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Introduction 



Introd~lction 
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In lS'll :SjerruE1 sh01ived now gas eous hEJ.t c :-1.)J.citiE:s cams. 

be c 0.lcul:1tE:d i i' ths nor:11,i l vibr ::i.tianal fre r.yencies of a :nole-

cule are knovm . Accur ':clte sxperiment a.l vaJ. u. es or· ga seous heat c a_pa-

ci tj_es h-3.VE tr;_en a tv;o folo interest. !~·ot only '.3..r ,: they u seful 

in calcula t in.; t~-ier:noci.ynamic e cj_U ilibria but t h sy also serve as 

a valuabl e c h eck on the s;1ectroscop ic3_J.ly de t er 1r:i ned vibrational 

frequencies. 1Jnfortuna tely, for many yeats, little cou.lcl be done 

in correla t ing the spectroscopic a.rid exr eri:n(nt a l nE:at car,ac.L ties. 

This was d0.e ei t hE. r tCl t h e Ltc k of knovdedg e rega rdi !. _,g t he inter­

D:3.l :moleculcir ::-not:..ons ot· the ITIOleculE.s or t o the l ack of accur-:1,te 

exr, eriment ,, l heat Cd}} cl.Clt~c data . I::1 the p ast :fevi ;;1::ars both t .i.1es e 

diific0.ltis s h 2we bE..en r e,noved. The s ,_,e ctrosco:~; ist succeeded in 

determining the vibrationa l fre cyencies of a lc:.1.rge number of' :nole­

cules and improved met.iiocis of de t ernining the heat ca.1:;,aci t ;;- of· gases 

have been d evised. 

Probably the most accurate mE:th,Jd avai l ab le for the determina­

tion oi-. g;.:ts eous :C.1.t3.t cap?.ci ties i s the adiab8.tic exj_Ja11sior1 rnetl1od 

of Lurnmer ;:3_ n0, Pringshei:n. TJsilig tnis "nethod the heat ca_) aci ties 

or· a nwnb er of g_0,ses v,:ere 6.eter:nined a t va::.·ious te:n1_::, eratu.res. 

Data for oxyg en, c ..:-,rb on dioxioe, sulphur dioxide, etnJlene, boron 

trifloride , c yanogen, dichlorodifloro!netha.ne and trichloro;-uor.o-

floromethJ.ne will be re1)orted in this thesis. The purr ose of 

this researc h vr"a s princip ally to verify the analysis of the Ini'ra 

red and Raman s~)ectra of t he subst 3.nces. 

cynamic interests a re not overlooked. 

!-{owev cr , the t her::no-

D~ta on the heat c apacities 
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o:t ox:yl_:en 2u1Ci ca rbon di_c, :;,;._Lc:ie a re inc L;.6- ed ~-,r inci.;::a:llj t v g ive 

ctlJ. indica t ion of t h e a cc ur a cy o::t' thE met h(.d u s ed, i 'or SUl)­

; .'• OSEcd.ly t here i s little do u.bt c oLcerni n[; t he veracity of the 

s pectrosc o:c ic a._ l y de t ermir~ed f re c.:.u.enc ies . 
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Theory 
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Theory 

From the fir s t law of ther::iodynaJ1ics we h ave 

wher-e E is the internal energ-y of the s-ys te:-n , ~ i s the hea t ab­

sorbed by the system and '!J i s the work done by the s:::,rstem. If 

we consider an expansion which is adiabatic no heat enters or 

leaves t he system. Hence a l l the v;ork done by the system is 

d one a t the exp ense of the internal energy of the gas. If t h e 

process is reversable, tha t is-, if the expansion ta.kes place 

infinitely slowly, the internal pressure will be essentially 

eq_ual to the external pre ssur e a t a l l ti:~es. Therefore 

dE = -pdv (1) 

In genEral dE = ( :TH) pdT + ( ~ ~) Tdp - p dv - vdp, 

where His the heat content of system as defined by H = E + pv. 

Equation (1) bec oines: 

(2) 

The coefficient C1 ~)T is the a -nount of he at whicL wuuld be 

absorbed, per unit cS.iI.'fErence in pressure, i:f the ex; ansi on ha d been 

c onducted at 'onstant te:nperature and not in a t hermally insulated 

vessel. Since the measurement of this coefficient is rather 

inc onvenient ~ it is desirable to obtain an ex;_Jression 1,or it 

in terms of more easily measurable quantities. 

of the second •law of thermodyna2nics we find 

With the aid 



Hence equat_ion (2) becomes: 

= T(t¥)u 
.· ...a_l) 
" op s 
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(3) 

In order to integra.te this equation 1r e assurne that the e c;_uation 

of state for the ga s under consideration is of the form: 

p _ HT 
- V-B 

If we a s sume that dB and c· are nr-. nst t tb all rar1c of dT p - "'0 an s over _e sm • -oe 

temp erature and 1Jressure involved, ec:;_uation ( 3) becomes on 

integration 

C p = 
Pl r: lnr rz 

Ap d B 
u dI' (4) 

where C is p the heat capacity a t the mean tern:pera ture a nd pressure 

of the exp eriment. 

The hea t c apaciti es c a lculated from s1:. ectroscoI) ic data are the 

he at c lp2.ci ties of t he gas at ini"j_nitely lov.; pressures, vu1erea.s t:r1e 

experimentally o.etermined va lues a r e f or pre s sures eq_ual to the 

mean i,~ressure of the adiabatic expansion. In order to correlate 

results the usual practice is t o c r::1 .vert t he e::;-:::;_) erii.nental heat 

c ap__:,_ e;i ty to hea t capacity a.t inf:;, n i te 9.t t ern1ation. 

has recours e to the t he r mooynamic rela tion 

To 6.o this one 

With the assumption tha t the E(_uation of state i s again of t h is 

form 



P.T 
p = V-B 

and. that ( % ;rh p is a 0) nstant over the pr ess1-1.r e r anee ' 

e½_uation (5) intes rs.tE,s to 
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(7) 

where c0 is the calculs.ted v,1lue of the heat ca.:;:;-1city, C i s 
~l) IJ 

the exp erirnenta.::;_ly deter:-11:i.ned VJ.lUE, P is th e mean !)resE.u.re a.no. T 

i ::. the mean tem>erature. 

T t · c ·- ) d (7) t· t·t · dE ~ d2.S _n e, ~ua ions b 3.r._ ,ne cuan i ies -,;;;; a.no. a~·r2 2,I)I 1ea.r .. a .. 

ec;uation fo r b si.S a functL on of tem:;_) erature must be known. It 

T' , -_ fJ /. s 
- - -;:;:;3· 'T' I. 

(8) 

v.'hsre f) , A, .s.nc. C are c e, nstant.s. ~q_J.r:i.tions of thi s type havE. 

T:owevsr, 

ex i"' t i .1• ... ·r;:: . .::ia_t_:;_ I~-0.,,..J. t·he -- -,c .,..., ,-, ,...,... c --·,,-c; ·-1c r'Jt; ,o-J. - - ......., ......, ..._,, ... b :,._..; ;..... J.J.--"' '.;:...J.. ._ •_.!. .• ~ -- •.....-1,...,_ # ..l.. • 

ar:G. 

(Pc = critic:.3.l pressure, Tc = critic'?.l t,s:np Era ture, 

the calcul ~tsd v ~J ues of the c onst 1r~s :::md c
8 

very nes.r Jy ec;ua l for ,::_i_ l:=r ;_;e n:.Et:ber of' n0n po la.r S'J.bst 1nc es. 

of 

to 



for a l l non o ol a r subst ances 

84 . 9 = 13 . 29 - f) 

Thi s ec;ua.tion w':ls used in this ress 01.rch t o c -.. lcuL.t0 t he ~:is c 0r ­

rec ti ons f or subst :1.Lces wn0 E,e t:.."ue ec uation of s t J.t e wa.s ~ni<n0wn . 

It must be rc::ncnbercd t .tu .t V J. 1 1J.Es of B obt ai:.'1ed. in this wa·:/ ;nay 

bs in error by 8.s much as 20 p er c ent. 

Table 1 Z::-ivat.:.0n oi' St :i. te Ccnsta nts. 

S 1J.bst anc e {!JG ~ C c-i e e 

Ee 6 . 08 21 . 74 6 . 00 

Ee 12 . 48 35 . 34 o . 39 

A 12 . 52 33 . 24 5 . 57 

E2 8 . 08 27 . SS 5 . 3 1 

F2 18 . 42 j4 • .S7 5 . 58 

02 14 . 89 37. S3 4 . 21 

Air 12 . 96 33 . 35 5 . 24 

CO2 25 .14 48 .18 5 . 63 

CH.i 13 . 39 34 . 82 4 . 41 

C~Ij4 21.88 47. 72 1.80 

C2Ho 15 . 04 :--37 . 54 5 . 07 

( C2I-i
5

) 2o 34 . 54 62 . 04 0 . 25 

Avera6 e 18 . 28 34 . S 5 . 47 

V! e h3.ve succeeded in d evelop i n,; an ex:,ression b;:,,r :!leans of which 

an E:X.) er i ment a l value for t he heat c :3.pacities of a gas can be 

determined . We are now r ead~' t o c o:r..sider t h e process b;-,, · v-:hich the 
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heat ca;:,a cit:l can be c s.lc:..;.la ted fr o!Tl s pectroscor ic data. 

The hes.t c apacity of t h e i dea l 6as is ra:3.de up of a nUinber of 

c o:rapon_;tent parts. 'Iv e can v,ri te to a first 3.>proximation: 

CZ,.= Ctranslat:i. onal+ Crotational+ Cvibrational 

cp being equal to Ct + R 

All molecules have a ti~3.n s l &.tiona l heat of 3/2 R calories; n/2 

calories for each transla tional de6ree of freedo:n . ThiE: classica l 

V3..lue h ol ds ev~n if' q_uantucn statistical meciianics is applied to 

the translationa l ,:notion of the molecules. For monatomic gases 

no heat other t han the 3/2 R C3.Il be absorbed and C is sinn:dy p ~ 

equal to 3/2 R + R. In the c s.se of diato~nic and pol Jatomic gas es 

a dcii tiona l heat can be a·csorbed ·with the pr oduction of other t,;rf, es 

of motion. The classical V3.lue of' r/ 2 for each rotational degree 

of fr0e6.om is al.r·eady full.{ develop ed at r oo:n tc:D...[) eratures. In 

other words t he r otational heat is R 3.116. 3Rl2 for diat omic and 

pol;y·atomic r.no l ec ules resp ectively. The increase of he3.t capacity 

above room temperatures is o.uE: to the vibration 01· atoms and atom 

groups within the molecule. This vibratory motion of the atoms may 

be resolved into one or more c omponent vibrational degrees of freedom, 

each of which has R as its limi tir.g value at high temperatures. 

Diatomic molecules h::1.ve one v i brational degr e e of· freedom while 

p olyatomic molecules possess ( 3n - 6) (n = nUi11ber of component 

atoms). For the s pecial cas e of linear p ol;;, ·atomic molecules. the 

number of vibrational degrees of f'reedo::n is C3n - .S). :Sxcep t for 

a small p ositive correction arising fro:n the stretching of the 

valence bonds with an accom~ianying increase in potential energy, 

no other ty.)eS oi' motion are possible. 

The increase of vibrational heat with ris:ing temperature is 
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b th"' Planck-F.i· nstein equation for the given quite accurately y ~ - -

heat absorbed by a linear harmonic oscillator. 

Cv ibrational 
1)2 

v is the vibrational fre c;uency as deduced from Raman and Infr:::i Red 

spectra ,h is Planck's Constant, k is Boltzmann's Constant, and 

hv f T is the absvlute temperature., k has the dimens:l. ons o tempera -

ture and is therefore known as the characteristic temperature. If 

we denote this charactcrJ..StlC te:nperature by e we can f ormally 

write: 

Cvibrational = p (~) 
,., 

Hence for a diatomic molecule with one vibrational degree of free-

dom we have: 

In the case of· polyatomic molecules where several vibrational 

frequencies are involved a separate Planck Einstein term may be 

used for each different f're q_uency. 

linear molecules is given by: 

7 3n-5 
co= R + z 
p ~ i=l 

And for nonlinear molecules: 

3n-6 
co = .§ R + ~ p (@-Ti) 
P 2 i=l 

Therefore in general C for p 

It should be mentioned that to fac~.L·11·tate the calculation of' 

tables have been drawn up listing C "b t· 
vi ra ion 

C 'b t· vi ra ion versus 
~ 
T so that it is a relatively simple matter to calculctte the 

vibrational ro ntribution of the heat capacity. 
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Apparatus 

Figure 1 is a diagram of the a ~,paratus developeci for this 

research. The gas which is to be investigated is co r:,,fined in 

the expansion chamber A. This chamber has a capacity of 

approximately two liters. The vessel itself isconstructed 

entirely of copper and brass, all j oints being hard soldered. 

Four symmetrically placed tubes, arranged so that turbulence 

during expansion was a. minimum, connected the expansion chamber 

to the expansion Vdlve B. This vc.lve v,as designed so that a large 

orifice could be opened raI) idl.y. The change in temperature 

of the gas, due to the adiabatic expansion vms measured by means of 

a pl a tinum resistance thermometer c. This was CD nstructed of 

o. 001 inch diameter annealed platinu.'11 wire and 'V'1as suspenc.ed 

freely along the axi s 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 

regulator. 

The platinu.rn resistance thermometer C forms one arm of a 

wheatstone bridge cir cuit. A variable resistance whose resistance 

c0uld be accurately determined by means of a Vilhi te double potentio-

meter formP.d another arm, A fixed ratio co:;,npleted the br.idge 

circuit. All resist~ncf! coils were c-onstructed of Manganin wire 
/ 

to redu.ce any temi-,erature effects. A sensitive galvanometer 

with a period of onlJ 1.7 sec 0nds wi s used in the bridge circuit. 

The current was su1.-., lied by means of' nw11ber DA-2-1 Willard low 
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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 sca le are visible 

on the right . 
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discharg':' storage ctll in series wi. ·.::,h a high resistance; a current 

of about 7 .. 5 x 10-4 an1ps b eing e:n:-:, loyed. The bridge was of the 

open circuit t y_;_:i e, the current flov.ing only- during t he short time 

necessar;y f'or measurement. 1:Vi th this arrange:nent no heating 

· effects of the resistance wire c ould be detected. Fi gure 2, 

a diagr9.m of t he el ectric si. l circuit used, shows the actu3.l 

magnitude of the resistances used. It will be noted t h~t all resis-

tanc es in the wheatstone bridge circuit 'Ner e c onstr'-lcted to be 

approxima.tely e c;_ual s o as t J insure :uaxirnum sensitivity of the 

galvanometer. li'urthermor e by running t he leads L1 and L2 par allel 

to one ano ther 3.nd by attaching lead L 3 directl;:;r to the resistance 
ch""' '1 c ~ i 1-\ Re. s 1 ~ l,u, e, (. d "'e to 

thermomet er sms.lltchanges in extern::tl tempera ture ·will be conp ensated. 

The t e::nper a t u.r e 6.roi:: 6.ue to t he adiabatic SX})ansion mus t be 

:neasured within a fev'i seconds after the expansion due to the 

ra::_) i d exchange of' heat fr om the walls to ths c ooled gas. The time 

3.vail3.ble is dependent on the g1s involved but is usually of the 

order of one to two seconds. Because of the short tbne available 

the vari::1.ble resistance in the bridge c i rcuit mus t be set c loser 

and closer to the correct resistance in a series of succe s sive 

expansions for which the initial and final pre s sures and the 

ini tiql te:11p era ture :1re t he sa,ne . ?or t his reas on a click gauge was 

convenient for the pressure measurements. In th~s research pres-

sure dr·o~)S of a?proximately 3 • .5 to 8 c:n . of mercury wer e u sed, the 

results obtained with v ctrious pressure drops agrEeing within the 

ex_::..:· erir.aental error. 
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Experimental Procedure 
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E:x--perimental ProcEdure ·::., 

A brief description of the a ctual e::xperirn.ental tecbniq_ue 

will novJ be given. The gas to be examined is slO\vly intro-

duced into tJ1e evacuo.ted expansion chamber until the click 

gauge resp onds. Since one side of the click gauge is open 

to the atmosphere , the gas in the expansion chamber is at 

a pressure greater than atmospheric by an amount equal to or 

greater than the upper click constant of the gauge . The 

gas is then allovved to escape ver'J slowly through a f:Lne capil-

lary until tl18 pressure 6.if'ference is equal to the lower· ~ • 1 
C..LJ..C..:C 

c onst ~nt as is s:i1ov;n by the second resp onse of' the gauge. 

The ex:_;_.,ansi on chamber was t hen ct:t of'f' from the remainder of 

the apparatus by means of a stopcock. A p eriod of about a 

minute v;as allowed before t he expansion so that the system 

coul d attain equilibriu.i~. The gas , in escaping tr.trough 

t he capillary, v'ras cooled sligl:tly but tne increas e in 1)J:."'es sure 

Vihen the gas warmed up to the te:·.1i:erat·u1 ... e ol' t he tl~e:2::n.ostat 

was entirely neglig;ible . V!11en ec:uilibriwn is obtained , t he 

expansion valve i :::; r a::_;ic.\l;/ opened by means of a lever arrange­

ment and shortly thereafte:c the swi tc1.1 c ontrolling the bridge 

current was. closed . If t he bridge is in balance the galvano-

meter ·vdll rertlain at rest on the zer·o p oint f or a short time 

before moving of:f due to t he v1a.r~ning up of ' the ex_::oanded gas . 

HoViever, i f' the bridge is out of balance the galvanometer 

·will c oEie to re st mome:ntari1y- at some ·:,Ci int other t han the 

zero 1:; osi tion . By not::.:ng the ma§::.itude and. direction of the 
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deflection t he var iztble r esist c1.z2c e c ~:,_n be set clos er ano. clo ser 

to the c o::crec t r esi s t<J..1:i.c e. Usually a series of aoout six 

ex)ansions are su:fi'icient to d.eterrnine t ... 'le correct setting 

of the v :~riable resistance. Employing the galvanometer 

as a null instru.ment in this maimer avoided the use of c orn-

plicat0d photog-raphic recordJ.ng e½.uipme:nt • 

. After the Vlhea tstone bridge is ba lanced the v ar :i.able 

resisto.nce is meas·J.red by means of a 'White double p otentiomstcr. 

In this vmy the actuB.l c -::G.. ibra tio11 of the v -:1-r:I. able res ist.a.nee 

is unnecessary. lText ti1E; resistD.nce is measured with tne 5as 

in an unex,_;andec c oLdi t 5. on, that is, •J i th the teraperature oi' t he 

gas ec_;_ual to tha t of the t:r1ermosta.t. In this v,a .. J the resis t ;~~nc e 

d.r0p 6.ue to the ex~~an s::.on was determined, and knov1i:ng the tern-

• ">.D • • t ,,... . -1- " 7 t . t, t . 1::• era1.,ure c oe:. .1.icien oI resis va..:r:.ce oI p _a inum, .ne em:;) er;:n,ure 

drop can readily be calculc1.ted. .r'\::.1 exact va. :_ue for the ta11pera-

tu.re coef':f j_cient of resista::1ce is ur.JJ.ecessary due to the r cla-

tive nature of.' the ex_;_::ierirnent. In this research the tabulated 

value for annealed p latinum 'Nire. of .003~;1 2 @lm.10 per de2,-ree v;as 

used. Relatively large chang es in this va lue could be ma de 

,vi thout appreciably ch:.in:_;ing the final results. 

In this resec..rch pure nitrogen -..;.ias us ed as the st,._':.ndard 

ga s. It v1:;;.s obtained f·r om the Linde Air Pro du.cts Company a11.d 

probably Cl'.) ntained less than .1 per cent i:miJurities. These 

im1:mri ties, being largely oxygen, c.:Cforded little sou.re e o:C 

error a s far as t..he heo.t ca1)aci t;y of nitrog en wc.s concerned. 

1 "b t · 1" r , ·t • ,- 1· .. (2330 -l) T 1e vi ra iona Ireque:ncy oI ni rogen is r a·e,.r1er ngn cm 
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1.\'hence the c on-'e,r• j_bution of the vibrationa1 h eat carJaci t y a t 
I 

low ter.i.p er2.tures is n egli gtble. Over the temperature r ang e 

used in this resec:.rch C~ (at zero pres sure) r emaine6. (Jj nstant 

at 7/2 H or 6 . 955 ca l. p er rnol. per degree. 

'I'he U11Y-JlOYiil gas v::;_s a lv.raJs br a cketed b etv-ree1i t wo deter raina -

tions of nitrog en, t he s t an(.:::.rcl ;;a s. The te,,:npcr a.tu.r e drop 

for ni troge:n vm.s t 2tl·:en a s t h e aver age oi ' t h e t YJO de t er mina t ions. 

In t hi s way, any er rors cau s ed by a slovi dr i ft in external 

pres sur e e.ncL temp er.::,t.ure dl1.rin:._; t h e c ours e of' t h e ex_;:::. er:iment 

v;ere eli::1i na ted . 
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Method 

In the derivation of :equation (4) it vms necessary to make 

the assumption that the e:x--pansion was both adiabatic and rever-

sible. Obviously neither of tl1ese assuuptions is strictly 

true when applied to the actual eJq)ansion process. There are 

certainly heat interchanges between the system and its sur­

roundings, and the process is 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 i'e,cts it is inadvisable to attempt to make 

the method absolute, but instead to calibrate the instrument 

with a gas of known heat capacity. This method, although 

it has tl1e disadvantage of being dependent on the value of the 

heat ca1Jacity assi;:;ned to tlle standard gas, avoids a nurn.ber 

of experimental difficulties which we believe can not be entirely 

overcome by an absolute method. 

It is probably VJ'orthwhile to discuss the non adiabatic 

and irrever-sible nature of the process in gTeater detail and 

to demonstrate more precisely wby a relative method overcomes 

the difficulties encountered in an absolute met:i:wd. A nurn.ber 

of corrections concerning the non adiabatic and irreversible 

nature of the process are so small tha.t they can easily be 

neglected, others are removed by the c o:rrpensating nature of' 

the relative method, while still otllers, v;hile not completely 

eliminated, are reduced in magnitude. The follov,ing factors 

y;hich contribute to irreversibility and non adiabatic nature of' 

the actual e:::cpansion v'lill be discussed: 



23 

1. The finite heat capacity of the resistari.ce thermo-

meter. 

2. Radiation corrections. 

3. Gas conduction corrections. 

4. :2n6. effects of the resistance thermometer in­

cludL11.g conduction and radiation. 

5. 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 

L"Tilnediate vicinity of the wire does not change in temperature 

as much as an isolated sarrple. It is impossible to make quanti-

tative calculations regarding this effect because the actual 

volume of gas efi'ected bJ the resistance thermometer is unknown. 

However, that this correction is small is shown by the following 

experimental fact. When resistance thermometers constructed of 

dif'ferent size wires are employed no cbange in the final result 

is noticeable. This fact seems to indicate that no corrections 

for the finite heat capacity of the resistarc e thermometer are 

re cessary. 

After the gas has expanded the tempere.ture of even an 

infinitely small v-lire will be slightly higher than that of the 

sm,,.,roundings due to the radiation it receives from the ·walls 

of· the containing vessel. In general vre may write: 

A(TW - TR) = B( TR - T8) 

where .A is the heat transferred from the vmll to the resistance 

v1ire under a temperature .gradient of' one degree and B represents 



24 

the heat transf'e1"red from the wire to the gas und.er similar 

c oLdi tions. Tw is the temperature of the wall, TR is the 

temperature of' tJ:1e resistance wire, and TG is the temperature 

of the gas. Rearranging this equation i.ve obtain: 

In other words the di:fference in temper2.ture betv•rnen the resista11ce 

thermometer and the gas due to radiation from the walls is 

equal to the temperature difference existing between the vmlls 

and the vlire times the ratio of the heat conductivities from 

the wire in vacuum ar ... d. in the gas at atmospheric pressure. 

The ratio~ depends on ·Ll1e nature of the gas involved and the 

temp era. ture. For annealed platinum ,;;ires this ratio is E.xceed-

j_ngly small as is shov.n by experimental determinations of Kis -

tiakowsk~ and Rice1 . For most gases at zero degrees the ratio 

has the value of approximately 10-3 • This makes the radiation 

corrections so small that they can be entirely neglected. 

The warming of the resistance wire by conduction tl,_rough 

the gas is not appreciable. The conduction of he :::.t tr.irough 

a gas requires a finite time. The tin1e interval after expansion 

bef'ore the effects of c ~m.duction of heat from the v,,alls to 

the wire beca.;;:e notic e::tble was found in these e:K1:Jerin1ents to 

be o:C the order o:C f"rom one to two seconds. Eence, if the 

measurement of resistance is made during this short interval 

no correction is necessary f'or the conductional heat interchange. 

It is possible to calculate the change in temperature of 

the resistai1.ce wire due to the conduction of heat from the 
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walls of the e:x:pansion chamber if a f'ev; simplifying assumptions 

are made. The temperature at the center of an irJ.f'inite cylinder 

of still gas of radius Rat time t provided that at a time zero 

the gas in the cylinder is at a uniform temperature T
0 

and the 

walls of the cy linder a.re a t a tem.r.~erature T
O

+ T is Liven by 

the following eXj_'Jression1 : 

T = T 
0 + t:::, T [1 - 2Z. o N 

where k is the r a tio of' thermal conductivity of the he:::.t capa­

city of the gas times its density. Tis the temperature at the 

center of the c;ylinder at time t. The temperature of the walls 

(T
0 

+ AT) was assumed to rernain c onstant. ( ol.. R) J. S the nth 
n 

root of the equation J
0

(1)("R) = o, J 1 (o<nR) is the Bessel function 
s.:.. 

of the 1 v order. Fig. 3 sho\rs a typical change of resistance 

wire temi)erature after ex.:_.::i ansion. It will be noted that the 

effects of conduction of heat f'r orn the wa l ls do not bec ome 

appreciable until tviO or three seconds after expansion. In 

actual practice t h is per:;.od will be somew'l1at fu ortened due to 

the f a ct t hat t l:ere is some turbulence anci. the gas is not still 

as was assumed in the simplified discussion above. Nevertheless, 

i:f" the resistance of the resistance t h ermometer is measured 

imrnedi8.tel;y afte:.. .expansion the effects of conduction are negliga~le. 

The time available for the measurement of' the resistance is 

o.ependent on the gas invol ved , be inc r at:ner s-1 ort :Z·or light 

gases such as hydrogen ano. ne lium but beco2·nin6• g.cec .. ter as t h e 

t h er1:.1a l c onducti v ities o:t· the ga.s es decrea s e. 
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1'.l..t the ends of the resis.t ::mce ,:ire he.: .. t is c 01:ducted to the 

ViirE- by the heav.1 metal le c::~d in ',:ires. :;;:enc e after expansion 

has take r;. place the entire v-:ire v:ill not, be at the s&:me terapera-

tu.re but r ·at·:,··r eI· ..,__ r · -'·· ·~,e r r.-,c~i· el"'.,_ '\:•''J.
0 ll exi· st ;-:, J_o·n_:;;:: •l-~·1 e __ a vemp e c. vl..i . .1. ' .:::; 0 - i. ~v , -- ~ -'-'~ w 

wire. It will nov, bE s :ncv:n tl,.E~t at a given tirae after ex:;an-

sion the meas1..1.red temperature drop Viill be directly IJroportional 

to t.i1e initial tanperature drop and hence the correction v.,ill 

c o:npens&te i tseli' due to the re l o.ti ve nature of' the ex:,:)eriment. 

Consider a v1ire of length 1 and o:f u1i.iform cross-section, the 

ends o:f v,1.1ichare attached to t wo heavy metal ·wires whose tem-

perature remains constant at Tb. Assume that immediately after 

expansion the resistance vvire is lov:ered uniformly to the 

temDerature T. 
~ a The e quation for linear conduction of heat 

without radiation J.
.,., • 
o. 

where T = temp erature, t = time, K = conductivity/Cp;c? and x 

is the distance along the wire. The boundary conditions are 

T = Tb when X = 0 
for all values 

T = Tb when X =~ 
m = f(x) = T - rr for t = 0 T /:. oO .!. b -a 

The solution of this differential equation is 

2 

f(xt) - bme-K(.,) t sinm_}fx, 

Since f(x) =\'fb - Ta) bm becomes 

oft 

fort =oO 

mrrx 
sinT dx 
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L'!(rrb-'T' ) 
bm 

- - -a 
for m odd = mrr 

bm = 0 for m even. 

Hence at t = t
0 

the avera£;e va=-.ue of f(xt) which is (Tb-T 8_) becomes 

where 

value 

m = (2nfl) 

n 2 
OI -• 

ffi1T 

= 8(Tb-Ta) 

rr2 

.L) 

~ 
n=O 

~ Ch h , t • • t d for si· dn:f ana. vruere we c.vc suos· :-i. 1:,u e its 

It will readily be seen that the sum in tl~e above equation 

is a constant for a given va.lue of t
0 

and 'Ne can v:rite: 

D,. T (observed) = CAT actual. 

We ho.ve ccnsidered the case of heat conduction along the 

viire but vrn have neglected the heat lost by the ,uire due to 

radiation. In this Inore general case the differential equation 

for variable linear flo\'J with radiation is as follows. 

where b 

aT 
ot 

= E P 
CfJ6 

= K %~~ - bT 

€ = emi s s iv i t;;r, p = the perimeter of the -.vire 

c = the specii'ic heat of the viire, f), its density, and c; 
= the cross-sectio11al area. If we make the substitution 

tn - bt . , • d . f' ,... . . T = 
1 

e 't,.ne aoove • J. • I erential equation bee omes: 
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It v:iJ_l be noted that this equs.tion in f has exactly t:he same 

f'ori,1 as the original differential equation i"or heat flow 

without r adiation. Hence , i.ve obtain the same final result 

that the observed temperature droi) v1ill be directly pro) or­

tional to the actual temp erature drop. 

AT (observed) = K' b. T (actual) 

where K' = C e-bto. 

It is ~ossible t o consider the still more general case of 

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

as well. OJr equation becomes 

where T - T is the temperature difference betvreen the vdre a 

and the surrounding gas, and l: is a c onstant depending on 

the £articular gas in question. Previously the cons t aJ.1t of 

proportionality betv-reen the actual te.mpera.ture drop and the 

observed temperature drop \'.'a s dep endent only on the c onstants 

of the resistance v:ire , and v:as independent of the nature of 

the surrour1ding gas. How considering the loss of' heat by 

gas c ,)nduction this will n o longer be true. ?ortum:1.tely the 

heat lost by the v1ire by conduction is a rela tively small 

amount. It is a V.'ell known fact t hat t h e c onductj_vi ty of 

gases in comparison to met als is very small indeed. There-

fore v;e will assw:1e that the he 2.t lost by the wire is neglig~ble. 
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Even though t£1is is not true the effects of this los s viill 

at any rate ,:tend to ca ncel out in the relo.tive method. 

Since /J. T (observed.) = E ' /:1T (actua l) it i s evident that 

dt (observed) = K' dt ( actual). If 'He substitute the value 

of dt (actual)in e <;_uation (3) Yie have 

( a t(o12.2.) 
K' c)p s 

Hence on integration vre obtain: 

T ( observed) is not very ,Juch le s s th'.:":.n T (actual). Actual 

experiments with gases of l<.:nown heat ca1)aci t;'./ have s;ww:n the 

observed temperature dro;; is about 90 per cent of the actual 

Hence in the l e:.st ter:-a oi' tne above equati011, v,hich is 
I 

actua .i..ly a small correction term, we can set K equal to one 

with no great loss in accuracy. 

The above discus s ion concerning the end effects of the 

resistance thermometer is necessarily only qualitative in 

nature. In actual practice the phenomena are much more com-

plicD.ted. and an exact trea tment is imp os :.;ible. That the 

final result is valid is shovm quite cone lusi vel~r by the fact 

that e:x::perimental results for cai1 bo:1 c.io::~de anG. ox:n ;en are in 

agreement with calcula ted t:neoretical values. In order to 

re:-i1ove any ur1certainty t:i:iE:Se enc. effects we-.r:·e l c:•.2gelJ removed 
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in later eY._perj_ments ( see Phos:,horus trifluoride ·pc~ge 60 ) . 

A short c o1n10er1Sa tir}£; resist,.'!.nce ·wire, connected to the opposing 

arm of" the vrneatstone bridge, was suspended beside the main 

resista.nc e thermometer as shovm in Fig. 4. In this vray any 

end effects on the large thermometer would be balanced by an 

equal effect on the small coE1pensating resistance. 

The turbulence and frictional losses in an actual expansion 

will depend largely on the pressure drop. By making the method 

relative and using the same pressure drop for the standard 

substance and the u_n.knovn.1 substance the error caused by the 

irreversibility will tend to cor.:1pensate its elf. Due to the 

irreversibility of the exp ansion the PV work done will be less 

that\ PdV as was assurned in equation (1). We ·will now make the 

assumption that this frictional loss is approximately the same 

for all gas es. 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 expansion. 

Hovrnver, in any case the losses will at least be of the same 

order of magnitude and will tend to cancel out in the relative 

process. The important point is to design the apparatus in 

such a way as to minimize tr1ese losses and t h is way reduce 

the error to as small a value as possible. That the frictional 

losses tend to cancel in the relative process can be seen in 

the following man.1---ier. Equation (1) becomes 

d.J~ = - (PdV - K11 ) 

Carrying this through as before and integrating using, of course, 
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the previous result that dt (observed) = K'dt (actual), v,;e 

have as the complete equation, including the correction :for 

the end effects of the wire 

dB 
~ pdT K 1K11 8P 

+----
1n'.f: 1~ 

Therefore, by ca lcu1a.-c.. i11g the quantity K'R ~ + K'K" 6 P 

33 

for the sta.t1da.rd gas v;e can substitute it back into the equation 

for the unknm'm gas and calculate the heat capacity o:f the 

un1G1.own substance. 

1. 

No. 

G. B. Kistiakowsk~and w. w. Rice, J. of Chem. Phys., Vol. 7, 

s, 281 (1939). 
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Oxygen and e,arbon Dioxi6.e 

Tables 2 and 3 give the results for oxygen and carbon dioxide; 

C~ being the values of the hEat capacity at c onstant pressure for 

the gas at inf~nite attenuation. 

Temperature 
OA 

269.8 

299.o 

320 .0 

Temperature 
OA 

271.8 

298.7 

299.7 

224 .7 

Table 2 (Oxygen) 

CP observed co calculated 
' cal./ C:ieg. p cal.I deg. 

7.01 + .01 6.99 

7.03 + .01 7.02 -
7.03 + .01 7.04 -

Table 3 (Carbon dioxide) 

c0 observed co calculated 
Pcal./6.eg. p cal./ deg. 

8 .63 + .02 8.60 -
8.85 + .01 8 .91 -
8 . 96 + .01 8.92 

s . 22 + . oo 9 .19 -

% deviat ion 
f'rom t:neory 

+.29 

+.14 

- .14 

% deviation 
from theory 

+.35 

+.44 

+.44 

+.33 

The values renorte6. hE-re are the averages of" t.v.- o or more separate 

de t Erminations. (Detailed experimenta l data for all gases inves-

tigated in tnis research arE- tabulate 6. in Table 13 ) . Both 

gases were supplied by the Linde Air Products Company, each c on-

taining less than 0.5 per cent im~)uri ties. Statistical vaiues 

of the heat capacities were obtained by the usua l f ormulas for 

harmonic oscillators from vibrational data given in Sponer's 
e,?. _, 

MolekU.lsnekt:r;~,. For oxygen vt ·was taken to be 1.556 cm .... and 



for carbon dioxide v 1 = 2350 cm- 1 , v2 = 1285 c~n-l and vs = 
-1 

667 cm - (2). 

In the case of oxygen and c a.rbon dJ.oxide there can be 

little doubt a.s to the correctness of the vibrational frequencies. 

Also the values of the virial coefficients and their derivatives 

are certainly correct to v.;ithin five ~:, sr cent. We believe then, 

justified by the above experiments, that the heat capacities to be 

reported are accurate to within o. 5 :per cent. Our clai:u is 

further justified by the fact that other investigators obtain 

resul ts \'.'tdch are in essential e.grE:E:mE:nt with those reported :=tbove. 

In Table 4 the theoretic:il heat capacities, t he results obtained 

in this research, and the results outa:I.ned by other investigatJrs 

are listed for c omparis:m ;.ur_;)oses. 

Tempera.tu.re O A 

Oxygen 

269.8 

298.() 

:-:320.0 

Carbon Dioxide 

271.8 

298.? 

324.7 

'I'able 4 

no 

Theor~1€.ical 

6.99 

7.02 

7.04 

8.60 

8.91 

9.19 

C? 
ThisPResea.rch 

8.63 

8.95 

S;l • 22 

co 
I2 

Kand. R 

8.61 

8.88 

s.1,s 

1 cg :3 
Dano. L 

6.93 

6.97 

7.00 

8.53 

8.84 

s.1.s 

1. s. B. K.istiakowsk ~a~1d w. ,v . IUce, J. of Cnern. Phys. 7, 281 

(1839). 

2. A. :Sucken :::md I.. v ltlde, Z. :ffu- Phys. Che.:.n. B5 Ll:13 ( 1929) • 
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Boron Trifloride 

Two separate samples of Bor on Trifloride ·,;;ere prep:11 eu by 

the t hermal decomposition of ~;henyldiaz,Jniwn fluoroborate
1 

( Cr-Hr.:H,2Bli'4 ) previo;..,_sly obtained fr om c.iazotized an:i.line and fluoro-o O ~ . 

boric acid. The product w.~ .. s ) Urif'ieci by careful <iistillation. 

':Ve have obtained data 9.t only one temperature , namely at 271.6 ° A. 

The average experimental value of C0 v:as f ound to be 11. 60 .:!: • 02 p 

cal./ deg., being in s;uod agreement with the statistical vaiue of' 

11.54 c 2,1 ./d.eg . calculated from the vibrational assigwnsnt of Yost, 
?. 

De i/aul t, Anderson, and La.;settre·~. The a ssignment g iven by these 

invE:stigators is as follovvs. 

and 694 cm- 1 , v 3 (2) = 1448 cm-l and 1501 crn-1, v 4 ( 2 ) = broad 

band from 438 cm-l to 518 cm- 1 • 

The doubly degenerate :frequency which occurs in the R3.rnan 

-1 -1 spectrwn as a band f'rom 439 cm to 51~ cm - was taken to be the 

average at 481 cm- 1 . This was c onfirmed by the infra red studies 

of Gage and B-arker3 who found this :t·re cluency to be a doublet with 

maxima at 460 .5 cm-land 482.1 cm- 1 . For those vibrations in 

which the boron atom moves a_pp:r.~eciably the Raman lines appear 

double due to the t wo i so t o)es of boron. In other v~ ords every fre-

quency, excep t the s ymmetrical swelling frequency at 888 cm-l 

should occur as a doublet. In the calculation of the theoretical 

heat capacities it "l!vas a :3.swned that the relative abundance of 

B • t 80 t n ll d 20 t -lO ~oron iso opes was - per cen ~ an per cen b • 

(1) G. Balz and G. Schiemann, Berl. 60 1185 (1S27). 

(2) D. M. Yost, n. Devault, T. F. Anderson and E. N. Lassettre, 

J. ~f Chem. Phys. 6 424 (1938). 

(3) Gage and Barker, J. Of Chem. Phys. 7 455 (1939). 



Cyanogen 

Two diff'erent samples of cyan::;g en were used, eac h of which 

was prepared from copp er sulphate a nd potassiu:.n cyanide by the 

usual method . C.:1re was t aken to free the gas f r om hydrogen cyanid·e , 

·wat er, and carbon dioxide. In Table 5 the experimental molal 

heat capacities at c onstant }.lressur e, obt ...:.ined at three diff'erent 

temp eratures, are g iven. 

infinite attenuation. 

The va lues of c; are those for the gas at 
-' 

Table 5 Heat Capacities of Cyanogen 

Temperature c0 observed C0 calcula ted Per cent deviation 
OA ( cii:1./ deg.) fcal./deg.) from theory 

271.3 13.14 + :~02 13 .14 .oo -
295.4 13.46 + .02 r~.51 -.37 

325 . 9 13.96 + .02 13. 93 +.22 -
In Table 6 the results of this resear·ch and those of other investi-

gators are c ompared . 

Table 6 CP for (CN) 2 

Temperature co co 
- C~? 7 a~ B5 Theor~tical 

D 
O A This R"esearch 1:

, 
E • • 

271.3 l~.14 13 .14 13.40 10.00 

295.4 13.51 13. ii 13.90 10.35 

325 . 9 13 . 93 13.9~ l Ll . 55 10.75 

The theoretical heat capacities in column three of Tc:..ble 5 

were calculated from the vibration3..l f requency a ssi6nment of Woo 

d l ,. h. t - f f . and Ba ger wn1.c gives ne ollow1.ng values for the re quer.cies: 
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1 -1 -1 -1 860 cm-, v2, 2150 cm , v 3 = 2333 cm , 2s 1 = 230 cm , and 

2s2 = Sl2 cm- 1 . This assignment is in ace:ord with the e:ntroJ:)y da ta 

f -- hr • "' 2 • • • S 3 th o i-me wein and Gl'aque , ana as pointea out by ··tevenson , e 

frequency v 1 is in agreement with the electron diffr3.ction studies 

of Pauling, Springall, and Palmer4 . Eucken ano. Bertram5 , as a 

result of their heat capacity measJ.re~nents b;y the "hot wire" 

method, assigned a value of 740 cm-l to the 2s 1 vibration, !='Ut tr.1.is 

value is certainly too high. The lower value 230 cm- 1 , has been 
C 

c oni' irmed recently by the vvork of Bailey and Carson° on the infra-

red spectrwn 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 cent. This may well account for a. 

part 01· the small discrepancies between the ex;,,e.r imental and cal­

culated values at the higher temperatures. 

Recently Stitt7 has communicated values of C0 for cyanogen as 
V 

obtained by an improved "hot wire" thermal conductivity met'.nod. 

His va:i.ues are from two per cent to four :9er 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 Bertram on 

the other hand, are over 20 per cent less than those reported by 

Stitt and by us, and a frequency of' 2s1 = 740 cm-1 ratner than 230 

-1 cm was required to get ai:,Teement with theory. 

1. s. c. Woo and R. M. Badger, Phys ... Rev. 39 432 (1932). 

2. l~. A. Ruehrwein and w. F. Giauque, J. A.m. Che,'11. Soc. 61 2940 

(1S39). 
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3. D. P. Stevenson, J. Chem. Phys. 7 171 (1939) 

4. Linus Pauling, E. n. Springall, and K. J. Palmer, J. Am. Chem. 

Soc. 61, 827 (1939) 

5. .A. Eucken and A. Bertra.rn, Zeits. f. physik. Chemie, B31, 361 

(1935). 

6. c. R. Bailey ands. c. Carson, J. Chem. Phy s. 7, 859 (1"339). 

7. F. B. Stitt, J. Chem. Phys. 7, 1115 (1939). 
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Sul:fur Dioxide 

The experimental results for sulfur dioxide are not in 

agreement with those calculated from s pectroscopic 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, ons being supplied by the Great Western Electrochemical 

Supply Company (99.5 per cent S02), the other being carefully 

prepar·ed. from sodium bisulphi te and sulphuric acid. 

samples gave consis tent results. 

Both 

Virial coefficients and their deriv;J.tives, calc\.1lated from the 
.,,/Z 

coei·ficient of expansion1 and the gas 6.ensi ty2 gave values of' the 

heat capacity which differed from the theoretical vaJ.ue by as much 

as five per cent. Virial coefficients calculated from pressure, 

volume, temperatLt.re data3 give results inconsistent among themselves. 

Keyes 1 has de_veloped an ec;_uation for polar gases similar to the 

one for non polar substances described previously on page 7 . 
Eowever, the data available on poLJ.r substances is so meagE-r and 

the values of the '!!, 0 A e .PC e differ so widely from gas to gas that 

the results obtainable are practic :1lly v~orthless. Surpri& ngly 

enough the virial coefficients calculated with Keyes' equation 

give results for the heat capacities which are in better af,I'eement 

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 har dly be attributed to experimental error. 

The experimentally determined heat capacities a s determined by 

other investigators show li ,"tle agreement, either among themselves, 

or -v,. i th the results of this research. 
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Tallie 7 li sts a few of the r esults obtained by other workers. 

Cp is the heat capacity of the gas at atmo spheric pressure and 

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

Treati s e on Inorganic and Theoretical Chemistry. 

Table 7 c
1
~ for S02 as determined by oth E-.r investigators 

Investigator 

A. Masson 

J. R. Partin~ton 

R. F'rustenau 

B. Bernlis 
-r h e. o v 

' 

C' cal./mol. p 

9 . 8 34 

9 .476 

9 .18 

That accurate data c oncerning the physical properties of so com;.,on 

a substance as sulfur dioxide are not ava i l able is surprising. 

On the other hand the analysis of the Raman and infra-red 

spectra are probably correct. The theoretical heat capacities were 

ca lcula ted from the vibrational frequency a s signment of Bailey and 

Cassie4 who give the following va lues for the f requencies: v1 == 

524 cm- 1

, V2 == 1152 cm-l and v3 == 1361 cm- 1

. These are entirely 

in agreement with the analysis of the Raman spectrwn made by 

Gerding and Nijveld5 . As a matter of f act the Raman s pectrum of 

sulf'ur dioxi de was redetermined in this laboratory with the hope 

of finding a poss ible error in t he previous work, but the results 

obtained were i dentical with those of Gerding and Nijveld. It 

seems improbable that the anomal)'.y between theory and experiment 

can be attributed to an inc or rect assign'llent of fre quencies. 



In view of' these :facts we believe that the error lies wholly 

in the virial coei·ficients. In order to bring our results into a. 

dB d2 B agreement with statistical values, dT and c:iT"" should be of' the 

same order o:f magnitude as the corresponding quantities :for carbon 

dioxide, This is c.i.ui te possit,le due to the a·bnormally high virial 

coefficients of carboµ dioxide (see Table 1). 

Because of the uncertainty involved in the virial coefficients 

we report our experimental results in the following form: 

co (270.9°) = 9 .335 + p 
,1425 ., ... I 

.D (270.9°) 6 .559 - 11 
b (270, 9°) 

co (295.2°) = 9.626 + ,1309 B' (295.2°) 7,146 B" ( 2'.:i5. 2°) p 

co 
p (300,0°) = S,619 + .1457 B' (300,0°) 7,262 B"(300,0°) 

co 
p 

( 324 . 8°) = S, 818 + .1525 b I (324.8°) 7,d64 E" ( 324. 8°) 

where co is the ga seous heat capacity at zero pressure, E' is p 
d.E and B" = c5.2~ It is hoped that accurate of' the dT dT " • V3..LU€S 

virial coefficients will be available in the near future. 

1. Leduc Ann. Chem. Phys . 15, 1 (18S8), 

2, Baume J. Chim. Phys. 6, 1 (1908), 

3. K, Wohl, Zeit, fur Phy. Chem. 133, 305 (1928). 

4, c. R~ Bailey and A, B, D, Cassie, Proc. of the Royal Soc. of 

Lon. 140, 605 (1S23). 

5. H. Gerding and w. J. Nijveld, Nature, 137, 1070 (1936). 
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Ethylene 

The ethylene gas used in this investigation was su1)p lied 

by the Ohio Chemical Manufacturing Com,:)an;y of Cleveland. Its 

purity, by the bromine absorbtion test was given as ;;s .8 per 

cent ethylene. The ex_i-i erirnental results obtained for the heat 

capacity are listed below in Table 8. 

Temperature 
o A 

270.7 

300.0 

320.7 

Table 8 C0 for ethvlene p ., 

c0 ex;-;erimental 
' ) ~ 

.1: cal./ deg. 

9 .74 

10.89 

10. S19 

No calculated values are listed for the heat capacity , for 

of the twelve vibrational freq_uencies of ethy lene onl,i eight are 

known vvi. th certainty as is shown in Table 9 1 . 

Table 9 Normal modes of vibration of the etiiylene molecule . 

(Frequencies i.isted in brackets are uncertain) 

V1 1626 -1 cm 

Vz 3020 

V3 1343 

V4 2 988 

v5 1444 

v6 3107 

V7 ( 1020) 

V3 (3075) 

Va 
;;I 

(1030) 

vlO 850 



943 

(700) 

One frequency, v12 involving the tv,: isting of the CH2 grou1Js 

with res.1:~ect to each other is for bidden both iL the in:fra red 

and Raman spectra. To calculate this forbidden fre c:u.ency from the 

exp erimental heat capacj_ty data is impossible until at least 

two of the remaining uncertain frequencies have b Pen verifj_ed. 

A number of other investigators have determined the heat 

capacity of ethylene by various met.hods. From Table 10 it 

can be seen that the results of this research are in essential 

agreement with those of other investigators. 

Table 10 Comparison of experimental heat capacity 

data of this research with those of other investigators 

Temperature This research 
OA co 

p 

270.7 9.74 

300.0 10.39 

320.7 10.99 

1. G. K. T. Conn and G. B. B. 

Soc. of Lon., 172, 172 (1939). 

2. A • Eucken and A. Parts, z. 
3 . w. Eeuse , Ann. Physlk, ·59, 

E and p2 
co 

p 

9.74 

10.44 

10.96 

M. Sutherland, 

Phy. Chem. B20 , 

86 (1919) . 

E3 
oc 

p 

9.64 

10.38 

Proc. of the 

184 ( 1933) . 

Roj-al 
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Dichlorodifluoromethane (Freon-12) 

A tank of pure dichlorodifluoromethane, or F'reon-12 

as it is known in industry, was supplied for this research by 

tbe Kinetic Chemicals, Inc. of Wilmington, Delaware. This 

compound, because of its non-corrosive, non-toxic, non-inf'larnmable 

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 CP observed C0 calculated % deviation 
OA cal.I deg. Pcal.ldeg. from theory 

271.7 16.79 i .01 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 beat capacities were cal­

culated using the vibrational fre quency assignm.E:nt of c. A. 

Bradley1 who gives v1 = 1082 cm-1, v2 = 1147 cm- 1 , va = 664 cm-1 , 

-1 -1 -1 320 -1 v4 = 455 cm , v5 = 260 cm , v6 = 433 cm · and v7 = cm • 

Bradley also observed a fre quency at 887 cm-1 which he believed 

to be a combination frequency (v4 + v6), but according to Mecke
2 

this too is a fundamental . . Eucken and Bertram3 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 frequency. 

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

tical heat capacities calculated on the basis that v8 = 887 and 
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v9 = 408. That v9 = 408 crn-l is in agTeement with a prediction 

of Br a.dley who believ E-d the missing fre quenc J to be in the 

neighborhood of 440 cm- 1 . 

Our experimental results v1 ould seem to indic ate that a 
_, 

s.ll.ightly lower value of 375 cm~ would give better agreement t han 

the assu.~ed va lue of 408 cm- 1 . However, since the gas corrections 

due to their empirical na ture, are somewhat uncertain , such a 

correction is unwarr anted. 

As mentioned before Eucken and Bertra1n h 3.ve also made some 

measurements on the heat capacity of dichlorodifluoromethane by 

the hot wire method. Their results a re compared with the results 

of this research in Table 11. Our result s are in good agreement 

with those of Buffington and Fliesher4 who used the flow method 

to determine the heat capacity. 

are a lso included in Table 11. 

Temperature 

271.74 

300.54 

320.91 

This 

Table 11 

Research 
cP 

16.79 

17 .76 

18.18 

The results of' t hese invest igat ors 

(Freon-12) 

E and B3 B and F4 
co co 

p p 

15.10 16.79 

15.70 17 .59 

----- 18.16 

It should be mentioned that a lthough the work of Eucken and Bertram 

is~ot in agreemf:nt with theory in the above temperature r ange, go od 

agreement is obtained at lower temperatures. This is quite char-

acteristic of the "hot wire11 method becaus e reasonable est imat es 

of the accornodation coefficient of t11e "hot wire" can only be 



4S 
ma6.e at low temp er ::,tures. 

1. C. A. Bradley, Phys. Rev. (2), 40, 908 (1932). 

2. R. Mecke, Hand. u Jahrb. d. Chem. Physik, 9 II, 390 (192A) 

3 • .A. . Eucken a nd A. Bertram .• Zeit. fur Phy. Chem., B31, 361 (1935-36) 

4. R. M. Buffington and J. Fleisher, Ind. Eng . Chem. 23, 1290 (1931) 



49 

Trichloromonofluoromethane (Freon-11 or Carrene No. 2) 

The vibrational fre quenci es when~determined from the Raman 
1 spectru_m of the substance by D. Osborn. The results of 

his analysis, shovvn in Table 12, are in essential agreement with 

those of G. Gleckler and G. R. Leader2 . 

Table 12 (Normal vibrations of 
1 n.o. 1 

351 cm-..1.. 

246 

536 

838 

1072 

398 

(2) 

(2) 

(2) 

trichloromonofluoromethane) 

(' d L2 
u o,n -l 

349.5 cm 

243.7 

535.3 

833.2 

1067.2 

397 .5 

The experimental hea t capacity was f ound to be 19 .72 .± .07 

ca l./mol. a t 329.6 ° A. This is 1.4 % higher t han 19 . 4 5 cal./ 

mol., the value ca lculated from spectroscopic data. This error 

is somewhat h igher than the usual experimental accuracy would 

seem to allow. However, it should be reme~bered t hat a gas like 

trichloromonofluorome t hane i s very different i n nat ure from nitro-

gen, the standard comparison gas. It is qui te probable that 

for gases which diff er so with respect to hea t capac i t y , heat 

conductivi ty and viscosity are unsui ted for relative heat capac i t y 

measurements. Moreover there is still the uncertai nty regarding 

the ga s corrections, but it is Dnprobable tha t t hey ar e the sole 

cause of the discrepancy between theory and experiment. 

The trichloromonof'l uoromethane used in this research was 

supplied by the Kinetic Chemicals, I nc. of Wilmington, Delaware. 
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The c ormnercia l product wa s carefully dryed by pai:c s ing it over 

phosphorus p entoxi de. 

1. D. Osborn, Thesis 

2. G. Glockler and G. n. Leader, J. Chem. Phys. 7, 298 (1939). 
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Sulfuryl Fluor ide. 

The hea.t capac i t y of sulfuryl fluoride was determ:;,.ned at 271.6° 

A. Cp at t his temperat ure was found to be 15.16 cal./mol. The 

sulfuryl fluoride was prepared by H. Russell by t he f ollowing 

series of reactions1: 

H2 S04 + Ca.Ii'2 + 2S03 __.i,. 2Hli'S0s + Ca.S04 

BaCl2 + 2HFSOs ~ Ba(FS03) 2 + 2HC1 

Ba(FS03)2 ~t Ba.S04 + S02F2 

Since no data are available on the cr i tical cons t a nts of t he gas 

nor on its pressure, volume , temperati.lre relations, the magnitude 

of the virial coeffic ~ents and its derivatives were assumed to be 

equal t o those of dichlorodifluoromethane. 

This work should be regarded mer ely as a preliminary experi­

ment since only one determination of the he at capacity was made. 

Moreover, the smnple of sulfuryl fluoride was of doubtful purity. 

However, f or purpose of future reference t hes e results ar e included 

in this thesis. 

An ®.nalys.is of the Raman spectrum of sulfuryl fluor ide is now 
2 in progress in this laboratory. However, final r esults are not 

available s o tha t comparis on of t he theoreti ca lly calcul ated he at 

capacities with the experimentally determined heat capacities 

are not yet possible. 

1. w. T. Traube, r. Horening , F . Wunderlich , Berl. Ber. 52 II, 

1272 (1919). 

2. H. Russell, Not yet published. 
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Table 13 lists all the experimental data necessary to cal­

culate the results discussed in the previous section. 

P1 = atmospheric pressure 

p = pressure drop employed 

T1 = temperature of gas before expansion 

T = temperature drop due to expansion 

B' = dB 
dT 

Ci (exp.)= heat capacity in ca lories per mol. per degree at 

average temperat ure of experiment (T1 - -A2T) and 

at average pressure of experiment (P1 + ~ 

C0 (exp.) = above heat capacity corrected to zero pressure p 

C0 (calc.) = heat capacity calculated from spectroscopic p 

data at average temperature of experiment 

(T1- 4I,) 



No P, 1,p 

745. O 82. 9 

2 

3 o. 7'f3 ' l 'l-2 . 8 

4 o, 742.0 

5 7'tO 0 

6 0'1. 7'1-0.t:t 

co. /'tl'f 

13 co . ._ 7't't3 ! 

14- CO, 

15 CO2. 

17 BF, 7'/-'t 'r ! 't28 

18 

19 (cNI_ 7't50 
- --+-- - -

z. 0 (c N). ,n't 41. a 

21 

Z2. 

23 7408 

2.4 

ZS 82.9 

so. 

Table 13 

ZT3. lb 
b?-z-1 i .1..87 
6i,78 ."2.70 

,.103 
6 {,'f-2 

I 3 i/ g 7. :)5" 
300.s.; 1 3.'l~B .21'3 

30/.3! 
.23f 

21 8 

'+ . 14 't .200 
32/.76 't. /O't .IB'f 

322.16 

30i. .i.h 

301.1 b 

4-. 106 I ./<J<:j 

4-. Js·e i ./e 't-

3."7, 
3.032. 

3. 'l'S3 

3 . 03S 

231 

~13 

b.bSS- .28"1 
3_.,38 1.510 

6117 
3657 

.OOL 

.ooz 

,CO2, 

.002 

.OU/ 

.OOJ 

002. 

OIi 

.002. 

.ooa 

.00-Z.. 

008 

.00! 

.oob 

.ooz 
.0·2.8 

3_-n.r 1 2'/-0 .001 
'2'H,.Jb ! 2 .. oos i 2.01a .02.0 

{,.121 

5 .00b 

.001 

.0/3 

c" p 
up 

c;· c,i/c Ave. c; %c.-i-o;r 
"' " I-'· 

7.02 7.oo 

703 702 

70S 

7.03 

{.03 

I 
70't I ,02 

I 

7.02 I 
I 

7oz i 7.o<r 

7.04 7.03 

7D'f 703 i 

8. 70 8.63 I 8 .bO 

8'1't 

T OJ + .29 

7.03 -.{4 

__ " _ _ 0_1 -+--a_'l_o· __ -'----j-- ~ 1 : ~ 

gq7 ! 9.02 

q 22 : q,/'l <f.Z Z +.33 

1333 /3.l 'i L.3./'f 

J3 .:H /3./3 

/3.66 13.44 3.SI 13'+6 - .37 

/3.72 /3SO 

13..43 
I 

Jj, '-i(, i-.Z.-Z 

,' '-f.:y( 

,--, ·--- ---------+--- ~~701-r-- - ---!----+---+-- ----+----·- 1----

21 5~ ~~ 

28 

2.9 

30 So, j 743h 

31 
"'i.: --frf- :1.87 

32. BZ q 4:843 /./27 .o I I 

33 I C,.H,. 

34 

3S 

3b C,.H., 

38 CCl-z.f;_ i 
3'1 CCL,_ G, 

/4-Z.4- : 42 .8 
I 

3.882 
301.2&1 2.l.28 

! 3.8'/S" 
I 2.J.20 

b .100 

__ _____ _________ : z_eq 1 

:23/ 

.sss-

40 CCI . f;. 74c2 '1 
I 3.884 23 I 

42. 8 301.3b ; I S?O ! 2 _S 't0 

'ti j CCl,F. 

'l-L I ccu: 

-----··•- : ------ -+ _"_+~~q _. 
301.'tb ! ~--;~~ I " 

7'+3.9 

.00·2 

001 

001. 
037 

.OOL. 

.024 

"l7S q ,'f 

'!.80 '173 
I 

/0.'-fl /0.35- 10. 3'-I 
-+----+-- --+---+-- -t--

/0.48 !O.'f-3 
I I 

17.◊1 1/,77 !b.73 

1704- I 
1 

17.<{J 17.l't 17.57 11.7b 1 +!.I 

/7.79 J7.62. 

1810 17'3 
~ - -+----S----t----+----+----t-----, 

4·:, i cci"t F.. I 7'-f-s.•1 _ ___ __ __ -,--3_0_,_2_b+l_
3
_i.~-~-q-+----+---+--1e_.o_+-+_11_8_7-+---+-- --+----I 

I 3.87'+ 
't't : CCll f,. l'f-SO 301.26 I /.SbS-

1 ! 3.8b7 _ _ _ 
'fo i CCIJ, ! 745.J 301.ZI _I S'S'r 

't.l l 't I'{'{ 
Ll,1~ t..JO"I 

001 
020 

18.0I n.Bt 

18.l.q JS.IS 18.ll 

- >---­
IB.i8 +.33 'fb ! CCI,_ P~ /4S.0 

---+---+ - -+----+----+---+---+-----------f----

so 

SI 

cc1,F 748.8 I 3b.O 330/b 

4.JOb 
1 . .;01 

3~37 .18'1' 
J.433 3.300 

.001 

.030 

18.35 18.21 

20.03 /q.72 + I. 4 
-+----+---+--- - , ----,-~ -- -----t----- --,- --- ---f--

CCl 3 f 7H& 

CCl,F 7h8 

so,_r;, 7'+so 

330.lh 

3.'l3S" 
r.+42. 

3.922. 

/.433 

-~ b.701 287 
82.9 3 _J'ib ....... 3.0 

,q.n 

JS. to 15.16 
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Sample Calculation 



sa~ple Calculation 

The following is a complete calculation of the heat capacity 

of carbon dioxide. 

t:.P Po ~R Ro ~T T1 1n 1..1.. 
T2 

B' 

N2 3.6 cm. 763.5 .8907 68.0845 3.3348 273.16 .012283 .2866 

CO2 3.6 cm. 763.5 .7229 68.0845 2.7C64 273.16 .009957 1.1743 

6. P = pressure drop used in experiment 

PAve = mean pressure of experiment (atmospheric + A2P) 

6 R = measured resistance dr op . 

Ro= resistance of resistance wire at 273.16° 

6 T = as calcul-9.ted from L'> T ;;. ~R o< = coefficient of - Rocx. 
resistance of Pt = .003S23. Since this is a relative metr1od 

small differences in the value used for d.... will cause very li l,tle 

change in the final result) 

B' - ~~=as calculated from Keyes' relation 

Cp = heat capacity at mean temperature (T 1 - -¥) and pressure 

of the experiment. 

Hence us ing equation (7) 

Y.Rl~ + YJ( ' J;:.p 

= 6. 970 X .012283 - .000347 

= .085266 

= 0 85266 + • 02421 6 PB I CO2 

(inf.;) CO2 ( inf.;) CO2 
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= • 085266 + • 001422 
• OOSS b? • J09957 

= 8.568 + .148 = 8.7()6 c a l.Ides. 
mh • • C • 7 • 1- 7 - l 
1 J_s is -n in ca_ories .1110 - deg at 76...-:, • .s mrn . pressure and at 

l· 

271.81° A. 

The calculation of the statistical hee.t capa.ci t y is c arried 

out in the following manner: 

C0 = C ( trans) + C (rota t ion) + C (vibration) + .h 
p 3 3~ 6 8i = 2 R+R+ Z P(T)+H 

i=l 
,.... -1 For CO2 the vibrlitional f'reli_uencies are V1 = 2350 -...en , V2 = 

1285 cm.- 1 and V3 = 667cm-l (2) where va is doubly dE.generate. 
kv At 271. 81 ° A kT is ec;,ua l t8 • 0052905 v where v is now ex)ressed 

_7 
in cm ...... The values of the Planck fir..stein term calcJ.lated 

for each vibr9.tiona1 f're : __ yency is given in the follov.·in6 table. 

kv ~ V1 kT ... , 
v1 = 2350 12.438 .0000 

V2 = 1285 6.798 . 0,517 

V3 = 667 (2) 8.529 .3871 

CV 
R total = .0517 + (2 x .8878) = .s:n3 

Hence 

C~ = i R + .8273 ~ = 4.3275 R = 8.599 cal./mol. ... ~ 

This is the va lue of C0 at zero pressure and at 271.81° A. p 
To correct the experiment ,:i.l v ·:l_:.ue to zero prcssur·e we s·..1btract 

from it .02421 ~ p d2 E 
~Ave AvedT2 • 

Eence 

CP ( exper imental) = 8 ,S3 

= 8 .00 



Table of Const~nts used: 

~ (gas c onstant per mol) 

h (Planck's CD nstant) 

!,;: ( Eol tzmann' s c onst:1nt) 

C (velocity of 

Ice p oint 

light) 

- 7 - l 1. S871 cal deg - ,·:101 -

O_, h?4 v 7,J- 2 7 ,:-,-.,· c--: ,.., 
• • .,,1 ~ - .,I..- -- C.a. 6 • \,,,)IC,\.,,;• 

2.89776 10 - l x 10 cm. sec. -

273.16° K 
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Phosphorus 7rifluoride 
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Phosphorus Trifluoride 

The heat capacity of phosphorus trif'L.oride ·was determined 

at two different temperatures. For these ex;>eriments an 

improvement was made in the apparatus. In previous experi­

ments the measured temper3.ture drop due to the adiabatic 

expansion is somev1hat smaller than the actual temperature 

drop because of heat leaks at the ends of the resistance thermo­

meter. It vvas sho1;m that these end effects essentially 

cancel out due to the relative nature of the experiment but 

it is probably more precise to remove these effects entirely. 

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 ther;:ao­

meter will now be counter-balanced in the short compensating 

resistance thermometer and thus be eliminated. 

This arrangement has still another advantage. Previous 

values of the heat capacity ·were reported at the mean tempera­

ture of the experiment. Since the measured temperature drop 

'f.tas always smaller than the actual drop this mean temperature 

was not lmown acc~ately. Although this difference was too 

small to be of serious conseouence (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 tl1e heat capacity of' gaseous carbon 

dioxide to obtain a check on the accuracy of this nev,r method. 

The experiznental molal heat capacities together "With the theore-

tically calculated values are reported in table 14. It will 

be noted that the agreement of ex)eriment with theory is of 

the same order of mag::ii tude as previous experiments on carbon 

dioxide (see table 13). 

Table 14 

Tenperature c0 observed CB
0 

calculated % deviation 
(OA) (Bai./ deg.) ( al./deg.) from theory 

271.46 8.69 8.67 + .23 

292.39 8.95 8.91 + .45 

Phosphorus trifluoride was prepared by the method described 

by Ruf:r1. Phosphorus trichloride was allO\ved to react with 

arsenic trifluoride accordiEg to the following reaction: 

PCla + AsFa--+ PF3 + AsCla 

The resulting gas was passed through a c:)oling bath of' dry ice 

and alcohol to remove acy- arsenic trifluoride and phosphorus 

trichloride present. The supposedly i)ure phosphorus trifluoride 

was finally condensed out in liquid air. Unfortunately the 

above pro ceedure did not yield pure phosphorus trifluoride 

for qualitative tests showed the presence of considerable 

quantities of partially fluorinated comi.:::ounds such as PClF2 

and PCl2F• These impurities ·were removed by bubbling the 

gases through a dilute solution of H2 S04 ( rv .2 N) which removed 
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the relatively r.nore readily hydroliz able PClF2 a...-rid PCl2F • The 

gas was subsequentlJ 1-"lassed t hrough sodium fluoride and phos­

p:i:10rus p entox.icie t o re,nove h~,-dl. .... ogen flL10ride and water. A 

second s ::.=un;)le was purified by rep eatedly bubbliD..g the gases 

t}1rough a tower packed vd th g lass beads and liquid arsenic 

trifluoride until the PCl2F and PC1F2 were completely fluorinated. 

Both sam.ples gave practically the san1e experimental result 

for the heat capacity. 

The experii-riental results for phosphorus trif1:.wride are 

given in Table 15. These results are the avera ges of tvm 

Table 15 

Temperature c0 observed C0 calculated Ol deviation /0 
( OA) (Bal./ deg.) (Ba1./deg.) from theory 

272.16 13.77 12.77 +7.83 

292.76 14.43 13.28 +8.68 

The e:xp erimental data for both carbon dioxide and phosphorus 

trifluoride are given in Table 16. 

the same meaning as in Table 13. 

The s;y111bols have here 

It will be noted tha t the experimental values are about 

8 % higher than. t hose calcula ted from sp ectroscopic data. 

The vibrational freq_Liei:cies of phosphorus trifluoride ,vere 

obtained bJ Yost and _l\.nderson2 by an anal~/sis of the Raman 

Sj_)e ctra and are probably correct. The reason for this dis-

crepancy is at present unknovm to the authors but it is hoped 

that further e)..--periments v1ill remove the difficulties. 

1. 

2. 

Ruff, Die Chemie des :tJWufes P 28, Springer, Berlin, 1920 

Yost and T. Ii' . .. /\ 1,_o.; erson, .T Chen1 P.o' ys 2 26LL 1°.,,,,, :-i. v • • l • _. , • , ~, V0':t • 
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Abstract 

The theory of adiabatic 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 i s good to within 0.5%, but for 

sulfur dioxide and phosphorus trifluoride there are discrepancies between 

the observed and calc1.:•.lated values of about 3% and 8%, respectively. 

The difficult y with sulfur dioxide may possibly arise from an error in 

the eq_uation of state, but the phosphorus trifluoride discrepancy stands 

q_uite with out explanation. 




