in weight after evacuating 
the carbon monoxide. The reduction temperatures were 
maintained until the vacuum reached its lowest value. 
After this the powder temperature was dropped to the level 
desired for the oxidation. The system was allowed around 
15 minutes to reach equilibrium after which oxygen was 
admitted to the powder through the trap at pressures aver­
aging 75 mm. The first reading was taken one minute after 
the admission of oxygen. In order to check on any desorp­
tion the oxidation was usually stopped after about three 
hours by evacuating the system without changing the 
powder temperature. The powder would remain in vacuo 
until the next experiment whereupon the sequence de­
scribed would be repeated.

Experimental Results

The results of carbon monoxide cleaning of the 
germanium surfaces are presented first.

Most of the reductions began with a vacuum bake 
up to the reduction temperature after which carbon 
monoxide was admitted. A number of more in­
formative reductions were done that did not include 
a vacuum bake. In these experiments CO was 
admitted to the powder at 150°. The tempera­
ture then was increased to the reduction tempera­
ture. The reduction always started with appre­
ciable velocity at 530c and needed about one hour 
per monolayer at 580° under the conditions of this 
experiment. The reduction was assumed termi­
nated when less than 10-7 g. weight loss was ob­
served in about 20 minutes. This corresponds to an 
evaporation rate less than 10~13 g./cm.2-sec., a 
value of the order of extrapolated published values 
for the evaporation rate of germanium at these 
temperatures.11

The appearance of an appreciable reduction rate 
at 530° is a clue to some of the mechanisms operat­
ing in the reduction process. There is a “ rule” 
in solid state chemistry12 that the lowest tempera­
ture at which a solid will be expected to enter a solid- 
state reaction at an appreciable rate occurs approx­
imately at a temperature one-half the melting point 
of the solid on the absolute scale ( 7 m ) .  The basis 
for this rule is that bulk diffusion processes become 
appreciable at 0.5Tm  and above. The melting- 
point of Ge02 in the hexagonal form is 1389°K. 
Then 0 . 5 7 m  is 4 2 1 °  or greater so that the reduc­
tion rate is established by some sort of bulk dif­
fusion reaction at least when more than a mono- 
layer of oxide is involved. A further clue to the 
reduction mechanism is obtained from a plot of the 
total weight loss observed on reduction against 
weight of oxygen on the surface before reduction 
as in Fig. 1. The points can be represented by two 
intersecting straight lines. The line of smallest 
slope has a range of zero to one monolayer of oxide 
calculated as oxygen in one layer of amorphous oxide 
and has a slope of unity. This slope would cor­
respond to the reaction

(11) S. Dushman, “ Vacuum Technique,”  John Wiley and Sons, Inc., 
New York, N. Y.. 1949, p. 743.

(12) A. J. E. Welscli, “ Chemistry of the Solid State,”  Academic 
Press, Inc., New York, X. Y., 1955, p. 307; A. L. G. Rees, “ Chemistry 
of the Defect Solid State,”  John Wiley and Sons, Inc., New York, 
N. Y., 1955, p. 120.
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»/«GeOrfs) +  CO(g) = VaGeCs) +  C02(g)
That is, the oxygen in the germanium dioxide is 
being lost to the carbon monoxide. The line of 
larger slope ranging from one monolayer of oxide 
as oxygen and up has a slope of 5.54 and corresponds 
to the reaction

ViGe(s) +  V ,G e02(s) =  GeO(g)

so that the oxygen is being lost as germanium 
monoxide

Mg<.o,/Mo =  88.0/16 =  5.54

The reduction mechanism in these thin oxide 
films appears to be a reaction between carbon mon­
oxide and the outer layer of germanium dioxide to 
form germanium and carbon dioxide. Germanium 
freed by this reduction reacts with the underlying 
dioxide to form germanium monoxide which is 
volatile at these temperatures. Simultaneously, 
there must be a diffusion of germanium from the 
germanium-oxide interface through the oxide film 
to replenish the germanium atoms lost at the ger­
manium monoxide generating interface. There­
fore, this layer of germanium must act as a barrier 
to the further action of carbon monoxide.

Nothing has been said that precludes the pos­
sibility of obtaining an oxygen-free germanium 
surface from a simple vacuum bake by virtue of the 
solid-state germanium-germanium dioxide reaction. 
A vacuum bake at 500° was tried before the tita­
nium getter bulb was added to the vacuum system. 
A calculated pressure of oxygen of 4 X 10“ 10 mm. 
was found to be sufficient to account for an ob­
served weight loss at the rate of 1.2 X 10 11 g./ 
cm.2-sec. Upon the admission of oxygen, the 
germanium surface was found to be covered to the 
extent of one-half of a monolayer of oxygen as one 
oxygen atom per surface germanium atom. A 
higher temperature, say above 530°, and a lower 
partial pressure of oxygen than used in the above 
experiment might be sufficient conditions to attain 
an oxygen free germanium surface.

On completion of the CO reduction, it was found 
necessary to outgas the germanium at the reduction 
temperature, since if the powders were cooled in the 
CO atmosphere there was a chemisorption of the 
monoxide. At the end of the reduction, while at 
the reduction temperature, there was no change 
in weight observed on pumping out the carbon 
monoxide.

The takeup of pure dry oxygen at average pres­
sures of 75 mm. and at ten different, temperatures 
ranging from 25 to 400° by the carbon monoxide 
reduced surface is shown in Fig. 2. The ordinate, 
weight of oxygen taken up by the surface, is the 
change of weight of the powder in oxygen from the 
vacuum condition. The layer coverages indicated 
are for the amorphous form of the oxide.

Some checks were made to sec. if any part of the 
oxygen uptake was desorbable from oxidations 
that had formed more than one layer of germa­
nium dioxide. This was done by pumping out the 
oxygen from the oxidizing powder while maintain­
ing the powder temperature. No weight loss to 
within 1.23 X 10~10 g./cm.2 (l/300th of a mono- 
layer as molecular oxygen) was observed in passing 
from 75 mm. of oxygen to a 10~6 vacuum. Further

Fig. 1.—Total weight loss observed on reduction of GeOs 
on germanium by CO as a function of the amount of Oe()2 
on the surface.

no weight loss of this magnitude occurred in 15 
minutes at 360° or in 30 minutes at 310°. Any- 
sorbed oxygen might therefore be present to an 
extent less than this figure or the activation energy 
for desorption might be larger than 50 kcal./mole. 
This latter possibility is not too remote in view of 
the large activation energies (45 to 200 kcal./ 
mole) for desorption which have been found for 
other systems.13 However, if the same experi­
ment were done before the oxygen taken up 
amounted to one layer of GeO?, most of the oxygen 
with the exception of about one-half of a monolayer 
could lie removed by vacuum baking at tempera­
tures of 530°.

Discussion
The oxygen takeup at 25° agrees in rate and 

magnitude with the vacuum crushed single crystal 
experiments of Green, Kafalas and Robinson6 
and with the argon bombarded germanium surfaces 
of Wolsky.7 These rates are shown in Table I.

Table I
Slow oxygen uptake by germanium at room temperature 

q =  a log i +  b

where q =  oxygen atoms/em.2; t =  minutes
(a) Present study: 25°; 66 mm. of Os. CO reduced

q =  1.09 X  I()14 log l +  7.70 X  1014
(b) Green, Kafalas and Robinson6: 25°, 0.1 mm. of 0 2.

Vacuum crushed.

q =  1.43 X 1014 log t X 8.4 X I014
(c) Wolsky7: 25°; 3 mm. of 0 2. Ion bombarded

q =  0.948 X I014 log t +  8.88 X 1014 

25°; 0.1 mm. of 0 2. Ion bombarded
q =  1.31 X  1014 log l +  6.12 X  1014

A useful representation of the oxidation data is 
on a semi log plot with time on the logarithmic 
scale. Figure 3 shows the results of oxidation at 
25, 150 and -00° on such a plot. The oxidation

(13) B. M. W. Trapnell, “ Chemisorption,”  Academic Press. Inc., 
New York, N. Y., 1955, p. 79 fT.
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Fig. 2.— The oxidation of Ge, from a carbon monoxide reduced surface, in pure oxygen at 10 different temperatures. The 
average oxygen pressure is 75 mm. The layer coverages as amorphous GeO» are indicated on the ordinate.

law is logarithmic in time between 1.94 X 10-8 
and 3.88 X 10-8 g. of oxygen/cm.2. These num­
bers represent coverages of one and two oxygen 
atoms per surface germanium atom, respectively, 
in the [111] plane. After the oxygen uptake 
passes the latter value, the rate of uptake incre scs 
and is no longer logarithmic in time. Clearly after 
the state of two oxygen atoms per surface germa­
nium atom has been reached, there is a profound 
change in the nature of the oxidation process.

The logarithmic rate can be derived by assum­
ing a process with an activation energy that changes 
linearly with the extent of coverage, that is, as

A E =  AB„ +  9n A E,
9«

In differential form this rate is

9 = 4 '  e x p ( -A E J l i T )  e x p [ -  (q -  <,«)]

Here
Ij =  rate of uptake in oxygen atoms/cmd-min. 
q = amount of oxygen taken up in atoms/cm.2 
<jo =  7.31 X 1014 atoms/cm.2, the concn. of atoms in the 

[1111 plane 
. 1' =  a constant

A Ho and AKi are the activation energies, the other 
symbols having their usual significance.

On admitting oxygen to the germanium, there is a 
fast takeup in time V to form a layer of q0 oxygen 
atoms/cm.2. After this first stage is completed 
the logarithmic uptake begins. Using these bound­
ary conditions, equation 1 integrates as

9 =  “ in [aA(t — l') +  1] +  q0 (1)

with A = A '  exp( — A E 0/ R T ) and a = A E J qoR T . 
Defining fa = 1/a.l

9 =  * lu [(< -  l ’ ) +  hi] -  * In l0 +  ?o (2)

If / > >  V and to, equation 2 corresponds to the 
experimental result and on the semilog plot the 

q =  B log l +  C (3)

intercept at t = 1 minute will be — 2.303/a log 
to +  (jo and the slope will be 2.303/a. Knowing 
the value of a the constant A  in equation 1 can lie 
found from the intercept C using the relationship 
to =  1/aA. Since a =  AE^/qoRT a plot of aqa 
against 1 / T  will yield a line whose slope is A E j / R  
if AE i is not a function of temperature. The other
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activation energy AE’o is obtained by plotting In 
A  against 1/ T. The slope of this plot will be A t'0/R  
and the intercept is In A '.

In general, equation 2 is not linear on the semi­
log plot when data are available for times smaller 
than to. For times greater than to the plots will be 
linear and equation 3 can be used directly.

Data on the logarithmic rate cast in terms of 
equation 3 are shown in Table II.

T a b l e  II
P a r a m e te r s  for  th e  L o g a r it h m ic  E qu atio n  a t  D if f e r ­

e n t  T e m p e r a tu r e s

(i >  1 min.); }(max.) =  14.62 X  1014 atoms/cm.2 
q =  B log t +  C

°c. q (oxygen atoms/cm ■ J), f (imin.) P 02 (mm.)
25 1 o o X 1014 log 1 + 7.70 X 1014 66
50 1 .23 X 1014 log t + 8.26 X 1014 75

100 1 .46 X 1014 log 1 + 9.83 X 10>4 76
125 1.49 X 1014 log 1 + 10.3 X 10‘4 81
150 1 .58 X 1014 log t + 11.8 X 1014 79
200 1..78 X 1014 log t + 12.1 X 1014 77

By applying the above analysis to the param­
eters of Table I the two activation energies in 
equation 1 can be found. The two activation 
energies and the constant A ' are found to be

AE0 =  10,300 cal./mole of oxygen atoms
AEi =  8720 cal./mole of oxygen atoms
A ' =  3.67 X  1021 atoms/cm.2-min.

Further A E x/qo = 1.19 X 10~n cal.-cm.yatom so 
that equation 1 becomes

q =  3.6/ X  1021 exp ^ ------

T 1 . 1 9 X 1 0 - " ,  ,1
exp I ----------- R f ------ (? -  go) I (4)

with g0 = 7.31 X 1014 atoms/cm.2 and R  is the gas 
constant 1.987 cal./°K./g.-mole.

Green, Kafalas and Robinson6 report the result 
of an experiment at 60.5 mm. and 25°, the pressure 
changes being measured with a differential oil 
manometer. The over-all uptake was found to be
2.4 oxygen atoms/cm.2 after 18 minutes of exposure 
with no further measurable takeup up to 2 days.

Similar results were obtained during the earlier 
stages of the present stud}’ before suitable pre­
cautions were taken to ensure the exposure of the 
powders to only diy pure oxygen. It is believed 
this type of takeup is real and catalyzed In’ mois­
ture.

The logarithmic rate was obeyed at temperatures 
from 25 to 250°, up to a coverage of 3.82 X 10-8 
g. of oxygen/cm.2 ± 1% (two oxygen atoms per 
surface germanium atom in the [111] plane would 
weigh 3.88 X 10-8 g./cm.2) after which a new 
oxidation law is obeyed. This behavior is shown 
for one temperature, 150°, in Fig. 3. The transi­
tion appears to have associated with it a time-lag 
in the oxidation process. That is, when the state 
of two oxygen atoms per germanium surface atom 
has been reached, the oxygen uptake ceases for a 
time dependent on the temperature of the experi­
ment. If this transition marks a change in the 
state of the surface germanium atoms and bound 
oxygen atoms, an event such as a time-lag in the 
oxidation rate is not too unlikely and would be

10® GRAMS OF OXYGEN/CM2
Fig. 3.— Germanium oxidation at 25, 150 and 300° on a 

semilog plot.

associated with some nucleation process for the 
formation of the first monolayer of the normal ger­
manium dioxide. This time-lag could correspond 
to the time necessary to transform a layer of oxy­
gen atoms chemisorbed to the germanium surface 
to a monolayer of germanium dioxide “molecules.” 
The observed time-lags are 40 minutes, between 100 
and 140 minuses at 125°; 15 minutes, between 
40 and 55 minutes at 150°; 3 minutes, between 18.2 
and 21.2 minutes at 200° and 0.7 minute, between
3.8 and 4.5 minutes at 250°. If the time-lag is 
taken as inversely proportional to a rate of nuclea­
tion, the process will have associated with it an 
activation energy of 13.4 kcal./mole.

The oxidation rates occurring after the formation 
of the first monolayer of oxide might be expected 
to be described by the equations of Mott and Ca­
brera5 for very thin film metal oxidations. Since 
germanium is not a metal but a semiconductor, 
we should not expect their equations to hold in 
even’ detail.

Mott and Cabrera assumed the rate-controlling 
step in the thin film region at low temperatures to 
be a drift of ions in a high field rather than by the 
thermal diffusion of those ions. Electrons can 
tunnel through very thin films to form adsorbed 
oxygen ions at the oxide-gas interface. These 
electrons leave behind metal ions of charge Z e  
at the metal-cxide interface. This separation of 
charges effects a potential difference V  across the 
film which is assumed to be independent of tempera­
ture and oxide film thickness. The resultant field 
in the film of thickness X  is V / X . The activation 
energy A U , assumed to be a constant, for the pas-
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MONOLÛYERS OF AMORPHOUS GtO.

Fig. 4.—A test of the Mott and Cabrera equation for thin 
film oxidations against the germanium oxidation data.

14 15 15 17 IS 19 20 21 22 25 24 25
IOs/T°K.

i Fig. 5.— Dependency of the logarithm of the pre-exponen­
tial constant o> of the Mott and Cabrera equation on the, 
reciprocal of the absolute temperature for germanium oxida­
tions. The slope of the plot is — AI//4.58R where At/ is the 
activation energy term in the Mott and Cabrera equation.

sage of the metal ion from the metal-oxide interface 
into the first interstitial position for the ion in the 
oxide, is lowered by the high field according to 
AU  — Z eX o V / X  where A/, is one-half the jump 
distance for the ion. Because of this lowering, 
oxidations can proceed at relatively low tempera­
tures. The probability per second that a metal 
ion will experience a jump is v exp ( — A U / R T  +  
Z e X 0V /X k T )  where v is the frequency of vibration 
of a metal ion at the oxide-metal interface. Then 
the rate of growth of the film is

=  nV.v cxp( -  AU/RT) e.\p(ZeX„V/XkT) (5) 

or

«  cxp(\ /X ) =

M0 exp( — AU/RT) exp(X/A') (6)

where n  is the concentration of ions at the metal- 
oxide interface, ft is volume of oxide per metal ion 
and X = Z eX ftV /kT.

Equations 5 and 6 cannot be integrated easily 
in closed form; the experimental data were there­
fore differentiated to compare experimental results 
with the Mott and Cabrera equation. This was 
done graphically from the semilog plots. Equation 
6 can be recast as

X  log ^  =  X  log «  +  x/2.303 (7)

If an experimental plot of X  log dX/dr vs. X  is made 
the slope will be log co and the intercept at X  = x , 
X/2.303. This is done in Fig. 4 for six tempera­
tures. For the range of thickness available, the 
experimental points are linear in such a plot so 
that the Mott and Cabrera equation appears to 
hold.

The experimental parameters for equation 6 are 
given in Table III. It was assumed the oxidation 
creates the amorphous form of germanium dioxide. 
The “monolayer thickness” for this substance is 
(M / p N )'^  = (104.6/3.637 X 6.023 X 1023)‘A =
3.66 X 10-8 cm./monolayer. The gravimetric 
factor to convert this figure to weight as oxygen is
3.97 X 10-8 g./cm.2/monolayer.

T a b l e  III
P a r a m e t e r s  fo r  th e  M o tt  an d  C a b r e r a  E qu atio n

T, °K . u>, cm./min. X, cm.
673 2.08 X  10“ 11 43.1 X 10“8
623 3.94 X  10~12 40.5 X 10"8
573 2.10 X 10“ 12 31.8 X 10“ 8
523 5.65 X 10“ 13 26.3 X 10 _8
473 3.13 X  10“ 13 22.6 X 10" 8
423 1.72 X  10" 13 20.5 X  10~8

Since X = Z e X 0V /kT , a value for V  can be cal­
culated from the values of A and T  given in Table 
II by taking Z  = 4andX0 = 1.83 X 10~8cm. The 
results of this calculation are shown in Table IV.

T a b l e  IV
V o f  th e  M ott  an d  C a b r e r a  E q u atio n  as  a  F u n ction  of 

T e m p e r a t u r e  fo r  G e r m a n iu m  O x id a t io n s
T. °K. V, V . T, °K . V, v.
673 0.350 523 0.166
623 .304 473 .129
573 .220 423 .105

Thus, V  is found to exhibit a temperature de­
pendency, the potential becoming larger as the 
temperature of the oxidation rises. There is, 
however, no dependency of the potential on the 
oxide film thickness in view of the linearity of the 
plots of Fig. 4.

A plot of log o> vs. 1 / T  is shown in Fig. 5. If AU  
were a constant, this plot would be a straight line 
with a slope of A U/It. The curvature in this plot 
means that the activation energy X U  is not a 
constant. A U  has a temperature dependency and 
its value increases as the temperature increases.
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RADIOLYSIS OF CHLOROFORM AND CARBON TETRACHLORIDE

B y  T . IT. C h e n , Iv . Y . W o n g  a n d  F . J. J o h n sto n

Department of Chemistry, University of Louisville, Louisville 8, Kentucky 
Received February S, I960

Irradiation of pure degassed CHCh with cobalt-60 gammas results in the formation of HC1 with Ghci =  11.4 ±  0.4. C2Ch 
and a liquid which boiled at approximately 165° also are produced. Xo IT or Cl2 was observed and these must be formed 
with efficiencies of <  0.003 and G, \, <  0.002. The irradiation of pure degassed CCh results in the formation of Cl> 
with (r(ci,) =  0.66 ±  0.4. A solid which is essentially pure C2C16 is the only other observed product. X o Cl2 is produced 
in mixtures of CHCI3 and CCI4 in which . V c h c u  i s  greater than ~  0.008 at a dose of 1.06 X 1021 e.v. per gram of mixture. 
HC1 yields from CCI4-CHCI3 mixtures indicate that an important part is played by energy transfer in this system.

Schulte, Suttle and Wilhelm1 have studied the 7 - 
induced decomposition of CIiCl3 in the presence of
02. Cl2, HC1, C0C12 and one or more peroxides 
were the major products. No definite conclusion 
regarding the mechanism of the reaction could be 
made. Their results, however, suggested the pos­
sible use of chloride production from this system as 
a dosimeter.

Hill2 studied the gas phase decomposition of pure 
CHCI3 in a flow system by light of 1935 to 2100  A. 
He observed only IIC1 as a product, the yield cor­
responding to a quantum yield of 4. He proposed 
the series of reactions 1 through 4 to explain his re­
sults.

CHCh — -> CCh +  II ( 1)
CHCh — >- CHCh +  Cl (2)

H +  CHCh - -e» CHCh +  HC1 (3)
Cl +  CHCh - CCh +  HC1 (4)

Schulte3 has studied the 7 -induced decomposition 
of CC1.4 and the simultaneous exchange of Cl be­
tween Cl2 and CCI4. Cl2 was produced with G(cd = 
0.80 and C2C16, the only other observed product, 
was formed with essentially the same yield. The G- 
value for the 7 -induced exchange, Gex = 3.5, was 
assumed to equal (?< cp and Gy cap.

We have measured the HC1 production from de­
gassed CHCh, the Cl2 production from degassed 
CCI4, and the HC1 production from degassed CC14- 
CHCI3 mixtures.

Experimental
Reagents.— “ Baker Analyzed”  reagent grade CHCh and 

CCI4 were dried with anhydrous calcium chloride and dis­
tilled through a Widmer type fractionating column. A 
middle fraction comprising roughly 1A of the starting mate­
rial was used for the. sample preparations.

Sample Preparation.—Pyrex irradiation cells of approxi­
mately 20 ec. volume containing the samples of C'MOb, 
CCb and the CCh-CHCh mixtures were degassed by several 
cycles of freezing, pumping and thawing on a vacuum line 
and sealed off. The amount of each sample- (roughly 1.5 g.) 
was determined from the weight difference between the 
empty and filled cell.

HC1 Analysis.— In order to determine the amount of 
HC1 formed, the irradiated cell was broken under an excess 
of 0.1 N  NaOH solution in a 100-ml. ground glass stoppered 
cylinder. The solution was well shaken for several minutes, 
transferred to a beaker, and the excess NaOII was hack 
titrated with 0.1 .V IIC1 to a pH of 0 .6 .

Cl2 Analysis.— For Cl» measurement, the irradiated cell 
was broken under an acidic solution of KI in a 100-ml. ground 
glass stoppered cylinder. After shaking for several minutes, 
the solution was transferred to a 250-ml. flask and the I. 
was titrated with a 0.01 N  X:i2S2(h solution using standi as 
an indicator.

(1) J. W. Schulte, J. F. Suttle and R. Wilhelm, J. Am. Chetn. Soc., 
7 5 ,  2222 (1953).

(2) D. G. Hill, ibid., 54, 32 (1932).
(3) S. W. Schulte, ibid., 79, 4043 (1957).

H2 Analysis.— Attempts to measure H2 produced in the 
reaction were made by the Saunders-Taylor technique.4

Radiation Source.— Irradiations were carried out at 22 ±  
2° in a cobalt-60 source of the type described by Burton, 
Ghormlev and Hcchanadel.5 This source contained cham­
bers affording dose rates of 404, 240 and 170 kr./hr., as de­
termined on March 1, 1959, on the basis of Fe +2-Fe +3 dosim­
etry. The experiments were carried out during the period 
from December, 1956, to January, 1960, and appropriate 
corrections were made for intensity changes over this period. 
The source was so designed that the radiation field in the 
chamber of highest intensity was everywhere uniform to 
within 3% . The energy distribution was less uniform in the 
chambers of lower intensity.

Results
Radiolysis of CHCh.— Production of HC1 from 

pure degassed CHCT is directly proportional to the 
amount of energy absorbed to at least 2 X 1021 e.v. 
per gram of CHC13 and is essentially independent 
of the intensity. The G-value for HC1 production 
is G?(hcd = 11.4 ± 0.4. Evaporation of the CHC13 
from a sample which had been subjected to a total 
dose of 2.5 X 1022 e.v. per gram left a solid and a 
liquid as a residue. The liquid phase (containing a 
small amount o: the dissolved solid) boiled at 165°. 
The complexity of the infrared spectrum of the 
liquid phase prevented the definite characterization 
of any component. The spectrum and the boiling 
point, however, suggest the presence predominantly 
of 2-carbon compounds containing C-II and C-Cl 
linkages. The solid upon resublimation exhibited 
a sealed tube transition temperature of 180.5°. An 
infrared spectrum of the solid showed peaks identi­
cal to those characteristic of C2C16-

No TP or Cl2 was observed by our analytical 
techniques. Upper limits for the production of 
these species were therefore set at G'(h2)<0.003 and 
G<c,2> < 0.002.

Radiolysis of CC1(.— The production of Cl2 from 
pure, degassed C'C14 is linear to at least 3 X 1021 
e.v. per gram and is also independent of intensity. 
The G^value for Cl2 production is 0 .66  ± 0.04. A 
solid remaining upon evaporation of CCI4 from a 
sample receiving a total dose of 3.4 X 1022 e.v. per 
gram exhibited a sealed tube transition point of
179.5-181°. After resublimation the transition 
temperature was 184-185°. The infrared spec­
trum of the resublimed material was identical with 
that for pure C2C16-

The Effect of Added CHC12 on U cia from 
CCI4.— A small concentration of CHCh markedly 
decreases G,ci,i from C'Clj. Table I lists the results

(4) K. W. Saunders and II. II. Taylor, J. Chcrn. Phys., 9, 016 
(1941).

(5) M. Rurton, J. H. Gliorndcy and C. J. Hochanadel, Xucleonics, 
13, No. 10, 74 (1955).
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of a series of experiments in which small quantities 
of CHCh were added to CCI4 prior to irradiation. 
The samples received 1.06 X 1021 e.v. per gram of 
mixture.

T a b l e  I
E ff ect  o f  A dd ed  CIICI3 on  G(c i2) fro m  CC14
Mole fraction CHCh G(CI2i

0.0000 0 .66
.0032 .36
.0064 .11
.0192 .00

The first three results of Table I were used to es­
timate the minimum mole fraction of CHC13 for 
which Gich) =  0. This was found upon ex­
trapolation to be iVcHci, =  0.0080. If no Cl2 
were formed until all of the CHC13 was consumed by 
reaction 4, the number of CHC13 molecules initially 
present per gram of mixture at this concentration 
could be equated to the number of chlorine atoms 
produced per gram of mixture at this dose. Such 
an assumption would permit an estimation of Gicn 
the 1 0 0  e.v. yield for chlorine atoms which would 
not normally recombine with the parent radical. 
On this basis we obtain (?<cn ~3.0. Since this 
estimation assumes 1 0 0 %  efficiency for CHC13 as a 
scavenger, the value so obtained would be a maxi­
mum. This calculation is mentioned because of 
the qualitative agreement with the value G(cn =
3.5 obtained by Schulte from exchange studies.

Production of HC1 from CCI4-CHCI3 Mixtures.—  
In Table II are summarized the results of a series 
of experiments in which the HC1 produced from 
mixtures of CHCI3 and CC14 was determined.

T a b l e  II
HC1 P rodu ctio n  fro m  CCI,-CH( '1:j M ix t u r e s

E.v. absorbed Molecules of IICl
Weight % per g. of per g. of

CHCh mixture mixture Ginci/" C(HOI)Cf:U
1.46 7.18 X 102° 3.65 X 1019 5.08 5.00
2.73 7.77 4.12 5.29 5.12
3.37 7.83 4.12 5.26 5.03
3.93 7.80 4.48 5.74 5.50

25.2 7.81 6.12 7.83 6.54
36.1 7.79 6.21 7.97

00OCiC

42.8 7.82 6.49 S.28 5.80
54.7 7.83 6.85 8.73 5.30
73.8 7.91 7.44 9.40 3.20
81.7 7.81 7.55 9. OS 2.63
8 6 .8 7.95 7.85 9.86 -1 .5 0
93.2 7.77 7.89 10.15 -7 .2 0
" Based upon total energy absorbed per gram of mixture. 

b Assuming that energy absorbed by CHC13 results in a pro­
duction of HC1 with O chci) =  11.4 in all mixtures.

The G(hcd values listed in column 4 arc based 
upon the total energy absorbed per gram of mixture. 
The values in column 5 are apparent contributions 
to the total HC1 production resulting from energy 
absorbed by CC14. T h e y  were obtained by calcu­
lating from electron density ratios the fraction of 
the total energy absorbed per gram by CHCh. The 
HC1 produced from CHC13 was then obtained by as­
suming the value of G (hci> = 11.4 to apply in the 
mixtures as well. The difference between this and 
the total HC1 was, on the basis of this assumption, 
the result of energy absorption by CC14.

Discussion
The observation that only HC1 and a complex 

higher boiling residue comprised partially of C2C16 
are produced from the radiolysis of CFICI3 is consist­
ent with a mechanism involving reactions 1 through 
4 followed by reactions of the type

2CC13 — >  C2C16 (5-a)
2CHCI2 — >  CHCbCHClj (5-b)

Our value for G(ci,) from the radiolysis of CCI4 is 
significantly lower than that obtained by Schulte. 
We have no explanation for this difference. The 
occurrence of C2Ch as the only other measurable 
product indicates, in agreement with Schulte, that 
the most important steps involved in the reaction 
are

CCI)-------->- CCI, 4 Cl (6)
2C1 — > Ch (7)

2CC13 — >  C2C16 (8)
It is interesting to note the marked difference in 

the values of G ihcd from CHCI3 and G (ci,) from 
CC14. An inherently greater susceptibility of 
CHCI3 to bond rupture as a result of energy ab­
sorption or ionization is an obvious possible reason 
for this difference. A more probable explanation, 
however, is that every H or Cl atom produced from 
CHCI3 is formed in the immediate vicinity of a po­
tential reactant partner, i.e., another CHC13 mole­
cule. By contrast, Cl2 is most probably formed 
from CC-14 by either of two mechanisms. One in­
volves reaction 7 which requires the escape of a Cl 
atom from the parent radical and combination with 
other CCb radicals until it combines with another 
Cl atom. The second involves the reaction 9, which 

Cl +  CCI« — Cl 4 CC:3 (9)
because of a relatively high activation energy6 is 
unlikely for Cl atoms with a normal energy distri­
bution at this temperature but may be important 
if highly energetic chlorine atoms are produced. The 
activation energy for reaction 4 has been meas­
ured7 as 8  keal. per mole. An experimental value 
is not available for the activation energy of reac­
tion 3.

Our results concerning the production of Cl2 from 
dilute solutions of CHCh in CC14 and those of 
Schulte involving the radiation induced exchange of 
Cl between Cl2 and CC14 indicate that the value for 
G(cd is within the range of 3-3.5. The IICl yields 
from mixtures of CHCh and CCI4 at high concentra­
tions of the latter indicate a contribution by CC14 
somewhat greater than that expected from the 
above value for G,cn- This most probably is due to 
a reaction of Cl atoms which normally would re­
combine with the parent radicals with CllCh mole­
cules since the latter are present in concentrations 
greater than 1.9 mole %.

The assumption that Gmcn from CHCh is 11.4 
in the mixtures is made only for computational 
purposes. This value would be modified as a re­
sult of any interactions between excited or ionized 
CHCh molecules and CC14. That such interactions

(6) Unpublished results obtained by F. J. Johns* on and J. E. Willard 
indicate a minimum activation energy for this process of 14 keal. per 
mole.

(7) 11. J. Schumacher and K. Wolff, Z. physCk. C h e m 25B, 1G1 
(1934).
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occur is indicated by the observed decrease in 
[G (h c d ] c c i, at lower CCI4 concentrations. This 
quantity is less than the expected value for G<cn at 
approximately 18% CCI4 and becomes negative at 
lower concentrations. Our results were not ex­
tended to very low CCI4 concentrations because of 
an increasing sensitivity of [G (h c d ] c c l  to small er­
rors in HC1 determination.

A concise discussion of such interactions has been 
given by Burton and Lipsky. 8 Our experimental

(8) M. Burton and S. Lipsky, T his Jo urn’a l, 61, 1401 (1957).

results do not permit speculation concerning the 
nature of the energy transfer processes occurring 
in this particular system. They do, however, show 
a significant ^protection”  of CHC13 by CCI4. A 
mechanism is suggested in which excited or ionized 
CHCb molecules, which in the presence only of 
other CHCI3 molecules would dissociate or react 
with adjacent molecules, may lose energy of excita­
tion to CCI4. The energized CC14 molecules un­
dergo energy dissipation without chemical change.

This work has been supported by Atomic En­
ergy Commission Grant No. AT-(40-l)-2055.

SHOCK TUBE EXPERIMENTS ON THE PYROLYSIS OF ETHANE
B y Gordon B. Skinner and W illiam E. Ball

Monsanto Chemical Company, Research and Engineering Division, Research Department, Dayton, Ohio
Received February 11, 1960

The kinetics of ethane pyrolysis have been studied in the range 1057-1418°K. in a single-pulse shock tube. Mixtures 
of methane, ethylene and hydrogen with ethane also have been studied, to determine their effect on the kinetics. These 
results and literature data at lower temperatures have been correlated by a modified Rice-Herzfeld free-radical mechanism, 
which accounts quite well for the observed effects.

Introduction
The kinetics of ethane pyrolysis have been stud­

ied previously in either tubular flow or static 
bulb reactors. The earlier work, in the tempera­
ture range 824-973°K., has been summarized by 
Steacie1 who has also discussed current thinking 
on the mechanism of the reaction. An important 
paper by Davis and Williamson2 recently has ap­
peared, describing experiments with a flow re­
actor at 937-1044°K. Calculations based on a 
free-radical pyrolysis mechanism have recently 
been made by Snow, Peck and Von Fredersdorff. 3 4 
The present paper deals with shock tube experi­
ments in the range 1057-1418°K. With data 
available over this wide temperature range, 
more can now be said about the reaction mech­
anism.

Experimental
The shock tube described in an earlier paper1 was used, 

with identical techniques and methods of calculation. Kx- 
perimental temperatures wrere corrected for variations in 
temperature due to minor pressure fluctuations during the 
runs, and for the heat effects due to chemical reaction. 
Vapor chromatographic analyses were made for fill ., 
1I2, CTk, C2H4 and C2H2 in all experiments, and for pro­
pane, propylene, butane and 1,3-butadiene in several ex­
periments.

Experiments were carried out wil h the gas mixtures listed 
in Table I. Total reaction pressures were five atmospheres, 
and dwell times about two milliseconds. Phillips reagent 
grade ethane, Matheson C.p. methane and ethylene, and 
Airco hydrogen and argon were used without further puri­
fication. The gas mixtures were always analyzed before 
reaction, and none of the products were ever found in the 
original mixtures.

(1) E. W. R. Steacie, "Atomic and Free Radical Reactions," 2nd 
ed., Reinhold Publ. Corp., New York, N. Y., 1954.

(2) H. G. Davis and K. D. Williamson, Fifth World Petroleum 
Congress, Section IV. Paper 4, 1959.

(3) R. H. Snow, R. E. Peck and C. G. Von Fredersdorff, A.I.Ch.E. 
J . ,  5, 304 (1959).

(4 ) G. B. Skinner and R. A . Ruchrwcin, T h is J o u r n a l , 63, 1730 
(1959).

T a b l e  I
R e a c t io n  M i x t u r e  C o m p o s it io n s

•Mole % of component—
Mixture can CHI. cm lb Ar

1 o 94
2 0.5 99.5
3 . 5 12 87.5
4 . 5 2.5 97
5 .5 11.2 88.3
6 0 6 88
7 5.4 0 .0 0.0 93.4
8 0 0 88

Results
As is the case at lower temperatures, the main 

products of ethane pyrolysis were found to be 
ethylene and hydrogen in equal molar amounts. 
Small amounts of methane were found in most of 
the runs with Mixture 1, the ethylene/methane 
ratio averaging 2 1 , with no noticeable temperature 
dependence. For Mixtures 2 and 3 no methane was 
found since the original ethane concentration was 
too low, and for Mixtures 4-6 any methane formed 
was obscured by what was already present. For 
Mixture 7 the ethylene/methane ratio averaged 20, 
and for Mixture 8 , the ratio was 10. Traces of 
n-butane were found in a few runs with Mixture 1, 
the ethylcne/butane ratio averaging about 140. 
Some acetylene and 1 ,3-butadiene were found for 
Mixtures 7 and 8  at the higher temperatures, but 
these seemed to be primarily ethylene pyrolysis 
products.

Conversions were held to less than about 20% 
to minimize complications such as approach to 
equilibrium, decomposition of products, decrease of 
rate due to decreased reactant concentration, 
and excessive temperature drop due to heat of 
reaction. From the results for Mixtures 1 and 2 
the reaction seemed to be first order, so the results 
were expressed as first-order rate constants in
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T able II
R ate C onstants in E thane P yrolysis 

Each pair of numbers gives first 104/ r ,  °K., and then k, sec. -1 
Mixture 1: 9 .46 ,1 .45 ; 9 .3 8 ,2 .45 ; 9 .3 3 ,2 .7 ; 9 .1 5 ,4 .2 ; 8.99, 10.1; 8 .76 ,17 .2 ; 8 .50 ,42 ; 8.25, 101; 8 .20,88 
Mixture 2: 9.02. 10.1; 8.91, 14.0; 8.79, 20.0 ; 8.53, 39; 8.45, 64; 8.42, 61; 8.02, 185
Mixture 3: 9 .3 2 ,6 .3 ; 9 .3 1 ,3 .2 ; 9 .3 1 ,4 .5 ; 9 .1 2 ,9 .4 ; 8 .99 ,12 .8 ; 8 .95,26; 8 .94,18; 8.90,26; 8 .68,53; 8.55, 125;

8.51, 87
Mixture 4: 8.31, 9.4 ; 8.09, 18; 8.02, 27; 7.72, 52; 7.57, 74; 7.46, 124 
Mixture 5: 8 .1 9 ,6 .4 ; 7.97, 11.4; 7.74, 24; 7 .30,91; 7.27, 122; 7.05,214
Mixture 6 : 9.18, 2.6 ; 9.02, 4.6 ; 8.93, 11.1; 8.64, 20.6; 8.55, 20.6; 8.35, 41; 8.20, 54; 8.12, 72 
Mixture 7: 8.89, 12.6; 8.73, 21.5; 8.58, 38; 8.42, 51; 8.27, 72
Mixture 8 : 9 .1 5 ,3 .7 ; 9 .0 1 ,8 .4 ; 8 .9 0 ,4 .6 ; 8 .6 6 ,14 .1 ; 8 .63 ,18 .6 ; 8 .40 ,42 ; 8 .36 ,45 ; 8 .18 ,65 ; 8 .0 1 ,83 ; 7.91,

109; 7.86, 134

Table II. The results are corrected for the de­
crease in amount of reactant as the reaction pro­
ceeded (a small correction since the conversions 
were low) but not for any reverse reaction. The 
problem of approach to equilibrium is not nearly as 
serious at these high temperatures as it is at lower 
temperatures. Tor example, at 1200°K. a sample 
of ethane at 0.3 atmosphere initial pressure will 
be more than 98% decomposed at equilibrium, 
under constant pressure conditions.

Least-squares equations of the type

log k = c  +  y

were calculated from the data of Table II. The 
values of C and 1) are given in Table III. Since 
it is difficult to visualize how the curves lie with 
differing values of both C and D, column 4 of 
Table III shows the value of (7 if the average D 
value (13,290) is used for all the curves. In this 
column, a change of 1 in C corresponds to a factor 
of 10 in rate. These curves, of course, apply over 
the range of temperatures given in Table II. 
Considering the scatter of the data and the limited 
temperature range covered, more weight should 
be given to the absolute values of the rate constants 
than to the activation energies derived from the 
temperature dependence.

T able  III
L east-squares C onstants for Ethane  Pyrolysis

IBM calc.
Mixture c D C if

D = 13,290
C if

D = 13,290
1 13.65 14,170 12.87 13.03
2 12.60 12,850 12.98 12.73
3 16.85 17,390 13.17 12.84
4 11.40 12,520 12.00 12.00
5 11.77 13,400 11.68 11.81
6 12.24 12,740 12.71 12.84
7 11.19 11,260 12.93 12.97
8 11.58 11,990 12.67 12.69

The standard deviation of the points from the 
curves of Table III, expressed in terms of log k, 
is 0.074, which corresponds to about 20% in k, 
or about 1 0 ° in temperature.

Table V summarizes results from runs with 
Mixture 2  at higher temperatures and conversions, 
times being 2 milliseconds as before. Actual 
product yields, uncorrected for the decrease in 
ethane concentration with time, are shown. First- 
order rate constants for ethane disappearance were

calculated from the amounts of residual ethane in 
column 2 .

T able IV
F ree  R adical R eactions in E thane P yrolysis

Direc­ ~ 
J.

AH,
Reactions tion cc. sec. -1 cal.

(1) Gallo -*■ 2CH :i ka 14.7 79,300
r 12.5 - 1 ,5 0 0

( 2 ) C1L +  C T L  — C H ,+  C 4 L k 1 2 .8 14,500
r 11.7 18,000

(3) Callo— C 2H 4 +  H k 14.2 42,600
r 12.3 3,900

(4) 11 +  Gallo —  Ha +  Callo k 12.3 6 ,2 0 0
r 12.4 1 2 ,2 0 0

( 6 ) H +  CjHo —  CaHo Ì k 13.6 0
—  Ha +  CoH, ( r 14.4 97,800

17) II +  C lb  — CH, r 14.4 1 0 1 ,0 0 0

(9) 2CaHr,->C1H,o [ k 13.6 0
—  C 2H 4 +  CaH«\ 

(12) H +  CHo —  Ha +  CIL k 11.9 8 ,0 0 0
r 1 1 . 2 1 0 ,0 0 0

(13) CTL +  CaHo— CaHs ) k 13.6 0
—  C H 4 +  C 2H 4 (

a k represents the forward rate constant, r the reverse 
rate constant.

T able V

P roduct D istribution  in R uns with  M ixtu re  2 at 
H igher T emperatures, 2 M sec. T ime

ìoyr,
°K.

Moles product/100 
Calie C2H4

moles C2II6 originally present 
C2 H 2 CH4 11 >

k,
sec. -1

7.54 3 7 . 4 54.5 3 . 6 4.5 64.5 490
7.31 19.1 62.8 9 . 6 8.3 84.0 830
7.13 12.4 60.1 16.4 11.6 86.7 1040
6.91 6.8 57.9 24.7 13.2 128.2 1340
6.39 3.4 40.6 44.5 20.6 129.7 1690
6.10 1.7 31.1 54.0 21.7 140.0 2040
5.74 1.3 9.2 76.2 21.3 165.5 2180

Discussion
The relative rates of ethane decomposition can 

be estimated from column 4 of Table III. The 
data for Mixtures 1 and 2 (ethane partial pressures 
0.3 and 0.025 atmosphere) suggest a reaction order 
of one, or slightly less than one. Hydrogen in­
creases the rate of ethane decomposition slightly, 
while methane and ethylene reduce the rate. These 
data, and the earlier data at lower temperatures, 
can be interpreted by a modified Ilice-Herzfeld



August, 1960 Shock T ube Experiments on Pyrolysis of Ethane 1027

mechanism, as discussed by Steacie, Davis and 
Williamson, and Snow. The data of this paper 
permit more accurate calculations of the individual 
free radical reaction rates, partly because of the 
extended temperature range, and partly because 
the various compositions studied here emphasized 
certain reactions which were not important under 
previously studied conditions.

Qualitative evidence for the free-radical chain 
mechanism of ethane decomposition comes from 
Table V, which shows that the apparent activation 
energy falls off at high conversions. At the high­
est temperature of Table 1’ , the rate constants for 
ethane pyrolysis are only a few per cent, of those 
calculated by extrapolating the low-conversion 
rates of Table II or III. In a chain reaction the 
chain length would be expected to shorten as the 
ethane disappeared and was replaced by more 
stable product molecules, while for a molecular de­
composition the first-order rate should hold to high 
conversions. The increase in methane yield at 
high conversions is evidence that the first step in 
ethane pyrolysis is breaking the C -C  bond. It has 
been found in experiments to be described in an­
other paper that the methane does not come from 
decomposition of the ethylene or acetylene.

The free radical reactions considered important 
are listed in Table IV. Certain other possible 
reactions have been neglected, for reasons discussed 
by Steacie and by Snow. We have determined 
best values of the rate constants for the reactions 
of Table IV, based on earlier work and our own. 
The rate constants have been expressed in the 
Arrhenius form

k = ApA’i/Rt

the values of .1 and AH  being given in Table IV. 
(Units of A are sec. - 1  for unimolecular reactions 
and mole- 1  cc. sec. - 1  for bimolecular; AH in cal.)

There were, of course, many reasons for choosing 
the particular values of Table IV. With 15 re­
actions to consider, and many sets of experi­
mental data, the approach was one of successive 
approximations. To correlate our shock tube data, 
a program was set up for the IBM 704 computer to 
make a direct numerical integration of the equa­
tions. Since our time intervals were only two milli­
seconds, there was some doubt that the free radical 
concentrations could be assumed to be at their 
steady-state values throughout the experiment. 
In our numerical integration the radicals were 
treated the same way as the molecules were, so 
the time dependence of their concentrations was 
determined. To do this required the use of very 
short time increments (0.1 or even 0.05 micro­
second) so the calculations were quite time-con­
suming even on this high-speed computer. It 
turned out that the steady-state approximation 
was quite good (within 1 0 % ) for all sets of experi­
ments except 2 and 3 (Table I). For these two 
cases, the ethane decomposition calculated by 
direct integration was about half that found by the 
steady-state approximation. IBM calculations 
were made for Mixtures 4 and 5 at 1300°K., 
and for the other mixtures at 1150°K. (that is, 
about in the middle of each experimental tempera­
ture range). The results are expressed as C values,

for D  = 13,290, in column 5 of Table III. The 
standard deviation of the calculated C  values from 
the observed is 0.175, corresponding to about 20° in 
temperature.

Many other conditions restrict the values which 
may be assigned to .4 and AH . First, the A H  
values must be consistent, with the heats of forma­
tion of the substances involved. Heats of forma­
tion and thermal functions of C4If,, (VI{4, CH4 
and II are known accurately over our experimental 
temperature range,5 but values for CH3 and 
( -Ilj are not so well known. The A H  values of 
Table IV are consistent with heats of formation, 
at 1000oK., of +29,000 cal./mole for CH3, and 
+21,600 cal. for C2Hr>- The CH:1 value agrees 
with the generally given value of +32,000 cal. 
at 298°K.6'7

These heats of formation cannot be directly 
calculated from the AII  values of Table IV, be­
cause of the units of mole-1 cc. sec.-1 for bimolecu­
lar reactions. Since the number of moles per cc. 
decreases as the temperature is raised at constant 
pressure, the A H  for mole-1 cc. sec.-1 units is 
larger than it would be in atm.-1 sec.-1 units, to 
which the thermodynamic A H  applies. In the 
neighborhood of 1000°K.. this corresponds to about
2,000 cal. For example, in reaction 3 of Table 
IV, the A H  of the reaction would be +42,600 — 
(3,900 — 2,000) = +40,700 cal. The point is 
that, the A il’s of Table IV include the temperature- 
dependent, part of the frequency factor. In re­
actions such as 4 and 12, these cancel so that, the 
AiTs of Table IV give the thermodynamic heat 
of reaction.

To obtain Ay, it was assumed that the methane 
comes from reaction 2 via reaction 1, at least in 
the early stages where we worked. Therefore, 
A'i is given by the rate of ethane pyrolysis divided 
by twice the C2H4/CH4 ratio. Our data for Mix­
ture 1 give a Ay of 0.8 at 1170°Iv. Steacie and 
Shane8 reported that 2 to 5 moles (VI11 formed for 
each 100 of ethylene at an average temperature of 
875°K., at which the over-all rate constant is 
about 0.00045, based on their data and those of 
Ivuchler and Theile.9 Taking an average of 3.5 
moles CH4 for each 100 C»H4, Ay is 0.000008 at 
875°K. From these two points the constants of 
Table IV were calculated. Both frequency factor 
and A H  are lower than the values used by Snow 
and by Davis, but, the absolute values of Aq are 
not, greatly different near 1000°K. The lower 
value of A  agrees with an absolute rate calculation, 
assuming the activated complex is a normal mole­
cule with 80,000 cal. extra energy in the C-C 
bond, but, it does not agree with the value cal­
culated from the reverse reaction rate by Trot- 
man-Dickenson.10

The other constants of Table IV are essentially
(5) N ational Bureau of Standards, Selected Values of Chem ical 

Therm odynam ic Properties, Series I II .
(6) G . R ibaud. P u b l. sci. et tech, m inistere air (France) 1952, N o. 

266, 169 pp.
(7) F . D . Rossini, D . D . W aem an, W . H. E van s, S. L evin e and

I. JafTe, U . S. D ept, of Com m erce, N a tl. B ur. of Standards, C irc . N o. 
500, 1952.

(8) E. W . R. Steacie and G . Shane. Can. J . lies ., B 18 , 203 (1940).
(9) L. Ivuchler and H. Theile, Z . physik. Chcm.. B 4 2 , 359 (1939).
(10) A . F . Trotm an-D ickenson, J. Chcm. Phys., 2 1, 211 (1953).
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i o y r ,  °k .
Fig. 1.— Initial rate of ethane pyrolysis: O, this research, 

0.3 atm.; A, riavis and Williamson, 1.0 atm.; O , Kuchler 
and Theile, ~  0.5 atm.; X , Steacie and Shane, ~  0.5 atm.; 
— , calculated, 1.0 atm.

literature values, modified to fit the over-all 
thermodynamic and kinetic relationships. The 
negative temperature dependence of n  has been 
established by Ingold and Lossing. 11 Trotman- 
Dickenson, Birchard and Steacie12 studied the

(11) K. U. Ingold and F. P. Lossing, J. Chem. Phys., 21, 3G8, 1135 
(1953).

relationship of An to n near 500°Iv., and this 
relationship is retained in our values. Similarly, 
our constants preserve the relation between rJ2 
and rl established by Majury and Sieacie13 near 
500°K., and the value of kn found by Berlie and 
Le Roy 14 near 400° K.

In addition to reproducing our own kinetic 
data, the constants of Table IV correlate with other 
data at lower temperatures, as shown in Fig. 1. 
The curve was calculated by the steady-state 
method. Also, the net rate of production of C2H4 
(but not of CII4) is zero when equilibrium con­
centrations of C2H6, C2H4 and H > are used.

One notable discrepancy between theory and 
experiment remains. The free radical mechanism 
predicts that the over-all reaction order should be 
one-half at lower temperatures, while first-order 
kinetics actually have been found over the whole 
temperature range.
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(12) A. F. Trotman-Dickenson, J. It. Birchard and E. W. It. Steacie, 
ibid., 1 9 ,  163 (1951).

(13) T. G. Majury and E. W. R. Steacie, Can. J. Chem., 3 0 ,  800 
(1952).

(14) M . R. Berlie and D. J. Le Roy, ibid., 32, 650 (1954).
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A single-pulse shock tube has been used to study the kinetics of ethylene pyrolysis in the range 1300-1800CK., where the 
chief products are acetylene, 1,3-butadiene and hydrogen. The reaction to form acetylene is essentially first order, and that 
to form butadiene is second order, with respect to ethylene partial pressure. The reactions seem to be molecular rather than 
free-radical in mechanism. The hydrogenation of acetylene to ethylene also was studied, and by relating the forward and 
reverse reactions by the equilibrium constant, it was shown that the shock tube temperature calculations were accurate 
within 30-50°.

Introduction
Pyrolysis of ethylene at. relatively low tempera­

tures and high pressures leads to a multitude of 
products, 1 but at higher temperatures and low 
pressures acetylene and hydrogen are the only 
main products. 2 This paper deals primarily with 
the kinetics of acetylene formation, but touches 
also on the condensation reaction to form buta­
diene.

Experimental
The shock tube described in an earlier paper3 was used, 

with identical techniques and methods of caleulation. Ex­
perimental temperatures were corrected for variations in 
temperature due to minor pressure fluctuations during the 
runs, and for the heat effects due to chemical reaction. Va­
por chromatographic analyses were made for hydrogen, 
ethane, ethylene and acetylene in all experiments, and for 
methane, propane, propylene, butane, butenes and 1,3- 
butadiene in most.

(1) R. E. Burk, B. G. Baldwin and C. II. Wtiitacre, Ind. Eng. Chem., 
2 9 ,  320 (1937).

(2) F. Fischer and H. Pichler, Brennsloff-Chem.. 1 3 ,  381. 400, 435 
(1932).

(3) G. B. Skinner and R. A .  Ruehrwcin, This Journal, 6 3 ,  1736 
(1959).

Experiments were carried out with the gas mixtures listed 
in Table I. Total reaction pressures were five atmos­
pheres, and dwell times two or ten milliseconds. Phillips 
reagent grade butadiene, Matheson C.P. ethylene and acet­
ylene, and Airco hydrogen and argon were used without 
further purification, except that the acetylene was bubbled 
through concentrated sulfuric acid and then passed through 
an Ascurite-Drierite column. The gas mixtures were al­
ways analysed before reaction, and none of the products 
were ever found in the original mixtures.

T a h l e  I
R e a c t io n  M i x t u r e  C o m p o s it io n s

■Mole % component.
ixture ('ill. C2II1 lb C4IU Ar

i 0.466 90.534
o 6.00 94.00
3 6.00 6.00 88.00
■1 0.265 99.735
5 1.41 8.47 90.12

Results
With Mixture I the chief pyrolysis products of 

ethylene were hydrogen and acetylene, with 
minor amounts of 1 ,3-butadiene being produced 
at the lower temperatures, and of methane at the
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higher temperatures. Less than 2% of the de­
composed ethylene went to methane, oven for 
high conversions, and the carbon and hydrogen 
balances showed that no significant amounts 
of other materials were formed.

With Mixture 2 , butadiene was a major product, 
more of it than of acetylene being produced at the 
lower temperatures. Up to 5% of the decom­
posed ethylene went to methane, and up to 15% 
(at the lowest temperatures) to propylene.

By comparison of the two sets of runs, it was 
concluded that acetylene formation is essentially 
first order in ethylene pressure, while butadiene 
formation is second order. The experimental 
results are expressed as rate constants in Table 
II, where the second-order constants are in terms 
of ethylene disappearance, which is of course 
twice the rate of butadiene appearance. The 
A' 2 values for Mixture 1 could be off by as much as 
50%, since only small traces of butadiene were 
present to be analyzed for.

Rate constants for the conversion of ethylene to 
butadiene in Mixture 3 are given in Table III.

A brief study of butadiene decomposition was 
made with Mixture 4, at about ten milliseconds 
dwell time, with results shown in Table IV. First- 
order rate constants have been calculated for the 
disappearance of butadiene, although it is not 
certain that the kinetics are first order since only 
one pressure was used.

T able IV
K i n e t i c  D a t a  f o r  t h e  D e c o m p o s i t i o n  o f  1,3-Butadi­

e n e — T im e  10 m s e c .
Moles product/100 moles butadiene

lO'/T CJie
originally present
C2H2 C2H4 Hs k, sec.

8.28 91.9 6 . 4 6.7 2.4 8 . 5

8.05 87.4 7 . 0 7.8 2.2 13.5
7.76 67.0 23.6 21.7 7.9 40
7.50 51.2 36.2 29.3 12.7 67
7.24 28.1 57.6 36.3 19.7 127
7.08 19.2 76.5 37.0 34.1 165

T able  II
R ate C onstants for the F ormation of A cetylene (Aa) 

and 1,3 -B utadiene (At ) from Ethylene

10</T. "K. k&, sec. 1 kb,
atm. 'se c ._i

7.83
Mixture 1 

8.5 60
7.53 19.0
7.53 19.5 00
7.29 29.0 60
6.93 68.5 40
6.78 85.5 40
0.66 112
6.52 142
G.30 298
6.16 364
6.00 640
5.75 1040
5.61 1520

8.56
Mixture 2 

0.44 10
8.55 0.64 9
8.30 1.5
8.24 1.6 12
8.06 3.2 23
8.05 3.7 20
7.92 7.5 34
7 55 18.6 45
7.51 19.4
7.43 21.7 53
7.03 82 59
7.01 88

C onstants

T able III
for the  F ormation o f  1,3-Butadiene

f r o m  a n  E t h y l e n e - A c e t y l e n e  M i x t u r e

i'/T, °K. kb, atm.“1 sec.~:
8.53 20
8.35 22
7.96 51
7.95 41
7.40 60
7.13 70

Results of two series of experiments with Mix­
ture 5, at two and ten milliseconds dwell time, 
are given in Table V. For comparison with the 
experimental ethylene yields, the amounts of 
ethylene in equilibrium with the original acetylene- 
hydrogen mixture are tabulated in the last column.

T able V
K inetic D ata for the H ydrogenation of A cetylene 

(M ixture  5)
,—Moles product/100 moles C2H2 originally present—* 

10V7\ °K. C2H2 C2 H4 CaHs CIU C2 H4 Cequil.)
Series 1. Dwell time 2 msec.

8.42 95.0 0.9 0.4
7.82 93.1 1.5 .0
7.23 94.3 2.7 .7
6.74 91.2 3.5 .8
6.66 91.5 3.7 .8
6.12 91.0 3.5 1.5
5.04 88.8 2.5 2.1

Series 2. Dwell time 10 msec.
8.48 91.4 4.4 1.4
7.94 89.4 7.6 ..  0.8
7.34 87.2 9.0 1.3
6.96 85.9 8.9 ..  1.3
6.54 88.2 7.2 1.3
5.96 89.9 3.9 ..  1.8

Least-squares equations of the Arrhenius type 
(log k =  A — B/T) have been calculated for 
several of the sets of experiments, the values of 
A and B being listed in Table VI.

T able VI
C onstants in the A rrhenius E quations

Mixture Rate A B AH, cal.
1 ka 8.87 10,150 40,400
2 h 11.95 14,210 05,000

At 6.49 6,440 29,500
3 At 4.74 3,970 18,200
4 Ac 10.14 11,110 50,800

Discussion
Our recent experiments on ethane pyrolysis

(4) G . B. Skinner and W . E . Ball, T his Journal, 64, 1025 (1960).

6G0
170
47
15
13
3.9
1.3

750
230

60
25
10
2.7
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have confirmed the generally held opinion that 
ethane decomposes by a free-radical chain mech­
anism. The present experiments, on the other 
hand, suggest that ethylene goes to acetylene by a 
molecular reaction in the classical sense, without 
the intermediate formation of free radicals.

The most direct evidence for this comes from 
the results for Mixture 1. The Arrhenius rate 
equation holds all the way from 2  to 95% ethyl­
ene decomposition, while for a chain reaction the 
rate should fall off at high conversions. More­
over, the product distribution (almost all hydro­
gen and acetylene) remained the same up to 
95% decomposition. The activation energy for 
acetylene formation (46,400 cal.) is just slightly 
more than the heat of the reaction (43,900 cal. 
at 1500°K.).5 Since this experimental activation 
energy is based on rate constants covering a con­
siderable range, it is accurate to about 2 , 0 0 0  cal., 
though some of the other activation energies of 
Table VI are not so accurate.

At first glance, it seems easy to write free-radical 
reactions which will yield the observed products. 
For example, one could write

C2H4— 5.- C2H3 +  H ( 1)
H +  C2H4 - -h* H2 +  C2H3 (2)

C JT  — s- H +  C,H2 (3)
2C2H3 “— >  C Jh (4)

This mechanism seems quite unreasonable when 
the energy relations are considered. The acti­
vation energy of (1 ) plus that of (3) is at least
150.000 cal., while that of ( 1 ) is about 100,000 
cal. Activation energies of (2) and (4) will be 
low. For the low temperature runs with Mixture 
2, where little acetylene formed, (3) can be neg­
lected, and the rate of ethylene disappearance 
becomes simply twice the rate of (1 ). This has 
far too high an activation energy, and gives a 
first instead of second-order reaction. For the 
runs with Mixture 1 , where acetylene is the main 
product and butadiene minor, then the rate of 
acetylene formation is half order, and the activation 
energy is ( ' / 2Ex +  E% — 1 2E4), that is, between
75.000 and 100,000 cal., again far too high.

The absence of methane as a pyrolysis product at 
high conversions argues against the breaking of 
the carbon-carbon bond as a source of free radicals, 
and calculated activation energies are high even 
if singlet state CH2 radicals are supposed to be 
formed. We have not been able to think of a 
free radical mechanism which would give acti­
vation energies close to those observed. The 
conclusion is that the reactions of ethylene to 
give acetylene and butadiene are molecular re­
actions, not involving free radicals.

It has been suggested1 that ethylene first di­
merizes to butene, which then loses hydrogen to 
form butadiene. Butenes are thermodynamically 
unstable with respect to butadiene under our ex­
perimental conditions, so, since they were not 
found in our samples, they must have been present 
as unstable intermediates, if at all. At lower 
temperatures, however, they would be stable.

It also seemed possible that butadiene forms by
(5) National Bureau of Standards, Selected Valuea of Chemical 

Thermodynamic Properties, Series III.

the reaction of ethylene with product acetylene. 
This seems unlikely, however, since runs with 
Mixture 3 produced little more butadiene than 
did those with Mixture 2.

The rate constants for acetylene formation from 
Mixtures 1 and 2 are equal at lO’/T  of 7.5, which 
is one of the lower temperatures for Mixture 1, 
but one of the higher temperatures for Mixture 2. 
At lower temperatures with Mixture 2, the rate 
of formation of acetylene is less than that cal­
culated by extrapolating the Mixture 1 curve. 
This first suggested that acetylene was reacting 
to form butadiene, but now another explanation 
must be found, since the effect seems real (see 
below). It may be that butadiene formation 
cuts down acetylene formation by removing partly 
activated molecules.

Decomposition of butadiene was studied to 
find whether much of the butadiene formed with 
Mixture 1 would decompose later in the same run. 
However, butadiene is stable enough that this 
effect is quite minor. The main reactions seem 
to be
CjHg ---- >- C0H4 -f- C-jH'2

Atf(1300°K.) =  39,100 cal. (5) 
C4H c — 5- 2C-.II, +  H. Aff(1300°K.) =  83.200 cal. (0)

with (5) predominating at lower temperatures. 
The experimental activation energy, lying between 
those of the two reactions, again suggests that 
molecular reactions are involved. The material 
balance shows that significant amounts of ma­
terials not analyzed for are also produced.

Since the shock tube technique is new, it is 
important to take every opportunity to check on 
its operation. This has been done here by com­
paring forward and reverse reactions of ethylene 
pyrolysis. The forward reaction rates are ob­
tained from the fca’s for Mixtures 1 and 2 , and the 
reverse rates from Table V.

It is seen from Table V that the ethylene yield 
goes through a maximum. At low temperatures 
the yield is restricted by kinetics, and at high 
temperatures by equilibrium. At the highest 
temperatures, yields of ethylene were greater than 
those calculated by the equilibrium, showing 
failure to quench the samples instantaneously. 
Kinetic comparisons, of course, had to be made 
at lower temperatures where kinetics control the re­
actions.

To make these comparisons most meaningful,
it seemed best to compare the reaction rates for
actual equilibrium pressures of the components.
Since the ethylene pressure in Mixture 1 was
(0.466 X 100/1.41) 33% of the acetylene pressure
in Mixture 5, the last column of Table V suggests
that, the rates should be compared at about 1 0  i/T =
7. Graphical interpolation gives 104 T =  7.07,
or T =  1415°K. A smooth curve through the
points of Table V gives ethylene concentrations of
3.0% for Series 1 and 9.0% for Series 2 , while the
rate constant kh calculated from the constants of
Table VI, Mixture 1, is 51 sec.-1. Thus we obtain
Forward rate: 51 X  0.00466 X  5 =  1.19 atm. sec.-1
t, ,  0.030 X 0.0141 X  5 , AReverse rate (1): Q QQ2------- —  -  1,06 atm. sec,-1
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. 0.090 X 0.0141 X 5 
: 0.010 0.64 atm. sec.-1

The agreement between the first two values is as 
close as could be expected, while the second reverse 
rate is low because of approach to equilibrium.

In a similar way, the ethylene pressure in Mix­
ture 2 is 425% of the acetylene pressure in Mix­
ture 5, so a comparison will be made at 10A/T =  
8.23, or T = I2I5°K. Therefore, using Mixture 
2  data for /q, we obtain
Forward rate: 1.75 X  0.060 X  5 =  0.52 atm. sec. -1

lloverse rate ( 1 ): 0.0105 X  0.0141 X 5 
0.002 0.37 atm. sec. 1

0.060 X  0.0141 X  5 
0.010 0.42 atm. sec. -1

This discrepancy between forward and reverse 
reaction rates can be accounted for by temperature 
errors in ethylene pyrolysis measurements of 1 0 -  
15°, or in acetylene hydrogenation measurements 
of 30-50° (since the temperature dependence is 
smaller). The discrepancy would have been much 
greater if the Mixture 1 rate constant had been 
used instead o: that for Mixture 2, which contained 
the correct equilibrium pressure of ethylene.

SIMPLE EQUATIONS FOR CALCULATING ROND DISSOCIATION
ENERGIES'

B y L. A. E rrede

No. 170 from the Central Research Laboratories of the Minnesota Minina arid Many factoring Company, St. Paul, Minn.
Received February 22, I960

Simple equations for calculating bond dissociation energies were deduced empirically from the great number of experi­
mentally determined bond dissociation energies now available in the literature. Thus, for the bond R ,-R 2 w here Ri is 
CH3, C X 3, C6H,„ R C = C — , R jC = C R -, RCO and CN, and R 2 is R „  H, X , CM, OH, OR, NR,, NO, NO, and SR, the bond 
dissociation energy (D ) is given by I) =  71eie, where c, is a constant, characteristic of the group Ri. The t of a group R  =

/A ,
AiCX is related to the three substituents on the carbon atom attached to the bond in question by eg =  0.43 +  0.162 S e - , .

X A3
The calculated bond dissociation energies agree in most cases within 1-2 keal. with the observed ones.

Several equations for calculating bond dissocia­
tion energies have been reported in the literature, 
but unfortunately I hey are either extremely com­
plex and require the use of laborious calculations 
for the final computation, or their validity is so 
limited as to be of little value. The final results, 
even when the complex equations are used, remain 
only approximate despite the extraordinary effort 
required in computations. Hence, there is an 
obvious need for a simple and reliable equation for 
calculating bond dissociation energies.

A simple equation permitting calculation of bond 
dissociation energies with a remarkable degree 
of accuracy was deduced empirically from inspec­
tion of the great number of experimentally de­
termined bond dissociation energies. Actually 
most of the observed values agree with the com­
puted ones within 1 - 2  kcal./mole and the number 
of required constants is very small indeed.

Examination of the bond dissociation energy 
data compiled in many reviews on this subject, 2 “ 3

(1) Presented before the Physical Chemistry Division of the 
American Chemical Society at its 137th Meeting held in Cleveland, 
Ohio, April, I960.

(2) M . Szwarc, Chem. Revs., 4 7 , 75 (1950).
(3) A. H. Sehon and M . Szwarc, .4//». Rev. Phys. Chem., 8, 439 

(1957).
(4) T. L. Cottrell. “ The Strengths of Chemical Bonds.’ ’ 2nd Ed., 

Butterworth’s Scientific Publications. London, 1958.
(5) E. W. R. Steacie, “ Atomic and Free Radical Reactions.”  2nd 

Ed., Vol. I, Reinhold Publ. Corp., New York, N. Y., 1958.
(6) N. N. Semencv, “ Some Problems in Chemical Kinetics and 

Reactivity,” Princeton U. Press, Princeton, N. J., 1958.
(7) G. Herzberg, “ Molecular Spectra and Molecular Structure. I. 

Spectra of Diatomic Molecules,”  2nd Ed., D. Van Nostrand Co., Inc., 
New York, N. Y., 1950.

indicated a steady increase in bond dissociation 
energies for any series of compounds R -X , X  being 
I, Br, Cl, II, F. Closer inspection of the data indi­
cates that, for any series of R X  compounds the dif­
ference U (R-Xi) — 7)(R-Xj) decreases with the 
binding ability of R. but that this difference divided 
by the bond dissociation energy of a given member 
of the series is approximately constant and inde­
pendent, of R

/>(R—X ¡) -  D(R-Xj) 
D{ R -Xii) ' constant.

Hence, a plot of D fR^X :) as a function of D{R 2-X i) 
where X  is I. Br, Cl, H, F should be a straight line.

In view of the unavoidable errors in experi­
mentally determined bond dissociation energies, 
it is conveniein to introduce a parameter /A(R(I—Xj) 
for each substituent, X ; choosing its value in such 
a way that, a plot of any Z)(Rn-X i) series with 
respect to 7)(Ro-Xi) will give the least scatter 
of points for all available series of R„. Those pa­
rameters P(R ,-X i) could be considered as the re­
spective bond dissociation energies for an ideal 
series Ito-Xi. The absolute values of D (R 0-X ;) 
are arbitrary and only their relative values are 
important. In the proposed scheme, they were 
chosen to be of the order of unity, and for the sake 
of brevity the parameter D(R 0-X i) is denoted now 
b v  a-

The validity7- of this relationship can be seen 
readily in Figs. 1, 2 and 3 where the bond dis­
sociation energies of few R -X i series are plotted as

(8) L. Pauling, “ The Nature of the Chemical Bond,” 2nd Ed., Cor­
nell U. Press, Ithaca, N. Y., 1948.
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Fig. 2.— Bond dissociation energy as a function of e.

a function of «¡. Obviously the slope of the line 
for a given series of Rn-X j is characteristic of the 
group Rn and Z)(Rn-Xj) is given therefore by
a nti.

Let us now consider bond dissociation energies of 
the type Ri-R 2 where each R is a CAjA2A3 group 
(“A” being H, F, Cl, Br, I or group of atoms CX3). 
One can determine ei using the line for the D -  
(Ri-Xi) series and v ic e  v e r s a  e2 can be deduced by

0.5 0.0 0.7 0.8 0.9 1.0 1.1 1.2 1.8 1.4 1.5 1.6 1.7

Fig. 4.— Relationship of a  and e.

means of the line representing the D(R»-Xi) 
series. Hence

D (R i-R 2) =  ai€2 =  a2e,
and therefore

— =  — =  X (a constant independent of R and X )Cl €2
Thus

t)(Rn_X i) =  Xc,€ 2
In order to obtain the best value for X, a; were 
plotted as a function of its corresponding for 
all available R and X  and from the slope of the 
line shown in Fig. 4 a value 71 was obtained for X.

In this way “ n "  constants for groups of the R 
type and “ m ”  constants for groups of the X  type, 
i . e . ,  a total of n  +  m  +  1 constants determine
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2<=i =  e (C -R ) +  e (C -R 2) +  e (C -R ,). 

Fig. 5.—Relationship of eB to Sc; for R»— CV

Fig. 6.— Comparison of calculated and observed bond 
dissociation energies for molecules of type R -X  where: 
R  is C X 3-  CRa-, RCO— , CR2 =  CR-, CIR =  CRC1V, 
C6H6,C6H5CB2-  and X  is -H , -F , -Cl, -Br, -I.

n X  m bond dissociation energies. The number of 
constants can be reduced further to m +  3 since it 
was found empirically that a simple linear relation­
ship exists between the « for groups of the R type 
and the e of its substituents, i.e., of atoms or groups 
attached to the central carbon atom of the group 
R. This relation determines «g =  a +  &2 «i 
and to what extent it is valid is seen in Fig. 5. 
The best line through the loci of available points is 
given by

eg =  0.43 +  0.1622«;
This relationship, however, does not apply to 
groups such as C6H5, RCO— , CN, -H C -C IE , 
— C =C H , and perhaps N 0 2 and NO. Hence, 
the « value for groups like C6H5CH2- , C H =C H - 
CHs-, CH2=C H C H 2-, and N =C C H 2-  must be 
determined from the experimental bond dissocia­
tion energy in conjunction with the relation D  = 
Xeii2. Once this is done, however, the « can be used 
to calculate e-values of composite groups as ex­
plained previously. The «-values for numerous

Oalcd. .D(R-R), kcal./mole.
Fig. 7.— Comparison of calculated and observed bond 

dissociation energies for molecules of type R i-R . where: 
R, is C X r , CRa-, C R ,= C R C R 2-, R C = C -, CN, C6H5- 
C R i- and R-> is -C X 3, -CN , -O H , -N H 2-N 0 2-N 0 , -SR, 
— C = C R , -CRsCsHs.

Calcd. D {A-B), kcal./mole.
Fig. 8.— Comparison of calculated and observed bond 

dissociation energies for bond between two non-carbon 
atoms.

groups commonly found in organic molecules are 
listed in Table I.

The validity of the proposed equation D =  
X«;«j can be tested by comparing all the bond dis­
sociation energies determined experimentally with 
the corresponding calculated values. The results 
are shown in Fig. 6  and 7, the straight line of unity 
slope represents the ideal relation. It is seen that 
the agreement is good. Actually about Vs of the 
data agree within 1 - 2  kcal. which is highly satis­
factory in view of the fact that the best experi­
mental data are only reliable to about 1 - 2  kcal.

It is interesting to note that the bond dissocia-
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T a b l e  I
C h a r a c t e r ist ic  6-Va lu e s

Group € Croup e
- F 1 .49 CHoCl- 1.04

If 1.32 CH2Br- 1.00
-C l 1.04 CHClj- 0.97
-Br 0.86 CHBr,- 0.92
- I 0.68 c h 3- 1.08
-CN 1.28 CHsCHs- 1.05
-OH 1 .23 CH3CII,CH>- 1.03
-X H , 1.05 CH.CHoCIDCH, 1.03
-O Et 1.05“ (CH3).,CII- 1.01
-OCH, 1.04“ (CH ,),C - 0.95
-SIT 0.98 C H = C - 1.44
- s c h 3 .94 C H j=C I f - 1.42
-OOH .93 CoH5- 1.11
-SCIUCH;, .92 CH,C( » 1.09"
-N H C 6H s .85“ C,HsCO- 1.04“
-SCH sC = C H .69“ CH ,=C B r 1.03“
-NO , .57 HCO- 1.01“
-N O .49 C H = C C H ,- 0.94
c f 3 1.15 c 6h 5c i i , - .83
CCh- 0.94 c h , = c h c h 2- .78
CBr3— 0.85 (C6Hs)2C II- .74“
C l - 0.76 CH:jCH =CH C H , -  .74“

CIIS= C C H ,C H ,- .72"
( Coito., c - . 65“

“ Determined by only 1 or 2 value's and may require re-
vision at a later date

T a b l e  II
Atom (X ) c  f ir ci Br I
Pauling’s electronegativity (E) 2.5 4.0 2.1 3.0 2.8 2.4
C -X  bond distance (/•) 1.32 1.10 1.70 1.94 2.14
V B / r 1.52 1.33 0 .08 0.86 0.73
6 1.40 1.32 1.04 0.86 0.6S

tion energy for bonds between non-carbon atoms 
can also be calculated using analogous equations 
(i.r., D =  Xicieo) with a characteristic constant X 
for each series. Thus the bond dissociation ener­
gies for the series H -A  where A is T, Br, HIT, NTT, 
Cl, OH, ON and F are given by D = T'Jeieo. The

bond dissociation energies of the disulfides (RSSR) 
are given by

D  =  84e,62

and
«su =  0.73 +  0.21 €R

The bond dissociation energy equations for hy­
drazines (RoN-NRj), and nitroso cr nitro com­
pounds (ONX or OoNX) appear to be D =  5 4 eie2 
and D =  70eie2, respectively. There is consider­
able uncertainty in these two series, however, 
because of the very limited number of reliable data 
and consequently the corresponding X constants 
may require correction at a later date when more 
data become available. The validity of these 
equations can be seen from the examples shown in 
Fig. 8 . The bond dissociation energies for the di­
atomic molecules FI?,, F2, Cl2, Br2, I 2 do not fall 
into a general series having a common X. On the 
contrary, each has a X characteristic of the element 
in question and its isotopes.

It is interesting to notice that the e-values for 
F, H, Cl, Br and I may be related to Pauling’s 
electronegativity A . 8 The quantity e is given 
almost exactly by y/E/r where r is the correspond­
ing C -X  bond length. (See Table II.) This is 
consistent with the observations of Glockler9 who 
reported that the bond dissociation energy of 
R -X  in the series, where X  is F, Cl, Br and I (but 
not H) is inversely proportional to the C -X  bond 
distance. The present correlation accounts for 
the earlier anomalous behavior of H.

It is also noted that the expression for calculat­
ing es, for the group R iR 2R:;C, is very nearly 
equal to

eK = 1/6( E c -{- 2ti)

where Ec is Pauling’s8 electronegativity for carbon 
(equal to 2.5).

(») G . Glocklur, This Journal, 63, 828 ( I !)« ) ) ;  62, 1040 (1958); 
61, :il (1057).

THE THERMODYNAMICS OF BISMUTH-LEAD ALLOYS1

By Prodyot R oy, R aymond L. Ohr and R alph Hultgren

C ontribu tion  fr o m  the. D ep a rtm en t o f  M in e ra l T ech n ology , U n iversity  o f  C a lifo rn ia , B erk eley , C a lifo rn ia
Received February 33, 1960

Experimental determination has been made of heats of formation and heat contents of solid lead-bismuth alloys. These 
data have been correlated with previously known data in the liquid state and the phase diagram to give a complete self-con­
sistent set of thermodynamic data for the system. Uncertainties in the phase diagram have been resolved.

Introduction
The importance of having complete thermody­

namic descriptions of metallic alloy systems has 
long been realized by metallurgists. Such de­
scriptions permit the evaluation of phase diagram 
studies carried out by other methods and give direct 
knowledge of the relative bonding energies and sta­
bilities of the alloys, which in turn govern their

(1) Based on a thesis by Prodyot Roy submitted in partial satisfac­
tion for the requirements for the degree of Master of Science in Metal­
lurgy) to the University of California.

chemical and physical properties under various 
conditions. Unfortunately, however, sufficient data 
are available for only a few alloy systems.

The thermodynamic properties cf liquid Bi- 
Pb alloys arc fairly well known; but for the solid 
phases only a few data are available. Also, un­
certainties still exist in the phase diagram, espe­
cially in the /3- and e-phase boundaries. Shown in 
Fig. 1 is the phase diagram evaluated by Hansen2

(2) M . Hansen, “ Constitution of Binary Alloys,” 2nd Edition, M c­
Graw-Hill Book Co., Inc., New York, N. Y., 195G.
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from all work on the system prior to 1955. Two 
subsequent, studies by Gershman3 and Oelsen 
and Bennewitz,4 however, are in considerable dis­
agreement with Hansen’s diagram with respect to 
the ranges of stability of the p- and e-phases.

The present work has been carried out in order 
to complete the thermodynamic description of the 
solid phases and to resolve the uncertainties in the 
phase diagram. This was accomplished with the 
aid of the heat of formation and high temperature 
heat content measurements for and e-phase 
alloys reported in this paper.

Experimental
M aterials.— The lead used in this investigation was ob­

tained from the Consolidated Mining and Smelting C'o., 
Ltd., Canada, and the bismuth from the Fairmont Chemical 
Co., Newark, X .J . The purity of each was specified to be 
99.999%.

Approximately 10-g. ingots of each of three (3-phase alloys 
oontilining 85, 90 and 95 at. %  Pb and three e-phase alloys 
containing 60, 65 and 70 at. %  Pb were prepared by melting 
the pure metals together in sealed evacuated Vyeor tubes at 
about 650°K. followed by quenching in cold water. Weight 
losses on fusion were 0 .01%  or less and were considered neg­
ligible. The resulting ingots were cold worked and homoge­
nized in evacuated tubes for 15 days at 450 and 380°K. 
for the /3- and e-phases, respectively.

Filings taken from both ends of each ingot were strain 
annealed under vacuum at 375°K. and quenched in ice- 
water. The X-ray diffraction patterns showed the alloys 
to be homogeneous, except for the 60 and 65 at. %  Pb alloys 
which precipitated a-phase at room temperature. The 
measured lattice constants were in good agreement with 
those of Tyzaok and Raynor5 and also agreed fairly well with 
data of Hayasi6 as tabulated by Pearson ,7 8

Apparatus and M e th o d s.— Heats of solution of pure Bi 
and the alloys in liquid Pb were measured using the calori­
metric apparatus and methods described previously .s 
Spherical specimens weighing about 1 g. were used for the 
measurements. The liquid Pb bath containing about 400 
g. of Pb was maintained at about 654°K. for all the runs. 
Measurements were made of the total heat effect for pure' 
Bi and the alloys going from the solid states at a pre-drop 
temperature T, about 400°K., to the dissolved states at the 
solution temperature rl\ about 654°K. The e-phase alloys 
were kept in the pre-heat furnace for a sufficient length of 
time to ensure that single phase structures were obtained 
prior to dropping them into the Pb bath. The heats of 
formation at temperature T\ were determined from the 
measured heat effect s and values of H ti — H t , for Pb taken 
from Stull and Sinke.9

The heat capacity of the calorimeter was determined by 
dropping room temperature specimens of pure Pb at in­
tervals during the course of the runs. The concentration of 
Bi in the bath at the end of each series of runs was about 
0.6 at. % . Concentration effects were found to be negligible 
as indicated by the good agreement of the measured heats 
of solution of Bi added at the beginning and end of each 
series.

Heat contents with respect to 298°K. for the three @- 
alloys, the 70 at. %  e-alloy, and pure Pb and Bi were 
measured in a drop calorimeter. This instrument, de­
scribed elsewhere,10 operates on the principle of the Bunsen

(3) R . B. Gershman, Z h u r . F iz .  K h im .,  3 7 ,  1973 (1957).
(4) W . Oelsen and R . Bennewitz, A r c h . E isen h u tten w ., 29, GC3 

(1958).
(5) C. Tyzack and G . C. Raynor, A c ta  Crysl., 7 ,  505 (1954).
(6) M . Hayasi, N ip p o n  K in k .  G a k k ., 3 ,  123 (1939).
(7) W . B. Pearson, “ A Handbook of Lattice Spacings and Struc­

tures of Metals and Alloys,”  Pergamon Press, New York, N. Y ., 1958.
(8) R. L. O n , A. Goldberg and R. Hultgren, R ev . S c i . I n s t r . ,  28, 707 

(1957).
(9) D. R . Stull and G. G. Sinke, “ Thermodynamic Properties of 

the Elements,”  American Chemical Society, Washington, D . C., 
1956.

(10) R . Hultgren, P. Newcomb, R. L. Orr and L. Warner, Proceed­
ings, Symposium N o. 9, National Physical Laboratory: The Physical 
Chemistry of M etallic Solutions and Intermetallio Compounds, 
HiM .SiO., London, 1359, Paper 1H*

Bi 0.2 0.4 0.6 0.8 Pb
x Pb •

Fig. 1.—Phase diagram of the bismuth-lead syst em.

0.5 0.6 0.7 0.8 0.9 1.0
XPb.

Fig. 2.— Heats of formation of 0- and .-phase Bi-Pb alloys at 
4005 K.

ice calorimeter but uses diphenyl ether instead of water as 
the working medium.

Results
The values of (H r — Hvm) were determined for 

the /3-alloys at 385 and 485°K. and for the 70 at. 
%  Pb e-alloy at 385°K. The measured values 
indicated that heat contents were additive within 
a deviation of 0-5 cal./g.-atom, implying that the 
alloys obey K opp ’s law (A C P =  0) within the 
temperature range of present interest. This is in 
contrast with the results of Levi11 who found 
a positive deviation from K opp’s law, undoubtedly 
due to precipitation at room temperature by many 
of his specimens.

The measured heats of solution for pure Bi and 
the alloys and the integral heats of formation evalu­
ated at T\ are given in Table I. Also tabulated

(11) A , Levi, Atti reale iet* veneto  set. letter% ed arti, 75, 627 (1916)*
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are the values for the partial molar heat of solution 
of Bi(l) in Pb(l) at infinite dilution at G54°K. 
(av. =  —885 cal./g.-atom) calculated from the 
data for pure Bi and values of Hr, — Hr, evalu­
ated from published heat content data for Bi. 
Since ACp =  0, the heats of formation, shown 
plotted in Fig. 2 , will be independent of tempera­
ture and thus apply to 400°K. or any other tempera­
ture of interest. Also shown are the data of Oelsen 
and Bennewitz, 4 who measured heats of formation 
by pouring the pure liquid metals into a calorim­
eter and allowing them to solidify, assuming that 
homogeneous solid phases were formed. Their 
data agree well with the present values in the fi- 
region but deviate considerably for the e-alloys, 
where a great deal of segregation during freezing 
would appear unavoidable. For this reason it is 
believed that the present values are to be preferred.

T a b l e  I

M e a s u r e d  H e a t s  o f  S o l u t io n  a n d  H e a t s  o f  F o r m a t io n

Run
no. a:Pb

6G-3 0.95, 0
67-3 .95, 0
60-4 .90, 0
67-4 .90, 0
66-5 .85, 0
67-5 .85, 0

66-7 .70, e
67-7 . 1 0, €

66-8 .65, e
67-8 .65, t
66-9 .60, «
67-9 .60, «

66-2 Pure Bi
66-10 Pure Bi
67-2 Pure Bi
67-10 Pure Bi

OF THE A lloys

T„ °]rc. T(, °K.
392 .7 653 .8
395 .3 653 .6
397..6 653 .9
395 .8 053 .6
397..7 653..9
396 0 653.. 7
395 .0 654 .0
394 .6 653 .7
398 .0 054 .4
396 .4 653 .7
393 .0 654 .4
390 . 7 653 .7

392.9 053.9
393.0 054.5
404.4 653.7
405.1 053.7

cal./
g.-atom

A
400°K.,

cal./
g.-atom

2857 113
2828 125
2831 139
2876 102
2754 244
2759 249
2591 516
2630 482
2539 584
2570 563
2493 694
2522 679

Ch -
//") Bi.T,

3561 -8 7 9
3548 -8 9 6
3491 -8 7 6
3472 -8 8 8

The curve drawn through the integral heats of 
formation of the /3-phase is represented by the 
parabolic equations

A H  = lOoOj-HiXin,)
a /7 Bi =  1950z2Pb [  (1 )
AHPb =  1950:c2b> )

Within the e-phase the data are best fitted by a 
straight line

AH  =  1750-1790xPb 1
AHbi = 1750 V (2 )
A H pb =  — 40 j

Reconciliation of Thermodynamic Data
Liquid Alloys.—Heats of formation measured by 

Kleppa12 at 623 and 723°K. and by Wittig and 
Huber13 at 723 and 773°K. are in excellent agree­
ment and are probably correct within ±15  cal./g.- 
atom. These heats are about 200 cal./g.-atom less 
negative than the calorimetric values of Kawa- 
kami14 and about 40 cal./g.-atom less negative

(12) O. J. Kleppa, T his Journal, 59, 354 (1955).
(13) F. E. Wittig and F. Iluber. Z. Elektrochem., 60, 1181 (1956).

than the values derived from the temperature co­
efficients of e.m.f. determined by Strickler and 
Seitz. 15 The results of Kleppa and Wittig and 
Huber indicate that Kopp’s law is obeyed by the 
liquid alloys, hence A6 'p =  0.

The selected free energies of formation were 
taken from the e.m.f. measurements of Strickler 
and Seitz, 15 which aie in agreement with the e.m.f. 
values of Wagner and Engelhardt16 and the vapor 
pressure measurements of Gonser. 17 AS values for 
the alloys were calculated from the selected values 
of AH and AF. The calculated partial and integral 
quantities for the liquid alloys at 700°K. are given 
in Table II.

T able  II
P r o p e r t ie s  o f  L iq u id  A l l o y s  a t  700°K.

ZPb

A F,
cal./g.-
atom

A//.
cal./g.-
atom

AS,
e.u. aw apb

0 ,00 0 0 0 1.000 0.000
. 10 — 550 -  so 0.67 0.894 .051
.20 -  880 -1 6 0 1.03 .777 .116
.30 -1 0 9 5 -2 1 5 1.26 .625 .197
.40 -1 2 2 0 -2 5 0 1.38 .531 .289
.50 -1 2 6 0 -2 6 5 1.42 .404 .402

(± 7 5 ) (± 1 5 ) ( ± 0 .1 ) ( ± .0 2 2 ) (± .0 2 2 )
.60 -1 2 2 0 -2 5 0 1.39 .290 .528
.70 -1 0 9 5 -2 1 0 1.26 .193 .658
.80 -  880 -1 5 0 1.04 .114 .783
.90 -  550 -  80 0.67 .052 .897

1.00 0 0 0 .000 1.000

Solid Alloys.—The values of AFbi along the 0 - 
phase solidus have been calculated from the values 
in the liquid and the phase diagram. For changing 
the standard reference state from Bi(l) to Bi(s) 
a temperature independent value of 4.77 cal./deg. 
g.-atom for the entropy of fusion of Bi was assumed. 
From_these values of A F b [ and the measured values 
of A/JBi (eq. 1), a 5B; has been evaluated along the 
solidus. Since Alim and A5si are independent of 
temperature, AFm could be evaluated at 400°K. 
and the values of AFph obtained by Gibbs-Duhem 
integration. Thus the thermodynamic properties 
of the /3-alloys could be evaluated at any composi­
tion or temperature within the phase.

The values of AFBi at 400°K. within the e- 
phase from xpb =  0.58 to the peritectic composition, 
£pb =  0.675, were calculated from the liquid data 
and the experimental A/7b; values (eq. 2 ) in the 
same manner_as for_the /3-phase. Using the same 
values for A H b \, A /'B; values at 400°K. also were 
calculated from the solid equilibria assuming A F bi 
= 0  along the phase boundary of e in equilibrium 
with almost pure Bi. The values of aBi =  A/;B,K/  
rr2Pb at 400°K. obtained from these two sets of 
calculations are in excellent agreement, con­
firming the consistency of the data with the phase 
boundaries employed in the calculations, and lie 
on a straight line when plotted vs. composition as 
shown in Fig. 3. From the extension of this line

(14) M . Kawakami, Z . a n org . a llg em . C h em ., 167, 345 (1927-1928).
(15) H. S. Strickler and H. Seitz, J .  Avi. C h em . S o c . ,  5 8 ,  2084 

(1936).
(16) C. Wagner and G . E . Engelhardt, Z .  p h y s ik . C h em . (L e ip z ig ), 

159, 241 (1932).
(17) U . Gonser, Z . p h y s ik . C h em . (F r a n k fu r t), 1, 1 (1954).
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and the measured A //B; values, all the thermody­
namic properties of the e-phase could be evaluated 
at 400°K. and at other desired temperatures. 
The calculated partial and integral quantities for 
the solid alloys at 400°K. are given in Table III.

T a b l e  III
P r o p e r t ie s  o f  So lid  A llo ys  a t  400°K.

ZPb

A F,
cal./g.-
atom

AH,
cal./g.-
atom

AS,
e.u. aBi apw

0.58, «“ -3 9 2 712 2.76 0.961 0.440
. 60, « 1 o 676 2.69 .845 .483
.65, e -4 0 7 587 2.48 .559 .622
.701, e“ -3 9 0 495 2.21 .309 .819

(± 7 5 ) (± 3 0 ) ( ± 0 .2) (± .0 3 0 ) (± .0 3 0 )
. 798, (3“ -3 1 4 315 1.57 .309 .819
.85,/3 -2 6 8 248 1.29 .243 .863
.90,(3 -2 1 1 170 0.97 .172 . 905
.95,(3 -1 3 4 93 .57 .092 .950

1.00, (3 0 0 .00 .000 1.000
“ Phase boundary.

Values of AFpb evaluated at 398°K. from the 
selected data agree well with those measured at 
that temperature by Strickler and Seitz16 in the /3- 
phase and in the heterogeneous e +  a region. 
Their results are in error at intermediate compo­
sitions, however, probably due to the lack of 
equilibrium which they had suspected.

Phase Diagram.—The phase diagram given by 
Hansen2 has been accepted in the present work in 
preference to the disagreeing diagrams of Gersh- 
man3 and Oelsen and Bennewitz. 4 With Hansen’s 
diagram it is possible to reconcile all the data for 
liquid and solid alloys; this is not possible for the 
other diagrams. From the liquid and solid data 
the e-peri tectic point should be at aipb =  0.675, 
in agreement with Hansen.

However, the phase boundary between € and 
( e  +  j8 ) is not very certain; Hansen represents it 
by a dashed line. By moving it slightly to smaller 
values of xpb as shown in Fig. 1, the thermody-

0.55 0.60 0 65 0.70 0.75
Xpb .

Fig. 3.— aBi-funtr.ion for e-phase Bi-Pb alloys at 400°K.

namic functions for the e- and /?-phascs come into 
complete accord; that is, the values of AFBi and 
AFpb become equal at the phase boundaries. This 
is shown by the values of api in the e-phase shown in 
Fig. 3 calculated from the e-/3 equilibrium. All 
the thermodynamic functions presented in the 
tables are in accord with the corrected phase dia­
gram.
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ELECTROMOTIVE FORCE MEASUREMENTS IN THE SYSTEM AgNOs-NaGl- 
NaNO, AND THEIR COMPARISON WITH THE QUASI-LATTICE THEORY

By D. G. H ill,1 J. Braunstein2 and M. Blander

Oak Ridge National Laboratory, P. 0. Box Y, Oak Ridge, Tennessee3
Received February 26, I960

Measurements of the activitj' coefficients of AgNO;l, Y.\gNo3, in dilute solutions of A g+ and C l" ions in NaNOs have been 
made at 331, 304, 385, 402, 423, 438 and 500°. The concentration dependence of log tacno3 is closer to the symmetric ap­
proximation based on the quasi-lattice model than to the asymmetric approximation. Average values of the relative energies 
of ion pair formation, AE, as defined in the gucm-lattinc model, were calculated by comparison of the symmetric approxima­
tion with the experimental results. For Z =  4, b, and 6 the values of AE averaged over all seven temperatures are —5.13, 
— 4.83 and —4.59 kcal./mole, respectively. The values of AE were constant, within experimental precision, at all seven 
temperatures. The conventional association constant for the formation of the ion pair A +- C _, K h is equal to Z[exp( — AE/ 
RT) — 1]. The constancy of AE  at all temperatures studied and for all reasonable values of Z  means that from measurements 
of Ki at one temperature, one may, in this system, correctly predict K, at all other temperatures by use of the lattice model.

Introduction
Measurements of the activity coefficients of 

A gX 0 3 in dilute solutions of Ag+ and Cl~ ions in 
molten N aX 0 3 at several temperatures ranging 
from 331 to 500° are described in this paper. 
These measurements are part of a continuing study 
at this Laboratory of the thermodynamic properties 
of molten reciprocal salt systems.

In previous papers4 '5 measurements in the sys­
tem AgN 03-  KCl-KNOs were described and were 
compared to theoretical calculations based on a 
quasi-lattice model. 6 One of the results of the 
comparison was that the parameter AE, which is the 
relative energy of ion pair formation as defined in 
the quasi-lattice model, did not vary with tempera­
ture, within the experimental error. This means 
that the quasi-lattice model, in its range of validity 
at low concentrations of Ag+ and Cl-  ions leads to 
a correct prediction of the temperature coefficient 
of the activity coefficients of AgNOs.

Two calculations based on the quasi-lattice 
model of molten reciprocal salt systems have been 
made. The asymmetric approximation6 leads to 
the relation for the activity coefficient of the com­
ponent AD in the system A+, B +, C~, D -  dilute 
in A+ ions

G -  X )z
Ai>- 1 +

X
«  1 -  X h ( 1)

where Z is the quasi-lattice coordination number, 
18 =  exp ( — A E / R T) , AE is the relative energy of 
formation of a mole of ion pairs, AY- is the ion frac­
tion of D~ ion and is nu-/(nc- +  nD-), and X  is 
the fraction of positions adjacent to an A+ ion that 
are occupied by C~ ions and can be calculated from 
the equation

-  A1  =  ( _____ V' - ^  ' _____ \ g C>)
l -  X  \1 -  ZNx'( 1 -  X ) -  N cr) P 

The asymmetric approximation neglects groupings 
such as A2C + containing more than one A + ion

(1) Duke University, Durham, North Carolina, Consultant, Reactor 
Chemistry Division, Oak Ridge National Laboratory, Summer, 1959.

(2) University of Maine, Orono, Maine, Summer Research Partici­
pant, Reactor Chemistry Division, Oak Ridge National Laboratory, 
1958-1959.

(3) Operated for the United States Atomic Eneigy Commission by 
the Union Carbide Corporation.

(4) M . Blander, F. F. Blankenship and R. F. Newton, Tins Jour­
nal, 63, 1259 (1959).

(5) J. Braunstein and M. Blander, ibid., 64, 10 (1960).
(G) M. Blander, ibid.. 63, 1262 (1959).

and includes the groupings AC„+(1-") where n ^ Z.
The symmetric approximation7 is the quasi­

chemical approximation8 applied to the proposed 
model for a molten reciprocal salt system. It leads 
to the relation

7AD = ( w i )  (3)
where Y, which corresponds to X  in the asymmetric 
model, can be calculated from the relation

(r
A c- -  Nx+Y 

M,v( L -  Y) - P (-1)

The symmetric approximation accounts for the 
groups AmCn+(m~u) where at equal concentrations 
of A + and C~ ions there is equal probability for 
A;C,'+(i“J) and AiC<+u_<>-

The two approximations lead to different func­
tional relationships for the concentration depend­
ence of the deviations from ideality.

Preliminary measurements of the activities in 
the system AgXOs-NaCl-NaNCh at 402° were re­
ported previously.7 The magnitude of the values 
of —log YAgNo, in this system was about half as 
large as was observed in the AgN 03-K C l-K N 0 3 
system. The concentration dependence of the 
deviations from ideality for measurements in both 
the solvents NaXO:t and KNO3 was shown to be 
between the calculations based on the asymmetric 
and the symmetric approximations. The measure­
ments in the XaXCb solvent were somewhat closer 
to the calculations based on the symmetric approx­
imation and those in the KNO3 system were much 
closer to the calculations based on the asymmetric 
approximation. The difference between measure­
ments in these two solvents was discussed in terms 
of the effect of the solvent cation on the interaction 
of Ag+ and Cl-  ions.7

The purpose of this paper is to test :,hc constancy 
of the parameter A E  as a function of temperature 
and to confirm further the usefulness of the quasi­
lattice model in predicting the temperature co­
efficients of thermodynamic properties.

Experimental
Reagent grade NaNO., from Baker and Adamson and from 

J. T . Baker was used as solvent and reagent grade NaCl
(7) M. Blander and J. Braunstein, Ann. N. Y. Acad. Sci., 79, S38 

(1960).
(8) E. A. Guggenheim, “ Mixtures,”  Oxford University Press, 1952, 

p. 38.
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f r o m  M a ll in c k r o d t  w as  u sed  as a  s o lu te . T h e  m ate r ia ls , 
a p p a ra tu s  a n d  p ro ce d u re  w ere  o th e rw ise  esse n tia lly  th e  
sam e  as d e sc r ib e d  p r e v io u s ly .4'3 A lth o u g h  N a X O a  has a 
g rea ter  te n d e n cy  t o  h o ld  w a te r  th a n  K N O j ,  d ega ss in g  th e  
m elts  b y  s p a rg in g  w ith  d ry  h e liu m  se e m e d  a d e q u a te  t o  d ry  
th e  m e lts .

Results
Electromotive force measurements were made in 

the concentration cell

A g
A g N 0 3
NaXO.î

A g N 0 3 ( l i aknoj) 
N a C l (7 is „ c i )  
N a N 0 3

A g

where R\ = «¡/«NaNo, and is the mole ratio of the 
component i where the n’s are the number of moles 
of the component indicated. 9

The left-hand or reference electrode was kept- 
constant in any series of measurements as the con­
centration of solutes in the right-hand half cell was 
varied. The e.rn.f. of the cell is given by

E  =
2.303R T  . a.W r„
----- F—  log TV il AcNOj ( 5 )

where a represents activity and the prime refers 
to the left-hand (reference) half cell. The liquid 
junction potential is negligible since most of the 
current is carried by the solvent X a X 0 3. As 
was shown in the solvent IvX03, the Xernst equa­
tion

E  =
2.303/ 1' T AabNOs

F °g R'a8no', (6)

was shown to hold to less than 0.5 mv. in Na- 
XO3 for R.\gNOi <0.003 in the absence of chloride 
ions and at several temperatures. This means 
that the activity coefficients arc constant in the 
range of concentrations studied. Adoption of a 
standard state such that the activity coefficient is 
unity at infinite dilution leads to the conclusion 
that the activity coefficient of AgNOs is unity in 
the absence of chloride ions over the concentration 
range of AgNOs studied. Increments of NaCl 
were added to the right-hand half cell at a constant 
concentration of AgNOs. The change of e.rn.f. 
(AE) from the initial e.rn.f. at concentrations of 
Ag+ and Cl-  too low to precipitate solid AgCl is 
a consequence of the change in the activity co­
efficient of AgNOs-

a  E 2 .3 0 3 R T
lo.it TAcNOj (7 )

T a b l e  I

E .M .F .  C h a n g e  o f  H a l f - c e l l s  C o n t a in in g  S o l u t io n s  o f

A g N O s in  N a N 0 3 u p o n A d d it io n o f  N a C l
Temperature =  331°

¿¿AgNOs = 0.301 X  IO“ 3 A As NO 3 = 1.033 X 10 -3
It NaCl X 103 — Ae.m.f. /¿NACI X IO» — Ae.m.f.

0.461 0.0069 0. 150 0.0023
0.660 . 0092 . 335 .0047
1.037 .0146 . 592 . 0080
1.338 .0184
1.565 .0213
1.935 . 0264
3.06 .0405
3.59 .0463

Temperature = 364°
/¿AgNOs — 0.300 X /?AsN03 — 1 ‘033 X /¿AgXOS = 1.033 X

10 10-3 io--3
/¿X:iCl /¿NaCl /¿NiiCl

X 10= — Ae.m.f. X  103 -A e .m .f . X  103 — Ae.m.f.
0.149 0.0018 0.1092 0.0013 0.1503 0.0015

.580 .0073 .2664 .0031 .483 .0053

. S87 .0108 .626 .0072 .701 .0080
1.092 .0136 .805 .0092 .970 .0108
1.368 .0169 .999 .0114 1.238 .0138
1.670 . 0202 1.186 .0135
1.843 .0218 1.258 .0144
2.423 . 0282
3.300 . 0372
4.000 . 0439

Temperature = 385°
/¿Ag NO 3 = 0.300 It aeN03 = 1.032 /¿AgNOs = 2.20

X 10-3 X IO "3 X  10 -3
Anaci /¿NaCl /¿NaCl
X IO» — Ae.m.f, X 10;i —Ae.m.f. X  IO» _- Ae.m.f.
0.352 0.0039 0.506 0.0054 0.456 0.0044
0.793 .0090 0.788 .0085 0.951 .0090
1.257 .0140 1.086 .0114 1.273 .0122
1.810 .0197 1.572 .0163
2.361 . 0252 2.487 .0253
2.830 . 0292

/¿AgNOs =
0.305 X 10 »
/¿NaCl — A
X 103 c.m.f.

Temperature =  402° 
/¿AgNOs = /¿AgNOs = 

‘..032 X 10-3 2.19 X 10-3 
/¿NaCl — A /¿NaCl — A
X 103 e.rn.f. X 103 e.rn.f.

/¿AgNOs = 
3.56 X IO"3

/¿NaCl —A
X 103 e.rn.f.

0.465 0 . 0048 0.471 0.0044 0.053 0.0007 0.096 0.0006
1.021 .0101 1.113 .0103 .328 .0029 .443 . 0032
1.672 .0164 1.899 .0172 .817 .0072 .789 .0058
2.448 . 0237 2.608 . 0236 1.425 .0122 1 .135 . 0086
3.100 . 0293 3 . 555 .0318 2.429 .0207 1.535 .0113
3.980 . 0367 4.285 .0381
4.380 . 0401 5.245 .0454
4.870 . 0439
5.425 . 0483

Temperature = 423°
/¿AgN’03 0.301 /¿AgNOs = 1.033 /¿AgNOs = 2.20

X 10 -3 X IO“3 X 10"
/¿NaCl /¿NaCl R XnCl
X 103 - Ae.m.f. X IO3 — Ae.m.f. X 103 Ae.m.f.
0.453 0.0046 0.305 0.0024 0.236 0 .0021
0.715 .0071 0.785 .0069 . 524 .0042
1.039 . 0007 1 .145 .0101 .809 .0061
1.393 .0131 1.494 .0136 1.162 .0099
1.982 .0185 1.878 .0168 1.553 .0130
2.827 .025 5 2.240 .0201 1.952 .0161
3.291 . 0288 2.770 .0225

Temperature = 438°
/¿AgNOs —0.300 /¿ArN03 = 1.033 /¿AgNOs = 2.20

X 10 -3 X IO“3 X 10- 3
R NaCl /¿NaCl /¿NaCl
X IO3 - Ae.m.f. X 103 — Ae.m.f. X 103 - Ae.m.f.
0.424 0.0027 0.205 0.0017 0.301 0 .0023
0.809 .0071 .473 .0041 0.659 .0051
1.179 .0102 .928 .0075 1.063 . 0083
1.600 .0126 1.309 .0111 1.431 .0110
1.950 .0168 1.861 .0155 2.173 .0156
2.432 .0201 2.308 .0193 2.609 .0197
2.805 .0234 2.836 . 0235 3.019 .0224

3.274 .0269

Temperature = 500°
It aknos = 0.299 X IO"3 /¿AgNOs =  1.,129 X 10 :

/¿NaCl X IO3 - Ae.m.f. /¿NaCl X 103 — Ae.m.f
0.835 0.0063 0.206 0.0005
2.247 .0162 0.691 .0019
3.871 . 0263 1.115 .0061
5. 134 . 0358 1.453 . 0084
7.256 . 0465 1 .942 .0110

2.417 .0144
2.799 .0164

where

(9) The cation fraction

N a,+ - n.\e+

n .\e+ +  WNa+
is smaller than the mole ratio /¿AgN03 by the factor 1/(1 +  A’AgNOs +  
/¿NaCl). which is close to unity in dilute solutions. The same relation 
holds between Arci~ and /¿NaCl*

__ a AgNOs7AgNOs -—- P-¿AAgN Os
In Table I are listed the measured changes of 

e.rn.f. at several concentrations of AgNOs and NaCl 
and at six temperatures ranging from 331 to 500°. 
The values of e.rn.f. were somewhat less repro-
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Fig. 1.— A comparison of the concentration dependence 
of —log 7AgN03 at 385° with the calculations based on the 
symmetric and asymmetric approximations.

N̂oCI •
Fig. 2.— A comparison of experimental values of —log 

YAgNOa at ffAgNOj =  0.30 X 10 _3 at seven temperatures with 
calculations based on the symmetric theory.

ducible than those made in IvN03 as solvent, al­
though the values of the e.m.f. were reproducible 
to about 0.5 mv. The measurements at 500° 
are uncertain since some decomposition occurred

in the melt at this temperature. Two separate 
runs at R ^ yo, =  1.13 X 10- 3  were within 0.5 mv. 
of each other and at 500°, the e.m.f. drifted about
1 . 0  mv. in one hour, apparently due to loss of 
AgN 03. The measurements at 500° were made in 
less than one hour. After 5 hr. a melt through 
which no gas had been bubbled turned yellow, 
presumably because of N 0 2 formed in the decom­
position of the melt, and the e.m.f. had drifted 
about 4 mv. A check was made of the effect of the 
possible decomposition reaction

NO3“  ^  ̂ NO2“  +  2 0 2

on the e.m.f. of the cell. NaNOj was added to a 
melt of NaNO.-i containing 0.30 X 1Ĝ 3 mole ratio 
of AgNChat 385° until the concentration of NaN02 
was 0.95 X 1 0 3 mole ratio. No change of e.m.f. 
was detected although the concentration of N 02~ 
ions was much larger than the concentration of Ag+ 
ions indicating that the effect of the decomposition 
of N 0 3_ to NO?- , if it occurred, may be neglected. 
In Fig. 1 are plotted values of — log 7 AgNos as a 
function of Ryaci at two values of I?AgNo3 at 385°. 
The dashed lines are values of — log 7  calculated 
from the asymmetric and the symmetric approxi­
mations for the values of the parameters indicated. 
As was shown previously, 7 the experimental results 
are closer to the calculations based on the sym­
metric approximation and the symmetric approxi­
mation will be used to fit the data at the low con­
centrations of Ag+ and Cl-  ions. In Fig. 2 are 
plotted values of — log 7 AgNO, as a function of 
I?Naci at the seven temperatures measured and at 
a value of /?AgNo, =  0.30 X 10-3.

In columns 2, 3, and 4 of Table II are listed 
the values of AE necessary to obtain a correspond­
ence of the symmetric theory and the experimental 
results at the lowest concentration of Ag+ and Cl ~ 
ions for values of X (coordination numbers) of 
4, 5 and 6 , respectively. The dashed lines in Fig. 
2  represent the theoretically calculated values of
— log 7 asno, for values of the parameters given in 
Table II when Z =  6  at the temperatures and con­
centrations indicated. The calculated values of
— log y in this range of concentrations are es­
sentially independent of the value of ZQi — 1).

T a b l e  I I

Values of A/i and Z(/3 — 1) Obtained from the Com- 
I'ARISON OF THE D a ta  WITH THE THEORY

— A K (kciil.)-------------- . Z 03 -  1)
°K. Z = 4 Z = u Z = (I x io

(104 5.1(1 4.83 4.02 2.77
037 5.12 4.84 4.02 2.26
058 0 .I 7 4.88 4. On •2.05
075 5 . lo I.8 1 4.57 1.76
090 5.13 4.83 4.59 I .60
711 5.12 4.8] 4.56 1.46
773“ 5.14 4.82 4.55 i l o

“ The results at 773°K. arc less certain than those at the 
six lower temperatures.

Within the experimental reproducibility the 
values of AE are constant over the entire tempera­
ture range studied. This means that from meas­
urements at one temperature, one might have 
predicted the experimental results at all other
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temperatures at the low concentrations of Ag+ 
and Cl-  ions where the theory is valid. The con­
stancy of AE  is apparently independent of the 
choice of reasonable values of the coordination 
number in this case.

Relation of the Quasi-lattice Model to the 
“ Chemical”  Approach.I0—The conventional ap­
proach to the description of the thermodynamics of 
the system studied is by the use of equilibrium 
quotients. In this “ chemical” approach the as­
sumption is made that the activity of AgN()< 
is equal to the concentration of “ free” Ag+ ion. 
The total stoichiometric concentration of silver 
ion NAS+ is set equal to the weighted sum of the 
concentrations of the species containing silver ions
Nf.g* =  N ‘Ag+ +  IVabci +  2N\g,ci* +  A b u c ir  +  . . . .

(8)
where the Aq are cither ion fractions or mole frac­
tions, depending on whether i is an ion or a neutral 
species, and superscript f denotes the free or un- 
complexed species. The equilibria given below 
having the equilibrium constants K u I\? and Ku, 
respectively, are postulated. Setting yakno, =

Ag+ +  Cl" AgCl 
AgCl +  Cl- ^ ± .  AgCU- 
AgCl +  Ag+ Ag2Cl +

A,

Ah

A i2

N  AgCl 
A V - V 'c r  

A r AgCI»~ 

jVaucuV ^ i- 
X.\nCC 

iVAgciAV

(9)

( 10)

( 11)

A rAc + /ArAs* and substituting into equation 8  from 
e(piations 9,10 and 11 leads to
1 =  YAgNoj +  KiYAgNOjAT'cr +  A'iA2yAeNOi(i\ h r )2 +

2A'1A|)Ya8n0|A ,A«*Arfc r  +  . . . . ( 12)
As N\ * -*■ 0 , A'fA + -»■ 0 and ATfci- -*• A’ci-, so that

lim Sin TAgNnA 
hArc r  JNu* 

N cr

= -  A,
0
0

(13)

From both the symmetric and asymmetric calcula­
tions based on :he quasi-lattice model11

lim = - Z ( 0  -  1) (M )
0
0

so that
A, = 7 , 0 ? -  i) (15)

Values of Z(fi — i) are listed in column 5 of Table 
II .

The chemical approach leads to difficulties and 
needs to be qualified. For example, if the as­
sociated species behave non-ideally, the values of 
the equilibrium quotients defined by equations 9, 
10 and 11 will not be constant. This difficulty

(10) The word “ chemical”  as used here implies the use of the mass- 
action law only and is not meant to imply anything about the ionic 
binding.

(11) Appendix A.

can be avoided by defining K x by equation 13.12 
In this definition, A'i is a true constant since there 
is only one limit of the continuous single valued 
function (dlnYAgNOr,/0 Arci-). K> and Kn can be 
defined in terms of higher derivatives. The con­
clusions drawn from Table II in conventional 
“ chemical”  terms can be restated as follows:

The constancy of AE at all temperatures studied 
and for all reasonable values of Z means that from 
measurements of the first association constant, K u 
at one temperature, one may correctly predict values 
of Ki in this system at all other temperatures by the 
use of equation 15. The lattice theory, in its pres­
ent form, is not correct for the higher association 
constants. A more general theory which accounts 
for some of the higher association constants has 
been derived and will be submitted for publication, 
and measurements similar to those presented here 
in the mixed solvent NaNOj-KNOj will soon be 
completed.
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Appendix A
Differentiating the logarithm of equation 1 

with respect to ATc - yields
d 111 7in _  _  /' Z \ Z>X 

d.W \1 -  X )  diV(- "*■
f  (Z -  1)(1 -  g)1 . ( Z XL 1 X
La +  pa -  X) J d.Vc- 1 VI -  X )  dAc- (i)

Cross multiplying equation 2 and differentiating 
both sides wi:h respect to N c-
o.V

bAV
(1 — ZA a+ +  ZA \*X — A c-) +

(1

X (zN\*

-  x > ( ‘  -  Zfl‘ - m f ) f  +

dA
bNc- ■ )-

( i i )

( -  ~ **»>» j
letting Arc — > 0, and N,\ * —» 0  then A” —> 0 and

lim ( h v ,  )  =  0 (iii)
A c— <■ 0
.V.W — 0

Substituting from equation iii into (i) and taking 
the limit

-  ^  -  O ( * )
X r r  —► 0 L 
A V  — 0

In a similar manner equation iv can be derived from 
equations 3 aucl 4.

(12) Any other method of extrapolating the equilibrium quotient to 
infinite dilution so as to obtain an equilibrium constant would be equiva­
lent.



1042 E. F. H ockings and J. G. W hite Yol. 61

THE SYSTEM IRIDIUM-TELLURIUM

By E. F. H ockings and J. G. W hite

RCA Laboratories, Princeton, New Jersey 
Received March 2, 1960

The system iridium-tellurium was examined by X-ray methods. Only two compounds Ir Pc. and Ir3Te8 were observed 
and their crystal structures have been determined. IrTes has the Cd(OH). type structure (C6) and Ir3Te8 is a defect pyrite 
1'eSi structure (C2) with approximately one quarter of the cation sites vacant. The crystal structures formed by these 
compounds have been ascribed to the arrangement of the electronic energy levels of the metal atoms.

Introduction
The tcllurides of the platinum metals were pre­

pared by Wohler, Ewald and Ivrall1 who found that 
the reaction of iridium trichloride with excess tellu­
rium gave a tritelluride IrTe:l and that this could 
be reduced by hydrogen at 600° to give a ditellu- 
ride IrTe-j. The composition of the compound 
with the higher tellurium content was investigated 
experimentally by Biltz2 and found to be IrTe2.89- 
Although he described this phase to be of the 
“ pscudopyritc type,” no details of the structure 
were reported. An X-ray study of two iridium- 
tellurium compositions was made by Groenveld 
Meijer.3 He prepared the composition IrTe2.5 
and observed that it was a pyrite-type structure, in 
agreement with Biltz. The other composition 
was stated to be IrTe but as noted by Haraldsen4 
it was in fact the ditelluride, IrTc2. Hansen and 
Anderko5 pointed out that the iridium-tellurium 
system had not been studied systematically, and as 
a consequence, the present work was undertaken.

Experimental
Materials.—The iridium was in powder form, 200-300 

mesh, and purity of at. least 99.8%. The tellurium was of 
high purity 99.99%.

Preparations.— Weighed quantities of the elements were 
placed in fused silica ampules and sealed under vacuum. 
The ampules were heated to 950° for six hours, maintained 
at 600° for a further 18 hours and then cooled rapidly. 
There was on indication of any reaction with the ampules 
and it is assumed that the compositions remained un­
changed during preparation. The resultant specimens 
were ground, rolled into thin cylindrical rods with Duco 
cement, and examined at room temperature by X-ray powder 
diffraction methods. The diffraction patterns were ob­
tained in a 11.40 cm. diameter Straumanis type camera 
using X i filtered Cu Iw  radiation at 35 kv. and 20 ma. 
The exposures were of four hours.

Results
The qualitative results are given in Table I 

from which it is seen that only two compounds 
were found in the system and that their composi­
tions are probably 66.7 and 73 at. %  Te. X-Ray 
diffraction patterns were obtained from specimens 
prepared with these compositions and each was 
found to be a single phase.

The Crystal Structure of IrTe2.—The X-ray pow­
der photograph of IrTe2 could be indexed on the 
basis of a primitive hexagonal unit cell. A series of 
a values was obtained from hkO reflections and c 
values from reflections with high l combined with

(1) L. Wohler, Iv. Ewald and H. G. Krall, Chem. Ber., 66, 1G38 
(1933).

(2) W. Biltz, Z. anorg. Chem., 2 3 3 , 282 (1937).
(3) W. O. J. Groenveld Meijer, Am. Min., 40, 046 (1955).
(4) H. Haraldsen, Experientia Sup pi., 7 ,  1G5 (1957).
(5) M. Hansen and Iv. Anderko, “ Constitution of Binary Alloys,”  

McGraw-Hill Book Co., New York, N. Y., 1958, p. 874.

T a b l e  I
P h a s e s  ( » « s e r v e d  
C omposition at. r/c Te

39.9 
51.4 
00.7 
00,7 
08.0 
09.8
73.0
80.1 
89.0

ix  t iie  I r id iu m —T e l l u r iu m  Syste m
Phases present

Iridium +  lower telluride 
Iridium +  lower telluride 
Iridium +  lower telluride 
Lower telluride
Lower telluride +  higher telluride 
Lower telluride +  higher telluride 
Higher telluride 
Higher telluride +  tellurium 
Higher telluride +  tellurium

C r y s t a l u  >(! r a d ii ic

Crystal system 
ao (A.)
Co (A.)
Absent spectra

T a b l e  II 
D a t a  f o r  IrTe2 
(X =  1.5405 Â.)

IrTca
Trigonal 

3.030 ±  0.003 
5.393 ±  0.005 

X one

an d  Ir/ft's a t  25° 

I nTcs
Cubic

0.411 ±  0.003

Reflections of the form 
¡ 0kl] with 2 odd 
indices

Assumed space 
group 

Z
X-Ray density 
Measured density

Rat3 — l’3ml
1

10.30

4V  -  l’a3 
4 ;ir0.7»Te.) 

10.05 
0.87

the value of a appropriate to each reflection. The 
individual values of a and c were extrapolated6 
to d =  90°, and these are the values given in Table 
II. The intensity distribution was strongly indica­
tive of the Cd(OH ) 2 structure type . 7 The calcu­
lated intensities given in Table III were obtained 
by assuming

Space group Dad3 — l ’3m] Ir in (a) 0,0,0
2 Te in (d) Vs, 2/ :i, it; Vs, Vs, «

The structure factors F were calculated from the 
expressions given in the International Tables8 for 
the space group P3ml. The scattering factors 
for Ir and Te were those given in Internationale 
Tabellen9 and were corrected for anomalous dis­
persion by the method of Dauben and Templeton. 10 
Then calculated intensities were obtained from the 
expression

/  caled. =  F-/> (1 +  cos22ff) X 10 5 
sin2 8 cos 8

(G) J. B. Nelson and D. P. Riley, Proc. Phys. Sac., 5 7 ,  100 (1945).
(7) Strukturbericht, 1, 161 (1931).
(8) “ International Tables for X-ray Crystallography,'’ The Ivynoch 

Press, Birmingham, 1952.
(9) “ Internationale Tabellen zur Bestimmung von Kristallstruk­

turen,”  Vol. II, Borntraeger. Berlin, 1935, p. 571.
(10) C. H. Dauben and D. II. Templeton, Acta C'ryst., 8, 841 (1955).
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where p is the multiplicity of the reflecting planes. 
No absorption corrections were applied. The good 
agreement between the calculated and observed 
intensities supports the postulated structure al­
though it is not established as definitively as would 
be the case with single crystal data.

T a b l e  I I I

L a t t i c e  S r  a c i n u s  a n d I n t e n s i t i e s f o b  I rT i‘,
hkl d  obs«I., A . I  obs<l. /  calc-4

001 5 .3 2 M 90
100 8
101 2 .8 6 vs 284
002 2
102 2 .1 0 s 134
110 1 .9 5 8 M S 108
111 1 .8 4 0 VV 30
003 1 .7 9 1 vw 4
20 0 1
201 
103 )

1 61 7 M 51

1 1 2 /  1 0 8 6 M 4 8

202 1 .4 3 6 M 38
004 1 .3 4 8 W 10
113 1 .3 2 3 V W 10
210 I
104 1
211 1 .2 5 0 M 40
203 I .2 3 5 W M 19
212 1 .1 6 0 M 38
30 0  
114 1

1 .1 3 3 W 18

301 I
> 1 .1 1 1 M S 39

J
005 1
20 4  
30 2  1

W M

1

213 I
) 1 .0 4 6 27

105 1 02 9 W M 12
220 
221 1

0 .9 8 2 W 13

303 J 

115 1

\ .9 5 8 V W 9

3 1 0  j 

2 1 4  1

. 946 vw 6

311 J
}■ .9 3 0 W M 25

222 1
205 .911 W 12
00 6 0
31 2
106 Ì

.8 9 1 W M 29

30 4  J
f .8 6 9 M S 47

223 6
40 0 0
401 .8 4 0 W 16
311 .8 3 6 W M 32
215 .8 2 6 M 34
116 1

402 .8 1 2 W 23
206 .7 9 4 M 31

The Crystal Structure of Ir:iTes.—The powder dif­
fraction pattern of the higher telluride phase could 
be indexed on the basis of a cubic unit cell. The 
lattice parameter was obtained similarly to that 
for IrTeo. Integrated intensity measurements 
were made on a Norelco diffractometer. Some ini­
tial difficulty was experienced in obtaining repro­

ducible data owing to the very high absorption of 
the sample. However, after very prolonged grind­
ing the particle size was reduced to the range 0.5-5 
li as measured microscopically, and on this ma­
terial reproducible results were obtained. The 
scanning rate was Vs° per minute and the intensity 
measurements were made by graphical integration 
of the peak areas above background as recorded 
on a chart. Two separately prepared samples 
showed a mean intensity deviation expressed as 
2 / 1 — /s '/SA  of seven per cent, and the mean 
values of these two intensity sets were used fo r /0bsd 
in Table IV.

The composition of the preparation was within 
experimental error of the formulation Ir3Te8 and the 
density as measured by displacement of water by 
the powdered sample was 9.87 g. cm . - 3  indicating 
one IijTeg per unit cell. A survey of the simple 
cubic space groups which would allow three iridium 
atoms and eight, tellurium atoms to be placed in or­
dered positions was made. Five space groups fulfill 
these conditions: P'23, Pm3, P432, P43m and Pm- 
3m. Within these space groups the atoms could 
be distributee in special positions in two general 
ways. The first may be exemplified by the space 
group P432 where the iridium atoms could be placed 
in the 3(c) or 3(d) positions and the tellurium atoms 
in the 8 (g) positions. While reasonable interatomic 
distances could be obtained by such an arrangement 
the calculated intensities over the entire allowable 
range of the free parameter were incompatible 
with those actually observed. Another formal 
possibility, akhough one in which there would be 
crystallographica-lly different, sites for tellurium 
atoms, would be to place the tellurium atoms in the 
1 (a) and 1 (b), and the 6 (f), 6 (g), 6 (h), or 6 (i) po­
sitions of the space group P23. There are corre­
sponding positions in the other space groups listed 
above. However, no combination of these posi­
tions could give reasonable interatomic distances 
and Ir:lTes must have a disordered structure. The 
observed reflections were consistent with the space 
group T|,# Pa3. The over-all intensity distribution 
was similar to that expected for a pyrite structure 
with space group Th6 Pa3 having

4 M in (a) 1, 0, 0 ; ‘ / s  Vs, 0 ; Vs, 0, >A; 0, >A, 'A  
8 X in (c )  u , it, i t ;  it + ‘A, *A — a; 

it, u +  lA> Vs —«,*
Vs a, U +  Vs

despite the deviation in chemical composition from 
the M X 2 atomic ratio. The pyrite-type structure 
could be achieved by distributing three iridium 
atoms at random over the 4(a) positions. On this 
basis intensity calculations were made as for IrTe2 
above. It was found necessary to multiply the 
calculated intensities by a temperature factor 
exp( — 2B sin2 0/X2) with 2B =  1.33. While ideally 
no absorption corrections are required with a dif­
fractometer, _n practice any surface roughness of 
the sample will affect the lower angle reflections 
more than those at high angle and the temperature 
factor deduced is probably a lower limit. A series 
of calculations with various u parameters showed 
the best agreement between calculated and ob­
served intensities with u =  0.368, which is prob­
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ably correct to ±0.005. This parameter has been 
used in obtaining the I  calcd. values in Table IV.

T a b l e  IV
L a tt ic e  S tagings  an d  I n te n sitie s  for  Ir/l'e»
hkl d obsd., A. I obsd. 1 calcd.
111 3.65 18 22
200 3.19 53 46
210 2.85 182 184
211 2.60 114 128
220 2.26 47 50
221 1
311 1.929 157 161
222 1.849 18 16
320 1.775 30 28
321 1.708 67 68
400 1.600 5 5
410
322 . . . 1

411 0
331 2
420 1.421 27 27
421 1.397 30 32
332 1 366 13 13
422 1.306 16 14
430 0
431 1
511
333 > 1.233 41 37

520
432 * 1.189 23 25
521 1.169 17 16
440 1.132 33 33
522
441 . . . 0
433 0
531 3
GOO
442 1.068 10 9

610 1.053 7 6
611
532 1.040 20 19

620 1.014 6 5
621
540 . . . 3
443
541 0
533 0.978 18 16
622 .967 6 7
630
542 . 956 16 17
631 .946 10 10
414 1
632 0
543 0
711
551 3
640 *,
720 ' 
641 .881 13 13

721 '
633 .872 18 20
552 . 
642 .857 16 14
722 ' 
544 J . 1

Yol. G4

731 1[ .835 66 66
553 J
650 1| .821 14 18
643 J
651 1̂ .814 26 27
732 J
soo .802 17 18

T a b l e  V
C lo se  I n te r a t o m ic  D ista n c e s  in  IrTo2 and> Ir3To8

Interatomic distances, A.
Atom Neighbors IrTe2 IrsTes
Ir 6 Te 2.64 2.65
To 3 Ir 2.64 2.65
Te Te 2.93

Since a defect structure has been postulated 
there seems no reason why the ratio of iridium to 
tellurium should be exactly 3 to 8 . An independent 
measure of the correctness of this ratio may be ob­
tained from the X-ray intensity data. Reflections 
with mixed indices are dependent only on the tel­
lurium atom positions while those of unmixed in­
dices have contributions both from the iridium 
atoms and the tellurium atoms. Consequently, as 
the number of vacancies increases the average in­
tensity of the reflections with unmixed indices is 
rapidly reduced with respect to that of the reflec­
tions with mixed indices. Since the two sets are 
interleaved in the experimental measurements, it 
is unlikely that any systematic error would be 
present. In the final intensity scales the ratio of 
2 /cai<-d/2 /„b3,i is 1.03 for the intensities of mixed in­
dices reflections and 0.08 for those of unmixed in­
dices. These ratios are within experimental error 
and again indicate close agreement with the Ir3Tes 
formulation.

Discussion
The structures shown by the two iridium tellu- 

l'ides form a transition between osmium telluride 
OsTe2 and platinum telluride PtTe2. The structure 
of OsTe2 is the C2  type11 and that of PtTe2 is the C6  
type1- with the intermediate metal iridium showing 
both structural types. The compound RhTe2 
shows two crystal structures, the low temperature 
modification being the C2  type and the high tem­
perature modification the C6  type. 13 Both struc­
tures have certain characteristics in common as 
shown in Table V. In bot h arrangements each irid­
ium atom has six tellurium atoms as nearest 
neighbors and each tellurium has three iridiums at 
the same distance (referred to the ideal structure 
with all cation sites occupied), but in the C2 struc­
ture there is an addit ional close approach of a tellu­
rium atom. The Te-Tc distance is 2.03 A. Even 
though this distance is very sensitive to the u pa­
rameter ( ± 0.005 in u is equivalent to ±0.11 A. in 
the Te-Te distance), these two atoms must be 
considered as forming a bond.

In the C6  structure each tellurium atom has 
three bonds to neighboring metal atoms, and it is 
likely that the electron octet is completed by a lone

(11) L. Thomassen, Z. p h y s ik . C h em ., 2B, 349 (1929).
(12) L. Thomassen, ib id ., 2B, 364 (1929).
(13) S. Geller, J. A m . C h em . Soc., 77, 2641 (1935).
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pair. When Te-Te bond s are formed as in the C2 
structure, fewer electrons from the metal atoms 
are required to complete the tellurium octets. Thus 
OsTej, having the fewest total electrons of the three 
tellurides, forms the C2 structure, while PtTe2 
crystallizes in the C(> structure. IrTe2 forms the C (5 
structure even though the total electron content is 
one fewer than that of PtTe2. This structure may 
be stabilized by resonance so that the effective 
positive charge is shared by the tellurium atoms. 
This would permit the metal atoms in both PtTe2 
and IrTe2 to have six electrons in non-bonding lev­
els despite the difference in total number of elec­
trons between the two compounds. The field re­
sulting from a nearly octahedral arrangement of 
tellurium atoms around the metal atoms will give

rise to three low lying electronic energy levels in 
which six electrons can be spin-paired.

In OsTe2 the Te Te bond permits the metal to 
retain six electrons and these would be expected to 
be spin-paired in the three low energy levels. Irid­
ium telluride might be expected to form the C2 
structure if the number of non-bonding electrons 
per metal atom can be reduced to six, and this is 
nearly achieved in the defect structure Ir3Te8. The 
vacancies on the iridium sites reduce the number of 
electrons for each metal atom to 6 V 3 from the value 
of 7 in the case that the metal sites were fully oc­
cupied.

Acknowledgments.— We thank George W. 
Neighbor and Walter L. Mularz for assistance with 
the experimental work.

STUDIES OX FORMATION AND AGING OF PRECIPITATES. XLVII. 
MAXIMA IX PARTICLE SIZE OF LEAD SULFATE FORMED UNDER

VARIOUS CONDITIONS’ 1 2

By B. v a n ’ t  R ie t  a n d  I. M .  Ix o l t h o f f

School of Chemistry of the University of M'innesota, Minneapolis, ^hinn.
Received March 4, 1960

The critical supersaturation for maximum particle length was determined in precipitation of lead sulfate from aqueous 
solutions containing lead and sulfate in non-equimolar amounts (Pb/SO, varying from 46 to 0.2), from solutions in mix­
tures of ethanol and water, and from aqueous solutions at various temperatures. The activity product of lead and sulfate 
ions at this critical supersaturation appears to be reasonably constant and more than 200 times as large as the activity product 
in a saturated solution in the same solvent at the same temperature.

In a previous paper it has been established that 
in precipitation of lead sulfate at 25° from equi­
molar solutions of lead and sulfate salts a sharp 
maximum in particle length occurs at a well- 
defined concentration of these ions. 3 In the present 
paper we present results of a similar study in which 
the solutions were not equimolar. In addition, 
the effect on particle size of solubility, ionic strength 
and temperature has been investigated.

Experimental
Experimental procedures were the same as those de­

scribed in the previous paper. A mixture was prepared by 
placing 50 ml. of a lead solution in a polyethylene beaker 
and adding with constant rapid stirring 50 ml of a sulfate 
solution from a graduate. The time of addition was less 
than one second. Stirring wras continued for 5 minutes when 
precipitation was practically complete. On further stand­
ing a slow aging of the crystals occurred. The order of 
mixing had no effect on the habit and size of the crystals. 
The pH of the reactants was kept at 3.0 by addition of dilute 
perchloric acid.

Precipitation from Solutions Containing Excess of Lead 
or Sulfate.— In a given series of precipitations at 25° either 
the lead or sulfate concentration was kept constant, the 
concentration of the other reactant being varied. As an 
illustration, the initial lead perchlorate was kept constant 
at 0.100 .1/  in the mixture and the sodium sulfate concentra­
tion was varied systematically. A well-defined maximum 
length of the crystals was observed within a narrow range of 
sulfate concentrations. At initial sulfate concentrations in

(1) This investigation was supported by a grant from the OiTice of 
Ordnance Research.

(2) From a Doctor’s Thesis, submitted by Bartholomeus van’ t Riet 
to the Graduate School of the University of Minnesota, 1957.

(3) I. M . KolthofT and B. van’ t Riet, T his Journal , 63, 817
(1959).

the mixtures of 2.00, 2.10, 2.15, 2.20 and 2.25 X  10-3 
M  the length of the crystals was 24, 30, 35, 18 and 10/., 
respectively.

In mixtures more concentrated in sulfate than in lead, 
the lead concentration was varied at constant sulfate con­
centration. At relatively high sulfate concentrations the 
maximum length could not be determined accurately be­
cause the variation of particle length with change in con­
centration of had became too small. The results are sum­
marized in curve I of Fig. 1. Curve II in Fig. 1 illustrates 
the effect of an increase of ionic strength on critical concen­
trations for maxima in size by making the mixtures 0.100 
M  in sodium perchlorate.

Similar curves were obtained with lead nitrate instead of 
lead perchlorate, and with sulfuric acid instead of sodium 
sulfate as reactants.2 Substitution of potassium sulfate for 
sodium sulfate caused the disappearance of a sharp maxi­
mum in length at lead perchlorate concentrations smaller 
than 0.0135 M  at widely varied concentrations of potassium 
sulfate. The concentrations of various species in solutions 
of critical supersaturation for maxima are given in Tables 
I, II and I lf .

Effect of Ethanol.— In order to test the effect of solubility 
of lead sulfate on the critical supersaturation for maximum 
particle length, experiments were carried out in the presence 
of different concentrations of ethanol. Even at low con­
centrations of ethanol the solubility of lead sulfate decreases 
markedly.4 All experiments were carried out using equi­
molar solutions of lead perchlorate and sodium sulfate at 
25°. The same techniques were used as in the previous 
paper,4 excep", that the solutions contained a given per­
centage of alcohol.

At concentrations of 4.0 X 10-3 M  lead perchlorate and 
sodium sulfate in the mixture the percentage of alcohol was 
varied from 0 to 10 volume % . The maximum length was 
observed at 4%  ethanol. In the absence of alcohol maximum 
length was found at 6.4 X  10~3 M  solutions of lead sulfate.

(4) I. M . KolthofT, R. W . Perlich and D . Weiblen, T hiu Jo u rn a l , 
46, 5G1 (1942).
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T a b l e  I
C o n c e n t r a t io n s  an d  A c t iv it y  P ro d u cts  in  C r it ic a l  M ix t u r e s  o f  L ead  P e r c h lo r a t e  an d  So d iu m  S u lfa te  (p H  3)

Pb(C10*)i Na?SOi 'yi’i'U *• CPt>+ + CS04- CHS04- CPbSOl n'i,(soi)2 -
apb~ + X 

aso4- Ionic
X 10>, M X 10*, M 7SO.- X 10*, .1/ X 10*, .1/ X 10*, M X 10', .1/ X 10', ill X 106 strength

1 0 0 0 2 1 .5 0 .2 4 985 6 .3 0 .1 5 15 0 .0 6 3 .6 0 .3 0

500 24 .32 484 8 . 0 .25 16 .09 3 .8 .152

250 2 6 .5 .40 234 1 0 . 2 .4 16 . 1 1 3 .8 .077
2 0 0 2 7 .5 .43 18 4 .5 1 1 .3 .5 1 0 . 1 2 3 .8 .063

150 3 1 .0 .46 13 3 .5 1 3 .9 . 6 1 0 . 15 3 .9 .049

125 3 3 .5 .48 108 16 .1 .7 16 .18 4 .0 .042
1 0 0 3 8 .0 .50 S3 1 9 .8 1 . 0 17 . 2 2 4 .1 .035
8 7 .5 4 3 .5 .52 6 9 .4 2 3 .8 1 . 2 18 .27 4 .4 .033

80 50 .52 6 0 .5 2 8 .8 1 .4 19 .37 4 .6 .033
04 64 .52 4 3 .4 4 0 .8 2 . 0 2 0 . 6 4 .8 .031

0 1 80 .51 3 8 .4 5 4 .6 2 . 0 2 2 . 8 5 .3 .034

52 1 0 0 .50 2 9 .1 73 3 2 2 1 . 1 5 .3 .030
47 1 1 0 .49 2 5 .3 83 4 2 1 1 . 2 5 .0 .039
44 1 2 0 .49 2 2 .4 94 4 2 0 1 .3 4 .9 .040

4 1 .5 140 .47 1 9 .0 114 4 2 0 1 . 0 4 .9 .045
41 150 .40 1 9 .3 119 5 2 0 1 .7 4 .9 .048
30 2 0 0 .43 1 6 .2 108 0 2 0 2 . 6 4 .9 .061

C o n c e n tr a t io n s  an d  A c t iv it y P ro d u cts  in

T a b l e  II
C r it ic a l  M ix t u r e s  C o n t a in in g  0.1 M  So d iu m  P e r c h l o r a t e

Pb(nio,)i NajSOi 7*,h *■ *■ CPI.+ + CS 04- CHSO4- epi.soi CP1»(S04)2-
apb+4- X 

aso4- Ionic
X 10', M X 10*, ili 7*"*- X 10‘ , M X io*, M X 10*, ill X 10', ,1/ X 10*, M X 10« strength

1 0 0 0 27 0 . 2 2 982 9 .1 0 . 2 17 0 . 1 4 .2 0 .4 0
500 30 . 2 0 483 1 2 . 8 .3 17 . 15 4 .0 .205
250 39 .29 233 2 0 . 6 .7 17 .25 4 .1 .180
2 0 0 4 4 .5 .30 182 2 5 .6 . 8 18 .3 4 .3 .107
150 55 .31 131 3 4 .5 1 . 1 18 .4 4 .4 .153
125 6 8 .5 .32 105 4 6 .2 1 .4 2 0 . 6 4 .8 .149

8 7 .5 1 0 0 .32 06 75 2 .4 2 1 1 . 1 5 .0 .148
04 150 .31 4 3 .5 123 3 .0 2 1 1 . 8 5 .0 . 155
52 2 0 0 .30 3 0 .3 172 4 19 2 .3 4 .7 .107
30 375 .28 1 5 .5 344 7 16 4 .0 4 .0 .215

T a b l e  I I I
C o n c e n t r a t io n s  a n d  A c t iv it y  P ro d u cts  in  C r it ic a l  M ix t u r e s  of P otassium  S u lfa te  an d L ead  P e r c h l o r a t e

PbfClOih KaSOi 7Pl,+ + m.+ + CS04- CHS04- CPI,so* CPb(S04)2 =
apb++ X
OS04" Ionic

X 10', M X 10*, ,1/ 7*04- X 10*, M  X 10*. M  X 10', .11 X 10*, .1/ X 10̂ , M X 10« strength
500 25 0 .3 2 484 8 .3 0 . 2 16 0 .1 4 .0 0 .151
2 0 0 35 .42 180 1 4 .8 .6 19 2 4 .7 .064
150 40 .46 129 1 8 .4 . 8 2 0 .25 5 .0 .050
135“ 50 .47 1 1 0 2 4 .0 1 . 1 24 .4 5 .9 .045

“ Sharp m axim a in particle length could  not be observed  at lead perchlorate concentrations below  135 X  10 4 M  a t  v a ry ­
in g  potassium  sidfate concentration .

T h e  concentration  o f a lcohol was kept constan t at 10 
volum e %  in a different set o f precip itations and the con ­
centrations o f lead perchlorate and sodium  sulfate were 
varied system atica lly . T h e  m axim um  particle  length was 
fou nd  at a concentration  o f 1.9 X  10 ~ 3 M  lead sulfate in 
the m ixture. T hu s a lcohol m arkedly  lowers the critical 
concentration  for  m axim um  particle  size, the relative d e­
crease being o f  the sam e order o f m agnitude as that o f the 
solu b ility .

E ffect o f the T em perature.— E qu im olar solu tions o f lead 
perchlorate and o f sodium  sulfate were brough t to  a given 
tem perature and m ixed at this tem perature. P articles o f 
m axim um  length  were p recip itated  from  m ixtures 5.3 X  
1 0 - 3  M  in lead sulfate at 0 .5 ° ;  6 .4  X  10~ 3 .1/ at 2 5 ° ; and
7.2 X  10 _ s 21/a t 5 0 ° .

In  m ixtures w hich were 0 .05 .1/ lead perchlorate, m axi­
m um  size was fou n d  a t sodium  sulfate concentration s o f
1.85 X  10~3 M  a t  0 ° ,  2 .4  X  1 0 ~ 3 .V  at 25 ° and 3 .3  X  1 0 “ 3 

.1/ a t 5 0 ° . A t a concentration  o f 0 .025 M  o f lead perchlorate 
the sodium  sulfate concentrations at m axim a were 2 .0  X  
1 0 “ 3 .1/ at Q°, 2 .65  X  1 0 “ * M  at 25 ° and 3 .7  X  IQ “ 3 M  
at 5 0 ° ,

T h e  Activity P rod u ct o f L ead  and Sulfate Ion s .— Be
cause aqueous solu tions o f 2 - 2  e lectrolytes generally show 
appreciable ion association , calcu lation  o f the actual con ­
centrations o f lead and sulfate ions should consider ion pair 
form ation  and com plex form ation  betw een lead sulfate and 
sulfate ions. F rom  solu b ility  data o f lead sulfate in solu­
tions o f sodium  su lfate 4' 5 and o f sulfuric acid 6 at various 
tem peratures com plex constants can be ca lcu lated . A lso, 
the concentration  o f undissociated lead su lfate (ion  p air) 
has been estim ated . A  factor to  be considered in these 
ca lculations is the hydrolysis o f lead ions in  solu tions w hich 
d o  n ot contain  an excess o f  acid .

T h e  solu b ility  data were evaluated  using the D e b y e -  
H iickel equation  w ith  an effective radius o f 4 5 A . for  lead 
and su lfate ions. V arious fvap values were assum ed and the 
difference betw een tota l lead fou nd  and the calcu lated  lead 
ion concentration  was p lotted  as a fu n ction  o f the sulfate

(5) M. Huybrechts ami X. A. Delangeron. Bull. soc. chim. Belg., 3 9 ,  

43 (1930).
(G) D. N. Crai« and G. W. V i G o l ,  </, Research Xatl. Bur, standard» , 

aa 55 0 9 3 9 ),
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concentration in the saturated solution. The closest cor­
relation between solubility data in sulfuric acid and in so­
dium sulfate solutions was obtained using the following con­
stants at 25° in aqueous solutions

A'sp PI,SO, =  1.05 X 10“ s
Cpi.fio, (ion ,mir) =  0.8 X  10 6 il/
PbSOtaq +  S O r =  Pb(S04)s“ , A , =  7
Pi)S04aq +  H SO ,- = H Pb(S04)o~, A' 2 =  1.4
A'2(H 2S04) =  1.04 X 1(D 2

In view of the uncertainty in the solubility measurements the 
estimated accuracy of the various values is of the order of 
10%. The value of K« is a maximum value because possible 
formation of H.SO^PhSO,, was ignored in the calculations. 
This seems justified because it is evident that even HPb- 
(S04)2~ formation can be ignored in solutions of low acidity. 
The dissociation constant of monomeric lead sulfate (ion 
pair) is found to be 1.65 X  10~8/6.8 X 1CD6 =  2.4 X 10“ 3.

Measurement of the concentration of undissociated lead 
sulfate in supersaturated solutions by determination of the 
conductivity is possible only in such solutions which have a 
sufficiently long induction period. Measurements of con­
ductivity have been made in mixtures of concentrations up 
to 3.5 X  10 “ 3 M  lead perchlorate and sodium sulfate (pH 
3.0). The effect of association on conductivity could be 
accounted for quantitatively by using the above constants 
derived for saturated solutions. For details reference is 
made to the thesis of the junior author.2

Highly supersaturated solutions may contain other species 
in addition to those discussed, but the formulas and forma­
tion constants are unknown. Using the above association 
constants, an attempt was made to calculate the concentra­
tions of various species in mixtures which form crystals of 
maximum size. The ionic strength was corrected for ion 
association. Activity coefficients ( ? )  were calculated at 
the corrected ionic strength using the Debye-Hiickel equa­
tion assuming the radius of all divalent ions to be 4.5 A.

Discussion
From Tables I and II it is seen that in critical 

mixtures of sodium sulfate and lead perchlorate the 
calculated activity product of lead and sulfate ions 
is reasonably constant and equal to 4.5 (±0 .5 ) X 
10_6. This constancy is significant, considering 
the various assumptions which have been made 
and the wide variations of ionic strength, lead and 
sulfate concentrations in the mixtures. It also 
has been assumed that the activity coefficient of the 
ion pair Pb++-S0 4 = is equal to unity at varying ionic 
strength. Even with this approximation the 
concentration of PbSO, in the critical mixtures is 
found reasonably constant and equal to 1.9 (±0.3) 
X 1CD3 M.

The data with potassium sulfate as reagent (Table
III) were obtained in a much more narrow range of 
lead and sulfate concentrations than those with 
sodium sulfate. Double salt formation between 
potassium and lead sulfate7 has not been considered 
in the calculations. Still the activity product of 
lead and sulfate ions and the concentration of 
PbS04 in the critical mixtures was calculated to 
be of the same order of magnitude with potas­
sium as with sodium sulfate.

(7) J. N. Br^nsted, Z . p h y s ik .  C h em ., 77, 315 (1911).

y.GJ .h 0.035
x
g 0.03(1 

'Z 0.025

I  0.020
e
= 0.015

% 0.010

% 0.005 
o

U 0
0.010 0.020 0.030 0.040 0.050

Concn of lead perchlorate in mixtures.
Fig. 1.— Combinations of concentrations of lead per­

chlorate and of sodium sulfate in mixtures which produce 
crystals of maximum length; temperature 25°; pH 3.0: 
I, without sodium perchlorate; II, 0.1 .17 sodium perchlo­
rate mixtures.

The effect of sodium perchlorate on the critical 
supersaturation as illustrated in Fig. 1 is accounted 
for quantitatively in Table II by its effect on the 
activity coefficients of the various species.

The dissociation constant of lead sulfate and the 
various complex constants at temperatures dif­
ferent from 25° and in dilute alcohol are not known. 
By making reasonable assumptions2 it is concluded 
that the ratio Kss 7\sp, in which Kss =  apb + + X 
a,o4- at critical supersaturation for maximum 
particle size, is constant in a temperature range 
between 0 and 50° and up to an ethanol concen­
tration of 10% at 25°. The value of the ratio 
K ss/Ksp is calculated to be 2.6 ( ±  0.4) X 102.

The ratio K ss/Ksp is the same as the ratio of the 
lead sulfate monomer concentration in solutions 
of critical supersaturation and in saturated solu­
tions. Thus the difference in free energy between 
critical supersaturation and saturation for this 
monomer is RT log 2.6 X 102 =  3.3 kcal./mole. 
This value is close to the heat of solution of lead 
sulfate (3.6 kcal./mole from solubility data, 2
3.0 kcal./mole from thermodynamic constants8) 
and it may be concluded that the crystallization 
of lead sulfate from critically supersaturated solu­
tions takes place without change of entropy of lead 
sulfate. Crystallization from solutions less super­
saturated than the critical one occurs with de­
crease of entropy of lead sulfate. The drastic 
change in kinetics of precipitation at the critical 
supersaturation4 may very well be due to this en­
tropy effect.

(8) W. M . Latimer, “ Oxidation Potentials,”  2nd Ed., Prentice-Hall, 
Inc., New York, N. Y., 1952.
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T h e  m easurem ent o f electrolyte uptake b y  ion-exchange resins is show n to  be  su b ject to  consistent experim ental error 
and to im perfections within ion-exchange resins. A  treatm ent is presented for handling the im perfections an aly tica lly  so as 
to  rem ove their elfect upon the m easured electrolyte d istribution . T h e  logarithm  o f the invading species a ct iv ity  coefficient, 
defined to  exclude these im perfections, is thus found to  vary  linearly with co -ion  concentration  over a w ide range. I t  is 
show n that this result is required by  a sim plified theoretical treatm ent o f invading ion interactions.

The distribution of strong electrolyte between 
aqueous solution and ion-exchange resin containing 
a common ion is observed to be regular at moderate 
concentrations but at low concentrations, uncom­
monly large amounts of electrolyte appear to enter 
the exchanger phase. As a result the activity co­
efficients of the invading species vary smoothly 
except in dilute solutions where extremely low 
values are measured and these decrease suddenly 
and markedly with decreasing concentration. The 
complete description of uptake measurements in 
dilute solutions, however, must include a special 
consideration of two possibly small, but highly 
influential, perturbations. In particular, the cus­
tomary analysis of electrolyte and water in the ex­
changer phase tends to include small quantities of 
external electrolyte solution. At low concentra­
tions this causes an enormous error in the measured 
invading species concentration. A second factor 
causes even greater difficulty at low concentrations; 
this arises with certain systems where impurities 
within the exchanger sorb small and nearly con­
stant quantities of electrolyte. The purpose of the 
present work is to propose and justify a treatment 
of electrolyte uptake measurements so that the 
invading species may be studied in the absence of 
effects due to these imperfections.

A mechanical separation of equilibrated ion- 
exchange material from aqueous solution is, in 
general, incomplete. A subsequent analysis for 
electrolyte and water in the exchanger phase will 
thus include quantities corresponding to the amount 
of external solution which is retained by imperfectly 
separated exchanger phase. A convenient de­
scription of the resultant error is made by the con­
sideration of the weight of water G" in the retained 
solution which corresponds to the weight of water 
G imbibed by the separated exchanger material. 
The relative weights of retained and imbibed water 
are chosen for convenience in the following where 
we shall be concerned with the molal (moles per kg. 
of water) concentrations of species in both phases. 
If m'i(r) is the measured molal concentration of 
species i inside the exchanger, m*uT) the true, and 
m\ the concentration of i in the external solution, 
these quantities will be related as 3

(1) Taken in part from D. H. Freeman, Ph.D. Thesis, Massachu­
setts Institute of Technology, 1958.

(2) Department of Chemistry, Washington University, Pullman, 
Washington.

(3) With indirect measurements of electrolyte uptake, i.e., by using 
column elution techniques, or by analyzing only the external phase, the 
quantity G'mi* can be eliminated from eq. 1. The problem of making 
an exact measurement of imbibed water, which would eliminate 
G in the denominator, is as yet an unsolved problem.

Gm*i(r> +  G’m-, 
G +  G’ (1)

As will be shown later, impurities exist in various 
ion-exchange materials which are responsible for 
an approximately constant and reversible sorption 
of distributing electrolyte. We may consider the 
concentration ( f  of impurity-bound species sepa­
rately so that

m* ¡(r) =  mu,) +  Qi (2)

where is the concentration of internal species 
which, by definition, is independent of retention 
and sorption effects. If we define the ratio G'/G 
to be the fractional retention, e, and substitute 
foreq. 2 , eq. 1 becomes

W l ' i ( r )  = ( M i l , )  +  Q i  +  e m , )  (3tt)

While eq. 3a may apply to any diffusible species 
within an ion exchanger, it is useful to consider the 
distribution of the electrolyte component J which 
has the formula A-aB>b. If we choose A to refer 
to the co-ion, i.e., that ion whose electrical charge 
has the same sign as the functional group of the 
exchanger, then the following is valid for uptake by 
either anion or cation exchanger systems. We 
assume, with Kraus and Nelson, 4 that J has the 
same standard state in the external and internal 
phases, in which case the equilibrium activities 
of J arc also equal in the two phases. It follows 
that

+ m 3 /i>a » b) i'b 7 % , «  = ( m y ± ) v (4)
where wr is the functional group molality and 
l’fflj(r) +  wr/ vavb) is the gegenion concentration. 
By setting i =  J in eq. 3a, dividing each side by 
mj, and using eq. 4, we obtain an expression for 
the measured distribution coefficient

e +£)' =  ^£W  =  U m ,B/,
mj \

where <f> is given by

<t> — ('«j(r) +  niji/vAfu) -*'b/,'a

m3)  1 4

( — )\ 7 ± (r ) /

+  e

>/vk

(5)

(6)

At very low external concentrations we know that 
each term in <£ with the exception of 7 ±(r> has a finite 
limit. Further, since the ionic strength of the 
internal solution does not change a great deal at the 
low concentrations, we expect the value of 7 ±<r> 
to reach a finite limit. For the present we assume 
that 7 ±<r) does reach a limiting value, in which 
case the first term in eq. 5 varies directly with mj, 
the second term is independent of it, and the third

(4) K. A. Kraus and F. Nelson, J. Am. Chem. Hoc., 80, 4154 (1958).
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term varies inversely. It follows that the presence 
of impurities which sorb electrolyte requires that 
D' pass through a minimum; if this occurs at a 
sufficiently dilute concentration where the varia­
tions in gegenion concentration, 7 ±(r), e, and Q 
are negligible, we obtain relation (7 ) by differ­
entiating eq. 5 with respect to mj

Q _  vjs /   ̂ v d In -y^N 
Wj(r) fA \ d In TOj/ (7)

Although distribution coefficient minima are found 
to occur under conditions which should make eq. 7  
valid, the usefulness of the equation for determining 
Q may be hampered by the practical difficulty in 
locating the exact value of mj which corresponds 
to the minimum. If impurities are absent, i.e., 
if Q =  0, then eq. 5 shows that D' should reach 
the limiting value e/ ( 1  +  e) in very dilute solution. 
If both e and Q are zero, a condition which is rather 
difficult to find experimentally, the distribution co­
efficient is obtained directly from eq. 4 and it must 
vanish with vanishing external concentration. 
Using measurements to be discussed later, the 
characteristic distribution coefficient variations 
resulting from the effects of sorption plus retention, 
and of retention effects alone, are shown by the 
upper and lower curves, respectively, in Fig. 1.

Although it is possible to assign values of e and 
Q from the variation of D' with wjj at very low 
concentrations, an iterative method which uses 
measurements at higher concentrations is found 
to give greater accuracy. As a first approximation, 
log 7 ±<r) values are calculated without correction 
for retention or sorption by applying eq. 4 directly 
to the measured quantities. For well-behaved 
systems, i.e., those in which e and Q are relatively 
small and electrolyte is largely dissociated in both 
phases, the values of log 7 ±(r) are reasonably 
accurate at the higher concentrations and taken as 
a function of tn.\tT), they are found to define a 
nearly linear trend from which a fairly sharp break 
occurs at a lower concentration. Since the im­
perfections can be shown to dominate only at the 
lower concentrations the variation of log y ± (r) 
before the break may be extrapolated to zero con­
centration as a first approximation. Whether this 
procedure is valid will be determined by finding 
values of e and Q which will cause the corrected 
measurements to behave the same as the extrapola­
tion. To find such values, it is convenient to cal­
culate values of mj(r) which correspond to the ex­
trapolated values of 7 ±<» by using eq. 4. Then, 
by using eq. 3a in a more convenient form

m'j(r) -  mJ(r) =  (mj -  m'JM)e +  Q (3b)

the newly calculated values of wj(r> are used with 
the apparent quantities to obtain e as the slope and 
Q as the intercept of eq. 3b. Since the imperfec­
tions will cause a slight difference between the 
measured and corrected invasion at high concentra­
tions, at least one more iteration is necessary. 
The result of following this procedure is shown by 
Fig. 2 where the measurements reported by Davies 
and Yeoman5 of HC1 uptake by cation exchanger 
(5.5% cross-linked) were used for the iterative

(5) C. W. Davies and G. D. Yeoman, Trans. Faraday Soc., 49, 9G8
(1953;.

Fig. 1.— Curve A gives the measured distribution coef­
ficients of HC1 for anion exchanger, as calculated from the 
measurements of Kraus and Moore.6 In dilute solutions, 
the elfect of impurity dominates the measured uptake. 
Curve B gives the distribution of KC1 with the same type 
of exchanger, as measured by the author. In dilute solu­
tions, these measurements are dominated by retention error.

computation of the corrected invading species 
activity coefficient variation given in Table I. 
At the lowest five concentrations studied, the 
iterated constants in eq. 3b are determined quite 
precisely. Since these measurements were not 
carried out below 0.05 molal HC1 the distribution 
coefficient variation gives only a qualitative indi­
cation that sorption effects are present. For each 
of the systems to be discussed later, the iterative 
correction of measured uptake leads to invading 
species activity coefficients which are found to vary 
according to the general equation

log 7 d,w = a -f 6mJ(r) (8 )
where a and b are constants which depend upon the 
electrolyte and type of ion exchanger.

Discussion
It is found that small quantities of HC1 are sorbed 

by impurities within each ion-exchange resin for 
which measurements are reported. The study of 
HC1 uptake by anion-exchange resin (Dowex 1 ) 
reported by Kraus and Moore6 has been used for 
the computation of the upper curve in Fig. 1. A 
detailed analysis of these measurements shows that 
they must be affected by retention error in addi­
tion to the immediately recognized influence of 
impurities. Since the procedure used for this study 
includes a correction based upon the measured

(G) K. A. Kraus and G. E. Moore, J. Am. Chem. Soc., 75, 1457
(1953).
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T a b l e  I
C o r rected  U p t a k e  M e a su r e m e n ts

Elec­
%

Cross- mj Iir perfections
trolyte Ion exchanger linking Gegenion co-ion relation loff T ±(r) range e Q Rpf.
HCl Anion (Dowex 1 ) 10 me.i(r) = 0.1 +  1 Ml »iiiin -0 .4 3  +  0 . 12iilH(r) 0 . 1-10 0.013 0.012 6
LiCl Anion (Dowex 1 ) 10 fileno =  G.4 T  1. Himi.i n -  . 3 0 +  .12fMLi,r) 2 -13 a 4
NaCl Anion (Dowex 1) 10 Mirilo =  6 .7  +  1 r) -  . 1 0 +  . OGiii Na, r) 0 .2-0 .04.T e 4
KC1 Anion (Dowex 1) 7 'A MICI (O =  0 . 4 + 1  .0wiK(r) — .21 ±  .01 1 -4 .09 C 1
HCl Cation 57-> Ml H(r) =  3.8 +  2 . Offici,,) -  .017 +  .39mci,r) 0 .1 -4 .4 .030 0.0010 5
KC1 Cation 5-A tifici-) =  5.7 +  3.7iiici,r) -  .20 +  .05ffiCl,r) 0 .2-2 .087 c 5
“ The uptake of LiCl is not measured at dilute concentrations which prevents the determination of e directly. Although 

the retention could he estimated from measurements in the same paper on NaCl uptake, the correction does not lead to a 
substantial difference. b This result may be somewhat in error since useful measurements are available at only four concen­
trations. c No sorption effects are apparent.

retention of external solution after centrifugal 
filtration of glass beads, we conclude that the cor­
rection is insufficient. The measurements also 
show that the value of Q is relat ively constant above 
0.01 molal HC1, but that it decreases with de­
creasing concentration to a value of 0.0087 at 0.0022 
molal HC1. The uptake measured for this region 
of concentration may be further analyzed accord­
ing to the interaction between acid (H) and base 
impurity (B) suggested by Kraus and Moore. 
The stoichiometric constant for the reaction, 
H +  B HB, may be obtained from analyzing 
the measured uptake below 0.03 molal HC1. The 
concentration of impurity-bound hydrogen qn 
is available after correction only for retention; 
the corresponding internal concentrations of hy­
drogen ion not sorbed by impurity may be cal culated 
from eq. 4 using Y±(r) =  0.371. The stoichiometric 
constant is given by K  =  q\i/[niinr){Q — </n)] 
where Q is the upper limit of impurity-bound hy­
drogen. From the resulting linear variation of 
<7ii with qii/mii,r), the intercept (Q) and slope 
( —1 /K) give the values Q =  0.012 and K  =  5 X 
If)5. Thus, the enormous effect upon the distribu­
tion coefficient curve A shown in Fig. 1 is found to 
be caused by impurity-bound hydrogen whose maxi­
mum concentration is only 0 .2 %  of the functional 
group concentration.

Using the same type of anion exchanger as that 
in the preceding discussion, Kraus and Nelson 
measured the uptake of NaCl at sufficiently dilute 
concentrations to establish negligible sorption of the 
salt by impurities within the exchanger. Since the 
sorption of HCl is plausibly explained by an acid- 
base equilibrium, it is not at all surprising o find 
the apparent absence of neutral salt sorption by 
the same exchanger. There are other examples 
where impurities cause pronounced sorption of 
strong acid while the sorption of neutral salt occurs 
to a much lesser extent, if at all. The measure­
ments of Davies and Yeoman5 reported in Table I 
show this to be the case for TIC1 and KC1 uptakes 
by 5.5% cross-linked cation-exchange resin. In 
the work of Scatchard, Anderson and Schodefi 
the uptake of HC1 and NaCl was studied with 
Dowex 50W, and HC1 uptake by Dowex 1 , using a 
method which avoids external retention effects. 
In these measurements there is clear evidence for 
the sorption of HC1 by impurities within both 
types of exchanger. The sorption of NaCl in 
Dowex 50W is at least one-fourth to one-sixTi the

(7) Personal comm., G. Scatchard.

HCl sorption according to measurements carried 
down to 2 X 10- 4  molal.

The behavior of another anion exchanger (Dowex
2 ) at dilute electrolyte concentrations is more er­
ratic. From calculations based upon the graphed 
measurements of Gottlieb and Gregor, 3 it is ap­
parent that HCl as well as a number of potassium 
salts are each affected by impurities within this 
exchanger. We repeated and extended measure­
ments on this material and on Dowex 1 using es­
sentially the same techniques as other workers. 5-9 
Some of the important differences are described 
below.

Experimental.— Resin and solution were equilibrated in 
single batches for at least four hours. Resin samples were 
pre-treated as suggested by Kraus and Moore.6 The separa­
tion of resin from solution was carried out by blotting with 
filter paper that was slightly moistened with water vapor 
to improve' the effectiveness of the blotting. Invading 
potassium ion concentrations were determined to 10c7 
accuracy using potassium-42 as an indicator and well-type 
scintillation10 counting of constant geometry samples of resin 
or solution. The water content of separated resin was 
determined by weight difference after drying to constant 
weight over P-.O» at 75°. Chloride was determined after 
displacement elution with 1,1/ NaClOj (chloride free) by 
potentiometric titration with 0.1 .1/ AgNO:, using A g- 
AgCl electrode, and NaN 03-agar salt bridge to a calomel 
cell.

The variation in KOI uptake for two different 
batches of Dowex 2 indicated impurities (Q) of 
0.0004 and 0.0014 molal. With two other batches 
of this resin, however, and with two batches of 
Dowex 1, no impurities were evident at external 
concentrations as low as 10- 6  molal. The meas­
urements for one batch o f Dowex 1 are plotted in 
Fig. 1 and listed in Table I; these measurements 
are typical of those obtained with each resin for 
which sorption effects were found to be absent. 
These measurements, however, are clearly domi­
nated by retention effects at all concentrations be­
low 10~ 3 molal. After an examination of the manu­
facturer’s production records11 for the series of 
anion exchangers we used in these studies, the two 
batches of Dowex 2  containing impurities were 
found to have been processed at substantially 
higher temperatures than those used for the others. 
One possible explanation is the formation o f a small

(8) M. II. Gottlieb and II. P. Gregor, ./. .4m. Chem. Sor., 76, 4039 
(1954).

(9) K. W. Pepper, D. Reichenberg and D. Hale, J. Chem. Hoc., 3129 
(1952).

(10) J. W. Irvine, Jr., Nucleonics, 12, No. 10, 62—63 (1954).
(11) We are grateful to R. W. Wheaton, Dir. of Ion Exchange Re­

search, Dow Chemical Company, Midland. Michigan, for his coopera­
tion in providing this information;
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capacity for cation exchange at the higher process­
ing temperatures. This explanation was tested by 
aeetylating one batch of Dowex 2 (Q =  0.0014) with 
acetyl chloride in acetic anhydride. Repeated up­
take measurements at 1 0  1 molal KC'l showed a 
subsequent reduction of KC’l sorption by at least a 
factor of four. Whatever basic groups existed 
before acetylation appear to have become coupled 
with acetyl groups and thereby blocked from the 
sorption of salt. While this experiment does not 
prove the explanation, it does make it seem likely.

Further results of applying the foregoing treat­
ment are given in Table I for the various aqueous 
electrolytes listed in the first column and the ion 
exchange resins described in the second and third 
columns. The measured uptake reported by the 
authors referenced in the last column is affected by 
and C' rrected for the effects of retention and im­
purities according to the parameters in columns 
seven and eight. For each system, the gegenion 
molality and the logarithm of the invading species 
activity coefficient are each found to vary linearly 
with co-ion concentration; these dependencies are 
given in the fourth and fifth columns. Column six 
defines the range of external concentration over 
which both of the preceding variations are main­
tained to within a few (2 or 3) per cent. At external 
concentrations above one molal, the log of the 
activity coefficients with or without correlation 
tend to vary linearly with co-ion concentration. 
Below one molal, however, negative deviations from 
linearity become increasingly large without correc­
tion; after correction they follow the linear varia­
tion to substantially lower concentrations. The 
lower limit of concentration where measurements 
cease to be significant is determined primarily by 
the limit of experimental precision. The foregoing 
is illustrated by the calculations plotted in Fig. 2.

To help explain the corrected invading species 
activity coefficient variations which are reported 
herein, Scatchard7 has suggested that the simplest 
possible dependence of ion activity coefficient upon 
internal concentration would be given b3r the theory 
of specific ion interactions12 in the form

log  7i(r) =  2,(3;;???Hr) (9)

This equation is obtained from a much more de­
tailed expression13 after dropping the Debye- 
Hiickel and higher order interaction terms which 
should be small at the high ionic strength of the 
internal solution. For a 1:1 electrolyte, with sub­
scripts (1 ) referring to co-ion, (2 ) to gegenion, and
(3) to functional group, the expansion and collec­
tion of terms gives

log  T i 7 j  =  2 log  7 ± ( r )

=  (All +  /3l2)m l(r) +  (Al2 +  fe)wU(r) +
(013 +  fe fia .x  r) (10)

and from the condition for electroneutrality

mu r) =  ffll(r) +  m3( r) (11)

(12) J. N. Br0nsted, J. Am. Chem. Soc., 4 4 ,  877 (1922); 4 5 ,  2898 
(1923).

(13) G. Scatchard, Chem. Revs., 1 9 ,  309 (1936). See equation on p.
317.

Fig- 2.— The values of log 7±(r> in the upper and lower 
curves, respectively, are obtained from the measurements of 
Davies and Yecman5 with and without correction for the 
imperfections listed in Table I.

l°g 7=fc(r) — (011 +  013 — 013 — ft:l)»!l(r) +  (012 +

022 +  013 +  023)»l21 r) (12)
where the dij values are independent of concentra­
tion (but not of temperature). Under the restric­
tion that gegenion concentration varies linearly with 
co-ion concentration, eq. 8  reduces to the very 
simple relation

log 7±(D =  a +  bmlM (13)
where a and b are constants. This agrees with eq. 8  
which is found experimentally.

Conclusions
The uptake of strong electrolyte from aqueous 

solution by ion-exchange resin may be completely 
described by three considerations: (a) the depend­
ence of invading species activity upon co-ion con­
centration; (b) the variation of gegenion concen­
tration with that of the co-ion, and (c) the extent 
to which electrolyte is sorbed by impurities in the 
exchanger material. The measurement of elec­
trolyte uptake is found in several instances to be 
affected by a consistent experimental error due to 
retention. When uptake is measured at. very 
dilute concentrations, evidence is provided for or 
against the effect of possible impurities. If the 
latter effect is absent, the measurements provide 
a direct and sensitive test for experimental con­
sistency.

The simple linear correlations of log y±(r) with 
co-ion concentration are found to be valid over a 
wide range of concentration. The form of this 
variation is in good agreement with the behavior 
of mixtures of strong electrolytes in aqueous solu­
tion, 14 and with the simplified ion interaction treat­
ment presented here.

Acknowledgments.—The author wishes to thank 
Professor George Scatchard for his helpful sug­
gestions and valuable discussions, and Professor 
Charles D. Coryell for his friendly interest and sup­
port. Financial assistance for this work was re­
ceived from tine United States Atomic Energy Com­
mission.

(14) H. S. Harned and B. B. Owen, “ The Physical Chemistry of 
Electrolytic Solutions," Third Ed., Reinhold Publ. Corp., New York, 
N. Y., 1958, Chapter 14.
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STUDY OF THE CHANGE IN SPECIFIC HEAT OF MONOMERIC AND 
POLYMERIC GLASSES DURING THE GLASS TRANSITION

B y B e r n h a r d  W u n d e r l i c h

Department of Chemistry, Cornell University, Ithaca, New York
R e c e i v e d  M a r c h  I d ,  i 9 6 0

An analysis of specific heat data of 41 glasses shows that if glasses are looked upon as being built up of "beads”  their rise 
in specific heat during the glass transition measured by calorimetric methods is 2.7 =  0.5 cal./mole of "beads”  (rule of 
constant AC„). Using Eyring's hole theory of liquids, expressions for the molar hole energy and molar hole volume are 
derived. Calculations are made for 34 monomeric and polymeric glasses, using specific heat data, specific volume deter­
minations and cohesive energy estimations.

A. Introduction
Some of the earliest measurements of the specific 

heat at constant pressure, cp, of a glass are those by 
Regnault1 on selenium. His measurements al­
ready show the features of the specific heat of glasses 
and their variation with temperature: at low tem­
perature there is not much difference between the 
specific heat of the crystalline and glassy material, 
at temperatures above a certain value2 the glass 
has the higher specific heat. This temperature at 
which the specific heat changes is called the glass 
transition temperature Te. The use of Tg through­
out this article null be such that the numerical val­
ues give the abscissa of the point of inflection of the 
particular measured (/„-curve. This is comparable 
with the definition by Kauzmann. 3

Figure 1 shows the (/„-curves for an 80/20 mole 
ratio poly-(ethylene terephthalate-sebacate) co­
polymer52 as an example of a typical glass-forming 
high polymeric material.

Many specific heat measurements in the glass 
transition region (see references 6-41 in Table I) 
have been made during the last 50 years. It will 
be attempted in this article to correlate all avail­
able data of the increase of the specific heat in the 
transition temperature range. As theoretical basis 
the hole theory of liquids will be used. In particu­
lar the formulations developed by Hirai and Eyring 
in their “ Theory of Bulk Viscosity” 45 will be ap­
plied.

B. Theory of Hirai and Eyring
Hirai and Eyring describe the equilibrium be­

tween holes and the phonons associated with the 
liquid lattice as characteristic of the liquid state. 
Each hole is characterized by its molar yh 
and the molar excess energy over the “ no hole” 
situation eh. The process of disappearance of a 
hole creates elastic strain, which propagates with 
the velocity of elastic waves. The excess energy is 
taken up by the changed liquid lattice.

On a molecular basis a rearrangement of neigh­
boring molecules or molecule segments is necessary

(1) V. Regnault, P o q q .  Ann. Physik, 9 8 ,  396 (1856).
(2) A. Bettendorff and A. Wiillner, ibid., 1 3 3 ,  293 (1868), made a 

first estimate of this fglass transition] temperature of Se on the basis of 
the stickiness which appears at about 50° for selenium.

(3) W. Kauzmann, Chem. Revs., 4 3 ,  219 (1948). “ . . . that tempera­
ture at which the specific heat or the thermal expansion coefficient of 
the liquid shows a more or less sudden change due to relaxation effects 
in experiments allowing something like 10 min. to 1 hour for equi­
librium to be reached.”  (p. 230.)

(4) N. Hirai and H. Eyring, J. Appl. Phys., 29, 810 (1958).
(5) N. Hirai and H. Eyring, J. Polymer Sci., 3 7 ,  51 (1959) ; see there 

also for older references.

to allow the creation or disappearance of a hole. 
This molecular rearrangement is a slow process and 
has been treated by Hirai and Eyring using the 
transition state theory.

The heat capacity can be assumed to lie separable 
on this assumption

Up total =  CPh +  Cp, (1 )

One part, (7Ph being due to the creation of new holes 
and the other, Cpo, being due to the lattice vibra­
tions. The part of interest here is the one due to 
the change in number of holes with temperature 
which can be written

c "- -  • " x  <2>
where eh is the above defined difference in energy. 
AT is the number of moles of holes present. Using 
the equilibrium value for AVa Hirai and Eyring 
arrive at an expression for CPh

<3>
(for one mole of liquid molecules, Ar0 =  1)

where v0 is the volume of one mole of liquid mole­
cules.

On cooling a liquid the mechanism decreasing 
the number of holes is freezing-in at the glass transi­
tion temperature, so that at lower temperatures the 
number of holes is constant and corresponds to the 
equilibrium value at the transition interval. For 
rapidly cooled samples this equilibrium value will 
be higher than for slowly cooled samples. The 
frozen-in state, the glass, will only be unchanged 
over long periods of time if the temperature is far 
enough below Tg. The heat capacity is then largely 
dependent upon the liquid lattice vibrations and 
is often similar to the heat capacity of the crystal­
line lattice. At and above Tg the additional term 
C ph, due to the increase in hole concentration, has 
to be added. This term should solely account for 
the rise in heat capacity at Tg

4C- ' — 8  X  i  ( A . ) < J>
C. Discussion

(1) Rule of Constant Heat Capacity Increment.
—Table I summarizes all available specific heat 
data to date. For a comparison heat capacities 
have to be calculated on the basis of one mole of 
fundamental units of the substances. The simplest

(5a) Nh/No =  +  Pn)/RT  see ref. 4, appendix I at
ordinary pressures the p’Vh/RT term is negligible. See ref. 4 also 
for additional assumptions.
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Kig. 1.— Specific heat of a typical glass forming high 
polymer: 80/20 mole ratio poly-(ethylene terephthalate- 
sebacate) copolymer. Based on data of ref. 52. Solid 
line, completely amorphous polymer 'J',, =  215°; broken 
line, partially crystalline polymer (maximum crystallinity 
25% by weight). The only crystallizing units are ethylene 
(terephthalate) units. Ac.p is lowered and shifted to 0 °. 
Dotted line, expected curve for all ethylene (terephthalate) 
units crystallized. Not realizable by experiment.

molecular unit which fits the hole theory is a 
“ bead”  of the polymer chain like -CH>- or -CH - 
CH3-  or a similar unit of the monomeric materials. 
Oxygens are best counted as separate beads be­
cause it is probable that they form bonds in the glass 
and may be looked upon as - 0 -  beads with no 
reference to the actual situation. This model im­
plies that the “ beads”  are the smallest molecular 
units whose movements may change the “ hole- 
equilibrium.”  Table II contains the “ average

(22) E. Kanda, A. 6tsubo and T. Ilaseda, Sri. liepts. Research 
Inst. Tohoku Univ., A2, 9 (I960).

(23) K. K. Kelley, J. Am. Chetn. Soc., 51, 779 (1929).
(24) M. LeBlanc and M. Kroger, Z . Elektrochem., 34, 241 (1928).
(25) A. G. Oblad and R. F. Newton, J. Am. Chem. Soc., 59. 2495 

(1937).
(26) A. Otsubo and T. Sugawara, Sci. Repts. Research Inst. Tohoku 

Univ., A7, 583 (1955).
(27) G. S. Parks, S. B. Thomas and W. A. Gilkey, T his Journal, 

34, 2028 (1930).
(28) G. S. Parks, II. M. Huffmann and F. R. Oattoir, ibid., 32, 1366 

(1928).
(29) G. ¡5. Parks and S. B. Thomas, J. Am. Chem. Soc., 56, 1423 

(1934).
(30) G. S. Parks, S. B. Thomas and D. \V. Light, J. Chem. Rhys., 4, 

64 (1936).
(31) G. S. Parks, T. J. West and G. K. Moore, J. Am. Chem. Soc., 

63, 1133 (1941).
(32) G. S. Parks and II. M. Iluffmann, T his Journal. 31, 1842 

(1927).
(33) G. S. Parks and H. M. Iluffmann, J. Am. Chem. Soc., 48, 2788 

(1926).
(34) R. D. Rands, Jr., W. J. Ferguson and J. L. Prather. J. Research 

A'all. Bur. Standards. 33, 63 (1944).
(35) C. W. Smith and M. Dole, J. Polymer Sci., 20, 37 (1956).
(3(5) J. C. Southard, J. Am. Chem. Soc., 63, 3147 (1941).
(37) G. Tammann and H. Eisner v. Gronow, Z. anorg. allgem. Chem., 

192, 193 (1930).
(38) S. B. Thomas and G. S. Parks, T his Journal, 35, 2091 (1931).
(39) S. S. Todd and G. S. Parks, J. Am. Chem. Soc., 58, 134 (1936).
(40) K. Ueberreiter and E. Otto-Laupenmiihlen, Z. .Xaturforsch., 8a, 

664 (1953).
(41) K. Ueberreiter and S. Nens. Kolloid Z., 123, 92 (1951).

Specific Volume References (42) to (53):

bead molecular weight”  M  and the heat capacity in 
cal. deg. - 1  (mole of beads)-1. The average value 
and standard deviation of 39 measurements are

AO',, =  2.7 ±  0.5 cal. d e g .-1 m ole -1 (5 )

showing a remarkable constancy for all carbon con­
taining substances.

Formula 4 should thus give as a first approxima­
tion a constant value also. Hirai and Evring’s as­
sumption that

«  -  =  5-G (R e f. 4 )Vl ei,
and the assumption "hat at the glass transition the 
free volume reaches an approximately constant 
value of 2 % 5-54 -56 which leads to

(fP / ' Y  x e  -* / R T , «  0.2 to  0 .4 (R e f. 5)

for a respective free volume fraction of 0.01 to 0.03 
arc the only two assumptions necessary to give 
equation 4 the value

AC*,,' =  2 / Ac,, =  2.07 cal. d e g .-1 m o le -1 (6 )

using — = 5 uid a free volume o f 2% )

In view of the rather crude estimation of the funda­
mental unit or “ bead” this is a reasonable agree­
ment. The three inorganic glasses measured fit 
less well indicating that one or more of the as­
sumptions made (subdivision into beads, Vo/i’h =  5 
and free volume = 2 % ) do not apply.

(2 ) Calculation of eh.— If more detailed in­
formation is wanted, it is necessary to make use of 
more than one experimental quantity. Equation 4 
contains four variables: v0, i'h, «h and 1\. But

-  -  -  (R e f. 4 ) (7 )Vh «h
and n-tu =  Ee where E& is the internal latent heat of 
vaporization at the glass transition per mole of 
molecules (or mole of repeating units) and n is the 
number of fundamental units per molecule or per 
repeating unit. Making use of the relations 7. 
equation 4 can be rewrit ten

AC,. -  V A c , -  |  ( U U )  , - . m  ,8 ,

/V  = n-M)

thus eliminating one unknown quantity. Tg has 
been determined (see Table I) by plotting published

(42) A. T. McPherson, J . Research N atl. Bur. Standards, 8, 751 
(1932).

(43) G. Tammann and A. Kohlhaas, Z . anorg. Chem., 182, 49 (1929).
(44) M. E. Spaght and G. S. Parks, This Journal, 38, 103 (1934).
(45) Extrapolated from data of the Int. Crit. Tables.
(46) Extrapolated from data of the Am. Petroleum Inst. Research 

Project 44 at the N.B.S. Selected Values of Properties of Hydrocarbons.
(47) Estimated from 0°C. or room temperature data.
(48) Estimated from Beil stein data.
(49) T. G. Fox and P. J. Flory, J. Polymer Sci., 14, 315 (1954).
(50) V. E. Lucas. P. H. Johnson, L. B. Wakefield and B. L. Johnson, 

Ind. Eng. Chem., 41, 1629 (1949).
(51) Estimated assuming linear addition of the specific volumina.
(52) B. Wunderlich, Thesis, Northwestern University 1957, Mic. 

58-4119.
(53) W. H. Cobbs, Jr., and R. L. Burton, J. Polymer Sci., 10, 275 

(1953).
(54) M. L. Williams, R. F. Landel and J. D. Ferry, J. Am. Chem. 

Soc.. 7 7 ,  3701 (1955).
(55) N. Hirai, ./. Chem. Soc. Japan, 7 5 ,  683 (1954).
(56) N. Hirai, J. Soc. High Polymers (Japan), 5 ,  194 (1956).
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T a b l e  II
D e r iv e d  R esu l ts  U sin g  T a b l e  I D a ta

Substance .1/ M -A cp

Selenium 78.96 3 .5 i
Boron trioxide 23.21 (0.55)
IDSOUUDO 21.73 (5.97)
Ethyl alcohol 2.09

15.36 2.61
n-Propyl ale. 15.02 2.40
Prop, glycol 15.22 3.21
Glycerol 15.35 3.24
1-Butene 14.02 3.94
d,(-Lactic ac. 15.01 3.57
Isobutyl ale. 18.53 2.59
sec-Butyl ale. 18.53 2.37
2-Methylpcntano 17.23 3.17
3-Methylpentane 17.23 3 .20
C.yclohexanol 25.04 1.86
Glucose 15.01 2.73
3-Methylhcxane 16.70 2.84
2,3-Dime thy lpenta nc 20.04 3.24
4-Methylheptanol-2 17.28 2.1
4-Methylheptanol-3 17.28 2.6
4-Methylheptanol-4 17.28 2 2
5-Methylhepta nol-1 17.28 2.1
5-Methylheptanol-2 17.28 2.4
3-Meth}dheptanol-2 17.28 2.0
2-Methylheptanol-4 17.28 2.1
6-Methylheptanol-2 17.28 2.0
4-Meth_ylnonane 15.81 2.94
Distyrene 34.71 2.80
Polystyrenes:

(a) M.W. 2300 52.07“ 2 92
(b) M.W. 3370 52.07“ 3.12
(c) M.W. 3650 52.07“ 2.71

Polybutadiene 18.01“ 2.68
Rubber 22.70“ 2.45
Hycar O.R.

Poly-(butadiene-styrene):

(a) 8 .58%  styrene 1 9 . 2 “ 2 .34
(b) 22.61%  styrene 21.2“ 2.48
(c) 25 .5%  styrene 2 1 . 6 “ 2.44
(d) 42.98%  styrene 25.1“ 2.71

Poly-(ethylene terephthalate) 38.34“ 3.10
Poly-(ethylene terephthalate-

sebacate) 80-20 mole ratio 29.25“ 2.92
Polyisobutylene 28.05“

2.50
PVC 31.25“ 2.13
Rosin
“ The number of “ beads”  assumed coincides with Bu

data and finding the point of inflection of the cp- 
curve. Es may be estimated from known values 
of the molar cohesion energy. Table II gives values 
which are based on Bunn’s list of cohesion ener­
gies,57 E. The cohesion energies are corrected for 
the different specific volume at the glass transition. 
The correction was made using Bunn’s volumes vbl 
at the boiling point and measured or estimated 
volumes at the glass transition ve (Table I, refs. 42- 
53).

(57) C. W. Bunn, J. Polymer Sci., 16, 323 (1955).

A'k, eh, eh. eh. eh
ACp cal. u f i cal. cm .3 Ph

3.51
1.66

41.9
6.27 4.6 880 3.2
7.83 13200 4.3 820 3.0 270
9.61 17500 4.4 840 2.6 320

16.05 20500 3.3 1060 3.8 280
19.52 33200 3.5 1270 2.7 470
15.76 7900 3.4 410 3.4 120
21.44 20000 2.4 980 3.4 290
10.38 15900 4.0 920 4.5 200
9.49 15600 4.1 940 4.6 200

15.86 10800 3.4 540 4.9 110
16.03 10600 3.4 520 4.9 110
7.41 15400 4.0 1200 7.4 160

32.79
17.03 11600 3.2 560 5.6 100
15.93 11800 3.4 580 5 .6 100
15.63 20600 3.4 1000 6.6 150
19.53 20900 3.2 880 5.7 150
16.93 19800 3.1 1040 7.4 140
15.63 21600 3.6 990 6.2 160
18.23 20900 3.3 920 6.0 150
19.53 21400 3.5 840 5.2 160
15.63 19800 3.2 1070 7.6 140
14.33 20300 3.4 1090 7.4 150
26.46 14900 2.5 590 6.5 91
17.18 20700 2.8 1200 11.1 110

5.83 7370 2.0 1400 19.0 74
6.25 7270 1.8 1200 16.6 72
5.42 7320 2.1 1500 20.5 73
8.01 4990 1.7 650 7.2 90
7.35 6200 2.3 920 10.5 88

6.89 5050 2 . 1 810 9.2 88
7.10 5300 1.9 810 9.3 87
6.95 5400 2.0 850 9.7 88
7.37 5700 1.7 810 9.6 84

15.51

19.94
5.32
4.77 4750 2.5 1000 12.4 81
4.25 4440 1.5 1100 11.6 95

number of ‘chain units ”  sec ref. 57.

Ejg -  E 
E

, -o  V -  «8=  1 . / 3 --------- (Ref. 57) (9)

The empirical formula (above) was used for the ex­
trapolation. The knowledge of ACp, the molar heat 
capacity jump at allows then a calculation of eh, 
the excess in energy of 1 mole of holes over the no­
hole situation.

3. Calculation of ¿>h.—The volume of one mole 
of holes rh can be estimated also. From equation 7

Vo _  Ek 
i>], Me h
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v0nt h 
Vh Ee

By substitution of Mve for nr0 which introduces 
only a small error, a value of t'h can be found with­
out knowledge of n.

Vh
VgM eh 

Eg (1 0 )

The column in Table II lists the volume in cm . 3 
per mole of holes calculated using equation 1 0 .

4. Comparison of the Results.—Before compar­
ing the results it is of value to recall the specific 
assumptions on which the calculations are based:

a. A Boltzmann type distribution for the total 
hole volume Arh?’h (free volume) emerged from the 
specific model of the hole-phonon equilibrium

A ri.«h _  - t h/R T
N 0v0

b. Equation 7 implies that the internal latent 
heat of vaporization per unit volume of molecules 
and the hole energy per unit volume of holes are 
equal

eo/fo = th/vh
c. Eg, the molar cohesion energy at Tg is ob­

tained from the knowledge of E  of monomeric par­
ticles at their boiling point by empirical extrapola­
tion over a rather large distance (equation 9).

In particular assumptions b and c indicate that 
absolute accuracy may be limited, but on a com­
parative basis of similar substances errors should be 
similar and valuable conclusions can be drawn.

T a b l e  I I I

C o m p a r i s o n  o f  C a r b o n  B a c k b o n e  P o l y m e r s

eh,
cal.

Polybutadiene 650
Rubber 930
Polyisobutylene 1000
PVC 1100
Polystyrene 12-1500

(roV cz — ei, eh/hh, Vh,

V > 1,! cal. ca l ./cm.3 cm .8

90 7 .2
1 .715S 88 10.5
1 .935S 76059 81 12.4

116059 95 11.6
2 4-158 1430“5 72-74 17-20

Table III shows carbon backbone polymers ar­
ranged as to increasing ei,. The second column 
contains values for the ratio of the unperturbed 
end-to-end distance calculated from viscosity meas­
urements to the end-to-end distance calculated as­
suming free rotation around all bonds of the poly­
mer molecule. These values indicate clearly that 
stiffer chains (chains with a larger end-to-end dis-

(58) P. J. F lory, “ Principles of P olym er C h em istry ," Cornell U ni­
versity  Press, Ith aca, N . Y . ,  1953, p. CIS.

tance) have a higher energy requirement for a hole 
creation.

The third column in Table III shows values cal­
culated by Gibbs and DiAIarzio59-6- for the average 
difference between the low energy orientation of a 
bond and all other orientations. The almost iden­
tical numerical values for PVC and polystyrene are 
accidental because there is no obvious relationship 
between e2 — e1 and eh, but a. high value of (e2 — 
ei) will indicate a less flexible polymer than a low 
value. Inspection of the hole volume and hole 
energy per unit volume column shows that for poly­
styrene steric reasons alone account for the high 
hole energy.

Increasing length of chain molecules increases 
both the hole energy and volume as can be seen 
from Table IV.

T a b l e  IV
C o m p a r i s o n  o f  C o m p o u n d s  w i t h  I n c r e a s i n g  C h a i n  

L e n g t h

C o m p o u n d eh, cal. Vh, c m .3 th / l ’h

(1-Butene) 410 3 . 4 1 2 0

Hexanes 530 4.9 1 1 0

Heptanes 570 5.6 1 0 0

Decanes 590 6.5 91

Ethanol 820 3 . 0 270
Propanol 840 2 . 6 3 2 0

Butanols 930 4 . 5 2 0 0

Cyclohexanol 1 2 0 0 7.4 160
Heptanols 1 0 0 0 6 . 5 150

Besides steric reasons strong secondary forces
may bring about a high hole energy as demon-
strafed in the compounds with increasing amounts
of OH-groups

Propanol eh = 840 cal.
Propylene glyc. »1 eh = 1060 cal.
Glycerol ei, = 1270 cal.

The molar hole volume for all three compounds is 
only about 3 cm.3.

(59) J. H. G ibbs and E . A . D iM arzio , J . Chem. P h ys., 28, 373
(1958) .

(GO) E . A . D iM arzio  and J. II. G ibbs, ibid., 28 , 807 (1958).
(fil) E . A . D iM arzio  and J. H. G ibbs, J . P olym er S ci.,  39, 121

(1959) .
(02) Gibbs and D iM arzio  used their theory of the glassy state 

for these calculations. This theory treats the glass transition as the 
point where the number of possible configurations of the amorphous 
phase decreases sharply toward one. T h e theory should with ap­
propriate substitutions lead to sim ilar expressions as are discussed here. 
T h e main difference is the line of attack on the problem, the sta rt from 
the molecular configuration instead of the hole configuration. If 
Gibbs and D iM arzio ’s equation for Cp can be solved, i t  should 
give more inform ation about the structure of the glass than the 
form ulas here discussed. T  ie theory has only been applied to poly­
mers.
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August, 1960 T hermodynamic Functions for Calcium Hydroxide in Water

The solubility products for calcium hydroxide were evaluated from the solubility as a function of ionic strength, pH and 
temperature. From these data the standard thermodynamic functions were derived: AF° = —17.67RT In T +  0.078- 
RT* +  89.072T, AH« = 17.67/27’ -  0.078/27’1 2. and AS» = 17.67/2 In T -  0.156/27’ -  71.8/2. The lattice energy of 
calcium hydroxide is —562 kcal./mole when calculated by means of the Born expression. A Born-Haber cycle gave a 
value of 77 kcal./mole for the electron affinity of the hydroxyl ion and a heat of hydration of 98 kcal./mole for the gaseous 
hydroxyl ion. At 25° the solubility product K,„ is 9.10 X i0~6.

Introduction
Although the chemistry of calcium hydroxide is 

involved in many industrial processes and is espe­
cially important for an understanding of the nature 
of fresh concrete, relatively little quantitative in­
formation on this subject is available. In this sur­
vey an attempt is made to use the literature solu­
bility data to obtain the solubility products. 
With these data the thermodynamic functions for 
solution were derived. The lattice energy of the 
solid calcium hydroxide was evaluated from theo­
retical considerations.

Discussion
Lattice Energy.—Two methods are available 

for calculating the lattice energy Un- One is from 
experimental data and the second from theoretical 
considerations as developed by Born, Haber and 
Madelung. 1

The lattice energy of —562 kcal./mole was found 
with the theoretical Born expression. 2-3

where N  is Avogadro’s number, 6.0228 X 1023; 
As is the Madelung constant, 6.214-5; 5 is the cube 
root of the molecular volume (74.10/2.241)' '’ ; c is 
the charge, 4.802 X 10- 1 0  e.s.u.; and n is the Born 
constant which is 8  for calcium hydroxide according 
to the Pauling approximation.6-7 In this calcula­
tion second-order effects such as the van der Wauls 
attractive forces and the zero-point, energy arc neg­
lected. Justification for this procedure has been 
discussed by Sherman3 who demonstrated that the 
error involved in most cases is not more than two or 
three per cent. Also an error of plus or minus one 
in the constant n will result in an error of about 2 %  
in the lattice energy value.

It is possible to write the Born-Haber2-8 thermo­
chemical cycle for calcium hydroxide in this form

(1) M . Born, “ A tom  Theories des festen Zustandes,’ ’ B . G. Teubner, 
Leipzig, 1923; “ H andbuch der P h ysik ,”  Yol. 24, J. Springer, Berlin, 
1927.

(2) M . Born, Yerhandl. deut. physik. Ges., 2 1 , 13 (1919).
(3) J. Sherman, Chem. Revs., 1 1 ,  93 (1932).
(4) F . H und, Z . P h ysik , 34, 833 (1925).
(5) R. G . B ates, V . E . Bow er, R . G . Canham  and J. E. Prue, 

Trans. Faraday Soc., 55, 2062 (1959).
(6) L. Pauling, J . A m . Chem. Soc., 4 9 , 772 (1927).
(7) L. Pauling, “ T h e N ature of the Chem ical B ond,”  Cornell Uni­

versity  Press, Ithaca, N . Y . f 1940.
(8) F . Haber, Verhandl. deut. physik. Ges., 2 1 , 750 (1919).

C a(s) C a (g ) C a ++( g ) --------------------- ---------1 Ug

0 2(g) +  H 2(g) 2 0 11(g ) 2 0 H - ( g ) -------J

C a ( O H )2(s)

where the sublimation energy S is 47.5 keal./ 
mole3-9; the ionization energy I  is 412.9 keal./ 
mole3-9; and the heat of formation of two OH radi­
cals is 20.12 kcal./mole. 10 The value for the elec­
tron affinity F for OH groups has been estimated to 
be between —48 and — 8 8  kcal./mole . 11- 12 For the 
equation

C a(s) +  0 2(g) +  H s(g) =  C a ( O H )2(s) (2)

the heat of reaction Q is —235.8 kcal./mole accord­
ing to the National Bureau of Standards value for 
the heat, of formation of calcium hydroxide. 10 The 
relationship between the terms in the Born-Haber 
cy cle is

Q = S  +  /  +  A H ,  -  2F  +  U „  (3)
When it is assumed that Uo is —562 and S, I  and 
AHt have the values given above, then F is found to 
be 77 kcal./mcle, which is reasonably close to the 
8 8  ±  1 value estimated by Lederle11 and the 76 
value originally set by Goubeau. 12 It was later re­
ported by Goubeau and Klemm13 to be 48.

It is interesting to calculate the Ca-OFI distance 
in calcium hydroxide. The ratio of the Ar Made­
lung constant o the equilibrium cation-anion dis­
tance r is equal3 to the rat io of the A s to S. Since 
Ar is 4.71 for the cadmium iodide structure, which 
calcium hydroxide resembles, then r is 2.43 A. 
This is reasonably close to the 2.37 A. C a-0  inter­
atomic distance in calcium hydroxide as reported 
by Busing and Levy . 14

Thermodynamic Solubility Products 7vsp.—The 
equation for the solution reaction of calcium hy­
droxide is

C a ( O H )2(s) +  hH 20(1) =  ( a  + +a q  +  2 0 H “ aq (4)

For t his reaction the equilibrium constant K Bp may 
be written

A'„p = a c*+* a OH-2 (5)

where a refers :,o the activities of the ions. For con-
(9) J. E. M ayer and M. MeC. Maltbie, Physik. Z .. 75, 748 (1932).
(10) F. D. Rossini, et a l ., “ Selected Values of Chemical Thermo­

dynamic Properties,”  National Bureau of Standards Circular 500, 
U. S. Govt. Printing Office, Washington, D. C.

(11) J. Goubeau and W. Klemm, Z. physik. Chem., B36, 3G2 (1937).
(12) E. Lederle, ibid.. 17B, 368 (1932).
(13) J. Goubeau, ibid., B34, 432 (1936).
(14) W. B. Busing and H. A. Levy, J. Chem. P  ys., 26, 563 (1957).
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venience this equation may be expressed in the form 
Ksl, = mca+i m20B-f±3 (6)

where m is the concentration in moles per 1 0 0 0  g. of 
solvent or per liter of solution if the solubility is 
small, a n d /*  is the mean activity coefficient.

The dissociation constant of the CaOH* ion 
has been reported5 to be 0.071 mole kg.- :  at 25°. 
This constant should not substantially affect the 
conclusions discussed in the present study.

Three sets of reported data were used to evaluate 
Kap: (1) solubility as a function of the concentra­
tions in sodium chloride solutions1516; '2 ) solu­
bility as a function of the hydroxyl ion concentra­
tion17; (3) solubility as a function of tempera­
ture. 1 7 -2 1

For the first set of data the concentration of cal­
cium hydroxide is m and therefore by substitution 
in the previous equation we obtain

| log yjy = log m +  log/* (7)

Hitchcock22 has reported that a good empirical 
equation fo r /*  in not too concentrated solution is 

-  log/* = Z+Z-Ay.'/i -  B'n (8)

where A and B' are constants, Z+ and Z -  are ab­
solute values of the valences of the calcium and 
hydroxyl ions, and n is the ionic strength. By sub­
stituting this expression for lo g /*  in eq. 7, it is pos­
sible to derive the relationship

log in -  2.1,7A = | log ~  -  BV (9)

This equation was applied to the solubility of cal­
cium hydroxide in sodium chloride solutions at 25° 
as reported by Johnson and Grove15 and to the 20° 
data of Dschorbenadse, Mosebach and Xaken . 16 
By plotting the left-hand side of eq. 9 as a function 
of ionic strength, a curve may be drawn through 
the points which gives y 3 log A/,,/4 as the intercept 
at zero ionic strength. The pKs„ values at 20 and 
25° evaluated in this way are listed in Table I 
(column 2 ).

T a b l e  I  

p K sv V a l u e s
1
°c.

2
Set 1 data

3
Set 2 data

4
Set 3 (lata

5
A verage

20 4.83 5.12 4.99 4.98
25 5.10 5.04 5.07
40 5.30 5.18 5.24

It follows from eq. 6  and 8  that
log K ,p* — 6-Im’A = log A'.„, — 3B’fi (10)

where K sp* is the concentration solubility product, 
Equation 10 may be applied to the

(15) J. Johnson and C . G rove, J . A m . Chcm. Soc., 53, 3976 (1931).
(16) D . Dschorbenadse, R . M osebach and R. N aken, Zement, 31, 

513 (1942).
(17) S. Fratini, A n n . Chem. A p p lica ta , 39, 616 (1949).
(18) R . G . B ates, V. E. B ow er and E. R . Sm ith, J . Research N atl. 

B ur. Standards, 56, 305 (1956).
(19) H. B assett, J. Chem. Soc., 1270 (1934).
(20) R . T . Haslan, G . C alingaert and C . M . T aylor, J . A m . Chem. 

Soc., 4 6 ,  308 (1924).
(21) J. M ellor, “ A Com prehensive Treatise on Inorganic and 

Theoretical C hem istry,”  Vol. I l l ,  Longm ans, Green and C o., New 
Y o rk , N . Y ., 1923, p. 623.

(22) D . I. H itchcock, J. Am . Chem. Soc., 50, 2076 (1928).

data reported by Fratini17 for the solubility of cal­
cium hydroxide in sodium and potassium hydroxide 
solutions at 20 and 40°. The left-hand side of eq. 10 
may then be plotted as a function of ionic strength 
and log K sp is obtained as the intercept at zero ionic- 
strength. In Table I (column 3) the 20 and 40° 
pKsp values are given.

In the third procedure for obtaining K sp values 
all the reported solubility data1 5 -2 1  for calcium 
oxide and hydroxide were first plotted versus tem­
perature. It was obvious immediately that there 
are not large differences in the solubilities reported 
by the many different research workers who used 
samples of various degrees of purity and of crystal­
linity. This indicated that at equilibrium for cal­
cium oxide and hydroxide samples in contact with 
water only one form of crystalline Ca(OH )2  was 
present. By weighting heavily the carefully de­
termined data of Bates, et al.,n a line was drawn 
through the points from 20 to 100°. In Table II the 
data taken from the curve are listed.

It is possible to evaluate the K sp values from 
these solubility data by calculating th e /*  values by 
means of the Debye-Hiickel23 equation useful in 
the concentration range prescribed by the solubili­
ties of the hydroxide. According to the general 
form of the Debye-Hiickel expression

where a, is the mean ionic diameter in angstrom 
units. It was estimated to be approximately four. 
By means of eq. 11 / *  values were evaluated and 
K sp values at temperatures up to 100° were ob­
tained. In Table II the results are summarized. 
As Table I (column 4) illustrates, the pKsp values 
calculated by this method agree fairly well with 
the values derived from the other two sets of data 
by methods in which extrapolations to infinite dilu­
tions were performed.

The average pKip values are thus 4.98, 5.07, 
5.24 at 20, 25 and 40°, respectively (column 5, 
Table I).

Evaluation of the Thermodynamic Functions for 
Solution.— By the least squares method the re­
lationship between In Ksp and temperature was 
computed to be

In Ksp = 17.07 In T -  0.078T -  89.0 (12)

From this equation the standard free energy AF°, 
enthalpy AHn and entropy AS0 changes for the 
solution of calcium hydroxide were evaluated

AF° = -17.07I ir  In T +  0.078RT* +  89.0/77’ {13)
A Ho = 17.67/77’ -  0.078RT2 (14)

AS“ = 17.67R In 7’ -  0.150/77’ -  71.3/7 (15)

At 298°K. the thermodynamic functions are: 
A F °  = 6.81 keal./mole; A H° =  — 3.29 kcal./mole; 
A»S° =  —  34.0 e.u./mole. These values agree fairly 
well with those at 25° estimated by Latimer, 
Schütz and Hicks24 ( A H° =  —3,385 cal.; A F °  = 
6,960 cal.; and A S 1 = —34.7 e.u. per mole). It 
is interesting to note the large decrease in entropy 
which the system undergoes when the calcium and

(23) P . D ebye and E. Huckel, Physik . Z . ,  24, 185 (1923).
(24) W . M . Latim er, P. W . Schütz and J. F . G . Hicks, Jr., .7. A m . 

Chem. S o c ., 55, 971 (1933).
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T a b l e  II
E v a l u a t i o n  o f  p K . v  f r o m  S o l u b i l i t y  D a t a 21 28 a n

° c .
■----- S o lu b i l it v0 /1 .

C a O -----
M o le s /1 . .4

20 0.0211 0 . 0 6 3 3 0 . 5 0 4 0
2 5 . 0 2 0 3 . 0 6 0 9 . 5 0 9 2

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

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

4 5 0 .  i ‘8 4 . 0 1 7 6 .0 5 2 S . 5 2 9 6
5 0 . 9 4 7 . 0 1 6 9 . 0 5 0 7 . 5 3 5 1

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

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

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

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

8 5 . 6 7 8 .0121 . 0 3 6 3 . 5 8 1 4

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

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

100 . 5 6 2 .0100 . 0 3 0 0 . 6 0 5 6

hydroxide species dissolve. This reduction is prob­
ably due to the decrease in randomness of the wa­
ter in the environment of the ions.

Born Haber Cycle for Solution.—The energy 
changes for the solution of calcium hydroxide may 
be represented by a Born-Haber cycle35

f o
C a(O H ).(s)------->■ Ca++(g) +  20H -(g)

L | L + + I + 2 L~
'------> C;i + +a.q +  2()H 'aq <------- (16)

The heat of solution L at 25° is equal to the differ­
ence between the heat evolved on hydration of the 
ions L ++ for Ca + + and L~ for OH“  and the lattice 
energy

E = L~~ T  2L~ — t'o (17)
Since the heat of solution at 25° is equal to —3.29 
kcal./mole and Uo is —562 kcal./mole, then the 
sum of the heats of solutions of the ions is —565 
kcal./mole. The value given by Rice26 for the re­
action

Ca + +(g) +  «HoO(l) = Ca + +aq (18)
is —369 kcal./mole which leaves approximately 
— 98 kcal./mole for the hydration of the gaseous

(2 5 )  F o r  g o o d  d is cu s s io n  se e  O . K . R ic e ,  “ E le c t r o n ic  S tr u c tu r e  a n d  
C h e m ic a l  B in d in g , "  M c G r a w -H i l l  B o o k  C o . ,  N e w  Y o r k ,  N . Y . ,  1910.

d  M e a n  A c t i v i t y  C o e f f i c i e n t s  f ±  ( E q . 6  a n d  11)

B
AYp X  10 

(exptl.)
A'sp x io ->  

(ealed. eq. 12)

0 . 3 2 7 6 0 . 6 4 7 10.2 9 . 9 8

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

. 3 2 9 7 . 6 4 7 8.00 8 . 2 5

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

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

. 3 3 3 0 . 6 5 1 6.00 6.00

. 3 3 4 1 . 6 5 3 5 . 5 2 5 . 3 5

. 3 3 5 3 . 6 5 4 4 . 8 4 4 . 7 4

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

. 3 3 7 9 . 6 5 9 3 . 8 4 3 . 6 9

. 3 3 9 2 . 6 5 9 3 . 2 4 3 . 2 3

. 3 4 0 6 .0 6 1 2.88 2 . 8 2

. 3 4 2 0 6 6 4 2 . 4 4 2 . 4 6

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

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

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

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

hydroxyl ions. This is reasonably close to the
value of —105 kcal./mole offered by Bernal and 
Fowler. 26

The Heat of Neutralization.—The heat of solution 
of calcium hydroxide in hydrochloric acid solution 
at 20° is —30.85 kcal./mole according to Thorvald- 
son and Brown. 27 By means of eq. 14, AH0 is 
found to be —3.02 kcal./mole. Therefore we can 
assume that the heat of neutralization is approxi­
mately — 13.92 kcal./equiv. wt. This value agrees 
very well with the —13.98 kcal./equiv. wt. given 
by Berthelot25 for the heat of neutralization at. 16° 
and with the —13.924 kcal./mole value obtained 
for the heat of neutralization at 2 0 ° of sodium hy­
droxide by hydrochloric acid. 29 It is thus possible 
to conclude that calcium hydroxide is a very strong 
base. Because calcium hydroxide forms solutions 
of only pH 12.5 at room temperature, some chem­
ists regard it as a weak base. The low pH is, of 
course, due to the relatively low solubility of cal­
cium hydroxide.

(2 6 )  J . 1). B e rn a l a n d  R . H . F o w le r , J . Chem. P hys., 1, 515 (1 9 3 3 ) .
(2 7 )  T .  T i io r v a ld s o n  a n d  W . G . B r o w n , J. A m . Chem. See., 5 2 , 80  

(1 9 3 0 ).
(2 8 )  M .  B e r th e lo t ,  Ann. Chim., 4 , 531 (1 8 7 5 ).
(2 9 )  T .  W . R ic h a r d s  a n d  L . P . H a ll,  J. A m . Chem. Soc , 51 , 731 

(1 9 2 9 ).
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THE EFFECT OF OXYGEN ON THE RADIOLYSIS OF SILICONES1
By L. E. S t . P i e r r e  a n d  II. A. D e w h u r s t

General Electric Research Laboratory, Schenectady, Xew York 
Received March 19, I960

The effect of high pressures of oxygen on the radiolysis of hexamethyldisiloxane has been studied. Hexamethyldisiloxane 
was held under an oxygen pressure of ten atmospheres and irradiated with 800 kvp. electrons from a resonance transformer 
unit. Qualitative and quantitative analyses were carried out chemically, by gas chromatography and bjr infrared spec­
troscopy. The over-all effect of oxygen, at 10 atmospheres, was the diminution of the vacuum irradiation products and the 
formation of three major oxygenated products. A marked increase in the total product yield, relative to the vacuum 
irradiation, was observed with the oxygenated products accounting for approximately 70% of the total yield. The oxy­
genated products were concluded to be a carboxylic acid (CH:Osfii-O-SifCHsjjCOjH and two Si-OOC- peroxides, namely 
(CHj)*Si-0-Si(CH*)sCHj-00-Si(CH3)} and (CH:i WSi-O-SifCHLbOOCH,. The chemistry of these products is discussed 
from the point of view of their effect on polymer crosslinking reactions.

Introduction
The effect of oxygen on the radiation chemistry 

of polymers has been the subject of a number of re­
cent publications. 2 Usually the role of oxygen can 
be rationalized as that of a radical trapping agent 
with a resultant diminution in the yield of vacuum 
irradiation products. Indeed in the case of poly­
ethylene it has been possible to inhibit totally the 
formation of carbon-carbon crosslinks by the in­
troduction of sufficient oxygen. 3 The radiation- 
oxidation chemistry of the polydimethylsiloxanes 
has proven to be a somewhat more complex study 
than those on hydrocarbon polymers for a number 
of reasons. First the simple correlation between 
oxygen concentration and crosslinking inhibition 
has not been sustained4 and secondly the fund of 
knowledge available on the radiation and radiation- 
oxidation chemistry of the dimethylsiloxanes is very 
small.

The detailed investigation of the vacuum irradia­
tion of hexamethyldisiloxane given in the previous 
paper5 has afforded a base for a similar study of the 
radiation-oxidation chemistry of the same mole­
cule. The present paper presents the results of this 
investigation and discusses the implication of the 
results to the radiation-oxidat ion of polydimethyl­
siloxanes.

Experimental
Hexamethyldisiloxane samples were irradiated to a total 

dose of 2.9 X 10!l e.v./g. under an oxygen pressure of 10 
atmospheres. The radiation source, dose rates and hexa- 
methvldisiloxano used were described previously as was the 
container used for the high pressure oxygen irraditions.6

In conjunction with the infrared spectroscopy, gas chro­
matography and mass spectrometry methods reported in the 
previous paper,6 certain chemical techniques also were used. 
T h e s e  consisted of treatment of the irradiated samples with 
four reagents: powdered sodium carbonate, powdered
KOH, anhydrous alumina and acidic silica gel. Liquid 
phases remaining after shaking irradiated samples with

(1) Presented at the ldhth meeting of the American Chem ical So­
ciety, A tlantic C ity , Septem ber 1951).

(2) (a) F . A. B o vey, “ Effects of foni/intt R adiation on N a: irai and 
Synthetic High Polym ers,”  Interscience, New Y ork, N. A*., 1958; (b) 
X . B akh, “ International Conference on Peaceful Uses of Atom ic 
E n ergy,”  United N ations, N ew  Y ork, 195ti, Vol. 7, p. 538.

(3) L. E . St. Pierre and H. A . D ewhurst, ./. Chem. Phrj*.. 29, 241 
11958).

(4) Unpublished experiment« b y L. E . St. Pierre, H. A. D ew hurst 
and A. M . Bueche, showed a decrease in the G crosslinking in (M Dj.M ) 
from a value of 2.5 ±  0.4 in nitrogen to a value of 1.1 i t  0.5 in presence 
of 10 atmospheres of oxygen.

(5) H. A. D ew hurst and L. E . St. Pierre, T his J o u r n a l , 64, 10G3
(19fi0).

(fi) H. A . D ewhurst, ibid., 63, 813 (1959).

those solid reagents were mnt.yzed by the previously men­
tioned physical techniques. Semi-quantit,alive iodometric 
analyses7 for peroxides also were performed on certain frac­
tions.

Results and Discussion
The experimental conditions under which the 

oxygen irradiations were carried out severely lim­
ited the extent to which we were able to analyze the 
reaction products. Specifically, a gas analysis 
which is vital to a determination of the stoichiome­
try of a reaction was not obtained due to the diffi­
culties in isolating small yields of product, gases 
from large quantities of reagent oxygen. The dis­
cussion which follows is therefore limited to prod­
ucts exhibiting gas chromatographic retention 
times greater than those of the starting material. 
Furthermore in an analysis of this type one is 
faced with the question as to whether peaks ob­
served on the oxygen product analysis represent 
the same products they did in the case of the 
vacuum products. We have arbitrarily set.t.led 
this question by assigning the vacuum peak identi­
ties to all products exhibiting the identical retention 
times shown hv the vacuum product on both the 
didceyl phthalate and the silicone columns.

Table I shows the relative yields of products for 
vacuum and oxygen irradiations. For the sake of 
simplicity the methyl groups have been removed 
from the structural formulas. The product yields 
are listed in terms of area percentages relative to 
the parent area rather than as (»-values. This 
terminology is necessary since calibrations based 
on the behavior of known products were impossible 
due to the inaccessibility of the oxygenated com­
pounds. It is to be expected however that the 
relative area percentages will be a nearly direct 
measure of the weight percentages of the products, 
and consequently the numbers in Table I can be 
interpreted as a measure of the actual product 
yields. 'File product times cited are the retention 
times at 1 0 0 ° oil the dideeyl phthalate column (2 
meters) while the product assignments are those 
previously arrived at. 5 As in our previous publica­
tion5 the discussion assumes, in all cases, one radia­
tion event per molecule.

Comparison of the total product yields, shown in 
Table I, at the same total dose indicated a marked 
increase when the irradiation was carried out in the 
presence of oxygen. Most of the increased product.

(7) V. R. K okatnur and M . Jelling, J. A m . Chcm. Soc., 63, 1432 
(1941).
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T a b l e  I T a b l e  I I

E f f e c t  o f  O x y g e n  o n  P r o d u c t  F o r m a t i o n  

Energy absorbed = 2.9 X It)21 e-v./g.; oxygen pressure = 
10 atmospheres

Product,
min. Assignm ent

R elative
Vacuum

area %  
O,

4.9 C’HsCH.SiOSi 1.2 0.9
7.f> .SiOSiOSi 0.65 0.4
9 5 Oxidation product 2.4

11.5 Oxidation product 4.7
23.7 SiOCH.SiOSi .3 1.5
31.6 SiOSi-SiOSi .7 0
35.5 Oxidation product 0.6
65 SiOSiCH2SiOSi 1.5 .3
79.5 SiOSiCH2CH2SiOSi 0.4 0

C h e m i c a l  B e h a v i o r  o f  O x y g e n  I r r a d i a t e d  I I e x a m e t h y l -

DIS1LOXAXE
Energy absorbed = 2.9 X 102; e.v./g.; oxygen pressure = 

10 atm.
R elative area. 07 /0

Product,
min.

Un­
treated

N aiC O i,
10 min. K O H ALO ,

A cidic
SiO*

0 . 5 2.4 0 . 7 0 .0 0 0
1 1 . 5 6 . 0 5 . 8 . 0 2 . 7 6 . 25
3 5 . 5 0 . 6 0 . 5 0 0 . 4 0

I R :  A s.8m . 3 7 0 . 0 8 0 . 0 4 0 . 0 7 0 . 0 6

Ag.35M . 1 5 0 0 0 0
la t iv e  peroxide 
titer 1.00 0 . 7 0 0 0 . 4 0 0

yield, however, can be accounted for by the pres­
ence of three new products which comprise approxi­
mately 70% of the total yield.

With the singular exception of the 23.7 minute 
product all of the vacuum yields are diminished in 
the oxygen irradiation. Xo definite pattern is dis­
cernible however as the 5.0 and 7.0 minute products 
are only moderately affected while the 65 minute 
dimer is greatly diminished and the other dimers 
entirely eliminated. It is noteworthy however 
that in the very low temperature irradiations the
23.7 and 79.5 minute products were the only ones 
unaffected. The (pentamethyldisiloxanyl)-methyl 
radical is present in both, and with the acquisition 
of a good product balance in the future, some firm 
correlation based on this fact may be possible. The 
oxygen effect on the remainder of the products is 
quite similar to that observed during low tempera­
ture irradiation.5

The simple “ known compound” analytical tech­
nique used in the vacuum irradiation analyses was 
not possible in the present study due to the vast 
number of oxygen products possible. For this rea­
son a combination of chemical and physical tech­
niques was used.

The liquid products were treated with several 
solid reagents as described in the experimental sec­
tion. The roles of these solid reagents were: 
Na2C 03—remove strong acids; KOH—remove 
weak acids and react wfith base sensitive compo­
nents; AI2O3—remove active hydrogen compo­

titer. These results suggested that the 9.5 minute 
product was a carboxylic acid. This inference was 
substantiated by the observation that pyrolysis of 
the products yielded carbon monoxide. Benkeser 
and Severson9 have observed carbon monoxide as a 
decomposition product from the pyrolysis of tri- 
phenylsilylcarboxylic acid.

The position of the peak on the chromatogram 
suggested the product to be a molecule containing 
not more than two silicon atoms. The only product 
meeting all of these requirements was (CH^a- 
SiOSi (CH3)2COOH.

11.5 and 35.5 Minute Products.—The 11.5 and
35.5 minute products exhibit exactly the same 
chemical properties; hence they are discussed to­
gether.

The following facts, contained in Table II, sup­
port the conclusion that these products are perox­
ides: ( 1 ) their presence or absence can be related 
to the change in peroxide titer.

(2) They are removed by strong base as would be 
predicted from the observations of Buncel and 
Davies10 on the chemical reactions of silicon per­
oxides.

(3) They are partially removed by weakly acidic 
aluminum oxide but are completely removed by 
strongly acidic silica gel. Such acid sensitivity is 
characteristic of peroxides. 11 Five types of per­
oxides are possible as radio-oxidation products from

hexamet.hyldisiloxane. They are -SiOOH,

nents, e.g., —SiOH; acidic SiOc—react with acid
I

sensitive components.
Table II shows the effect of these reagents on the 

amounts of the oxygen products remaining after 
an irradiation sample had been treated with each 
of them. Infrared absorptions and relative iodo- 
metric peroxide titers are also listed. The chemical 
behavior of the individual products and the conclu­
sions to be drawn are discussed below.

9.5 Minute Product.—The 9.5 minute product 
can be seen to have reacted with the weak base, 
with the strong base, and was removed by alumina 
and silica. The infrared absorptions at 5.8 and
8.35 /i characteristic of carboxylic acids8 were 
greatly decreased when only this peak was mark­
edly decreased. A marked decrease in this peak 
could not be related to the change in the peroxide

(8) L . J. B ellam y, “ T h e Infrared Spectra of Com plex M olecules,”  
John W iley and Sons, Inc., N ew  Y o rk , N . Y ., 1958.

! ! I I I I !
-COOH, -COOC-, -SiOOSi-, and -SiOOC-. Se­

lection from among these possibilities was made in 
the following way: (a) The 11.5 and 35.5 minute 
products were not entirely removed by the active 
hydrogen scavenger aluminum oxide. Therefore

the hydroperoxides -SiOOH and -COOH were

eliminated, (b) Hexamethyldisilyl peroxide was 
synthesized and a dilute solution in hexametnyldi- 
siloxane prepared. Treatment of this solution with 
acidic silica gel resulted in only a 2 0 %  decrease in 
peroxide concentration. Since the 11.5 and 35.5 
minute products were almost completely removed

(9) R . A . Benkeser and R . G . Severson, J. A m . Chem. Soc.. 73, 1424 
(1951).

(10) E . Buncel and A. G. D avies, J. Chem. Soc., 1556 (1958).
(11) A. V. T obolsky and R. B. M esrobian, “ Organic Peroxides,”  

Interscience Publishers, New Y o rk , N . Y ., 1954.
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by the identical treatment, the possibility of it be-
I !

ing a disilyl peroxide, -SiOOSi-, was discounted.
I !

1 . I
Thus two possibilities remain, -SiOOC— and

1 .
-COOC-. The latter was not considered a likely

1 . 1 .
choice since marked base sensitivity to this type of 
peroxide is rare. 11 However exclusion cannot be 
made on this basis. The positions of these two 
products on the gas chromatogram make possible 
the differentiation we seek. Based on the product 
retention times the 11.5 minute product is con­
cluded to contain two silicon atoms and the 35.5 
minute product three silicon atoms. Consideration 
of all the possible peroxides containing two silicon 
atoms shows that both types under consideration 
are possible for the 11.5 minute product. The 
same condition does not hold for the three silicon

I I
35.5 minute products, where only the -S i-O -O -C - 

, • • ' 1 1type product is possible. Since the two products 
exhibited identical chemical behavior, we conclude 
they are both of this type. Only two peroxides 
meet all requirements, namely, (CH3)3SiOSi(CH3)2- 
OOCH3 which must be the 11.5 minute product and 
(CH3)3SiOSi(CH3)2CH2OOSi(CH3 )3 which must be 
the 35.5 minute product.

Conclusions
The mechanism of formation of two of the three 

main oxidation products can be explained on the 
basis of the trapping of primary radicals by oxygen.

The primary radicals possible from a single event 
per molecule are

(CHj ):lSiOSi( CH:i).: ■ +  CH3
( a )  ( b )

(CH3)3SiOSi( CH3);, ■> (CH3):,Si()Si(CH:,);CHo- +  H-
(c) (d)

(CHa)aSiO- +  (CH3)3Si- 
(O (f)

The formation of the 11.5 minute product can 
take place by the trapping of a methyl radical (b) 
and a pentamethyldisiloxanyl radical (a) by an 
oxygen molecule to give (CH3)3SiOSi(CH3)2- 
OOCH3. The 35.5 minute product can be formed 
by the trapping of a trimethylsilyl radical (f) and a 
(pentamethyldisiloxanyl)-methyi radical (c) by

oxygen to give (CH3)3SiOSi(CH3)2CH2OOSi(CH3)3. 
The formation of the 9.5 minute product probably 
proceeds by the sequence 
(CH3)3SiOSi(CH3);CH,- +  (>, — >

(CH3 )3Si< )Si( CH3 hCH«0. •
(CH3);,Si< )Si(C'H:,)oCHj< ),----- >

(CH3)3SiOSi(CH3)..CH() +  OH 
(I)

The aldehyde, I, or its precursor is then rapidly 
oxidized to the acid product. In any event, the 
formation of the acid from the simple radical re­
quires more than one oxidation event. The possi­
bility that the acid is formed by some other radical 
or ionic mechanism cannot be excluded. Support 
for the radical mechanism, however, is found in the 
fact that the proposed participating radical is 
generated in high yield (G =  2 .8 ) in the vacuum ir­
radiation. Similarly the hypothesis that the penta­
methyldisiloxanyl radical is an intermediate in the 
formation of the 11.5 minute product is supported 
by the observation that this radical also is generated 
in high yield in the vacuum irradiation.

That some dimer should form, even under the 
strenuous oxidative conditions employed, is pos­
sibly indicated by our previous findings4 and by 
those of Miller1- who was unable to reduce the G 
crosslinking in polydimethylsiloxanes below 25% 
of the nitrogen value under similar conditions. The 
small yield of residual dimer observed is, however, 
insufficient to account for all of the crosslinking ob­
served by Miller. It is probable that decomposi­
tion or rearrangement of the oxidation products ac­
counts for the remainder of the crosslinking. In­
deed one very probable contributor is the acid (the
9.5 minute product) which, according to the ob­
servations of Benkeser and Severson9 could de­
compose to form a cross-link.
(CHj )3Si< )Si( CH3 )2CO-jII — >

(CH3)3SiOSi(C’H3)3()II +  CO
2(CH3)3Si()Si(CH3)3OH — >

(CH3)3Si()Si(CH3)3OSi(CH3)2()8i(CH3)3 +  H,0
Certain oxygen effects, such as inhibition to re­

combination reactions, invite comment at this time 
but require a more detailed quantitative study be­
fore they can be properly handled.

Acknowledgment.— We are indebted to J. S. 
Balwit- for performing the irradiations and to 
A. A. Miller and S. W. Kantor for many helpful 
discussions.

(12) A. A. M iller, A .A .A .S . Sym posium  on Chem ical Effects of High 
E nergy Radiation (W ashington, 19,58) .



August, 1960 R a d i a t i o n  C h e m i s t r y  o f  H e x a m e t h y l d i s i l o x a x f . 1003

RADIATION CHEMISTRY OF HEXAMETHYLDISILOXANE, 
A POLYDIMETHYLSILOXANE MODEL1

By H. A. D e w h u r s t  a n d  L. E. St. P i e r r e

General Electric Research Laboratory, Schenectady, Xete York 
Received M arch JO, I960

A detailed analysis has been made of the products from the 800 kvp. electron radiolysis of hexamethyldisiloxane. The 
yields of volatile products were established as G(H») = 0.7, G(CH4) = 1.4 and <?(C>Hc) = 0.4. These yields were decreased 
by only 50% in the presence of high iodine concentrations indicating a significant contribution by molecular-like processes. 
The non-volatile liquid products were examined by gas chromatography, and classified into low molecular weight, intermedi­
ate molecular weight and dimer with the yields, 0.5, 1.8 and 1.8 molecules/100 e.v., respectively. The results are discussed 
in terms of free radical and molecular-like reactions and their pertinence to radiation effects in polydimethylsiloxanes in­
dicated.

Introduction
It has been shown by a number of workers that 

the organopolysiloxanes are crosslinked on exposure 
to high energy radiations. 2 - 4  Recently a precise 
determination of the crosslinking efficiency has 
been reported. 5 The nature of the crosslinks have 
been only partially elucidated by studying the ra­
diolysis of hexamethyldisiloxane and octamethylcy- 
clotetrasiloxane.6 To obtain a more complete 
understanding of the radiation chemical processes 
occurring in polydimethylsiloxanes, it was neces­
sary to determine the total chemistry which oc­
curred in a model system. We chose hexamethyldi­
siloxane as a model compound for the polydimethyl 
system and were able to study the nature of the 
products formed by gas chromatography and mass 
spectrometry. The pertinence of these results to 
the polymer system are discussed.

Experimental
Degassed or nitrogen purged samples were irradiated with 

800 kvp. electrons from the General Electric Research 
Laboratory resonant transformer unit. A specially designed 
high pressure cell" was used which enabled irradiations to be 
made up to 10 atmospheres pressure of nitrogen. To estab­
lish the effect of product gases, experiments were carried 
out separately under 10 atmospheres pressure of hydrogen 
and of methane. Dosimetry was based on ionization cham­
ber measurements and checked independently by chemical 
methods.

The hexamethyldisiloxane used had been purified by 
distillation and shown by gas chromatography to be of high 
purity.

Product identification and analyses were based on a com­
bination of gas chromatography, infrared and mass spectrom­
etry. Identification of products by gas chromatography 
was based on retention time studies of known compounds 
on two different columns, namely, didecyl phthalate and a 
silicone column. For quantitative determination of prod­
ucts a calibrated two meter didecyl phthalate column was 
used. Gas analyses were performed as previously de­
scribed.7 The formation of Si-II bonds was determined 
by infrared measurements at a wave length of 2150 cm.-1 
as described by Bueche.4

Results and Discussion
Gas Products.—The volatile products (at —120°)

(1) Presented at the 130th meeting of the Am erican Chem ical 
Society, A tlan tic C ity , Septem ber, 1959.

(2) (a) E . J. Law ton, A. M . Bueche and J. S. B alw it, X atu re, 17 2 , 7G 
(1953); (b) A. Charlesby, Proc. R oy. Soc. {London), A 2 3 0 , 120 (1955).

(3) E. L . W arrick, Ind. E ng. Chcm., 4 7 , 2388 (1955).
(4) A . M . Bueche, J. Polym er Sci., 19, 292 (1956).
(5) W . Barnes, H. A . D ew hurst, R. W . K ilb  and L. E. St. Pierre, 

ib id ., 3 6 , 525 (1959).
(6) S. W . K antor, A bstract N o. 55-0, A m . Chera. Soc. M eeting, 

Septem ber, 1956.
(7) H. A . D ew hurst, T h i s  J o u r n a l , 63, 813 (1959).

from vacuum irradiated samples were hydrogen, 
methane and ethane with the following yields, 
G(Hj) =  0.7, G(CH4) =  1.4 and G(C2H6) = 0.4 
molecules AOO e.v. The relatively high yield of 
methane is of interest since the mass spectral 
fragmentation pattern of hexamethyldisiloxane 
shows that the most abundant positive ion results 
from loss of a methyl group. The ratio of hydro­
gen to methane is in fair agreement with Warrick’s 
results with octamethylcyclotetrasiloxane; how­
ever the ratio of ethane to methane is about four 
times that reported by Warrick. 3 It is conceivable 
that the discrepancy in the ethane-methane ratio 
could be due partly to the fact that different start­
ing materials were used and partly to a dose rate 
effect since the dose rate in the electron beam experi­
ments was approximately 2000 times that in War­
rick’s 7 -ray experiments.

In the presence of iodine (^ lO - 2  M) the total gas 
yield was decreased by approximately one-half; 
the yield of hydrogen and methane was 0.4 and 0.70 
molecules/100 e.v., respectively. These results are 
similar to those observed with liquid alkanes8 
where it was concluded that a significant fraction 
(0.60) of the hydrogen yield is formed by molecular 
processes.

Liquid Products.—A gas chromatogram, obtained 
at 1 0 0 ° on a 2 -meter didecyl phthalate column, of 
the non-volatile products is shown in Fig. 1 . The 
product assignments shown in Fig. 1 were in general 
based on a comparison of the retention times of the 
observed peaks with the retention times of 
known compounds. The assignments were further 
checked by determinations of the retention times at 
different temperatures. Since a standard sample 
for the 23.7 min. product (a-trimethylsiloxyhexa- 
methyldisiloxane), was not available, its identity 
was established indirectly. The position of this 
product peak on the chromatogram established it 
as a 3-sikcon atom compound of which only four 
possibilities can be derived from hexamethyldi­
siloxane. Two of these possibilities are present and 
identifiable as the 7.6 (octamethyltrisiloxane) and
2 1 .5 [(trimethylsilylmethyl)-pentamethyldisiloxane] 
minute products. A third possibility would require 
a product containing an Si-Si bond. This possi­
bility was ruled out since treatment with bromine 
did not affect the 23.7 minute product whereas the
31.6 minute, which had been established as the Si- 
Si dimer fl,2 -bis-(trimethylsiloxy)-tetramethyldi-

(8) H; A; D ew hurst. ibid,, 62, 15 (1958).
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Fig. l.—Gas chromatogram of irradiated hexamethyldisiloxane: column, didecyl phthalate, temperature 100°.

Fig. 2.—Formation of products from radiolysis of hexa- 
methyldisiloxane.

Fig. 3.—Formation of dimer products from radiolysis of 
hexamethyldisi loxane.

silane], was completely removed. The only re­
maining possibility, a-trimethylsiloxyhexamethyl- 
disiloxane, was assigned the 23.7 minute product as 
shown in Fig. 1. In addition to the products

shown in Fig. 1, gas chromatograms obtained at 
50° showed small amounts of tetramethylsilane 
and pentamethyldisiloxane.

The formation of the more abundant products 
was studied as a function of the energy absorbed 
and the results are shown in Figs. 2 and 3. The 
relative area per cent, was obtained by planimeter 
integration of the peak areas on the gas chroma­
togram. In all cases shown in Figs. 2 and 3, it 
was found that the amount of product formed was 
linear with total energy absorbed up to approxi­
mately 6  X 1021 e.v./g. By suitable calibration 
with known samples, the relative area per cent, was 
readily converted to weight per cent. Thus from 
the initial slopes of such curves the initial G-values 
were obtained and are given in Table I. For the 
sake of simplicity the methyl groups have been re­
moved from the structural formulas.

T a b l e  I

Y ields of X on-volatile Products from R adiolysis of 
H examethyldisiloxane

Vacuum (nitrogen) irradiated
Peak, a (25»), a ( - 1 9 5 ° :
min. Assignment molecules/100 e.v.

Low molecular weight products
1.0 Si-CHi 0.2 0.4
2.0 SiOSi-H 0.3 0.1

Intermediate molecular weight products
4.0 Si-Si T race Trace

SiO—II Absent 0.1
4.9 SiOSiOHc-CIT 1 .1 0.5
7.0 SiOSi-OSi 0.5 0.3

21.5 SiOSiCHa-.Si Trace T race
23.7 SiOSiGHs-OSi 0.2 0.2

Dimer products
31. G SiOSFSiOSi 0.5 Absent
65 SiOSiCHii-SiOSi 1.0 0.4
79.5 SiOSiCHa-CHjSiOSi 0.3 0.3

The liquid products have been classified into 
low molecular weight, intermediate molecular 
weight and dimer products. The yield of low mo­
lecular weight liquid products was approximately 
0.5 molecules/100 e.v. and consisted of about 
equal amounts of tetramethylsilane and pen- 
uamethyldisiloxane. The intermediate molecular 
weight products were mainly ethylpentamethyldi- 
siloxane (G =  1 .1 ), octamethyltrisiloxane (G =  0.5) 
and a-trimethylsiloxyhexamethyldisiloxane (G = 
0.2). The dimer products formed were 1,2-bis-
(trimethylsiloxy)-tetramethyldisilane (Q =  0.5),
bis-(pentamethyldisiloxanyl)-methane (G =  1.0) 
and 1 ,2 -bis-(pentamethyldisiloxanyl)-ethane (G = 
0.3). Infrared analysis of the irradiated liquid
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established the formation of Si-H bonds with an 
initial yield of about G =  0 .6 . This yield cor­
relates fairly well with the small amount of penta- 
methyldisiloxane shown in Table I. Similar yields 
of Si-II bonds have been observed with polydi- 
methylsiloxanes. 4

On the basis of the gas yields and t he data in 
Table I, material balances for hydrogen and 
methyl groups have been derived. These results 
are summarized in Table II. It is of interest to 
note that in both the hydrogen and methyl bal­
ances more gas has been evolved than can be ac­
counted for from the observed products. The 
major contribution to these small differences can be 
attributed to the formation of post-dimer prod­
ucts which were not observed by the gas 
chromatography analysis. The amount of post­
dimer product was obtained by simple residue de­
terminations corrected for the dimer content of the 
residue by gas chromatography. The nature of the 
residue is unknown; it may result from rear­
rangement of difunctional products. An attempt 
to account for all the products which result from 
ultimate cleavage of the S i-0  bond have not been 
successful. There are more (CH3)3SiO fragments 
than Si(CH3) 3 fragments in the observed products. 
The reason for this is not clear; however, part of 
the explanation may be the formation of post­
dimer products.

T a b l e  II
M a t e r i a l  B a l a n c e  f o r  R a d i o l y s i s  o f  H e x a m e t h y l d i -

SILOXANE

Hydrogen balance Methyl balance
G(H-release) = 2 .8  GfCHr-release) = 2 .8
G(H-uptake) = 3.1 G(CHs-uptake) = 3.3
To determine the effect of product gases, samples 

of hexamethyldisiloxane were irradiated in the 
presence of ten atmospheres of hydrogen (electro­
lytic grade) and methane (Matheson). No signifi­
cant change in the yields of the non-volatile prod­
ucts was observed.

Effect of Temperature.—The product yields ob­
tained on irradiation at liquid nitrogen temperature 
(crystalline solid) are shown in Table I. Com­
parison of these yields with those obtained at room 
temperature shows some very interesting differences. 
In most cases the product yields decreased on irra­
diation at liquid nitrogen temperature; however, 
the yield of tetramethylsilane actually doubled. It 
is of interest that the total yield of low molecular 
weight product was unchanged whereas the total 
yield of intermediate and dimer products was es­
sentially decreased by one-half at liquid nitrogen 
temperature. These results are in striking con­
trast with the alkane system where it was found 
that the intermediate product was eliminated on 
irradiation at liquid nitrogen temperature. 8 It 
is also of interest to note that the two major in­
termediate products (4.9 and 7.6 minutes) were 
decreased by only 30% even in the presence of 
ten atmospheres of oxygen. 9 The 65 minute dimer 
product was suppressed by low temperature irra-

(9) L. E. St. Pierre and H. A. Dewhurst, T his J o u r n a l , 64, 10G3 
(1900).

diation to about the same extent observed in 
the presence cf oxygen. 9 The 31.6 minute dimer 
product is absent both at low temperatures and in 
the presence of oxygen9 whereas the 79.5 minute 
dimer product is eliminated by oxygen9 but unaf­
fected by low temperatures. Another important 
difference was the formation of a small yield of t.ri- 
methylsilanol by low temperature irradiation, a 
product which was not observed at room tempera­
ture. These results suggest that both radical and 
molecular-like reactions are important in the radi­
olysis of hexamethyldisiloxane.

Conclusion
The observed products can be accounted for on 

the basis of the following simplified reaction scheme. 
In this scheme it is assumed that only one radiation 
event can occur per molecule. Primary cleavage 
of the three different bonds in hexamethyldisiloxane 
lead to the processes 
(CH3 ):!SiOSi( CH3 >3

r--------- (CH3)3SiOSi(CH3)r +  CHr (U

— — ---- - (CTLbSiOSKCHrT-CHi +  H- (2)
------------ (CH3),SiO- +  -Si(CH3)3 (3)

Although subsequent recombination reactions of the 
various fragments can qualitatively account for the 
observed products, it is evident from the results 
that a consideration of only random recombination 
of radical fragments cannot explain all the observa­
tions. The results indicate that the 4.9 and 7.6 
minute produces are to a large extent formed by 
molecular-like processes. These products cannot 
be formed by a simple bimolecular process involving 
excited molecules because of the non-equivalence of 
the conjugate product in each reaction; that is the
4.9 and 2.0 minute products should be formed with 
the same yield, similarly the 7.6 and 1.0 minute 
products should be formed with the same yield. 
It is conceivable that ion-molecule reactions could 
explain some of these observations.

On the basis of the present results with a model 
compound it is concluded that the cross-links 
formed in the radiolysis of polydimethylsiloxanes 
are of the type Si-CTI2-Si, Si-Si and SiCH2CH2Si 
in the ratio of 2/I/O .6 . The ratio of SiCI42Si ~o 
Si-Si type cross-links is in good agreement with the 
results of Kan tor6 and of Bueche4; however, these 
authors did not observe the formation of SiCH2CH2- 
Si type cross-links. The results of the model com­
pound study show that silethylene cross-links make 
an important contribution to the total cross-linking 
efficiency. The results of the model study also indi­
cate that an appreciable amount of main chain scis­
sion and branching can occur in siloxanes. The 
small amount of siloxane cleavage observed in the 
model study is in accord with the recent results of 
Kilb . 10
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(10) R. W. Kilb, ib id ., 63, 1838 (1959).
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HEATS OF SOLUTION IN LIQUID AMMONIA AT 25'01
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Received M arch 23, 1960

Heats of solution at 25° of water, methylamine and several salts in ammonia, and of potassium iodide in methylamine 
have been measured, mostly at mole ratios of 200 to 16,000. Heats of dilution of the salts in ammonia are very large, some 
ten times the calculated limiting Debye-Huckel slope for 1-1 electrolytes, and are nearly independent of valence type and 
ionic size. Heats of dilution of non-electrolytes are not detectable.

Introduction
Many measurements of heats of solution in 

liquid ammonia have been reported. 2 - 1 4  With the 
single exception of the measurements of Chall and 
Doepke14 with NaCl at 20° these measurements 
have been performed at the normal boiling point of 
ammonia, —33°, using vaporization calorimeters 
wherein the major portion of the heat effect is 
measured by observing the amount of ammonia 
vaporized at constant temperature. The inherent 
difficulties of this method limit the attainable pre­
cision.

In particular, the increasing uncertainty asso­
ciated with measurements of heats of solution at low 
concentrations has resulted in few heats being 
measured at mole ratios (ammonia/solute) greater 
than 1 0 0 0 , and none are sufficiently accurate to 
permit detection of heat effects due to dilution at 
mole ratios greater than 500. Using the dielectric- 
constant data of Grubb, Chittum and Hunt16 and 
the Debye-Huckel theory the limiting slope of 
the relative apparent molal heat content of a 1 -1  
electrolyte at 25° is calculated to be

-y-7- = 2.3 kcal./mole_I/2 liter1/!d y/C
The uncertainty of this number is fairly large, per­
haps of the order of 2 0 %, but it may be compared 
with a corresponding value of 0.47 kcal. mole-1/! 
liter' / 2 for water. Although measurement of heats 
of dilution at the extreme concentrations that have 
been attained in work with aqueous solutions 
would be extremely difficult, it seemed possible to 
make measurements of reasonable precision at mod­
erate dilutions in order to achieve a better under­
standing of ionic solutions in this “ water-like”  sol­
vent.

(1) This work was performed under the auspices of the U. S. A tom ic 
Energy Commission.

(2) C . A. K raus and J. A . R idderhof, J. A m . Chem. Soc., 56, 79 
(1934).

(3) C . A . K raus and R . F . Prescott, ibid., 56, 86 (1934).
(4) C . A. Kraus and F. C . Schm idt, ibid., 56, 2297 (1934).
(5) F. C . Schm idt, J. Sottysiak and H. D . K luge, ibid., 58, 2509 

(1936).
(6) F . C . Schm idt, F. J. Studer and J. Sottysiak , ibid., 60, 2780 

(1938).
(7) F. C . Schm idt, J. Sottysiak , E. T ajkow ski and W . A . Denison, 

ibid., 63, 2669 (1941).
(8) E . H ennelly, D. K . Stevens, M . W arren, PI. Zuhr, J. Sottysiak 

and F . C . Schm idt, ibid., 69, 1025 (1947).
(9) H. D. M ulder and F. C . Schm idt, ibid., 73, 5575 (1951).
(10) L . V. C oulter and R. H. M ayb u ry, ibid., 7 1 , 3394 (1949).
(11) L . V. C oulter and L, M onchick, ibid ., 73, 5867 (1951).
(12) S. P . W olsky, E . J. Zdanuk and L . V . Coulter, ibid., 74, 6196 

(1952).
(13) L. V. Coulter, T h i s  J o u r n a l , 57, 553 (1953).
(14) P . C hall and O. D oepke, Z , Elektrochem., 37, 357 (1931).
(15) H. M . Grubb, J. F. C hittum  and H. H unt, J. A m . Chem. S oc., 

58, 776 (1936).

Because of the large and uniform dilution heats 
which we observed in ammonia for several salts, 
one series of measurements of the heat of solution 
of potassium iodide in monomethylamine was per­
formed. Dielectric constant data for this solvent 
are not adequate to estimate the Debye-Huckel 
limiting slope. The heats of solution of the non­
electrolytes water and methylamine in ammonia 
also were measured.

Experimental
With the use of the sealed-bomb calorimeter previously 

described16 it is possible to measure reaction heats at 25° in 
ammonia nearly as easily and precisely as in water. Two 
bombs, IB16 and ID, were used in this work. Bomb ID 
is similar to IA16 but is made of coinage gold instead of gold- 
plated copper for greater corrosion resistance. The free 
internal volumes of the bombs were 628 and 648 ml., 
respectively. Bomb IB was loaded with about 400 ml. of 
ammonia and ID with about 540 ml.; the magnitude and 
uncertainty of one of the heat-correction terms described 
below is decreased by decreasing the vapor space.

Auxiliary equipment was essentially as previously de­
scribed; a platinum resistance thermometer was used for 
most measurements. The accuracy of the measurement 
of integral heats of solution at high dilutions was limited 
by the useful thermometric sensitivity of about ±1  X 10-4°, 
which corresponds to about 50 cal. mole-1 at a mole ratio 
ratio of 16,000. In one series of runs a thermistor was used 
with calorimeter ID to permit measurements at lower con­
centrations; the instrumental combination is designated 
IDT. The thermistor, a glass-enveloped bead with a 
resistance of about 2000 ohms, -was used as a two-lead dif­
ferential thermometer with the G-2 Mueller bridge, an aux­
iliary decade box being inserted in the adjacent arm. Un­
balance was detected with a Liston-Becker breaker-ampli­
fier and a recorder, as before; the combination proved to 
have a useful sensitivity of about 2 X 10-5°.

The solute samples were enclosed in thin-walled spherical 
bulbs blown on Pyrex tubing. Adequate thinness of wall 
was judged by listening to the sound produced by gently 
bouncing the bulbs on a bench top. The bulbs were then 
sealed off and tested at an external pressure of 15 atmos­
pheres for a few seconds before being opened, cleaned, 
filled and sealed under vacuum. Of the bulbs thus selected 
few if any failed upon exposure to the vapor pressure of 
ammonia at 25° (10 atmospheres) for several hours, and 
only about 20% failed to break under the action of the spring- 
loaded hammer. The external volumes of the filled and 
sealed bulbs were measured with a pycnometer and the in­
ternal volumes calculated from the gross weight, sample 
weight, and density of Pyrex. All weighings were corrected 
to vacuum.

The valve on the bomb was replaced by a Pyrex tube 
terminating in a flange sealed to the bomb with a gasket and 
retaining nut. After being assembled with sample, the 
bomb was attached to a vacuum line and evacuated to 
about 10“5 mm. overnight. Ammonia (Matheson, anhy­
drous grade, claimed minimum purity 99.99%) was treated 
with a small amount of sodium and distilled into the bomb, 
a Dry Ice-acetone-bath being used around the bomb and 
the ammonia pot being warmed as required to maintain a 
pressure of about 2 atmospheres; the pressure was lowered 
briefly to slightly below one atmosphere while the Pyrex 
tube was sealed off close to the bomb. Monomethylamine

(16) S. R . Gunn, Rev. Sci. Insir., 2 9 , 377 (1958).
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(Matheson, claimed minimum purity 96.5%, principal 
impurities di- and trimethylamine and ammonia) was dried 
with lithium and loaded in the same manner. The amount 
of solvent used was determined to about ±  0.5% after 
the run by weighing the bomb before and after removal of 
the solvent .

XaCl, Kf and Ba(NOs) were reagent grade, oven-dried 
at 120° and cooled in a desiccator; XH4C1, XH,I and HgL 
were reagent grade, dried under vacuum at 90°; Csl was 
Harshaw crystal containing 0.04% Tl. Methylamine was 
treated as above and distilled into sample bulbs; water was 
deaerated by repeated freezing and pumping of the bulbs 
before sealing off.

Lanthanum iodide was prepared by treating 10.4 g. of 
La20 3 with 100 g. of NH4I in a helium atmosphere at about 
350° for 65 hours. The system then was evacuated and the 
excess NH4I sublimed away. The material was about 99% 
soluble in water, indicating a low oxide or oxyiodide con­
tent. An attempt was made to purify the salt by dissolu­
tion in ammonia and filtration; however, when ammonia 
was condensed on the solid, it expanded prodigiously with a 
large evolution of heat and was still solid after about 30 
moles of ammonia per mole of Lal3 had been added. Am­
monia was then pumped off the material for several days at 
room temperature; at the end it exhibited an ammonia 
pressure of about 15 m- Analysis by ignition to La20 :i, 
precipitation of Agl, and Kjeldahl approximated closely 
the formula LaIr6NH3: La, 22.47% (theo. 22.34%);
I. 60.80% (theo. 61.23%); XH3, 15.92% (theo. 16.43%). 
This material was more satisfactory for heat, of dilution 
studies than LaL, since the total heat of solution of the latter 
would be much larger.

The corrections necessary to calculate the molar heat of 
solution, AH, from the observed heat of reaction, q„i„, are 
indicated in the equation

__  Q»bs yiiam ~t~ /̂v.Lii (?c"ml  ̂ j

where n represents the moles of solute.
The term q\,am is the energy released by the hammer spring 

in the bulb-breaking operation. From the force constant 
of the spring and its change of length, this is calculated to be 
0.007 cal., which is barely significant only for runs in calorim­
eter IDT.

The term r/Vfl|, is the absorption of heat associated with 
volatilization of the amount of solvent required to saturate 
the increased volume of the vapor phase when the evacuated 
sample bulb is broken. With the use of data from the 
International Critical Tables, it may be calculated that when 
a bulb of 1% ml. internal volume is broken the vapor vol­
ume increases by 1.0131%, the liquid volume decreases by 
0.013Fb, and 0.007891% g- of ammonia are vaporized with 
the absorption of 2.2001% cal. However, there is also a 
P V thermal effect due to expansion of gas into the initially 
vacant space as noted, for example, by Guderjahn, et a/.17; 
this results in the production of 0.2401% cal. Hence, lor 
ammonia

qvap = 1.9601% cal. (2)
Experimental checks of this quantity, by breaking empty 
bulbs of 2.94, 2.90, 3.59 and 12.01 ml., gave, respectively, 
1.98, 1.94, 1.96 and 1.955 cal. ml.-1. A similar calcula­
tion for monomethylamine gives 0.7571% cal. for r/v„ 
checks with bulbs of 6.73 and 11.60 ml. gave results of 0.780 
and 0.778 cal. ml.-1.

The volume used in calculating qvw for runs with salts is 
the total internal volume of the sample bulb; the volume 
of the salt is neglected since it is assumed that the volume of 
the solution is the same as that of the pure solvent. The 
data of Ritchey and Hunt,18 indicate that this is nearly true 
for ammonium chloride solutions. In the runs with water 
and methylamine in ammonia, it is assumed that the volumes 
are additive; hence the free internal volume of the bulb, 
exclusive of the sample volume, is used for 1%. With 
these volatile solutes, a correction is also applied to reduce 
the vapor in the bulb to the liquid state.

The value of the constant in equation 2 is well estab­
lished and the error associated with this correction term 
is negligible. Sample bulb volumes were usually about 3 
ml., except where larger ones were needed to contain the

(17) C . A . Guderjahn, el al., J. Chem. P h ys., 28, 520 (1958).
(18) II. W . R itch ey and H. Hunt, T his J o u r n a l , 43, 407 (1939).

larger samples, and in the case of calorimeter IDT where 
bulbs of about 0.5 ml. were used.

The term represents the heat produced by condensa­
tion of ammonia due to the reduced vapor pressure of the 
solution. Its value for ammonia solutions is given by the 
expression

7c.,„,i = 0.00289ApI% (3)
where is in calories, Ap is the vapor pressure depression 
in cm., and 1\ is the volume of the vapor phase in the bomb.

Accurate experimental data for vapor-pressure lowerings 
in dilute solutions in ammonia are available only for XII4- 
C1 solutions18; accordingly, these were used for all salt 
solutions. Under the conditions used in calorimeter IB, 
the correction is roughly 50 cal. mole-1 at, a mole ratio of 
500 and 80 cal. mole-1 at, a mole ratio of 16,000. The value 
of the correction on a mole basis is directly proportional to 
the volume of the vapor space and inversely proportional to 
the liquid volume (since an increase in liquid volume in­
volve« use of a larger amount, of solute at a given mole ratio); 
the corrections necessary to the runs in ID were somewhat 
less than half as large as with IB. The uncertainty asso­
ciated with this correction term is one of the largest sources 
of error in the measurements. The term was not applied 
to runs with water and methylamine in ammonia and with 
potassium iodide in methylamine.

It was also necessary to establish that the heat o: break­
age of an empty bulb (release of strain energy) is negligible. 
Experiments were performed with calorimeter IDT, wherein 
± 2  X 10-60 corresponds to ±  0.010 cal., and are listed in 
Table I.

T a b l e  I
H e a t  o f  B r e a k a g e  o f  E v a c u a t e d  B u l b s

I'b,
nil.

9» 1,8 +  1.9(>0rb -  0.007, 
cal. An.neal.ng

0.771 - 0 .006 Xo
.411 + .047 Xo
.388 + . 055 Xo
.673 + ,002 Yes
.598 - .003 Yes
.4 0 1 + .0.32 Y e s

. 445 — .001 Yes

The results suggest, with limited statistical con­
fidence, that annealing of the bulbs is generally ef­
fective in reducing the heat of breakage to a negli­
gible quantity. All bulbs used with calorimeter 
IDT were annealed; the others were not.

Results
Results of the measurements are listed in Table 

II.
The data are plotted in Fig. 1, normalized at a 

mole ratio of 1000. The remarkable similarity of 
the curves for the salts may be noted; except for 
Lal3, the differences at concentrations lower than 
mole ratio 1 0 0 0  are barely significant while at 
higher concentrations the differences, abhough 
real, are small. Lal3 in the mole ratio 4,000-
16,000 range shows a slope similar to the other 
curves; in the 1000-4000 range it is about twice as 
great. This slope is based solely on the one run at 
mole ratio 1 2 2 0 , but on the basis of a less consistent 
series of runs in another bomb, it appears that this 
difference is real. The heats of solution ot water 
and methylamine in ammonia are independent of 
concentration within experimental error; as ex­
pected, methylamine shows the more nearly ideal 
behavior.

The measurements of potassium iodide at the 
lowest concentrations are shown in Fig 2 . The 
points at the three lowest concentrations are fitted, 
within the rather large experimental error, by a
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Mole Rotio ( for N HjSolutions ) .  
16,000 4,0 0 0  1,0 0 0  5 0 0  2 0 0

Fig. 1.—Heat of solution in ammonia.

straight line with a slope of 27 kcal. mole~1/ ! liter‘/2, 
some twelve times the calculated Debye -Hiickel 
limiting slope.

It is remarkable that all of the salts, over a con­
siderable range of ionic sizes and valence types, 
should show such similar heat-of-dilution curves. 
The Debye-Hiickel limiting slope for 2-1 electro­
lytes is 5.2 times greater than that of 1-1 electro­
lytes, and for 3-1, 14.7 times. In aqueous solu­
tions, heats of dilution of 1 - 1  salts are generally in 
good agreement with Debye-Hiickel theory, and the 
same is true, with less precision, for 2 - 1  electro­
lytes. However, for 2-2 electrolytes the slopes at 
the lowest concentrations exceed the theoretical by 
a factor of two or three; this is attributed to the 
incomplete dissociation of these salts. As the di­
electric constant of the solvent is lowered, ionic as­
sociation increases; it is probable that in these am­
monia solutions the principal thermal effects are 
due to dissociation of ion pairs and solvation of the 
resulting ions.

There have been very few measurements of heats 
of solution of salts in non-aqueous solvents at low 
concentrations. Wallace, Mason and Robinson19

(19) W . E . W allace, L . S. M ason and A . L. Robinson, J. A m . Chem. 
S oc., 66, 362 (1944).

used a twin dilution calorimeter to measure so­
dium chloride in ethylene glycol (dielectric con­
stant 37.7) and obtained a result in agreement 
with the theoretical limiting slope, which is some 
four times greater than that of water. Jackson, 
et al.,20 worked with several systems, most ex­
tensively in methyl alcohol (dielectric constant
31.5), down to concentrations of 3 X  10- 8  molar, 
and found slopes considerably exceeding the theo­
retical, which for methyl alcohol is about six times 
that of water. Lange and Robinson performed 
measurements with potassium chloride in aqueous 
solutions of sucrose and urea and found reasonable 
agreement with theory, but the concentration of 
added non-electrolyte was such as to decrease the 
dielectric constant only slightly.

For non-electrolytes in water, the most extensive 
data are for sucrose. 21 Here the relative apparent 
molal heat content is a linear function of concen­
tration up to about 0 . 2  M, with a slope of about 
130 cal. mole- 1  (kg. H20 ) ; the slope decreased

(20) N . S. Jackson, A . E . C . Sm ith, 0 . G altz  and J. H. W olfenden,
J . Chem. S oc., 1376 (1934).

(21) H. S. Harned and B . B. Owen, “ T h e P hysical C h em istry  of 
E lectro lytic  Solutions," 3rd ed., Reinhold Pub. Corp., N ew  Y o rk , 
N . Y .t 1958, pp. 345-346.
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T a b l e  II
H e a t s  o f  S o l u t i o n

M ole M ole
ratio. — AH , ratio, - M l ,

solvent/ Calori]m- kcal. solvent/ Calorim ­ kcal.
solute eter m ole-1 solute eter mole

NaCl in NH, KI in NH,
192 IB 6.419 2 0 1 IB 9.016
476 IB 6.726 482 ID 9.403
495 ID 6.742 510 IB 9.453
514 IB 6.764 1,030 IB 9.726
990 IB 6.967 3,980 IB 10.37

1,015 IB 6.974 15,100 IDT 1 1 . 1 0
3,870 IB 7.58 17,160 IB 11.05
4,060 IB 7.59 30,350 IDT 11.49
4,150 IB 7.52 31,300 IDT 11.43

15,500 IB 8.35 60,500 IDT 11.76
15,800 IB 8.42 65,300 IDT 11.69

Ba(N03)2 in NH, Csl in NH,
94.5 IB 14.704 475 ID 5.252

213 IB 15.046 990 ID 5.544
970 IB 15.536 3,880 ID 6.138

1 ,0 1 0 IB 15.554 14,900 ID 6.76
4,070 IB 16.11 15,200 ID 6.79

15,700 IB 17.03
15,800 IB 16.98 Hgl2 in NH,

NH4CI in NH, 4,100 IB 21.61
198 ID 7.884 15,400 IB 22.62
479 ID 8 .2 0 2

958 IB 8.461 NHJ in NH,
972 ID 8.450 194 ID 15.641
986 IB 8.438 488 ID 16.090

3,820 IB 8.96 933 ID 16.406
3,880 ID 8.95 3,990 ID 17.016

15,920 ID 9.70 11,510 ID 17.56
16,525 II) 9.68 15,840 ID 17.72

Lai,-6NH, in NH, H20  in NH,
1 ,2 2 0 ID 41.20 195 ID 3.314
4,130 ID 42.19 814 ID 3.322
4,530 ID 42.31 3,830 ID 3.32

13,000 ID 42.92 13,200 ID 3.37
16,300 ID 43.05
18,500 ID 42.67

KI in CH3NH2 CH3NH2 in NH,
215 IB 6.635 192 ID -0,497
490 IB 6.754 940 ID - 0  499
984 IB 0.84 3,860 ID -0.51

3,865 IB 0.98
15,680 IB 7.31
15,830 IB 7. 18

somewhat at higher concentrations. Such a slope 
would not be outside the precision of our measure­
ments of methylamine and water in ammonia, 
which extended only to about 0.25 M.

In Table III are listed the values for heats of 
solution at a mole ratio of 500 in ammonia at 25 and 
— 33° and in water at 25°. Heats of solution of 
salts in ammonia are much more negative than in 
water. Heats for salts in ammonia at 25° are

Fig. 2.—Heat of solution of potassium iodide in ammonia.

T a b l e  III
H e a t s  o f  S o l u t i o n  a t  M o l e  R a t i o  5U0

Solute HsO, 2 5°«
Solvent 

NH«, 25° NH* — 33

H20(1) 0 -  3.32 -  2.81
CH,NH2(1) - 5 .0 +  0.50
Hgl2 (-2 0 .8 ) -20.1-5
NaCl +1.02 — 6.75 — 1.5^
KI +4.95 -  9.44 -  7.89
Csl + 7 .9 -  5.27
NH,C1 +3.71 -  8.23 -  6.95
NHJ +3.3 -16 .10 - 1 3 .37
Ba(NO,)s +9.96 -15.31

ore negative than at — 33°. Our results f<
NaCl are in very poor agreement with those of 
Chall and Doepke14 who reported values of AH 
ranging randomly from —2 . 2  to —3.0 kcal, mole- 1  
at six mole ratios from 57 to 340. Hunt23 has re­
ported the solubility limit of NaCl in ammonia 
at 25° to be at mole ratio 114. We found the 
dissolution of NaCl in the more concentrated runs 
to be quite slow, 2 0  minutes being required for 
termination of heat evolution in the case of the run 
at mole ratio 192. It is possible that the excep­
tionally large difference between the +25° and 
— 33° values for NaCl is due to incomplete disso­
lution in the —33° measurements.

(22) F . D . Rossini, et al., C ircular of the N ational Bureau of Stand­
ards, 500 (1952).

(23) H. H unt, J  A m . Chem. Soc.. 54, 3509 (1932).
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The bleaching of ammonia-ammonium chloride solutions of ferric cysteinate was studied in the pH range 8.80 to 10.10.
/v, k, ' K2 _ ^

The reaction follows the paths 2FeOH(cy)2” < > dimer— > 2Fe( 11) -(- cystine, FeOH(cy);-  < > FeOHcy -j- cy , FeOH-
Ki k2

(cy)«-  +  FeOHcy < > dimer — -> 2Fe(II) +  cystine. The value of ktKt is about 2 1. mole 1 sec. 1 and that of k2K2K, is 
0.105 sec.“ 1 at 25° in solutions of 0.10 .1/ ionic strength. The results are discussed in the light of the conclusions obtained 
in a previous study on the bleaching of ferrie mercaptoacetate. Further evidence is given for the requirement that in order 
to form disulfide, the two mercaptide groups being oxidized must be coordinated to the same metal ion.

Ferric iron reacts with cysteine in ammoniacal 
solutions to form a violet complex. 2 3 A moderately 
rapid oxidation-reduction reaction takes place in 
which the iron is reduced to a less highly colored 
ferrous complex and the cysteine is oxidized to cys­
tine. 2 - 5  The rate of reoxidation of the ferrous com­
plex to one of ferric by oxygen is very rapid. Since 
the rates of both of these reactions is faster than 
the oxidation of cysteine alone by oxygen a catalytic 
effect results in the presence of small amounts of 
iron salts. 5

A similar catalytic effect occurs with mercapto­
acetate. 4'5 The kinetics of the bleaching have 
been investigated in ammoniacal buffers where it 
has been found that the reaction proceeds along 
paths in which a molecule of the predominant com­
plex, FeOH(RS)»=, reacts with a molecule of either 
FeOH(RS)2=, Fe(OH)2(R S )- or FeOHRS.6 The 
mechanism and rate constants found in ammoniacal 
solutions were found to hold in phosphate and ace­
tate buffers at least, down to pH 4.6 .7 The rate of 
oxidation of the ferrous complex by oxygen was 
also studied.7

Tanaka, Kolthoff and Stricks8 have investigated 
the composition of the ferrous and ferric cysteinate 
complexes in alkaline solutions. For iron(III) they 
report that the principal species are FeOH(cy)2= 
and Fe(cv)s~ and that, the constant of the reaction 
FeOH(cy)2= +  cy= —*• Fe(cy)3“  +  OH-  has a 
value of 0.0(!5. These authors also have made a 
brief investigation of the kinetics of bleaching of 
the ferric cysteinate complexes and have found 
that the rate is second order with regard to total 
iron and is approximately inversely proportional 
to the concentration of cysteine. The rates are 
much faster than those observed with mercapto­
acetate under comparable conditions.

In the present investigation we have undertaken 
a more detailed study of the bleaching of ferric 
cysteinate with the hope of further elucidating the

(1) Financial assistance for this work was provided by a grant from 
the N ational Science Foundation.

(2) L. J. Harris, Biochem . J., 16 , 739 (1922).
(3) L. M ichaelis and E . S. G . Barron, J. B io l. Chem., 8 3 , 191 (1929).
(4) B. K . Cannon and G . W . Richardson, Biochem . J ., 2 3 , 1242 

(1929).
(5) M . Schubert, J. Am . Chem. Soc., 5 4 , 4077 (1932).
(T>) D . L. Lcussing and L. Newm an, ibid., 7 8 , 552 (1950).
(7) H. Lam from  and S. O. Nielsen, ibid., 7 9 , 1966 (1957).
(S) N . T an aka, I. M . K olthoff and W . Stricks, ibid., 7 7 , 1996

(1955).

general features of the iron(III)-me:'captide reac­
tions.

Experimental
Eastman White Label cysteine hydrochloride was used 

without, purification. Titration of the reagent in an 
alcoholic solution with a standard iodine solution gave a 
purity of f)8 ±  1 %  calculated on the basis of the mono­
hydrate. Titration of the carboxyl in aqueous solution 
with standard potassium hydroxide indicated a purity of
100.0 ±  0.5%. Stock solutions 0.10 to 0.20 M in strength 
were prepared by dissolving a weighed amount of the reagent 
in de-aerated water. The stock solutions were maintained 
under a positive nitrogen pressure to reduce contamination 
by air.

Ferric ammonium sulfate solution, 0.0493 .1/, was pre­
pared from the reagent grade chemical and was standardized 
using the dichromate titration. This solution was also 
made 0.025 M in sulfuric acid to reduce hydrolysis.

Ammonia stock solutions were prepared from the freshly 
redistilled reagent. Twice distilled water was used in all 
experiments.

A Beckman Model G pH meter was used to determine the 
pH of the reaction solutions. The electrodes were stand­
ardized against a 0.025 M KITPO,, 0.025 M Xa-TIPO,, 
buffer pH 6.86; and a 0.010 M borax buffer pH 9.18 at 
25°. National Bureau of Standards reagents were used to 
prepare the buffers.

The bleaching reactions were followed in air-free ammonia- 
ammonium chloride buffers using essentially the same tech­
niques employing sealed bottles and syringes as were used 
in the mercaptoacetate study.6 The amount of ammonium 
chloride was adjusted so that the ionic strength was main­
tained at 0.10 M in each experiment. In making this adjust­
ment. the contributions of cy” and cyH-  9 were taken into 
account using values of K2n and Ku for cysteine equal to
5.6 X 10“ 9 and 4.0 X 10“ 11 as determined in solutions at 
an ionic strength of 0.10 y, 25°.10 The bleaching reaction 
was followed by measuring the absorbance at, 580 mp using 
a Cary Model 14 Spectrophotometer. Some of the rates 
were sufficiently fast that the reactions were completed in a 
few minutes. These were followed continuously. The 
starting time of all runs was taken at the moment when the 
iron solution was injected into the cysteine solution.

Preliminary runs (about 60 in all) were made at ambient 
room temperature over a pH range 8.1 to 10.7 and a range 
of total cysteine from 0.0050 to 0.040 M . From these it 
was found that the second-order rate constant for the 
bleaching is independent, of the initial concentration of 
iron(III) (at least at 0.00030 and 0.00060 M iron) all other 
factors being the same. The presence of ferrous iron ini­
tially (2.0 X 10-4 M) also was observed to have no effect. 
Deviations from a simple second-order dependence on iron- 
(III) were observed for the bleaching reaction when the 
cysteine concentration was less than 0.010 M . These results

(9) T h e total concentration of cysteine is designated as cyt. The 
variously ionized forms will be designated as cyHs, c y l l  “  and c y =. N o 
attem p t is made to distinguish between the tautom eric forms of C yH  ~. 
T h e sym bol R S shall refer to  m ercaptoacetate.

(10) R . C . Hansen, unpublished experiments.
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are essentially the same as those observed with mercapto- 
acetate.6

Several runs were made in an all glass reaction flask 
equipped with an optical cell. The solutions were made up 
and transferred using only glass equipment. The purpose of 
these runs was to determine whether any catalysis occurs 
from trace metals which might be introduced when the hypo­
dermic needles are used. Xo differences were obtained 
between these runs and the others, indicating that such 
effects, if any, are much less than that of the iron.

From the results of these preliminary runs points were 
selected for a more accurate determination of the rate con­
stants. In these latter runs all solutions were thermostated 
in a water-bath before and after mixing. Solutions were 
removed from the water-bath for only the time required to 
measure the absorbance. Most of these experiments were 
conducted at 25° but one series was run at 10°. The ex­
perimental details are given in Table I.

T a b l e  I
T h e  R a t e  C o n s t a n t s  f o r  t h e  R e a c t i o n  

k
2[Fe(III) complex] ---- >  2[Fe(II) complex] +  cystine

Ionic strength = 0.10 M
Cysteine, 
nioles/l. 
X 10+2

NILC1,« 
motes/1. 
X 10+ -

NHs,« 
moles/1. 
X 10+i pH

k,
1. mole-1 

sec._1
25°

1.00 7.48 6.22 10.09 28.8
1.00 7.64 3.12 9.80 56.0
1.00 7.82 1.88 9.56 83.0
1.00 7.88 1.13 9.30 158.0
1 50 6.96 5.68 10.05 20.6
1.50 6.48 3.30 9.82 37.6
1.50 6.76 1.90 9.55 63.2
1.50 6.80 1.13 9.31 112.0
1.50 7.16 0.550 8.80 315.0
1.50 7.40 0.410 8.45 500.0
3.00 2 .32 5.55 10.10 12.3
3.00 3.76 3.67 9.83 16.9
3.00 3.50 2.27 9.57 30.2
3.00 3.82 1.52 9.30 50.3
3.00 4.18 1.09 9.04 89.4
3.00 4.58 0.830 8.72 169
4.00 5.75 10.03 11.1
4.00 0.60 3.63 9.82 14.8
4.00 1.32 2.38 9.53 25.6
4.00 1.82 1.71 9.29 37.4
4.00 2.24 1.28 9.01 75.3
4.00

00 1.08 8.80 124

0°
1.00 7.23 5.76 78.0
1.50 6.09 5.72 61.2
2.00 4.69 5.76 43.7
2.50 3.58 5.89 34.4
3.00 2.12 5.98 27.2
3.50 0.82 5.86 28.8
" Initial concentrations, not corrected for 

zation of the cysteine hydrochloride.
the neutrali

Also given in Table I are the values of the constant, k, 
for the rate expression

~ {1Fdt(I11'' = <‘ -Fe(III)l2

These constants were calculated using the relationship 
k = ef(slope) where e is the extinction coefficient based on 
total iron, l is the optical path length (here 1.00 cm.) and 
the slope is that obtained from a plot of the reciprocal of 
the absorbance versus time. From the extrapolation of 
such plots for the more alkaline solutions to zero time a value 
of e is calculated to be 3.05 X 10+3 1. mole-1 cm .-1 at 580 
m/i. This is in excellent agreement with the value ob­
tained by Tanaka, Kolthoff and Stricks.8 In the more

Fig. 1.—The over-all rate constant for the bleaching of 
ferric cysteinate as a function of the uncombined cysteinate 
concentration: •, cy, = 0.0100 M ; O, cy, = 0 0150 ¿1/; 
□ , cy, = 0.030 M; A, cy, = 0.040 M.

acid solutions the zero time absorbance gives lower values 
of the extinction coefficient . This latter effect is likely due 
to a mixing reaction such as was observed with mercapto- 
acetate.6 A rapid reduction of some of the iron(III) occurs 
when acid ferric solutions come in contact with those mer- 
eaptide solutions which are less alkaline. However, this 
reaction merely causes some decrease in the initial iron(III) 
concentration and does not invalidate the calculation of 
k as described above. Another possibility which involves 
the formation of a lower complex with significantly lower 
extinction coefficient at 580 mg is ruled out according to the 
conclusions discussed below.

Results and Discussion
The values of k in Table I are seen to depend on 

the pH and eyt. These variables, however, affect- 
the values of k only to the extent that they deter­
mine the cy“  concentration. This is seen in Fig. 1 
where a plot of k rs. 1 icy“ ) shows that the points 
fall along one curve. At low values of l /(c y =) the 
plot indicates a linear relationship which is de­
scribed by the equation k = k' +  k" (cy“ ). The 
data at 25° yield a value of k' which is approxi­
mately equal to 2  1. mole- 1  sec. - 1  and a value of k" 
which is equal to 0.105 sec.-1. The data at 10° 
give a value of k' which is also about 2  1 mole- 1  
sec. - 1  but the value of k" was not evaluated at this 
lower temperature because the proton dissociation 
constants of cysteine are not known.

According to calculations which can be made 
from the conclusions of ref. 8  both Fc(cy):,s and 
FeOII (cy).2= are present to an appreciable degree in 
those experiments which give rate constants lying 
in the linear region of Fig. 1 . Except for a peculiar 
set of circumstances it is expected then that I; 
should be a function not only of the cy“  concentra­
tion but also should be a function of the CH -  con­
centration since the relative amounts of the two 
complexes is determined by both of these quantities. 
Furthermore, in the calculations of the formation 
constant of Fe(cy):r  in ref. 8 , Table VI, ;-he tacit 
assumption has been made that- FeOHfcy)?“  is 
colorless. Considering the intense color of the
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analogous complex with mere-apt,oacetate6 this as­
sumption is not expected to be valid and the data of 
Table IV in reference 8  show that the assumption 
does indeed fail. There the extinction coefficients, 
which have been calculated on the basis of total 
iron (III), are seen to be constant although the ra­
tio of Fe(cy)3* to FeOH(cy),.“  is calculated to vary 
throughout the region investigated. We conclude 
therefore that the interpretation is not correct re­
garding the existence of two principal iron (III) 
complexes under the experimental conditions which 
were investigated in ref. 8  and which are similar to 
the experimental conditions of the more alkaline 
solutions in the present work. These conclusions 
support the evidence of Table V in ref. 8  where it is 
strongly indicated that the only principal complex 
is FeOH(cy)2” .

With this view the mechanism of the ferric cys- 
teinate bleaching then can be explained easily using 
reaction paths which are similar to those proposed 
for the bleaching of ferric mercaptoacetate. The 
present observations can be accounted for by the 
reaction sequence
2Fe(.)H(cy)r Fe2(OH)2(cy)4- -  — >  2Fe(II) +  cystine 

A', F

FeOH(cy)i~ < > FeOHcy +  ey”
A 2

FeOHcy +  FeOII(cy)2“  < > Fe2(OH).,(ey)3-  — >
A'., k,

2Fe(II) -)- cystine
According to this set of reactions, k' is equal to 

the product of /q/vj and k" is equal to the product 
kiK2Kz. This reaction sequence gives a rate equa­
tion which is linear in l /(c y )= when the concentra­
tion of FeOH(ey)2”  is considerably greater than 
the concentrations of the other complexes.

The curvature in Fig. 1 at higher values of 1 / 
(cy=) can be explained without invoking additional 
steps by assuming that the concentration of 
FeOHcy increases to the point where an appreciable 
fraction of the iron(III) is present as this lower com­
plex and that two molecules of this species do not 
react. Taking these features into account it can 
then be shown that

Iù K ,  4
AVv,

(<'y;’)_ 
L +  X

where and t2 are the extinction coefficients of 
1-cOHcy and FeOH(cy)2” , respectively. For the 
case where the ratio e j  t2 is close to unity the de­
nominator can be approximated as ( 1  +  K% / 
(cy~))2. Using the values given above for the 
products /,'i/v'i and k2K2K 3, a value of K 2 was calcu­
lated to be 4.1 X 10- 5  moles l. - 2  from the value of k 
observed to be 500 1. mole- 1  sec. - 1  in a solution 
0.015 .1/ in cy, at pH 8.45. The solid line in Fig. 1 
has been calculated using this value of K 2 and those 
given for t tic other constants. It is seen by the 
good agreement which is obtained that the above 
model, for the case where the extinction coefficients 
of the two complexes are nearly the same, satis­
factorily explains the results.

In the mercaptoacetate study,6 the hypothesis 
was proposed that the oxidation of two mercaptide 
groups to disulfide takes place most readily when 
both of the mercaptide groups are bound to the 
same metal ion. This hypothesis is strongly sup­
ported by the present results since it is observed 
that, although FeOHcy is present in relatively high 
concentration, two molecules do not appear to re­
act with each other to give disulfide whereas a 
molecule of FeOHcy readily reacts with one of 
FeOII(cy),“ .

The constant, ktK t. for the limiting rate at high 
ligand concentration is not accurately obtained 
with the cysteinate system but qualitatively it 
appears to be about 1 0 0  times greater than that for 
the limiting rate with the mercaptoacetate system. 
The energy of activation for this limiting path is 
about 2 0  kcal. with mercaptoacetate but is appar­
ently much less with cysteinate. The greater ease 
of electron transfer from cysteinate sulfur to iron-
(III) than from mercaptoacetate sulfur to iron(III) 
can be observed by comparing the absorption spec­
tra of the two complexes. The maximum of the 
charge transfer absorption band lies at 537 ma with 
FeOH (RS)r and at 580 m^ with FeOH(cy) =. 
This difference amounts to only about 3 kcal. in the 
energy of electron transfer, however. Both of these 
absorption bands drop off at the same rate on the 
long wave length side of the maximum so the dif­
ference in energy is the same at a given wave length 
in the near infrared as at the maxima. I rom these 
considerations it appears that other factors are 
more important in bringing about the differences 
in reaction rates than the ease of charge transfer. 
The bimolecular reaction kinetics also give evi­
dence for this, as a reaction depending simply on 
charge transfer would be first order with regard to 
the complex.

A possible explanation for the observed differ­
ences in the limiting rates might be had by consider­
ing the nature of the groups with the different lig­
ands that are coordinated to the central iron(III) 
atom. With mercaptoacetate, mercaptide and 
earboxylate are coordinated, whereas with cystein­
ate, more likely mercaptide and amine arc coor­
dinate to form a fivc-membcred ring than are mer­
captide and earboxylate which would form a six- 
membered ring. Thus, while the bis complexes in 
both systems have a net charge of minus two, the 
charge is located on, or near, the central iron (III) 
atom with mercaptoacetate but is located at a 
greater distance from it with cysteine. In bringing 
two such complexes together to form a dimer, less 
charge repulsion need be overcome in the cysteinate 
complexes than with the mercaptoacetate com­
plexes. This would cause Ki to be larger with 
cysteine, thereby producing an increased rate even 
if the ki values are not much different.

Another interesting feature is that the reaction 
path in which the mono complex takes part is pro­
portionately much greater with cysteine than with 
mercaptoacetate. At least part of this difference 
must be attributed to the higher concentration of 
FeOHcy than FeOHRS which is produced under 
comparable conditions. The mercaptoacetate data
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show no evidence for the formation of appreciable 
quantities of the lower complex as is found with 
cysteine.

While the two paths discussed above are much 
faster with cysteine it is interesting to note that 
no path involving a dihydroxy complex is observed 
in the cysteine reactions. With mercaptoacetate,

evidence is given for a pat h involving Fe(OII)2RS_. 
Apparently, the aquo FeOHcy molecule is less 
acidic than is aquo FeOHRS molecule. This again 
may he a consequence of the coordination to the 
iron(III) ion o: the more basic amino group in cys­
teine compared to the coordination of the carbox- 
ylate in mercaptoacetate.

NOTES

THE EXTREM E SENSITIVITY OF 
PARAMAGNETIC SITES TO POISONING BY 
DESORBED GASES EVALUATED BY THE 

LOW TEMPERATURE ORTHO- 
PARAHYDROGEN CONVERSION
B r  D o u g l a s  8 . C h a p i n , C . D i c k  P a r k  a n d  

M y r o n  L. C o r r i n

The D epartm ent o f  C hem istry, U niversity o f  A rizona, Tucson, Arizona  
R eceived  Septem ber 8 , 1959

Catalytic studies invariably involve questions of 
surface cleanliness and of the maintenance of the 
surface in a given state of cleanliness between the 
time of the cleaning process and the time of the 
catalytic rate determination. In the case of 
ortho-parahvdrogen conversion at 77°Iv. on silica 
gel supported neodymia the question arose as to 
whether an observed decrease in rate constant with 
time of standing at room temperature should be 
attributed to further diffusion of water from the 
silica gel or to poisoning of the catalysts from gases 
desorbed from the Pyrex glass walls. Results show 
that minute quantities of gas, probably C 0 2 and 
FI20 , drastically poison the catalysis of the ortho- 
parahydrogen conversion at 77°K. Extreme pre­
cautions to exclude the poisoning gases from reach­
ing a catalytic surface which is being studied are 
advisable. Gases desorbed from the Pyrex walls 
of the vacuum system or stopcock grease following 
bake out of the catalyst are sufficient to cause a 
fourfold reduction in the rate constant. Liquid 
nitrogen trapping was effective, but solid C0 2 
trapping was ineffective in preventing the poison­
ing effect on a silica gel supported neodymium 
oxide catalyst.

Experimental
Davison Xo. 92a silica gel was washed witli hot aqua 

regia, hot concentrated nitric acid, hot concentrated hydro­
chloric acid and exhaustively washed with demineralized 
water. The gel then was dried at 110° and 8 g. was im­
pregnated with 25 cc. of 0.26 XdCl3 in 0.1 -V HC1 by 
tumbling overnight in a thermost.ated water-bath in a poly­
ethylene bottle. The catalyst was sucked free of gross 
solution on a sintered glass funnel, rinsed with one volume 
of water and dried in an air oven at 90°. Ten-mg. samples 
were weighed into approximately 20-cc. bulbs and sealed on 
to 2 mm. i.d. capillary Pj-rex tubes connected to a stopcock 
on the vacuum system in the case of the first three reactors 
and through a U-tube trap to a stopcock in the case of the 
remaining reactors. A two-stage mercury diffusion pump 
was used to evacuate the catalysts while heating them to 
temperatures and for times indicated in Fig. 1A. The

pump was capable of evacuation of the system to 10~6 mm. 
or better. Pressure measurements with a type GIC-001 
ionization gage attached to a typical reaction vessel showed 
a pressure of 7 X 10 ~7 mm. after an outgassing of the reaction 
vessel for 24 hours above 450° followed by 24 hours at 300°.

Samples of hydrogen were analyzed for their ortho- 
parahydrogen content by the Parkas mierothermal conduc­
tivity method.1'2

Fig. 1. Effect of trap temperature on the poisoning of a 
silica gel-ncodymia catalyst toward the ortho-parahydrogen 
conversion measured at 77°K. and a pressure of 27 mm. 
Fig. 1A shows the pretreatment time-temperature history 
given all reactors. Fig. IB shows the time-temperature 
history for the traps. Fig. 1C gives the average rate con­
s t a n t s  found after the pretreatment indicated in Figs. 1A 
and IB. The solid lines refer to reactors 1-3 and the 
dotted lines refer to reactors 4-7 throughout.

Results and Discussion
Rate data taken for the seven reactors at four 

different times are given in Table I. Averages are
(1) A . Farkas, “ O ithohydrogen, Parahydrogen and H eavy H ydro­

gen ," Cam bridge U niversity Press, 1935, p. 25.
(2) D ouglas S. Chapin, D issertation, Ohio State U niversity, 1954.
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T a b i .e  I
R a t e  D a t a  S h o w i n g  t h e  E f f e c t  o f  T r a p  T e m p e r a t u r e  o n  t h e  P o i s o n i n g  o f  a  S i i .i c a  G e l - N e o d y m i a  C a t a l y s t  

T o w a r d  t h e  O r t h o - P a r a i i y d r o g e n  C o n v e r s i o n  M e a s u r e d  a t  77°K . a n d  a  P r e s s u r e  o f  27 M m .
P retreatm enta A B C D

Rate constant (min.-1)6 k X 102 
Reactor 1 9.42 2.62 12.4 3.26
Reactor 2 10.9 1.73 13.1 3.36
Reactor 3 9.99 2.64 15.9 3.09

Av. rate constants 1-3 10.1 ± 0 .5 3 2.33 ± 0 .3 9 13.8 ±  1.40 3.24 ± 0 .1 0

Reactor 4 9.89 11.6 15.7 5.77
Reactor 5 12.8 12.5 21.1 4.89
Reactor 0 14.0 15.1 19.9 4.81
Reactor 7 11.2 12.9 19.5 4.25

Av. rate constants 4-7 12.0 ±  1.43 13.0 ±  1.03 19.1 ±  1.65 4.93 ±  0.42
" Pretreatment A: Samples were heated and pumped 51 hours at 450°, 21 hours at 525° and 29 hours at 300°, all with 

room temperature traps; liquid nitrogen traps were used after 100 hours of heating on reactors 4 through 7. All reactors 
were exposed twice to 4 cm. pressure of He for one minute and pumped off at 300°; the reactors were cooled to 77°K., and 
exposed twice to 4 cm. pressure of 1P for one minute and pumped off. Pretreatment B: All reactors were warmed to room 
temperature with liquid nitrogen traps on reactors 4 through 7 and pumped for 54 hours; then all reactors were cooled to 
77°K., exposed twice to 4 cm. pressure of H2 and pumped. Pretreatment C: All reactors were warmed to 300° and pumped 
at that temperature for 122 hours with liquid nitrogen traps on reactors 4 through 7. All reactors were exposed twice to 4 
cm. pressure of He at 300°, cooled to 77°K., and exposed twice to 4 cm. pressure H2 for one minute and pumped. Pretreat­
ment 1): All reactors were warmed to room temperature with traps on reactors 4 through 7 cooled with Dry Ice-methanol 
(195°K.) and pumped for 120 hours. Reactors 4 through 7 were given two exposures of one minute each with 4 cm. pressure 
of He with pumping; all reactors were cooled to 77°K. and given two exposures to 4 cm. pressure of 1L> with pumping. 
b 10-mg. samples and 25 ml. reactor volumes.

plotted in Fig. 1. The pretreatment time-tem­
perature history for the reactors is given in Fig. 1A. 
Trap temperature for the first three reactors was 
room temperature, while that for the remaining 
reactors was varied between room temperature 
and liquid nitrogen temperature as indicated by 
the dotted line in Fig. IB. To aid in the clean-up 
of surfaces the first and third rate determinations 
were preceded by exposure to He at 300° and to H2 
at 77°K. It is apparent that allowing the cata­
lyst to stand at room temperature with no trap­
ping results in a drastic poisoning of the catalyst 
surface; while allowing the catalyst to stand at 
room temperature with liquid nitrogen trapping 
results in a slight further cleaning of the catalyst 
surface. Heating of the poisoned catalyst surface 
with no (room temperature) trapping results in a 
cleaning of the surface. Trapping with Dry Ice 
and methanol fails to prevent poisoning of the 
surface.

Pressure determinations with the ionization gage 
conducted on one of the reactor stations showed that 
the pressure was 1.2 X 10_7mm. with liquid nitro­
gen in a trap located between the stopcock and the 
reactor plus ionization gage. With the stopcock 
closed, the dewar of liquid nitrogen suddenly was 
lowered and the pressures noted. The pressure 
rose to about 7 X  10- 4  and remained for about 2 
minutes, then suddenly rose to greater than 1 0 - 3  
mm. On cooling the trap to liquid nitrogen tem­
peratures, the pressure slowly decreased. The 
pressure in the system which had been cut off from 
the vacuum system for 4 days was 6  X 10 6mm. 
On replacing the liquid nitrogen with .Dry Ice- 
CC14, the pressure increased to greater than 1 (D 3 
mm. and remained. It appears that the gas 
responsible for poisoning is one which has an ap­

preciable vapor pressure at 195°K. but a negli­
gible vapor pressure at 77°K. Two possibilities 
appear reasonable; (1 ) carbon dioxide and (2 ) 
water. Carbon dioxide and water both are known 
to be evolved from Pyrex glass on heating. 3 The 
vapor pressures of solid C 0 2 and H20  at 195°K. are 
of the order of 1 0 3 and 1 0 _ 4mm., respectively; 
while at 77°K. they are of the order of 10- 8  and 
1 0 _ 20mm., respectively. 4

Conclusion
It therefore appears that trapping close to the 

catalyst surface in the vicinity of 77°K. serves to 
minimize C 0 2 or H20  from poisoning the catalyst 
surface; and further, that supported paramagnetic 
catalysts such as neodymia are extremely sensitive 
to small quantities of gases which probably desorb 
from the glass surfaces and adsorb on active para­
magnetic sites of the catalyst.

Though water in mono- and multilayer quanti­
ties is sometimes purposely employed to produce a 
surface which is non-catalytic toward the para­
magnetic ortho-parahydrogen conversion, 5 it should 
be emphasized that such extremely small quanti­
ties of water or carbon dioxide have been found to 
poison paramagnetic surfaces and that careful atten­
tion to rigorous exclusion of these gases is manda­
tory for quantitative conversion results.
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A RADIOTRACER STUDY OF AN OPTICAL 
METHOD FOR MEASURING ADSORPTION1

B y  L. S. B a r t e l l  a n d  J. F. B e t t s

Department o f Chemistry, Iowa State University. Ames, Iowa 
Received December 19, 1959

It was discovered many years ago by Drude2 
that the ellipticity of polarized light reflected from 
metal surfaces is an exceedingly sensitive gauge of 
the thickness of films on metals, sufficiently sensi­
tive for the measurement of films of molecular 
thickness. A particularly simple and useful modi­
fication of Drude’s method was developed by 
Rothen, 3 who showed for Langmuir-Blodgett 
multilayers of barium stearate, that the optical 
readings become a linear function of the number of 
molecular layers as the film thickness approaches 
zero. At surface coverages below a complete 
monolayer, the orientation and packing of molecules 
may be different from those in close-packed molecu­
lar layers, and the index of refraction and optical 
thickness may cease to become clearly defined 
quantities. Furthermore, unpublished studies4 
have suggested that the optical difference between 
monolayer coverage and bare substrate is a more 
sensitive function of surface roughness than the 
difference between multilayer and monolayer 
coverage. Accordingly, except for the most ideal­
ized models, it is not clear whether optical readings 
can be expected to be a linear function of the 
amount of material adsorbed in the case of frac­
tional coverages.

Experimental studies by Feachem and Tronstad5 
on liquid-expanded and expanded monolayers of 
lauric acid on mercury (smooth liquid) have indi­
cated that optical readings are at least roughly 
linear functions of surface concentration in the 
region of fractional coverage. In studies of the 
wetting of incomplete condensed solid,6 and liquid­
like7 monolayers of long-chain amines on solid 
surfaces, linearity has been explicitly assumed 
in the interpretation of results. The object of the 
present investigation was to test optical readings 
as a function of coverage by a direct radiotracer 
study, for complete and depleted monolayers of 
long-chain polar molecules. Circumstances be­
yond our control required the termination of re­
search before the accuracy achieved attained the 
limit of accuracy of the techniques used. Never­
theless, the results obtained appear to be definitive 
and offer useful checks of assumptions made in 
earlier studies.

Experim ental

R adioactive M e a su re m e n t.— T h e  am ount of radioactive  
m aterial in the films w as m easured w ith  a Q -gus flow counter  
connected to a conventional scaler. T o  ensure an accurate

(1) This research was supported b y a grant-in-aid from the American 
Petroleum  Institute.

(2) P . Drude. A nn . physik. Chem., 36, 532 (1889): 36, 865 (1889): 
39, 481 (1890).

(3) A . R othen, Rev. Sci. Instr., 16, 26 (1945).
(4) C . L . Sutula and L. S. B artell (unpublished research).
(5) C . O . P. Feachem  and L . Tronstad, Proc. Roy. Soc. (London), 

A 1 4 5 ,  127 (1934).
(6) L. S. B a rtell and R. J. Ruch, This Journal, 60, 1231 (1956); 

63, 1045 (1959).
(7) R . J. R uch and L. S. B artell. ibid., 64, 513 (1960).

knowledge of the area being counted, a mask with a hole 
7 /  in diameter was placed over the specimen.

Optical Measurement.—The instrument used to measure 
optical thicknesses of films was similar in design to Rothen’s 
ellipsometer,3 except for its improved collimating system 
and half-shade device. Half fields, with extinctions sepa­
rated by 5°, were obtained by means of a thin -Feet of mica 
placed near the specimen. Filtered illumination from a 
sodium vapor lamp was used at an angle of incidence of 
approximately 69°. The quarter wave plate was adjusted 
to give nearly equal extinctions for both fields at a film 
thickness of one-half of a monolayer. The setting was then 
fixed, and the amount of material in a film was determined 
as a function of the analyzer reading. The optical readings, 
Ali, plotted in Fig. 1, represent the differences between 
analyzer readings before and after the deposition of a film. 
The numbers plotted are averages of readings made at five 
reproducible positions which sample the area counted in 
radioaet ive measurements.

Materials.— a-Octadecylamino and stearic acid, both 
tagged with carbon-14, were used as obtained from the New 
England Nuclear Corporation and Nuclear Chicago, re­
spectively. The solvents benzene and H-hexadecane were 
carefully freed of adsorbable impurities.

Chromium plated slides, cut from commercial ferrotype 
plates, were prepared by polishing with levigated alumina in 
soap solution, rinsing with distilled water, drying with soft 
tissue, flushing with pure benzene, and flaming over a 
Meker burner for a few seconds. Monolayers were formed 
on the slides variously by adsorption from 0.17 solutions in 
R-hexadecane, by the Langmuir-Blodgett technique,8 and 
by the polishing down of bulk (1000 A . )  films left by evapora­
tion of benzene solutions.

R e s u l t s

A comparison between optical readings and radio- 
tracer measurements is shown in Fig. 1 for de­
pleted monolayers of n-octadecylamine as a function 
of depletion by benzene. The scatter of points 
is due as niucb, perhaps, to inhomogeneities aris­
ing during depletion as to the uncertainties in 
experimental measurements. The optical method 
samples a much smaller area than the radiotracer 
method, and, as a result, the readings for the 
two methods do not represent precisely the same 
surface. Similar results were obtained for films 
of tagged stearic acid, although the experimental 
readings, taken before the technique was fully 
developed, were somewhat more erratic. Plots 
for films depleted by polishing with soft tissue 
resembled plots for films depleted by the solvent 
benzene.

The data in Fig. 1 fall into two distinct lines 
corresponding to depletion of Langmuir-Blodgett 
(L. B.) monolayers (open points) and monolayers 
adsorbed from n-hexadecane solutions (solid points). 
The simplest interpretation of the results is that 
(a) films formed by adsorption from n-hexadecane 
contain appreciable amounts of the solvent mole­
cules (approximately 2 0 % ) dispersed among the 
structurally similar, vertically oriented hydrocarbon 
chains of the amine, and (b) the total number of 
molecules in the adsorbed films is essentially the 
same as that in the L. B. films. The optical read­
ings do not discriminate between amine and n- 
hexadecane and measure the total material which 
is apparently the same in adsorbed and L.B. 
films. The radiotracer method measures only the 
tagged molecules of amine, and, accordingly, de­
tects a smaller activity for the adsorbed films. 
The difference between the two curves in Fig. 1,

(8) I. Langm uir, J. Franklin In st., 218, 143 (1934); K . E. Blodgett 
J . A m . Chem. Soc.. 56, 495 (1934); 57, 1007 (1935).
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Fig. 1.—Optical readings compared with radioactivity of 
monolayers of n-octadccylamine depicted with benzene: 
solid points, films adsorbed from n-hexadecane; open points, 
Langmuir-Blodgett films; star, film obtained bjr polishing 
bulk film. Different runs are indicated by different shapes of 
points.

then, presumably represents the solvent remaining 
in the film during depletion. Films obtained by the 
polishing down of bulk amine resemble more closely 
the L. B. films than the adsorbed films.

This interpretation is in accord with earlier 
reports of mixed films by Bartell and Ruch6 and by 
Cook and Ries. 9 Levine and Zisman also have 
inferred the presence of mixed films from studies of 
friction. 10 The latter authors claimed that mixed 
films, which are formed initially upon adsorption, 
transform spontaneously into films free of solvent as 
equilibrium is attained. This result has been 
interpreted as being general by some authors, but 
a kinetic study indicated that it does not apply to 
the present system. The adsorption of amine was 
found to be virtually as complete after five minutes 
as after several days. The maximum adsorption 
of amine, however, was only 80% of the amount 
deposited by the L. B. method, although the optical 
readings of adsorbed films were the same as for
L. B. films.

Electron micrographs of the slides indicate that 
the surfaces were smooth and free of conspicuous 
fissures and cracks. Accordingly, it is probable 
that all of the radioactive material deposited was 
accessible for radioactive measurement. The close 
correlation between optical and radiotracer meas­
urements for films applied in widely different 
manners, extending from compact to molecularly 
dilute films, makes it tempting to conclude that 
all of the material is optically accessible, also. 
This would be difficult to understand if the rough­
ness factor were greatly different from unity. The 
apparent equality between numbers of adsorbed 
molecules and L. B. molecules, where, for the latter, 
the geometric rather than total surface area de­
termines the number deposited, is another argument 
favoring a roughness factor near unity. Whether 
the roughness factor would be as low for adsorption 
of small gas molecules is an interesting point which 
deserves investigation.

Finally, it is to be noted that the optical readings
(9) H . C . C ook and H. E . Ries, Jr., T h is  Jo u r n a l , 6 3 , 226 (1959).
(10) O. Levine and W . A . Zism an, ib id ., 6 1 , 1188 (1957).

do indeed appear to be proportional to the amount 
of material adsorbed, to within experimental error, 
even for films only a fraction of a monolayer thick.

CHEMICAL EFFECTS OF THE (n,y) 
ACTIVATION OF BROMINE IN THE ALKYL

BROMIDES: ISOMERIZATION IN THE 
BROMOBUTANES1

Bt W. H . M c F a d d e n , R. G. M c I n t o s h  a n d  
W. E. H a r r i s 2

Research Chem istry Branch, Chem istry and M etallurgy D ivision , A tom ic  
E nergy o f  Canada, Chalk River, Ontario

R eceived January 18, 1960

Study of the hot atom chemistry of bromine by 
irradiation of bromoalkanes with neutrons has 
shown that the radiobromine produced by the (n,y) 
reaction may be found in inorganic form and in a 
variety of organic compounds. Among the many 
radioactive organic bromides which have been iden­
tified are isomers of the original molecule formed by 
a shift of the bromine atom. However, it has not 
been demonstrated conclusively whether isomers 
can be formed as a result of carbon skeletal rear­
rangement in hot atom chemistry.

In studies of the organic products obtained from 
the neutron irradiation of the two isomeric bromo- 
propanes, Willard and co-workers3' 4 observed isom­
erization for both these molecules which involved 
only a shift of the bromine atom. From a similar 
study with 1- and 2 -iodobutanes, McCauley, et al./' 
have shown that simple positional isomerization 
occurs for both these molecules but whether car­
bon skeletal rearrangement occurs or not was 
not determined. In a related study on the 7 -ra­
diolysis of liquid n-butane with radio-iodine scav­
enger, McCauley and Schuler6 state that l-iodo-2- 
methylpropane and 2 -iodo-2 -methylpropane were 
not expected to occur because their formation in­
volves complicated rearrangements. Similarly, in 
the 7 -radiolysis of bromobutanes, Wilcox7 found no 
isomerization of the carbon skeletal type but it was 
not apparent whether 2 -bromobutane was sep­
arated from l-bromo-2 -methylpropane.

As a result of the above and similar studies, it 
was generally assumed that no appreciable amount 
of carbon chain isomerization occurs during the 
(n,y) activation of bromine in the bromoalkanes. 
The results obtained in this work from the neutron 
irradiation of the four bromobutanes show that 
such isomerization does occur for these compounds 
and furthermore that it may be as extensive as the 
simple isomerization involving only shift of the 
bromine atom. A related phenomenon has been 
observed by Keenan, et al.,H from the electron bom-

(1) Issued as A E C L  N um ber 1042. Presented a t  D ivision of 
Physical Chem istry, 135th m eeting, A C S , B oston, M assachusetts, 
A pril, 1959.

(2) D epartm ent of C hem istry, U n iversity  of A lberta, Edm onton, 
A lberta.

(3) G . L evey  and J. E. W illard, J . A m . Chem. Soc., 7 8 , 2351 (1956).
(4) J. C . W . Chien and J. E. W illard, ibid., 7 9 , 4872 (1957).
(5) C . E . M cC au ley , G . J. Hilsdorf, P . R . Geissler and R . H. 

Schuler, ibid., 7 8 , 3246 (1956).
(6) C . E . M cC au ley  and R . H. Schuler, ibid ., 7 9 , 4008 (1957).
(7) W . S. W ilcox, R adiation Research, 10, 112 (1959).
(8) V. J. Keenan, R . M . Lincoln, R . L. Rogers and -H. Burw asser, 

J . A m . Chem. Soc., 7 9 , 5125 (1957).
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bardment of the two isomeric butanes. Although 
no isomerization of the parent compounds was 
detected, octanes formed by dimerization were 
obtained whose structures indicated carbon re­
arrangement.

Experimental
Most of the details of the experimental techniques used in 

this study have been described in other papers.9'10 Briefly 
samples of about 0.1 to 0.2 ml. were purified bv gas chroma­
tography and sealed in blackened glass ampoules. They 
were irradiated at ambient temperature, about 25°, in a 
special low y-flux facility of the X R X  reactor which gave a 
neutron flux of about 10s neutrons per sec. per cm.2. The 
7-flux was about l l r .  per hour and the usual irradiation time 
was about 16 hours so that the total y dosage was less than 
200 r. The radioactive organic products were separated by 
gas chromatography. The organic retention was measured 
by a technique in which inorganic radiobromine was absorbed 
from a gas stream on solid potassium ferrocyanide and the 
organic radiobromine adsorbed on charcoal.9 Direct analy­
sis for radiobromine-80 and -82 activity of the samples was 
carried out by y-counting using a well-type scintillation 
crystal and conventional counting equipment.

To determine whether carbon skeletal rearrangement 
takes place, it was necessary to separate each of the four 
bromobutanes from its isomers and from the other products 
of the hot atom reactions. Because l-bromo-2-methylpro- 
pane and 2-bromobutane have nearly identical separation 
coefficients for a wide variety of chromatographic substrates 
they cannot be separated by the usual gas chromatographic 
techniques.11 However, the radiobromine activity of these 
two can be resolved readily through the use of selective 
reactivity with silver nitrate.12 Reaction of gaseous 2- 
bromobutane with a small quantity of solid silver nitrate is 
rapid and complete at room temperature but l-bromo-2- 
methypropane is not affected. This reaction with silver 
nitrate occurs with all secondary and tertiary bromoalkanes 
and with allyl type bromoalkenes.

In this study charcoal collector tubes were used for collec­
tion and assay of the organic radiobromides as the}' were 
eluted from the gas-liquid chromatographic column.10 
When a mixture of radioactive 2-bromobutane and 1-bromo- 
2-methylpropane was being eluted, the charcoal collector 
tube was preceded by two tubes of similar dimensions con­
taining silver nitrate on firebrick. The radiobromine from 
2-bromobutane was retained on the first silver nitrate tube 
and the second silver nitrate tube served only as a precaution 
to ensure that the separations had proceeded as expected 
and generally showed no activity. l-Bromo-2-methylpro- 
pane passed through both silver nitrate tubes and was col­
lected on the charcoal. The silver nitrate and charcoal tubes 
were disconnected for separate radioassay by y-counting and 
a correction applied to allow for the higher y-ray absorption 
of the silver nitrate relative to that of charcoal.

High vacuum silicone stopcock grease was used as the 
stationary liquid for most separations and the sample was 
injected without the addition of carrier compounds.13 Un­
fortunately, the following important groups were not ade­
quately resolved by this substrate: dibromomethane, 2- 
bromobutane and l-bromo-2-methylpropane; 1-bromo- 
propane and 2-bromo-2-methyipropane; 1-bromobutane 
and 1,1-dibromoethane. The activity due to 2-bromobu­
tane and to 2-bromo-2-methylpropane was obtained by the 
use of silver nitrate as described above. The activity due 
to the traces of dibromomethane and 1,1-dibromoethane was

(9) W . E. Harris, W . H. M cFadden and R . G . M cIntosh, T his Jour­
nal, 63, 1784 (1959).

(10) W . E. Harris and W . H. M cFadden, Can. J . Chem., in prepara­
tion.

(11) A pplication of the recently developed technique of cap illary 
gas chrom atography to this separation indicates a separation of these 
tw o isomers is possible. T h e authors acknowledge th a t D r. R o y 
Teranishi of the W estern Regional Research Laboratories, demon­
strated a practical separation of these tw o using a 200 ft. polypropylene 
glycol capillary column. Retention tim e was 15 min. at 50°, a t a flow' 
rate of 1 m l./min.

(12) W . E. Harris and W . H. M cFadden, A n al. Chem., 31, 114 
(1959).

(13) J. B. E vans and J. E . W illard, J. A m . Chem. Soc., 78, 2908
(1956).

obtained from a separate sample in which Tween 30 was 
used as the stationary liquid in the gas chromatography 
column. This column satisfactorily separated these com­
pounds from the isomeric butanes and from themselves.14 
The results obtained were used to make small corrections to 
the results of the analyses obtained from the silicone stop­
cock grease column.

The analyses in this work separated all of the lower molec­
ular weight prod lets but no attempt was made to resolve 
substances with soiling points above that for 1,2-dibromo- 
ethane. These high boiling point products were largely di- 
bromobutanes and were collected as a single fraction and 
their total activity measured.

Experimental Results and Discussion
The results from the irradiation of the four bro­

mobutanes are summarized in Table I. In most 
respects the results obtained were similar to 
those that have been found for other bromoalkanes. 
All four isomers undergo fragmentation yielding 
radioactive bromomethanes, bromoethanesand bro- 
mopropanes to the extent of 4.5 to G%. All iso­
mers yield 1 0  to 2 0 %  of high boiling point organic 
bromides which are mostly dibromobutanes. For 
three of the bromobutanes the organic retention 
was in the expected range of 30 to 40%. The 
data show that all four isomers undergo the ex­
pected simple isomerization involving only a change 
of the position of the bromine atom. The extent 
of this kind of isomerization was between 1 to 4%  
and was comparable in extent to the results re­
ported for the bromopropanes. 3 ' 4 The above as­
pects of the data would seem to require no further 
comment. In view of the objective of this study 
attention should be drawn to the results as they re­
late to carbon chain isomerization. This type of 
isomerization involving rearrangement of the car­
bon skeletal structure was also observed and the 
results for 2 -bromo-2 -methylpropane were espe­
cially noteworthy. The large proportion of isomeri­
zation for this compound, along with its organic 
yield of nearly 1 0 0 % , would seem to warrant some 
additional comment and possible interpretations 
for the observations should be examined.

High organic yields up to about 80%, are nor­
mally ascribed to the effects of impurities in the ir­
radiated materials or to a high y-radiation field. 
In this work the y-field was extremely low9 and so 
the high organic yield camiot be due to this cause. 
To obtain correct organic yields it is necessary to 
rigorously process the materials to exceedingly high 
purities. In the present work the materials were 
purified by gas chromatography. 9 This technique 
was found to be adequate for the purification of 
other organic bromides for this type of study. Fur­
ther, it should be noted (Table I) that the distribu­
tion of organic products from the irradiation of 2 - 
bromo-2 -methylpropane was in no way unusual, 
except for the amounts of radioactive parent ma­
terial and 2-bromobutane. It therefore seems un­
reasonable to attribute the retention of nearly 
1 0 0 %  solely to reaction of the radiobromine with 
impurities. Reaction of the inorganic bromine with 
unsaturated products resulting from the reactions 
induced by the recoil radiobromine are not nor­
mally encountered and should also not be considered 
as an important contribution to the high organic 
yield observed here.

(14) W . H. M cFadden, A n al. Chem., 30, 479 (1958).
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T a b l e  I

R a d i o b r o m i n e  P r o d u c t s  O b t a i n e d  f r o m  t h e  N e u t r o n

I r r a d i a t i o n  o f  t h e F o u r  I s o m e r i c B r o m o b u t a n e s

1-Bromo- 2-Bromo-
1 -Bromo- 2-Bromo-- 2-m ethyl- 2-m ethyl-

butano butane propane propam*
Product %  of total radiobrom ine a ctiv ity

l-Bromobutane 13.7 1.0 0.8 0 .0

2-Bromobutane
l-Bromo-2-methyl-

1.1 13.5 2.7 13.6

propane
2-Bromo-2-methyl-

0.5 0.9 14.7 1.3

propane 0.3 0.3 3.7 66
Bromomethane 2.3 3.2 4.7 2.9
Bromoethane 0.9 0.5 0.3 0 .1

2-Bromopropane .1 .1 .3 .4
1-Bromopropane 2 .0 .0 .0
Dibromomethane .4 . 7 .3 1.7
1,1-Dibromoethane .1 .5 2 0.2
1,2-I)ibromoethane 
Other low boiling point

.3 2 , i .3

materials“
High boiling point or-

.1 .3 .4 .0

ganic bromides5 10 19 15 11
Inorganic yield 70 60 57 2.6

" Unidentified materials with boiling points between
those of bromoethane and 2-bromobutane, probably un­
saturated organic bromides. 6 Unidentified but mostly 
dibromobutanes.

It seems most reasonable to attribute the high 
organic yield to a scavenging type reaction of the 
radiobromine by either a high concentration of or­
ganic ions (or radicals) or by the 2 -bromo-2 -methyl- 
propane itself to give the unusually large propor­
tions of 2 -bromobutane and 2 -bromo-2 -methylpro- 
pane observed. Some experiments in which inac­
tive bromine or hydrogen bromide were mixed with
2 -bromo-2 -methylpropane resulted in no isomeri­
zation to 2 -bromobutane and so scavenging by 2 - 
bromo-2 -methylpropane may not be an important 
reaction in this system. Due to their ease of forma­
tion, ions or radicals of the type (CH3)3C + or 
(CH3)3C° from 2 -bromo-2 -m ethyl propane may Vie 
present in an exceptionally high concentration in 
the radiobromine recoil zone. Furthermore, the 
earbonium ions are15 self propagating due to a sim­
ple chain reaction of the type

(CH3)3C+ 4 (CH3)3CBr — ^ (CH3)3CBr 4- (CH3)3C +

so that the radiobromine has a high probability of 
encountering a butyl ion. Rearrangement of ter­
tiary butyl ions occurs rapidly15 so that the second­
ary butyl ions would also be present in a reasonable 
concentration to yield straight chain isomers. The 
ratio of 0 . 2  of radioactive 2 -bromobutane to 2 - 
bromo-2 -methylpropane observed in this work is 
notably close to the value 0.23 determined for the 
equilibrium ratio of n-butane to 2 -methvlpropane 
in the presence of aluminum bromide at 25°.16 In 
addition, if the assumption were made that equi­
librium was established among all four possible butyl 
earbonium ion structures, the data of Table I would 
indicate that the structures leading to 1 -bromobu-

(15) P. D. B a rtlett, F. E. Condon and A . Schneider, J. A m . Chem, 
S o c ., 66, 1531 (1944).

(16) II. Pines, B, K vetinskas, L, S. K assel and V . N . Ipatieff, ib id ., 
67, 631 (1045).

tane and 1 -bromo-2 -me:hylpropane are virtually 
absent.

The data of Table I indicate that chain isomeriza- 
tions occurred with the other three bromobutanes 
to a much smaller extent. While extended dis­
cussion of these results is unwarranted, it would 
seem relevant to point out that the proportion of 
chain isomerization was 0.8, 1.2, 3.7 and 13.6% for 
1 -bromobutane, 2 -bromobutane, l-bromo-2 -meth- 
ylpropane and 2 -bromo-2 -methylpropane. The 
fact that chain isomerization was much more ex­
tensive with 2 -bromo-2 -methylpropane than with 
the other three bromobutanes may be additional in­
dication that chain isomerization occurs by way of 
butyl ions since it forms a earbonium ion most 
readily.

Acknow ledgm ent.—The authors gratefully ac­
knowledge the valuable suggestions and discussions 
with Dr. R. J. Crawlord, Dr. G. R. Freeman. Dr. D. 
Danvish and Dr. R. H. Betts.
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In the course of a search for an indicator with 
pKi^G.2 and a suitable absorption spectrum, we 
made measurements on 2-chloro-4-nitrophenol and
2-nitro-4-chloropherol in aqueous solution at 25° 
and we can report pK  =  5.45 and 6.46, respectively. 
The phenols were recrystallized from commercially 
available material; m.p. of the recrystallized ma­
terial for the former, 110.5-111.2°; for the latter, 
87.0-87.8°. 2-Chloro-4-nitrophenol is character­
ized by maxima at 400 mu (molar absorbance index, 
e 16,600) and 265 mu (e 4,000) in alkaline solution 
and at 315 mu (e 8,700) in acid solution with isos- 
bestic points at 347 mu (e 5,000), 273 mu (e 3,500) 
and 248 mu (e 4,100). 2-Nitro-4-chlorophenol 
has maxima at 427 mu (« 4,460) in alkaline solu­
tion and at 363 mu (e 2,700) and 275 mu (e 5,400) 
in acid solution with isosbestic points at 383 mu 
(«2,300) and 260 mu (e 4,500).

Measurements were made on a Beckman Model DU 
Spectrophotometer. The speetrophotometric method em­
ployed has been outlined elsewhere1 and it only needs to be 
added that in the pK  determination of 2-chloro-4-nitro- 
phcnol, we used the succinate buffers of Bates, Pinching 
and Smith.2 The relation

pK = pH -  log - lo g  7

was used to calculate pK. The pK thus calculated was 
further corrected for the contribution of the chloronitro- 
phenol to the acidity of the solution.3

The experimental results are given in Tables I 
and II. All measurements were made using 1 cm. 
absorbance cells. In the tables D\ and D2 represent

(1) R . A . Robinson and A . I. Biggs, Trans. Faraday S oc., 51, 901 
(1955).

(2) R . G . Bates, G . D . P inching and E. R . Sm ith, J. Research N a tl. 
B u r . Standards, 45, 418 (1950).

(3) R . A . Robinson and A . K .  K iau g, Trans. Faraday  Npc», 51, 1398 
(1955).
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the optical densities of the solutions containing the 
phenol at pH 2 and 12, respectively, and D the 
optical density of the buffer solutions with the phe­
nol. The resultant pK  values 5.45 and 6.46 may 
be compared with those calculated on the assump­
tion that chloro and nitro substituents have addi­
tive effects on the pK  of phenol; from the data of 
Judson and Kilpatrick4 on monosubstituted phenols 
we calculate pK  5.67 and 6 .6 6 , respectively.

T a b l e  I
I o n iz a t io n - C onstants o f  2 -X itro-4-chloroi>henol‘' at 

25°

Buffer D log D , -  D V K p K  (cor.

Series I: 410 nifi, D, = 0.202, A = 0.924
a 0.732 0.441 6.45 6.45
b .749 .495 6.47 6.46
c . 755 .515 6.47 6.46
d .767 .556 6.48 6.46
e .775 .585 6.49 6.46

Series II: 420 mii, A  = 0.121, D2 = 1.004
a 0.767 0.436 6.45 6.45
b .790 .495 6.47 6.46
c .798 .517 6.47 6.46
d .810 .550 0.49 6.47
e .821 .583 6.49 6.46

Series III : 430 mu, A  =■ 0.070, I), = 1.020
a 0.769 0.445 6.44 6.44
b .789 .488 6.48 6.47
c .793 .503 0.48 6.47
d .807 .539 6.50 0.48
e .824 .585 6.49 6.46

Series IV: 440 mp, D, = 0.039, A * = 0.964
a 0.721 0.448 6.44 6.44
b .738 .490 6.47 6.47
c .749 .519 0.46 6.46
d .764 .559 6.48 6.46
e .772 .582 6.50 6.46

Avg. pK 6.46, K = 4.47 X  10 7 
" The molarity of 2-nitro-4-chlorophenoI was 2.33 X  

IQ - 4 throughout. Buffers a, b, c, d and e were mixtures of 
.r.UKIIji’O, and x.l/XajHPO, where x = 0.05, 0.025, 0.02, 
0.01 and 0.005, pH 6.77, 6.80, 6.89, 6.96 and 7.02 and 
— log 7 = 0.12, 0.10, 0.10, 0.08 and 0.06, respectively.

T able II
Ionization C onstant o f  2-C hloro-4-nitropiienol° a t  25°

Buffer D IOK D— D p K p K  (cor.

Series I: 400 m ti, A  = 0.005, A =  0.865
f 0.493 0.015 5.45 5.45
£ .514 .053 5.45 5.45
h .543 .106 5.44 5.44

Series II: 410 m /i, D , =  0, A  = 0.919
f 0.463 0.007 5.45 5.45
K .488 .054 5.45 5.45
h .513 .102 5.45 5.45

Av. pK 5.45, K  = 3.56 X 10-6
“ The molarity of 2-ehloro-4-nitrophenol was 0.58 X  10-4 

throughout. Buffers f, g and h were mixtures of j.17 sodium 
hydrogen succinate and xM  sodium succinate where x = 
0.05, 0.025 and 0.01, pH 5.343, 5.403 and 5.474 and —log 
7 = 0.118, 0.103 and 0.077, respectively.

(4) C . M . Judson and M . K ilp atrick , J. A m . Chem. S oc., 71 , 3110
(1949).
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Magee, Shand and Eyring1 proposed that certain 
cis-trans isomerizations proceed via a half-twisted 
intermediate of triplet multiplicity. The very low 
frequency factors characteristically shown by re­
actions of this class are then attributed to the low 
probability of crossing between the singlet and 
triplet potential energy surfaces. This in turn 
has suggested that it might be possible to catalyze 
the reaction by intense magnetic or electric fields 
of molecular origin, since these are known, 2 - 4  in 
the context of spectroscopy, to enhance the 
probabilities cf transitions between states of unlike 
multiplicity. Paramagnetic catalysts already have 
been examined, but it now appears that they are 
either ineffective5 or else that they affect the acti­
vation energy as well, and thus act chemically. 6

Intense electric fields exist near the nuclei of 
atoms of high atomic number, and again by analogy 
with spectroscopic observations, such heavy atoms 
might be expected to be effective either as substit­
uents in the reactive molecule, or as constituents of 
a solvent. Thus intramolecular heavy-atom catal­
ysis might be expected in such substances as di- 
iodoethylene, but this substance is unstable and the 
rate of its thermal isomerization is overwhelmingly 
regulated by the iodine produced by decomposi­
tion .7 Other compounds of a similar type are 
probably equally unsuitable. We have therefore 
sought to effect catalysis using a heavy-atom sol­
vent.

Even here, systems suitable for study are rather 
few, since th? reagents must be relatively high- 
boiling and stable (the reactions mostly require 
temperatures around 200°). Stability is crucial, 
since this isomerization is notoriously susceptible 
to impurity catalysis. We chose dimethyl maleate 
in iodobenzene, the former because its kinetics are 
cleanly first order and have been studied in a light 
atom solvent (anisole)8; the latter because of its 
thermal stabi.ity and boiling point (188°).

In the event, no significant catalysis was found 
(Fig. 1). .

The triplet-intermediate theory is not without 
its critics9 and is certainly far from proven; never-

(1) J. L. M agee, W . Shand and H. Eyring J . A m . Chem. Soc., 63, 
677 (1941).

(2) D . F. E v a n s  J. Chem. Soc., 1351, 3885 (1957).
(3) M . K asha, D isc. Faraday S oc., 9 ,  14 (1950): D. S. M cClure, 

J . Chem. Rhys., 7 , 905 (1949).
(4) M . Kasha, ibid., 20, 71 (1952); M . K asha and S. I*. M cG lynn, 

A n n . Rev. Rhys. Chem., 7 , 403 (1956).
(5) E . Cellos and K . S. P itzer, J. A m . Chem. Soc., 7 7 , 1974 (1955).
(6) H. M cC onnell, J. Chem. Rhys., 20, 1043 (1952).
(7) R . M . Noyes, R . G . Dickinson and V . Schom aker, J. A m . Chem. 

Soc., 6 7 , 1319 (1945).
(8) M . D avies and F. P . E vans, Trans. Faraday Soc., 6 1 , 1506 

(1955).
(9) D . Schulte-Frohlinde, A nn., 6 12 , 138 (1958).
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Fig. 1.— Arrhenius plots of the rates of isomerization of 
dimethyl maleate: +  , anisole solution (Davies and Evans); 
•, iodobenzene solution (present work); X, pure ester 
(Davies and Evans).

theless, we do not consider that the present result 
negates the mechanism. Our reasons are two. 
(i) The spectroscopic experiments previously re­
ferred to involved either direct transitions, by ab­
sorption or emission, between singlet and triplet 
states, or else crossovers between excited singlet 
and triplet states whose potential energy surfaces 
are presumed to intersect. The latter process is 
the more relevant to the kinetic experiments, 
but quantitative information is available only 
for the former. In the first case certainly, and 
probably also in the second, the heavy atom per­
turbation operates by mixing of the triplet state 
with some higher, particularly effective, perturb­
ing singlet. In our view, this is probably a charge- 
transfer level. For perturbation by iodine, this 
level may lie around 30,000 cm.-1, and is far re­
moved from the energy of the singlet-triplet inter­
section (8000 cm.-1) in the kinetic experiment. 
The triplet upper states of the spectroscopic ex­
periments, however, typically lie around 2 0 -
25,000 cm.-1, and must be much more accessible 
to perturbation, (ii) The perturbation by the 
heavy atom is probably most effective when it is 
in intimate contact with the perturbed molecule 
(though how sensitive it is to intermolecular dis­
tance is still an unresolved question.10) However, 
the reaction process of minimum energy requires 
that a colliding solvent molecule should first recede, 
permitting the energy of the momentary compres­
sion to concentrate in the torsional mode of the 
olefin, which may then just reach the singlet- 
triplet crossing point. Stating this another way, 
the singlet-triplet intersection in a compressed 
solute-solvent pair must lie at higher energy than 
it does in the same pair of molecules while sepa­
rated, and thus offers a reaction path whose higher 
energy offsets a presumably enhanced frequency 
factor. Radiative spectral transitions on the other 
hand can take place at any instant during a col­
lision, while intersystem crossing between excited

(10) W. W. Robertson and R. E. Reynolds, J. Chem. Phys., 29,
138 (1958).

states occurs in the course of collisional degradation 
of the excitation energy, and its rate is not re­
stricted by an activation requirement.

Experimental
Dimethyl maleate was dried over CaCk and vacuum dis­

tilled, and filtered just above its freezing point to remove 
the fumaric ester. Iodobenzene, dried over CaII2, was re­
peatedly passed through alumina and vacuum distilled. 
It was shaken with, and stored over, mercury and CaH2.

Reactions were carried out in sealed Pyrex glass tubes; 
the reaction mixtures were scrupulously outgassed before 
sealing, while frozen, under 10-1 mm. of purified nitrogen. 
The sensitivity to the impurity catalysis which these pre­
cautions circumvented was evidenced by the fact that im­
proving reproducibility was accompanied by a fifty-fold 
decrease in rate relative to runs which, early in the in­
vestigation, were considered fairly good.

The reaction was accessible to study only over a narrow 
temperature range; above 235° iodobenzene itself discolors 
on long heating; below 215° the long runs, of over a week, 
gave unsatisfactory results. In all cases mixtures became 
yellowish after 20-30% reaction, and measurements were 
therefore confined to the earlier stages of reaction, within 
which at least 30 tubes were examined at each temperature. 
Rates were satisfactorily first order, and quantitative in­
frared measurements disclosed no obvious side-reactions.

Approximately 10% solutions of ester in iodobenzene were 
used. The analytical method made use of the very low 
solubility of dimethyl fumarate in the chilled solvent. 
Reaction mixtures were equilibrated at 0°, whereupon 
most of the fumarate was precipitated; the refractive index 
of the mother liquor measured the extent of reaction.

First-order rate constants (including a small correction 
for the back reaction) were: 107fc (sec.-1) =  5.0 (217.2°),
6.6 (223.3°), 8.7 (227.5°), 12.4 (232.8°). Temperatures 
are all ±0 .3°. The Arrhenius parameters were A — 6 X 
106 sec.-1, E =  28.5 ±  3 kcal./mole.

We are indebted to Mr. R. H. Roper for the 
infrared measurements. We also thank Dr. Mansel 
Davies for supplying us with some further details 
of his published work incorporated in Fig. 1.

PHYSICO-CHEMICAL STUDIES OX 
OVALBUMIN. II. THE EFFECT OF 

CHARGE ON DIFFUSION
By L. W. N i c h o l , D. J .  W i n z o r  a n d  J . M. C r e e t h

D epartm ent o f  Ph ysica l and Inorganic Chemistry, U niversity o f  Adelaide, 
South Australia

R eceived M arch 5, 1960

Procedures for the determination of heterogeneity 
from diffusion measurements on mixed solute sys­
tems have been shown to be valid for dilute solu­
tions of simple substances such as sucrose and 
urea and have been applied to a few protein sys­
tems. 1 -7  Deviations from “ ideal” diffusion be­
havior in a manner indicative of heterogeneity 
have been observed in all protein systems studied, 
the deviations generally being represented in terms of 
fringe deviation diagrams. 2 4 However, analysis 
by these procedures assumes independence of flow 
of each solute component: in a previous com-

(1) A . G . Ogston, P roc. R oy. Soc. {London), A 1 9 6 ,  272 (1949).
(2) D . F . A keley  and L . J. Costing, J. A m . Chem. Soc., 75 , 5685 

(1953).
(3) J. M . C reeth and L. J. Gosting, T h is  J o u r n a l , 62, 58 (1958).
(4) J. M . Creeth, ibid., 6 2 , 66 (1958).
(5) R . L. Baldw in, L. J. Gosting, J. W . W illiam s and R. A . A lb erty , 

D isc. Faraday Soc., 2 0 , 13 (1955).
(6) I. J. O ’ D onnell, R . L. Baldw in and J. W . W illiam s, Biochim . 

B iopkys. Acta, 28, 294 (1958).
(7) J. M . Creeth, L. W . Nichol and D . J. W inzor, T his J o u r n a l , 62, 

1546 (1958).
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T a b l e  I
Solution Data and Diffusion Results on Ovalbumin

Relative
Expt.
no.

Buffer 
compn.,« M pH«»

viscosity 
of buffer,

V rel Apparent 
valpnce c

Total no.
of fringes«* 

./
T'a/a* 1.0 0°, cm.2 sec. -i X 10'

il h« max. X 10*
12r max 

cor.
X 10*

1 0.15 XaCl 4.59 1.011 0 68.58 140 3.895 37 37

2

.01 XaAc 

.01 HAc 

.09 XaCl 5.4o 1.034 -  5 -1 111.42 200 3.872 32 42

3

.07 XaAc 

.01 HAc 

.15 XaCl 7 .5 l 1.022 -1 0 .0 113.36 150 3 .95q 19 48

4

.01 XaV 

.02 HV 

.12 XaCl 8.42 1.040 - 1 0 . 5 110.59 CO 3.902 26 51

.04 NaV 

.01 HV
“ Ac = acetate, V = diethyl barbiturate. * Measured with a Doran Universal pH meter. '  Calculated on the basis of 

the method given by Abramson, Moyer and Gorin1'1 using the mobility data of Longsworth.11 d In this apparatus, J =  100 
corresponds to a concentration increment of 0.5S2 g./100 ml. for ovalbumin, based on I’erlmann and Longsworth\s value12 
for the specific refractive increment. '  The significance of these quantities is discussed in a previous paper.7 ‘ Values cor­
rected to water basis (by multiplying by rjrei).

munication7 evidence indicative that this assump­
tion is not satisfied has been obtained in a study of 
the diffusion of crystalline ovalbumin and also the 
leading electrophoretic component, Ai, at a pH 
value close to the isoelectric point. The resultant 
fringe deviation diagrams were generally of the 
same form as that obtained in the presence of a fast 
diffusing impurity, and it therefore appears that 
detailed information on the heterogeneity of pro­
tein samples cannot be gained from diffusion meas­
urements until the effect of heterogeneity can be 
separated from that due to flow interaction. Al­
though the exact nature of the latter phenomenon 
is unknown, if the suggestion that interaction of 
solute flows results in part from electrostatic cou­
pling of ion flows6 ’8 is correct, then the deviation from 
ideal behavior observed with Ai at its isoelectric 
point presumably represents the minimum effect 
of flow interaction. The diffusion experiments on 
ovalbumin reported in this work have been per­
formed at several pH values specifically to 
determine the effect of charge on the diffusion co­
efficient and on the fringe deviation diagram.

E xperim ental

M aterials and M e th o d s.—The ovalbumin was from 
“ sample 3”  previously described7: at the time of use it had 
been stored for approximately 18 months. Its electropho­
retic analysis was unchanged. The buffer solutions were 
prepared from analytical reagent grade materials, and 
were all made up to a nominal ionic strength of 0.16; all 
the relevant details of composition, etc., are given in 
Table I.

The diffusion experiments were performed in a Spinco 
Model H electrophoresis-diffusion apparatus, employing 
a slightly modified1 Rayleigh optical system. The general 
procedures for the conduct of experiments and the measure­
ment of records were identical with those previously de­
scribed.4’7 It should perhaps be emphasized that these 
procedures give a rigorously' defined quantity', which has 
been called8 the “ reduced height-area ratio”  and given the 
symbol Da; in the absence of flow interaction and second- 
order concentration dependence effects 3Da reduces to the 
“ height-area average”  diffusion coefficient,® Da .

(8) P. J. Dunlop and L . J. Costing, J. Am . Chem. Sor.. 77, 5288 
(1955).

(9) O. Quensel, D issertation, U ppsala, 1942.

Results and Discussion
All the relevant information relating to the dif­

fusion experiments is summarized in Table I, 
which is largely self-explanatory. The values of 
© a  in the table agree closely with previously re­
ported7 values (which extended over a range of 
protein concentration) and it is at once clear that 
they do not show any significant dependence on 
the net charge of the protein (within the range 
0 to — IO.5 ). The insensitivity of ©a is in some 
respects an important finding, for if it were a general 
property of protein-buffer systems, it would imply 
that no addkional error would be introduced into 
molecular weight calculations by employing the 
results of diffusion experiments performed at pH 
values removed from the isoelectric point: these 
conditions are frequently necessary because of 
solubility and stability limitations. However, little 
precise information on other systems is yet avail­
able (Charlwood’s results13 on human albumin 
could not be analyzed for deviations from Gaussian 
form, while O’Donnell, et al.,6 observed pH de­
pendent © a  values for bovine albumin) and in 
any case, it must be borne in mind that the D 
required in the Svedberg equation will generally 
differ from ©\.

In column 9 of Table I the maximum values of 
the relative fringe deviation, O r , are reported; 
the deviation graphs themselves, which give the 
O r  values over the whole boundaries, are given 
in Fig. 1 , the crosses representing the mean ob­
served deviations. The following points require 
comment. Experiment 1, performed under con­
ditions where the protein is essentially uncharged, 14 
gives a deviation graph of the same general shape 
and magnitude as obtained previously7: the experi­
mental conditions differ only in that sodium salts

(10) H. A . Abram son, L. S. M oyer and M . H. Gorin “ Electro­
phoresis of Proteins,”  Reinhold Publ. Corp., N ew  Y o rk , N . Y ., 1942, p. 
153.

(11) L. G . Longsworth, A n n . iV. Y. A cad. S d .,  4 1, 267 (1941).
(12) G . E . Perlmann and L . G . Longsworth, J . A m . Chem. Soc., 70, 

2719 (1948).
(13) P. A . Charlwood, Biochem . J., 56, 259 (1954).
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Fig- 1.—Fringe deviation diagrams of ovalbumin, the 
experiment number referring to Table I. The crosses 
represent mean experimentally observed deviations, the 
solid line represents the deviation due to the buffer gradient 
consequent on dialysis and the dashed line is a summation of 
the two.

have been used instead of potassium salts. In­
spection of the deviation graphs of experiments 2 , 
3 and 4, where the protein bears a generally in­
creasing net negative charge, shows a trend in 
which the maximum becomes shifted from the

(14) A t this pH, 4.59, some 15-20 %  of the protein would bear a 
net positive charge of approxim ately + 1  per m olecule. This, there­
fore, does not represent the lim iting case of a com pletely uncharged 
species, but should serve as a valid  standard for comparison with 
markedly charged species.

extreme right and, furthermore, the value of Ur 
max. is decreased. This implies that diffusion is 
more nearly “ ideal” and appears at first sight 
contrary to the postulate that flow interaction 
results in part from electrostatic coupling of ion 
flows, since greater deviations would be expected 
in the case of charged systems. However, the 
diffusion experiment is conducted with dialyzed 
solutions and accordingly the initial conditions 
require close examination ( c f . ref. 6 ). Should the 
protein bear no net charge, the salt redistribution 
on dialysis is a measure of preferential “ binding” 
of the buffer constituents by the protein: depend­
ing on specific effects, this may lead to a greater 
or less buffer salt concentration within the dialyzed 
protein solution. When the protein is charged, 
the Donnan effect, considered above, must always 
result in a lowered buffer salt concentration within 
the dialyzed solution. If the Donnan effect is 
predominant, the conditions at the start of the 
experiment must, involve a small negative con­
centration increment of salt superimposed on the 
positive concentration increment of protein. Qual­
itatively it is then clear that, in diffusion, salt will 
only be transported in those regions where there is 
a protein concentration gradient, 15 for elsewhere 
its chemical potential is constant. The general 
solution for this type of problem is known, 16 
but its application is not yet possible with protein 
systems; accordingly we cannot present here a 
precise interpretation of the results. Neverthe­
less it is of some interest to see how much of the 
observed deviations can be accounted for in the 
assumption that the flow of salt (due to the Donnan 
concentration gradient) proceeds independently of 
the other diffusion processes. From the data of 
Table I, and taking the molecular weight of oval­
bumin to be 45,000,17 it is possible to calculate, 
following established procedures, a value for the 
initial concentration increment of salt. On the 
assumption that this consists of NaCl alone, a 
value for the refractive index proportion and 
diffusion coefficient ratio r2 (r2 =  D (albumin) /D- 
(NaCl) — Vi8) may be found, using the results of 
Vitagliano and Lyons18 for NaCl. This is suf­
ficient to calculate a first approximation to the 
expected fringe deviation, as we have, from equation 
17a of ref. 3, Ur = a j l'(z*,\/ri) +  . . . This func­
tion is shown in each case as the solid line in the 
graphs of Fig. 1: it is of course zero for experi­
ment 1. From the nature of the calculations, it is 
obvious that, these lines can only be approximately 
defined. If the observed deviations are regarded 
as the sum of the effects of flow interaction and of an 
independently diffusing salt gradient, then the 
magnitude of the former effect may be obtained 
by subtracting the (negative) value of the latter 
from the observed deviation at, a given value of 
z*. By this means the dashed curves in the figure 
have been computed.

From the general appearance of these curves,
(15) Strictly, the protein concentration gradient only reaches zero 

at infinite distance from the initial boundary, b u t the lim its of optical 
resolution allow precise definition of regions of effectively zero gradient.

(lfi) H. F u jita  and L. J. Gosting, J .  A m . Chem. Soc., 78, 1099 (1956).
(17) M . Halwer, G . C . N utting and B. A . Brice, ibid., 7 3 ,  2786 (1951).
(18) V. V itagliano and P. A. Lyons, ibid., 7 6 ,  1549 (1956).
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it is clear that the assumption stated above leads 
to a rational qualitative interpretation of the dif­
fusion results: the general trend shown by the 
measured deviations in experiments 2-4 is what 
would be expected on the basis of increasing nega­
tive increments of NaCl combined with increasing 
positive deviations due to “ flow interaction.” 
The former would be expected on the basis of 
increasing negative charge on the protein, and the 
latter on the supposition that interaction (being 
due to coupled ion-flows) will also increase with 
the charge on the protein ion. The maximum 
values of the dashed curves (reported as “ Or cor­
rected” in column 10 of Table I) show a fairly 
smooth pH-dependence, while there is a marked 
similarity in the general shapes of these curves and 
resemblance to the experimental curve obtained at 
the isoelectric point.

It is hoped that these experiments and the 
attempted interpretation given will prove useful 
in developing a more exact theory for this impor­
tant field.

Acknowledgments.—We are grateful to Professor
L. J. Gosling, of the University of Wisconsin, for 
discussions on the subject of flow-interaction; 
we also wish to thank the Commonwealth Scientific 
and Industrial Research Organization for a student­
ship held by D. J. W. and General Motors-Holden’s 
Ltd. for a Postgraduate Research Fellowship held 
by L.W.N.
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The formation constants of a number of complexes 
are conveniently evaluated by procedures involving 
the auxiliary oomplexing agent /3,/3,,/3"-triamino- 
triethylamine (tren) . 1 Procedures of this type 
require accurate values for the dissociation con­
stants of the proton complexes of tren

H3tren3 + < > Hitreii2+ +  H + pKx
H2tren2+ < > Htren + +  H + pK,

Htren +  ̂ > tren +  H + pA'3

Although Schwarzenbach and co-workers2-3 report 
for 0.1 4 / KC1 and 0.5 M  KC1 solutions, respec­
tively, at 20°, pKi, 8.56 and 8.79; pK., 9.59 and 
9.84; pK 3, 10.29 and 10.29; data for other tempera­
tures are not available.

In this communication, values for these con­
stants, as determined by the potentiometric method 
of Ackermann and Schwarzenbach, 2 are given for 
six temperatures, and these data are employed 
to calculate the enthalpy changes for the three 
equilibria.

(1) G . Schw arzenbach and E . Freitag, Helv. Chim. A cta , 34, 1503
(1951).

(2) H. A ckerm ann and G . Schwarzenbach, ibid., 32, 1543 (1949).
(3) J. E . Prue and G . Schwarzenbach, ibid., 33, 903 (1950),

E xperim ental

M aterials and A pparatus.—A sample of /?,£)',ii"-triamino- 
triethylamine trihydrochloride was obtained by the pro­
cedure of .Jonassen and Strickland.4 Only the first material 
to crystallize was employed.

Anal. Calcd. for C6H18N4-3HC1: C.28.19; H, 8.28; N, 
21.92. Found: 0,28.30; 11,8.21; N ,21.80.

Mercurimetrie analysis for chlorine5 indicated the sample 
to be 99.4% tren-SHOl.

All pH measurements were made with a Beckman- 
Model G pH-Meter, which was standardized against pH 
4 and 9 Leeds and Northrop standard buffers. The titra­
tion cell was a 200-ml. Berzelius beaker fitted with a 
rubber stopper with suitable holes to accommodate electrodes 
from the meter, nitrogen inlet and outlet tubes, and the 
tip of a 10-ml. microburet. Titrations were carried out 
with samples thermostated to within ±0.05° of the stated 
temperature.

P rocedure.—Titration of 5 X 10“ 3 M  amine trihydro­
chloride solutions was carried out with 0.1 M  carbon 
dioxide-free potassium hydroxide. Stirring was effected 
with nitrogen that had been bubbled previously through a 
solution of th? same ionic strength and temperature. 
The ionic strength was maintained at 0.09-0.11 by addition 
of potassium nitrate. Each pH reading was converted to 
hydrogen ion concentration by use of an additive factor 
calculated from the pH value recorded for a 10 “ 3 M nitric 
acid solution in 0.1 M  potassium nitrate.

Results and Discussion
Experimental pK  values calculated from the 

titration data by the method of Aekermann and 
Schwarzenbach2 are summarized in Table I. 
The excellent agreement between the values at 
2 0 ° and those cited above2 for solutions main­
tained at ionic strength 0 . 1  by addition of potas­
sium chloride indicates no substantial difference 
between chloride and nitrate ions as the inert 
electrolyte.

T a b l e  I
pK V alues f o r  D issociation o f  P roton C omplexes o f  
/3,/3',/3"-Triaminotriethylamine  a t  I onic Strength  0.1

Temp., °C. p K  I p K , p K ,

15.0 8 .74 9 .77 10.44
20.0 8 .58 9 .59 10.29
25.0 8.42 9.44 10.13
30.0 8.27 9 .28 9.99
35.0 8.11 9.12 9.85
40.0 7.95 8 .98 9.71

Plots of pK vs. the reciprocal of the absolute 
temperature yield straight lines from which in­
dividual pK  values deviate by no more than 0.01 
unit. From the slopes of these lines and the ex­
pression

-  log K = - yy {̂T +  constant (1)

AHi, AH, and AH, values of 13.1 ±  0.2, 13.1 ±  
0 .2 , and 1 2 . 1  ±  0 . 2  kcal./mole, respectively, 
were calculated. The smallness in deviation 
among the pK  values rendered use of the least- 
squares approach unnecessary. Although equi­
librium constants given in eq. 1 are thermody­
namic values, concentration constants were em­
ployed in these calculations. However, the activ-

(4) H. B. Jonassen and G . T . Strickland, J . A m . C h em . S o c ., 80, 
312 (1958). See also H. B. Jonassen, R . B. LeB lanc, A . W . M eibohm  
and R. M . R ogan, ibid., 72, 2431 (1950).

(5) I. M . K olthoff and E . B. Sandell, “ T extbook of Q uantitative 
Inorganic A nalysis,”  The M acm illan C o ., N ew  Y o rk , N . Y ., 1948, p. 
576.
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ity coefficient factor essential to correcting the 
latter can be included in the constant term in eq. 1 
and is proba bly not highly significant since the 
solutions used were dilute, the ionic strength was 
kept constant, and the activity coefficients have 
only a small temperature dependence.

The essential constancy among these AH values 
indicates chemical similarity among the three 
primary amine nitrogen atoms. The AH values 
for the three dissociation steps of the trihydro­
chloride of diethylenetriamine are, respectively,
11.1, 12.25 and 7.6 kcal./mole . 6 If the first two 
are assigned to the -N H 3+ groups at the end of the 
chain, agreement with values for the structurally 
analogous groups in the hydrochloride of d,/3',|3"- 
triaminotriethylamine is quite satisfactory.

(6) G . H. M cIn tyre, Jr., B . P. Block and W . C . Ferneliua, J. A m . 
Chem. Soc., 81, 529 (1959).
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DISSOCIATION CONSTANTS OF SOME 

COMPLEXES OF THE TYPE R 2S e I 2>
B y  J. D . M c C u l l o u g h  a n d  I r m e l a  C . Z i m m e r m a n n

Department o f  Chem istry o f  the U niversity o f  C alifornia at Los A ngeles, 
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R eceived M arch 8, 1960

Dissociation constants in carbon tetrachloride 
solution at 25° for eleven complexes of the type 
R2Se I2 have been reported in previous com­
munications from these laboratories. 1 2 The present 
communication reports a study of the dissociation 
constants of four representative complexes from 
this group over a range of temperatures in order 
to permit calculation of values for AHc° and ASC° 
for the dissociations.

Experim ental

The preparation and purification of materials and the 
experimental procedures have been described in the earlier 
communications. For each complex some eight to ten 
solutions were prepared covering a wide range of ratios of 
selenide to iodine. Several spectrophotometric recordings 
were made of each sample at each temperature. The data 
for each complex at each temperature and at each of several 
wave lengths were fit to the equation

SHl/Ac =  (S +  H -  C)/t + K e/t (1)
This equation is a modification of that suggested by Scott.3 4 5 6 
In Equation 1 the symbols have the meanings noted: 
S and H are the formal or total concentrations (in moles per 
liter) of the selenide and iodine, respectively, C is the molar 
concentration of the complex at equilibrium, A„ is the ab­
sorbance of the solution, corrected for absorbance due to 
uncombined iodine and uncombined selenide, l is the optical 
path length in cm., e is the molar absorptivity (extinction 
coefficient) of the complex and K0 is the dissociation con­
stant in moles per liter. In the above form, the equation 
is not restricted to the condition S » H  as it is in the form 
given by Scott.

Equation 1 represents a straight line if SHl/Ac is plotted 
against (S +  H — C). The slope of this line is 1/e and the 
intercept is KJt. The experimental data for each complex 
at a given temperature and wave length are fit to the straight 
line represented by equation 1 by a cyclic least-squares 
routine on the IBM 709. In each cycle the observed ab­
sorbance is corrected for the absorbance due to uncombined 
selenide and iodine and the least-squares line is obtained.

(1) This research was sponsored b y  the N ational Science Founda­
tion under Research G rant N SF-G5922.

(2) J .  D . M cCullough and Denise M u lvey, T h i s  J o u r n a l , 6 4 ,  264
(1960). References to  earlier w ork are given in this paper.

(3) R . L . Scott, Rec. trav. chim., 76, 787 (1956).

In the first cycle, the absorbance corrections are made on 
the assumption that all of the selenide and iodine are un­
combined, i.e.y Kc =  co . This leads to tentative values for 
e and Kc. In subsequent cycles the concentrations of un­
combined selenide and iodine are computed on the basis of 
the A'c from the previous cycle. The computing routine 
continues these least-squares cycles until the change in 
Kc is inappreciable. All significant quantities from each 
cycle are printed out so that the progress of the calculation 
can be followed. Three or four cycles are normally suf­
ficient. The equilibrium constants obtained in this way are 
given in Table I.

T a b l e  I
V a l u e s  o f  Kc f o r  R2Sc I2 a t  V a r i o u s  T e m p e r a t u r e s  a n d

W a v e  L e n g t h s

(a) R  = m ethyl (À'c X 10=)
X(m(i) 6 15.3° 35.8° 48.4°

420 2,500 1.1 3.1 5.6
430 2,790 1.1 3.2 5.6
440 2,850 1.1 3.2 5.3
450 2,660 1.2 3.0 5.2

Av. 1.12 3.17 5.43
(b) R  = p-m ethoxyphenyl (A’c X 10=)

47.2°Mme) e 15.8° 35.8°

370 16,500 0.93 2.3 3.6
380 16,700 0.95 2.0 3.6
390 14,900 0.96 2.3 3.6

Av. 0.947 2.20 3.60
(c) R  = ?>-tolyl (K c  X  102)

45.0°M ihr) e 10.0° 30.4°

350 18,100 1.5 3.3 5.0
360 20,100 1.6 3.4 5.1
370 19,400 1.7 3.5 5.2
380 16,900 1.7 3.5 5.3

Av. 1.63 3.43 5.15
(d) R  = p-chlorophenyl (Ac X 10)

40.5°Mniji) e 15.7° 36.4°

350 16,200 1.00 1.6 2.2
360 13,100 0.86 1.4 1.8
370 10,400 0.81 1.3 1.7

Av. 0.89 1.43 1.90

Values for AHc°, KQ and AFC° for each compound at 25° 
were obtained by use of equation 2

A He0 =  -R [  d In A V d (l/T ) +  aT2} (2)
In this equation, a is the coefficient of thermal expansion 
of carbon tetrachloride in the temperature range covered. 
Finally, values for A«SC° at 25° were computed. A summary 
of the AFc°, AHC°and AS„° values is given in Table II, which 
also includes values of these quantities for some other 
halogen complexes for comparison purposes.

The data in Table II show the interesting trends pointed 
out by Keefer and Andrews4 for alkylbenzene, dioxane and 
i-butyl alcohol complexes with iodine. It was later ob­
served by Ogimachi, Andrews and Keefer3 that the IC1 
complexes of eight donors also fit the same linear plots. 
It is quite probable that the data in Table II would also fit 
these plots if converted to a mole fraction-formation basis 
from the concentration-dissociation basis used by the present 
authors.

Apparently the linear relationships between AF and AH 
and between AH and AS are of wide application to equilibria 
of the type D X 2 = D +  X 2. The relationships appear to 
ho.d even for the compounds R2SeBr2 in which the bonding 
is Br-Se-Br, in contrast to that in the iodine complexes in 
which the bonding Se—I-I has been found.6 However, 
it should be noted that the structural studies were made on

(4) R . M . K eefer and L. J. Andrews, J. A m . Chem. Soc., 77, 2164 
(1955).

(5) N . Ogim achi, L . J. Andrew s and R . M . K eefer, ibid., 77, 4202 
(1955).

(6) J. D . M cCullough, G . Y . Chao and D . E. Zuccaro, Acta Cryst., 
12, 815 (1959).
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T a b l e  I I

M o l a r  F r e e  E n e r g i e s , E n t h a l p i e s  a n d  E n t r o p i e s  o f  
D i s s o c i a t i o n  in  C a r b o n  T e t r a c h l o r i d e  S o l u t i o n  o f  

S o m e  H a l o g e n  C o m p l e x e s  a t  2 5 °

Rof. Halo- AFc". A He0.
A,SV\
cal./Donor sen kcal. kcal. dec.

7
/

4-MethoxydiphenyIselenium
3-Methoxydiphenyl-

Br, 5.74 14.4 29

selenium Br, 4.98 11.3 21
7 Diphenylsulenium Br, 4.69 9.7 17
7 4-Chlorodiphenylselenium Br, 4.15 13.1 30

a Dimethyl selenide 
4,4'-Dimethoxydipbenyl-

I2 3.68 8.6 16.4

a
selenium

4,4 -Dimethyldiphenyl-
Ij 2.48 7.6 17. 1

selenium h 2.19 6.9 16.4
8 Diphenylselenium

4,4'-Dichlorodiphonyl-
h 1.97

n
selenium 

Present studv.
Ij 1.26 4.2 10.0

crystalline solids while the equilibria were studied in dilute 
solution. The structures of the complexes in solution are 
accordingly subject to some uncertainty. The reported 
values of AHc" and ASC° for 4-chlorodiphenylselenium di­
bromide suggest that these are too high and that the}' should 
be redetermined.

Acknowledgments.— The authors gratefully ac­
knowledge the financial assistance of the Na­
tional Science Foundation under Research Grant 
NSF-G5922 and the kindness of the Western Data 
Processing Center, U.C.L.A., in providing free ac­
cess to the IBM 709.

(7) J. D . M cC ullough and M . K . Barsh, ibid., 7 1 , 3029 (1949).
(8) J. D . M cC ullough, ibid., 64, 2G72 (1942).

THE AUTOXIDATION OF 
METHOX YPHEX YLA1 .KANES

B y  A .  M e r t w o y , M . T r a c i i t m a n  a n d  H . G i s s e r

P itm an-D unn Laboratories, Frankford Arsenal, U. S. A rm y Ordnance 
Corps, Philadelphia 37, Pa.

Received M arch 16, i960

In the ant oxidation of branched chain amyl adi­
pates1 it was observed that the distance of the ter­
tiary carbon atom from the ester group exerts a 
considerable effect on the oxidation rate, the rate 
decreasing as the distance is decreased. The dif­
ference in the oxidation rate was attributed to reso­
nance at the ester group which made electrons less 
available to the tertiary carbon atom as it moves 
progressively closer to the ester group. In the 
oxidation of two isomeric octyl scbacates- it was 
found that bis-(2 -ethvlhexyl) sebacate oxidized at 
¡i faster rate than bis-(l-methylheptyl) sebacate. 
This difference in oxidation rates was attributed to 
the shielding effect of the ester group, the effect de­
creasing with distance and having little if any ef­
fect beyond two carbon atoms.

In the oxidation of aralkyl hydrocarbons3 it has 
been reported that the rate of reaction of a peroxy 
radical with para-substituted cumenes or toluenes 
shows a pronounced polar effect. Electron with-

(1) M . W . R igg and H. Gisser. ./. .4 m. Chem. Soc., 75 , 141/» (1953)*
(2) C . M . M urp hy and H. R avn er, Ind. Eng. Chem., 44, 1007

(1952).
(3) G . A . Russel, J. Am . Chem. Soc., 78, 1040 (1950).

drawing groups decrease, and electron supplying 
groups increase the reactivity of the a-hydrogen 
atoms of cumene or toluene toward a peroxy radical. 
It has also been shown4 that electron-withdrawing 
groups decrease the rate of reaction of benzaldehyde 
with peroxy radicals. The above work would 
seem to confirm the work of Rigg and Gisser1 
wherein they state that the rate of oxidation is 
due to the proximity of the oxidation site to areas 
of high or low electron density.

If the oxidation rate is dependent on the prox­
imity of tertiary carbons to centers of electron 
density as suggested by Rigg and Gisser, 1 the effect 
of distance observed by them with esters should 
be reversed in the oxidation of compounds having 
an electron releasing group instead of the ester 
group. To accomplish this, several methyl-l-p- 
methoxyphenylalkanes (which have a high electron 
density at the carbon atom adjacent to the ben­
zene ring) were prepared in which the distance of 
the tertiary carbon atom from the ring was varied, 
and their autoxidation rates studied.

Experimental
1- Methyl-l-p-methoxyphenylbutane was prepared by the 

method of Tsukervanik and Nazarova7 from anisole and 
pent,anol-2 with anhydrous aluminum chloride. The 
distilled material was collected at 81-82° at 3.5 mm. 
The yield was 120 g. (25%), n20n observed 1.49865, reported
I. 499. Anal. Calcd. for C,sH „0 : C, 80.85; H, 10.18. 
Found: C.80.35; H, 10,16.

2- M ethyl-1-p-methoxyphenylbutane was prepared from 
p-methoxybenzyl bromide and ser-butylmagnesium bromide. 
The distilled material was collected at 82-84° at 2 mm. The 
yield was 84 g. (25%), n20n observed 1.49982. Anal. 
Calcd. for 0|,H]sO: C, 80.85; H, 10.18. Found: C, 
81.43; 11,9.74.

3- Methyl-l-p-methoxyphenylbutane was prepared in a 
manner similar to 1-methyl-l-p-methoxyphenyloutane8 
from anisole anc isoamyl chloride. The distilled material 
was collected at 78-79° at 1.25 mm. The yield was 70 g. 
(10%), m* i> observed 1.50752, reported 1.5112. Anal. 
Calcd. for C,„I1180 : C, 80.85; 11,10.18. Found: C, 81.23; 
H, 9.95.

4- Methyl- 1-p-methoxyphenylpentane was prepared in a 
manner similar to 2-met.nyl-t-p-methoxyphenylbutane from 
isoamylmagnesiuni bromide and p-methoxybenzyl bromide. 
The distilled material was collected at 125-127° at 9.0 mm. 
The vield was 91 g. (50%), » 20i> observed 1.49524. Anal. 
Calcd. for C „H „0 : C, 81.25; 11,10.42. Found: C, 81.23;
I I ,  10.39.

Bis-f 1,3-dimethylbutyl) adipate was prepared by esteri­
fication of 1,3-dimethylbutyl alcohol and adipic acid with 
a catalytic quantity of p-toluenesulfonie acid monohydrate.

Oxidation.—Oxidation rates were determined by measur­
ing the rate of oxygen consumption using the apparatus 
and technique previously described.1 The rates of oxidation 
of the mcthyl-p-methoxyphenylalkanes were determined at 
120°, using 5.36 X 10 ~4 i f  copper 2-ethyl hexoate as cata­
lyst per mole of alkane. The oxidation rates of bis-(l,3- 
dimethylbutyl) adipate and its mixture with 1-methvl-l- 
p-methoxyphenylbutane were determined at 110° without 
catalyst.

Results and Discussion
The oxidation data obtained show that for 2- 

methjd-l-p-methoxyphenylbutane, 3 -methyl-l-p- 
methoxyphenylbutane and 4-methyl-l-p-methoxy- 
phenylpentane the oxidation rate decreases as the 
distance of the tertiary carbons from the center of 
high electron density increases. (Relative oxi-

(4) C . W allins and K. A . M cE lh ill, ibid., 73, 2927 (1951).
(7) I. P. Tsukervanik and Z. X. N azarova, C . .4., 31, 5778 1937).
(8) I. P. Tsukervanik and V. I). T am b ovtseva. ibid., 34, 4729 

(1940).
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elation rates are 1.00, 0.548 and 0.211, respectively.) 
However, 1 -methyl-l-p-methoxyphenylbutane oxi­
dized at the lowest rate (relative rate 0.199). 
This may be explained by noting that 1 -methyl-l- 
p-methoxyphenylbutane-l-hydroperoxide may de­
compose in the same manner as cumene hydroper­
oxide5 yielding p-methoxyphenol which is an in­
hibitor.6 (It may be noted that p-methoxytoluene 
and anisole appear to be good retarders in the oxi­
dation of cumene.3)

(5) H ock and Lange, Ber., 77 , 257 (1914).
(6) G . E . Penketh, J . A p p l. Chem., 7 , 512  (1957).

If the slow oxidation of 1 -methyl-1 -p-methoxy- 
phenylbutane is due to the inhibition by p-meth- 
oxyphenol formed during the oxidation, then the 
former compound should have an oxidation inhibit­
ing effect on other compounds. Earlier work1 

has shown that bis-(l,3-dimethylbutyl) adipate 
autoxidizes rapidly. However, when mixed with 
25 mole %  of 1 -methyl-l-p-methoxyphenylbutane 
the oxidation rate is reduced by a factor of 1 0 3. 
It is apparent that 1 -methyl-l-p-methoxyphenyl- 
butane has a strong inhibiting effect.

COMMUNICATION TO THE EDITOR

THE FREE-RADICAL CLEAVAGE OF 
PEROXYBENZOIC ACID

Sir:
We have found evidence that peroxybenzoic 

acid in benzene solutions can decompose into free 
radicals, a type of reaction which had not been 
known for peroxycarboxylic acids. Solutions of 
this peroxyacid in benzene were studied using a 
small amount of a,a-diphenyl-d-picrylhydrazyl as a 
free-radical scavenger, as described by Bawn and 
Hellish. The decrease in optical density at 520 
nifi was followed with a Beckman Model DU spec­
trophotometer until most of the hydrazyl had 
been consumed, thus giving measurements over a 
wide range of hydrazyl concentration. The data 
follow the rate law

—  dS0/d¿ =  f c [P ]

where 2D is the optical density, and [P] is the con­
centration of peroxy acid. This rate law with a 
large excess of peroxybenzoic acid is best explained 
by a first order cleavage of peroxide molecules into 
two free radicals ( 1 ), presumably by rupture of the 
0 - 0  bond. Results of a number of experiments 
are listed in the table. The rate constant, k, 
is for the first order, free-radical decomposition of 
the peroxide. The activation energy for this proc­
ess is approximately 30 keal., about the same as 
the activation energy for the corresponding free- 
radical cleavage of benzoyl peroxide. The specific 
rate constants, however, are only one-tenth as 
large.

In 1-butanol solutions the rate of decrease of 
optical density is very much less than in benzene 
solution, and, depending on the history of the 
peroxybenzoic acid, the reaction is first to second 
order in diphenylpicrylhydrazyl. Any free-radical 
cleavage at a rate comparable to the rate in benzene 
would have given an over-all zero or fractional 
order reaction with hydrazyl. These results indi­
cate that free-radical cleavage does not occur to 
any significant extent in this solvent.

(1) C. E. H. Bawn and S. F. Mellish, Trans. Faraday Soc., 47, 1216
(1951).

T a b l e  I
R e s u l t s  i n  B e n z e n e

Initial
oonen.

Run
Tem p.,

°C .
h ydrazyl,
mole/1.

Conen. P B A , [?) 
mole/1. k X sec. 1

23 60 4.0 X 10-6 0.959 X 10“ 2 1.21 X 10
26 00 4.0 1.918 1.12
27 60 4.0 0.959 1.01
28 60 4.0 1.341 0.95
29 60 4.0 0.575 1.05
30 60 4.0 1.918 0.96
31 60 4.0 1.918 1.05
32 60 8.0 1.918 1.31

Average 1.08
33 65 8.0 0.959 2.07
34 65 8.0 0.575 2.14
35 65 8.0 0.1916 2.18
36 65 8.0 1.342 1.94
37 65 8.0 0.384 2.35

Average 2.14

This difference hi behavior may be due to the 
difference in structure of peroxybenzoic acid in 
these two solvents. In benzene, peroxybenzoic 
acid exists in the internally hydrogen bonded form
(I) -; in 1 -butanol the ring presumably is opened 
and the acid is hydrogen bonded to the solvent
(II) . In the open form (II) the electrons in the 
0 - 0  bond are displaced toward the oxygen at-

O O
/  \ /  \

— c  o C6H5—C OH----- O-
Il 1 Il 1

O ---- H O -----H H

O—R
I II

tached to carbon. This polarization may prevent 
appreciable free-radical cleavage of the peroxide 
bond. In the cyclic form (I) the electron with­
drawing benzoyl group also acts through the 
hydrogen bond to draw electrons toward the hy-

(2) D. Swern, L. P. Witnauer, C. R. Eddy and W. E. Parker, J. Am.
Chem. Soc., 77, 5537 (1955).
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drogen in the 0 - 0 H bond, in addition to drawing 
electrons toward the oxygen attached to carbon, 
thus decreasing the polarization of the 0 - 0  bond 
enough to permit the observed slow free-radical 
cleavage of peroxybenzoie acid.
M e t c a l f  R e s e a r c h  L a b o r a t o r y

B rown U niversity  Stephen  R . C ohen1 2 3
P rovidence 12, R hode I sland John O. E dwards

R eceived J uly 1, I960

(3) D epartm ent cf C hem istry, N ortheastern U n iversity, Boston 15 
M assachusetts.

ON THE USE OF TANTALUM KNUDSEN 
CELLS IN HIGH TEMPERATURE 

THERMODYNAMIC STUDIES OF OXIDES

Sir:
It has been shown by several investigators1 -5  

that the volatility of oxides is greatly enhanced in 
the presence of tantalum. Chupka, et a/ . , 4 have 
shown that this is due to the formation of 
gaseous TaO and Ta02. Inasmuch as heats of 
formation of these species have been reported,6 
it might appear that tantalum cells would still 
be useful for oxide studies provided the presence 
of gaseous tantalum oxides in the effusing vapors 
is taken into account. The purpose of this note 
to point out that such corrections will not neces­
sarily lead to meaningful equilibrium constants for 
reactions because of the manner in which TaO(g) 
and TaOo(g) are formed and escape the Knudsen 
cell.

For some time we have been studying the vapori­
zation of rare earth oxides by the Knudsen effusion 
technique. These oxides vaporize much more 
readily from tantalum than from tungsten cru­
cibles. 5 Figure 1 shows the isothermal rate of 
weight loss of a tantalum Knudsen cell7 containing 
La20 3 as a function of the ratio of the total weight 
of material vaporized to the weight of the initial 
charge of La20 3. It should be noted that the 
steady rate of vaporization persists beyond the 
point where the weight of material vaporized 
exceeds the weight of La20 :i originally in the cru­
cible. This was assumed to result from the escape 
of TaO(g) and Ta0 2(g) through the orifice in 
equilibrium with the LaO(g) arising from La20 :1. 5 
Subsequent mass spectroscopic experiments, using 
a Bendix time-of-flight instrument, under identical 
conditions, have shown that this assumption was 
erroneous.

In these experiments, the only vapor observed 
effusing from the Knudsen orifice was La(). The 
intensity of La2+ varied with amount vaporized 
in a manner identical to that shown in Fig. 1.

(1) L . B rew eran d A . S e a r c y ,./. A m . Chcm. Sor., 73, ."»308 (1031).
(2) R . J. Ackerm ann and R . J. Thorn, ibid., 78, 4109 (1950).
(3) L. N avias, A m . Ceram ic Soc. B u ll., 38, 250 (1959).
(4) W . A. C h upk a, J. Berkow itz and M . G . Inghram , J. Chcm. 

P h ys., 26, 1207 (1957).
(5) P. N . W alsh, H. W . G oldstein and D. W hite, ./. A m. Ceram. 

Soc., 43, 229 (1900).
(0) M . G . Inghram , W . A . C h u pk a and J. Berkow itz, J . Chcm. 

P h ys., 27, 509 (1957).
(7) The em pty tantalum  crucible w as thoroughly degassed a t  2400°

in  vacuo ju s t prior to  this set of runs.

Weight vnporized/initial weight of La-iO».
Fig. 1.

No tantalum oxides were observed8 unt il beyond the 
flat in the isotherm and then only when the tem­
perature was increased 100° or more. It is there­
fore concluded that most of the oxygen from La20 3 
is absorbed in the wall of the cell, through which it 
diffuses with subsequent evolution of TaO(g) and 
Ta0 2(g) from the exterior surface of the crucible. 9 
We do not believe that any equilibrium involving 
gaseous tantalum oxides is established on the cell.

There is further evidence to support the con­
clusion reached here. Tantalum Knudsen cells 
containing Ta20 5 lose weight at a rate of 30 to 
50 times that predicted from the reported thermo­
dynamic properties of TaO(g) and Ta0 2(g)6, 
become heavily etched on the outside at the sample 
level. A 1 /16r crucible wall has been eroded com­
pletely in less than one hour at 2050°Iv.

Tungsten crucibles may exhibit similar behavior, 
but to a lesser extent. For example, Drowart, 
et a? . , 10 mass speetrometrically observed that the 
effusate from a tungsten cell containing A120 3 
showed a lower W /Al ratio than observed in total 
weight loss measurements.'2 "

This work was supported by the Air Force 
Office of Scientific Research.
Cryooenic Laboratory H. W. Goldstein
Department of Chemistry Patrick X. Walsh
The Ohio State University David \\ iiite
Columbus, Ohio

Received J u n e  10,  1 9 6 0

(8) T h e upper lim it of these w as 1/500 of the LaO  + in ten sity.
(9) Gases formed in this manner would be prevented from reaching 

the ionization chan ber b y  the collim ating system .
(10) J. D row art G . D e M aria, R . P. Burns and M . G . Inghram , 

J . Chcm. Phys.. 32, 1300 (1900).
(11) R. J. A ckenuam i and R. J. Thorn, Argonne N ational L ab ora­

tory R eport AN L-5824. January, 1958.

RADIOLYSIS OF FERROUS ION SOLUTIONS 
IN HEAVY WATER WITH ALPHA 

PARTICLES AND GAMMA RADIATION

Sir:
A previous communication1 reported ferric ion 

yields, G(Fe+3), for the radiolysis of heavy water 
solutions of ferrous sulfate by cobalt-60 gamma- 
radiation. These experiments have been repeated

(1) C . N . T ru m tore  and A . H. W . A ten, Jr., J . A m . Chcm. Soc., 78, 
4179 (1956).
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and the results of these and other experiments 
using low energy alpha particles are reported.

Solutions irradiated were 1 mil/ in ferrous sul­
fate, 1 mil/ in sodium chloride and 0.4 M  in sul­
furic acid. The heavy water was purified in a 
manner previously described2 and was found to 
contain 99 atom % deuterium in the solvent hy­
drogen. Measurements of the heavy water ferric 
sulfate complex were made o on a Beckman DU 
spectrophotometer at 3020 A. using the value of 
2350 as the molar extinction coefficient for solu­
tions containing 99% and 50% deuterium in the 
solvent hydrogen. The corresponding value for 
light water solutions was taken as 2250. Radia­
tion sources were a cobalt-60 source previously 
described3 and a collimated polonium-210 alpha 
particle source.4 The energy of the alpha particles 
absorbed by the ferrous sulfate solutions was 3.4 
± 0.2 Mev.

G(Fe+3) for the ferrous sulfate solutions for 
cobalt-60 gamma-radiation are found to be: 17.1 
± 0.3 for solutions 99% D in solvent hydrogen and
16.1 ± 0.2 for solutions containing 50% D. These 
values are based on a G(Fe+3) of 15.6 for light water 
solutions.5 The ferric ion yield for heavy water 
solutions (99%) agrees with several other re­
ported values.6-7

G(Fe+3) for 99% D solutions identical with those 
described above irradiated with 3.4 Mev. alpha 
particles is found to be 5.3 for air saturated solu­
tions and 3.9 for air free solutions, G(Fe+3)air and 
G'(Fe+3)vac, respectively. These values may be 
compared with yields for identical light water 
solutions established by N. Miller8 using the same

(2) E. J. Hart, J. Am. Chem. Soc., 73, G8 (1951).
(3) R. A. Blomgren, E. J. Hart and L. S. Markheim, Rev. Sci. Instr., 

24, 298 (1958).
(4) E. J. Hart and J. Terandy, ibid., 2 9 ,  962 (1958).
(5) C. J. Plochanadel and J. A. Ghormley, J. Chem. Phys., 21, 880

(1953).
(fi) T. J. Hardwick, ibid., 31, 226 (1959).
(7) H. A. Mahlman and J. Boyle, J. Am. Chem. Soc., 80, 773 (1958).
(8) N, Miller, private communication. See also Radiation Research, 

9 ,  633 (1958), for yields with 10 mM  FeSOi.

alpha source: G (F e +3) air = 4.7 and G (F e +3) vac =
3.4.9

As with cobalt gamma radiation, the ferric ion 
yields with alpha particles are about 10% higher 
in heavy water solutions than in light water. If 
the normal mechanism for the oxidation of ferrous 
sulfate by ionizing radiation is assumed,10 11 the 
ratio G(H)/G(D) can be calculated from the equa­
tion

ff(Fe+1)jir, h , o  —  <7(Fe+3)vnc. h 2o  (7(H) 
(7(Fe+3)air. D,0 -  Cr(Fe+3)vac, D,o ”  (7(D)

since:
(7(Fe+3)air =  3(?(H) +  (7(OH) +  2(?(H20 2) +  3<7(H02) 
and:
G(Fe+3)vac =  (7(H) +  (7(011) +  2(7(H20 2) +  3(?(H02)

For 3.4 Mev. alpha particle radiation, the ratio 
G(H),/G(D) is found to be 0.93. This figure is 
identical, within experimental error, to the same 
ratio of radical yields calculated from data reported 
by other investigators for cobalt gamma-radia- 
tion6-711 and for 220 kvp. X-rays.12

If the preceding reasoning is correct, any ex­
planation of the isotope effect in water radiolysis 
must take into account this constant ratio of hy­
drogen atom yields despite the large change in 
linear energy transfer of the radiations employed.

This work was performed under the auspices of 
the United States Atomic Energy Commission 
at the Argonne National Laboratory.
D e p a r t m e n t  o f  C h e m is t r y
U n iv e r s it y  o f  R o c h e s t e r  C o n r a d  X .  T r u m b o u e
R o c h e s t e r  20, X’ e w  Y o r k

R e c e iv e d  M ay 31, 1960

(9) All reported values for 3.4 Mev. alpha-particles are related to 
(?(Fe+3)air = 4.80 for solutions 10 mill in FeSOi, 0.4 M  in H2SO4 and 
1 mil/ in NaCl.8

(10) A. O. Allen, Int. G'onf. on Peaceful Uses of Atomic Energy, 
Vol. 7, 513, United Nations, New York, 1956.

(11) D. A. Armstrong, E. Collinson and F. S. Dainton, Trans. 
Faraday Soc., 55, 1375 (1959).

(12) K. Coatsworth, E. Collinson and F. S. Dainton, ibid., 56 
1008 (1960).



NONMILITARY DEFENSE

CHEMICAL AND BIOLOGICAL 
DEFENSES IN PERSPECTIVE

N u m b e r  2 6  i n

A d v a n c e s  i n  C h e m i s t r y  S e r i e s  

e d i t e d  b y  t h e  S t a f f  o f  

I n d u s t r i a l  a n d  E n g i n e e r i n g  C h e m i s t r y

Complete text of the Symposium which received international attention when 

presented at the ACS National Meeting in Cleveland, Ohio. The book documents 

why chemical and biological weapons now must be regarded as nearly on a par 
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