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A comparison of the transfer constants of styrene 
and ^-chlorostyrene (Table V) illustrates the 
sensitivity of the transfer constants toward small 
changes in the polarity of the monomer. Alfrey, 
et al.,10 bring attention to the fact that the Q, e 
scheme is not very useful in analyzing small changes 
in reactivity such as would be caused by the intro
duction of a halogen atom into the ring of styrene. 
They determined as the "best" values of Q and e 
for ^-chlorostyrene, Q — 1.3, e = — 1; however, the 
shift from the values for styrene (Q = I, e = —0.8) 
is of the same order of magnitude as the experi
mental uncertainties in Q and e. The question is 

Introduction 
The present work is concerned with a calorimet-

ric investigation of the heat of adsorption of argon 
adsorbed on a sample of titanium dioxide between 
60 and 9O0K. The concentrations of the adsorbed 
argon were dilute, the maximum value being ap
proximately the monolayer capacity. The results 
of such measurements are of interest because of the 
knowledge they provide on the distribution of en
ergy among the adsorbent sites. 

The heat of adsorption and the heat capacity of 
argon adsorbed on another sample of titanium diox
ide has been measured calorimetrically by Morrison 
and co-workers1'2 in the 85 to 14O0K. range. Cov
erages in both the monolayer and multilayer region 
were used. Good agreement was obtained between 
the heat capacity as measured directly or as de
rived from the temperature coefficient of the inte
gral heats of adsorption. Consequently, there is 
good reason to believe that the properties measured 
in this case were the reversible thermodynamic 
properties of the system. 

No measurements of the heats of adsorption be
low 850K. were made by the group above, because 
thermal equilibrium at the lowest coverages was 
reached only after a period of several hours. We 
have also noted this slow approach to equilibrium 
for low coverages at temperatures around 7O0K. 
but at temperatures above and below this value, an 
apparent equilibrium is attained rapidly even at low 
concentrations of adsorbed argon. This is of inter
est because of the bearing it may have on two stud-

(1) J. A. Morrison, J. M. Los and L. E. Drain, Trans. Faraday Soc, 
47, 1023 (1951). 

(2) L. E. Drain and J. A. Morrison, ibid., 48, 840 (1952). 

raised, therefore, as to whether or not the substitu
tion of a chlorine atom in the para position of 
styrene actually confers a more electron donating 
character to the monomer. Our studies reveal 
an appreciably greater transfer constant for p-
chlorostyrene than styrene and thereby indicate a 
higher electron donating character for the p-
chlorostyryl" radical". The higher transfer constant 
for ^-chlorostyrene is not associated with the change 
in monomer reactivity (the Q term) since this factor 
should tend to lower the transfer constant for the 
more resonance stabilized ^-chlorostyryl radical. 
BROOKLYN, N E W YORK 

ies which have utilized argon adsorbed on graphite, 
the results of which appear contradictory at this 
time. Jura and Criddle3 have reported stepwise 
isotherms for argon adsorbed on graphite between 
60 and 650K. On the other hand, Crowell and 
Young4 have observed only smooth isotherms at 
low coverages of argon adsorbed on graphite from 
80 to 9O0K. Even though the present work em
ploys a different surface, our results, which overlap 
the range of temperatures used in the preceding 
two studies, may help provide an explanation for 
the phenomena which have been observed. 

Experimental 
The calorimeter is a modification of the Nernst-Giauque 

t v p e . M A schematic drawing of the apparatus is shown in 
Fig. 1. 

The calorimeter vessel of about 100-ml. capacity was 
filled with 60 g. of finely divided titanium dioxide in the 
rutile form. The sample of rutile was designated as No. 
M P 578-3 by the National Lead Company. I t was 9 4 . 3 % 
titanium dioxide with the remainder being water, adsorbed 
or coordinately bound. The sample was activated under a 
high vacuum at 180° for 72 hours until the pressure dropped 
below 10~c mm. The monolayer capacity of the sample as 
determined by the BET method7 at 77.6°K. was 0.0541 
mole using argon as the adsorbate. 

Temperatures and temperature differences during the 
measurements were determined by a four-lead, strain-free 
platinum resistance thermometer. The resistance ther
mometer was calibrated between 55 and 9O0K. against a 
copper-constantan thermocouple which previously had been 

(3) G. Jura and D. Criddle, J. Phys. Colloid Chem., 55, 163 (1951). 
(4) A. D. Crowell and D. M. Young, Trans. Faraday Soc, 49, 1080 

(1953). 
(5) H. Nernst, Ann. Physih., 36, 1395 (1911). 
(6) W. F. Giauque and C. J. Egan, / . Chem. Phys., 5, 45 (1937). 
(7) S. Brunauer, P. H. Emmett and E. Teller, T H I S JOURNAL, 60, 309 

(1938). 
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Heat of Adsorption of Argon Adsorbed on Titanium Dioxide between 60 and 9O0K. 
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The heat of adsorption of argon on titanium dioxide has been measured with a modified Nernst-Giauque calorimeter at 
temperatures of 63.5, 73.0, 78.5 and 86.50K. for concentrations ranging to a maximum value of the order of a monolayer. 
The heat capacity of the adsorbed phase was determined between 55 and 900K. in the same range of concentrations. By-
using the heat capacity data it was found possible to reduce the experimentally determined differential heats of adsorption 
at 73.0, 78.5 and 86.5 to a single curve at 63.50K. within the experimental error. Therefore, at these temperatures, it is be
lieved that the experimental' method has yielded" thermodynamically reversible results. The results of" the experimental" 
measurements- a t 63.5 ° KL, - d a n o t fall on_ the. single, curve,, and- consequently the- adsorption, process, appears- to he. meiastable. 
at this temperature. The differential heat curves for the equilibrium and non-equilibrium processes have been used to deter
mine the corresponding energy distribution at the sites of adsorption. 
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calibrated against oxygen vapor pressures, the oxygen hav
ing been condensed into the empty calorimeter vessel. 

Energy inputs to the calorimeter were determined with a 
constantan heater in a conventional standard resistor and 
White potentiometer set-up. 

The thermometer and heater were inserted into a reen
trant well in the body of the calorimeter. Wood's metal was 
used for obtaining thermal contact. 

Technical grade argon of 99.6% purity was used in the 
measurements as received with no further attempts to 
purify it and no spectroscopic analysis. The heat capacity 
of the calorimeter plus clean adsorbent was determined with 
a few tenths of a millimeter of helium pressure in the calo
rimeter to provide conduction between the calorimeter wall 
and the solid adsorbent, thus reducing the time necessary 
for the onset of steady state conditions in the fore and after 
period of the measurement. Temperature rises of the calo
rimeter during these determinations varied from 2.0 to 3.5 
degrees. A precision of about 0 . 1 % was realized. 

We have defined the integral heat of adsorption, Qx3, as 

QN, 
« = - / o A 8 ? " 

diVB = W8 (JS0 - EN,) + N3RT (1) 

in which q,t is the isosteric heat of adsorption; N„ number 
of moles of adsorbate; Ea, the molar energy of the gas; 
and EN3, the molar energy of adsorbate. The integral heats 
were obtained from the experimental data by use of 

QN = (CpG + epc.i + CiOAF - VQP (2) 

in which CPG is the heat capacity of the gas phase in the cal
orimeter; Cpcai is the heat capacity of the calorimeter vessel 
plus adsorbent; c.vs, the heat capacity of the adsorbed phase; 
AT, the temperature rise for adsorption; TZ0, the dead 
space volume of the calorimeter; and" Po, the equilibrium 
pressure. Any temperature adjustment in the integral 
heats was made by using 

\ AT Av3 
CpQ — CJV8 (3) 

The definition of the heat of adsorption requires that the 
gas being adsorbed be a t the same temperature as the cal-
orimeter-adsorbent-adsorbate system. This is not ex
actly realized in a Nernst-Giauque calorimeter, so that a cor
rection should be applied for the amount of heat liberated 
in or extracted from the system in bringing the temperature 
of the incoming gas to that of the system. Under the usual 
experimental conditions, the gas filling tube which is coiled 
around and soldered to the massive shield admits the in
coming gas at the average temperature of the measurement. 
For the temperature rises of from 0.6 to 3.0° observed in the 
measurements, a correction of the above kind would be 
second order. 

It was quite important to ascertain that all the argon en
tering the filling tube passed directly into the calorimeter 
vessel without solidifying in the tube. This was a real 
danger since the samples of argon were prepared in a buret 
a t pressures of 100 to 400 millimeters. For adsorptions 
below 78.5°K. these pressures were above saturation values. 
Therefore, a throttling tube, 1 millimeter in internal diame
ter and 1 meter in length, was inserted in the gas filling line 
at a point between the volumetric apparatus and the cal
orimeter. The pressure was reduced by alternately open
ing and- closing the stopcock- that connected the throttle- to-
the volumetric system. From the precision and consistency 
of the data, it was presumed that the throttle had served its 
purpose and no gas had condensed in the filling tube. 

Results and Discussion 
Experimental integral heat of adsorption data 

were obtained at 63.5, 73.0, 78.5 and 86.5°K. Suc
cessive small increments of argon were admitted to 
the calorimetric vessel containing the titanium di
oxide and the heat effects thus produced were 
summed in a cumulative manner. At 69.5°K., it 
was not feasible to obtain data at low surface cov
erages because of the slowness of the equilibrium 
process. The precision of the data was ±0 .5% of 
the heat liberated during the adsorption process. 
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Fig- I -—1, cup; 2, liquid nitrogen filling tube; 3, monel 
plate; 4, liquid nitrogen pumping tube; 5, gas filling tube; 
6, can evacuation tube; 7, monel pin; 8, auxiliary block; 
9, nylon cord; 10, massive radiation shield; 11, coiled 
filling tube; 12, calorimeter vessel; 13, calorimeter can; 
14, glass dewar; 15, monel dewar can. 

The molar differential heat of adsorption, (dQNJ 
can be evaluated as the slope of the curve of 

integral heat (QN3) versus moles adsorbed (N3). 
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However, it was found tha t the average value, 
(AQNs/ANa)T, for the mean number of moles ad
sorbed was the same as the t rue value within the 
experimental error. Consequently, the integral 
heat da ta were used directly to evaluate the differ
ential heat of adsorption a t each temperature. 

The differential heats of adsorption a t the vari
ous temperatures were reduced to a temperature of 
63.50K. by employing the relation 

C»-CN.-N.(^)T (4) 

in which C P G and CN, are, respectively, the molar 
hea t capacity of the gas phase and the adsorbed 
phase and Ns is the number of moles of argon ad
sorbed on the surface. The results are presented 
in Fig. 2". 

dNJi 

2900 

T' 2800 

fi 2700 

I S 2600 
H 

a- 2500 
.2 

&2400 
o 
"S 2300 

t« - 2-200 -
•a 

3 2100 
a 
f* 2000 

its 

J O 86.5°K 

? O 78.5 

6 t> 73.0 

~\ <t 63.5 

"V 
oC 

\ 

\ V\ -V\\8 
^ • > e ^ 

^ ^ 

« \ 

MONOLAYER — 
( .0541 MOLES) 

1 I I I I , I I t I \ I I I 1 ! i 

V 
! I 

Z 1900-

M 
g 1800 

1700 
0 4 8 12 20 28 36 44 52 60 68 76 

Moles of argon adsorbed (XlO3). 
Fig. 2.—Differential heats of adsorption reduced to 63.50K. 

Hea t capacity da ta for the adsorbed argon were 
necessary in order to make corrections to the heats 
of adsorption implied in equations 3 and 4. There
fore, the heat capacity was determined between 55 
and 9O0K. a t concentrations of 0.0198, 0.0303, 
0.0449, 0.0571 and 0.0695 mole corresponding to 
monolayer fractions of 0.37, 0.56, 0.83, 1.1 and 1.3. 
The da ta are shown in Fig. 3. The precision ranged 
from 3 % at the highest coverage to 10% at the low
est. The heat capacity results are in fair agree
ment with those obtained by Morrison and co-work
ers.1 '2 

In reducing the differential heat of adsorption 
to the common temperature of 63.5°K., we find 
t ha t the values determined experimentally at 73.0, 
78.5 and 86.5°K. fall upon a single curve within 
the experimental error. Because of this correla
tion between the heat capacity and differential 
heat of adsorption, we believe tha t the experi
mental conditions have yielded thermodynami-
cally reversible results in these cases. On the 
other hand, the differential heat of adsorption 
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Fig. 3.—Heat capacity of adsorbed argon: argon-rutile 
system. 

determined experimentally a t 63.50K. deviates 
considerably from the single curve for the heats at 
the other temperatures, particularly at low cover
ages. Two curves are shown in Fig. 2 for the meas
urements at 63.50K. The initial volume incre
ments used in obtaining the lower curve were 
smaller than those used for the upper curve. How
ever, it was found possible to reproduce each curve 
within the experimental error provided tha t the 
adsorption path was duplicated with respect to 
order and size of volume increment used. Conse
quently, we believe t h a t the adsorption process in 
this case is metastable. The argon adsorbed on 
the surface apparently requires a time interval to 
reach equilibrium which is long with respect to 
the length of the experiment (of the order of 4 to 
8 hours). Since the calorimeter used in the meas
urements is sensitive to heat effects as small as 
0.001 cal. per minute, it would appear tha t the rate 
of drift to equilibrium is small indeed. 

I t is interesting to note in relation to the above 
tha t it was not feasible to measure the heat of ad
sorption calorimetrically at 69 5°K. because of the 
warm drifts of several hours in length which fol
lowed the admission of a sample of argon. 

The distribution of energy at the sites of adsorp
tion can be derived from the shape of the differential 
heat curve. In order to determine this distribution 
the differential heats should be reduced to O0K. so 
tha t the molecules can be assigned to the lowest 
energy level of the site. The corrective term for 
this is relatively small because of the crossing of the 
curves for the heat capacity of the gas phase and 
adsorbed phase at low temperatures. In any case, 
its influence on the shape of the heat curve is negli
gible. Hence, to a good order of approximation, 
the single differential heat curve at 63.50K. can be 
used to determine the equilibrium distribution of 
energy. This has been done in the graph shown in 
Fig. 4. The ordinate f (e) represents the number of 
moles of adsorbed gas to be found with energies 
between — e and — (e + de). The energy zero has 
been taken as tha t of a molecule of the gas a t infi
nite separation. We have also used the same proce
dure in obtaining a distribution curve for the non-
equilibrium case using the differential heat curve 
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at 63.50K. resulting from the addition of 
small volume increments. This is included 
in Fig. 4. 

The heterogeneity of the surface is re
flected in the exponential decrease of popu
lation of the sites with the increase in 
energy for the sites of high energy in the 
equilibrium curve. However, it is interest
ing to note that the bulk of the sites are 
grouped in an energy band which is not 
more than, five hundred calories, wide.. One-
would expect a distribution of this type for 
a surface consisting predominantly of sites 
derived from the possible crystal faces for 
titanium dioxide.8 

The distributions are based essentially 
on a simple model of unimolecular, local
ized adsorption with negligible molecular 
interaction. At coverages above 0.5 of a 
monolayer, the inflection point in the curve 
for the differential heat is probably caused 
by the appearance of attractive molecu
lar interaction. Consequently, the simple 
model used above is inadequate and, at coverages 
approaching the monolayer capacity, the distribu
tion curve would require a more detailed inter
pretation. 

Acknowledgment.—We are indebted to Dr. 
Walter K. Nelson of the National Lead Company 

(8) Dr. Walter K. Nelson of the National Lead Company has in
formed us that the titanium dioxide used is acicular and shows a pre
dominance of 100 and 110 planes. 
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for the sample of titanium dioxide and also for per
tinent data on the sample. The drawings and 
figures in the paper were made by Charles S. 
Baughman. A Frederick Gardner Cottrell grant 
from the Research Corporation aided the work. 
Some of the necessary associated apparatus used 
in the work is the property of the Atomic Energy 
Commission (Contract No. AT(30-l)-824). 
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Low-temperature Heat Capacities and Entropies at 298.16 0K. of Manganese 
Sesquioxide and Niobium Pentoxide 

BY E. G. KING 

RECEIVED FEBRUARY 6, 1954 

Low temperature heat capacity measurements of manganese sesquioxide (Mn2Oa) and niobium pentoxide (Nb2O6) were 
conducted throughout the temperature range 51-298°K. The heat capacity of manganese sesquioxide shows a pronounced 
maximum at 79.4°K. The entropies at 298.16°K. are 26.4 ± 0.5 cal./deg. mole for manganese sesquioxide and 32.8 ± 0.2 
cal./deg. mole for niobium pentoxide. 

This paper reports heat capacity measurements 
throughout the temperature range from 50 to 
298°K. and entropy evaluations of crystalline man
ganese sesquioxide (Mn2Os) and niobium pentoxide 
(Nb2O6). No previous similar data exist for either 
of these substances, except a rather uncertain value 
of the entropy of manganese sesquioxide derived 
from dissociation pressure data by Kapustinsky 
and Bayuskina.1 Data for manganese oxides of 
composition MnO1 Mn304 and MnO2 were pub
lished previously from this Laboratory.2-4 

Materials 
The manganese sesquioxide was part of the sample de-

(1) A. F. Kapustinsky and K. S. Bayuskina, / . Phys. Ckem. (U. 
S. S. R.), 11, 77 (1934). 

(2) R. W. Millar, T H I S JOURNAL, 50, 1875 (1928). 
(3) K. K. Kelley and G. E. Moore, ibid., 65, 782 (1943). 
(4) S. S. Todd and K. R. Bonnickson, ibid., 73, 3894 (1951). 

scribed by Orr5 and used by him in high temperature heat 
content measurements. I t analyzed 69.64% manganese 
and 10.13% available oxygen, as compared with the theo
retical 69.59 and 10.14%. The X-ray diffraction pattern 
showed only lines corresponding to those for bixbyite as 
listed in the A.S.T.M. catalog. 

The niobium pentoxide also was described by Orr.8 The 
impurities, estimated spectrographically, totaled less than 
0.10%. X-Ray diffraction showed the substance to be the 
high-temperature modification reported by Brauer.7 

Measurements and Results 
The heat capacity measurements were conducted 

with previously described8 apparatus and methods. 
The results are expressed in defined calories (1 
cal. = 4.1840 abs. joules) per deg. mole. Molecular 

(5) R. L. Orr, ibid., 76, 857 (1954). 
(6) R. L. Orr, ibid., 75, 2808 (1953). 
(7) G. Brauer, Z. anorg. Ckem., 248, 1 (1941). 
(8) K. K. Kelley, B. F. Naylor and C. H. Shomate, U. S. Bur. Mines 

Tech. Paper 686 (1946). 


