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Introduction



Introdaction

In 1211 Bjerrum showel how gaseous heat capacities comdd
be calculated if the normal vibrational frequencies of a mole=
cule are known. Accurate experimental values of gaseous heat capa-
cities have thnen a two fold interest. Not only are they useful
in calculating thermodynamic equilibria but they also serve as
a valuable check on the spectroscopically determined vibrational
frequencies. Unfortunately, for many yeats, little could be done
in correlating the spectroscopic and experiaental neat capac.ties.
This was due either to the lack of knowledge regardiig the inter-

nal molecular motione oi the molecules or to the lack oI accurate

experimentil heat capacity data. In the past Tew years both taoese
diificulties have been remnoved. The s.ectroscopist succeeded in

determining the vibrational frgguencies of a large number of mole-
cules and improved metinods of deteranining the heat capacity of gases
have Deen devised. |

Probably the most accurate method available for the determina-
tion of gaseous heat capacitieg is the adiabatic expansion method
of Lummer and Pringsheim. Using tnis method the heat capacities
0I a number of gases were determined at various temperatures.
Data for oxygen, carbon dioxiae, sulphur dioxide, etiylene, boron
trifloride, cyanogen, dichlorodifloromethane and trichioro:ioio-
florometihane will be veported in this thecis. The purpose of
this research was principally to verify the analysis of the Inira
red and Raman svectra of the substances. However, the thermo-

cynamic interests are not overlooked. Data on the heat capacities



& OXygen and carbon diovxide are inclidced ‘_',I‘i:':.ci,all;;

an indication of the accuracy oi the methcd used, ior

posedly there is little doubt concerning the veracity

gpectroscopica_ly determined frecuencies.

to give
sup-

of the
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Theory

where

1=

is the internal energy of the system, 3 ie the heat ab-
sorbed by the sycstem and W is the work done by the system. 1% o
we consider an expansion which is adiakatic no heat enters or
leaves the system. Hence all the work done by the system is
done at the expence of the internal energy of the gas. If the
process is reversable, that is, if the expansion takes place
infanitely slowly, the internal opressure will be essentially
equal to the external precsure at all times. Therefore

dE = -pdv (1)
éT‘)pdT + (é%%)po - pdv - vdp,
where H ic the heat content of system as defined by E = L + Dve.

Ecuation (1) becoies:

(2)

The coefficient (é}%)T is the amount of heat which would be
absorbed, per unit aiiference in pressure, ii the expgansi on had been
conducted at onstant temperature and not in a thermally insulated
vessel. Since the measurement of this coefficient is rather
inconvenient #kem it is desirable to obtain an expression for it

in terms of more easily measurable quamntities. With the aid

of the second-.law of thermodynamics we find

QEy 3V
($3r =V - T (5D,



Hence equation (2) becomes:

vV
% = ES%%T)D (3)
‘\—g-g)

In order to integrate this eguation ve assume that the ecuation

s _ «

of state for the gas under consideration is of the form:

~ B
P =i
If we assume that T and Cp are ccnstants over the small range of

temperature and pressure involved, equation (3) becomes on

integration
= pi aE
P n 't 7 1n &2
[ £l
i

where Cp is the heat capacity at the mean temprerature arnd pressure
of the experiment.

The heat capacities calculated from spectroscopic data are the
heat c.pacities of the gas at iniinitely low pressures, wiereas tue
experimentally determined values are for pressures egual to the
mean prescure of the adiabatic expansion. In order to correlate
results the usual practice ie to corvert the experimental heat
capacity to heat capacity at infinite attermation. To do this one

has recourse to the thermodynamic relation

9Cpy = a2y
EERE I Vo2 o

With the ascumption that the ecuation ol state is again of tnis

form



and that (—a-%—ff‘)D ie a wnstant over the pressiure range,

equation (8) integrates to

C —C%:T(am?)P (7)

where C% ic the calculzted value of the heat capacity, C, is

the experimentally determined value, P is the mean pressure sna T
ic the mean temgcerature.
i - . Bl i an . d®B .
In ercuations (5) and (7) the guantities o 2nd FHF  appesr
sc that in order tc¢ calculate accurate heat canacity values the
equation Tor B as a functl on of temperature must be known. it

has beern found experimentall that the temperature dependence

of B can be ex;re:csed guite saticfactorily by an equation of the

L= -%F -7 (8)

where ﬁg, A, ané C are constants Lguations of this type have

been develoned for a nuwakber of the more comon Zisec. HOWEVED,

when there iz 0 existing data for the gas under ¢oncigeration
S 28D
. " ; . o OB . G5
one is forced to make =an cztimate of the magnitude of F and ET§
e ke
Yeyee B und that by writing ejuation (8) iz the form:

EP¢ = - Lo Lol

(Pe = critical pressure, Te = critical te

C
H
(D
)
:
o
o
|
+3-3

)

€

the calculsted vaiues of the constants ,ge, ;lo and'Ce were each

very nearly equal for a large number of non pelar substances.

Thie iec shovn in Table I. The aversge valiue of A4 sy Ag 2na C

$W e

A

are 17.28, 34.2 and 5.47 res cctively zo that to

©

first approximation



for all non polar substance

(l

This ecuation was used in thiz research to cilculste the gas cor-
rections for substances whose true ecuation of state was unknown.

It must be remembered thnat values of B obtained in

ct
=)
}.l
1)
=
(9]
&5
+4
L_;
U

be in error by as much as 20 per cente.

Table 1 Zguelion oif State Constarts.

Substance 69 L g Co
ke 608 21.74 5. 00
Ne 12.48 35.34 e 29
A 12.52 33.24 5467
Hp 8.08 27 55 5.3l
Ng 13.42 R4.,57 5.58
Oz 14.89 2723 4.21
Air 12.86 33.05 5.24
COyz 25.14 4&613 5.03
CHa 13.39 24,82 4,41
CzHa 21.88 47,72 1.80
CoHy 15.04 37 .54 5.0
(C2H5)20 34,54 02,04 e
Average 13:2¢ 34,2 Se47

¥We have succeeded in developing an ex-ression by means of which

an experimental vaiue for the heat capacities of a gas can be

determined. We are now read; to consider the process by which the
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heat capacity can be calculated from epectroscoplc data.

The heat capacity of the ideal gas is made up of a number of
compengent parts. We can write to a first alproximation:
Y = Ctranslatlonal+ crotational+ Cvibratlonal
C% being equal to C@l + R
A1l molecules have a translztional heat of 3/2 R calories; /2
calories for each translational degree of freedom. Thie classical
value holds even if quantum statistical mechanics is applied to
the translational motion of the molecules. For monatomic gases
no heat other than the 3/2 R can be absorbed and Cp is simply
equal to 3/2 R + R. In the case of diatomic and polyatomic gases
additional heat can be acvsorbed with the production of other types
of motion. The classical value of I/2 for each rotational degree.
of freedom is already fully developed at room teuaperatures. In
other words the rotational heat is E and 3R/2 for diatomic and
polyatomic molecules respectively. The increase of heat capacity
above room temperatufes is daue to the vibration of atoms and atom
groups within the molecule. This vibratory motion of the atoms may
be resolved into one or more component vibrational degrees of freedom,
each of which has R as its limiting value at high temperatures.

Diatomic molecules have one vibrational degree of freedom while
polyatomic molecules possess (3n - 8) (n = number of component
atoms) . For the special case of linear polyatomic molecules the
number of vibrational degrees of freedom is (3n - 5). ixcept for
a small positive correction arising from the stretching of the
valence bonds with an accompanying increase in potential energy,
no other types ol motion are possiblee.

The increase of vibrational heat with rising temperature is
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given quite accurately by the Planck-Einstein equation for the
heat absorbed by a linear harmonic oscillator.

2 e

Cyvibrational = B&D) ——7

v is the vibrational frecuency as deduced from Raman and Infra Red
spectra,h is Planck's Constant, k is Boltzmann's Constamt, and
T is the absolute temperature., %X has the dimensions of tempera-
ture and is thereiore known as the characteristic temperature. it
we denote this characteristic temperature by © we can formally
write:

c P ®

vibrational ~ *
Hence for a diatomic molecule with one vibrational degree oif free-
dom we have:

(_.7 N 9
C%—‘@R'*P(T)

In the case of polyatomic molecules where several vibrational
frequencies are involved a separate Planck Einstein term may be

used for each different freqguency. Therefore in general Cp for

linear molecules is given by:

7 3n=5 01
C2 =5 R+ _fl P(#)
i=

And for nonlinear molecules:

3n-5

o - 8 ei
Cp =5 B+ féi P ( T)

09

It should be mentioned that to Tacilitate the calculation of
g
5

T SO that it is a relatively simple

sibration tables have been drawn up listing Cvibration versus

matter to calculate the

vibrational ® ntribution of the heat capacity.



Apparastus

11



12

Apparatus

Figure 1 is a diagram of the a.paratus developed for this
researcili. The gas which is to be investigated is cunfined in
the expansion chamber A. This chamber has a capacity of
approximately two liters. The vessel itecelf iscenstructed
entirely of copper and brass, all joints being hard soldered.
Four symmetrically placed tubes, arranged so that turbulence
during expansion was a minimuwa, connected the expansion chamber

to the expansion valve B. This valve was designed so that a large

orifice could ke opened ranidly. The change in temperature
of the gas, due to the adisbatic expansion was measured by means of
a platinum resictance thermometer C. This was ounstructed of
0.001 inch diameter annealed platinum wire and was suspenced
freely along the axis of the expansion chamber. A small glass
bead on the lower end afforded the necessary tension to keep
the wire taut. The entire expansion chamber was inclosed in
an insulating container or thermostat whose temperature could
be controlled by heating coils in conjunction with a mercury thermal
regulatore.

The platinum resistance thermometer C forms one arm of a
wheatstone bridge circuit. A variable resistance whose resistance

could be accurately determined by means of a White double potentio-

meter formed another arm. A fixed ratio completed the bridge
circuits All resistance coils were constructed of ianganin wire
to reduce any temperature effects. A censitive galvanometer

with a period of only 1.7 secunds wue used in the bridge circuite

The current was sup.lied by means of numbter DA-2-1 Willard low
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Fig.

~
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Photograph of Apparatus: The expansion chamber is inclosed
in the constant temperature bath on the left. The lever arrange-
ment for rapid opening of expansion valve can also be seen.

The variable resistance and the galvanometer scale are visible

on the right.
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discharge storage ¢ell in series with a high resistaunce; a current
of about 7.5 x 10'4 amps being emnnloyed. The bridge was of the
open circuit type, the current floving only during the short time
necessary for measurement. With this arrangement no heating
‘effects of the resistance wire could be detected. Figure 2,
a diagram of the electrical circuit used, shows the actual
magnitude of the resistances ucsed. It will be noted that all resis-
tances in the wheatstone bridge circuit were constructed to be
approximately equal so as 1o insure maximum sensitivity of the
galvanometer. Furthermore by running the leads L and Lz parallel
to one another and by attaching lead Lg directly to the resistance
changes in Resistance due to v
thermometer smalltchanges in external temperature will be compensated.
The temperature arop due to the adiabatic expansion must be
measured within a few seconds after the expansion due to the
rapid exchange of heat from the walls to the cooled gas. The time
available is dependent on the gis involved but is usually oi the
order of one to two seconds. Recauce of the short time available
the variable recistance in the bridge circuilt must be cet closer
and closer to the correct resistance in a series of succesgive
expansions for which the initial and final pressures and the
initial temperature are the same. Tor this reason a click gauge was
convenient for the pressure measurements. | In this research pres-
sure droygs of approximately 3.5 to 8 cm. of mercury were used, the
results obtained with various pressure drops agreeing within the

exoerimental error.
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Fig 2
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Ixperimental Proceduwre -

A Dbrief description of the actual experimental technigue
will now be given. The gas to be examined is slowly intro-
duced into the evacuated expansion chamber until the click
gauge responds. Since one side of the click gauge is open
to the atmosphere, the gas in the expansion chamber is at
a prescure greater than atmospheric by an amount equal to or
greater than the upper click constant of the gauge. The
gas is then allowed to escape very slowly through a fine capil-
lary until thie pressure dGifference is equal to the lower cilick
constant as is siiovn by the second response of the gauge.

The expansion chamber was then cut off from the remainder of
the apparatus by means of a stopcocke. A period of about a
minute was allowed before the expansion so that the system
could attain equilibrium. The gas, in escaping through

the capililary, was cooled slightly but the increase in pressure
vhen the gas wermed up to the temperavure ol the thersostat
was entirely negligéble. Yhen ecuilibrium is obtained, the
expansion valve is rapidly opened by means of a lever arrange-
ment and shortly tliereaiter the switch controlling the bridge
current wag closed. ITf the Dbridge is in balance the galvano-
meter wilil remain at rest on the zero point for a short time
Lefore moving orif due to the warming up of the expanded gase
Hoviever, il the Dbridge is out of balance the galvanometer

i 1

will come o rest momentarily at some noint other than the

zero position. By noting the magiitude and direction of the
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deflection the variable resistance can be set closer and closer
to thie correct resicstance. Usually a series of awboutl six
expausions are sufricient to determine the correct setting
ol the viriable resistance. Employing the galvanometer
as a null instrument in this mamner avoided the use of com-
plicated photographic recording ecuipments

After the Wheatstone bridge is balanced the variable
resistance is measured by means of a White double potentiometer.
In this way the actual caribration oi the variable resistance

1s unnecessarys Text tne resistance is measured with tne gas

in an unexgandec condition, that is, with the temperature oi the
gas equal to that ol the thermostat. In this way the resistance

drop Gue to the expansion was determined, and kuowing the tem-

perature coeificient of resi nce of platinum, the temperature
drop can readily be calculated. An exact value for the tenpera-

ture coeificient of resistance is unnecessary due to the rela-
tive nature of the exmeriment. In this research the tabulated

value for annealed platinum wire of 00392 ekme per degree vas

used. Relatively large changes in this vaiue could be made
without appreciably changing the final results.

In this research pure nitrogen vas used as the standard
£aSe It wus ovtained from the Linde Air Pmw ducts Company and
probably © ntained less than .1 per cent impurities. These
impurities, being largely oxygen, aiforded little source of
error as far as the heat capacity of nitrogen was concerned.

. ; - P . g -1
The vibrational frequency of nitrogen is rather high (2330 cm ™)
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vhence the contribution of the vibrational heat capacity ¢
low temperatures is negligﬁble. Over the temperature range
used in this research C° (at zero pressure) remained ornstant
at 7/2 R or 6.955 cal. per mol. per degree.

The unkmown gas was always bracketed between two determina-
tions of nitrozem, the standard gas. The temperature drop
for nitrogen was taxken as the average of the two determinations.
In this way, any errcrs caused by a slow drift in external
prescure andG temperatiure during the course of the experiment

were eliminateds
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Method

In the derivaﬁion of eéquation (4) it was necessary to make
the assumption that the expansion was both adiabatic and rever-
sible. Obviously neither of these assumptions is strictly
true when applied to the actual expansion processs There are
certainly heat interchanges between the system and its sur-
roundings, and the process 1s hardly reversible, for although
the expansion chamber was designed for minimal turbulence and
frictional losses, they are not entirely absent. Therefore,
in view of these feacts it 1e inadvisable to attempt to meke
the metiicd absolute, but instead t¢ calibrate the instrument
with a gas of known heat capacity. This method, although
it has the disadvantage of being dependent on the value of the
heat capacity assizned to the standard gas, avoids a number
of experimental difficulties which we believe can not be entirely
overcome by an absolute method.

It is probably worthwhile to discuss the non adiabatic
and irreversible nature oi the process in greater detail and
to demonstrate more precisely why a relative method overcomes
the difficulties encountered in an absolute method. A number
of corrections concerning the non adiabatic and irreversible
nature of the process are so small that they can easily be
neglected, others are removed by the corpensating nature of
the relative method, while still others, while not completely
eliminated, are reduced in magnitude. The following factors
which contribute 10 irreversibility and non adiabatic nature of

the actual expansion will be discussed:
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1. The finite heat capacity of the resistance thermo-
meter.
2o Radiation corrections.
Se Gas conduction correctionse.
4 wnc efrects of the resistance thermometer in-
cluding conauction and radiation.

Se Turbulence and frictional losses.

Because of the finite heat capacity of the resistance wire
an error may be introduced due to the fact that the gas in the
immediate vicinity of the wire does not change in temperature
as much as an isolated sample. It is impossible to make quanti-
tative calculations regerding this effect because the actual
volume of gas efiected by the resistance thermometer is unknown.
However, that this correction is small ig showvn by the following
experimental Tacte. When resistance thermometers constructed of
different size wires are employed no change in the final result
is noticeablee. This fact seems to indicate that no corrections
for the finite heat capacity of the resistarce thermometer are
TE CESSarye

After the gas has expanded the temperature of even an
infinitely small wire will be slightly higher than that of the
surroundings due to the radiatiocn it receives from the walls
of the containing vessele. In general we may write:

A(Tw - TR) = B(TR - TG)
where A is the heat transierred from the wall to the resistance

wire under a lemperature gradient of one degree and B represents
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the heat transferred from the wire to the gas under similar
conditionse. TW is the temperature of the waill, TR is the
i

temperativre of the resistance wire, and T, is the temperature

G
of the gase Rearranging this equation we obtains

(T = T) = (Ty - Tp)f
In other words the difference in temperature between the resistance
thermometer and the gas Gue to radiation from the walls is
equal to the temperature diflerence existing between the walls
and the wire times the ratio of the heat conductivities from
the wire in vacuum and in the gas at atmospheric pressure.
The ratio‘% depends on the nature of the gas involved and the
temperature. For annealed platinum wires this ratio is exceed=-
ingly small as is shovn by experimental determinations of Iis -
tiakowskafand Ricel. For most gases at zero degrees the ratio
has the velue of approximately 10’3. Thic makes the radiation
corrections so small that they can be entirely neglected.

The warming of the resistance wire by conduction through
the gas is not agpreciable. The conduction of heat through
a gas requires>a finite time. The time interval aflter expansion
before the effects of conduction of heat from the walls to
the wire Dbecaine noticeuble was found in these exgeriments to
be of thne order of from one to two secondse. Hence, 1f the
measurement of resistance is made during this short interval
no correction is necessary for the conductional heat interchange.

It is possible to calculate the change in temperature of

the resistance wire due to the conduction of heat from the
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valls of the expansion chamber if a few simplifying assuaptions
are made. The temperature at the center of an infinite cylinder
of still gas of radius R at time t provided that at a time zero

the gas in the cylincder is at a uniform temperature To and the

at a temperature T + T is given Ly

walls oi the cylinder ar &

e

the folloving expressionl:
k

e” R*(<_R)*t

T=T +AT | 1- 2355
0 0 T I (K ) (< )

where k is the ratio of thermal conductivity of the hect capa-
city of the gas times its density. T is the temperature at the
center of the cylinder at time . The temperature of the walls
m ? 1 3 ~ - * o 3 .t'h
(io + A\ T) was assumed te remain constant. (o(rR) ic the n

root of the equation Jo(e( R) = 0, Jl(<><nR) is the Bessel function

of the lSt

orders. Fige 3 shows a typical change of resistance
wire temperature after expansion. It will be noted that the
effects of conduction of heat from the walls do not become
apprecilable until two or three seconds after expansione In
actual practice tiiis period will be somewhat &1 ortened due to

the fact that there is some turbulence and the gas is not still
as was assumed in the simplified discussion above. levertheless,
iT the resistance of the resistance thermometer is measured
immediately afte. expansion the effects of conduction are negligﬁble.
The time available Tfor the mcasurement of the resistance is
cependent on the gas involved, being ratiher & ort for light

gases such as hydrogen and helium but becoming greater as the

thermal conductivities oi the gases decreasec.
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At the ends of the resistance vire hext is conducted to the

has taken place the entire wire will not be at the sume tempera-
ture but ratiher a temperature gradient will exist along tne
wiree. It will now be shcown that at a given time after expan-
sion the measured temperature drop will be directly proportional
to the initial tenperature drop and hence the correction will
compensate 1lself due to the relative nature of the experiment.
Consicder a wire of length 1 and of uniform cross-section, the
ends of widlchare attachied to two heavy metal wires whose tem=-
perature remains constant at Tb' Assume that immediately after
expansioni the resistance wire is lowered uniformly to the
temperature Ta’ The equation for linear conduction of heat

without radiation is:

T _ (22T
dt TR

where T = temperature, t = time, K = conductivity/Cp;? and X

is the distance along the wire. The boundary conditions are

T o= Tb when x = 0
for all values of t
T = Ty when x =,2
T=I"(X)=Tb-’£‘afort=o T £ D for t =<0

The solution of this differential equation is

P

2
- == mrx
£(xt) = Dbe k() t sinff® , b =% f(x) sin & dax

Since f(x) :(?b - Ta) bm becomes ¢
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for m odd

o
1l

b =0 Lfor m even.

Hence at t = to the average vaiue of f(xt) which is (Tb-Tei becomes

miT
£(xt) =j§f bme'K(,ﬁg Yo gin ?Z?
0 (2n+1)
= 8(T1 -Ta) Z 1 v ont+1l ,n_)z ,;_o

. . , . 5 mrx
where m = (2n+l) and where we have substituted for 51nf17 its

value of 2—
- mir*

It will readily be seen that the sum in the above eguation

is a constant for a given value of t, and we can write:
AT (observed) = CAT actual.

We have cconsidered the case of heat conduction along the
vire but we have neglected the heat lost by the wire due to
radiation. In this more general case the differential equation

for variable linear flow with radiation is as follows.

I _é;_z
= - b
Dt . X L
where b = €7P y, € = emissivity, p = the perimeter of the wire
Cf?é

¢ = the specific heat o the wire, P s its density, and G

the cross-sectional ares. If we make the substitution

1

"D’t (3} 3 ko IO AP0 W) L3 L]
= cPe tihe above dilierential equation becomes:

-3
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0 x2 - Ot
It will be noted that this equation in CP has exactly the same
Torm as the original differential equation for heat Llow
without radiation. Hence, we obtain the same final result
that the observed temperature drop will be directly proor=-
tional to the actual temperature drope.

AT (observed) = K'AT (actual)
where X! = ¢ e”PYo, |

It is possible to consider the still more general case of

heat lost by the wire not only by radiation but by conduction

as well. Our equation becomes

a T —’a T m Y
——— T - - -
,t I&B _b... 1{(T -.a)

where T - Ta is the temperature difference between the wire
and the surrounding gas, and k is a constant depending on

the particular gss in question. Previously the constant of

proportionality between the actual temperature dron and the
obcerved temperature drop was dependent only on the constants
of the resistance wire, and was independent of the nature of
the surrounding gas. ow comnsidering the loss of heat by
gas conduction this will no longer be true. Fortunately the
heat lost by the wire by conduction is a relatively small
amounte It is a well known fact that the conductivity of

gases in comparison to metals is very small indeed. There-

3
o

fore ve will assume that the heat lost by the wire is negliggble.
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Even though this ic not true the efiects of this loss will

g/ et

at any rate tend to cancel out in the relative method.

actual) it is evident that

e

Since A T (observed) = K'AT
dt (observed) = K'dt (actual). If we substitute the value
of at (actual)in equation (3) we have
T(-b—\;f)

o TP
P (Q.t(ob) s
¥'9P s
Hence on integration we obtain:

i 1P " QB
C-_E‘:'Rlnl?l _KAP-B_'E

p m m
T o

T (observed) is not very much less than T (actual). Actual
experiments with gases of known heat capacity have shovn the
observed temperature drop is about ©0 per cent of the actual
drop. Hence in the last term of the above equatim, wihich is
actua.ly a small correction term, we can set K'equal to on
with no great loss in accuracy.

<,

The avove discussion concerning the end erfects of the
resistance thermometer is necessarily only gqualitative in
nature. In actual practice the phenomena are much more com-
plicated and an exact treatment is impossible. That the
final result is valid is shovm quite conclusively by the fact
that experimental results for carbon dloxide and oxygen are in
agreement with calculated theoretical values. In order to

remnove any uncertainty tiese end elfects were largely removed
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in later experiments (see Puosthorus trifluoride page 60 ).
A short compensating resistance wire, connected to the opposing
arm oi the Wheatstone bridge, was suspended beside the main
resistance thermometer as shown in Fig. 4. In this way any
end effects on the large thermometer would be balanced by an
equal effect on the small compensating resistance.

The turbulence and frictional losses in an actual expansion
will depend largely on the pressure drope. By making the method
relative and using the same pressure drop for the standard
substance and the unknown substance the error caused by the
irreversibility will tend to compensate itself. Due to the
irreversibility of the expansion the PV work done will be less
that PAV as was assumed in equation (1). We will now make the
assumption that this Irictional loss is approximately the same
for all gases. Strictly speaking this assumption is false,
for the frictional loss for a given gas will depend on its
viscosity and its density as well as the velocity of expansione.
However, in any case the losses will at least be of the same
order of magnitude and will tend to cancel out in the relative
processe. The important point is to design the apparatus in
such a way as to minimize ithese losses and this way reduce
the error to as small a value as possible.v That the frictional
losses tend to cancel in the relative process can be seen in
the following manner. Bguation (1) becomes

GE = - (PAV - KM)

Carrying this through as before and integrating using, of course,
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the previous result that dt (observed) = K'dt (actual), we
have as the complete equation, including the correction Ior

e WAl

the end effects of the wire

K'R B APE  K'KUAP

C = - i
Y e
P Lg L2

-

Therefore, by calculating the quantity K'R 111%-‘- + K'K"AP

2
for the standard gas vie can substitute it back into the equation
for the unknown gas and calculate the heat capacity of the

unknown substance.

1. Ge Be Kistiakowskgand We We Ricey J. of Chem. Phys., Vol. 7,
o 5, 281 (1939)0
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Oxygen and @arbon Dioxide

Tables 2 and 3 give the results for oxygen and carbon dioxides
C; being the values of the heat capacity at constant pressure for

the gas at infinite attenuation.

Table 2 (Oxygen)

Temperature C° observed C° calculated % deviation

°A Peal./deg. Y cal./deg. from theory
269.8 7.01 + .OL 6499 +.29
299.0 703 & W01 7.02 +.14
320.0C 7.03 + .01 7.04 -.14

Table 3 (Carbon dioxide)

Temperature C° observed C° calculated % deviation

°A cal./deg. cal./deg. from theory
2718 8463 + .02 8.50 w0
298.7 5e25 + LC1 8.91 +.44
299.7 890 + LC1 8:82 +.44
324.,7 $.22 + .00 9.19 +.33

The values revported here are the averages of two or more separate
determinations. (Detailed experimental data for all gases inves-
tigated in tnis research are tabulated in Table 13 ). Both
gases were supplied by the Lince Air Products Company, each con-
taining less than 0.5 per cent imvurities. Statistical valiues
of the heat capacities were obtained by the usual formulas for
harmonic oscillators from vibrational data given in Sponer's

=274 . -1
Moleklilspnektras Tor oxygen vi was taken to be 1556 cm — and




for carbon dioxide vy = 2350 cm_l, vs = 1285 ca * and vs =
567 cm™t (2).

In the case of oxygen and carbon dioxide there can be
little doubt as to the correctness of the vibrational frequencies.
Also the values of the virial coefficients and their derivatives
are certainly correct to within five >er cent. e believe then,
Justified by the above experiments, that the heat capacities to be
reported are accurate to within 0.5 per cent. Our claim is
further justified by the fact that other investigators obtain
results vhich are in essential agreement with those reported above.
In Table 4 the theoretical heat capacities, the results obtained

in this research, and the re

w

ults obtained by other investigators

are listed for comparisun cursos

= By

=3
o

Se

Table 4 C% Ior Oz and COg

ce ] 3 1 - CR oz

Temperature °A Theoreftical This*Research ¥ and R #oand L
Oxygen

209.8 5499 7.01 Gie'93

29010 7.02 7.03 &+ 97

3200 7.04 7.03 7.00
Carbon Dioxide

271.8 8430 8463 8.61 8.53

20847 el 8425 8.38 8.84

324.7 SPRLS S22 Ee 16 Bl

1. Ge E. Kistiakowsk%aand We We DRicey, J. of Chnem. Phys. 7, 251

(1939) .«

2 A, }LuCken and ¥, v lﬂ’ie, Ze f“jI' Ph:yrSo Chem. BH 413 (1929)0
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Boron Trifloride

Two separate samples of Boron Trifloride were prepaiea by
. p = K3 —— s ’ " 1
the thermal decomposition of phenyldiazonium fluoroborate

-

(06H5N23F4) previously obtained from diazotized aniline and fluoro-
borde aeid. The product wis purified by careful aistillation.

We have obtained data at only one temperature, namely at 271.6 °A.
The average experimental value of C% was found to be 11.60 + .02
cal./deg., being in zood agreement with the statistical value of
11.54 czal./deg. calculated from the vibrational assignment of Yost,
DUe Vault, Anderson, and Lassettreg. The assignment given by these
investigators is as follows. v; (1) = 888 cm-l, e (1) = 722 em™t

ana 094 cm’l, vy (2) = 14483 cm'l and 1501 cm-i, ve (2) = broad

1 L

band irom 439 cm — to 513 cm .

The doubly degenerate frecuency which occurs in the Raman

&

& ] . ’
spectrum as a band from 439 cm ~ to 513 cm ~— was taken to e the

average at 4&l cm'l. This was confirmed by the infra red studies

ol Gage and Barker3 who found this frequency to be a doublet with

1 3

maxima at 480.5 cm — and 482.1 cm . For those vibrations in

which the voron aton moves agpireciably the Raman lines appear
double due to the two isctopes of boron. In other words every fre-
quency, except the symmetrical swelling frecguency at 388 cm":L
should occur as a doublet. In the calculation of the theoretical
heat capacities it was assumed that the relative abundance of
Boron isotopes was 80 per cent Bll and 20 per cent blo.

(1) Ge Balz and G. Schiemann, Berl. 80 1183 (1527).

(2} De M. Yost, D. DeVault, T. ¥. Anderson and BE. N. Lassettre,
J. of Chem. Phys. 6 424 (1238).

(3) Gage and Barker, J. Of Chem. Phys. 7 455 (1939).
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Cyanogen
Two different samples of cyancgen were used, each oi wnich
was prepared from copper sulphate and potassiuin cyanide by thlie
usual methiod. Care was taken to free the gas irom hydrogen cyanide,
water, and carbon dioxide. In Table 5 the experimental molal
heat capacities at constant pressure, obtuined at three different
temperatures, are given. The vaiues of C% are those for the gas at

&

infinite attenuation.

Table 5 Heat Capacities of Cyanogen

Temperature Ce observed Ce calculated Per cent deviation
°A (cgl./deg.) ?cal./deg.) from theory
Z71e3 13.14 + .02 13.14 «00
295.4 13446 + .02 13.51 -¢37
328.9 13.90 + .02 13.9: +.22

In Tavble 6 the results of this resecarch and those of other investi-

gators are compared.

Table 6 co for (CN)
. s

Temg?rature Theogétical This g%search F?§.7 & agé B5
2713 13.14 13.14 13.40 10.00
295.4 13.51 13.4% 13.90 10.35
325+% 13.23 13.9% 144,55 10.75

The theoretical heat capacities in column three of Table 5

were calculated Ifrom the vibrational frecuency assignment of Woo

and madger wnich gives the following values for the frequencies:



4 ik

Vi, 860 em Y, vs, 2150 cm T, vs = 2336 cm T, 2e; = 230 cm T, and

2sz = 512 cm'l. This assignment is in accord with the erntropy data
of Kuehrwein and Gfdhuez, and as pointed out by Stevensons, the
frequency vy; is in agreement with the electron diffraction studies
of Pauling, Springall, and Palmer4. Eucken ana Bertram5, as a
result of their heat capacity measurements by the "hot wire"

method, assigned a value of 740 em™ L

to the 2s; vibration, Lut tais
value is certainly too high. The lower value 230 cm'l, has been
confirmed recently oy the work of Bailey and Carson6 on the inira-
red spectrum of the gas.

It must be remembered that the values of B for cyanogen

were obtained by the approximate Keye's equation and hence may be

in error by as much as 20 per cente. This may well account for a

part of the small discrepancies between the experimental and cal-

culated values at the higher temperatures.

Recently Stitt7 has communicated vaiues of C% for cyanogen as

obtained by an improved "hot wire" thermal conductivity metnod.
His vaiues are from two per cent to four per cent higher than
those predicted by theory, but, like those presented here, they
are in essential agreement with the theoretically predicted heat
capacities. The values of C{ obtained by Eucken and Beriram on
the other hand, are over 20 per cent less than those reported by

Stitt and by us, and a frequency of 2s; = 740 cm™ T

cm"l was required to get agreement with theory.

rather than 230

s Se. Co Woo and R. M. Badger, Phys. Rev. 39 432 (1932).
2. Re A. Ruehrwein and W. F. ®lauque, J. Am. Chem. Soc. ©1 2940

(1939) »



iTe)
3. D. P. Stevenson, J. Chem. Phys. 7 171 (1939)

4, Linus Pauling, H. D. Springall, and K. J. Palmer, J. Am. Chem.
Soc. 61, 927 (1939)

S, Ae mucken and A. Bertram, Zeits. f. physik. Chemie, B31l, 30l
(1235)»

Oe Cos R. Baliley and S. C. Carson, J. Chem. Phys. 7, 859 (1939).
7. e Be. Stitty J. Chem. Phys. 7, 1115 (1939).
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Sulfur Dioxide

The experimental results for sulfur dioxide are not in
agreement with those calculateda from spectroscopic data but are
from two to five per cent higher depending on the magnitude of
the gas corrections used. Two samples of sulfur dioxide gas
were used, one being supplied by the Great Western Electrochemical
Supply Company (99.5 per cent SOz), the other being carefully
prepared from sodium bisulphite and sulphuric acid. Soth
samples gave consistent results.

Virial coefficients and their derivuatives, calculated from taoe
g

T

coeiiicient of expansion™ and the gas densityz gave values of'the
heat capacity which differed from the theoretical vaiue by as much
as five per cente. Virial coefficients calculated irom pressure,
volume, temperature data8 give results inconsistent among themselves.
Keyes' has developed an ecuation for polar gases similar to the
one for non polar substances described previously on page77 .
Fowever, the data availabie on polsr substances is so meager and
the values of the By A 4PCg differ so widely from gas to gas that
the results obtainable are practiczlly worthless. Surprisi ngly
enough the virial coefficients calculated with Keyes' equation
give results for the heat capacities which are in better agreement
with theory than those calculated from experimental pressure, volume,
temperature data. | Still the results differ by about 2.5 per cent,
an amount which can hardly be attributed to experimental error.

The experimentally determined heat capacities as determined by
other investigators show little agreement, either among themselves,

or with the results of this research.



Lo
Tabe 7 lists a few of the results obtained by other workers.
Cp is the heat capacity of the gas at atmospheric pressure and

at 273.16°. These values were taken from Mellor's Comprehensive

Treatice on Inorganic and Theoretical Chemistry.

Table 7 Cf for SO0z as determined by other investigators

Investigator Cé cal./mol.
A. Masson ©.834
Je. R. Partington ©.476
R. Frustenan Y18
B. Berngis .00
Theo vy

]

That accurate data concerning the physical properties of so com.on
a substance as sulfur dioxide are not available is surprising.

On the other hand the analysis of the Raman and infra-red
spectra are probably correcte. The theoretical heat capacities were
calculated from the vibrational frequency assignment of Bailey and
Cassie4 who give the following values for the ifrequencies: vi =
524 cmfl, ve = 1152 cm“l and vs =v136l cm’l. These are entirely
in agreement with the analysis of the Raman spectrum made by
Gerding and Nijveld5. As a matter of fact the Raman spectrum of
sulfur dioxide was redetermined in this laboratory with the hope
of finding a possible error in the previous work, but the results
obtained were identical with those of Gerding and Nijveld. It

seems improbable that the anomall& between theory and experiment

can be attributed to an incorrect assignment of frequencies.
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In view of these facte we believe that the error lies wholly
in the virial coerficients. In order to bring our results into «

dE a5 .
aT and T should be of the

agreement with statistical values,
same order of magnitude as the corresponding guantities for carbon
dioxice., This is guite possible due to the abnormally high virial
coefficients of carbon dioxide (see Table 1).

Because of the uncertainty involved in the virial coefficients

we report our experimental results in the following form:

%

€9 (270.9°) = 9.335 + 41425 £' o0 goy = 84559 B" (406 go)
C3 (295.2°) = 9,626 + 1309 B' 500 ooy - 70146 B (oop ooy
€3 (300.0°) = €.619 + 1457 B' (50 noy = 74262 B (500 (o)
CB (324.8°) = 9.819 + 1525 b'(324'8°) - Tec04 B"(324.8o)

where C% is the gaseous heat capacity at zero pressure, &' is

%% and B" = %%%. It is hoped that accurate va.ues of the
virial coefficients will be available in the near future.

1. Leduc Ann. Chem. Phys. 15, 1 (18:t8).

B Baume Je. Chim. Phys. 6, 1 (1908).

Fe K. Wohl, Zeite. fur Phy. Chem. 133, 305 (1528).

4, C. Ri Bailey and A. B. D. Cacssie, Proc. cr the Royal Soc. of

5. H. Gerding and W. J. Nijveld, Nature, 137, 1070 (1936).
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Zthylene
The ethylene gac used in this investigation was supplied
by the Ohio Chemical Manufacturing Company of Cleveland. Its
purity, by the bromine absorbtion test was given as =9.8 per
cent ethylene. The experimental results obtained for the heat

capacity are listed below in Table 8.

Table 8 C% for ethylene

Temperature C° exnerimental
°A Peall./deg.
270.7 9.74
300.0 10.39
32047 10.88

No calculated values are listed for the heat capacity, for
of the twelve vibrational freguencies of ethylene only eight are

known with certainty as is shown in Table 91.

Table 9 Normal modes of vibration oi the ethylene molecule.

(Frequencies listed in brackets are uncertain)

Vi 1626 em~ T
Vg 3020
V3 1343
Va 2988
V5 1444
Vg 3107
Vo (1020)
Vg (3075)
Vg (1030)

V1o 50



k5
i
Vg (700)
One frequency, Vio involviug the twisting of the CHz groups
with res.ect to eacn other ic Torbidden bLoth in the infra red
and Raman spectra. To calculate this forbidden frecuency from the
experimental heat capacity data is imposesible until at least
two of the remaining uncertain frecuencies have been verified.
A number oi other investigators have determined the heat
capacity of ethylene by various methode. From Table 10 it
can be seen that the results of thie recearch are in escsential

agreement with those of other investigators.

Table 10 Comparison of experimental heat capacity

data of this research with those of other investigators

Tempgzature This ggsearch E agg P2 gz
p p P

27047 9.74 Q.74 9.64
300.0 10.39 10.44 10,38
320.7 10.99 10.96 = —-=--

1. G. K. T. Conn and G. B. B. M. Sutherland, Proc. of the koyal
Soc. of Lom., 172, 172 (1939).
s A. Eucken and A. Parts, Z. Phy. Chem. E20, 184 (1933).

e W. Heuse, Ann. PhySik, 59, 86 (1919)0
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Dichlorodifluoromethane (Freon-12)

A tank of pure dichlorodifluoromethane, or Freon-12
as it is known in industry, was supplied for this research by
the Kinetic Chemicals, Inc. of Wilmington, Delaware. This
compound, because of its non-corrosive, non-toxic, non-ihflammable
nature has found extensive practical use as a refrigerant. It
is commercially prepared by treating carbon tetrachloride with
antimony trifluoride, using antimony pentafluoride as a catalyst.

Our experimental results are reported in Table 10.

Table 10 (Dichlorodifluoromethane)

Temperature C° observed C° calculated % deviation
°A Peal./deg. Peal./deg. from theory
271.7 18.79 # «OL1 16.73 + .36
300.5 17.76 + .12 17.57 +1.1
320.9 18.18 + .03 18.12 + 33

As before the corrections for gas imperfections were obtained from
the Keye's relation. The theoretical heat capacities were cal-

culated using the vibrational freguency assigmment of C. A.

. 1 1

, V3 = 664 cm ,

y Vg = 433 em™+ and v, = 320 cm T,

L

Bradleyl who gives vy = 1082 cm~
1 £

, V2 = 1147 cm’
vg = 455 cm Ty Vg = 260 cm”
Bradley also observed a frequency at 887 cm — which he believed
to be a combination frequency (va + V6)’ but according to Mecke2
this too is a fundamental. Eucken and Bertram8 determined the
remaining frequency to be 408 cm-1 from low temperature "hot wire"
heat capacity measurements. However, at higher temperatures his
measurements indicated a much lower value for the frequencye.

Our results, shown on Table 10 are in fair agreement with theore-

tical heat capacities calculated on the basis that vg = 8387 and
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vy = 408. That vy = 408 em™t is in agreement with a prediction
of Bradley who believed the missing frequency to be in the
neighborhood of 440 e~ L.

Our experimental results would seem to indicate that a
glightly lower value of 375 cmfl would give better agreement than
the assumed value of 408 cm'l. However, since the gas corrections
due to their empirical nature, are somewhat uncertain, such a
correction is unwarranted.

As mentioned before Iucken and Bertram have also made some
measurements on the heat capacity of dichlorodifluoromethane by
the hot wire method. Their results are compared with the results
of this research in Table 1l. Qur results are in good agreement
with those of Buffington and Fliesher/1L who used the flow metnod
to determine the heat capacity. The results of these investigators

are also included in Table 11.

Table 11 (Freon-12)

Temperature This Research E and B3 B and F4
02 - o2 ce
P P P
271.74 15.79 15.10 16.79
300.54 17.76 15.70 17 .59
320.81 18,18 = eeee- 18.18

It should be mentioned that although the work of Eucken and Bertran
is&ot in agreem¢nt with theory in the above temperature range, good
agreement is obtained at lower temperatures. This is quite char-
acteristic of the "hot wire" method because reasonable estimates

of the accomodation coefficient of the "hot wire" can only be



ng

mace at low temperaitures.

1.
2
3e
4.,

Ce.
Re.
A

Re

A. Bradley, Phys. Rev. (2), 40, 908 (1932).
Mecke, Hand. u Jahrb. d. Chem. Physik, 9 II, 320 (1834)
Eucken and A. Bertram. Zeit. fur Phy. Chem., B31, 361 (1935-36)

M. Buffington and J. Fleisher, Ind. Eng. Chem. 23, 1290 (1931)
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Trichloromonofluoromethane (Freon-1ll or Carrene No. 2)

The vibrational frequencies when:determined from the Raman
spectrum of the substance by D. Osbornl. The results of
his analysis, shown in Table 12, are in essential agreement with

those of G. Glockler and G. R Leaderz.

Table 12 (Normal vibrations of trichloromonofluoromethane)

DeOu™ o G and 17 )
vy 351 cm 349.5 cm
Vg 246 (2) 243.7
Vg 536 535.3
v, 838 (2) 833.2
Vs 1072 1067.2
s 398 (2) 397.5

The experimental heat capacity was found to be 189.72 + .07
cal./mol. at 329.6 °© A. This is 1.4 % higher than 19.45 cal./
mol., the value calculated from spectroscopic data. This error
is somewhat higher than the usual experimental accuracy would
seem to allow. However, it should be remembered that a gas like
trichloromonofluoromethane is very different in nature from nitro-
gen, the standard comparison gase. It is quite probable that
for gases which differ so with respect to heat capacity, heat
conductivity and viscosity are unsuited for relative heat capacity
measurementse. Voreover there is still the uncertainty regarding
the gas corrections, but it is improbable that they are the sole
cause of the discrepancy between theory and experiment.

The trichloromonofluoromethane used in this research was

supplied by the Kinetic Chemicals, Inc. of Wilmington, Delaware.
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The commercial product was carefully dryed by pacsing it over

phosphorus pentoxide.

l. D. Osborn, Thesis

2¢ G. Glockler and G. R. Leader, J. Chem. Phys. 7, 298 (1539).



Sulfuryl Fluoride. 7

The heat capacity of sulfuryl fluoride was determined at =71.6°
A C% at this temperature was found to be 15.16 cal./mol. The
sulfuryl fiuoride was prepared by H. Russell by the followirig
series of reactionsl:

HzS04 + CalFg + 2503 —» 2HFSO03 + CaSO4

BaClp + 2HFSOz —> Ba(FSOsg)z + 2HC1

Ba(FSOs)s “S2' BasOs + SOzFz
Since no data are available on the critical constants of the gas
nor on its pressure, volume, temperature relations, the magnitude
of the virial coeffic.ents and its derivatives were assumed to be
equal to those of dichlorodifluoromethane.

This work should be regarded merely as a preliminary experi-
ment since only one determination of the heat capacity was made.
Moreover, the sample of sulfuryl fluoride was of doubiful purity.
However, for purpose of future reference these results are included
in this thesise.

An analysis of the Raman spectrum of sulfuryl fluoride is now
in progress in this laboratoryz. However, final results are not
available so that compariscn of the theoretically calculated heat
capacities with the experimentally determined heat capacities

are not yet possible.

l. W. T. Traube, I. Horening, F. Wunderlich, Berl. Ber. 52 II,
1272 (121¢9).

2. He. Russell, Not yet published.
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Table 13 lists all the experimental data necescary to cal=-
culate the results discussed in the previous section.

P; = atmospheric pressure

P = pressure drop employed

Ty = temperature of gas before expansion

T = temperature drop due to expansion
dB
1 [ .
BY = &7
d*B
[} I—
BY = 377
C! (exp.) = heat capacity in calories per mol. per degree at

average temperature of experiment (T - é%i) and
at average pressure of experiment (P; + £%¥
Cg (exp.) = above heat capacity corrected tc zero pressure
C°p (calc.) = heat capacity calculated from spectroscopic

data at average temperature of experiment

(T~ &L )
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sample Calculation

The following is a complete calculation of the heat capacity

of carbon dioxide.

Tl knl |
AP Po AR Re AT T, 1m 2k B

N2 3.6 cm. 763.5 .8907 68.0845 3.3348 273.16 .012283 .2860
COz 3.5 cme 7063.5 7229 ©68.0845 2.7064 273.16 009957 1.1743

A P = pressure drop used in experiment

PAve = mean pressure of experiment (atmosvheric + éég)

A R = measured resistance drop.

Ro = resistance of resistance wire at 273.16°

AT = as calculated from AT = éig « = coefficient of
recistance of Pt = .003:23. Since this is a relative metinod

emall differences in the value used for A will cause very little

change in the final result)

B! = g% = as calculated from Keyes' relation
T 5 :
cp = heat capacity at mean temperature (T1 - L%—) and pressure

of the experiment.

Hence using ecuation (7)

K_Hl% + KK' AP C (1n%4-)7\7:a - -02421 APBY,

P(Ns) -7

. 085266

c - 082266 + 024’§1 A PB 1 oz
o)
¥ C0z (1n§) . (1%75)%2




o7

5286 | 001422
oobv « Q099857
= 8.863 + .143 = 8,708 cal./deg.
This is C_ in Calories mol™ deg'l at 762.5 mm. pressure and at
271.81° A,
The calculation of the statistical heat capacity is carried
out in the following manner:

C; = C (trans) + C (rotation) + C (vibration) + &
2n-6 4
=2r+n+ z P(&H +x
i=1
-1
For CQz the vibrational frecuencies are vy = 2350 ca 7y vg =

~

"1 -1 - . o
1285 cm ™~ and vas = 667cm © (2) where vs is doubly degemerate.

At 271.81° A %% is egqual to 0052205 v where v is NOwW exXpresse

]
v

in cm ~. The values of the Planck Einctein terim calculated

pe

for each vibrational frecuency is ziven in the following table.

vy = 2350 124483 s QOO0
vz = 1285 8.728 « 0517
vy = 667 (2) R.522 «BSL
Cv
T total = 0517 + (2 x «3878) = 8273
Hence

tey

o =Lzn+ .8273 8 = 4.3275 B = 8.599 cal./mol.

This is the value of C2 at zero precssure and at 271.81° A,
s -4
To correct the experimental v=iue to zero precsure we subtract

from it .02421 TqvoP4ve%%§ . Tor COz this has the valie «073.

Tence
C% (experimental) = 8.83
C; (calculated) = 8.80



T (gas congtant per mol)
h (Planck's o nstant)
k¥ (Boltzmann's constant)
€ (velocity of light)

Ice point
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- -2
0524 ¥ 10 7 ETEe SECe
: -16 . -1
1.2805 x 1C erg. deg.
" 1£3 -1
2.22776 x 1077 cm. sec.
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Phosphorus Trifluoride

The heat capacity of phosphiorus trifi.oride was determined
at two different temperatures. For these experiments an
improvement was made in the apparatus. In previous experi-
ments the measured temperature drop due to the adiabatic
expansion is somewhat smaliler than the actual temperature
drop because of heat leaks at the ends of the resistance thermo-
meter. It was snown that these end effects escentially
cancel out due to the relative nature of the experiment but
it is probably more precise to remove these effects entirély.
This can be accomplished by suspending a shorter resistance
thermometer beside the main thermometer in the expansion
chamber. This compensating resistance is connected to the
opposing arm of the Wheatstone Bridge together with the variable
resistance. Any end effects in the main resistance thermo-
meter will now be counter-balanced in the short compensating
resistance thermometer and thus be eliminated.

This arrangement has still énother advantage. Previous
values of the heat capacity were reported at the mean tempera-
ture of the experiment. Since the measured temperature drop
Was always smaller than the actual drop this mean temperature
was not known accurdtely. Although this difference was too
small to be of serious conseguence (the difference never amount-
ing to more than 0.1 % in the final result) it is now removed

and a more precise result is possible.
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We have redetermined the heat capacity of gaseous carbon
dioxide to obtain a check on the accuracy of this new method.
The experimental molal heal capacities together with the theore-
tically calculated values are reported in table 14. It will
be noted that the agreement of exyeriment with theory is of
the same order oif magnitude as previous experiments on carbon

dioxide (see table 13).

Table 14
Temperature ~ observed ¢ calculated % deviation
(°4) (8&1 /dege) (Bal /dege) from theory
271.46 8.69 8467 + 23
292439 8495 8Tl + «45

Phosphorus trifluoride was prepared by the metiiod described
by Ruf‘l. Phosphorus trichloride was allowed to react with
arsenic trifluoride according to the following reaction:

PCls + AsFz === PIF3 + AsCls
The resulting gas was passed through a cvoling bath of dry ice
and alcohol to remove any arsenic trifluoride and phosphorus
trichloride present. The supposedly pure phosphorus trifluoride
was finally condensed out in liquid air. Unfortunately the
above proceedure did not yield pure phosphorus trifluoride
for qualitative tests showed the presence oi considerable
quantities of partially fluorinated compounds such as PCli'z
and PClzFe. These impurities were removed by bubbling the

gases through a dilute solution of HzSO04(~~~ .2 N) wvhich removed
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the relatively more readily hydroligable PClFp and PClar. The

[of

gas was subseguently passed turough sodium fluoride and phos-
phorus pentoxide to remove hydrogen fluoride and water. A
second sample was purified by repeatedly bubbling the gases
thrcough a tower packed with glass beads and liquid arsenic
trifluoride until the PClgF and PClFz; were completely fluorinated.
Both samples gave practically the same experimental result
for the heat capacitye |

The experimental results for phosphorus trifiuoride are

given in Table 15. These results are the averages of two

or more separate experiments.

Table 15
Temperature C° observed Ce calculated % deviation
(°A) (Bal./deg.) (Bal./deg.) from theory
272+.16 13.77 12.77 +7.83
202476 14.43 13.28 +8.68

The experimental data for bolh carbon dioxide and phosphorus
trifluoricde are given in Table 10. The symbols have here
the same meaning as in Table 13,

It will be noted that the experimental values are about
8 % higher than those calculated from spectroscopic data.
The vibrational Irequencies of phosphorus trifluoride were
obtained by Yost and Anderson® by an analysis of the Raman
spectra and are probably correcte. The reason for this dis-
crepancy is at present unknown to the authors but it is hoped
that further experiments will remove the difficulties.

l. Ruff, Die Chemie des Flglres P 28, Springer, Berlin, 1920

2 Mo 3 . S omr g . .
* De Il Yost and T. F. Anderson, J. Chem. Phys. 2, 264, 1934.
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Abstract

The theory of adisbatic expansions is given and an apparatus for
the measurement of gaseous heat capacities by this method is described.
As here applied the method is relative, involving a comparison with a
standard gas, nitrogen. The heat capacities of oxygen, carbon dioxide,
boron trifluoride, cyanogen, sulfur dioxide, ethylene, difluorodichloro-
methane, fluorotrichloromethane, sulfuryl fluoride, and phosphorus tri-
fluoride found at temperatures ranging from 0° to 57° are compared with
those reported by earlier investigators and with those derived from mole-
cular data. In general the agreement is good to within 0.5%, but for
sulfur dioxide and phosphorus trifluoride there are discrepancies between
the observed and calculated values of about 3% and &», respectively.

The difficulty with sulfur dioxide may possibly arise from an error in
the equation of state, but the phosphorus trifluoride discrepancy stands

guite without explanation.





