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Thermodynannic Properties of Twenty-One Monocyclic Hydrocarbons 

o. v. Dorofeeva, L. v. Gurvich, and V. S. Jorish 

Institute/or High Temperatures, Izhorskaya ul. 13/19, Moscow 127412 USSR 

The available structural parameters, fundamental frequencies, and relative energies of 
different stable conformers, if any, for cyclopropane, cyclopropene, cyclobutane, cyclobu­
tene, 1,3-cyclobutadiene, cyclopentane, cyclopentene, 1,3-cyclopentadiene, cyclohexane, 
cyclohexene, 1,3-cyclohexadiene, 1,4-cyclohexadiene, cycloheptane, cycloheptene, 1,3-
cycloheptadiene, 1,3,5-cycloheptatriene, cyclooctane, cyclooctene, 1,3-cyclooctadiene, 
1,5-cyclooctadiene, and 1,3,5,7-cyclooctatetraene were critically evaluated and the rec­
ommended values selected. Molecular constants for some molecules were estimated as the 
experimental values for these compounds are not available. This information was utilized 
to calculate the ideal gas thermodynamic properties C;, So, - (Go -H~)/T, 
H ° - H ~, and log K f from 100 to 1500 K _ The thermal functions were ohtained llsing the 
rigid-rotor harmonic-oscillator approximation. The contributions derived for the inver­
sion motion of cyclobutane and cyclopentene were obtained from energy levels calculated 
with the potential functions. For cyclopentane the pseudorotational contributions to ther­
mal functions were calculated by assuming the pseudorotation as the free rotation of the 
molecule. The calculated values of the thermal functions are compared with those report­
ed in other work. Agreement with experimental data, where such are available, is satisfac­
tory within the experimenta l11ncertaintip.s_ 

Key words: ideal gas thermodynamic properties; molecular structure; monocyclic hydrocarbons 
with carbon atom numbers from 3 to 8; vibrational assignments. 
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1. Introduction 
This report involves the calculation of the ideal gas 

thermodynamic properties of 21 monocyclic hydrocarbons 
with carbon atom numbers from 3 to 8 (cyc1oalkanes and 
their unsaturated analogs). For a few of these molecules, 
thermodynamic properties have been reported. Recently, 
more complete and reliable information has become avail­
able on the structure and vibrational assignments of 111ono­
cyclic hydrocarbons. This information permits us to make 
more precise calculations of thermal functions of some mole­
cules and to calculate the thermal functions of others for the 
first time. A number of substances, viz., 1,4-cyc1ohepta­
diene, 1,4-cyclooctadiene, 1,3,5-, and 1,3,6-cyclooctatriene 
were not considered in this work due to the unreliability of 
structural and conformational data and due to the lack of 
vibrational assignments. 

The available data on vibrational frequencies, struc­
tural parameters. and energies of different stable conforma­
tions have been critically examined and the most reliable 
values have been selected. Molecular constants for some 
compounds were estimated in the present work as the experi­
mental values for these molecules are not available, incom­
plete, or unreliable. The selected molecular constants are 
given in Tables 1-9. 

Based on the selected values of molecular constants. the 
ideal gas thermal functions {heat capacity (C;), entropy 
(SO), Gibbs energy function [- (Go -H~)/T], and 
enthalpy (H 0 - H ~ )} were calculated by the standard sta­
tistical mechanical method using rigid-rotor harmonic-os­
cillator approximations. The enthalpy offormation (arHO) 
and the calculated thermal functions have been used to cal­
culate the logarithm of the equilibrium constant of forma­
tion (log Kr) by the usual thermodynamic formulas [sub­
script f denotes formation by the reaction 
nC(c,graphite) + mH2 (g) = Cn H2m (g) 1. The procedures 
for calculation of thermodynamic properties are similar to 
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24. Ideal gas thermodynamic properties for 1,3-cy-
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those used in Thermodynamic Properties of Individual Sub­
stances by Gurvich et al. 1 The fundamental physical con­
stants and thermodynamic properties of the elements in 
their reference states used in the calculations are also taken 
from Ref. 1. The chemical thermOdynamic propeny values 

Table 1. Molecular and thermochemical constants for 'the 

three-membered l'~S 

Molecular weight 

Point group 

Symmetry number 

Ground state statistical 
weight 

l:'rOC1UC'C or -cne 'Coree prl.n­
cipal moments of inertia, 
g3cm6x10117 

Vibrational frequencies, cm-1 

\'1 

"'2 

'v:; 

\'4 

'5 

, 9 

'10 

'11 

'12 

~ 13 

',; 14 

~ 15 

Enthalpy of formation at 
298.15 K, kJ mol-1. 

Cyclopropane 

D C:;H6 

42.0804 

1>:;9 
6 

117 

A~ 3038 

1479 

1188 

A{ 1126 

.,\.' 
-2 1.070 

h;' 3101.7 

854 

]' 3024.4 

J.'+~'I.'I 

1028.4 

86B.5 

.s; " 3082 

1188 

739 

".; 

C;relopropena 

g C3H4 

40.0646 

92y 

2 

1 

65.3 

,h 3152 

2909 

1653 

1483 

11.005 

905 

!2 996 

B15 

~l ,J.J.o 

1043 

1011 

769 

I!2 2995 

1088 

569 

277.1. 
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'l'ab1e 2. JIo1eoular and thermochemical constants for the 

four--membered rings 

C1C10butane C1C10butene l,3-Cyc10buta-

D D 
diene 

C4lia C4% D C4H4 

lIo1ecu1ar weight 56.1072 54.0914 52.0756 

Point group .P2d Q2y .P~ 
S1DJmetry nUlllber 88. 2 4 

Ground state statis-
tical weight 1 1 1 

Product of the three 
principal moments 
of inertia, 
g3cm6,,10J 16 82 55 36 

Vibrational :frequen-
cies, cm-1 : 

VI Al 2974 !l 306, ~§ 3050 

~2 2905 2941 1510 

v3 1469 1564 1120 

V4 ll53 1448 900 

v5 1005 1185 !y 1100 

VI; _b 1113 570 
v

7 .!2 1300 981 ~l§ 3030 

va 941 88,3 1235 

119 ~1 1234 !2 2955 770 

v10 1142 11-42 B~ 900 

"11 926 1000 ~3§ 900 

'11 12 !!2 2987 909 ~~ 570 

'01
13 2945 327 .!!2!! 3030 

"14 1454 ~l 3056 1240 

"15 883 2934 720 

1116 626 1430 !!3~ 3040 

"17 ~ 2965 1294- 1520 

v18 2887 1214 990 

\1 19 1452 1013 

"20 1260 890 

"21 1224 !!2 2961 

'11 22 901 1074 

~' 23 749 846 

V 24- 636 

Enthalpy of fo:rma-
tion at 298.15 K, 
kJ mol-I 28.4 156.7 385 

a Although cyc10butane has the nonplanar confo:rmation (.P2d sym­

metry), the s;y.mmetry number 8 1s given in the table due to the fact 

that the molecule is undergoing inversion through its p~ con­

figuration (~h symmetry). 

b The ring-;UCkering frequency '116 '" 199 cm-l is not given in 

table as the contribution derived for the inversion motion of oyc10-

butane has been obtained by the direct summation over the energy 

levels. 

Table 3. Molecular and thermochemical constants for the 

fi ve-membered rings 

Cyclopentane Cyolopentene l,3-cyelo-

0 
pentadiene 

C5RIO 0 C5Rs 0 °5% 

Molecular weight 70.134- 68.1182 66.1024-

Point group ,~h fs 92V 
Symmetry number 1 2c 2 

Ground state statis-
tical we 19ht 1 1 1 

Product of the three 
pr1Dcipal moments 
of inertia, 
g3cm6xl0115 38.75 28.39 19.96 

Vibrational frequen-
cies, cm-1 : 

'11 296O(5)a :h 3070 !l 3091 

"G 281'l()(~) :>9O,?i .>;075 

'>13 1480(3) 2860 2886 

"4 1455(2) 1617 1500 

"5 1310(2) 1473 1378 

"6 1eo;:;(e) 1'+48 3.,C05 

'17 1250(2) 1302 1I06 

"8 1210(2) 1109 994-

'1
9 1160(2) 962 915 

v 10 l.V;>;:;(i::) 0,"" 002 

"11 1022 600 !2 1100 

v 12 985 !2 2938 941 

"13 949 1209 700 

\J
14 896 1134 516 

~15 886 1047 ~ 3105 

'v 16 856 879 3043 

" 17 627 390 1580 

'11 16 770 ~ 3068 1292 

v 19 617 2882 1239 

v 20 545 1438 1090 
'11

21 283 1353 959 
v 

22 
_b 1266 805 

.... 23 1128 !!2 2900 

\1 24 1037 925 

v25 933 891 

"'26 695 664 

v 27 ~2 2963 350 

"28 2933 
J

29 3.:207 

·v 30 1047 

v31 695 

'v32 593 

"33 
_d 

Enthalpy of fol'!ll8.-
tion at 298.15 K, 
kJ mol-I -78.4 32.7 130.8 

a Numbers in parentheses represent the accidental multiplioities 

since some of the close-lying frequencies were averaged due to their 

large uncertainty. 

b The pseudorotational oontribution was calculated by free rota­

tion fODlU1ae l • 

c Although cyclopentens has the nonp1anar structure (Q!! symmetry), 

the symmetry munber 2 is given in the table due to the fact that 

the molecule is undergoing inversion through its planar configura­

tion (Q2v symmetry). 

d The -ring-puckering frequency "33 = 127 om-I is not given in 

table as the contribution due to inversion of cyc10pentene was 

obtained by direct summation over the energy levels. 

J. Phys.Chem. Ref. Data, Vol. 15, No. 2,1986 



440 DOROFEEVA, GURVICH, AND JORISH 

Table 4. l~olecular and thermochemical constants for the six-membered rings 

Cycl'Jhexanea Cyclohexene 1,3-Cyclohexadiene 1.4-Cyclohexadiene 

0 CEiH12 0 CEin10 0 C(,Ha 0 
Molecular weight 84.1608 82.145 80.1292 80.1292 

Point group 1?3~ .92 92 Q2~ 
Symmetry number 6 2 2 4 

number of optical isomers 1 2 2 'i 

Ground state statistical 

weight 1 1 1 1 

Product of the three prin-

cipal moments of inertia. 
g3cm6x10 114 13.35 10.71 8.517 9.26 

Vibrational frequencies see Table 5 see Table 5 see Table 5 see Table 

Enthalpy of formation at 
298.15 K, kJ mol- 1 

-123.3 -4.6 106.3 109.0 

a Another stable conformer was also taken into account for cyclohexane: point group f'2' symmetry 

number 4. number of optical isomers 2. statistical weight 1. relative energy 1925 cm-1• 

J. Phyc. Cham. Raf. Data, Vol.1S, No.2, 1086 

CEiHa 

5 
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Table 5. Vibrational frequeooies (em-1 ) for the six-membered rings 

1,}-Gyc10- 1,4-0yc10-
Cyc10hexane Cyc10hexene hexadiene hexadiene 

'11 h~ 29}6 ! 3040 A ~050 !:~ 3032 

'"2 2853 2940 }050 2822 

v3 1%5 2916 2939 1680 

\/4 1158 2865 2838 1426 

v5 802 2839 1577 1197 

'16 384 1660 1444 854 

v7 h y 1380 1460 1330 530 

v8 1150 1445 1243 ~ 1250 

V9 1100 1353 1223 970 

')110 1}50 1343 1178 370 

-in 1100 1240 1150 ~l§ 1240 

"'12 !~ 2914 
i 

1222 1059 706 

V13 2863 1140 994 ~~ 3032 

v.1<1- .!-G!! 14~7 109~ ~~ 1377 

'V 15 1039 1068 850 1280 

"16 522 966 753 1035 

"17 ]:~ 2924 905 559 574 

"18 e03:;; Ol.l!: ~OG !13§ l:!e'7S 

'119 1445 657 201 1010 

·v20 1347 520 11 3050 985 

"21 1268 392 3050 403 

')122 :1.029 z7° zo&+ !l1~ ,0'1-<: 

'123 785 ~ 3078 2838 2840 

'V 24 427 2960 1602 1439 

',125 ~ 2934 2890 1435 1405 

'11 26 2863 2878 1377 962 
..,-

27 1457 2858 1178 888 

"28 1346 1455 1165 1l2!! 2889 

'129 1260 1450 1100 962 

\/30 906 1343 1040 625 

\/31 862 1325 1016 108 

"32 241 1269 927 ~3!! 3042 

'1;3 1215 745 1642 

""34 1140 658 1362 

'135 1039 468 1159 

"36 1009 298 887 

v 3? 919 

'i~8 877 

"39 719 

"40 638 

v41 <I-~ 

"42 165 

J. Phys. Chem. Ref. Data, Vol. 15, No.2, 1986 
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Table 6. Molecular and thermochemical constants for the seven-membered rings 

Cycloheptanea Cyclohep t ene b 1,3-Cycloheptadienec 1 ,3, 5-Cyclohepta-

triene 

0 C7H14 0 C7H12 0 C'(H1O 0 C7HS 

Molecular weight 98.1876 96.1718 94.156 9'2.1402 

Point group .92 g~ g~ Q~ 
Symmetry number 2 1 1 1 

Number of optical isomers '2 1 1 ·1 

Ground state statistical 

weight 1 1 1 1 

Product of the three prin-

cipal moments of inertia, 
g3cm6x10114 39.1 32.1 29.12 21.43 

Vibrational frequencies see Table 7 see Table 7 see Table 7 see Table 7 

Enthalpy of formation at 
298.15 K, kJ mol-l -118.2 -9.4 94.2 182.8 

Other stable conformers were also taken into account for cycloheptane, cycloheptene and 1,}-cyclo­

heptadiene (pOint group, symmetry number (6 ), number of optical isomers (E), statistical weight (,E) and 

relative energy (:V are listed for each conformer): 

a 92 , rs = 2. !! = 2. E = 1. ! = 1200 cm -, ; 

b .92 ' Q = 2, n = 2, E = 1, ! = 500 em-1 ; 

c~I,(1= 1,1}=2,}?= 1, !=200cm-t, 
~2' (1 = 2, ~ = 2, }? = 1, ! = 500 em -I. 

J. Phys. Chem. Ref. Data, Vol. 15, No.2, 1986 
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'fable 7. Vibrational frequencies (em-I) for the seven-membered 

riDgs 

Cycloheptane 

2925(7)a 

2860(7) 

1467 

1450 

1446 

1440 

1430(3 ) 

1360 

1350 

1310(3 ) 

1285(2) 

1230(3) 

1210 

1200(2) 

1.1.Z' 

1100 

1040 

1020 

1005(2) 

950 

915 

850 

830 

810 

800 

735 

690 

650 

515 

490 

400 

335 

320 

273 

186 

~2.:5 

Cycloheptene 

3024 

2964 

2926 

2881 

2852 

2852 

2837 

1656 

1457 

1443 

1434 

1339 

1332 

1252 

1200 

1072 

1042 

983 

875 

824 

746 

691 

479 

417 

353 

190 

3062 

2963 

2924 

2854 

2842 

1447 

1439 

1391 

1.:557 

1323 

1270 

1234 

1207 

1144 

llQ4. 

1024 

985 

960 

889 

832 

585 

469 

312 

209 

1,3-Gyc1ohepta- 1,3,5-Gyc1o-
diene heptatriene 

3018 3050(6)a 

3018 2950 

2927 2850 

2885 1650(3) 

2858 1450(3) 

2830 1400(2) 

1613 12000) 

1433 1100(2) 

1430 1000(4) 

1372 950(2) 

1356 900(2) 

1257 800 

1252 750 

1043 700 

~CJO'I- O!:lU 

955 450(3) 

882 350 

856 300 

767 225 

683 

585 

363 

347 

242 

3062 

3062 

2963 

2905 

1645 

1448 

1397 

1341 

1300 

1223 

1195 

1153 

1077 

971 

895 

853 

835 

730 

577 

377 

165 

a Numbers in parentheses are the accidental multiplicities (some 

of tile close-lyiIIg frequencies were averaged due . to their large 

UDOertainty) • 

443 
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Table 8. Molecular and thermochemical constants for the eight-membered rings 

cyclooctanea Cycloocteneb "\ ,j-Cycloocta- 1, S-Cycloocta- "\ ,3,,),1-Cyc1,,-
dienec diened octatetraene 

0 CgH16 0 CaH14 OC~12 OC~12 0 CaRe 

Molecular weight 112.2144 110.1986 108,1828 108,1828 104.1512 

Point group Q~ 9'2- 92 Q2 g~~ 
Symmetry number 1 2 2 2 4 

Number of optical isomers 1 '2 2 2 1 

Ground state statistical 
weight "I 1 '\ 1 1 

Product of the thl'ee pl'in-
cipal moments of inertia, 
g.3cm6x 10114 92 80 66 66 51.67 

Vib:cational frequencies aee Table <;) see Table 9 see Table 9 see Table 9 see Table 9 

Enthalpy o:f fOJ:"lne.'Id.on e.t 

2'98.15 X, kJ mol-1 -124.4 -27.0 80.5 58 .. 6 297.6 

Other stable conformers were also taken into account for cyclooctane, cyclooctene, 1,) .. cyclooctadiene, 

and "\ ,5-cyclooctad.iene (point gl'OUP, symmetry number (6 ), number of optical isomers (E)' sta.tistica.l 

weight (E), and relative energy (!) are listed for each confonner) = 

a 122 , (5" = 4, !! '" 2 } 

9" 6 = 1, !! == 2 

.92y ' 6 = 2, ~ = 1 g 
92 , 6 = 2, !! == 2 

9" '5 = 1 t ~ == 2 

b 22 6 = 2 f !! == 2, E. = 1, ! = 1000 cm-1 ; 

C 9 1 f 6 = " .!! = 2, E. == 1 I ! = 200 em -1 ; 

d 92h_,6 ='2, !!:=11) 1 
15 == 1, E =0 E = 1, ! "" 1500 em" • 

J. Phys. Chern. Ref. Data, VOl. 15, No, 2, 1986 
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Table 9. Vibrational frequencies (om-1 ) for the eight-membered 

rings 

C701000tane Oycloootene l,3-Gyolo- l,5-Gyclo- l,3,5,7-Gyol0 
ootadiene ootadiene ootatetraene 

2933 3040(2)a 3040{4)a 3040(4)a ~1 3013 

2921 2920(4) 2930(2) 2910(4) 1651 

2915(5)a 2900(2) 2900(2) 2850(4) 1202 

2908 2850(6) 2885(2) 1660(2) 873 

2885(2) 1650 2850(2) 1450(4) 758 

2880 1450(6) 1635(2) 1390(2) 194 

2872 1390 1450(3) 1350 ~2 2950 

2867(2) 1350(4) 1360(5) 1310(2) 14()() 

2859 1300(3) 1310(2) 1260(2) 1000 

2853 1240(3) 1250(2) 1200(3) 900 

1483 1140(3) 1200(2) 1160(2) 190 

1472 1080(3) 1110(3) 1060(2) !ll 2954 

J. .. :;,~ 1.u;>u('::J 1.060('::) 1.0'::0 1. ... " 

1442 980(2) 970(2) 980(2) 994 

1400(6) 900(2) 930(2) 940(2) 967 

1380(3) 870(2) 870(2) 890 655 

1364 800 830(2) 820(3) 249 

1360 770(2) 800 760 :§2 3015 

1350 680 740(2) 720 1608 

1297 550 £20(2) 560 1204 

1291 460(2) 530 590(2) 659 

1260 350(4) 410 490(2) 285 

1250 300 370 380 ! 3015 

1230 200 310 310 2965 

1217 150 260 270(2) 1640 

ll75 220 210 1400 

ll37 190 120 1223 

1135 140 967 

1110 945 

1088(2) 800 

1046 625 

988 365 

956 

930(2) 

862 

854 

799 

768 

725(2) 

691 

667 

540 

514 

478 

36? 

326 

292 

255 

220 

125 

a Numbers in parentheses are the aooidental multiplicities (some 

of the close-lying frequencies were averaged due to their large 

unCertainty) • 

at telllperatures from 100 to 1500 K for a pressure of 1· atm 
t~-lOl 325 Pa) are given in Tables 10-30. 

Th~enthalpyofformation ll.rIr (298.15 K) for all sub­
lttUlcesbutJ,3,.cyclobutadiene, l,4-cyclohexadiene, and 1,3-

cyclooctadiene was taken from the compilation of Pedley 
and Rylance.2 

The inversion motion contributions to the thermody­
namic properties for cyclobutane and cyc10pentene were cal­
culated by the use of· the potential function of type 
V(x) = !kx2 + ax4. These potential functions are based on 
experimentally observed transitions and barrier heights of 
the inversion mode for the respective molecules. The contri­
butions due to inversion were obtained by the summation 
over the energy levels calculated from the potential func­
tions. The procedure for energy levels calculations was de­
scribed previously. 3,4 

The pseudorotation contributions to the thermody­
namic properties of cyclopentane were calculated using the 
free rotation model. 1 

The thermodynamic properties of molecules with sev­
eral stable conformations were calculated by assuming the 
same fundamental frequencies and principal moments of in­
ertia for all conformers (only the discrepancies in symmetry 
numbers and relative energies were taken into account). 

It should be emphasized that the chiral conformations 
(C1,C2,D2 symmetry) exist as an equimolal mixture of two 
enantiomeric forms. The contribution to the thermodynam­
ic properties of two optical isomers is obtained by adding the 
entropyofmixing,S:nx =R In 2, toS and - (Go -H~) 
IT, which is equivalent to assuming the effective symmetry 
number Ueff = uln (uis the symmetry number, n = 2 is the 
number of optical isomers). For that reason Tables 4, 6, and 
8 show the numbers of optical isomers together with other 
molecular constants. 

Uncertainties in the calculated thermal functions (Ta­
ble 31) were obtained by taking into account the inaccuracy 
of selected molecular structural and spectroscopic data and 
inaccuracy due to the deviation from the rigid-rotor har­
monic-oscillator model. The procedure for the approximate 
evaluation of these uncertainties was described previously. 1 
Uncertainties in adopted enthalpies offormation (Table 31) 
for most of the substances were taken from data of Pedley 
and Rylance.2 For 1,3-cyclobutadiene, 1,4-cyclohexadiene, 
and 1,3-cyclooctadiene uncertainties in arHO(298.15 K) 
were estimated in the present work. The selection of the 
enthalpy of formation values for these three substances will 
be described below. 

Comparisons of the oalculated and experimental en­
tropy and heat capacity values are given in Tables 32 and 33, 
respectively. 

2. Cyclopropane 
The rotational constants Bo and Co were obtained from 

high-resolution infrared spectra5-
7 and from pure rotational 

Raman spectra,8-10 respectively. The structural parameters 
estimated from rotational constants9,10 are consistent with 
electron diffraction data. 11 The product of the principal mo-· 
ments of inertia of cyclopropane (Table 1 ) was calculated 
using the more precise rotational constants of McCubbin et 
aU and Butcher and Jones. 10 

Various workers have studied the infrared and Raman 
spectra of cyclopropane. 5-8,10,12-15. Duncan and McKean 14 

J. Phys. Chern. Ref. Data, Vol. 15, No. 2,1986 
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Table 10. Ideal gas thermodynaaic propert1es for c;,.olopropane 

~ CO 
-p 

_«(jO_~O)n. §.o ~_~o 

J K-lllOl-1 kJ 1101-1 
log ~ 

K 

100 33.321 161.608 194.871 3.326 -39.1074 
200 38.907 184.814 218.9905 6.830 -23.159 
2118.15 55.571 1911.1 UII 237.378 11.410 -18.211!! 
JOO 55.941 1911.546 237.U3 11.513 -18.241 
400 76.052 211.291 256.589 18.119 -16.0j1 
~OO 93.859 222.2 .. 9 27~ .5:)l 20.641 -14.1I,si! 
00(J 108.5 .. 2 232.677 293.1100 36.786 -14.099 
700 120.082 242.7Uli 311 .6~!! 48.265 -13.612 
BOO 13U .91 U 252.:S8~ 328.4~9 00.859 -13.Z6!! 
IiOO 139.658 201 • .,31 3 .. 4.39c> 14.398 -13.014 

lUUu 147.207 270. toO 359.~1U 88.7SU -12.817 

11U0 153.74\1 279 ... 80 3n.8S5 103.800 -'2.600 
120U 1511 ... ..12 287.92.5 387.482 "9.411 -12.S.52 
1jUO 164.31( '\l0.OB4 4U\).443 135.008 -12.425 
1400 108.01l!! 303.982 .. 1 ~. 707 15~.320 -12.332 
1 !>lJU 17<, ... 53 311.031 .. 2 ... 5~6 169.387 -12.252 

reported the complete vibrational assignment from their in­
frared measurements for the gaseous and solid states of cy­
clopropane. We have adopted the vibrational fundamentals, 
as shown in Table 1, of Duncan and McKean,14 with the 
exception that the more precise values of V6 and V8-VII were 
taken from the high-resolution infrared spectrum of Dun­
can.6 Duncan and Bums 16 confirmed their assignment by 
carrying out a normal coordinate analysis. More recent ex­
perimental and theoretical studiesl7-2o are consistent with 
the vibrational assignment of Duncan. 

Ideal gas thermodynamic properties for cyclopropane 
are listed in Table 10. The calculated value of S' (298.15 K) 
is in good agreement with the calorimetric value of Ruehr­
wein and Powe1121 and with the other statistically calculated 
entropy values21

-
23 (Table 32). The calculated values of C; 

agree well with available experimental data254,255 (Table 
33). The thermal functions reported by Chang et al.24 were 
obtained with the molecular constants estimated from mo­
lecular mechanics (empirical force field) calculation; the 
agreement with their functions is worse than with other cal­
culations (for S' see Table 32; the discrepancy in C; 
amounted to 2 J K- 1 mol- 1 at 298.15 K). Due to the dis­
crepancy in the molecular constants used, the agreement 
with the data of Karuppannan et al.:l:5 increases as the tem­
perature increases (for S' see Table 32; the discrepancy in 
C; amounted to 2 J K-l mol- 1 at 1000 K). As we have 
used more reliable input data, our calculated thermodynam­
ic properties are believed to be the most reliable. 

3. Cyclopropene 
The molecular structure of cyc1opropene was investi­

gated by electron diffraction25 and microwave26,27 tech­
niques. The structural parameters obtained in these studies 
are mutually consistent. The rotational constants deter­
mined by Stigliani et al.,27 which are believed to be more 
precise, were used to compute the product of the three prin­
cipal moments of inertia (Table 1). 

Vibrational spectra of cyclopropene were studied by 
various workers.28- 3o The fundamental frequencies used in 
our calculations (Table 1) were taken from the more reliable 
work of Yum and Eggers.30 These authors observed vibra-
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Table 11. Ideal gas thermo~c properties for cJ'Clopropene 

~ C ° _«(jo_~o)/~ §.o ~_~o 
-!l 

J K-1 1Il01-1 kJ IIlOl-1 
log ~ 

K 

1iJv 33.44 .. 11>7.7Li' 2uO .'>'~ ( 3.328 -147.96Z 
C:UV ::>9.3;5 1':I1.J.Ybll 22~ .ItU1 0.882 -74.339 
iYo.n !i~ .881 2()).344 243.4~1 11.373 -50.367 
.)v0 53.1 "" 205. ;oU 243.619 11.472 -50.008 
t.uu ,,7 .<;~9 217.324 26.1.170 17.540 -38.0611 
;U'J (lu'S'J.) 227. loS 277.736 24.985 -3Q.935 
6~i.i YU.6~\I 237'''(i1S 2Y3.~ .. ~ 33.561 -26.219 
7ull Y~.Y9' ~"6.4;!) 307.964 43.056 -22.873 
ouu 10,. '>'6" dS.lJ(;b 321.652 ;3.315 -20.378 
~Lu 111 ..... \1 263.13" 334 ... S8 64.21 Ii -18.446 

1UiJJ 11/. vb" aU.il(9 3"6.556 75.677 -16.907 

11 ui; 121.526 278.28u 357 .... 28 87.613 -15.651 
1 ivu 1 Z~.3 jib 285.370 368.672 99.90j -11..608 
1.)(1\) 120.7('5 292.17~ :378.!!43 112.072 -13.727 
14\)() 131.03\1 2\18./1(; 388.""1 lC!5.6 ... .) -12 .• 913 
1 ~L i.I 134.101 3uS.(;L4 397.662 138.1187 -12.320 

tional frequencies from infrared and Raman spectra for the 
vapor and liquid states and carried out a normal coordinate 
analysis to confirm the vibrational assignment. The frequen­
cies calculated by Wieberg et al.31 ,256 are consistent with vi­
brational assignment given by Yum and Eggers. 30 

Ideal gas thermodynamic properties for cyc1opropene 
are listed in Table 11. Unfortunately, no experimental data 
on _ gaseous C; and S' are available for comparison; how­
ever, the thermal functions computed in this work are practi­
cally identical with those reported earlie~0.32 (the compari­
son for S" is given in Table 32). 

4. Cyclobutane 
Infrared,33-37 Raman,34-36 nuclear magnetic reso­

nance,38 and electron diffraction39-42 studies have shown 
that cyelobutane undergoes inversion and the ground-state 
molecular structure is puckered (D 2d symmetry). Ab ini­
tio43,44 and semiempirical45-49 calculations confirm these ex~ 
perimental results. Different conclusions, however, have 
been reported with regard to the degree of ring puckering 
and the value of methylene group rocking. The product of 
the principal moments of inertia for cyclobutane (Table 2) 
was calculated from electron diffraction structural data ob­
tained by Takabayashi et al.,42 except for the methylene 
group rocking angle. Takabayashi et al.42 estimated this an­
gle, r 6°, assuming the linear dependence of this parameter 
from the ring puckering angle. We adopted r = 4° according 
to data38,44,48,49 as they appear more reliable. The ring puck­
ering angle cp = 26° determined by Takabayashi et al.42 

agrees well with the values obtained from nuclear magnetic 
resonance data38 and the high quality ab initio calculation.44 

This result significantly differs from the previous conclu­
sions33-36,41 ascribing to the cyclobutane ring much higher 
nonplanarity of approximately 35°. 

Infrared and Raman spectra for the vapor, liquid, and 
solid phases of cyclobutane were investigated.33,35,36,50-53 
Until recently, the vibrational frequencies determined by 
Miller et al. 52 were believed to be the most reliable. However, 
later Banhegyi et al.54 carried out the ab initio calculation 
and reassigned some experimental vibrational frequencies. 
Aleksanyan and AntipovS3 reinvestigated the infrared and 
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Table 12. Ideal gas thermo~c properties for c;yelow.taDe 

T CO -<CJ.°-fJo°)/,£ §.o ~-F100 
-~ 

log ~ 
K J K-1 .01-1 kJ 1101-1 

1UO 38.169 171.1010 211.958 "l.I.t 19 -"l3.224 
.:uu 'to .0':" 'U~ _"'tJu ;: .. 1.,55 7 .7$<.1 -22.473 
291).1 S lv.Sb4 219.UU5 colo • .sr,.o 13.53" -19.645: 
.sou 71.04!! 2111.286 264.t$j1 B.o6'! -19.614 
.. uO 'H.oo' Z"l3.6bf 288.~'u 2i! .1U1 -18.532 
:>uu 122.U211 ,47.10" ,SU.j91 33.110 -18.062 
000 '42.ojo 2bU.Z£1 337.522 "b.3!!1 -17.842 
700 1!19 ."'1!) 272.942 3bU .840 o1.~33 -17.738 
IIOU 174.,Z4 285.338 "l83.1a.U llS.27" -17 .088 
9UU 186.985 c91.4Uj 404.473 96.363 -17 .067 

1UDO 197.000 5U9.131 424.743 11 ~ .01, -17 .b59 

11 UU 206.8~L 320.52 .. 44 ... U£4 13!>.85u -17 .657 
HUll 21".761 331.;85 ,,(>2.job 150.9"U -17.658 
1'sUlJ 221.59u 342.525 .. 1Y./lj6 1711.704 -17 .b59 
1400 227.490 352.745 4',10.4711 201.226 -17 .c6U 
1500 23Z.6l2 362./l01 512.354 224. ,3'1 -17 .659 

Raman spectra of cyclobutane in the three aggregation states 
and confirmed the results of Banhegyi et al.:J4 The vibration-
al frequencies given in Table 2 are those obtained by Miller et 
al.52 from infrared and Raman spectral measurements of 
gaseous cyclobutane, with the exception of V4 , V7 , V 8, VlO, and 
v 15 modes, for which the values were taken from Refs. 53 and 
54. 

Cyclobutane is a molecule which undergoes inversion. 
The thermodynamic-property contributions due to inver­
sion of the cyclobutane ring were obtained by the direct sum­
mation over the energy levels calculated with the potential 
funotion. The procedure for energy levels calculation was 
described previously. 3,4 Several investigations of the double 
minimum ring-puckering potential function of cyclobutane 
have been reported.34-36 The potential function given by 
Miller and Capwell36 was used to calculate 60 energy levels. 
The potential function for inversion is 
Vex) = 6.932X 10sx4 

- 3.79X 104x2 (where x is the ring­
puokering coordinate) with a barrier height of (518 ± 5) 
cm -1. The partition function. for inversion is based on these 
60 levels with the first 7 levels being the experimental levels 
from which the potential function was derived. 

Ideal gas thermodynamic properties for cyclobutane 
are given in Table 12. The calculated value of S' (298.15 K) 
is 1 J K -1 mol- 1 less than that obtained from calorimetric 
measurements55 (Table 32). This discrepancy is practically 
within uncertainties of the experimental and calculated val­
ues. Another two available calculations (Table 32) are not 
suitable for comparison with our result. Rathjens et al. 50 

obtained the excellent agreement with experiment by actual­
ly fitting the vibrational assignment for cyclobutane. The 
discrepancy between data of Rathjens et al.50 and thermal 
functions given in Ta.ble 12 increasC8 significantly at higher 
temperatures [up to 4.2 J K - 1 mol- I for S ( 1000 K) and 3 
JK- 1 mol- 1 for C;(1000K)]. As Rathjens et ai.50 used 
unreliable molecular constants and calculated inversion 
~titributions to thermal functions by an approximate meth­
:xl we suppose that our data are more precise. Chang et al. 24 

,sed· the molecular constants evaluated from the molecular 
!Jcchanics calculation. Then:fon::, the good agreement 
ctweentheir and our values of entropy (Table 32) is fortui-

tous (the discrepancy in C; amounted.to 2.8 J K- 1 mol- 1 

at 500 K). 

5. Cyclobutene 
The molecular structure of cyclobutene has been stud­

ied by the visual electron ditIraction method56 and by micro­
wave techniques.57

,58 Cyclobutene has a planar structure. 
The rotational constants determined in microwave stud­
ies57,58 agree well. Bak et al. 58 studied the microwave spectra 
of cyc10butene and four of its isotropic species. From these 
data they 'calculated the structural parameters of cyclobu­
tene. These parameters are in good agreement with those 
obtained by Wieberg and Wendoloski59 from ab initio calcu­
lation. The product of the principal moments of inertia, giv­
en in Table 2, was calculated using the rotational constants 
of Bilk at al.58 

Lord and Rea60 observed both the Raman spectrum of 
the liquid and the infrared spectrum of gas and liquid, and 
made a complete assignment of the vibrational frequencies 
for cyclobutene. Unobserved V 9-V12 modes of A2 symmetry 
were evaluated by c;;omparison with suitable fundamentals of 
B2 symmetry. Sverdlov and Krainov61 carried out the nor­
mal coordinate analysis and proposed new assignments for 
several frequencies. The reassignment of spectral data60 was 
also made by Suzuki and Nibler62 from their investigation of 
vibrational spectra of cis-3,4-dichlorocyc1obutene. The most 
reliable assignment seems to be that reported by Aleksanyan 
and Garkusha63 from infrared and Raman spectra of gase­
ous, liquid, and solid states of cyclobutene. This assignment 
was adopted in the present work, exoept for two unobserved 
frequencies of A2 symmetry, V9 and Vll (Table 2). We have 
perf erred the vapor phase values whenever available. For the 
CH2-stretching mode ("9) the value of 2955 cm -1 was cho­
sen in accordance with the estimation made by Lord and 
Rea.60 The assignment of the CHz-rocking fundamental 
(VII) has been less certain. Lord and Rea60 have evaluated it 
as 640 em-I, whereas Sverdlov and Krainov,61 using a. nor­
mal coordinate treatment, have assigned the band at 1276 
cm -1 to a "11 fundamental. From comparison with the CH2-

rocking fundamentals of cyclopentene64 we estimated this 
frequency as 1000 ± 150cm - 1. 

Table 13. Ideal gas theDll~C properties tor c7CloblltleD8 

T CO _<gO -!let)/'g ~o !f-IJo° 
-~ 

log~ 

K J K-~ 1101-1 kJ 1101-1 

1 UU 35.049 180.384 214.VIlIi 3.302 -92.470 
.:UU .. 4.0Y( c:O ... :5C10 t4u.o,'1 7.j:<>" - .. .".177 
;(Ylh1 ~ 04."1 j Z11i.1S44 Z61.9b2 12.5$7 -lS .429 
3uu o4.b41 22iJ.1 US l6c.36i! 12.677 -35.26U 
4JU 88. 07 ~ 233.393 284.220 20.331 -28.549 
!luU 1011.624 24!1.756 306.149 30.197 -24.649 
ouu 125.54c 2S7 .612 321.501 41.933 -2l.1H 
luu 139.443 269.06a 347.931 5S .204 -20.341 
bUU 151.035 2BO.149 367.330 69.745 -1'0.032 
'ruu 10u.1l33 . 290.lIb6 385.701 85.352 -1a.O~6 

lUIlU 109.184 301.C21 4U3.09U 101.864 -17.lil8 

11UO 176.339 311 .242 419.559 119.149 -16.579 
,<:ou 182.493 3iW.92!1 435.173 137.098 -16.041 
HUU 1bl.bU1 330.288 449.995 155.619 -15.586 
1400 19,.393 339.34b 464.VII!! 17 ... 0.)" -".,7T 
15VO 196.378 341i.1H 477 .... 98 194.078 -14.658 
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Ideal gas thermodynamic properties for cyclobutene 
ire presented in Table 13. There are no experimental data for 
comparison. The thermal functions calculated by Danti65 

are different from ours by up to 3.4 J K -1 mol- 1 for 
S' (1000 K) and 2.7 J K- 1 mol- 1 for C; (298.15 K) (see 
also Table 32). As we used the most recent and complete 
data, our thermal functions are believed to be more reliable. 

6. 1,3-Cyclobutadiene 
The question of the ground-state structure of cyc1obu­

tadiene has been of great interest to both experimental and 
theoretical chemists over the past 15 years. The observed 
infrared spectrum of matrix isolated cyclobutadiene origin­
ally has been interpreted as indicating a square-planar struc­
ture for the molecule because the number of bands agreed 
with the number expected,66--68 and because the frequencies 
agreed with those calculated theoretically for a square 
ground state.69,70 However, a number of semiempiricaFI-73 
and good ab initio7

4-80 calculations ofthe geometry all agree 
in predicting a rectangular ground state instead. Masamune 
et al.81 concluded from an improved experimental infrared 
spectrum that the cyc10butadiene ring is not square but most 
likely rectangular. This is supported by the similarity found 
between Masamune's and the computed infrared spectrum 
of rectangular cyclobutadiene.77,79,8o,82 Thus the evidence, 
both theoretical and experimental, leads to the conclusion 
that the cyc10butadiene ring in the ground state is not square 
but rectangular (D 2h symmetry). 

There are no experimental data on the molecular struc­
ture of cyclobutadiene. The product of the principal mo­
ments of inertia (Table 2) was calculated based on the esti­
mated structural parameters for planar rectangular 
geometry: 

and 

r(C = C) = 1.34 ± 0.03 A, 
rCC-C) = 1.55 ± 0.03 A, 
r(C-H) = 1.08 ± 0,02 A. 

~ = C-C-H = 135 ± 30

• 

These parameters were adopted by comparing the results of 
ab initio calculations for cyclobutadiene75,76,78.8o and se­
miempirical calculations for cyc10butadiene and cyclobu­
tene.72 (The experimental molecular structure is known for 
cyclobutene and it helps to estimate the uncertainty of theo­
retical predictions for cyclobutadiene. ) 

Only five vibrational fundamentals were assigned from 
the infrared spectrum of matrix isolated cyc1obuta­
diene66,81.82: 570 cm -I (v12, B lu' CH wagging); 1240 cm-1 

( V 14' B 2u' CCH deformation); 720 cm - 1 (v 15, B 2u' C-C 
stretching); 3040 cm- l 

(V I6' B 3u' CH stretching); and 1520 
cm -1 (v 17' B 3u' C = C stretching). These values were 
adopted in the present work (Table 2). The vibrational spec­
trum of cyclobutadiene was calculated by the ab initio meth­
od. 77.7q.RO.&~ Whitt: tht: calculatt:d intt:llsities wt:re fuund to be 

in good agreement with those observed experimentally, an 
appreciable discrepancy exists between calculated and ex­
perimental frequency values (up to 100-250 cm- I

). To ob­
tain more reliable data for unobserved fundamentals, a nor-
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Table 14. Ideal gas the~e properties for 1.3-eye1obuta­

diene 

~ CO 
-p 

_(!!o_~o)/'!. ~o if>-~o 

J X-1ll101-1 kJ 1101-1 
log ~ 

X 

1 CO 33.6,0 172.314 21.15.614 3.33fJ -204 .~67 
2uU 42.803 195.77~ 2~U. Y 11.1 7.04U -1 u2 .41 .. 
ZYII.1 S bU. YOb 210.733 ,51.3,8 12.103 -69.161 
3uu 01.332 210.9115 251.700 1, .21b -60.745 
4UU bu.069 223.707 271.0,114 1 \1.,$07 -5<:.U4/ 
!IOU 95.64.) <:35.336 ,91.578 2i1.121 -42.u90 
bUll 1UIl.U.:9 t4b.273 311.1.154 30 • .521i -,$5. 5U~ 
(1.11.1 11( • .,,00 ,;'0.0)0 .)1:.1.'01 .. .,..040 -.)u.o , .. 
dOU 12b.171 (bb.'5~ .H3.lioi 61.lie7 -27.311.1 
90U 133.025 270.uu.5 3,"'.1 S; 1 ... 1l36 -24.59.5 

10l.lu 130./l,$4 cb5. u42 :'73.4.,9 1I1S.437 -(2.42b 

111.10 143.795 .:9.s.7u1 386.951.1 102.575 -20.651 
12uu 1411 .055 .su( .uuo 399.b5u 117.173 -19.186 
1301.1 151.7i!5 .)U<; .98, 411.049 132.1bO -17.943 
1400 154.9uu .517.65" 42.) .1.112 147.501 -16.1i78 
1500 1,7.055 ':'25.04U 4.s.5.195 103.132 -15.957 

mal coordinate calculation was performed. For this purpose 
we used the NCA (normal coordinate analysis and force 
constants refinement) program by Novikov.83 The initial 
force field (12 force constants) was transferred from 1~3-

cyclopentadiene.84 After force constants refinement, the five 
observed band positions were reproduced with an accuracy 
of 1 cm -I. The uncertainties of calculated values for unob­
served frequencies (except for torsion frequencies) are less 
than 50 cm - 1. The vibrations involving the torsion motion 
are not observed experimentally and their force constants 
therefore cannot be evaluated in the same way as the other 
ones. These fundamentals [vs(Au), v6 (Au ), VIO (B 2g), and 
VII (B 3g ) ] were obtained by averaging the values calculated 
with the torsional force constants of 1 ,3-cyclopentadiene~84 
1,3-cyclohexadiene~85 and 1,3-cycloheptadiene86; their un­
certainties were estimated to be 50-150 cm -1. 

No experimental data on the enthalpy of formation of 
cyclobutadiene are available, but its value was calculated by 
ab initio 78 and semiempiricaf3,87 methods. We adopted the 
MINDO/3 value of ArHO(298.15 K) obtained by Kollmar 
et al., 73 since in their opinion the extrapolation of the errors 
in the MINDO/3 enthalpy off ormation for cyclobutane and 
cyclobutene suggests that the error in the case of cyclobuta­
diene is probably quite small. 

Ideal gas thermodynamic properties for 1,3-cyclobuta­
diene, given in Table 14, are reported for the first time. No 
experimental data are available for comparison. 

7. Cyclopentane 
Kilpatrick et al.88 introduced the concept of pscudoro­

tation to explain the high gas phase entropy value of cyclo­
pentane. The cyclopentane equilibrium conformation has 
been shown by Pitzer et al. 88

•
89 to be puckered in contrast 

with the previously assumed planar conformation (D 5h 

symmetry), and to vary continuously on an equipotential 
energy surface. Semiempirical and ab initio calculations of 
tht: rdativt: t:IlCa'git:s for different conformations of cyclopcn­
tane90-93,257 confirmed that a pseudorotation of the ring 
puckering takes place. This implies a close similarity 
between the energies of the nonplanar half-chair (C2 sym­
metry) and envelope (Cs symmetry) conformations. The 
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most direct evidence for pseudorotation in cyclopentane has 
come. from spectroscopic studies.94-96 Electron diffraction 
investigation97 also agrees with the pseudorotation of cyclo­
pentane and shows the ring to be decidedly nonplan.ar. 

Since cyclopentane undergoes an almost unhmdered 
pseudorotation, that is, all conformations of p~ckered mole­
cule are energetically equivalent, the effective nonplanar 
structure (C1 symmetry) is adopted for cyclopentane. The 
product of the principal moments ofinertia, given in Table 3, 
was calculated from electron diffractIOn structural param­
eters obtained by Adams et al. 97 for nonplanar (C2 and Cs 

symmetry) conformations of cyclopentane. . 
The vibrational spectrum of cyclopentane based on m­

frared and Raman studies98,99 was partly reassigned accord­
ing to force field calculations. 92,100 The frequencies, given in 
Table 3, were based on the assignments proposed in Refs. 92 
and 100. 

The contributions of unhindered pseudorotation to the 
thermal functions were calculated by free rotation formulas l 

assuming the reduced moment of inertia, lr = 11.10-40 

g cm2 (spectroscopic value94 ), and symmetry num~er, 
0' pseudo = 10 [cyclopentane ring undergoes pseudorotati0n 
through its planar configuration (D Sh symmetry)]. 

Ideal gas thermodynamic properties for cyclopentane 
are listed in Table 15. The calculated values of S at 298.15, 
310.16, and 322.41 K coincide with the calorimetric entro­
pies88,101 [forS (298.15 K) see Table 32] and the calculated 

. . I 88 101 258 'th' values of C; agree With expenmenta ones' , WI In 

0.1-1.1 J K-1 mol- 1 (Table 33). The agreement of calcu­
lated values of S at 230,260, and 323.2 K (274.4,282.4, and 
299.9 J K-1 mol-I, respectively) with earlier calorimetric 
data of Aston et a[.259 (273.0, 282.4, and 297.9 
J K -1 mol- 1, respectively) is not as good as with more re­
cent experimental data.88

,101 Our thermal functions are in 
good agreement with those calculated by Kilpatrick et al. 88 

and McCullough et al.101 at low temperatures. The discre­
pancies, however, increase at higher temperatures up to 1.8 
J K- 1 mol- 1 for S (1500 K)IOJ and 2.7 J K- 1 mol- 1 for 
Co (1500 K). 88 These discrepancies, as well as the discre­
p:ncies with thermal functions calculated by Chang et al. 24 
are due to the difference in molecular constants used in cal­
culations. As we have used more recent and reliable data, we 

! CO _{~o -!Jo 0 )/'£ ~o ~-f100 -p 

J x:-1 1101-1 11:3 1101-1 
log ~ 

x: 

lUll 411.182 196.937 234.979 3.8U4 15.693 
,ou 54.18~ 224.295 266.284 8.398 -.338 
,911.1 ~ 8,.759 242.469 292.857 15.0Z3 -6.567 
~oo 83.388 242.782 293.371 15.177 -6.65Z 
401J 118.HO 258.986 322.122 25.25~ -10.268 
50U 15U.053 274.593 352.001 38.704 -12.671 
60U 177.072 289.966 381.820 55.100 -14.396 
700 199.703 305.192 410.866 73.972 -15.6910 
avu Z16.1" ::;ZO.1c.U "'38.S'" 94.'>23 -' •• 704 
... 00 235.021 334.841 465.546 117.635 -17.511 

1000 248.883 349.190 491.045 141.848 -18.167 

l10u 260.761 363.2C5 515.337 107.346 ·'8.709 
1,00 270.964 376.1154 538.475 193.945 ·19.163 
nOO 279.750 390.141 560.519 221.491 ·,9.546 
!/,OC 287.341 403.068 581.536 249.855 -19.873 
HilI) 293.915 41S.639 601.590 278.926 -20.155 

feel our calculated values of thermodynamic properties 
should be more reliable. 

8. Cyclopentene 
Microwave studies,102-104 electron diffraction investi­

gation,105 and analysis of the ring-puckering potential func­
tion from infrared and Raman spectra,106-108 as well as ab 
initio calculation257 established that cyclopentene has a non­
planar ground-state conformation (envelope, Cs symmetry) 
and the molecule undergoes inversion through its planar 
configuration (C 2v symmetry). 

The values of rotational constants obtained in micro­
wave investigations102

,l03 are somewhat different. Schar-
04 f h dC t' 103 tki pen} reanalyzed the data 0 Butc er an os am a. ng 

into account vibrational-rotational coupling and obtamed 
good agreement with the rotational constants ofRathjens. 102 
The product of the principal moments of inertia, given in 
Table 3, was calculated using the. rotational constants of 
Rathjens. 102 Assuming the values of some structural param­
eters, Rathjens102 evaluated the ring-puckering angle as 22° . 
From analysis of the ring-puckering potential of cyc1open­
tene the dihedral angle was deduced to be 22-26° .106,108,260 

The electron diffraction value is somewhat larger (29° ).105 
The value obtained by ab initio computation257 is probably 
too small (13.6° ). 

Vibrational spectra of cyclopentene were studied by 
various workers.64,109-113 The fundamental frequencies for 
gaseous cyc10pentene used in our calculations (Table 3) 

were taken from the more detailed investigation of Villarreal 
et al.64 These authors have measured the infrared and Ra­
man spectra of cyclopentene and it'.) isotopic species in all 
three aggregation states. In conjunction wth a normal coor­
dinate analysis, vibrational assignments are proposed on the 
basis ofisotopic shift ratios, group frequency considerations, 
relative band intensities, and shapes, as well as depolariza­
tion ratios. 

The thermodynamic-property contributions due to in­
version of the cyclopentene ring were· obtained by direct 
summation over the energy levels calculated with a potential 
function. The procedure for energy level calculation was de­
scribed previously.3,4 Several investigations of the double 
minimum ring-puckering potential function of cyclopentene 
have been reported. 104,106-108,260 Laane and Lord 106 have re-
ported the potential function derived from experimentally 
observed transition of the inversion modes for cyclopentene. 
This function is based on an estimated value of reduced 
mass. More recently, Villarreal et al.'l61 have calculated the 

value of reduced mass and the potential function was recal­
culated. In this work the potential function given by Villar­
real et al.261 based on the study of Laane and Lord106 was 
used to calculate 60 energy levels. The potential function for 
inversion is V(x) = 7.11 X 105x4 - 25.7X 103x 2 (where x is 
the ring-puckering coordinate) with a barrier height 
(232 ± :5) cm -1. The partition function fOI- inversion is 
based on these 60 levels with the first 12 levels being the 
experimental levels from which the potential function was 
derived. 

Ideal gas thermodynamic properties for cylopentene 
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Table 16. Ideal gas tbermod,namic properties for cyclo:p8ntene 

'!' c 0 -{gO_go 0)/,£ ~o Jf-~o -p 
log ~ 

K J K-l mol-l kJ mol-1 

lUv 40.365 1"17.u18 233.171 3.b"15 -3 ... 311i 
,,,1.1 54.73'1 223 ... \lj 264.74j 8.250 -<2.484 
,Yo. I ~ 8l.US 241 .... 31:1 2'11. ,0 7 14.857 -1'1 .2~5 
..lvv 81.830 241.7410 291.77<: 15.008 -19.259 
4llU 112.U81 257.701 319.489 24.715 -17.91l6 
5~v B8.9!lo 272.862 34 (.47 j 37.306 -17 .394 
OUiJ 161.31>1 287. 591 374.8!>8 52.36U -17 .089 
7vLi 179.Y~Y 301.952 401.174 61'.455 -16.921 
tiuU 1 Ii,. 517 315.9.), 426.248 88.251.1 -1b.822 
\>uU ,011. luli 32<; .520 450 .05\> 1 08 .4~1.i -16.761 

1 Liuu ; 111.vi.! 1 342.718 4.72.646 129 .Y~8 -1 C. 721 

111 .. 1.1 229.l'O'l 355.513 494.075 152.418 -16.693 
121.11.1 237.882 367.915 !i14. 41 7 17).802 -16.672 
ljlHJ 24~.li 1 'i 379.934 533.746 199.956 -16.654 
I .. Vu 251.1 li6 391.5l!2 552.136 22 ... 776 -16.639 
1 ~ou 256.530 .. 02.875 569.052 250.165 -16.624 

are presented in Table 16. The calculated value of S' (298.15 
K) is 1.51 K- 1 mol-l larger than thatobtainedfromcalori­
metric measurements,109 whereas the entropy values calcu­
lated in previous works109,1I4,1I5 agree well with the experi­
mental entropy (Table 32). Beckett et al. 109 and Furuyama 
et al. 114 calculated the thermal functions based on a classical 
partition function for inversion and unreliable vibrational 
frequencies. Draeger et al. 115 used the reduced potential 
function104 based on the study of Laane and Lord,I06 and 
employed the same method for computing of inversion con­
tributions as in the present work. However, the rather unre­
liable vibrational assignment of Furuyama et al. 114 was 
adopted by Draeger et al. 115 Unfortunately, Draeger et al. 115 

have not reported the values of entropy contributions due to 
inversion and thus the discrepancies between their data and 
thermal functions given in Table 16 cannot be analyzed in 
detail. Nevertheless, we state that the main discrepancies 
between the thermal functions obtained in this work and 
calculated by other authors 109. 114.115 [upt06.51 K- 1 mol- 1 

for SO (1500 K)115 and 2.5 JK-1mol- 1 for C;(298.15 
K)115] are due to the difference in the adopted vibrational 
frequencies. If we had adopted the same values of vibrational 
frequencies as Draeger et al. 115 had, we would have obtained 
the value of S' (298.15 K) = 290.0 J K- L mol-t, which is 
in good agreement with the experimental value of SO (298.15 
K) = 289.71 K- 1 mol-I. However, the vibrational assign­
ment of Villarreal ot al.64 seems to be the most reliable (see 
above) and we cannot find any reason for its modification. 
Thus, the use of the vibrational frequencies of Villarreal et 
al.64 has not enabled us to obtain" good agreement between 
the calculated and experimental values of S' (298.15 K). 
One can suggest that the discrepancy between the calculated 
and experimental entropy values is within the experimental 
uncertainty. Beckett at 01.109 do not indicate the experimen­
tal uncertainty, but, as is seen from Table 32, it might be 
expected to fall within the range 0.8-1.5 J K - I mo}- 1. 

9. 1,3-Cyclopentadiene 
Scharpen and Lauriel16 have made microwave mea­

surements of cyclopentadiene and three of its isotopic de­
rivatives containing l3e from which the structural param-
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eters for the planar carbon atom ring were found. Damiani et 
al. 117 have studied the microwave spectra of five deuterated 
species of cyclopentadiene and have calculated the complete 
molecular structure using the data of Scharpen and Lau­
rie. 116 The rotational constants obtained in this way do not 
significantly differ from the values reported by Scharpen and 
Laurie. For computation of the product of the principal mo­
ments of inertia (Table 3) the rotational constants of Da­
miani et al. 117 were used. Experimental structural param­
eters 116, tl7 are consistent with those obtained from 
theoretical calculations.59,118,257 

Various workers"have studied the infrared and Raman 
spectra of cyclopentadiene,84,119-123 but the available vibra-
tional assignments have differed appreciably from one an­
other. The more reliable interpretation of the vibrational 
spectrum of cyc10pentadiene was proposed by Gallinella et 
al.84

,122 These authors investigated the infrared spectra in 
the three aggregation states and the liquid- and solid-phase 
Raman spectra of cyc10pentadiene and its deuterated spe­
cies. In order to confirm the vibrational assignment they also 
presented the results of a normal coordinate treatment. The 
fundamentals, given in Table 3, are those for liquid cyclo­
pentadiene reported by Gallinella et af., 84 as the assignment 
for vapor phase is incomplete. The use of liquid state fre­
quencies instead of those for the vapor state causes small 
errors in calculated thermal functions (the average vapor­
liquid shift is found to be 5 cm - 1 ) . 

Ideal gas thermodynamic properties for 1,3-cyc1open­
tadiene are listed in Table 17. Grant and Walsh 124 reported a 
measurement of the entropy of cyclopentadiene from a study 
ofthe equilibrium between H2, condensed cyclopentene, and 
condensed cyclopentadiene (see Table 32). There are no ca­
lorimetric determinations of this entropy. The entropy val­
ues computed in this work are in good agreement with those 
obtained in other calculations 114,125 at low temperatures. All 
calculated values of S' (298.15 K) are different from the 
entropy value obtained using equilibrium data 124 (Table 
32), but the inaccuracy of the latter is rather large. The dif­
ference in molecular constants used in this work and other 
calculations 1 14,125 is the reason for discrepancies in entropy 

Table 17. Ideal gas thermod;vn8a1c properties for l,;-cyolopenta­

dieae 

T (l 0 _((10 -'I!o 0 )/1£ f10 lfl_!!Q° 
-~ 

log ~ 
K J x-1 mol-l kJ mol-1 

1 \it, 35.1.1 4 5 188.Z27 221.808 3.358 -78.587 
.!uv " ... 52b 212.372 2411.654 7 .4S<> ·4,.074 
2·~". I!> 75.361 228.6,,2 274.039 13.535 -30.S60 
jv\.> 75.8Y2 228.923 27 .... 507 13.675 -30.41 ':iO 

"V~ h.l3.3~(l 243.515 300.1/>4 22.6t1v -24.830 
~IJ" 1'6.<t4¥ 257 ... " 325.792 34.188 -2' .594 
ou" 145.032 au.892 350.55.! ,,7.796 -19.498 
(u~ 1 ~ll.O45 283.96/3 374.075 03.075 -18.033 
c:.\JL,. 172.413 296.032 396.279 79.717 -16.953 
"'vI 182.774 30a.Bla 41l.Z02 97.491 "16.125 

hJlJiJ 1 >1,~~3 320.706 436.926 116.21<; -I S .468 

11",., 1 "1'1. v43 332.1Z6 455.543 135.759 -14.934 
I 'v! ... 2(15,407 343.151 473.145 ,,5 . .,,',1,5 -14.492 
1 ~'v (1 0, 9~ 7 353.79~ .. 8~.815 176.823 -14.118 
14vv 215.77) 364.083 505.030 198.167 -13.798 
1) V" ,,1 Y .Y1 '/ 374,024 52u.¢o,: 21',1.956 -13.5Z0 
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values at high temperatures [up to 2.6 J K- 1 mol- I for 
S" (lOOOK) 125] and in heat capacity values [upto 3.0125 and 
4.2 J K- I mol- 1 114 for C; (500 K)]. 

10. Cyclohexane 
Electron diffraction studies,126-130 analysis of vibra­

tional spectra,92.131-137 dynamic nuclear magnetic resonance 
spectroscopy,138 and theoretical ca1culations90.139-I43 indi­
cate that the chair conformation (D 3d symmetry) is the 
most stable form of cyclohexane. The strain-energy calcula­
tions90.139-143 show that there are also two conformations, 
twist-boat (D2 symmetry) and boat (C2 symmetry), with an 
energy of about 20-25 kJ mol- 1 above that of the chair form. 
The twist-boat and boat forms can interconvert by pseudoro­
tation. Calculations suggest that the twist-boat forms are at 
the minima of the pseudo rotation path and that the boats are 
the transition states about 4 kJ mol- I above the twist boats. 
Direct experimental information on the twist-boat form wa.s 
obtained from nuclear magnetic resonance spectroscopyl38 
and matrix-isolated infrared spectra. 136,144 In the present 
work the twist-boat conformation was considered together 
with the basic stable chair form. Relative energy of the twist­
boat form, 1925 ± 70 cm- 1 (23 ± 0.8 kJ mol-I), given in 
Table 4, was obtained from experimental data. I38,I44 This 
value is in a good agreement with estimations.90·139-143 The 
product of the principal moments of inertia· for the chair 
conformation of cyclohexane (Table 4) was calculated using 
the structural parameters determined by Bastiansen et al. 129 

from electron diffraction investigation. 
Vibrational spectra of cyclohexane have been studied 

extensively.92.131-137 Various vibrational assignments have 
differed slightly from one another. Fundamentals, presented 
in Table 5, are those (except for v7-v 11) obtained by Wieberg 
and Shrake. 133 These authors observed in the infrared spec­
tra of vapor and liquid and Raman spectrum ofliquid cyclo­
hexane and carried out a normal coordinate analysis. We 
have preferred the vapor-phase values whenever available. 
The frequencies V 7-V9 of A lu symmetry and V IO, V 11 of A 2g 

symmetry, unobserved by Wieberg and Shrake,133 were se­
lected according to experimental data135.136 and calculated 
values. 131-133 

Ideal gas thermodynamic properties for cyc10hexane 
are given in Table 18. The calculated standard entropy at 
298.15 K is 1.S and 0.9 J K- I mol- 1 less than the values 
obtained from the calorimetric measurements of Aston et 
al.262 and Deckett et al.,145 respectively (Table 32) and the 
calculated C; values are 0.2-2.7 J K,-I mol- I less than the 
experimental data of Spitzer and Pitzer258 (Table 33). We 
suppose these discrepancies are within experimental uncer­
tainties. The molecular constants of cyc10hexane are rather 
reliable and we cannot find any reason for their modifica­
tion. (Some different vibrational assignments for cyc1ohex­
ane were considered in this work and for all of them the 
thermal functions are less than experimental values.) Beck­
etfetal. 145 have achieved the agreement with the experimen­
t~lvaJue of SO· (298.15 K) by fitting the molecular constants 
\Ulknown at the time. The largest discrepancies with thermal 

Table 18. Ideal gas 1;berao~c properties tor c;yclohe:xa.ue 

~ C 0 _(gO_~o)~ reo ~_~o -p 
J :iC1 JaOl-l ltJ 1101-1 

log ~ 
K 

Hill 42.590 190.540 2.26.1 U3 3.556 31.451 
200 69.053 217.933 263.276 9.069 4.423 
298.1 ; 105.341 238.431 297.276 17.544 -S.59u 
30U 106.108 238.796 297.95U 17.740 -5.724 
40U 148.638 258.084 334.266 30.473 -11 .32~ 
50u 188.676 277.066 371.822 47.378 -14.943 
60U 223.376 295.995 409.374 68.027 -17 .489 
7UU 252.62" 314.827 446.071 91.870 -19.373 
/:IOU 277.052 333.459 481.448 118.391 -20.819 
90U 297.41'i 351.797 515.292 147.145 -21.958 

10(Ju 31<..411l 369.77<. 547.535 177.763 -22.873 

11 (liJ 328.650 387.337 578.189 209.937 -23.620 
12UU 340.0 .. 5 404.400 607.315 243.419 -24.239 
Hou 350.793 421.143 631,.993 278.005 -24.757 
1400 359.439 437.300 601.314 313.528 -25.195 
15uu 366.845 453.131j 680.372 349.851 -25.568 

functions calculated by Beckett et al. 145 amount to 4.4 
J K -1 mol- 1 for ~ ( 1500 K) and 3.9 J K -1 mol- I for C; 
( 1:500 K). The thermal functions of Chang er ai.24 are unre­
liable, because the molecular parameters were obtained from 
molecular mechanics calculations. 

11. Cyclohexene 
Half-chair form (C2 symmetry) has been found to be 

the most stable conformation of cyc10hexene by electron dif­
fraction measurements. 146-148 Similar conclusions were 
reached by microwave techniques,I49,150 infrared and Ra­
man studies,151-153 nuclear magnetic resonance spectrosco­
py,154 as well as ab initiol55.257 and force-field 156-160 calcula-

tions. To explain the difference between calculated and 
experimental values of entropy and heat capacity, Beckett et 
al.109 have suggested that cyc10hexene exists as a mixture of 
half-chair and half-boat ( Cs symmetry) conformations 
where the former is the predominant form and is more stable 
than half-boat by 11.3 kJ mol-I. However, the more recent 
experimentaP52.154 and force_field I56-160 results have shown 
that the half-boat form is approximately 20-30 kJ mol- I 

higher in energy than the half-chair. According to most of 
the force-field calculationsI57-160 the half-boat is a transition 
state (an energy. maximum), A metastable half-boat form 
(an energy minimum which lies slightly lower than the po­
tential maximum), on the other hand, is favored by analysis 
of the twisting mode region of the Raman spectrum. 152 Since 
the energy of half-boat conformation is rather high in both 
cases, we have not considered this form in our calculations. 

The product of the principal moments of inertia for the 
half-chair conformation of cyc10hexene (Table 4) was cal­
culated using the rotational constants of Scharpen et al. 149 

The adopted rotational constants are in excellent agreement 
with those obtained in another microwave study.I50 From 
microwave data, 149.150 the molecular structure of cyc1ohex­
ene was estimated assuming a number of structural param­
eters. All in all this structure agrees with those obtained from 
electron diffraction studiesl47.148 and ab initio calcula­
tions.155.257 

Neto et al. 151 reported vibrational assignment for cyclo-
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'l'able 19. Ideal gas themod3'Dam1c properties :for cyclobexene 

~ C 0 _(~o_~o )I'l §o Ff-!Io° -!> 
J K-l IIOrl kJ mol-1 

log ~ 
K 

11.10 43.061 20 ... 644 240.867 3.622 -21 .8~4 
iWO 67.349 232.282 217.521 9.048 -18.943 
29~ .15 101.462 252.593 310.518 17.270 -18.874 
.sOU 102.161 252.952 311.148 17.459 -18.8.79 
.. 00 139.702 271.804 345.721 29.567 -19.262 
~OU 173.269 290.08u 380.600 45.260 -19.700 
oUU 201.437 308.028 414.759 64.039 -20.099 
IOU 224.915 325.641 447.628 85.391 -20.441 
lSOU 244.650 342.865 478.986 108.897 -20.728 
90U 201.377 359.660 508.794 H4.221 -20.967 

100U 275.634 376.000 537.091 161.090 -21.166 

110U 287.829 391.876 563.948 189.279 -21.331 
120U 298.291 407.288 589.453 218.598 -21.470 
1.SUO 307.292 42Z.241 613.693 248.889 -21.585 
141.10 315.058 436.746 636.757 280.016 -21.680 
1 !lUU 321.782 450.818 658.729 311.865 -21.760 

hexene from the the infrared measurements in the gaseous 
and liquid states and the Raman spectrum in the liquid state. 
They carried out the normal coordinate analysis to confirm 
their assignment. We have adopted their frequencies (with 
the exception of V 18-V22 and V39-V42 modes) preferring the 
vapor-phase values whenever available. Low-frequency out. 
of-plane skeletal bending and twisting fundamentals V 18-V22 

and V 39-V42 reported by Smithson and Wieser153 from the 
infrared spectrum of cyclohexene in the vapor phase were 
used in this work. 

Ideal gas thermodynamic properties for cyclohexene 
are given in Table 19. The calculated value of SO (298.15 K) 
coincides with the calorimetric entropy109 (Table 32), but 
the calculated value of C; (400 K) is 5.3 J K - 1 mol- 1 less 
than the experimental value of Beckett et al. 109 (Table 33). 
In order to achieve the agreement between experimental and 
calculated values of C;, Beckett et al. 109 suggested the exis­
tence of the half-boat form with relative energy of 11.3 
kJ mol-I. However, the more recent results have shown that 
this suggestion is not correct (see above) .. We think that the 
accuracy of the experimental value of C; is not sufficiently 
high to discuss the disagreement between the experimental 
and calculated C; values. The largest discrepancies between 
thermal functions calculated by Beckett et al. 109 and given in 
Table 19 are equal to 7 J K -I mol- 1 for SO ( 1500 K) and 5.7 
J K -1 mol- 1 for C; (500 K) and are due to the difference in 
adopted molecular constants. 

12. 1,3-Cyclohexadiene 
. fhe· nonplanar twisted conformation of C2 symmetry 

was found for 1,3-cyclohexadiene from electron diffraction 
studies 161-163 and semiempiricall64.165 and ab initiol55.166 cal-
culations. The rotational constants of 1,3-cyclohexadiene 
were obtained by microwave studies.167.168 Assuming the 
bond distances and bond angles from related compounds, 
Butcher167 estimated the dihedral angle in agreement with 
electron diffraction values161-163 and showed that the mo­
ments of inertia calculated from the proposed molecular 
structure of C2 symmetry are close to those obtained from 
rotational constants. The product of the principal moments 
of inertia, given in Table 4, was calculated using the rota-
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Table 20. Ideal gas the~c properties ~or 1.'-c1Q1ohexa­

diene 

'!' CO _(~o -!Io 0 )/~ §o t'~o -p 

J K-1 1101-1 kJ'1I01-1 
log ~ 

K 

lUO 40.779 202.970 238.278 3.531 -72.277 
2110 62.742 229.570 272.610 8.608 -41.357 
Zya.1 ~ 94.165 248.782 303.304 16.256 -31.859 
.SUU '14.802 249.120 303 .• 889 16.431 -31.745 
40U 128.546 2b6.795 335.842 27.619 -27.258 
~Oll 157.995 283.808 367.789 41.991 -24.727 
bUO 182.235 300.407 398.812 59.043 -23.122 
7Uu 202.143 316.6Ull 428.447 78.293 -22.0111 
8U(, 218.699 332.353 456.553 9\1.360 -21.216 
'1UlJ 232.630 347.6 .... 483.139 121.946 -20.605 

10110 244.45G 362.462 508.278 145.815 -2U.122 

'1 UU 254.531 376.809 532.06,2 170.778 -19.731 
,2uu 263.16 .. 390.69 .. 554.589 196.674 -19.407 
'3uu 270.585 404.130 575.953 223.370 -19.131 
14uU 276.98 .. 417.134 596.246 250.757 -18.894 
15llU 282.523 .. 29.724 615.549 278.738 -18.687 

tional constants of Butcher. 167 These constants are consis­
tent with those of Luss and Harmony.168 

Carreira et al. 169 investigated the Raman spectrum of 
gaseous 1,3-cyclohexadiene and obtained the ring-twisting 
potential function from which the barrier to inversion of the 
ring through its planar configuration was determined to be 
1099 ± 50 cm -1. We do not consider the inversion motion 
in 1,3-cyclohexadiene because the barrier to inversion is suf­
ficiently high. 

Di Lauro et al.85 reported the complete vibrational as­
signment for 1,3-cyclohexadiene from the infrared measure­
ments in gaseous and liquid states and the Raman study in 
the liquid state as well as from a normal coordinate analysis. 
Some of these frequencies were reinterpreted by Warshel 
and Karplus 164 based on the force-field calculation. Carreira 
et al. 169 investigated the Raman spectrum of gaseous 1,3-
cyclohexadiene, but no detailed assignment was proposed. 
Fundamentals, presented in Table 5, are those obtained by 
Di Lauro et al. 85 We prefer the vapor state values whenever 
available. 

Ideal gas thermodynamic properties for 1,3-cyclohexa­
diene. given in Table 20. are reported for the first time. No 
experimental data are available for comparison. 

13. 1,4-Cyclohexadiene 
Over the years, conclusions regarding the eqUilibrium 

configuration of 1,4-cyclohexadiene were contradictory. An 
early infrared and Raman investigation170 was interpreted 
on thebasisof.D 2h (planar) symmetry. More recently, Stid­
haml7I has reinvestigated the vibrational spectra of 1,4-cy­
clohexadiene and supported the planar configuration, al­
though he could not rule out a boat form (C 2v symmetry) 
that inverts through the planar form. Although subsequent 
studies involving electron diffraction,l72 nuclear magnetic 
resonance,173 and semiempirical calculationsl57.174 also sup­
ported a planar conformation, there were conflicting reports 
involving electron diffraction,163 nuclear magnetic reso­
nance, 175 and semiempirical calculation, 176 which supported 
a boat conformation. The electron diffraction study of Ober­
hammer and Bauer163 constituted the major evidence 
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against a planar structure, but their conclusion was based on 
an erroneous interpretation of the experimental data. 155 The 
planarity of the 1,4-cyclohexadiene ring waS conclusively 
determined by the combination of the far-infrared and Ra­
man data for the ring-puckering mode. 169,177 The conforma­
tion of 1,4-cyclohexadiene must closely correspond to the 
parabolic potential energy curve involving wide amplitude 
vibrations around the planar form, as described from in­
frared and Raman spectra in the low-frequency region169,177 
and supported by the semiempiricaI174,178,179 and ab ini­
tio 155, 166, 178 calculations. 

The molecular structure of 1,4-cyclohexadiene was de­
termined by electron diffraction measurements. 163,172 Al­
though Dallinga and Tonemanl72 adopted the planarstruc­
ture, for a variety of reasons l62,163 their data seem to be 
unreliable. Oberhammer and Bauer163 have interpreted their 
data for a bent structure with a dihedral angle of 159.3° 
because no large amplitude vibrations have been taken into 
account. These authors have also tested a planar structure 
which showed worse agreement with experimental data. For 
lack of more reliable data, the structural parameters of the 
planar model obtained by Oberhammer and Bauer163 were 
used for calculation of the product of the principal moments 
of inertia given in Table 4. 

Stidham171 reported vibrational assignment for l,4-cy­
clohexadiene on the basis of infrared spectra of gaseous and 
liquid phases and Raman spectrum of liquid phase. Geb­
hardt and Cyvin180 reproduced completely Stidham's fre­
quency values by the force constants refinement. Ermer and 
Lifson 113 reassigned the values of some frequencies arising 
from the force-field calculation, their results being consis­
tent with unpublished data of Neto et aI., reported in Ref. 
113. Most of the fundamentals, presented in Table 5, are 
those of Stidham. l71 We preferred the vapor-phase values 
whenever available. Unobserved vibrational frequencies 
(v8-VW VIS' V 19 ) and the values of V 25, 1134' and V36 were 
taken from the assignment of Ermer and Lifson. 113 The ring­
puckering frequency, V 31 (B 2u ), is that observed by Laane 
and Lordl77 from the far-infrared spectrum. 

No experimental data on the enthalpy of formation of 
l.4-cyclohexadiene are available. The value presented in Ta-

Table 21. Ideal gas theX'll~C properties tor 1,4-c;yclohem­

dieDe 

~ Cl 0 _(~o_~o)/! ~o ~-!o0 -p 
log ~ 

I: J 1:-1 1101-1 kJ 1101-1 

1UU 42.617 193.232 230.380 3.715 -74.038 
2uu 63.252 220.991 265.437 8.889 -42.432 
~"'!S.1 , 94.051 24U.689 296.225 16.558 -32.702 
.)uu "'4.67!! 241.033 296.809 16.733 -32.585 
40U 127.7!>1 258.946 328.630 H.873 -27.982 
sou 156.822 276.065 360.352 42.144 -25.382 
bull 180.966 292.696 391.149 59.072 -23.733 
'iJli 200.940 308.881 420.593 78.19& -22.601 
(SUU 217.630 324.608 448.546 99.151 -21.777 
VUU 231.710 339.863 475.015 121.637 -21.150 

1uUu 243.669 354.642 500.064 145.422 -20.656 

11.uu 253.871 368.950 523.779 170.312 -20.256 
11!u(., 262.606 382.797 546.253 196.147 -19.924 
,1.10u 270.111 396.198 567.577 222.792 -19.642 ,,,uu 276.580 409.169 587 .837 250.135 -19.400 
,1>uu 282.177 1021.728 607.114 278.080 -19.188 
,<, 

ble 4 is based on molecular mechanics calculations 143, 178 and 
agrees well with the value recommended by Shaw et al. 181 

Ideal gas thermodynamic properties for 1,4-cyc1ohexa­
diene, given in Table 21, are reported for the first time. No 
experimental values of S' and C; are available for compari­
son. 

14. Cycloheptane 
Extensive conformational energy calcula-

tions90,182-184,263 have been done on cycloheptane and these 
have led to an identification of four basic conformations: 
chair (Cs symmetry), boat (Cs symmetry), twist-chair (C2 

symmetry), and twist-boat (C2 symmetry). On the energy 
profile during pseudorotation, obtained in these studies, the 
twist-chair and twist-boat forms are located at the minima 
and the chair and boat forms at the maxima. The twist-boat 
form is approximately 10-15 kJ mol- 1 higher in energy than 
the most stable twist-chair conformation. Vibrational spec­
tra of cycloheptanel85 were interpreted on the basis of one 
rigid conformation, viz., the twist-chair form. However, the 
best agreement with experimental electron diffraction 
data 186 was obtained for a mixture of two minimum-energy 
conformers: the most stable twist-chair form and the chair 
form with energy higher by 3.8 kJ mol-I. We have per­
formed calculations of S' (298.15 K) for models of the dif­
ferent conformational composition and made comparison of 
the experimental entropy with the calculated values. 187 An 
inspection of these values shows that an excellent agreement 
exists for the twist-chair conformer alone or for the mixture 
of twist-chair and twist-boat, while the mixture of twist­
chair and chair reported in electron diffraction study 186 has a 
noticeable discrepancy. From these considerations only two 
stable conformations of cycloheptane, twist-chair, and twist­
boat, were taken into account in the present work. Relative 
energy of the twist-boat form, 1200 cm -I (14 kJ mol- I ), 
given in Table 6, was obtained by Bocian and Strauss 184 from 
the strain-energy calculations. 

The gaseous electron diffraction structural data of Dil­
len and Geise186 for the twist-chair form were used tocalcu­
late the product of the principal moments of inertia (Table 
6). These structural parameters are consistent with those 
obtained by the force-field calculations.90,182-184,263 

The vibrational frequencies of cycloheptane used in our 
calculations (Table 7) were taken from a study by Bocian 
and Strauss.185 These authors have examined in detail the 
vapor- and liquid-phase infrared spectra, vapor-phase far­
infrared spectrum, and liquid-phase RUIIlan spectruIIl; spe­
cial attention has been given to the low-frequency region. In 
addition, a normal coordinate analysis was performed to 
confirm the vibrational assignment and to estimate the un­
observed frequencies. 

Ideal gas thermodynamic properties for cycloheptane 
are listed in Table 22. The calculated value of S' (298.15 K), 
·as shown in Table 32, coincides with the calorimetric en­
tropyl88 and is close to that calculated by Chang et al.24 

However, the discrepancies between the thermal function 
reported by Chang et al.24 and listed in Table 22 increase to 
2.3 J K- 1 mol- 1 for S' and 7.3 J K-1 mol- I for C; as the 
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Table 22. Ideal gas tbe~c properties for c;ycloheptane 

~ CO 
-p -«(t-~O)/~ '§.o !f-~oo 

J K-1 1101-1 kJ .01-1 
log ~ 

K 

1lJO 52.126 213.735 253.285 3.955 23.380 
20u 86.837 245.427 299.H8 , 0.830 -1.733 
2YIl.D 132.014 270.263 342.332 21.487 -11.250 
SOU 132.944 270.710 343.151 21.732 -11.371l 
4UO 183.225 294.436 308.S20 37.556 -16.774 
SOu 22B.47:5 317 .804 434. ,U4 58.200 -20.291 
bUD 2&6.447 340.982 479.323 83.005 -22.775 
lOu 298.025 363.875 522.841 111.276 -24.6H 
8UU 324.491 386.365 504.415 142.440 -26.037 
9U(i S46.862 408.364 603.9/)2 176.038 -27.155 

10uO 365.B87 429.818 041.51'> 211.701 -28.054 

11UU 382.126 450.6<;8 677.174 249.123 -28.789 
12UU 396.036 470.994 711.035 288.04Y -29.397 
1.50U 407.986 49U.7(J7 743.211' 328.265 -29.906 
140U ,,18.284 5011.846 773.840 369.591 -30.335 
15uu .. 27.191 528.42/) 803.01 D 411.875 -30.70U 

temperature increases to 500 K. These discrepancies are due 
to a difference in molecular constants used in calculations 
( Chang et al. 24 evaluated the molecular constants from the 
molecular mechanic calculations). 

15. Cycloheptene 
The conformational properties of cycloheptene have 

been studied experimentally by vibrational spectroscopy189 
and by nuclear magnetic resonance techniques. 190 Observed 
spectra were, in both cases, interpreted in terms of a Cs sym­
metric chair form being the most stable conformation. Pre­
dictions of the conformations of the molecule have been 
made from force-field calculations. All recent calcula­
tions 143,157,191-193 imply that the chair conformation is only 
slightly more stable than the Cz twist conformation (the C2 

twist form is 2-7 kJ mol- 1 higher in energy). Another local 
minimum for the boat form (Cs symmetry) was supported 
by some workers, 157,191 but this proposal was not confirmed 
by more reliable calculations.143.193 Two stable conforma­
tions of cycloheptene were considered in this work: the most 
stable chair form and the C2 twist form with the energy high­
er by 500 em - 1 (-- 6 kJ mol- 1 ). The relative energy of the 
C2 form was estimated by averaging the values of the above 
parameters obtained in different force-field calcula­
tions.143.157.191-193 

There are no direct experimental data on the molecular 
structure of cycloheptene. The product· of the principal mo­
ments of inertia for the chair conformation of cyc10heptene 
(Table 6) was calculated using the structural parameters 
obtained by Ermer and Lifson193 from the force-field study. 
Adopted parameters are in good agreement with those cal­
culated in other force-field studies143,192 and are close to 
structural parameters in related compounds for which ex­
perimental data are available. 

Neto et al. 189 have investigated the infrared spectra of 
cycloheptene in all three physical states and the Raman 
spectrum in the liquid state and carried out a normal coordi­
nate analysis to confirm their vibrational assignment. The 
fundamentals, presented in Table 7, are those for liquid cy­
cloheptene reported by Neto et al. 189 Vapor-liquid frequen-
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Table 23. Ideal gas tbermodynamie properties for c;yc1obeptene 

~ C 0 .;.(~o-tfo°)n rt !f-~o -p 

J K-1 mo1-1 kJ 1IO~-1 
log ~ 

K 

1 "u 4 7 .4Ll3 211.327 248.47U 3.714 -26.132 
,,,IV 8<'.290 24U.912 291. 56~ 10.131 -23.70il 
~'T!>.1 ~ , 24.071 264.'3u 332.01U '(J.<109 -24.030 
.luI} 124.903 26" ./)50 332.780 20.439 -24.041 
4uG 169.272 286.927 374.849 35.109 -24.001 
)1.1\; 20e .!l2o 301l.734 416.Y87 54.120 -25.272 
0"1.1 24c.G95 330.al 458.092 70.722 -25.802 
(iJv 26'" .'t02 351.3<:9 4<;7.502 102.363 -26.243 
!lUv 293.320 371.979 535.176 130.557 -20.607 
'1:;V 313.209 39,.114 570.'i04 100.911 -ZO.907 

1 \.i ~Iv 330.170 411.7u3 604.805 1Y3.102 -27.154 

11 u<- 344.080 43u.733 636.972 22/).863 -27.358 
1 ~I.IU 357.141 44"'.203 667.511 261.970 -27.520 
1 JIJU 307.856 467.121 6Y6.531 298.233 -27.005 
1 ~VU 377 .107 484.50, 724.139 335.493 -27.780 
1 ~uv 385.11U 501.3/)1 750.436 373.613 -27 .874 

cy shifts were taken into account in estimation of the inaccu­
racies in the vibrational frequencies. 

Ideal gas thermOdynamic properties for cycloheptene, 
given in Table 23, are reported for the first time. No experi­
mental values of SO and C; are available for comparison. 

16. 1,3-Cycloheptadiene 
A number of experimental and theoretical studies have 

been reported on this molecule with contradictory conclu­
sions about the most stable conformation. Electron diffrac­
tion data194,195 indicated that the carbon skeleton is planar 
except for the one carbon atom (Cs form). A nuclear mag­
netic resonance study, 196 on the other hand, was consistent 
with a C2 twist form. Schrader and Ansmann,197 from in­
frared data on stretching vibrations of the double bonds, in­
ferred that 1,3-cycloheptadiene exists in a Cs form. The vi­
brational spectrum of 1,3-cycloheptadiene was also 
interpreted in terms of a Cs form. 86 A virah et 01. 198 investi­
gated the microwave spectrum of 1,3-cycloheptadiene. In 
their opinion, the agreement between the observed and cal­
culated rotational constants based on the electron diffrac­
tion studies argues strongly for the Cs form. In addition to 
experimental results, molecular mechanics calculations on 
1,3-cyc1oheptadiene have also been reported. In early work, 
Favini et aJ.199,200 found for the most stable conformation a 
C2 form, which was replaced by the Cs structure in more 
recent studies.201

,264 The existence of three forms which are 
relatively close in energy was found in the later work of Fa­
vini et ale 2M The Cs form was found to be 7.6 kJ mol- 1 more 
stable than the form with Cz symmetry and 3.4 kJ mol- 1 

more stable than the intermediate nonsymmetrical form 
( C j ). Allinger and Sprague202 predicted that the molecde 
undergoes an almost unhindered pseudorotationbetween a 
Cs form and an alternate nonsymmetrical form (C 1)' This 
pseudorotating structure is in equilibrium with the Cz form 
separated by a barrier of about 4 kJ mol- 1. According to ab 
initio calculations of Saebrh and Boggs,203 there are three en­
ergy-minimum conformations of 1,3-cycloheptadiene, viz., 
the most stable Cs form and two C2 forms with energies 
higher than that of Cs by 10.5 and 60.0 kJ mol-I, respective-
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'ho'ble 24. Ideal gas thermod.,namic properties for 1.3-cyclohepta­

diene 

~ CO -(~t-~o)/'J. fl g'-IJo0 -p 

J K-l Il101-1 kJ mol-l 
log ~!' 

K 

1 uU 52.524 211.SU 251.010 3.942 -72.1 UiJ 
<.lU 8D.87B 242.988 ,95.802 10.503 -43.745 
~9d.D 1 17.672 266.aLii 33,+.71 U '0.e47 -35.21 II 
';UlJ 118.417 ,67 .U~ 335.44() 20.460 -55.117 
4Uu i 58.C28 28Y.? 1" 374.>,,/3 34.30'11 -31.185 
~ UlJ 1'12 .987 31;.; .3d~ 414.121 51.9u'1 -2'11.017 
OUU 222.1 J8 33C.781 451.964 72.71 U -27.00'" 
iOlJ 246.262 35C.6,,4 486.073 \16.166 -~6.7~<; 

BOU 266.4118 37G .lJ26 522.310 121.832 -26.105 
\flJU 283.613 300.7&4 554.U1 14'1.361 -25.608 

1 iluJ ''''S.l:>'' 40(, .'11.; t 535.377 178.470 -25.218 

11 ul! 310.636 424.46~ 014 • .590 208.927 -24.\lU2 
1 cUii 321.317 441." .. 6 041.<5'1 .. 240.538 -'4.038 
1.suU HO.507 457.,,77 007. '00 273.141 -24.413 
1 .. 11.l 336.439 473.778 o'u.776 306.5\1b -24.,,18 
1 ~uU 345.305 .. 89.170 716.366 340.793 -24.lJ45 

ly. Saebf6 and Boggs203 consider their results to be close to 
that reported by Allinger and Sprague,202 and believe the 
existence of a mixture of Cs and C2 forms to explain the 
contradiction in the interpretation of ek:ctron diffrae­
tionl94,195 and nuclear magnetic resonancel96 data. Three 
stable conformations of 1,3-cycloheptadiene were taken into 
account in this work: the most stable Cs form, as well as C I 
and C2 forms with energies higher than the Cs by 200 em -I 
(--2.4 kJ mol-I) and 500 cm- I (--6 kJ mol-I), respec­
tively. The adopted relative energies of the C I and C2 forms 
are intermediate between the results of Allinger and 
Sprague202 and of Favini et ai.,264 and nearer to the latter. 

The product of the principal moments of inertia, given 
in Table 6, was calculated using the rotational constants of 
Avirah et af. 198 This value agrees with those calculated from 
electron diffraction data. 194,195 

Ansmann and Schrader86 investigated the infrared and 
Raman spectra of liquid 1,3-cycloheptadiene and presented 
the vibrational assignment on the basis of normal coordinate 
analysis. Their frequencies are listed in Table 7. Vapor-liq­
uid frequency shifts were taken into account in estimating 
the inaccuracies in the adopted fundamentals. 

Ideal gas thermodynamic properties for 1,3-cyclohep­
tadiene, given in Table 24, are reported for the first time. No 
experimental data are available for comparisons. 

17. 1,3,S-Cycloheptatriene 
Cycloheptatriene has a nonplanar equilibrium confor­

mation (boat form of Cs symmetry), as shown by electron 
diffraction,204 microwave,205 infrared and Raman,206 and 
nuclear magnetic resonance207,208 measurements as well as 
by force-field 165,209-211 and ab initio203,212 calculations. A 
planar structure (C 2v symmetry) was found to be about 25 
kJ mol-'- I higher in energy and to be a transition state on the 
~~nergy surface, probably for interconversion of boat 
;lormsP03,207,208,212 

Conflicting results concerning the degree of nonplanar­
Jthe cycloheptatriene ring have been published. Traette­
~~()4determined the total molecular structure by electron 

Table 25. Ideal gas tbe1'2lOd;}'D8Dic properties for l,5,5-cyclo­

beptatriene 

~ CO _(flo_~o)n. ,?!o g'_~o 
-~ 

J K-1 1110rl kJ Il101-1 
log ~!' 

It 

1 v;) 42.240 2UIj.479 2'ol.1I6U :3.538 -111.711 
lUu 71.041 2:35.824 j!ljl.457 9.126 -00.943 
<:\lIj.l ~ 106.249 256. SOb :316.25u 17.79" -44.885 
311u 106.936 256.938 316.\lU9 17.<;91 -44.086 
40u 142.799 U6.399 352.0611 30.508 -31>.865 
~liu lB.733 295.1 illS 3/j7.962 46.382 -32.321> 
oUU 19 .... 178 313.514 421.964 65.070 -Z9.38U 
i'liu 22U.092 331.337 454.28'1 81>.007 -27.319 
!lUll 231.493 34/j.034 484.849 108.972 -25.797 
9uu 252.138 365.387 513.691 133.473 -24.02/j 

lUliu 264.562 381.:>91 54iJ.\l17 1511.325 -23.70li 

11 vi) 275.103 5117.256 !>60.642 180.325 -22.945 
1.1iJU 284.244 412.595 590.984 214.307 -a.31!! 
Ui,JU 2112.052 42"1.,,27 614.052 243.131 -,1.787 
'l40U 29/j.79U 441.175 635.94/j 272.6/j2 -21.332 
1 !>Ou 304.625 454./jOU 650.766 302.85'1 -20.'136 

diffraction and found the values oftwo dihedral angles to be 
a = 40.50 and f3 = 36.So. Butcher205 determined the rota­
tional constants from microwave study of normal isotopic 
species of cycloheptatriene and estimated a = 29.5° and 
f3 = SOD, assuming bond lengths and angles, the values of 
dihedral angles being somewhat insensitive to the choice of 
structural parameters. Butcher's estimates of dihedral an­
gles agree pretty well with theoretical results. 165,203,209-212 
The product of the principal moments of inertia, given in 
Table 6, was calculated using the rotational constants of 
Butcher. 205 

Evans and Lord213 interpreted the infrared and Raman 
spectra of cycloheptatriene assuming a planar structure of 
C 2v symmetry. Later, La Lau and De Ruyter06 investigated 
the Raman spectrum of liquid cycloheptatriene and pro­
posed the reassignment of Evans and Lord's data213 for Cs 

symmetry. Paulick et af. 210 presented a new interpretation of 
vibrational spectra206,213 on the basis of the force-field calcu­
lation. Vibrational frequencies, listed in Table 7, were ob­
tained by means of critical comparison of experimentaF06,213 
and -calculated21O freqencies of cycloheptatriene with those 
for related compounds. The adopted vibrational assignment 
gives a better agreement between experimental and calculat­
ed values of S" (298.15 K) than those of La Lau and 
Ruyter2M or Paulick. et ul.?l0 

Ideal gas thermodynamic properties for 1,3,S-cyclo­
heptatriene are presented in Table 2S. The agreement 
between the calorimetric entropyl88 and our calculated val­
ue is satisfactory within the experimental uncertainty (Table 
32). The value of S" (298.15 K) calculated by Evans and 
Lord213 for a planar structure is about 2 J K -1 mol- 1 larger 
than that calculated in the present work. 

18. Cyclooctane 
Some families of cyc100ctane conformations were iden­

tified by conformational energy calcula­
tions.91,139,182,214-216,263 The most stable conformation of cy-
c100ctane is the boat-chair (BC) .of Cs symmetry and 
according to most of calculations two families of conforma-
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,\11' 

! JH ,'IIl(')· (crown::(:::tCC~TCC) 

IhHlt i'illlil' family crown family 

!TII": twist-boat-chair (C2 ), crown (D 4d ), CC: chair­
~'hair (c 21' ), TCC: twist-chair-chair (D2 )]. The energy dif­
ferences among these .low-energy conformers are estimated 
to be from 0.8 to 10 kJ mol-I. It should be emphasized that 
force-field calculations give inconsistent results on the rela­
tive energies of conformers (except that for the BC form) 
and on the location of conformers on the potential energy 
surface (local minimum or saddle point). The analysis of 
torsional energy surfaces presented by Ivanov and 6sawa:263 
shows that even slightly different force fields exhibit signifi­
cantly different pictures for the dynamic behavior of the cy­
clooctane molecule. 

Experimental investigations have led to a variety of 
conclusions. Nuclear magnetic resonance experiments217,218 
provide evidence for the boat-chair and indicate the pres­
ence of a small amount of another form, probably of the 
crown family. The gas-phase electron diffraction data of AI­
menningen et al.219 were not compatible with the assump­
tion of any single geometry. but rather with a mixture of 
several conformations. However, good agreement between 
experimental and theoretical electron diffraction data was 
obtained for the boat-chair conformer in a recent reinvesti­
gation by Dorofeeva el al. no An early vibrational study:J:J I 
arrived at the conclusion of a tub form for cyclooctane, 
which is now known to be incorrect. Pakes et al. 222 examined 
the vibrational spectra of cyclooctane, giving special atten­
tion to the low-frequency region. Agreement between calcu­
lated and observed vibrational frequencies was obtained 
only for the boat-chair conformer. 

Although several low-energy conformers of cyclooc­
tane were predicted from theoretical calculations, reliable 
experimental evidence for their existence has not been ob­
tained. We have performed the calculations of the standard 
entropy of gaseous cyclooctane for models of different con­
formational composition 187 and have shown the value of 
S" (298.15 K) for the single boat-chair form to be 14.7 
J K _1 mul- ' less than the experimental value. It should be 
noted that the set of conformers calculated by Pakes et al.216 

is not sufficient to reproduce the experimental entropy. A 
good agreement between experimental and calculated en­
tropy values was achieved by assuming that in two above 
families of the cyc100ctane conformers the intermediate non­
symmetrical (C1 ) energy-minimum forms exist: 

AH~ 

(B~Cl+±TBC) +± (TCC+±Cl +±CC). 

(The existence of C 1 forms is assumed by analogy with 
strain-energy calculation results 1,4-cyclooctadiene.:J23 The 
crown form is excluded from consideration because accord­
ing to the calculation of Pakes et a1.,216 it is a saddle point. 
See also Ref. 187.) To calculate the thermal functions of 
cyc1ooctane, the six conformers of this molecule were taken 
into account (Table 8): the most stable boat-chair conform­
er and the five forms (TCC, C1, CC, CI, and TBC) with 
energy higher by 275 cm-1 (3.3 kJ mol-I). Average relative 
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Table 26. Ideal gas theraodJ'D8lllic properties '1tor cyclooctane 

~ 0 0 -«(t-~o)/,£ §.o rf-!Q° -~ 

J x:-l mo1-l kJ Il101-1 
log !-~ 

x 

100 64.769 219.70U 262.528 4.283 19.843 
200 99.987 255.803 318.710 12.581 -0.067 
291).1, 146.1\14 284.435 366.725 .24.,35 -16.010 
300 147.189 2&4.945 367.633 24.806 -16.145 
400 <!O<l.155 311.819 417.501 4Z .273 -21.BS7 
!IOu 0253.069 338.025 468.206 05.092 -25.624 
bOO 296.638 363.914 518.311 92.638 .,28.3U7 
7UI! 333.376 389.461 Sob.6n 124.191 -30.314 
bOO 364.461 41".572 613.479 159.1Z6 -31.865 
900 391)."01 <.39.16$ 6S7.974 196.929 -33.094 

1000 413.473 463.182 700.359 237.177 -34.Q86 

110U 432.791 4bo.592 740.b97 279.515 -34.898 
120U 449.361 509.381 179.084 323.b44 -35.573 
13\;1U 4<>3.605 531.~44 615.629 30Y.31 U -36.137 
1400 475.896 553.089 850.446 416.30U -36.614 
l~UO 46Q.'ZY ~j' .... oee eeJ.('S1 .Io(, ....... J.Io -;37.()1? 

energy of the five conformers was estimated from the ener­
gies of the TCC, CC, and TBC forms calculated by Pakes et 
al. 216 

The electron diffraction structural parameters obtained 
by Dorofeeva et al. 220 were used to calculate the product of 
the principal moments of inertia (Table 8). These param­
eters are consistent with those obtained by force-field calcu~ 
lations.216,220 

The vibrational frequencies of cyclooctane used in our 
calculations (Table 9) were taken from the study of Pakes el 

a1. 222 These authors have examined in detail the vapor and 
liquid-phase infrared spectra, vapor-phase far-infrared spec­
trum, and liquid-phase Raman spectrum, and carried out a 
normal coordinate analysis to confirm their vibrational as­
signment. 

Ideal gas thermodynamic properties for cyclooctane 
are given in Table 26. The calculated valueofS" (298.15 K), 
as shown in Table 32, coincides with the calorimetric en­
tropy.18S Chang et a1.24 have calculated the thermal func­
tions of the D'1 cyclooctane conformation using the molecu­
lar constants obtained from molecular mechanics 
calculations. Their value of S" (298.15 K) is much less than 
the value obtained in this work (Table 32). However, this 
discrepancy will bt:: IIUirkc::uly dt::cn:ased if tht:: Cs sYIIlIut::try 
is employed. Unfortunately, Chang et al. 24 did not publish 
the molecular constants they used and the reliability of their 
functions cannot be estimated. 

19. trans-Cyclooctene 
Trans-cyc1ooctene, which is the most stable cyclooc­

tene isomer, can exist as the twist-chair-chair (C2 symme­
try) or chair (C2 symmetry) form. The electron diffraction 
study of Gavin and Wang224 and early force-field calculation 
of Buemi et al.:J:J5 favored a chair confonnaliull. Traette­
berg226 has interpreted the electron diffraction data of trans­
cyclooctene as indicative of a twist-chair-chair conforma­
tion. The same form was also predicted by the force-field 
calculations.157.160,193;201 As the reliability of electron dif-
fraction data of Gavin and Wang224 raise some doubts, 193,226 
the most stable conformation of trans-cyc1ooctene should be 
twist-chair-chair. A less stable chair conformation is also 
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'tAble 27. Ideal gas thermodj'll8llic properties for trSllS-<l;rcloocteI18 

~ CO _«(t_~o)/,,£ §o ff-~o 
-~ 

log ~ 
It J K-1 mo1-1 kJ 1101-1 

1uv 52.282 217.5()5 250.290 5.879 "'''.UUl 
tuv ':I3.7il3 249.,71 304.923 11.1:30 "25.376 
'''1:..1 !) 1<+2.912 275.1t1u 351.225 22.673 -27.063 
.)uu 143.9u" 275.65i 352.1" 22."'38 -27 .U93 
4uU 1\10.'126 300.831 4uo.841 4\1.0U4 -28.514 
~uv 2 ..... 0' .. 325.755 44\1.\191 02.118 -29.b4Z 
bull (1:I3.~93 3511.4\11 4\111.077 88.552 "30.531 
I UU 31b.o26 374.9Uu 5 ..... 29U 118.573 -31.236 
bUll 343.3B 39&.84':1 588.326 151.581 "31.79'1 
VUv 306.444 4".246 6lu.137 187.102 -32.254 

10vll 386.079 44S.u3S 069.7~u 224.755 -32.622 

11 UI" 402.844 467.1 lie 707.394 264.223 -32.924 
1 <U(J 41702{l6 488.708 7"3.078 305.244 -33.172 
1.)vll 42'f.S46 50Y.!)9u 77b.<tU 347.597 -33.317 
14\)v 44(i.HI" 529.il"" 809.203 391.096 "33.545 
1 ~u" 449.38 .. 549.504 tj39.894 435.586 .. 3.3.085 

considered in the present work (Table 8). The relative ener­
gy oftbis form, l(X)O cm 1 (12 kJ moll), was estimated 
from the force-field calculations. 157.193,201 

The product of the principal moments of inertia for 
trans-cyclooctene, given in Table 8, was calculated from the 
electron diffraction structural parameters of Traetteberg.226 

These parameters are consistent with those obtained by 
force-field calculations. 160,193,226,227 

Until now no vibrational spectra of trans-cyclooctene 
have been reported. In the present work the fundamental 
vibrations were estimated by nonnal coordinate calcula­
tions. The similarity afforce fields for cyclohexene, 151 cyc1o­
heptene,169 and related compoundS allows a decision to be 
made concerning the transferability of the force fields for 
cycloalkenes. Thus, the force field used was transferred from 
cycloheptene.189 For normal coordinate calculations we 
used the NCA program written by Novikov.83 The funda­
mental frequencies, given in Table 9, were selected on the 
basis of our calculations and the comparison with funda­
mentals of cyclohexene and cycloheptene; their uncertain­
ties are estimated to be 20-50 cm -1. 

Ideal gas thermodynamic properties for trans-cyclooc­
tene, given in Table 27, are reported for the first time. No 
experimental data are available for comparisons. 

20. Cis, cis .. 1 ,3-Cyclooctadiene 
Cis,cis-l,3-cyclooctadiene is the most stable isomer of 

1,3-cyclooctadiene. Braude,228 from ultraviolet spectrosco­
py, and Schrader and Ansmann,197 from infrared data on 
stretching vibrations of the double bonds. deduced that the 
diene system in cis,cis-l ,3-cyc1ooctadiene must be nonplanar 
with a torsional angle of about 40°-45° and 38'>, respectively. 
Traetteberg229 bas investigated the structure of cis,cis-l,3-
cyclooctadiene in the gas phase by electron diffraction and 
has. reported that the conformation is irregular twist-boat 
(C1 symmetry) with a diene twist angle of 38°. Allinger et 
(1/.'230 studied cis,cis-l,3-cyc100ctadiene by the iterative 
rorce4ield method. The molecule is calculated to be a mix-

;'tu1CJ)ftwo conformations, one of which has a C2 axis, and 
,~,. ~is irregular. The energies of these two conformations are 

ated to be very nearly the same. These results are con-

sistent with the noniterative force-field findings. 199.200 Anet 
and YavarfZ31 have Investigated ClS,C1S-l ,3-cyclooctadiene by 
dynamic nuclear magnetic resonance spectroscopy and have 
also reported iterative force-field calculations of the inter­
conversion paths of cis.cis-1.3-cYclooctadiene conforma­
tions. According to their data, the compound exists as a 
nearly equal mixture of symmetrical (C2 ) twist-boat-chair 
and unsymmetrical (C1) twist-boat conformers. This is in 
agreement with previous calculations. 199,200,230 The mixture 
of the two conformers of cis,cis-l,3-cyclooctadiene was con­
sidered in this work (Table 8), where the twist-boat-chair is 
the predominant conformation and is more stable than twist­
boatby200cm- 1 (2.4kJ mol- 1). (Anetand YavarF31 have 
estimated this energy as ....., 2.1 kJ mol- 1. ) 

Electron diffraction structural parameters of the C 1 

conformer determined by Traetteberg229 were used to calcu~ 
late the product of the principal moments of inertia (Table 
8). Allinger et al. 230 suppose that this structure must be 
some kind of average over the two conformations of cis,cis-
1,3-cyclooctadiene. 

Only infrared data on the stretching vibrations of 
C = C bonds have been reported for 1,3-cyclooctadiene.197 

The vibrational frequencies, given in Table 9, were estimated 
on the basis of normal coordinate calculations. The similar­
ity of force fields for 1,3-cyclohexadiene,85 1,3-cyc1ohepta­
diene,86 and related compounds allows a decision to be made 
concerning the transferability of the force fields for 1,3-cy­
cloalkadienes. Thus, the force constants used were trans­
ferred from 1,3-cyc1obeptadiene.s6 For normal coordinate 
calculations we used the NCA program by Novikov.83 The 
fundamental frequencies, given in Table 9, were selected on 
the basis of our calculations and the comparison with funda­
mentals of 1,3-cyclohexadiene and 1,3-cycloheptadiene. The 
uncertainties of calculated frequencies are estimated to be 
20-50cm- 1• 

The enthalpy of formation, presented in Table 8, was 
estimated by Kozina et al.232 from available experimental 
data. 

Ideal gas thermodynamic properties for cis,cis-l,3-cy­
clooctadiene, given in Table 28, are reported for the first 
time. No experimental data are available for comparisons. 

ftoJ.e i!l:I. ~o.ea.L gas 'IiJle~0 proper1;18S :tor 018,01S-J..,­

c~looctad1ene 

~ 0° _(ft)-!Jo°)~ ·t 'f-&,o 
-~ 

log ~ 
It J K-1IlOl-1 lcJ 1101-1 

1\JU <>1.276 217.9H 260.574 ... l6U -71.586 
ll.ii! ~5. 58i 253.0 .. 5 313.431 12.077 • .. 0.US1 
;196.1 ~ 138.825 280.512 359.358 23.508 -38.65c 
.)\1" B':I.704 2S1.uUl 360.21Y 23.766 -38.565 
4U(} 186.556 306.638 406.895 40.1()3 -35.261i 
~uu 227.9,,3 :n, .327 453.1u1 00.887 -33.5li2 
OUU 262 ... 58 355.375 4>J7.812 85.463 -32.44" 
7011 2Yl.077 378.797 5 .. v.486 113.·183 -31.747 
dUO 315.v64 401.561 580 .... "6 ·,43.5<" -31.254 
'IV\; 335.36u .. 23.643 61'1.280 176.073 -30.886 

llJuu 352.6 .... 445.036 655.532 ':10 ..... 0 -30.598 

110;; 367.422 465.746 689.854 240.510 -30.363 
Uvu 380.1I.il.i 485.789 72Z .381 ,83.9.1 oJ -30.167 
l.hlU 391.005 505.186 753.247 322.479 -29.997 
14u"; 4vU.418 523.961 782.576 362.062 ... 29.846 
BUll .. 08.56<;0 542.140 810.487 IoCZ .5, 1 -29.712 -'----
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11 ~l1\'Wj! lrnw clcrtmll diflructioll study233 and from 
1'1 ill hIli 01 IjlC 11l1ckn r magnetic resonance spectra234 

lind llIoln:~IlIHr 1I1cchanics caJcu]ations,I43,235,236 that the 
lilW(~:,1 energy form of the cis,cis-I,S-cyclooctadiene is the 
lWISl-bc)(lt (C2 symmetry). Ermer236 has performed the 
force-field calculations of the interconversion paths of cis, 
cis-1,5-cyclooctadiene and has shown that three conforma­
tions correspond to potential energy minima: the most stable 
twist-boat form and two forms of C 2h (chair) amI Cs sym­
metry with energies· higher than that of twist-boat by about 
17 kJ mol-l. This result agrees well with the interpretation 
of nuclear magnetic resonance spectra by Anet and Ko­
zerski234 but less well with Allinger and Sprague's force-field 
calculation.235 In the latter work five conformations corre­
spond to energy minima, the relative energy of chair form 
being -., 6 kJ mol-I. No significant evidence for the presence 
of the chair form was found in the electron diffraction study 
of Hagen et ai.,233 but amounts less than about 10% in an 
equilibrium mixture with the twist-boat form cannot be 
ruled out. On the basis of the above experimental and theo­
retical data on cis,cis-l,5-cyclooctadiene, three stable con­
formations of this molecule (twist-boat, chair, and Cs form) 
were considered in the present work (Table 8). The relative 
energy of chair and Cs forms, 1500 cm -1 (18 kJ mol-I), 
was adopted according to the force-field calculations of 
Ermer. 236 

The product of the principal moments of inertia for the 
twist-boat conformer, given in Table 8, was calculated from 
structural data obtained by electron diffraction?33 

Infrared and Raman spectra of the liquid and solid 1,5-
cyclooctadiene were reported237,238 but no vibrational as­
signments were presented except for v(e = e). To estimate 
a complete set of fundamentals. the normal coordinate cal­
culations were carried out in this work. The similarity of the 
force fields for cyclohexene,151 cycloheptene,189 and trans, 
trans,trans-cyclododecatriene239 permits the transfer of the 
force constants from these molecules to 1,5-cyc1ooctadiene. 
The fundamental frequencies, adopted in Table 9, were se­
lected on the basis of normal coordinate calculations. For 

Table 29. Ideal gas t.bermodynam1c propen;ie8 tor 018,c18-l,5-

c;}'Clooctad1ene 

~ CO _(~o _"& 0 )/~ f/ rf-~o 
-~ 

It J It-I mol-l kJ mol-l 
log~ 

lUll 53.367 217.343 257.1lU 3.97lS -60.758 
~OU <;'1.777 249.590 305.409 11.163 -40.830 
~91!.15 138.304 275.377 350 _ 508 22.400 -35.277 
j()lJ 139.226 275.843 351.367 22.657 -35.214 
4uu 188.010 30U.56j 398.183 39.048 -32.862 
'U() 230.946 324.771 444.885 60.0S7 -31.672 
6v() 266.581 . 348.595 490.247 84.99C! -30.988 
(Ou 295.8<18 371.954 533.615 113.163 -30.552 
tivv 320.197 394.757 574.162 144.004 ·30.2;2 
lIvu 340.521 416.94Q 613.1>84 177.070 -30.030 

1 uuu 357.646 438.471 650.473 212.00, -29.855 

11UU 372.165 459.340 685.260 248.512 -29.711 
12u0 384.529 479.551 718.167 286.363 -29.587 
130U 395.109 499.119 749.395 325.359 -29.478 
HUlJ 404.198 ~18.063 779.016 365.336 -29.379 
"vu 41(.043 536.406 807.177 406.157 -29.287 
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this purpose we used the NeA program by Novikov.83 The 
uncertainties of calculated frequencies are estimated to be 
20-50 em-I. 

Ideal gas thermodynamic properties for cis,cis-l,5-cy­
clooctadiene are listed in Table 29. No experimental data are 
available for comparisons. The value of SO (298.15 K) re­
purtt:d by ErIIlt:I?"lh i:s auuut 2 J K - 1 lIlol- 1 less than that 

calculated in the present work (Table 32). We believe our 
value to be more reliable than that obtained by Ermer236 

from molecular mechanics calculations. 

22. 1,3,5,7 ·Cyclooctatetraene 
eyclooctatetraene has a nonplanar equilibrium confor­

mation (boat form of D 2d symmetry), as shown by electron 
diffraction240,241 and nuclear magnetic resonance242 mea­
surements as well as by ab initio243 and force_field244-246 cal­
culations. A planar structure (D 4h symmetry) was found to 
be a transition state on the energy surface for interconver­
sion of boat forms.242-244,246 Electron diffraction structural 
parameters of Traetteberg241 were used to calculate the pro­
duct of the principal moments of inertia (Table 8). Bond 
lengths and angles obtained by Traetteberg241 are consistent 
with those determined in another electron diffraction 
study240 and calculated theoretically, :l4:i-:246 but Traette-
berg's degree of nonplanarity is 100-25° less than that ob­
tained from theoretical calculations. It is difficult to offer an 
explanation for this discrepancy. However, it should be em­
phasized that the electron diffraction model gives a better 
description ofthe electronic spectrum than theoretical mod­
els.247 

Lippincott et ai.248 observed the infrared and Raman 
spectra of liquid and gaseous cyclooctatetraene and have 
made a complete vibrational assignment. Later, Popov and 
Kogan249 and Traetteberg et ai.250 carried out a normal co­
ordinate analysis and partly reassigned the observed spectra. 
The vibrational fundamentals given in Table 9 are those by 
Popov and Kogan.249 Their vibrational assignment gives a 
better agreement with experimental t:lltropy than th~ oth~l-S. 
The adopted values of frequencies were taken from the Ra­
man spectrum of the liquid (AI and Bl modes), from in-

Table 30. Ideal gas thermodynamic properties for l,3,5,7-oyo10-

oc.tatetraene 

~ CO _(~o_lJo°)/'£ '§o rf-lJo° -p 

J K-1 mol-1 kJ 1101-1 
log ~ 

K 

j I...IU 50. 6a~ 2JJ.1S0 ( .. 1 ... 25 3.828 -171.052 

~"" ,).3.798 233.88!) 28o.41u 10.505 -9('.627 
':Yo.1 ~ 122.013 257.873 326.'106 20.6UO -64.737 
j"v 1 i:3. 361 258. )111 327.7 .. 7 ,:u.834 -04 ... 15 
.1041 l,., I.J 1 C 1.834 20".785 301;.611 35.133 -51.58li 
:"uv 1 ... ".41 :; 3,,2.351 .. 00.3 .. ". 52.999 ·44.u14 
bLiv ~'I.i. 'ISS 323.2\;, " .. 6.225 73.813 -39.u .. u 
tvv , .. , .o!,), 3 .. 3.356 481.96'1 97 .O2~ -35.523 
Ol)u ~6".6i: 5 36.:.8'.15 515.580 1U.UJ -3Z.'IOt. 
yUU a5.on 381.553 547.172 ""'I.u5? -3u.8!j3 

1 Uuv 2a8.44~ 399.616 ;76.898 177.2B2 -2'>1.270 

11v[. 29". ,f,<> 417.018 oll".912 ~O6.683 -27.953 
1 ~..;v 308.552 .. 33.78" 631.361 237.087 -26.857 
1 JU\.I 31 to. 5U,· ~ .. v. \/58 6;<>.380 268.349 -25.9Z9 
l .. v" 323.345 "65.556 6llU.09~ 300.350 -25.133 
, ~,11I 32v. <:6·' ,,8(·.610 7(;2.607 332.988 -24.442 



THERMODYNAMIC PROPERTIES OF MONOCYCLIC HYDROCARBONS 

Table 31. The uncertainties of the calculated thermal functions (in J K-' rnol-') and adopted enthalpies 

of formation (in kJ rnol-1 ) 

Uncertainties in .§O Uncertainties in C 0 
-p Uncertainties 

in 

459 

Molecule 298.15 K I 1000 K 298.15 K 
1 

1000 K 6fHO(29S.15 K) 

J K-1 mol-1 kJ rnol- 1 

Cyclopropane 0.5 4.5 1.0 G.O 0.5 

Cyclopropene 0.5 3.5 1 " ."v 4.0 2.5 

Cyclobutane 1.0 6.5 2.0 8.0 0.5 

Cyclobuteiie 1.0 6.5 2 c:. ." 7.0 1.5 

1,3-Cyclobutadiene 2.0 9.0 3.0 6.0 20.0 

Cyclopentane 1.5' 9.0 2.5 11.0 0.8 

Cyclopentene 1.5 8.0 2.5 9.0 1.7 

1,3-Cyclopentadiene 1.5 8.0 2.5 8.0 3.8 

Cyclohexane 2.0 13.0 4.0 14.0 0.3 

Cyclohexene 2.0 11.5 3.5 12.0 0.5 

1,3-Cyclohexediene 2.0 10.5 3.5 11.0 0.5 

1.4-Cyolohexad~ene 2.~ 11.0 J.':i 11.0 5.0 

Cycloheptane 3.5 14.0 6.0 15.0 0.6 

Cycloheptene ,+.0 15.0 6.5 16.0 0.9 

1.3-Cycloheptadiene 6.0 17.0 7.5 18.0 0.9 

1.3.5-Cycloheptetriene 3.0 13.5 5.0 12.0 1.2 

Cyclooctane 4.5 19.0 8.0 20.0 0.9 

Cyclooctene 7.5 21.0 8.0 20.0 1.1 

1,3-Cyclooctadiene 6.5 18.5 7.0 17 .0 2.0 

1.5-Cyclooctadiene 7.0 20.0 10.0 20.0 1.2 

1,3,5,7-Cyclooctatetraene 3.0 11.0 4.0 10.0 1.3 
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Table 32. Comparison of exper1ment&la entroPies with calculated 

value s (in J K-1 mo1-1 ) 

298.15 K I 500 K 11000 K 

Investigator (year) 

~ 

2~7.4 

2~8.9 

2~7.2 

2~7.4 

243·5 

243.5 

243.5 

265.4±0.8 

2b!:>.'f. 

264.1 

264.4 

292.8 

~ 

292.9 

292.9 

293.8 

292.9 

~ 

289.7 

289.2 

289.1 

291·3 

270.3;t4.0c 

274.4 

274.5 

274.0 

~ 
~ 
298.2 

299.6 

297.3 

275·9 

277.~ 

274.7 

275.5 

277.7 

277.5 

277.7 

}J.5· 0 

313.7 

313.4 

352.0 

352.3 

35~.3 

352.0 

342.3 

34~.6 

347·5 

325.0 

325.8 

373.4 

374.6 

371.8 

cyclopropane 

Ruehrwein and Powell (1946) 

~60·5 Kobe and Pennington (1951) 

Chang ~. (1970) 

~57.9 Karuppannan ~. (1981) 

359·5 This work 

Cyclopropene 

346.5 Yum and Eggers (1979) 

346.2 Adame and Vicharelli (1979) 

346.6 This work 

Cyclobutar.e 

Rathjens and Gwinn (1953) 

4213.9 Rathjens~. (1953) 

Chang ~. (1970) 

424.7 This work 

Cyc10butene 

Denti (1956) 

This work 

CYclopentane 

Kilpatrick ~. (1947) 

MoCullough et al. (1959) 

491.4 Kilpatrick et al. (1947) 

492.2 MoCullough et al. (1959) 

Chang et al. (1970; 

491.0 This work 

Cyclopentene 

Beokett et al. (1948) 

464.2 Beokett et al. (1948) 

FuruySll1B. et al. (1970) 

466·5 Draeger et a1. (198~) 

472.6 This work 

l,3-Cyc1opentadiene 

Grant and Walsh (1969) 

434.3 Turnbull (1967) 

Furuyama ~. (1970) 

436.9 This work 

Cyclohexane 

Aston!L!!. (1943) 
Beckett et al. (1947) 

550.6 Beckett et a1. (1947) 

Chang et al. (1970) 

547.5 This work 
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Reference 

21 

22 

24 

2~ 

30 

32 

55 b 

50 

24 

65 

88 

101 

88 

101 

24 

109 

109 

114 

115 

124 

125 

114 

262 
145 

145 

24 

Table 32. Comparison of experimenta1a entrOPies with oalculated 

value s (in J K-1 mol-I) --Continued 

.2!fh2 
~10.7 383.4 

310.5 ~80.6 

342.~:!;1.3 

343.0 431.9 

342.~ 434.2 

315. 6;tl.0 

~lB.O 

316.3 

,,,.""., I 
",.0 .. "., 
366.7 I 468.2 

347.9 . ·1 
:;50.~ . 

:;26.8+1.5 
-----

:;25.3 406.8 

327.0 408.:; 

1 

Cyc10hexene 

543.1 

537.1 

Beokett~. (1948) 

Beckett ~. (19'~8) 

This work 

Cyc10heptane 

Finke ~. (1956) 

Chang et a1. (197C) 

This work 

1,~, 5-Cyoloheptatriene 

109 

10,) 

188 

24 

Finke ~. (1956) 188 

Evans and Lord (1960) 213 

This work 

Cyc100ctane 

Finke et a1. (1-)56) 188 

Gllang ~. (J.~f/UJ 

This work 

1, 5-Cyc 100c tadiene 

I 

,~" (1076) 

. This work 

2:;6 

1,:;,5, '?-Cyclooctatetraene 

3cott at a1. (1949) 251 

575.0 J,ippincott and Lord (1951) 252 

576.9 This work 

a Experimental values of ~0(298.15 K) are underlined. 

b From caloriinetric measurements flathjens and Gwinn55 

obtained the value of .2°(285.67 K). On the basis of this value 

Stull at al. 25:; calculated 2°(298.15 I:). 

c The entropy value was calc.ulated from equilibrium data. 
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Table ~3. Comparison of experimental heat capacities with 

calculated values (in J K-l mol-l ) 

Experimental Q~o data Oalcu1ated g~ 0 data 

C1'clopropane 

~, K Bet. 254- Ret. 254- This work 

272.1; 50.6 ;0.8 ;0.5 

300.48 ;6.5 56.4 56.0 

3;;.70 6;.2 6;.2 62.8 

368.46 70.2 70.4 69.8 

~, K Ref. 255 a Ret. 255 This work 

157.6 ~5.~ 35.0 35.0 

223.4 42.6, 4;.1 42.1 42.1 

2;8.4 48.7, 49.6 48.1 47.9 

295.4 55.5, 57.1 55.2 55.0 

313.9 59.;, 61.; 59.1 58.7 
325.3 61.3, 63.6 51.5 61.1 

338.9 64.2 64.2 63.8 

Cyc10pentane 

~, K Ref. 258 Bet. sa This work 

353 102.0 102.0 101.8 

372 108.2 lOB. 5 

395 117.3 116.4 

424 126.3 126.2 

463 138.7 138.8 

503 150.7 1;0.9 150.9 

539 160.1 161.2 161.2 

~, K Ret. 101 Ref. 101 This work 

329.0; 94.0 93.9 93.4 

395.05 117.1 117.1 116.5 

463.10 139.5 139.6 138.8 

O;yo1ohe:xane 

~. K Ref. 258 ftis work 

384 143·1 141.9 

428 161.8 160., 

'+-60 174., 17,.2 

495 189.5 186.8 

521 196.6 196.4 

544- 206.3 204.6 

O;yolohe:z:ene 

~, K Ref. 109 Ref. 109 !l.'his work 

400 145.0 144.9 139.7 

a· Only a part of experimental values is· included in this 
table 
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frared spectrum of the gas (B2 and E modes) ~ and from 
calculation (unobserved A2 modes). 

Ideal gas thermodynamic properties for 1~3~5~7-cy­

c100ctatetraene are given in Table 30. The calculated value 
of S (298.15 K)~ as shown in Table 32, agrees well with the 
calorimetric entropy.25I Lippincott and Lord252 have calcu­
lated thermal functions for the crown structure of D 4 sym­
metry. Calculated S values are somewhat lower than values 
obtained in this work (Table 32), while the C; values are 
close to those given in Table 30. The discrepancies in the 
entropy values are due to the different vibrational frequen­
cies adopted for calculations (the discrepancy in symmetry 
numbers is compensated for the presence of optical isomers 
in the case of D 4 symmetry). 
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