
Journal of Physical and Chemical Reference Data 11, 83 (1982); https://doi.org/10.1063/1.555656 11, 83

© 1982 American Institute of Physics for the National Institute of Standards and Technology.

Ideal Gas Thermodynamic Properties of
CH3, CD3, CD4, C2D2, C2D4, C2D6, C2H6,
CH3N2CH3, and CD3N2CD3
Cite as: Journal of Physical and Chemical Reference Data 11, 83 (1982); https://doi.org/10.1063/1.555656
Published Online: 15 October 2009

Krishna M. Pamidimukkala, David Rogers, and Gordon B. Skinner

ARTICLES YOU MAY BE INTERESTED IN

Ideal Gas Thermodynamic Properties of Ethane and Propane
Journal of Physical and Chemical Reference Data 2, 427 (1973); https://
doi.org/10.1063/1.3253123

Volumetric Properties of Aqueous Sodium Chloride Solutions
Journal of Physical and Chemical Reference Data 11, 15 (1982); https://doi.org/10.1063/1.555660

Ideal gas thermodynamic properties of ethylene and propylene
Journal of Physical and Chemical Reference Data 4, 251 (1975); https://
doi.org/10.1063/1.555518

http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/test.int.aip.org/adtest/L16/222900553/x01/AIP/HA_WhereisAIP_JPR_PDF_2019/HA_WhereisAIP_JPR_PDF_2019.jpg/4239516c6c4676687969774141667441?x
https://doi.org/10.1063/1.555656
https://doi.org/10.1063/1.555656
https://aip.scitation.org/author/Pamidimukkala%2C+Krishna+M
https://aip.scitation.org/author/Rogers%2C+David
https://aip.scitation.org/author/Skinner%2C+Gordon+B
https://doi.org/10.1063/1.555656
https://aip.scitation.org/action/showCitFormats?type=show&doi=10.1063/1.555656
https://aip.scitation.org/doi/10.1063/1.3253123
https://doi.org/10.1063/1.3253123
https://doi.org/10.1063/1.3253123
https://aip.scitation.org/doi/10.1063/1.555660
https://doi.org/10.1063/1.555660
https://aip.scitation.org/doi/10.1063/1.555518
https://doi.org/10.1063/1.555518
https://doi.org/10.1063/1.555518


Ideal Gas Thermodynamic Properties of CHa, CDal CD4, C2D2, C2D4, C2De, C2He, 
CH3N2CH31 and CD3N2CD3 

Krishna M •. Pamidimukkala, David Rogers, and Gordon B. Skinner 

Department o/Chemistry, Wright State Uni(Jersity, Dayton, Ohio 45435 

Idealgasthermodynamicproperties,C ;,5 o,(G ° - H029S)IT,H; - H °29S,LlH;,LlG ;and 
10gKp of formation for CH3, CD3• CD4, C2D2, C2D4, C2D6, C2H6, CH3N2CH3 and CD3N2CD3 in 
the temperature range 0 - 3000 K and at 1 atmosphere have calculated by statistical thermo­
dynamic methods employing spectroscopic and other molecular constants. The rigid rotor­
harmonic oscillator model has been used. Estimated uncertainties in the thermodynamic 
properties due to uncertainties in the molecular properties and estimates of the effects of 
vibrational anharmonicities are also reported for each compound at three temperatures. 

Key words: Acetylenes; azomethanes; critically evaluated data; diazine dimethyls; enthalpy of formation; entropy; 
ethane; ethylene; Gibbs energy of formation; ideal gas thermodynamic properties; internal rotation; methane; methyl 
radical. 
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84 PAMIDIMUKKALA, ROGERS, AND SKINNER 

1. Introduction 

Deuterated compounds have been used in studies of hydro­
carbon reactions in our laboratory [1]1 and elsewhere [2,3], but 
there has been no compilation of thermodynamic properties for 
most of these compounds. The substances which we have includ­
ed in thi:3 paper are one:3 of broad intere~t for which molecular 

data are available for calculating accurate thermodynamic prop­
erties. CH3 has been included since recent data warrant an up­
dating of the JANAF f41 table, while C2 H6 is included because 
the current best'table [5] goes up to only 1500 K, while exten­
sive studies on ethane are. now being reported above that tem­
perature. On the other hanq, we did not include the ethyl radical 
and some other important species since there are still consider­
able areas of uncertainty in establishing their properties. 

Like deuterated hydrocarbons, azomethane, 
H3C - N = N - CH3, has been a subject of interest for gas 
kineticists for over fifty years. The decomposition was originally 
thought to be a true unimolecular process and the reaction pio­
neered experimental verification of developing theories r61. Al­
though it is now recognized that the decomposition is a complex 
chain reaction [7], there is still considerable interest in the mole­
cule as a clean supplier of methyl radicals in both photochemical 
[8] and thermal [9] systems. In the course of a shock tube inves­
tigation of the decomposition of azomethanel deuterated hydro­
carbon mixtures by two of us (R&S), it was discovered that there 
were no tables of thermodynamic properties for azomethane or' 
azomethane.,.d6-in thelitemture.-As-ffi"dinarily prepared and-un~.-­
der normal conditions, azomethane exists only in the trans form 
[10], and this paper deals exclusively with that configuration .. 
figuration. 

We haye used the standard methods of statistical thermo­
dynamics [5,11,12] along with recent spectroscopic and other 
molecular constants, using the rigid rotor-harmonic oscillator 
(RRHO) approximation. Since anharmonicity constants are 

IFigures in brackets indioate literature referenoes. 
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available only for methane and acetylene, it was thought best to 
use the RRHO method for all the molecules, since in thermoche­
mical calculations some cancellation of error will occur if a uni­
form basis is used throughout. We have, however, made esti­
mates of the anharmonicity contributions using a simplified 
method. and list these estimates in the tables. 

Hindered internal rotation contributions were obtained by 
interpolation from the tables of Pitzer and Brewer [11]. Our 
computer program was checked using the data of Chao, Wilhoit, 
and Zwolinski L5J on ethane from 298 to 1500 K, and the ethyl­
ene data of the JANAF tables from 298 to 3000 K. Our data 
have been reported in the JANAF format, bu! rQlmded off to two 
decimal places. 

2. Sources of Data 

The vibrational frequencies of the deuterated hydrocar­
bons, CD4, C2D2• C2D4, C2D6, and also azomethane and azo­
methane-d6 were critically reviewed by Shimanouchi in 1972 
[13] and 1977 [14]. In addition, a number of papers on molecu­
lar properties have appeared since then. 

The principal moments of inertia were calculated using 
standard equations [11] for those molecules for which directly 
measured rotational constants are reported in the literature. 
These are the most precise values. Moments of inertia were also 
calculated from structural data obtained by other methods, fol· 
lowing thegeneral-procedureof-Knox-(i5].-Demerated hydro­
carbons were assumed to have the same molecular dimensions 
as the corresponding normal hydrocarbons. Vibrational fre­
quencies of 4405 and 3119 cm- 1 for H2 and D2 molecules [15] 
were used in calculations of heats of formation of deuterated 
compounds. The spectroscopic data, the principal moments of 
inertia and other molecular constants of the hydrocarbons are 
listed in table 1. Moments of inertia calculated from structural 
data (table 2) are close to those obtained from rotational con­
stants. 
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Table 1. Spectroscopic and Other Molecular Constants of HydrocarbonB. 

Property 

1. Relative molecular 15.035 18.053 20.067 28.050 32.078 36.106 30.070 
mass (molecular weight) 

2. Symmetry number 6 6 12 2 4 6 6 
dimensionless 

3. Rotational constants 
ground state, cm-1 

A 2.6326 2.4250 1.3416 2.6710 
0 

B 
0 

2.6326 0.8478 0.7363 0.4597 0.6631 

C 
0 

2.6326 0.5635 0.4597 0.6631 

4. Principal moments 
of inertia 

IA" 
10-40g cm2 

2.923 5.839 10.632 11.543 20.864 10.479 

l B, 10-409 cm2 
2.923 5.839 33.013 38.015 60.B85 42.210 

IC' 10-409 cm2 
5.845 11.679 49.673 60.885 42.210 

lAIBle' 10-117 g 3 6 
0.0499 0.3983 1.202 21.796 77.342 18.671 cm 

5. Vibrationa:-l frequen- 3044(1) 2153{l) 2109 (l) 2705(1) 2262 (1) 2083(1) 2954(1) 
cies, cm-1 607(1) 461(1) 1092(2) 1765 (1) 1518(1) 1155(1) 1388{l) 
(degeneracies) 3162(2) 2381 (2) 2260 (3) 2439(1) 985(1) 843(1) 995(1) 

1396(2) 1026(2) 998(3) 511(2) 726(1) 208a (l) 2a9a {l) 
538(2) 2315(1) 2087(1) 2896(1) 

1000(1) 1077(1) 1379 (1) 
720(1) 2226 (2) 2969(2) 
780(1) 1041 (2) 1468(2) 

2342(1) 970(2) 1190(2) 
___ 5~5-'l1 2235.(2) 29.$5{2} 
2201(1} 1081(2) 1469 (2) 
1078(1) 594(2) 822(2) 

6. Reduced moment of 5.308 2.6266 
inertia, l r , 10-40 

9 cm2 

7. Internal rotation 2800 2900 
barrier height, 
cal It'Ol-l 

Vo ' 

S. Enthalpy of forma- 35.92 33.896 -19.214 52.864 ll.003 -22.174 -16.31 
tion6HO!,kCal It'Ol-1 , 35.10 33.143 -21.091 52.903 9.124 -25.663 -20.041 
.at: 0 K. 9SX 

9. Relative enthalpy 
HO 298 - HO O)kca1 001-1 2.476 2.569 2.471 2.591 2.721 3.157 2.841 

a..rorsional vibrations treated as hindered internal rotors. 

J. Phys.Chem. Ref. Data, Vol. 11, No.1, 1982 



86 PAMIDIMUKKALA, ROGERS, AND SKINNER 

Table 2. Principal Moments of Inertia of Hydrocarbons, Calculated from Structural Data. 

Property CD
4 

C
2

D
2 

1. Structural 
Parameters 

r(C-D), 10-8 em 1.091 1.056 

r(C-C) , 10-8 em 1.204 

DeD, degree 109.28 

} Dec, degree 

2. Principal mo-
ments of 
inertia 

lA' 
-40 2 

10 9 ern 10.689 

l
B

, 10-40 g em2 32.838 

I C' 
10-40 g cm2 

3. lAIBlC' 
10-117 

1.222 

3 6 
9 em 

--2.1.-Spectroscopic- Data-

Methyl and Methyl-d3 Radicals 

The vibrational frequencies and degeneracies of gaseous 
CH" and CD3 radicals were those of Tan et ::lL [J 61- M::ltrh lsol::i­

tion studies in inert gases by Snelson [17] and a more recent 
study by Jacox [18J are consistent with the values of Tan et a!. 
[16] for gaseous radicals after accounting for matrix shifts. The 
infrared inactive band, Vt, was taken from ref. [16]. Since direct­
ly measured rotational constants are not available in the litera­
ture, principal moments of inertia were calculated for CH3 and 
CD3 from their structural data; r(C - H) 1.079 ± 0.005 A 
and < HCH = 120°. 

Methane-d4 

The vibrational frequencies of methane-d4 have been in­
vestigated extensively by analysis of infrared and Raman spec­
tra [19-22J. Frequencies V2' V3 and V4 observed by various work­
ers are very close to one another, within the experimental error 
of less than 1 cm - 1, and not much different from the values 
recommended by Shimanouchi [13]. The vibrational frequen­
cies used in our calculations were taken from the more recent 
works of Brodersen, Gray, and Robiette [20] and Kreiner and 
Robiette [22]. Brodersen at a1. [20] obtained a precise value of 

Bo for CD4 from the V3 Raman band ofCD4 , which was used in 
our calculations. 

Acetylene-d2 

The fundamental vibrations, VI' v2, and V 4 for acetylene 
and acetylene-d2 were taken from the high resolution Kaman 

J. Phys. Chem. Ref. Data, Vol. 11, No.1, 1982 

C
2

D
4 

C
2

D
6 

C
2

H
6 

1.086 1.095 1.095 

1.337 1.534 1.534 

117.22 107.8 107.8 

121.19 109.45 109.45 

11.446 20.940 10.481 

38.089 60.982 42.249 

49.536 60.982 42.249 

21..597 77.871 18.708 

spectroscopic studies of Fast and Welsh[23]'1'he-measurement 
of V 2 by Ghersetti et al. [24] was in close agreement with those of 
Fast and Welsh [23]. While the bending fundamental vibration 
Vs, obtained from the absorption spectrum of C2D2 by Huhanatti 
et a1. [25] was taken, the stretching frequency, v3, was taken 
from the work of Smit et a1. [26]. The ground state rotational 
constant for acetylene-d2 was obtained from both infrared 
[24,25] and Raman [23] spectral studies. The Raman values of 
Bo show good agreement with infrared values within the error 
limil::;. It wa::; puinl~tI uul by Fa::;l anti Welsh [23] thal the iu­

frared values are somewhat more accurate than the Raman val­
ues; the infrared value [25] was therefore used in our calcula­
tion~_ 

Ethylene-d4 

Recently acquired spectroscopic data on ethylene and eth­
ylene-d4 have been summarized by Duncan and Hamilton [27] 
and these values were used for calculating thermodynamic prop­
erties of C2D4 • The rotational constants were taken from the 
work of Duncan, Wright, and Leberghe [28]. 

Ethane and Ethane-d6 

The absorption frequencies of C2H6 and C2D6 have been 
obtained by Spoliti et a1. [29J in inert gas matrices and compared 

with those of the gas phase. The more recentvalues appear to be 
those recommended by Shimanouchi [13] and therefore were 
used in our calculations, but the perpendicular band, V7, of C2Hn 

was that of Cole et a1. [30]. The most recent experimental rota­
tional constants of C2H6, summarized by Duncan, McKean, and 
Bruce [31] were u~ed for calculating the moments of inertia of 
these molecules. 
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Azomethane and Azomethane-d6 

A recent infrared investigation by Durig, Pate, and Harris 
[32] has been critically reviewed by Shimanouchi [14]. Howev­
er, a more recent study on virbrational spectra of gaseous trans­
azomethane and transazomethane-d6 was reported by Craig, 
Ackermann, and MacPhail [33] and vibrational frequencies 
were taken from this study. These are listed in table 3. 

The moments of inertia for these molecules were calculated 
from their structural parameters. Two recent electron diffrac­
tion studies of azomethane [34,35] have been reported. Bond 
lengths and angles were taken from the work of Almenningen et 
al. [34] and agreed quite well with other studies. Table 3 lists all 
relevant structural parameters, which were assumed to be the 
same for azomethane-d6 • 

Arbitrary coordinates passing through the center of mass 
of the molecules were selected and the moments and products of 
inertia were calculated. The molecule has a plane of symmetry 
so that two principal axes lie in this CNNC skeletal plane. A 
program was written which varied the angle a between the N-N 
bond and one of these axes, the other two being defined as 
mutually perpendicular, until the products of inertia were all 
zero. 

The principal axis of smallest moment of inertia was found 
to lie in the CNN C plane and passes through the mid-point of the 
N-N bond at an angle a = 46.300 and through the N-C bonds 
very, close to the C atoms. In these calculations it was assumed 
that the C-N bond coincided with the axis of rotation of the 
methyl groups .. The principal moments of inertia calculated 
(lA' IB , Ie> are given in table 3. 

Table 3. Spectroscopic and Other Molecular Constants for Azomethane and Azomethane-d6. 

Property 

Molecular Weight 

PoinEGroilp· 

Symmetry number 

Structural parameters 

r(C-N) , 10-8 cm 

r(N=N) , 10-8 em 

r(C-H) • 10-8 cm 

~ CNN, degree 

t NCH, degree 

Principal moments of 
inertia 

lA' 10-40 g cm2 

I
B

, 10-40 9 cm2 

Ic' 10-40 
q cm2 

Reduced moment of inertia 

I
r

, 10-40 9 cm2 

vlJ:)rat:lona~ rrequencles, cm-1 

Internal rotation barrier 
height, v

o
' cal mol-1 

Enthalpy of formation 
Au" f(290. ~6K) I kCCll/nlo~ 

Relative enthalpy 

H"298 - Ho" 
kca1 1001-1 

Azomethane 

58.083 

C
2h 

1.482 

1.247 

1.105 

112.3 

107.5 

20.63 

190.82 

200.29 

4.25 

2989,2926,1583 ,1437 ,138~,~179, 

919,591,2977,1416,1027,214a , 
2981,1440,1111,312, 222a , 2988, 
2925,1447,1384,1112,1008,353 

1700 

35.54 

3.945 

a.:rorsiona1 vibrations treated as hindered internal rotors. 

Azomethane-d
6 

64.120 

C2h 
2 

1.482 

1.247 

1.105 

112.3 

107.5 

31.47 

242.15 

251.33 

7.65 

2234 r 2~27 , 1569,1122 (1044 i 

1034,761,523,2225,1027, 
803,191 a ,2239,1049,896, 
261,166 a ,2240,1115,1112, 
1051,921,900,304 

1700 

28.50 

4.341 

J. Phys. Chem. Ref. Data, Vol. 11, No.1, 1982 



88 PAMIDIMUKKALA, ROGERS, AND SKINNER 

2.2. Internal Rotation 

Ethane and Ethane-d6 

Weiss and Lero.i [36] were able to. o.bserve directly the to.r­
sio.nal frequencies fo.r CZH6 (289 cm -1) and C2D6 (208 cm -1) by 
using sample pressures o.f a few atmo.spheres. Two. recent addi­
tio.nal papers [37,38] exist which co.nfirm these to.rsio.nal fre­
quencies. 

Hiro.ta, Saito., and Endo. [39], based on the microwave ISpec­
trum o.f CH3CHD2, o.btained a value o.f 2.90 ± 0.03 kcal mo.l- l 

fo.r the barrier to. internal ro.tatio.n in ethane gas? This value is 
Very close to. the value of 2.928 ± 0.025 kcal mo.l-l()btained 
by Nico.las and Barthelat [40]. Microwave results o.n a few mo.le­
cules with internal rotatio.n of a methyl group indicate that the 
CH3 barrier is always larger than the CD3 barrier by 1 % - 4%. 
In fact, Kirtman et al. [41] recently estimated the decrease in 
barrier in go.ing fro.m C2H6 to. C2D6 to. be 0.102 kcal mo.l- l . 
Therefo.re, the barrier in C2D6 was calculated to. be 2.80 ± 0.03 
kcal mo.l- 1

• 

The reduced mo.ment o.f inertia fo.r the CH3 ro.to.r was o.b­
served by Hiro.ta et al. [39], who. o.btained a value o.f 1 
= 2.6266 ± 0.0023 X 1010-40 g cm2 which lS close to th: 

methyl gro.up mo.ment o.f inertia calculated by Shaw et al. [42]. 
The reduced mo.ment of inertia fo.r the CD3 ro.to.r was calculated 
from its structural parameters to. be 5.038 ± 0.021 X 10-40 g 
cm2

• 

The to.rsIOnal frequencies, barrier to. internal ro.tatio.n and 
reduced mo.ments o.f inertia used fo.r calculating thermo.dynamic 
pro.perties o.f C2D6 and C2H6 are listed in table 1. 

Azo.methane· and Azo.methane-d6 

The frequencies o.f the CH3 and CD3 to.rsio.nal vibratio.ns, 
v 12 (bg ) and V17 (aJ, treated as hindered internal roto.rs, were 
taken fro.m ref. [33] and are listed in table 3. 

No measured value fo.r the height o.f the barrier fo.r internal 
rotatio.n is available in the literature fo.r the trans co.mpo.und. 
The difficulty arises from the fact that the trans fo.rm do.es no.t 
have a dipo.le mo.ment, so. its micro.wave spectrum canno.t be 
studied. Ho.wever, Durig et al. [32] calculated a value o.f 2.69 
kcal mo.l- l fo.r the so.lid co.mpo.und and suggested that it sho.uld 
be so.mewhat smaller in the gas phase. Fo.r example, fo.r pro.py­
lene the gas phase barrier (1.98 kcal mo.l -1) was fo.und to. be 
smaller than that in the so.lid phase (2.7 kcal mo.l- I

) [32]. A 
micro.wave study by Stevens, Curl, and Engel [43] revealed a 
barrier o.f 1.32 kcal mo.l- l fo.r the gaseo.us cis fo.rm, a value 
which is in reaso.nable agreement with the calculated barrier o.f 
1.13 kcal mo.l- 1 by Flo.o.d, Pulay, and Bo.ggs [44]. It was po.inted 
o.ut by Sarachaman [45] in his paper o.n cis-2-butene that trans 
barriers tend to. be greater than cis o.nes. Fro.m the abo.ve discus­
sio.n it can be co.ncluded that Vo fo.r gaseo.us trans-azo.methane is 
pro.bably greater than 1.32 and less than 2.69 kcal mo.l- I

• 

Pratt [46] calculated the barrier fo.r the trans co.mpo.und 
using the structural parameters listed in table 3 and o.btained 

2Thermodynamic quantities are expressed in kcal units to permit the tables in 
this paper to be used conveniently with other existing tables (1 cal = 4.184 J). 
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1.64-1.69 kcal mo.l- 1 fo.r Vo by using three different basis sets. 
Altho.ugh the abso.lute accuracy o.f these calculatio.ns is no.t very 
high, Pratt no.ted that barriers so calculated are fo.und to be 
reaso.nable where co.mpariso.n with go.o.d experimental values 
can be made. Fro.m the data o.n the cis iso.mer and o.ther related 
mo.lecules we co.nsider the value o.f Pratt, 1. 7 kcal mo.l- t, to. be a 
rea::mllable estimate, and therefure have ulSed iL ill uur cctllJula­

tio.ns. The uncertainty is estimated to. be 0.4 kcal mol-I. The 
barrier was assumed to. be the same fo.r trans-azo.methane-d6 • 

R eOllceo moment~ of inert.ia, " , for internal rotation were 
calculated fro.m the mo.ment o.f inertia o.f the methyl gro.up abo.ut 
the eN axis, the principal mo.ments o.f inertia o.f the molecule 
and the directio.n co.sines o.f the C-N bond with the three princi­
pal axes, using the fo.rmulae o.f Pitzer and Gwinn [47], and are 
presented in table 3. 

A co.mputer pro.gram was written to. calculate 1 I Qf and 
Vol RT values fo.r C2H6, C2D6, CH3N2CH3 and CD3N2CD,3 by 
o.btaining co.ntributio.ns at each temperature by interpolatio.n 
fro.m the tables o.f Pitzer and Brewer [11]. Cro.wder and Riley 
[4R] aclaptecl a similar proceclllre previously for obtaining re­
stricted internal ro.tatio.n co.ntributio.ns. 

2.3. Enthalpies of Formation 

No. experimental data are available o.n the heat of fo.rma­
tio.n o.f CD3, C2D2, CD4 , C2D4 , and C2D6 • Therefo.re the heats o.f 
formatio.n were calculated fro.m those of the no.rmal co.mpo.unds 
assuming that the difference at 0 K may be calculated fro.m the 
zero.-~o.int vibratio.nal energies. Fo.r example fo.r CD3, 

AH;o(CD3 ) =AH~(CH3) + [Eyo (CD3) -Eyo (CH3)] 

- 3/2 [Eyo (D2) - Eyo (H2)] 

where Evo is the zero.-point vibratio.nal energy, a sum o.f 6 terms 
in the case o.f CD3 and CH3• From this value the heat o.f fo.rma­
tio.n at 298.15 K may be calculated as 

H;29S(CD3) = JH;o(CD3) + (H ;98 - H~)(CD3) 

- (H ;98 - H~ )(C) - 3/2(H;98 - Ho)(D2). 

Calculated· enthalpies, H ~98 - H ~, for CD3 and other mole­
cules were used, while values for C (graphite), H2 (gas) and D2 
(gas) were taken fro.m American Petroleum Institute tables [49]. 
In calculating the zero. po.int vibrational energy difference to.r­
sio.nal frequencies were included as they behave as vibratio.ns at 
lo.w temperatures. 

Thermo.dynamic functio.ns, (H ~ - H ;98) and So, o.f D2 
(gas) needed fo.r calculaiing the heato.f fo.rmatio.n and Gibbs 
energy o.f fo.rmatio.n at higher temperatures are available, but 
no.t at hundred-degree intervals. in the range 1600-3000 K r 491. 
Hence the needed quantities were read fro.m smo.o.thed curves, 
the values used being listed in table 4. 

Recent values for heats o.f formatio.n o.f CH3 radical, meth­
ane and ethane were used in the calculatio.ns. Baghal-Vayjo.o.ee, 
Co.lussi, and Benso.n [50] repo.rted a value o.f 35.1 ± 0.15 kcal 
mo.l- 1 fo.r the heat of fo.rmatio.n of methyl radical at ro.o.m tem­
perature. Pittman and Pilcher [51] o.btained values o.f 
-17.80 ± 0.10 and - 20.04 ± 0.07 kcal mo.l- l fo.r the 

heats o.f fo.rmatio.n o.f methane (gas) and ethane (gas) from mea­
surements o.fheats o.f co.mbustio.n by flame calo.rimetry. Ano.ther 
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source for heat of formation of normal hydrocarbons is ref. [4]. 
The calculated heats of formation of CD3, CD4, C2D2, C2D4, and 
C2D6 are listed in table l. 

. Various estimates of the heat of formation of azomethane 
are reviewed by Engel [52]. These have now been superseded by 
the direct measurement of Rossini and Montgomery [53] and 
their value, LlH;(298.15 K) = 35.54 ± 1.23 kcal mol- 1 has 

been used here. The heat of formation of azomethane-d6 was 
calculated from zero point energies following the same proce­
dure described above for hydrocarbons. Heats of formation of 
CH3N = NCH3 and CD3N = NCD3 at various temperatures 
were calculated using thermodynamic data for H2, D2, and N2 
and C from ref. [49]. For CD3N2CD3 we obtain AH'/z98 
= 28.50 ± 1.23 kcal mol-., as listed in table 3. 

Table 4. Entropy and Enthalpy of Deuterium, D2, for the Ideal Gas State at 
1600-3000 K. 

Entropy Enthalpy 
SO a TeIt':p~ K HOT - H

O 
298 

cal deg-l mol-1 
kcal mo1-1 

1600 47.03 
1700 47.53 
1800 48.00 
1900 48.45 
2000 48.85 
2100 49.28 
2200 49.67 
2300 50.05 
2400 50.41 
2500 50.79 
2600 51.13 
2700 51.49 
2800 51.81 
2900 52.15 
3000 52.45 

a 
HOT - H0298 = (HOT - HOO) -

2.4. Estimates.of Uncertainties 

Uncertainties in the thermodynamic properties have been 
calculated using the standard approach, in which the uncertain­
ty in the result is taken to be the square root of the sum of the 
squares of the contributions from the various sources. These 
include molecular dimensions or rotational constants, vibration­

al frequencies, rotational barriers, and heats of formation. For 
methyl radicals and azomethanes the molecular dimensions are 
known to about 0.5%. leading to uncertainties in the principal 
moments of inertia of 1 %, while for the other molecules these 
uncertainties are smaller. 

. Vibrational frequencies of CD4 and C2D2 have been mea-
sured. to within 0.1 em -1. Shimanouchi [13] has assigned 
ranges of uncertainty for the selected values of frequencies for 
each molecule, and we have used the maximum uncertainty he 
hut5 n::t;VllllllenJt:::d ill vm cakulativll::i. 

Calculated total uncertainties in various thermodynamic 
functions obtained from uncertainties in various sources are list­
ed for each compound at three temperatures, 29R, 1 SOO, and 

3000 K, in the tables. 

2.5. Estimates of Vibrational Anharmonicity Effects 

To estimate the effects of anharmonicities in the absence of 
detailed information, we have used the approach which Duncan, 
McKean, and Mallinson [54] used for calculating harmonic fre­
quencies from observed frequencies. They have assigned an an­
harmonicity constant to each fundamental vibration and then 
neglected cross terms. In the usual expression for vibrational 

9.796 
10.627 
11.465 
12.310 
13.162 
14.021 
14.887 
15.760 
16.640 
17.528 
18.423 
19.325 
20.235 
21.153 
22.079 

(Ho 298 - W O) 

term values (omitting cross terms) 

T = L(()c(Vt + 1/2) - L,(Uc.'t:t«Jt + 1/2)2 
i i 

they set Xi = 0.02 for C-H stretching, Xi = 0.01 for bending 
andxi = 0.075 for C-C stretching. For isotopic molecules they 
usedx~ =x?(v?/vf). We simplified a little more by using the 
same Xi for C-C stretching and bending. We then used simpli­
fied forms of the equations of Pennington and Kobe [55], includ­
ing 0111y lhvt5t::: It:::nllt5 illvolvillgxii' lo t:::lSlilllalt::: lht::: auhacmvui<;ily 

effects. 
Since full first-order anharmonic calculations are available 

for C2 H 2 [4] and also for CH4 and r.n .. [S6] it was possihle to te!'!t 

this method of estimation for these molecules. For the relatively 
stiff C2H2, we obtained better agreement with the full calcula­
tions by reducing thex~s to 0.014 for C-H stretching and 0.005 
for other frequencies. These Xi 's were used in estimating effects 
for C2D2 • The calculated results are shown in table 5. For CH4 

and CD4 good agreement was found with Xi '8 of 0.018 for C-H 
stretching and 0.009 for other frequencies. We used these val­
ues for all the other compounds except C2D4, for which we used 
intermediate values of 0.016 and 0.007. These estimates are 
shown in the tables. 

From these estimates it can be seen that the expected par­
tial cancellation of errors does occur in some types of reaction. 
For example, for C2D6-+2CD3 at 3000 K, the anharmonicities 
would change log Kp by approximately 
2(.05) - (.16) = - .06, B. factor of 0.87. Clearly, at high tem­
peratures the effects of anharmonicities become larger than the 
uncertainties from other sources. 

J. Phys. Chem. Ref. Data, Vol. 11, No.1, 1982 
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Table 5. Comparison of Harmonic and Anharmonic Oscillator Calculationsiof C2"2. 

Property T,K Harmonic 

C , 
p 

-1 -1 
cal mol K 1500 17.93 

3000 19.91 

s·, cal mOl- l K 1 J.500 7J..15 

3000 84.36 

"Ho-Ho 
298, 

kca1 1500 18.36 

mo1-1 
3000 47.11 

-(GO-H0298), kcal 1500 58.98 

mol-1 
3000 68.88 

log 1), 1500 -4.99 

3000 -1.19 

3. Results 

Thermodynamic data for these radicals are presented in 
tables 6 and 7. Results for CH3 are not very different from the 
JANAF [4] values, since their estimates of vibrational frequen­
cies and heat of formation, although based on limited experi­
mental data, were quite close to those measured more recently. 
Estimated uncertainties in each thermodynamic function for 
CH3 and CD3 are given in table 8. 

Acetylene-d2 

These data are given in table 9; the corresponding uncer­
tainties are listed in table 10. In comparIng them WIth the 
JANAF data for C2H2, it should be noted that the JANAF table 
does include anharmonicity corrections which, naturally, are 
small at low temperatures but increase at higher temperatures. 
For other hydrocarbons, the JANAF tables use the RRHO ap­
proach. 

Methane-d4 and Ethylene-d4 

Themodynamic properties are given in tables 11 and 13. 
These data are directly comparable with those of the JANAF 
tables for CH4 and C2H4 , and of Chao and Zwolinski [5] for 
ethylene, both of which also used the RRHO approach. Estimat­
ed uncertainties for CD4 and C2D4 are listed in tables 12 and 14. 

J. Phys. Chem. Ref. Data, Vol. 11, No.1, 1982 

Difference 

Anharmonic Actual Estimated 

18.29 0.36 0.40 

20.82 0.91 0.90 

71.34 0.19 0.27 

84.97 0.61 0.70 

18~54 0;18 0~26 

48.26 1.15 1.23 

58.91 0.07 0.10 

68.66 0.22 0.29 

-4.98 0.01 0.02 

-1.14 0.05 0.06 

Ethane and Ethane-d6 

As these molecules exhibit internal rotation, the contribu­
tIOns to each the~~ody~amic fUIiction~~~i~~g from the illternal 
rotation were calculated and then added to the corresponding 
contributionl5 from other degree/'; of freedom to yield the final 

thermodynamic properties at each temperature, which are given 
in tables 15 and 16. The estimated uncertainties for these mole­
eliles are given in table 17. 

Azomethane and Azomethane-d6 

The various thermodynamic property contributions from 
internal rotation were calculated and added twice to the corre­
sponding contributions from other degrees of freedom to obtain 
the final thermodynamic functions. Pitzer and Gwinn [42] have 
derived an equation for calculating I ~ for molecules with several 
symmetric rotors, taking into account interactions between ro­
tors. However, in the case of azomethane no interaction was 
observed from infrared vibrational studies [32]; therefore no 
interaction term was included in our final calculations. If there 
is an interaction that is too small to detect spectroscopically, the 
effects on the thermodynamic properties would be smaller than 
those introducted by other experimental uncertainties. Thermo­
dynamic tables for trans-azomethane and trans-azomethane-d6 

are presented in tables 18 and 19. Uncertainties in the various 
thermodynamic functions, which apply to both substances, are 
given in table 20. 
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Table 6. Ideal Gas Thermodynamic Properties of Methyl (CRa) Radical. 

cal K-1 
mol 

-1 
kcal mol 

-1 

T,K C· S., - (Go-H" :>qA) IT H"-H" ,qR /lHo f IlGo f LogK 
p p 

a 0.00 0 .. 00 INf -2.47 35.92 35.92 INF 
lOu 7.91 37.18 53.99 -1.68 35.55 35.52 -77 .. 62 
20;) 8.46 42.82 47,,14 -0.86 35.39 35.52 -38.82 
293 9.18 46.33 46.\3 -0.00 35.10 35.65 -26.15 
300 9.1q 46.39 46.33 0.02 35.09 35.65 -25t.97 
400 9.98 49.14 46.10 O.9B 34.11 35.89 -19.61 
50·' 10 .. 16 51.41) 47.42 2.01 34.44 36.21 -15.83 
600 11.49 53.48 48.27 3.13 34.12 36.59 -13.33 
700 12.19 55.30 49 .. 14 4.31 33.83 31.03 -11.56 
800 12.85 56.9"( 50.02 5.56 33.56 31.50 -1(}.24 
900 13.48 58.52 50 .. 88 6.88 33.32 38.01 -9.23 

1000 14.06 59.98 51.12 8.26 33.12 38.54 -8.42 
lion 14.60 61.34 52.53 9.69 32.94 39.09 -7.17 
lZ0 r} 15.09 C,Z.63 53.32 11.19 12.79 ~Q_6fo -7.22-
130U 15.53 63.86 54 .. 08 12.71 32.65 40.23 -6.16 
1400 15.92 65.02 54.82 14.28 32.54 40.82 -6.37 
11)00 16.28 66.13 55.54 15.89 32.44 41.42 -6.04-
1600 16.59 61.19 5&.24 17.53 32.34 42.02 -5.14 
1701) 1l..R7 108.21 56.91 .19.21 32.26 42.63 -5.48 
l80n 11.12 69.18 51.57 20.91 32.19 43.24 -5 .. 25 
1900 11.34 70.11 58.20 22.6) 32.12 43.84 -5.04 
2000 11.54 71.01 58.82 24.31 32.06 44.48 -4.86 
2100 11.72 71 .• 87 59.42 26.14 32.00 45.10 -4.69 
2200 11.88 72.10' 60.01 27.92 31.9,.. 45.72 -4.54 
2300 18.02 13.49 60.51 29.71 .31.88 46.35 -4.40 
2400 18.15 74.26 61.13 31.52 31.82 46.98 -4.28 
2500 18.21 15.01 61.67 33 .. 34 31.17 41.61 -4.16 
2600 18.38 15.72 62.20 35.11 31.11 48.25 -4.06 
2100 18.41 76.42 62.71 31.02 31.65 48.89 -3'.96 
2800 18.56 71.09 63.21 38.81 31.59 49.52 "'3.67 
2900 18.6'" 77 .. 15 6~.10 40.73 31.53 50.11 -3.18 
3000 18.11 18.38 64.18 lti~66· 31:41 50·.·81 -3.70 

Table 7. Ideal Gas Thennodynamic Properties of Methyl-ds (CDS) Radical. 

cal K-1 mol -1 kcal mol 
-1 

T,K Co So -(Go-Ho 298)/T HO-Ho 298 lIHo f liGCl
f Log Y'p P 

0 0.00 0.00 INF -2.51 33.90 33.90 (Nf 
100 8.06 39.80 51.54 -1.71 33.69 33.77 -73.81 
200 8.94 45.63 1)0.27 -0.93 13.40 33 .. 97 -37.12 
298 9.99 4q.39 49.39 "0 .. 00 33.14 34.:30 "25.16 
300 10.02 4q.46 49.39 0.02 33.14 34.31 -25.00 
400 11.07 52.49 49.80 1.01 32.90 34.14 -18.98 
500 12.04 55.06 50.60 2 .. 23 32.69 35.23 -IS.40 
600 12.94 51 •. )4 51.54 3.48 32.50 35.75 -13.02 
700 13.77 59.40 52.52 40.82 32.34 36.31 -11..34 
"00 14.52 61.28 53.49 6.23 32.21 36.68 -10.0e 
900 15.18 63.03 54.46 1.12 32.11 31.41 -9.10 

1000 15.15 64.66 55.40 9.26 32..Q3 38.01 -8.32 
1100 16.25 66.19 56.31 10.81 31.97 38.68 -7.68 
1200 16.61 67.6Z 51.19 12.~1 ,H,.'1l ''I.l9 -1.16 
1300 11.03 68.91 58.05 14 .. 20 31.81 39.91 -6.11 
1400 11.34 70.24 58.88 15.92. 31.83 40.53 -6.:n 
1500 17.60 71.45 59.61 17.66 31.80 41.16 -6.00 
1600 17.83 12.59 60.45 19.43 31.76 41.95 -5.73 
1700 18.03 13.68 61.19 21.23 31.73 42.58 -5.41 
1800 18.20 74.71 61.91 23.04 31.11 43.20 -5.2~ 
1900 18.35 75.10 62.61 24.81 31.69 43.82 -5.04 
2000 18.48 16.65 63.29 26.11 31.67 it4.34 -4.85 
2100 18.60 11.55 63.95 28.56 31.61t 45.01 -4.68 
2200 18.10 78.42 64.59 30.43 31.62 45.61 -4.53 
2300 18.19 19.25 65.21 32.30 31.59 46.22 -4.39 
2 .. 00 18.87 80.05 65.81 34.18 31.56 46.80 -4.26 
2-500 18.94 80.82 66.40 3t..01 31.52 41.50 -4.15 
2600 19.01 81.51 66.9& 37.91 31.48 it,8.10 -4.01t 
2100 19.01 82.29 61.52 39.87 31.43 48.82 -3.QS 
2800 19.12 82.98 68.06 41.78 31.31 49.42 -3.86 
2900 19.11 83.65 68.59 4-3.10 31.31 50.14 -3.18 
3000 19.21 84.30 69.10 45 .. 62 31.23 50.13 -3.10 
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Table 8. Estimated Uncertainties and Anharmonic Effects in Tabulated Thermodynamic Properties 
of CHa and CDa. 

Uncertainty, (anharmonic effect) at 

Px;operty 

298 K 1500 K 3000 K 

Co , cal K-1 mo1-1 
p .0lC.OI} .01 (. 36) .01(,9) 

So, c<\1 K-1 mo1-1 
.03(.00) .04(.19) .03(.6) 

-(Go-Ho29S1/T cal K-1 mol-1 
.O3(.00) .04(.06} .04(.23) 

HO-Ho 298' kca1 mol-
1 

.15(.00) .15(.20) .02(1.1) 

t.Ho f' k.cal mol-1 
.00(.00) .00(.20) .15(1.1) 

t.Go
f

, kcal mol-1 
.15 <.00) .16(.09) .19(.7) 

log Kp .11(.00) .02(.01) .01(.05) 

Table 9. Ideal Gas Thermodynamic Properties of Acetylene-d2 (C2D2)' 

cal K-1 mo1-1 kca1 mal-1 

T,K Co S° -(Go-H029S)/T HO-Ho298 t.Ho
f 

lIGo
f Log Kp P 

0 0.00 0.00 INF -2.59 52.86 52.86 INF 
lUO 7.20 39.91 58.84 -1.89 52.SH 51.62 -112.82 
?OO 9.6Q 45.58 50.88 -1.06 52.85 50.39 -55.06 
2'111, 11.71 49.87 49.86 0.00 52.90 411.1.7 -)6.06 
300 !L.BO 49.95 49.86 0.02 52.91 49.15 -35.80 
400 13.09 53.53 50.35 1.27 52.97 47.88 -26.16 
1)00 14.01 56.55 51.29 2.1)1 52.q~ 46.61 -20.37 
"00 14.79 1:09.13 152 '.39 4.07 52.96 45.34 -16.51 
700 t'.4A 61.51' 53.53 5.59 52.92 44.01 -13.16 
~oo 16.11 03.62 54.66 7.17 52.85 42.81 -11.69 
1':'/00 16.66 65.5") 55.77 8. qO 52.78 41.55 -10.09 

lOOO 11.15 67.33 '56.1J3 10.50 52.71 40.31 -8.81 
1100 11.51 f>8.98 51.8;:' 12.23 52.64 39.07 -1.76 
1200 If.94 70.'53 58.86 14.01 52.51 37.'35 -6.89 
1300 18.25 71.9fl 59.81 15. B2 52.50 36.62 -6.16 
1400 Ifl.'53 13.34 60.13 11.66 52.42 35.40 -5.53 
1500 1~. 76 74.63 61.61 19.52 52.35 34.20 -4.98 
l;:'OO 18.97 15.84 62.46 21.41 52.21 33.10 -4.52 
1 1 (I:.) 1 '101 ~ { {.OU td.29 23. H 52.20 31.9Q -4.10 
IflOO 19030 78.10 (,4.1)8 25.24 52.12 30.69 -3.73 
lQOO 1°.44 7 0 .15 b4.B4 21.17 '52.0'3 29.4Q -3.39 
JOOO 19.% liD.l5 f-5.58 29.12 51.98 28.23 -3.09 
21no 19.67 Q1.10 66.30 31.08 51.91 27.07 -2.82 
2"00 19.76 ':I2.0? bb~''19 ;·3. I }b 51.63 l5.':fo -l..5{ 
2~OO l<'~. F! '5 'l?.90 67.67 35.04 51.75 24.66 -2.34 
2400 19. 0 2 IB.7r; 1)8.32 37.02 51.67 23.45 -2.14 
2"i()O 19.99 ~fto 56 6>3.9'5 39.02 51.59 22.32 -1.95 
2600 lIJ.05 'Pi.3'l 69.57 41.02 51.50 21.12 -1.78 
2'700 20. t 0 ~6.10 10.17 43.03 51.40 Za.ui -l.bl 
2~OO 2.0.15 I3A.84 10.15 45.04 51 .. 30 18.82 -1.47 
2900 ,~O. 20 ~7.54 71.32 41.06 51.20 11.71 -1.33 
3000 20.24 R'l.2"3 11.87 49.08 51.0~ 1b.52 -1.20 
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Table 10. Estimated Uncertainties and Anharmonic Effects in Tabulated Thennooynamic Properties 
ofC2D2· 

Uncertainty, (anharmonic effect) at 

Property 
298K 1500K 3000K 

-1 -1 
COp' cal K mol .03(.04) .Ol{.42) .00(.91) 

-1-1 
So, cal K mol .03(.00) .05(.30) .06(.74) 

-1 -1 
-(Go-H0298)/T, cal K mol .03(.00) .04(.11) .05(.32) 

HO-Ho 298' kca1 mol-
1 

.00(.00) .02(.28) .02(1.27) 

AHo
f

, k-;:a1 mo1-1 
.19(.00) .19(.28) .19 (1. 27) 

6Go
f

, kca1 mo1-1 
.19(.00) .21(.16) .24(.96) 

log Kp .14(.00) .03(.02) .02(.07) 

Table 11. Ideal Gas Thermodynamic Properties of Methane-d4 (CD4). 

cell 1<-1 JlIul -1 kV<!ll 11}Ol -1 

'l',K Co So -(Go-H029S)/T HO-Ho 298 !lHo
f !lGo f Log Kp P 

0 0.00 0.00 INr -2.47 -19.2? -19.27 INF 
11"10 7.01) ?'1.44 55.20 -1.6:1 -1«;:.75 -18.1R 39.74 
:?OO f.I.?'1 44.00 4R.3t -0.87 -20.43 -16.31'> 17.87 
?9A Q. f,'~ 47.53 41.1)3 -0.00 -?l.OQ -14.22 10.43 
":100 Q.71 47."0 47.53 0.02 -21.11) -14.17 10.32 
4(10 ll.P ')0."'') 47.CJ4 1.Oq - 21.68 -11.77 6.43 
"no 13.4~ ")3.4'; 48.7f. ?34 -22.14 -CJ.24 4.04 
bOO 1'1.15 S6.015 4Q.76 3.77 -7.2.50 -b.b? ?41 
TOO 16.Al 513.1)0 50.R4 5.~(' -22.76 -3.Q5 1.23 
'100 17 .P7 (,0.110 51.q4 7.09 -22. Q 4 -1.25 0.34 
coo IR. q4 ('2.91 5~. 05 A.93 - 23 .05 1.46 -0.36 

1000 19.R4 6'5.0? 1';4.14 10.81 -23 III 4.19 -0.97. 
1100 :'0."0 f.6. q4 5'5.?? 12.9() - 23.14 (-'.92 -1.38 
12 nO 71.;>4 (, G. 71-. 56.21 ~.4. ~9 - 23 .13 9.6& -1.76 
1':)(10 ?t.7A 70.49 ')1.30 17.14 - 23.10 12.39 -2.0~ 

1400 n.n 1?12 c;q .30 19.34 -23 .06 15.12 -2.36 
iC;OO 'n.n? 73."1 5~. 2R 21. 5R -23.00 17.86 -2.60 
}600 2'7.95 7'5.14 fO.2! 23.116 -22.<14 ?O.RO -7.84 
1 7 ('0 Z-;',.74 7(-..54 61.14 U.Il -22.M' 73.52 -3.02 
l>lClO ?'3.4S 77.Fl7 U.03 28. '5} - 22. 7 C 2A.?2 -3.18 
1<)00 2:.70 79.15 f?90 ;to.81 - 22.70 :?H.cn -3.33 
'000 23. 9 9 Hr).?7 f::3.74 33.21'; -22.61 31.4R -3.44 
noo ?4.0'> R 1.1)4 f4.'5t· :5.65 -22.52 34.23 -3.56 
",! ?t'[J ."'t .ll) flt.t- h t' ') .... {1 .~R. ()tJ -ZZ.43 36.IH -:.66 
73(10 ?4.33 1-1":1.74 6f •• lit 40. !-tR -22.~4 39.53 -3.76 
;>40f)' ?4.44 f.l4.7R l::f., .89 42.92 -22.26 42.14 -3.84 
'''iOO ?4.54. K,).78 67.1,3 45.37 -22.18 44.91 -3.93 
;->60r. 74.63 RA.74 (·'l.34 47. ~B -?Z.ll 47.54 -4.00 
?.7'.I0 ?':'" 71 "7.(,<7 t,,,> .04 50. ~o -22.04 50.32 -4.01 
?ROO ::'4.7c; 1-1'1.1')7 f-.9.7? 52.71 - 21.gQ 5'2.Q4 -4.13 
?OOO ?4.q~ I1q.4!+ 70.311 ,5.2 /\ -21.95 55.72 -4.20 
'>'000 ?4. C 2 C;O.'c 71.04 <='.7.74 -21. o ? 58.31 -4.25 
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Table 12. Estimated Uncertainties and Anharmonic Effects in Tabulated Thermodynamic Properties 
ofCD4· 

Uncertainty, (anharmonic effect) at 

property 
298K lSOOK 3000K 

Co , cal K-1 mol- l 
p .01(.01) .01(.67) .00(1.60) 

So, cal K-1 mol-1 
.01(.00) .01(.33) .02(.63) 

-(Go-H029S)/T, cal K-1mol-1 .01(.00) .02(.10) .02(.40) 

HO-Ho298' kcal mo1-
1 

.00(.00) .01(.35) .02(2.07) 

AHo f' kcal mol- ~ .IOc.aO) .10(.35) .10(2.07) 

AGo ff kcal mol- l 
.IO(.aO} .11(.15) .12(1.20) 

log Kp .01(~00) .02(.02) .Ol{ .09) 

Table 13. Ideal Gas Thermodynamic Properties of Ethylene-d4 (C2D4). 

C"..ill IC- l mnl 
-1 kcal 11101-1 

T,K Co So -(Go-Ho 29S'/T HO-H0
298 

lIHo
f 

llGo f Log Kp 
P 

0 0.00 0.00 INF -2.72 11.00 11 .. 00 INF 
100 7.99 ~4.91 64.11 -1593 10.46 1l .. 39 -24 .. 90 
200 9.51 50.78 56.13 -1.01 9.74 12,,61 -13.78 
298 12.40 55 .. 09 55.09 -0.00 9.12 14.15 -10.38 
300 12046 55.18 55.09 0.02 9 ... 11 14.1.8 -10 .. 33 
400 15.28 59 .. 16 55.62 1 .. 42 ti.62 15,,95 -8.12 
500 11 .. 61 62.83 56.70 3.01 8 .. 23 11 .. 83 .-7.80 
600 19.68 66 .. 24 58.01 4.9ft 7.93 1.9.76 -1.21. 
700 21.39 ('9.~0 $9.~1 6.99 7.72 21.78 -6.80 
800 22.84 12~36 60.85 9.21 1.56 23 .. 80 -6.50 
900 24.05 15.12 6Z.28 1.1.55 1.46 25.83 -6.27 

1000 25.01 17.11 63.70 14.01 7.ltl 27.81 -6.09 
1100 25.92 80. lit 65.08 16.56 7.40 29.92 -5.94 
1200 26.64 82.42 66.43 19 .. 19 7 .. '.1 31.97 -5.82 
1300 21.24 84.58 67.75 Zl.88 7.1t3 34.02 -5.72 
1400 27.76 86.62 69.02 24.63 1.46 36 .. 06 -5.63 
1500 Za.19 88.55 70.26 21.-\3 1.51 38.12 -5.55 
1600 28.56 90.38 71.46 30.Z1 1.56 40.38 -5.5Z 
1700 28.88 92.12 72.63 33.14· 7.62 4Z042 -5 .. 45 
1800 29.16 93.78 13.76 36.05 7.69 ~4.~1 -5.39 
1900 29.40 95.36 14.85 36.97 7.76 46.44 -5.34 
2000 29 .. 61 96.88 15.92 41.92 7.84 48 .. 33 -5.28 
2100 29.80 96.33 76.95 4~.89 7.92 50040 -5.25 
2200 29.96 99.72 17.95 47.88 1.99 52.36 -5.20 
2300 30.10 101.05 18.93 50.89 8 .. 01 54.31t -5.16 
2400 30.23 102.34 19.88 53.90 8.13 56.28 -5.13 
2500 30.3'5 1 03~ 51 80,,80 56.93 8.19 58.37 -5.10 
2600 30.45 104.76 81 .. 70 59.97 8 .. 24 60.32 -5.01 
2100 30 .. 54 105 .. 91 82.57 63.02 8 .. 29 62 .. 43 -5.05 
2800 30.62 101.03 83 .. 43 66.08 8.33 64.31 -5 .. 02 
2900 30.70 108.10 84 .. 26 69.14 8 .. 35 66.48 -5 .. 01 
3000 30.17 109.14 85.07 12.22 8 .. 36 68 .. 40 -4.98 

-~~--~---
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Table 14. Estimated Uncertainties and Anharmonic Effects in Tabulated Thermodynamic Properties 
ofC2D4. 

Uncertainty, (anharmonic effect) at 

Property 
298K IS00K 3000K 

-1 -1 
Co p' cal K mol .12(.01) .02 (.50) .01(1.15) 

-1 
So, cal K 1001 

-1 
.07(.00) .18(.28)' .19 (1.36) 

. -1 -1 
- (Go-Ho 298) IT cal K mol .07(.00) .14(.09) .16(.33) 

° o· 1 1-1 H -H 298' kca mo .00(.00) .07(.29) .08(1.54) 

liH" f' kcal 1001 
-1 

.07(.00) .10(.29) .11(1.54) 

llGo f' kcal mol 
-1 

.07(.00) .22( .14) .49(.99) 

log K 
p 

.05 (.00) .03(.02) .04(.O7} 

Table 15. Ideal Gas Thermodynamic Properties of Ethane (C2H6)' 

cal K-l mol 
-1 kca1 mol 

-1 

T,K Co So -(Go-H029S)IT HO-Ho 2qa ilHo
f 

ilGo
f Log Kp 

P 

0 0.00 0.00 INF -2..84 -16.31 -16.31 INf 
100 8.54 43.92 64 .. 24 -2.03 -17 .80 -14.83 32.42 
200 10.13 50.31 55.82 -1.10 -18.84 -11.50 12.56 
298 12.5'4- 54.75 54 .. 75 -0.00 -20.01f. -7.65 5.61 
300 12.60 54.84 54.15 0.03 -20.06 -7.56 5.51 
400 15.64 58.89 55.31 1.44 -21.23 -3.23 1.76 
500 18.62 62.69 56,,-39 3.15 -22.25 1.40 -0.61 
600 21.31 66.32 57 .. 74 5.15 -23.10 6.21 -2.26 
700 23 .. 69 69.19 59.22 1.40 - 23.S 1 11.16 -3.lt8 
800 25.79 73.10 60.75 9.87 - 24.37 16.19 -4.42 
900 27~65 16.24 62.30 12.55 -24.81 21.29 -5.17 

1000 29.29 19.24 63.85 15040 - 25 .12 26.43 -5.18 
1100 30.13 82.10 65.38 18.39 -25.35 31.59 -b.28 
1200 31.98 84.83 66.89 21.53 -25.49 36.78 -6.70 
1300 33.08 81.43 68.37 24.78 -25.56 41.91 -7.06 
1400 34.03 89.92 69.82 28.15 -25.58 41.17 -7.36 
1500 34.87 92.30 71.24 31.59 - 25 .55 52.37 -1.63 
1600 35.60 94.51 72.62 35.12 -25.50 57.55 -1.86 
1100 36.25 96.15 73.98 38.71 -25.42 ·62.75 -8.07 
1800 36.82 98.84 75.30 42.37 -25.31 67.93 -8.25 
1900 37.32 100.81t 76.59 46.08 - 25.19 73.08 -8.41 
2000 37.16 102.11 17.85 49.83 -25.05 78.28 -8.55 
2100 38.16 104.62 79.09 53.63 -24.90 83.45 -8.68 
2200 38.51 106.40 80.29 51.46 -24.74 88.60 -8.80 
2300 38.82 108.12 81.46 61.33 -24.51 93.75 -8.91 
2~00 39.10 109.18 82.60 65.23 -24.40 98.90 -9.01 
2500 39.36 111.38 83.72 69.15 -24.24 104.02 -9.09 
2600 39.59 112.93 84.82 73.10 -24.01 109.16 -9.18 
2100 39.19 111t.43 85.89 11.01 -23 .90 114.21 -9.25 
2800 39.98 115.88 86.93 81.06 -23.13 119.39 -9.32 
2900 40.;15 117.29 87 .. 95 85.06 -23.51 124.50 -9.38 
3000 40.31 118 .. 65 88.96 89.09 -23 .. 41 129.60 -9.44 
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Table 16. Ideal Gas Thermodynamic Properties of Ethane-d6 (C2D6). 

-1 cal K mol 
-1 

kcal mol 
-1 

T,K Co So -(G"-H0
298

)/T Ha-Ho 29B bHo
f llG

o 
f Log Kp P 

0 0.00 0.00 I"1F ... 3.16 -22.11 -22.17 INF 
100 9.01 46.11 69.44 -2.33 -23 .. 34 -19.84 43.35 
200 11.57 53.12 59 .. 67 -1.31 -24.60 -15.83 17.30 
20 B 1'5.43 5R.43 58.41 0.01 - 25.66 -11.31 8.29 
?l00 15.52 58.54 58.41 0.04 -25.61 -l1e21 8 0 11 
400 19.53 '<'3.56 '59.07 1.79 -26.50 -6.26 3.42 
SOD 22.99 68.30 60 .. 45 3 .. 92 - 27.11 -1.12 0.49 
600 25.<}2 72.76 6:?14 6.37 -27.53 4.12 -1.50 
100 2R. 3 8 76.94 63 .. 95 Q.09 -27 .80 9.42 -2.94 
ROO 30.44 "10.81 (,5.83 12.03 - 27.95 14.74 -4.03 
900 32.16 84.56 67.71 15.17 -28 •. 00 20.08 -4.88 

1000 33.58 88.02 ~l:l. 57 1 A. 45 -27.97 25.42 -5 .. 56 
1100 34.77 91.28 71.40 21.87 -27.E'A 30.75 -b.l1 
1200 35.76 94.35 73.18 25.39 -27.75 36.08 -6.57 
1300 36 .. 59 97.24 74.92 29.02 -27.5R 41.39 -6.96 
1400 37.29 99.9'1 76 .61 32.12 - 27.40 46.70 -7.29 
1 SOO 31.1'18 102.50 10.2(, 36.40 -27.21 ~?OO -7~ J6 
1600 38.39 10'5.04 79.86 40.29 -27 .00 57.61 -7.87 
1700 38.82 107.38 81.41 44.15 * 26.78 62.88 -8.08 
1800 39.20 109.61 82.91 48.06 * 26.55 68.10 -8.27 
1900 3q.52 111.74 84.31 51.99 -26.31 73.31 -8 .. 43 
2000 39.S1 113.77 ~S.7Q 55.96 -26.07 713.33 -9.56 
2100 40.06 11'5.12 f\7.17 '59.95 -25.81 83.62 -8.70 
2200 40.27 11 7.59 88.'51 63.97 -25.59 88.73 -8.81 
2300 40.47 llCl.38 89.81 68.01 ~ 25.36 93.87 -8.92 
2400 40.64 121.11 Q1.08 12.07 -25.13 98.95 -9.01 
,\:jon 40.7Q 1:n.77 Q'. ":\7 1"'.14 -24.cP 104.24 -Q.il 
2600 40.<13 124.37 en.52 80.22 - 24.11 \09.0_32 _~9 .19 

-not) 41.CJH 1"25.92 94JCf B4~3i -24-:<2 114.6~ -9.28 
7800 41.11 127.41 95.83 '8A.43 -24.34 119.6q -Q.34 
20 00 41.?7 '128.86 OA.95 Q2.55 - 24.18 124.98 -9.42 
30or, 41.36 130.26 Q8.0,! Cl6.69 - 24.04 130.00 -9.47 

Table 17. Estimated Uncertainties and Anhannonic Effects in Tabulated Thennodynamic Properties 
of C2H6 and C2D6. 

Property 

-1 -1 
Co p' cal K mol 

-1 
llHo f' kcal mol 

-1 
llGofl kcal mol 

Uncertainty I 

298K 

.03(.02} 

.04(.00) 

.02 (.00) 

.00(.01) 

.06(.00) 

.06(.00) 

.44(.00) 

(anharmonic effect) at 

ISOOK 3000K 

.02 (1.09) .01,(2.60) 

.07(.S8} .08(1.81) 

.05{.18) .06(.68} 

.04(.60) .06(3.34) 

.07(.60) .O8(3.~9) 

.09{.27) .19(2.04} 

.13(.04) .13{.lS) 
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Table 18. Ideal Gas Thermodynamic Properties of Azomethane (CHaN 2CHa). 

cal K-1 mol 
-1 kcal mol 

-1 

T,K Co So - (Go-Ho 298) IT HO-H0
298 toH"f /:,Go

f Log Kp P 

0 0.00 0,,00 INF -3.95 40024 40.24 I NF 
100 11. 55 53.24 83.56 -3.03 38.16 44.01 -96.18 
200 15.4R 62.55 70.88 -1.67 36.8(, 50 • .35 -55.02 
29~ 1~ .64 69.23 1,9.23 -0.00 35.54 57.26 -41.99 
~OO 18.71 69.3b 69.24 0.04 35.52 57.40 -41.82 
400 22.44 75.24 70.02 2.09 34.30 64.89 -35.45 
500 26.12 130.65 71.62 4.52 33.29 72.65 -31.76 
1':00 29.?t2 85-~71 7T.""""5"5 7.30 3Z;"50 S-0.60 -29.36 
700 32.31 90.47 75.63 11).313 31.90 88.66 -2.7.68 
300 34.H 1 94."5 77.71 13.75 31.49 96.80 -26.45 
QOD 3f>.9 A 99.18 79.91 17.34 31.21 104.99 -25.49 

1000 38.86 103.1~ 82.04 n.14 31.07 113.20 -24.74 
llOO 40.4<1 ,106.96 84.13 25.11 H.03 121.41 - 24 .12 
POD 41.91 110.54 86.18 29.2"3 31.08 129.63 -23-.61 
UOO 43.13 113.94 A~.19 33.4-J 31.19 131.84 -23.11 
140() 44.20 117.18 ~O.14 31.B6 31.31 146.04 -22.80 
1500 45.13 120.26 n.05 42.33 31.58 154.23 -22.41 
1600 45.q4 123.20 93.<;10 46.813 31.62 162.39 -22.18 
1700 46.64 126.01 9').71 51.51 32.10 170.55 -21.93 
lAOO 47.27 128.69 91.47 56.21 32.40 178.68 -21.70 
1900 47.81 131.26 Q9.18 60.95 32.12 186.77 -21.48 
2000 4f\.30 133.1'3 100.g4 65.71 33.06 194.91 -21.30 
2100 4f1.7? 136.10 102.47 70.63 33.40 202.99 -21.13 
7200 49.11 1 '38.37 104.05 15.52 33.75 211.06 -20.97 
non 49.45 140.56 105.'>9 80.44 34.10 219.11 -20.82 
2400 49.75 142.i-7 107.0Q 85.40 34.46 221.15 -20.68 
2'500 '50.03 144.11 lO}'\.5& 90.38 34.81 23'5.16 -20.56 
2fJOO 1)0.28 146.6A 109.99 95.39 35.17 2 /,.3.11 -20.44 
VOO 50.')0 148.58 111.38 100.43 35.52 251.16 - 20. 33 
?~OO 50.71 150.42 112.74 105.49 35.88 259.13 -20,.23 
20 00 ,,)0.d9 1'52.20 114.07 nO.57 36.23 261.11 - 20.13 
3000 51.06 1'53.Q1 115.31 115.66 36.5B 215.05 -20.04 
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Table 19. Ideal Gas Thermodynamic Properties of Azomethane-d6 (CD3N~D3). 

cal K-1 mol 
-1 kcal mol -1 

T,K Co So -(Go-H0298)/T HO-Ho298 flHof flGo
f Log\, 

P 

0 0.00 0.00 INF -4.3ft 32.88 32.88 INF 
100 12.56 55.36 89.05 -3.37 31.16 37.56 -82 .. 09 
200 17.02 65.38 74.83 -1.89 29.67 44.58 -48.11 
298 21.63 13.01 13.01 -0.00 28.50 52.14 -38.24 
300 21.73 73.15 73.01 OeOft 28.48 52.30 -38.10 
400 26.45 80.06 73.93 2.45 27.61 60.38 -32.99 
500 30.60 86.42 15.80 5.31 27.02 68.65 -30.00 
600 34.12 92.32 18.01 8.55 26.68 71.01 -28.05 
100 37.06 97.80 80.51 12.10 26.52 85.40 -26.66 
800 39 .. 49 102.92 82.99 15.94 26.52 93.82 -25.63 
900 41.50 107.69 85.41 20.00 26.65 102.22 -24.82 

1000 43.17 11Z.15 81.91 Z4.24 26.8'5 llO.61 -24.17 
1100 44.55 116.33 90.31 28.63 27.13 118.98 -23.64 
1200 45.69 120.26 92.64 33.14 27.45 127.32 -23.19 
1300 46.65 123.96 94.91 37.76 27.80 135.63 -22.60 
1400 47.46 127.45 97.11 42.47 28.17 143.92 -22 .. 47 
1500 48.14 130.74 99.24 41.25 28.56 152.19 -22.17 
1600 48.72 133.87 101.31 52.10 28.95 160.16 -21.96 
1100 49.22 136.84 103.31 56.99 29.36 168.96 -21.12 
1800 4q.65 13q.66 105.25 61.94 29.78 17T.ll -21.50, 
1900 50.02 14'2.36 107.14 66.92 30.22 185.25 -21.31 
2000 50.34 144.93 108.96 71.94 30.65 193.18 -21.11 
2100 50.62 147.40 110.73 76.99 31.09 201.36 -20.96 
2200 '0.67 149.10 112,4, 62.01 31.'2 209.37 -20.60 
2300 51.09 152.02 114.13 87.16 31.94 l17.39 -20.66 
2400 'H.29 154.20 115.15 92.28 32.36 225.34 -20.52 
2500 51.41 156.30 117.33 97.41 32.76 233.50 -20.41 
2600 51.62 158.32 118.81 102.56 33.15 241.44 -20.29 
Z700 'H.76 160.21 120.'7 107.73 ". ~)3 Z49.''9 -zo.zo 
2800 51.89 162.15 121.83 112.91. 33, ... ~91L 25-1 .. .50 ~-l~ 

-29m)" --s-2~~ 00 r6~~w9t "12T.~i!r 118.10 34.25 265.63 -20.02 
3000 52.11 165.74 124.64 123.30 34.58 273.48 -19.92 

Table 20. Estimated Uncertainties and Anhannonic Effects in Tabulated Themaodynamic Properties 
of CHaN2CHa and CDaN 2CDa. 

Property 

-1 -1 
COp' cal K mol 

-1 -1 
-(Go-n029S)/T, cal K mol 

-1 
AUo f' kCal mol 

-1 
AGO f' kcal mol 

Uncertainty, 

298K 

.29(.10) 

.46(.04) 

.46(.01} 

.00l.01) 

1.23(.01) 

1.24 (.00) 

.91(.OO} 

(anharmonic effect) at 

1S00K 3000K 

.08(1.45) .02(3.23) 

.15(.92) .11(2.48) 

.23(.34) .19(1.01) 

.25(,88) .33(4.40) 

1.26(.88) 1.27(4.41) 

1.27(.50) 1.34(3.04) 

.19(.08) .10(.22) 
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The computer program.developed in the present study was 
general in nature and can be used for obtaining thermodynamic 
functions, using spectroscopic and other molecular data, of any 
gaseous molecule. 

The accuracy of the tables is limited mainly by the assump­
tion of the RRHO approximation, since the molecular dimen­
sions and the vibrational spacings (~ = 0 to ~ = 1) are quite well 
known. In table 5 we have compared harmonic oscillator and 
anharmonic oscillator calculations for C2H2, the former being 
our calculations and the latter those of the JANAF tables. As 
expected, the differences are small at low temperatures, but in­
crease at higher temperatures, exceeding 2% for the enthalpy at 
3000 K. Fortunately, there is some cancellation of errors in 
obtaining the free energy functions and equilibrium constant of 
formation. In combining tabulated value::! to obtain' thermody­

namic. data for reactions, it would clearly be best to use data 
obtained via the same set of assumptions, in order to get the 
greatest possible cancellation of errors. 

The tables for azomethane and azomethane-d6 are believed 
to be the first to present the thermodynamic properties of these 
compounds. Chiltz et al. [57] have calculated the functions 
(H~ - H~)/ RT, and GO;, - H~ / RT as a temperature series 
with respectively 5 and 6 terms. These are in disagreement with 
our results because their calculations were made before the data 
of references [34], [32], [14], and [53] were available, and their 
e8timartH)f-s1-:2Kca1mol~I'fot .JHt(298:15~K) azomethanels 
much higher than the experimental value. 
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