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An estimation method developed by S.W. Benson and coworkers, for calculating
the thermodynamic properties of organic compounds in the gas phase, has been
extended to the liquid and solid phases for hydrocarbon compounds at 298.15 K.
The second order approach which includes nearest neighbor interactions has been
applied to the condensed phase. A total of 1311 comparisons are made between
experimentally determined values and those calculated using additive group values.
Of the 559 comparisons given for the enthalpy of formation (A¢4°) in the gas,
liquid, and solid phases, the average difference (residual), without regard to sign, is
2.6 kJ/mol. The average differences for 390 comparisons for the heat capacity
(C,°) and 352 comparisons for the entropy (S°) in the three phases are 1.9 and 2.3
J/mol-K, respectively. The good agreement between experimental and calculated
values shows that the Benson group additivity approach to the estimation of ther-
modynamic properties of organic compounds is applicable to the liquid and solid
phases as well as the gas phase. Appendices provide example calculations of the
thermodynamic properties of selected hydrocarbon compounds, total symmetry
numbers, and methyl repulsion corrections. Most of the 144 references listed offer
an indication of the activity in the development of estimation methods for calculat-
ing thermodynamic properties since 1931.
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1. Introduction

For many years, thermodynamicists have been active
in the development of numerical methods which corre-
late molecular structure and sub-structure with a corre-
sponding energy contribution to a thermodynamic
property. Some indication of this activity can be found
by examining the 144 references at the end of this paper
which primarily cover estimation methods and also iden-
tify some important reference sources of evaluated ther-
modynamic properties of hydrocarbon and related
compounds. A variety of estimation schemes have
emerged which demonstrate that good agreement can be
achieved between calculated and experimentally mea-
sured thermodynamic properties. Of the estimation
schemes which have been developed, the one put to-
gether by S.W. Benson and coworkers (58BEN/BUS,
68BEN, 69BEN/CRU, 69SHA, 71SHA, 73EIG/GOL,
76BEN, 77LUR/BEN, 77SHA/GOL, and 77STE/
GOL) has the most desirable characteristics and appears
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to be generally acceptable to scientists within and be-
tween the disciplines of physical chemistry and chemical
engineering. The attractive features of the Benson ap-
proach consist of simple additivity, ‘clarity of notation,
second order character, i.e., inclusion of nearest-neigh-
bor interactions, ease of application, and satisfactory
agreement between the estimated thermodynamic prop-
erty and its experimentally determined value. Initially,
focus was directed toward estimation of thermodynamic
properties of organic compounds in the gas phase. The
development of numerical methods oriented toward esti-
mation of thermodynamic properties in the condensed
phase has also been reported (69SHA, 71SHA, 77LUR/
BEN), but primary attention has usually been placed
upon gas phase processes. The estimation procedure de-
veloped by Benson and coworkers has been adopted into
CHETAH, the ASTM Chemical Thermodynamic and
Energy Release Evaluation Program (74SEA/FRE), for
the estimation of thermodynamic properties of organic
compounds in the gas phase and for the classification of
chemical compounds or compositions according to
whether they are likely to be impact sensitive.

The purpose of this paper is to extend the Benson
group contribution values to the liquid and solid phases
for hydrocarbon compounds, and when possible, to
provide improved group contribution values for the gas
phase. The thermodynamic properties at 298.15 K con-
sidered are: enthalpy of formation, heat capacity, and
entropy. The approach taken in the evaluation of data
and in the development of group values consisted of cal-
culating and examining group increments in a systematic
manner. This procedure was followed by the selection of
group values which appeared to give minimum residuals
between the calculated and experimental values. The de-
velopment of groups and group values followed the path
from alkanes to alkenes, alkynes, aromatic hydrocarbons,
cycloalkanes, and other hydrocarbon derivatives. A
global least squares, least sums, or regression-type fit of
all the group values was not carried out because of dif-
ferences in the quality of the data and because of the
minimal amount of data available for certain group val-
ues. Computations were performed using a conventional
desk-top electronic calculator. It is expected that the re-
sults we obtained are approximately equivalent to what
would have been derived from a weighted regression
analysis.

A companion document, 39DOM/HEA, is in prepara-
tion which describes a database and algorithm for calcu-
lating the enthalpy of formation, heat capacity, and
entropy at 298.15 K of 1311 hydrocarbon compounds in
the gas, liquid, and solid phases. The database includes
the group contribution values used by the algorithm, the
corresponding experimental and calculated data for the
enthalpy of formation, heat capacity, and entropy of the
hydrocarbon compounds, and the differences or residu-
als which result. The document, 39DOM/HEA, is also
available on diskette and contains an interactive program
which allows the user to carry out the calculation of the
enthalpy of formation, heat capacity, or entropy for any
hydrocarbon compound based on the assembly of the
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corresponding group contribution values in a particular
phase. Also calculated are the entropy of formation,
AsS°, Gibbs energy of formation, A;G°, and the natural
logarithm of the equilibrium constant, In K.

The thermodynamic data used as the data-base for this
study were obtained from the following reference
sources: 53ROS/PIT, 69STU/WES, 70COX/PIL,
77PED/RYL, 84DOM/EVA, 86MAR, and 86PED/
NAY. Differences between the enthalpy of formation,
heat capacity, and entropy for the gas and liquid phases,
and liquid and solid phases are related to the correspond-
ing transition properties. For example, the difference be-
tween the enthalpies of formation at 298.15 K for the gas
and liquids phases equals the enthalpy of vaporization at
298.15 K for that hydrocarbon. Similarly, the difference
between the enthalpy of formation liquid and solid
phases gives the transition property equal to the sum of
the enthalpies of fusion and the enthalpies of the first-or-
der crystal-crystal transitions at 298.15 K. In the tables
containing data on hydrocarbon compounds in the solid
phase, the experimental values for A¢H°® were sometimes
derived from a combination of A:H °(liquid), AH (fusion),
and any AH (transition).

2. Discussion of Results

Group contribution values for hydrocarbons at
298.15 K are given for the enthalpy of formation, AH °,
heat capacity, C,°, and entropy, S°, for the gas, liquid,
and solid phases in Table 1 in joules. The superscript
symbol, °, indicates that the substance is in its standard
state. For a gaseous compound, the standard thermody-
namic properties are for the pure compound at a pres-
sure of 0.1 MPa (1 bar) and in a hypothetical state in
which it exhibits ideal gas behavior. The heat capacity
and enthalpy of the compound are those of the real gas
extrapolated to zero pressure. For a liquid or solid com-
pound, the standard thermodynamic properties are for
the pure compound in the liquid or solid phase, respec-
tively, under a pressure of 0.1 MPa (1 bar).

Ring strain corrections which are applicable to cy-
cloalkanes and related compounds are shown in Table 2
and are also in joules. The joule is related to the thermo-
chemical calorie through the definition: one thermo-
chemical calories equals 4.1840 joules.

Recommendations by the IUPAC (82COX/ANG) to
reference the standard state pressure as 100,000 Pa (1
bar) rather than 101,325 Pa (1 atmosphere) were exam-
ined. Calculations indicated that numerical changes to
group contribution values were negligible when com-
pared to the uncertainties the values themselves. System-
atic differences imposed by a change n standard state
pressure to 100,000 Pa were well below 04 kJ/mol (01
kcal/mol) for A/H° and 04 J/mol-K (0 1 cal/mol-K) for

C,° and S° in most instances Hence, no cotrections to
accommodate this change were deemed necessiny
Example calculations which give details of the addh

tivity of the group values in the estimation of A /77, €7,
and S° are provided for several hydrocarbon compounds
in Appendix A. Appendix B shows a comparison of gas
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phase property data calculated from this study with that
of 76BEN. Overall the residuals found between the two
calculated values are small. Comparison to experimental
values in other tables indicates that improvement takes
place about half of the time.

2.1. n-Alkanes

Tables 3, 4, and 5 show the agreement between 122
experimental and calculated values for AZH°, C,°, and S°
at 298.15 K for n-alkanes. In the gas phase, 50 compari-
sons were made between the experimental and calcu-
lated values for AH®, C,°, and S° at 298.15 K; here,
residuals do not exceed 1.5 kJ/mol for AH° or
1.5 J/mol-K for C,° or S°. In the liquid phase, 39 com-
parisons showed residuals for AiH° of 1.6 kJ/mol or less
and residuals for S° of 0.4 J/mol-K or less. Residuals for
liquid C,° result in only 3 of 14 exceeding 2.0 J/mol.K.
In the solid phase, 17 comparisons between experimental
and calculated values for A;H° show 8 residuals below
2.0 kJ/mol. The development of group values for C,°
and S° in the solid phase for n-alkanes presented consid-
erable difficulty. Data for C,° and S° in the solid phase
were not plentiful and some of the results reported are of
dubious quality. For example, some (10) residuals for C,°
and S° in Table 5 appear to be unusually large, while
others are quite satisfactory. In particular, the data on
C,° and S° for crystalline n-octadecane reported by
67MES/GUT and for crystalline n-hexacosane reported
by 76AND/MAR were of high quality as were the ex-
trapolated values for crystalline n-hexadecane derived
from the liquid phase data of 67MES/GUT. However,
data on C,° and S° for solid phase r-alkanes reported
before 1950 were considered unreliable because low tem-
perature measurements did not extend below the boiling
point of liquid nitrogen (~ 80 K). As a result of using the
latter data, large residuals, shown in Table 5, were ob-
tained for C,° and S° for solid n-alkanes. In some of the
reported studies, sample impurities may have introduced
errors into the experimental data for C,° and S°. Addi-
tional experimental studies on solid n-alkanes in the Cy
to Cy range are needed to improve the reliability of esti-
mation of thermodynamic properties using group contri-
bution values.

Although separate values for odd and even carbon
containing homologues were developed for the calcula-
tion of values for the group C—(C),(H); for A/l m the
solid phase for n-alkanes, this did not result i an i

provement in the estimated values when compated to
experimental data Therefore, the separate values were
discarded - preference for the smple value histed m
Table [, ¢ (C)(ih. 29410 K amol Bitects trom odd
and even numbers of carhon atomes i the data for

and ST alkanes were oven lesscapparent and, henoe,
only asiple value appearsn Table | for the € () (D
proup  Bshould also beomentioned that the value tor the
methyl proup does not change, except for the physical
phase, no mattes to what structural entity it s attad hed,
1e, C (D)) C (H)(X), where Xoas another car

bon atom neighbor, such as C, C,, or Cy

J. Phvs. Chem. Ref. Data. Val. 17.Na. 4. 1988
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2.2. Substituted Alkanes

Tables 6 through 11 compare the experimental and
calculated values for substituted or branched alkanes for
AH®, C,°, and §° at 298.15 K. During the evaluation of
data on the enthalpies of formation of substituted alka-
nes, the Benson approach was modified for the treatment
of gauche isomers. A new treatment was developed
which corrects for the repulsive interaction of hydrogen
atoms on methyl groups attached to tertiary or quater-
nary carbon atoms. A group value was assigned to a
tertiary or quaternary carbon along with a group value
for the number of methyl groups attached to the tertiary
or quaternary carbon. For example, A¢H° for 2-methyl-
propane required 3 methyl repulsion correction values,
2-methylbutane required 2 methyl repulsion correction
values, 3-methyl-pentane required 1 methyl repulsion
correction value, and 3-ethyl- pentane needed no correc-
tion of this kind. AH° for the gas phase for these
molecules is shown in the sample calculations below.

A similar rationale was applied to the methyl repulsion
correction for a quaternary carbon atom. Molecules with
quaternary carbon atoms which corresponded to the
examples above were 2,2-dimethylpropane, 2,2-
dimethylbutane, 3,3-dimethylpentane, 3-ethyl-3-methyl-
pentane, and 3,3-diethylpentane and required 4, 3, 2, 1,
and 0 methyl repulsion correction values, respectively,
in the calculation of AH° at 298.15 K. In addition, dif-
ferent methyl repulsion correction values were required
for quaternary carbon atoms which had a tertiary carbon
atom adjacent to it and another such correction when an
alkane had two quaternary carbon atoms in its structure.
These additional methyl repulsion corrections have been
developed for AH° in the gas and liquid phases, but not
for the solid phase due to a lack of precise data on solid
hydrocarbon compounds having the appropriate struc-
tures. The introduction of the methyl repulsion correc-
tion values was made because of the significant
reduction observed in the differences in the experimental
and calculated values for hydrocarbon compounds hav-
ing tertiary and/or quaternary carbon atoms and because
it appears simpler in both concept and application to the
gauche correction developed earlier. Some further ex-
amples of the methyl repulsion corrections are provided
in Appendix C.

Although the notion of methyl repulsion interactions
in the arrays of data on C,° and S° for substituted alka-
nes was examined carefully, correction terms did not
emerge which brought about a reduction in the magni-
tude of the residuals for these hydrocarbons.

Among the substituted alkanes shown in Tables 6
through 11 for all three phases, 215 comparisons were
made between experimental and calculated values. In the
gas phase, out of a total of 117 comparisons, 101 show
residuals of less than or equal to 4.0 kJ/mol for AH° and
less than or equal to 4.0 J/mol-K for C,° and S°. In the
liquid phase, 77 comparisons are listed. Of these, 42
show residuals of less than or equal to 4.0 kJ/mol for
Ad1* and less than or equal to 4.0 J/mol-K for C,° and
5°. In the solid phase, out of 19 comparisons for AcH°, 17
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are less than or equal to 4.0 kJ/mol. Comparisons of C,°
and S° for solid substituted alkanes are virtually nonexis-
tent. Experimental data are needed on key substituted
alkanes to assist in the estimation of other family mem-
bers.

2-Methylpropane
CH;

N
CH;-CH-CH;

Enthalpy of formation (gas phase)

No. of Group Group value Sum (kJ/mol)
groups
3 C-(C)(H): —42.26 —126.78
1 C-(C)s(H) -1.17 —-1.17
3 —CH; corr —2.26 —6.78
—134.73

Compare with experimental value: —134.18 kJ/mol (51PRO/MAR,
86PED/NAY).
Comparc with cstimated valuc from 76 BEN: —~135.98 kJ/mol.

2-Methylbutane
CH,

AN
CH;-CH-CH,-CH;

Enthalpy of formation (gas phase)

No. of Group Group value Sum (kJ/mol)
groups
3 C-(C)Y(H)x —42.26 —126.78
1 C~(C)(H), —~20.63 —20.63
1 C~C)y(H) —1.17 ~117
2 —CH,; corr —2.26 —4.52
—153.10

Compare with experimental value:—153.68 kJ/mol (70GOO,
86PED/NAY). )
Compare with estimated value from 76BEN: —153.26 kJ/mol.

3-Methylpentane
CH,

AN
CH,-CH,-CH-CH,-CH;

Enthalpy of formation (gas phase)

No. of Group Group value Sum (kJ/mol)
groups
3 C~(CYH); —42.26 —126.78
2 C-(C),(H), —20.63 —41.26
1 C-(C)s(H) —-1.17 —~1.17
1 ~-CH; corr —2.26 —2.26
—171.47

Compare with experimental value: —172.09 kJ/mol (41PRO/
ROS, 86PED/NAY).

Compare with estimated value from 76BEN: —170.54 kJ/mol.
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3-Ethylpentane
CH;-CH,
AN
CH,;-CH,-CH-CH,-CH;

Enthalpy of formation (gas phase)

No. of Group Group value Sum (kJ/mol)
groups
3 C-(C)(H); —42.26 —126.78
3 C—(C):(H), —20.63 —61.89
C-(C):(H) —1.17 —-1.17
- —189.84

Compare with experimental value:  —189.62. kI/mol (41PRO/ROS
2, 86PED/NAY).

Compare with estimated value from 76BEN- —187.82 kJ/mol.
2.3. n-Alkenes

Tables 12, 13, and 14 compare 154 experimental and
calculated values for A;H°, C,°, and S° at 298.15 K for
linear alkenes in the gas, liquid and solid phases. In the
gas phase, 73 out of 83 comparisons show residuals of 2.0
kJ/mol or less for AH° and 2.0 J/mol-K or less for C,°
and S°. In the liquid phase, 40 out of 54 comparisons
show residuals of 2.0 kJ/mol or less for A(H°® and 2.0
J/mol-K or less for C,° and S°. In the solid phase, exper-
imental data were unavailable for C,° and S° on linear
alkenes, suggesting the need for additional research.
Data for A(H° on solid linear alkene are derived from
data on the liquid phase and data on enthalpies of fusion
and transition. Here, 15 out of 17 comparisons show
residuals of less than 2.0 kJ/mol. The residual for AH°
of 1-hexadecene in the solid phase listed in Table 14 is
large, 17.2 kJ/mol. Because the AH° residuals listed for
most of the other linear alkenes are below 2.0 kJ/mol, it
appears that the group contribution values are satisfac-
tory. Low temperature heat capacity studies were per-
formed on seven l-olefins by S57MCC/FIN. The
presence of a first order crystal-crystal transition in the
temperature range between 200 K and the triple point of
1-decene and linear alkenes with higher carbon numbers
was present, but not in 1-hexadecene, however, a lambda
transition was observed. Also significant is the presence
of a higher than normal impurity (1.3 mol%) in the 1-
hexadecene sample studied by 57MCC/FIN. It is possi-
ble that the impurity in the 1-hexadecene has obscured a
crystal-crystal transition near the lambda transition
which is about the magnitude of the residual we find in
Table 14, 17.2 kJ/mol. A careful phase transition study
on a good quality sample would answer the question

Attempts to extrapolate the low temperature data on
C,° and S° reported by STMCC/FIN for | iathenesin the
solid phase through the melting pomt to 298 15 K pro
duced group values with large uncertamties and poor
reliability, hence, such group values are not histed
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2.4. Substituted Alkenes

Tables 15, 16, and 17 show the agreement between 118
experimental and calculated values for substituted alke-
nes in the gas, liquid, and solid phases, respectively, for
AH®, C,°, and S° at 298.15 K. In the gas phase, 62 com-
parisons were made. Of these, 43 agreed within 4.0
kJ/mol or less for AdH° and within 4.0 J/mol-K or less
for C,° and S°. In the liquid phase, 47 comparisons were
made of which 16 residuals were 4.0 kJ/mol or less for
AH° and 12 residuals were 4.0 J/mol-K or less for C,°
and S°. As with the data on solid linear alkenes, data are
limited on solid substituted alkenes. Of the available data
on AH°, 5 out of 9 residuals were 4.0 kJ/mol or less.

We have examined the available data on the enthalpies
of formation at 298.15 K for branched alkenes to deter-
mine whether a methyl repulsion correction could be
derived which would be the counterpart of gauche
alkene correction discussed in 69BEN/CRU. Our exami-
nation showed that a similar correction was needed for
alkene groups which involved tertiary and quaternary
carbon atoms. A cis correction for alkenes was also de-
veloped in the gas, liquid, and solid phases for AH°, but
for C,° and S° in the gas phase only.

2.5. Alkynes

Tables 18, 19, and 20 give comparisons between 61
experimental and calculated values for alkynes in the
gas, liquid, and solid phases, respectively, for AH°, C,°,
and S° at 298.15 K. In the gas phase, 41 comparisons
were made of which 36 were 2.0 kJ/mol or less for AH°
and 2.0 J/mol-K or less for C,° and S°. In the liquid
phase, 18 comparisons were made of which 11 were 2.0
kJ/mol or less for A¢H® and 2.0 J/mol-K or less for C,°
and S°. The solid phase is limited to 2 values of AH°.

The experimental values for C,° and S° for the alkynes
in the gas phase were those calculated by 45SWAG/KIL,
using statistical thermodynamic procedures, and the
methods established by 46TAY/WAG for calculating
the regularities in gaseous thermodynamic functions fos
a homologous series. Those values were tabulated by
53ROS/PIT and 69STU/WES. The good agreement be
tween the experimental and calculated values was ey
pected because of the group additive features i hoth wete
of values. Data for C,° and S” for alkvnes i the Tigud
phase were limited and those for the sobd phaw wen
absent.

2.6. Aromatic Hydrocarbons

Tables 21000 amd U whoow the aprecment Tetweon

cxperimental and caloulatod valie s fon aanae hivden
carbons i the paes ot and solid pliase s vospas vy
Ton N D amd S NS RN oal o s coan
partons were nade T the e phase s TW ot of 10K
comparrony had readuals ot A O R molb o Jesector A
oA 0 omol Ko dess ton € and S I the hgud phase,

RO out of 103 companisons had residualds of 40 KJ/mol or
less tor A7 o 4.0 J/mol-K or less for ¢,7 and 87 In

the
© J. Phys. Chem. Ref. Data, Vol. 17, No. 4, 1988
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solid phase, 57 out of 97 comparisons had residuals of 4.0
kJ/mol or less for AH®, or 4.0 J/molK or less for C,°
and S°.

The experimental values for C,° and S° for benzene in
the solid phase at 298.15 K which appeared in Table 23,
were obtained by linear extrapolation of the data on the
solid phase from the melting point to room temperature.
Note that separate corrections were applicable for ortho
substitution in the gas phase for C,° and S§° for naph-
thalene.

The experimental enthalpies of formation, heat capac-
ities, and entropies of l-methylnaphthalene and 2-
methylnaphthalene in the gas, liquid, and solid phases
have been based upon the data of 56MIL/BEC,
STMCC/FIN, 60SPE/ROS, and 74SAB/CHA. Al-
though actual differences ot 2.97, —6.39, and —0.58 kJ/
mol can be calculated between the experimental
enthalpies of formation of 1-methylnaphthalene and 2-
methylnaphthalene for the gas, liquid, and solid phases,
respectively, no correction to the calculated values has
been applied because the experimental uncertainties in
AH® for an isomer can be difficult to evaluate and the
corresponding uncertainties for the calculated differ-
ences in AH° between isomers can become large.

2.7. Cycloalkanes and Related Hydrocarbons

The corrections listed in Table 2 are applicable to cy-
cloalkanes and related compounds reflect the magnitude
of the internal ring strain imposed for a given size ring.
Note that somewhat different ring corrections were ap-
plied to substituted versus unsubstituted values for cy-
clopentane, cyclopentene, and cyclohexane.

Tables 24, 25, and 26 give comparisons between the
cxperimental and calculated values for cycloalkancs,
substituted cycloalkanes, and related compounds in the
gas, liquid, and solid phases, respectively, for AH°, C,°,
and S° at 298.15 K. A total of 273 comparisons were
made. Among the three phases, unsubstituted cycloalka-
nes showed equivalence between the experimental and
calculated values, i.e., zero residual, since the ring cor-
rections are derived from the differences which are
found between the experimental and “strain-free” values.
A total of 129 comparisons were made which gave zero

racidiiale Bar cuhotitnntad avalanllrnnas o taénl 144 ~nen_
resiguals. For substy cycCis a total 144 com

parisons were made. In the gas phase, 44 out of 66 com-
parisons had residuals of 4.0 kJ/mol or less for A¢H° and
4.0 J/mol:K or less for C,° and S°. In the liquid phase, 50
out of 68 comparisons showed residuals of 4.0 kJ/mol or
less for AiH", or 4.0 J/mol-K or less for C,° and S°.

3. Symmetry Numbers and Entropy

In the calculation of the entropy of a gaseous
molecule, it is important that proper symmetry contribu-
tions imposed by the presence of certain structural fea-
tures are accounted for. Molecular symmetry is not a
factor in the additive summation of group values in the
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calculation of the enthalpy of formation or heat capacity,
but it does influence the calculation of the entropy of a
compound in the gas phase in a manner which is not
simply additive. In order to implement the contribution
to the entropy of a compound because of symmetry fea-
tures, the actual or real entropy, S°, is divided into two
parts:

(1) intrinsic entropy, S°(group), which is the entropy
contribution determined by adding the group val-
ues for the entropy of the structural parts of the
compound; and,

(2) symmetry-related entropy, .S°(sym), which is the
entropy contribution determined from the symme-
try teatures of the compound as a whole.

Hence, S° = S°(group) + S°(sym). The symmetry-re-

lated entropy is in turn divided into two parts:

(1) entropy due to optical isomerism in the molecule,
S°(opt); and,

(2) entropy from the total symmetry number of the
molecule, S°(tot), which is a reflection of how
symmetrical the molecule is.

It therefore follows that: S°(sym) = S°(opt) -+
S°(tot), or S°(sym) = R In N(opt) 4+ R In N(tot),
where R is the gas constant, N(opt) is the number of
optical isomers, N(tot) is the total symmetry number,
and In is the natural logarithm. Note that R In N(opt) is
a positive quantity and that R In N(tot) is a negative
quantity in the summation of the actual entropy, S°.

One of the ways in which a molecule may exhibit opti-
cal isomerism occurs when its mirror image cannot be
superimposed upon itself as a result of simple molecular
rotations. Such mirror images are called enantiomers and
are said to be chiral. The two enantiomers have identical
physical properties except for their interaction with
transmitted polarized light. Other elements of optical
isomerism require consideration in the calculation of
R In N(opt), and discussions can be found in textbooks
on organic chemistry and stereoisomerism.

A discussion of how to calculate the total symmetry

numbar 4o wrall as savaral comnla anlaulations for sa
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lected hydrocarbon compounds is given in Appendix D.
Any of the tables which show gas phase comparisons
between experimental and calculated entropies, also con-
tains a column entry on the extreme right giving the
value for N(tot) for that hydrocarbon molecule.

4. Summary and Conclusions

A series of group contribution values has been devel-
oped which permits the estimation of the enthalpy of
formation, heat capacity, and entropy at 298.15 K for
hydrocarbon compounds in the gas, liquid, and solid-
phases. The set of group values which has been pro-
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vided in the gas phase for AH°, C,°, and S° at 298.15 K
are comparable in accuracy of prediction to the group
values developed by 58BEN/BUS, 68BEN, 69BEN/
CRU, and 76BEN. This comparison is shown in Ap-
pendix B for the gas phase. The present set of group
values have the advantage of including experimental
data on hydrocarbon compounds which were reported
over the period 1975-1987. The evaluation of thermody-
namic data on gaseous hydrocarbon compounds also
provided group values which have internal consistency
with the corresponding values for the liquid and solid
phases.

A total of 1311 comparisons have been made between
an experimentally determined value and one calculated
using the additive group contribution values reported
here for AiH®, C,°, and S° at 298.15 K. From the total,
559 comparisons are listed for AJ4° among the three
phases and have an average residnal, calculated without
regard to sign, of 2.6 kJ/mol. Similarly, the average
residuals obtained for the 390 comparisons made for C,°
and the 352 comparisons made for S° are 1.9 and 2.3
J/mol-K, respectively. Here also, the average residuals
were calculated without regard to sign, and the unusu-
ally large residuals found for C,* and S° for five n-alka-
nes in the solid phase in Table 5 have been omitted. The
average residuals calculated for AdH°, C,°, and S° are
comparable to what are often reported for correspond-
ing experimental uncertainties. These results demon-
strate the general applicability of the Benson second
order group additivity approach to the estimation of
thermodynamic properties in the liquid and solid phases.

An approach has been developed which corrects for
the repulsive interactions of hydrogen atoms on methyl
groups in branched hydrocarbon compounds. Different
methyl repulsion correction values are needed for
branching to a tertiary carbon, a quaternary carbon, a
tertiary or quaternary carbon atom adjacent to quater-
nary carbon atom, and for two non-adjacent quaternary
carbon atoms. These corrections are applicable not only
to branched hydrocarbon groups which are present in
saturated hydrocarbons, but to those present in unsatu-
rated, alicyclic, or aromatic hydrocarbon compounds.

Plans are underway to develop the Benson approach
of group value additivity to the estimation of AH°, C,°,
and S° at 298.15 K for organic compounds containing
the elements CHO, CHN, CHNO, CHS, and CHSO in
the gas, liquid, and solid phases.
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Appendix A. Example Calculations of
Enthalpy of Formation, Heat Capacity,
and Entropy at 298.15 K for Some
Hydrocarbon Compounds

n-Hexane
CH,-CH,-CH,-CH,-CH,-CH,

Enthalpy of formation (gas phase)

No. of Group Group value Sum (kJ/mol)
groups
2 C-(O)(H); —42.26 —84.52
4 C-(C)(I1)2 —20.63 —82.52
—167.04

Comparc with cxpcrimental valuc: —167.11 kJ/mol (44PRO/ROS,
69G0O0/SM1I, 86PED/NAY).
2-Methylhexane
CH;,
N
CH-CH,-CH,-CH,-CH;
/
CH;

Enthalpy of formation (liquid phase)

No. of Group Group value Sum (kJ/mol)
groups
3 C-(C)(H); —47.61C —142.83
3 C~(C)(H): —25.73 —-77.19
1 C-(C);(H) —4.77 —4.77
2 —CH; corr —2.18 —4.36
—229.15

Coumpare with experimental value: —229.49 kJ/mol (435PRO/ROS
2, 86PED/NAY).

2,2,4,4-Tetramethylpentane

CH, CH;
N /
CH,-C-CH,-C-CH,
/ N
CH, CH,

Enthalpy of formation (liquid phase)

E. S. DOMALSKI AND E. D. HEARING

trans -4,4-Dimethylpentene-2

CH; H
N/
C=C CH3
/ N/
H C{CH3
CH;

Enthalpy of formation (liquid phase)

No. of Group Group value Sum (kJ/mol)
groups
3 C—(C)(H); —47.61 —142.83
1 C(Ca)(H) —47.61 —47.61
2 Cd-(CY(H) 31.05 62.10
1 C-(Co)(C) 20.79 20.79
3 —CH; corr —4.39 —13.17
—120.72

Compare with experimental value: —121.71
ROS, 86PED/NAY).
Isopropylbenzene
CH, CH=CH
AN / AN
CH-C CH
/ N 7
CH, CH—-CH

Enthalpy of formation (solid phase)

kJ/mol (61ROC/

No. of Group Group value Sum (kJ/mol)
groups

2 C-(C)(H); —46.74 —93.48
1 C-(C)(Cp)(H) —3.50 -3.50
1 Cp—-(C)(Cg)2 13.90 13.90
5 Cp—(H)(Cs): 6.53 32.65
2 -CH; corr. —2.34 —4.68

—55.11

Compare with experimental value:

73KIS/SUG).

1-Octyne

—48.45 kJ/mol (45JOH/PRO,

CH3-CH2—CH2—CH2—CHZ-CHz—C = CH

Heat capacity (gas phase)

No. of Group Group value Sum (kJ/mol) No. of Group Group value Sum (kJ/mol)
groups groups

6 C-(C)YH); —47.61 —285.66 1 C~(C)(H); 25.73 25.73

1 C—(C),(H), —25.73 —25.73 4 C-(C),(H), 22.89 91.56

2 C~C)s 17.99 35.98 1 C—(C)(C)(H), 20.97 20.97

6 —CH; corr —0.64 —3.84 1 C—(O) 13.22 13.22

1 C—(H) 22.55 22.55

—279.25
174.03

Compare with experimental value: —279.99 kJ/mol (47JOH/PRO,
86PED/NAY).

J. Phys. Chem. Ref. Data, Vol. 17, No. 4, 1988

Compare with experimental value: 173.97 J/mol-K (69STU/WES).
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1,3,5-Trimethylbenzene

CH;

Heat capacity (liquid phase)

No. of Group Group value Sum (kJ/mol)
groups
3 C~(Cs)(H)3 36.48 109.44
3 Ces-(H)(Cs): 22.68 68.04
3 Cs—(C)(Cp): 10.10 30.30
207.78

Compare with experimental vatue: 209.33 J/mol-K (35TAY/KIL,
84DOM/EVA).

n-Butylcyclohexane

CH;-CH,-CH,-CH,

AN
CH-CH,

/ AN
H,C CH,
N /
CH,—CH,

Heat capacity (liquid phase)

No. of Group Group value Sum (kJ/mol)
groups
1 C—~(C)(H); 36.48 36.48
8 C~(C)(H); 30.42 243.36
1 C-(Cy(H) 21.38 21.38
1 Ring corr. —26.21 —26.21
275.01

Compare with experimental value: 271.04 J/mol-K (65FIN/MES,
84DOM/EVA).

1649
1,2-Diphenylethane
CH=CH CH=CH
/ N / AN
HC C-CH,-CH,-C CH
N 4 N Y
CH-CH CH-CH
Heat capacity (solid phase)
No. of Group Group value Sum (kJ/mol)
groups
10 Cp—(H)(Cg): 20.13 201.30
Cg-(C)Cg)2 —23.26 —46 52
2 C-(Cp)(CYH), 49.38 98.76
253.54

Compare with experimental value: 253.55 J/mol-K (31SMI/AND,
84DOM/EVA).

n-Hexadecane

CH,;-CH,-CH,-CH,~CH,-CH,~CH,~-CH -
CH,-CH,-CH,-CH,-CH,-CH,-CH,-CH;

Entropy (gas phase)

No. of Group Group value Sum (kJ/mol)
groups
2 C-(C)(H); 127.32 254.64
14 C~(C)(H), 39.16 548.24
1 —RIn[N(tot)] —24.03 —2403
778 85

Compare with experimental value: 778.31 J/mol-K (69STU/WES)

2,2-Dimethylhexane
CH,
AN
CH;-C-CH,-CH,-CH,-CH,
/
CH,

Entropy (gas phase)

No. of Group Group value Sum (kJ/mol)
groups
4 C-(C)(H)» 127.32 509.28
3 C—(C)(H): 39.16 117.48
1 C(C)s —149.49 —149.49
1 —R In [N(tot)] —45.67 —45.67
431.60

Compare with experimental value: 431.20 J/mol-K (69STU/WES).

J. Phys. Chem. Ref. Data, Vol. 17, No. 4, 1988
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Ethylbenzene Appendix B. Comparison of Calculated
CH.-CH Thermodynamic Properties in the Gas
TR Phase with Benson’s Values
C = CH at 298.15 K
/ AN
HC CH Enthalpy of formation
AN A
CH-CH Compound AH® AH® Residual
(This work) (76BEN)
Entropy (liquid phase) kJ/mol
No. of Group Group value Sum (kJ/mol)
groups propane ~105.15 —105.98 0.83
2-methylbutane —153.10 —153.26 0.16
1 C—~(C)(H); 83.30 83.30 trans-2-hexene —53.39 —54.02 0.63
1 C—(C)(Cp)(H), 47.40 47.40 Dp-Xvlene 18.00 15.98 2.02
1 Cp-(C)Cs)2 —19.50 —~19.50 n-butylbenzene —12.17 —12.18 0.01
5 Cp-(H)(Cs), 28.87 144.35
25555
Compare with experimental value: 255.01 J/mol.K (44GUT/SPI, Heat capacity
84DOM/EVA).
Compound C,° G’ Residual
(This work) (76BEN)
Naphthalene J/mol.K
CH CH n-hexane 14302 143.85 —0.83
V4 N/ AN 2,5-dimethylhexane 188.86 187.61 —1.25
HC C CH cis-3-hexene 122.17 123.85 —1.68
| i | ethylbenzene 129.14 129.29 —0.15
HC C CH cyclopentane 83.01 87.86 —4.85
N /N V4
CH CH
Entropy
Entropy (solid phase)
Compound S° S° Residual
No. of Group Group value Sum (kJ/mol) (This work) (76BEN)
groups
¥/mol.K
8 Cp—(H)Cs): 22.75 182.00
2 Cpr—(Cor)(Cs): —6.00 —12.00 n-pentane 348.09 348.69 —0.60
2-methylpropane 291.82 294.68 —2.86
170.00 1-hexene 383.28 386.81 3.53
benzene 269.20 268.78 0.42
Compare with experimental value: 167.40 J/mol-K (57TMCC/FIN, methylcyclohexane 344.36 343.34 1.02

84DOM/EVA).

J. Phys. Chem. Ref. Data, Vol. 17, No. 4, 1988

Comparison of the small data set in Appendix B to corresponding
experimental values for these compounds shows that residual for AcH*°
are less than 4 kJ/mol and those for C,° and S° are below 4 J/mol-K.
An improvement on the part of our group contribution values for the
gas phase over those of Benson et al., is demonstrated about half of the
time.
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Appendix C. Methyl Repulsion
Corrections for Branched Hydrocarbons

Methyl Repulsion Corrections
in Branched Alkane Hydrocarbons
with Quaternary Carbon Atoms

Several examples of application of the methyl repul-
sion corrections to the calculation of A{H° in the gas
phase for hydrocarbons which contain quaternary car-
bon atoms are given below.

2,2-Dimethylpropane

CH,
\
CH;-C-CH;
/
CH,

Enthalpy of formation (gas phase)

No. of Group Group value Sum (kJ/mol)
groups
4 C-(CY(H)s —42.26 —169.04
1 C~(C)s 19.20 19.20
4 Quat. CH; corr —4.56 —18.24
—168.08

Compare with experimental value:
86PED/NAY).
Compare with estimated value from 76BEN:

—167.99 kJ/mol (70GOO,

—168.62 kJ/mol.

2,2-Dimethyibutane
CH,
AN
CH;~-C-CH,-CH;
/
CH;

Enthalpy of formation (gas phase)

No. of Group Group value Sum (kJ/mol)
groups
4 C-(C)(H); —42.26 —169 04
1 C—(C)(H), —20.63 —2063
1 C-(C)s 19.20 1920
3 Quat. CH; corr —4 56 —1368
- 184 15

Compare with experimental value.
ROS, 86PED/NAY).
Compare with estimated value from 76BEN:

—186 10 kJ/mol (41PRO/

—182.55 kJ/mol

1651
3,3-Dimethyipentane
CH,
AN
CH,;-CH,-C-CH,-CH;
/
CH;
Enthalpy of formation (gas phase)
No. of Group Group value Sum (kJ/mol)
groups
4 C-(C)(H); —4226 —169.04
2 C—~(C)(H), —20.63 —41.26
1 C—(C)s 19.20 19.20
2 Quat. CH; corr —4.56 —9.12
—200.22

Compare with experimental value:
2, 86PED/NAY).
Compare with estimated value from 76BEN:

—201.17 kJ/mol (41PRO/ROS

—196.48 kJ/mol.

3-Ethyl-3-methylpentane
CH;-CH,
N
CH;-CH,-C-CH,
/
CH;-CH,

Enthalpy of formation (gas phase)

No. of Group Group value Sum (kJ/mol)
groups
4 C~(C)(H); —42.26 —169 04
3 C~(C)x(H), —20.63 —6189
1 C—~O). 19.20 19.20
1 Quat. CH; corr —4.56 —4 56
—21629

Compare with experimental value:
ROS, 86PED/NAY).

—214 85 kJ/mol (45PRO/

Compare with estimated value from 76BEN 210 41 kJ/mol
3,3-Diethylpentane
CH;-CH,
AN
CII;-CII,-C-CII,-CllI,
/ .
CH,;-CH,
Enthalpy of formation (gas phase)
No of Group Giroup value Sum (kJ/mol)
groups
4 C (C)I) 4226 —169.04
4 C (C)(H); - 2063 —8252
1 C (O 1920 19 20
—232.36

Compare with experimental value
86PED/NAY)
Compare with estimated value from 76BEN

—232 34 kJ/mol (47JOH/PRO,
—224.35 kJ/mol.

J. Phys. Chem. Ref. Data. Vol. 17. No. 4. 1988
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Comparison of the methyl repulsion correction and Benson’s gauche — correction in branched alkane hydrocarbons (gas phase)

Compound Gauche
name and isomers
formula (76BEN)

expt

Benson method
(76 BEN)
AH° (kI /mol)

calc

resd

Methyl repulsion method
(This work)
AH° (kJ/mol)

expt calc

resd

2-Methylpropane

CH;
N
CH;-CH
/
CH,;

—134.18

—135.98

1.80

—134.18 —134.73

0.55

2,2-Dimethylpropane

CH;
AN
CHJ“C—CH}
/
CH,

—167.99

—168.62

0.63

—167.99 —168.08

0.09

2-Methylbutane

CH;
N
CH;-CH-CH,-CHj;

—153.63

—153.26

—0.37

—153.63 —153.10

—0.53

3-Methylpentane

CH;
N

CH;-CH,-CH-CH,-CH;

-172.09

-170.54

-1.55

-172.09 -171.47

-0.62

2,2-Dimethylbutane

CH;
N
CH;-C-CH,-CH;
/
CH,

—186.10

—182.55

—3.55

—186.10 —184.15

—1.95

2.3-Dimethylbutane

CH; CH,
AN /
CH:-CH-CH-CH;

— 17828

—179.91

1.63

—178.28 —180.42

3-Ethylpentane

CH;-CH,
N
CH;-CH,-CH
/
CH;-CH,

—189.62

—187.82

-1.80

—189.62 —189.84

0.22

2,2,3-Trimethylbutane

CH; CH;
N /
CH;-C-CH-CH;
/
CH;

—204.47

—202.51

—1.97

—204.47 —~202.27

—2.20

J. Phys. Chem. Ref. Data, Vol. 17, No. 4, 1988
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Comparison of the methy] repulsion correction and Benson’s gauche — correction in branched alkane hydrocarbons (gas phase) — Continued
Compound Gauche Benson method Methyl repulsion method
name and 1SOmers : (76 BEN) (This work)

formula (76BEN) AH® (kY /mol) AH® (kJ/mol)
expt calc resd expt calc resd

3,3-Diethylpentane 8 —232 34 —224.35 —7.99 —232.34 —232.36 002

CH;-CH,
N
CH,-CH,-C-CH,-CH;
/
CH;-CH,
2,2,3,3-Tetramethylbutane 6 —225.60 —231.79 -623 —225.60 —219.00 —6.60
CH, CH;,
N/
CH;-C-C-CH;
/N
CH; CH;
2,2,3,3-Tetramethyl- 8 —236.69 —245.73 9.04 —236.69 —238.99 2.30
pentane
CH; CH,
N/
CH,;-C-C-CH>~CH;
/ N\
CH, CH;
2,2,3,4-Tetramethyl- 6 —236.86 —249.78 12.92 —236.86 —247.50 10.64
pentane
CH; CH;
N /
CH;-C-CH-CH-CH;
/ RN
CH3 CH3
2,3,3,4-Tetramethyl- 6 —236.10 —249.78 13.68 —236.10 —247 50 1140
pentane
CH; CH;
N /
CH;-CH-C-CH-CH;
/ AN
CH; CH;
2,2,4,4-Tetramethyl- 4 —241.63 —252.84 1121 241 64 NURN VN
pentane
CH; CH;
N /
CH;-C-CH,-C-CH;
/ N
CH; CH;

Examination of the residuals found above show that the methyl repulvon approach gives hottor aprcomont most of the tine mncontiast to the

gauche correction developed by Benson ef af , for branched alkane hydrocnrbons Restdoals are smaller i 10 out ot the above T4 caves when the

methyl repulsion approach 1s used
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Comparison of the methyl repulsion correction and Benson’s gauche — correction in branched alkene hydrocarbons (gas phase)

Compound name Gauche Benson method Methyl repulsion method
and 1SOmers (76BEN) (This work)
formula (76BEN) AH° (kJ/mol) A¢H® (kJ/mol)
expt calc resd expt calc resd
2-Methylpropene 0 —16.90 —15.90 —1.00 —16.90 —18.58 1.68
H CH;
N /
C=C
/ N
H CH;
2-Methyl-1-butene 0 —35.31 —35.82 0.51 —35.31 —37.20 . 1.89
H CH;
\. /
C=C
/ N
H CH,-CH;
2,3-Dimethyl-1-butene 1 —62.38 —62.67 0.04 —62.38 —64.73 2.35
H CH;
AN /
C=C CH;
/ N/
H CH
AN
CH,
3-Methyl-2-ethyl- 1 ~79.54 —82.59 3.05 -—79.54 —83.35 3.81
1-butene '
H CH,-CH;
AN /
cC=¢C CH;
/ AN
H CH
AN
CH;
2,3,3-Trimethyl-1-butene 2 —85.48 —90.04 4.56 —85.48 —92.39 6.91
H CH;
N /
C=C CH;
/ N/
H C—CH;
N
CH;

Calculation of the enthalpies of formation at 298.15 K in the gas phase using either group values developed in this work or those reported
by 76BEN yield A:H’s of about the same magnitudes. For this reason, residuals are also about the same magnitudes from both approaches.
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ESTIMATION OF THE THERMODYNAMIC PROPERTIES OF HYDROCARBONS

Appendix D. Example Calculations of
Total Symmetry Number for Some
Hydrocarbon Compounds

The total symmetry number of the molecule, N(tot), is
composed of two parts: the internal symmetry number
and the external symmetry number. Both are defined
below.

(1) The internal symmetry number, N(int), is deter-
mined when a terminal rotator has more than one indis-
tinguishable conformation as it makes one complete
rotation about an axis colinear with the single bond link-
ing it to the rest of the molecule. If there are n such
conformations, then the axis is called an n-fold axis of
symmetry and N(int) for that rotor will be equal to n.
For example, a methyl group has three such conforma-
tions, and therefore, a three-fold axis of symmetry and
N(int) equal to 3. The phenyl group has two indistin-
guishable conformations as it makes one complete rota-
tion about an axis through the bonding carbon atom of
the aromatic ring and carbon atom in the para position to
it, thus exhibiting two-fold symmetry.

Although nonsymmetrical terminal rotors do not af-
fect N(tot) of a molecule, they need to be considered in
determining the symmetry of compound rotors and
N(ext) for a molecule.

Several example calculations are provided below
within a format which allows for an examination of the
internal and external symmetry elements in a molecule
followed by a final calculation of the total symmetry
number. Using this approach, the symmetries of the ter-
minal rotors are noted. They are then conceptually spun
to yield time-averaged symmetry similar to that of a sin-
gle atom. The time-averaged rotor is called a pseudo-
atom and the resulting molecule is called a
pseudo-molecule. This process is continued until there
are no further terminal rotors and the molecule becomes
rigid. The value for N(int) will be the product of the
symmetry numbers of all of the rotors.

(2) external symmetry number, /V(ext), which is deter-
mined when a rigid molecule or a pseudo-molecule,
derived from the spinning process, shows additional
symmetry. N(ext) is defined as the total number of inde-
pendent permutations of identical atoms (or pseudo-
atoms) in a molecule that can be arrived at by rigid
rotations of the entire molecule (or pseudo-molecule).

The value of N(tot) is equal to the product of all
N(int) and N(ext).
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Example Calculations for Several
‘Hydrocarbon Compounds

methane

Symmetrical terminal rotors: None.

Pseudo-molecule representation: Y.

Internal symmetry: Methane has no internal symmetry.

External symmetry: Methane exhibits tetrahedral sym-
metry and has four three-fold symmetry axes. Each
axis goes through a different C-H bond and includes
the rotation of the remaining CH; group about this
bond. Twelve unique rotational permutations of the
methane molecule can be drawn, consequently,
Next) = 12.

Total symmetry : Methane has N(tot) = N(ext) = 12.

ethane
CH;-CH;

Symmetrical terminal rotors: Ethane has two terminal
methyl groups each of which have three-fold sym-
metry.

Pseudo-molecule representation: Y-Y.

Internal symmetry: Ethane has N(int) = 3X3 = 9.

External symmetry: End-to-end symmetry can be visu-
alized in the structural formula or the pscudo-
molecule resulting in N(ext) = 2.

Total symmetry: N(tot) = N(int) X N(ext) IN3.2
= 18. The value of IN(tot) is the same for all of the
n-alkanes.

n-butane

CH,-CH. CH. C11,

Symmetrical termnal rotors 7 Butane has two methyl
groups cach of which have thice told symmetry
N{(int) i3 9

Pscudo-molecule tepresentation Y CHL CH Y

Internal symmetry Spinming of the Y CHL proups m the
pseuda molecule daes not result i any change inon-
ternal symmetry, hence, Vant) 4

Fxternal symmetry Pod to end symmetry can be visual-

1zed an either the structural formula or the pscudo-
molcecule resulting i NV(ext) 2
Total symmetiy: N(tot) N@nt) x N(ext) = 3X3X2
18 ‘The value of n(tot) s the same for all of the
n-alkanes.
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2-Methylpropane
CH,;
AN
CH,-CH
/
CH;

Symmetrical terminal rotors: 2-Methylpropane has three
methyl groups each of which have three-fold sym-
metry. N(int) = 3X3X3 = 27.

Pseudo-molecule representation: Y;-CH.

Internal symmetry: The Y;~CH pseudo-molecule itself
has three-fold symmetry and contributes an addi-
tional N(int) = 3. The final N(int) for the molecule
is N(int) = 27X3 = 81.

External symmetry: Spinning of either the structural
formula or the pseudo-molecule shows no end-to-
end symmetry, hence, N(ext) = 1.

Total symmetry: N(tot) = N(int) X N(ext)
=81x1=381.

2,2-Dimethylpropane
CH;,
AN
CH,;-C-CH;,
/
CH,

Symmetrical terminal rotors: 2,2-Dimethylpropane has
four methyl groups cach of which have three-fold
symmetry. N(int) = 3X3X3X3 = 81.

Pseudo-molecule representation: CY..

Internal symmetry: The CY, pseudo-molecule offers no
additional elements of internal symmetry, hence,
N(int) = 81.

External symmetry: The external symmetry for the CY,
pseudo-molecule is the same as that for the methane
molecule because 12 unique rotational permutations
can be drawn for CY,, giving N(ext) = 12.

Total symmetry: N(tot) = N(int) X N(ext) = 81X 12 =
972.

2-Methylbutane
CH;,
AN
HC-CH,-CH;
P
CH;

Symmetrical terminal rotors: 2-Methylbutane has three
terminal methyl groups each of which have three-
fold symmetry. N(int) = 3X3x3 = 27.

Pseudo-molecule representation: Y,CH-CH,Y.

Internal symmetry: Examination of the pseudo-molecule
does not result in any additional internal symmetry
contributions. N(int) = 27.

External symmetry: Rotation of the pseudo-molecule
about the central bond give no contribution to exter-
nal symmetry. N(ext) = 1.

Total symmetry: N(int) X N(ext) = 27x1 = 27.

E. S. DOMALSKI AND E. D. HEARING

2,2-Dimethylbutane

CH;
AN
CH:-C-CH.-CH-
/
CH;

Symmetrical terminal rotors: 2,2-Dimethylbutane has
four methyl groups each of which have three-fold
symmetry. N(int) = 3X3X3X3 = 81.

Pseudo-molecule representation: Y;C-CH,Y.

Internal symmetry: Examination of the pseudo-molecule
shows that the CY; group exhibits an additional
amount of three-fold symmetry so that N(int) is now
3X3X3x3x3 or 243.

External symmetry: Rotation of the pseudo-molecule
does not yield any extra elements of external symme-
try, hence, V(ext) = 1.

Total symmetry: N(int) X N(ext) = 243X 1 or 243.

2,2,3,3-Tetramethylbutane

CH; CH,
N/

CH,;-C-C-CH;
/ N\

CII; CII;

Symmetrical terminal rotors: 2,2,3,3-Tetramethylbutane
has six methyl groups each of which have three-fold
symmetry, giving N(int) = 3X3X3X3X3X3 or
729.

Pseudo-molecule representation: Y;C-CY;.

Internal symmetry: Each CY; group of the pseudo-
molecule exhibits three-fold symmetry enhancing
N(int) to 729X 3X3 or 6561.

External symmetry: Rotation of the pseudo-molecule
about the central bond shows it to have two-fold
symmetry, hence, N(ext) = 2.

Total symmetry: N(int) X V(ext) = 6561X2 = 13122,

Ethylene

H,C=CH,

Symmetrical terminal rotors: None.

Pseudo-molecule representation: Y=Y.

Internal symmetry: Ethylene does not exhibit internal
symmetry because the double bond prevents internal
rotation.

External symmetry: Ethylene has two two-fold rota-
tional axes, one horizontally through the two carbon
atoms and the other vertically bisecting the two
carbon atoms. From this one obtains N(ext) = 2X2
or 4.

Total symmetry: N(tot) = N(ext) = 4.
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Propylene
CH;-CH,=CH,

Symmetrical terminal rotors: Propylene has one methyl
group which has three-fold symmetry giving N (int)
= 3.

Pseudo-molecule representation: YCH=CH,.

Internal symmetry: The pseudo-molecule does not
provide any additional elements of internal symme-
try, hence, N(int) = 3.

External symmetry: Rotation of the pseudo-molecule
does not provide any additional elements of external
symmetry, hence,N(ext) = 1.

Total symmetry: N(tot) = N(int) X N(ext) = 3x1 = 3.
The latter value for N(tot) is applicable to all
1-olefinic hydrocarbons.

Benzene
CH=CH
/ AN
HC CH
N V4
CH-CH

Symmetrical terminal rotors: None.

Pseudo-molecule representation: Z.

Internal symmetry: Benzene has no internal symmetry.

External symmetry: Benzene has a six-fold rotational
axis perpendicular to the ring which also passes
through the center of the ring. Perpendicular to the
six-fold axis, there are six two-fold axes through the
opposite carbon atoms or bisecting the opposite car-
bon-carbon bonds, hence, N(ext) = 2X6 =12.

Total symmetry: N(tot) = N(ext) = 12.

Toluene

CH=CH
/ N
CH,-C CH
AN 7
CH-CH

Syuunetrical terminal rotors: Toluene has one merthyl
group which exhibits three-fold symmetry and the
phenyl group which shows two-fold symmetry, giv-
ing N(int) = 3X2 = 6.

Pseudo-molecule representation: Y-Z or,

CH=CH
/ AN
Y-C CH
N Ve
CH-CH .
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Internal symmetry: Further examination of the pseudo-
molecule does not give any additional elements of
internal symmetry, hence, N(int) = 6.

External symmetry: Rotation of the pseudo-molecule
does not give any additional elements of external
symmetry, hence, N(ext) = 1.

Total symmetry: N(tot) = N(int) X N(ext) = 6 X1 = 6.

t-Butylbenzene

CH; CH=CH

N/ N
CH;-C-C CH
/N 4
CH; CH-CH

Symmetrical terminal rotors: z-Butylbenzene has three
methyl groups each of which have three-fold sym-
metry. This gives N(int) = 3X3X3 = 27. The
phenyl group has two-fold symmetry for which
N(int) = 2.

Pseudo-molecule representation: Y,C-Z or,

CH=CH
/ N
Y;C-C CH
N 4
CH=CH.

Internal symmetry: Examination of the pseudo-molecule
shows that the CY; group exhibits three-fold symme-
try resulting in another N(int) = 3. A final overall
N (int) results which is equal to 27X 2X 3 or 162.

External symmetry: Rotation of the pseudo-molecule
does not provide any additional elements of external
symmetry, hence, N(ext) = 1.

Total symmetry: N(tot) = N(int)X N(ext) = 162X 1 =
162.
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TABLE 1. Additive group contribution values for hydrocarbons at 298.15 K

Groups Gas phase Liquid phase Solid phase
AH® C,° S° AH® oA S° AH® C,° S°
kJ/mol J/mol-K kJ/mol J/mol-K kJ/mol J/mol-K

Alkane groups

C-(H):(C) —42.26 25.73 127.32 —47.61 36.48 83.30 —46.74 67.45 56.69
C-(H),(0); —20.63 22.89 39.16 —25.73 30.42 32.38 —2941 21.92 23.01
C-HXO); —1.17 20.08 —53.60 —4.77 21.38 —23.89 —5.98
~CH; corr® —2.26 -2.18 —2.34
C~(O), 19.20 16.53 —149.49 17.99 10.24 —98.65 12.47 —83.63¢ —33.19¢
-CH; corr® —4.56 —4.39 —4.35
-CH.; corr® —1.80 —1.77 —-2.70
-CH; corr® —0.64 —0.64 —2.24

Alkene Groups

Cy-(H), 26.32 21.38 115.52 21.75 28.37 86.19 22.43
Cy-(H)(C) 36.32 18.74 33.05 31.05 24.60 28.58 25.48
Cs(O)2 44.14 15.10 —50.84 39.16 23.22 —29.83 32.97
Cs-(HXCy 28.28 18.54 27.74 22.18 31.67 13.30 17.53 35.65 21.75
Cs-(O)(Cy) 36.78 17.57 —61.33 30.42 26.19 —41.92 27.91
Cy-(C)(Cp) 56.07
[Co-(H)(Cp)]®
Cy4-(CX(Cp) 37.95 15.90 —-51.97 38.58
[Co-(HX(CY]"
Cys-(Cs)2 32.88 30.83 25.10 49.90 32.50
C-(H),(O)(Cy —20.88 20.63 38.20 —25.73 29.29 31.67 —24.35
C-(HXO),(Cy —1.63 27.49 —50.38 —5.02 30.12 —28.07 —6.49

-CH; corr® —2.26 —2.18 —2.34
C-(O)(Cy 22.13 9.16 —150.23 20.79 28.74 —108.20 12.51

~CH; corr® —4.56 —4.39 —4.35
C-(H)C)(Cy; —1.00
C<(H)(Cy): —19.79 2477 42.08 —25.27 40.88 19.32 —21.60
C-(H),(CH(Cp) —24.73
C~(H)CXC)(Cp) —6.90
cis-correction® 4.85 —8.03 5.06 5.27 5.73

Alkyne groups

C~(H) 113.50 22.55 101.96 104.47 39.96 67.57 110.34
C~(O) 115.10 13.2 226.32 107.15 25.59 14.25 101.66
C~(Cy) 121.42 10.71 39.92 114.77
C~(Cp) 120.76 10.17 17.77 119.00 103.28 32.30
C—(Cy 120.76 14.27 25.94 104.80 103.28
C-(H)(CXCy —19.70 20.97 42.80 —22.13 30.39 32.36 —29.41
C-HXO)ACY —3.16 17.45 —45.69

-CH; corr* —2.26 —2.18 —2.34
C-(O)s(Cy 22.83

-CH; corr® —4.56 —4.39 —4.35
C-(H)(C): —41.14 —39.08
C-(0O)(C)), 20.67
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TABLE 1. Additive group contribution values for hydrocarbons at 298.15 K — Continued

Groups Gas phase Liquid phase Solid phase

AH® C,° S° AH® C,° S° AH® C,° S°
kJ/mol J/mol-K kJ/mol J/mol-K kJ/mol J/mol-K

Allenic group

C, 142.67 15.86 26.28 134.68 30.04 14.39 131.08

Aromatic groups

CB—(H)(CB)Z 13.81 13.61 48.31 8.16 22.68 28.87 6.53 20.13 22.75

C-(C)(Cp)2 23.64 9.75 —35.61 19.16 10.10 —19.50 13.90 —23.26 —35.50
Cp—~(Cy)X(Cs), 24.17 14.12 —33.85 19.12 9.44 —9.04 20.27 —-20.00 -10.00
[Ce~(C)(Cp),]"

Cp~(Cp)s 21.66 13.12 —36.57 17.21 17.07 17.03 -1.72 —6.00
C-(H),(C)(Cr) —21.34 25.61 42.59 —24.81 22.90 47.40 —22.10 49.38 26.90
C-(H)XO)y(Cp) —4.52 2245 —48.00 —~582 17.50 —13.90 —3.50

C-(Cp)(C)3 18.28 18.28  —-147.19 18.70 5.17 —96.10 21.57

C-(H)»(Cpg)2 —46.43 —26.50 3291 51.97 —21.44 69.06 22.85
C-(HXCXCp); —21.47 11.50 28.12 16.40 43.55

C-(H)(Cp)s —6.86 34.48 63.64 —12.62
C-(Cpi(O) . 67.20 39.83

C-(Cp)s 64.89 58.74
Cer~(Cgr)(Cp)2 20.10 ! ! 15.83 9.52 —5.54 14.10 2.30 —6.00
Car—(Cp)(Csp)2 16.00 1.50 12.00 5.77 200
Cpr—(Cgps 3.59 ~0.90 1.94 8.00 7.00
ortho corr 1.26 6.40 —2.50 326 3.50 0.00 5.00 0.00 0.00
meta corr —0.63 0.71 0.00 0.00 0.00 0.00 2.00 0.00 0.00

*Use for each adjacent methyl group.

*Use for each adjacent methyl group when one C-(C), 1s present.

“Use for each adjacent methyl group when there 1s a C-(C); and a C—(C);(H) group present in the longest carbon chain.
Use for each adjacent methyl group when there are two C—(C), groups present 1 the longest carbon chain.
*Ca-(H)(Cp) = Ca-(HXCo)

‘Co-(H)(C) = Co-(HXCa)

8When one of the groups 1s t-butyl, apply the following cis correction: AH°(g) — 17.24; AH°(hq) — 17.48; AH (sohd) — 17 57
"Cs~(C)(Cs): = Cp~(Ca)(Cs)o.

'Cer-(Cg)2(Csr) Do not use ortho, meta corrections for naphthalenes

Use: 1. 0 substitution C,°(g) = 11.83; S°(g) = —19.66

Use: 2 1 substitution C,°(g) 14.39; S°(g) = —21.50

Use: 3. 2 substitutions C,°(g) = 16.48; S°(g) = —23.00.

'Group value calculated from experimental data on solid 2,2,3,3-tetramethylbutane (52SCO/DOU)
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TABLE 2. Ring strain corrections to be applied to cycloalkanes and related hydrocarbons
Rings Gas phase Liquid phase Solid phase
AH® C,° Ss° AH® (o S° AH® G’ S°
kJ/mol J/mol-K kJ/mol J/mol-K kJ/mol J/mol-K
cyclopropane 115.15 —12.73 134.86
cyclobutane 110.89 —19.34 126.04 106.64 —10.68 51.48
cyclopentane® 26.75 —31.44 116.22 23.59 —23.32 42.24 34.00
cyclohexane® 0.39 —31.07 78.18 —2.06 —26.21 10.07 10.30
cycloheptane 26.34 —37.14 73.97 23.50 —32.19 15.89
cyclooctane 40.63 —43.17 70.78 38.10 —27.88 2.96
cyclononane 52.91 50.40
cyclodecane 43.63 50.61
cycloundecane 47.56 47.55
cyclododecane 17.31 46.27
cyclotridecane 21.84 24.83
cyclotetradecane 49.58 37.74
cyclopentadecane 8.03 65.09
cyclohexadecane 8.41 67.14
cycloheptadecane —13.59 69.56
cyclopropene 224.21
cyclobutene 125.81 —11.67 126.77
cyclopentene® 24.31 —26.53 113.76 19.82 —15.82 48.37
cyclohexene 5.36 —19.50 95.69 2.33 —20.26 29.34
cycloheptene 21.81 .
cyclooctene 24.65 18.26
1,3-cyclo-pentadiene 24.94 24.79
1,3-cyclo-hexadiene 18.79 18.18 —26.56 50.18
1,4-cyclo-hexadiene —34.22 36.41
1,3-cyclo-heptadiene 27.54
'1,5-cyclo-octadiene 9.58 9.01 —~7.45 23.35
1,3,5-cyclo-heptatriene 14.90 —18.63 102.26 16.62 —54.00 84.96
cyclo-octatetraene 69.61 —26.31 116.38 77.07 —68.18 113.89
spiropentane 248.50 —19.97 286.59 242.58 2.60 162.81
cis-decalin —4.02 —54.12 53.75
trans-decalin —15.22 —57.63 53.67
cis-hexahydroindan 16.55 —41.52 86.59
trans-hexahydroindan 1645 —46.00 79.98
2,2-metacyclophane 55.06
2,2-metaparacyclophane 109.46 —4.02
2,2-paracyclophane 125.66 —13.18 —1.92
3,3-paracyclophane 65.68 14.90
adamantane —6.14 6.28
bicyelo[2.2.2]octane 27.12 —67.59 —63.45 41.52
bicyclo[3.3.3Jundecane 99.06 124.10

* Values given are for unsubstituted rings. When the ring is substituted, use the following values:
cyclopentane: C,°, gas = -27.87, §°, gas = 118.39, lig = 56.65.
cyclohexane: C,°, gas = -22.82, $°, gas = 83.97, liq = 25.10.
cyclopentene: C,°, gas = -24.50, S°, gas = 117.11.
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TABLE 3 n-Alkane hydrocarbons 1n the gas phase at 298.15 K

Name AcH °(kJ/mol) C,°(J/mol-K) S°(J/mol-K) N(tot)
expt calc resd expt calc resd expt calc resd
ethane —83.85 —84.52 0.67 52.63 51.46 1.17 229 49 230.61 —1.12 18
propane —104.68 —105.15 0.47 73.51 74.35 —0.84 269.91 269.77 0.14 18
butane —12565 —125.78 0.13 97.45 97.24 0.21 310.12 308.93 1.19 18
pentane —146.82 —146.41 —0.41 12021 120.13 0.08 348.95 348.09 0.86 18
hexane —167.11 —167 04 -0.07 143.09 143.02 0.07 388.40 387.25 115 18
heptane —187.65 —187.67 0.02 165.98 16591 0.07 427.90 426.41 1.49 18
octane —208.57 —208.30 —0.27 188.87 188.80 0.07 466.73 465.57 1.16 18
nonane —228.24 —228.93 0.69 211.71 211.69 0.02 505.68 504.73 0.95 18
decane —249.49 —249.56 0.07 234 60 234.58 0.02 544.63 543.89 0.74 18
undecane —270.91 —270.19 —0.72 257 44 257.47 —0.03 583.58 583.05 0.53 18
dodccanc 289.66 200.82 1.16 280.33 280.36 —0.03 622.50 622.21 029 18
tridecane 303.21 303.25 —0.04 661.45 661 37 008 18
tetradecane 326.06 326.14 —0.08 700.40 700.53 —0.13 18
pentadecane 348.95 349.03 —0.08 739 35 739.69 -0.34 18
hexadecane —374.76 —373.34 —1.42 371.79 371.92 —0.13 778.31 778.85 -0.54 1R
heptadecane 394.68 394.81 —0.13 817.26 818.01 —0.75 18
octadecane 417.56 417.70 —0.14 856.21 857.17 —0.96 18
nonadecane 440 .41 440.59 —018 895.17 896.33 —1.16 18
eicosane 463 29 463.48 —0.19 934 12 935 49 —1.37 18

TABLE 4. n-Alkane hydrocarbons in the liquid phase at 298.15 K

Name AcH°(kJ/mol) C,°(J/mol-K) S°(J/mol-K)

expt calc resd expt calc resd expt calc resd
propane —119.75 —120.95 1.20
butane —146.65 —146.68 0.03 135.00* 133.80 1.20 231.00 231.36 —-036
pentane —173.47 —172.41 —106 167.19 164.22 2.97 263 47 263 74 —-027
hexane —198.66 —198.14 —0.52 194.97 194.64 0.33 296.06 296.12 —0.06
heptane —224.22 —223.87 —0.35 224.93 225.06 —0.13 328.57 328.50 007
octane —250.08 —249.60 —0.48 254.14 255.48 —1.34 361.20 360 88 032
nonane —274.68 —275.33 0.65 284.39 285.90 —1.51 393.67 39326 041
decane —300.87 —301.06 0.19 314.47 316.32 —1.85 425.89 425 64 028
undecane —327.23 —326.79 —0.44 345.05 346.74 —1.69 458.15 458 02 013
dodecane —350.91 —352.52 1.61 375.97 377.16 —1.19 490 66 490 40 026
tridecane 406.89 407 58 —0.69 522 87 52278 009
tetradecane 438.44 438.00 0.44 55543 555 16 027
pentadecane 470 07 468.42 165 587 52 S87 54 002
hexadecane = —456.14 —455.44 —0.70 501.45 498.84 2 61 619 65 61092 027
heptadecane 534.34 529.26 508 652 24 652 30 006

*Obtained from extrapolation of experimental data of 40AST/MES to 298 15 K
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TABLE 5. n-Alkane hydrocarbons in the solid phase at 298.15 K

Name AcH°(k/mol) C,°(J/mol-K) S°(J/mol-K)
expt calc resd expt calc resd expt calc resd
propane —123.30 —122.89 —0.41
butane —153.39 —152.30 —1.09
pentane —181.46 —181.71 0.25
hexane —=211.71 -211.12 —0.59
heptane —238.24 —240.53 2.29
octane —270.83 —269.94 —0.89
nonane —296.44 —299.35 2.91
decane —329.57 —328.76 —0.81
undecane —356.27 —358.17 1.90
dodecane —387.73 —387.58 —0.15
tridecane —414.43 —416.99 2.56
tetradecane  —449.07 —446.40 —2.67
pentadecane  —473.50 —475.81 2.31
hexadecane  —509.49 -505.22 —4.27 441.79* 441.78 0.01 434.84° 435.52 —0.68
hcptadccane - 532.33 -534.63 2.30
octadecane —567.43 —564.04 —-3.39 485.64 485.62 0.02 480.20 481.54 —-1.34
eicosane (479.90) 529.46 —49.56 (558.56) 527.56 31.00
tetracosane (730.94) 617.14 113.80 (651.03) 619.60 3143
pentacosane (769.02) 639.06 129.96 (671.11) 642.61 28.50
hexacosane 661.20 660.98 0.22 667.01 665.62 1.39
dotriacontane 96834 —975.78 7.44 (877.38) . 792.50 84.88 (851.44) 803.68 47.76
tritriacontane (900.82) 814.42 86.40 (877.80) 826.69 51.11

*Obtained from extrapolation of experimental data of 54FIN/GRO to 298.15 K.

TABLE 6. Substituted alkane hydrocarbons (tertiary carbon) in the gas state 298.15 K

Name AeH °(kJ/mol) C,°(J/mol-K) S°(J/mol-K) N(tot)
expt calc resd expt calc resd expt calc resd
2-methylpropane —134.18 —134.73 0.55 96.82 9727 —045 294.64 291.82 2.82 81
2-methylbutane —~153.63 —153.10 —0.53 118.78 120.16 —1.38 343.59 340.12 3.47 27
2-methylpentane —~17477 —173.73 —1.04 144.18 143.05 1.13 380.53 379.28 1.25 27
2-methylhexane —~194.64 —19436 —0.28 165.98 165.94 0.04 419.99 418.44 1.55 27
2-methylbeptane —21535 —-21499 -0.36 188.87 188.83 0.04 455.26 457.60 —~2.34 27
2-methyloctane 217.07 211.72 5.35 495.89 496.76 —0.87 27
Z-methyinonane 242.09 234.61 T7.48 534.46 335.92 —1.46 27
3-methylpentane —172.09 -—17147 —0.62 143.09 143.05 0.04
3-methylhexane —191.33 —192.10 0.77 165.98 165.94 0.04
3-methylheptane —212.51 —212.73 0.22 188.87 188.83 0.04 461.58 463.36° —~1.78 27
3-methyloctane 212.59 211.72 0.87
3-methyInonane 237.61 234.61 3.00
4-methylheptane —211.96 —212.73 0.77 188.87 188.83 0.04 453.34 451.83 1.51 54
4-methyloctane 212.59 211.72 0.87
4-methylnonane 237.61 234.61 3.00
S-methyinonane 237.61 234.61 3.00
3-ethylpentane —189.62 —189.84 0.22 165.98 165.94 0.04 411.50 412.67 —1.17 54
3-ethylhexane —21071 —-21047 —0.24 188.87 188.83 0.04 458.19 457.60 0.59 27
3-ethylheptane 208.11 211.72 361
3-ethyloctane 233.13 234.61 ~1.48
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TABLE 6 Substituted alkane hydrocarbons (tertiary carbon) in the gas state 298.15 K — Continued
Name AcH°(kJ/mol) C,°(J/mol-K) S°(J/mol-K) N(tot)

expt calc resd expt calc resd expt calc resd
4-ethylheptane 208.11 211.72 —3.61
4-ethyloctane 233.13 234.61 —1.48
4-propylheptane 233.13 234.61 —1.48
4-isopropylheptane : 231.00 234.64 —3.64
2,4-dimethylpentane —201.71 -201.05 —0.66 165.98 165 97 0.01 396.64 398.94 —2.30 162
2,4-dimethylhexane —219.24 —-219.42 0.18 188.87 188.86 0.01 445.64 449.63* —3.99 81
2,5-dimethylhexane —22251 —221.68 —0.83 188.87 188 86 0.01 439.03 438.10 093 162
2,3-dimethylbutane —178.28 —180.42 2.14 140.54 143 08 —2.54 365.77 359.78 599 162
2,3-dimethylpentane —198.87 —-198.79 —0.08 165.98 165.97 0.01 414.05 410.47* 3.58 81
2,3-dimethylhexane —213.80 —219.42 5.62 188.87 188.86 0.01 443.96 443.86 0.10 81
3,4-dimethylhexane —212.84 -—-217.16 4.32 188 87 188.86 0.01 448.32 449.63* —131 81
3-ethyl-2-methylpentane —21104 —217 16 6.12 188.87 188.86 0.01 441.12 443.86 —274 81
2,3,4-trimethylpentane —21732 —226.11 8.79 188 87 188 89 —002 428 07 43013 —206 243
*Includes correction to entropy for optical 1somerism, Rln 2.

TABLE 7 Substituted alkane hydrocarbons (tertiary carbon) in the hquid state at 298.15 K

Name AH°(kJ/mol) C,°(J/mol-K) S°(J/mol-K)

expt calc resd expt calc resd expt calc resd
2-methylpropane —15347 —154.14 0.67
2-methylbutane —178.57 —177.69 —0.88
2-methylpentane —204.64 —20342 —1.22 19372 191.66 2.06 290.58 290.77 -019
2-methylhexane —229.49 -229.15 —0.34 22292 222 08 084 323.34 323.15 019
2-methylheptane —255.01 -—-254.88 —0.13 252.00 252.50 —0.50 356.39 355.53 086
2-methylnonane 313 30 313.34 —0.04 420 07 420.29 022
2-methyldecane 341.21 343.76 —2.55 453.80 452 67 I3
3-methylpentane —202.38 —20124 —114 190.66 191.66 —1.00
3-methylhexane —226.44 —226.97 0.53 214.51 222 08 —7.57 327.31 32315 410
3-mcthylhcptanc 252.34 252.70 036 250.20 252.50 2.30
3-methylnonane 308.99 313.34 —4.35 427 19 42004 60
4-methylheptane —251.63 —25270 1.07 25109 252.50 —141
4-mecthylnonane 317.36 313.34 402 ERANS | A
5-methylnonane 314.43 31334 109 ERRE S 1
3-ethylpentane 22489 22479 -0.10 219.58 22208 250 [BEIRE (RN I®
3-ethylhexane —25041 —25052 0.11
2,4-dimethylpentane —234.60 —23443 —0.17 22422 21910 AR o [ '
2,4-dimethylhexane —257.02 —257.98 0.96
2,5-dimethylhexane —260.37 —260.16 —0.21 249 20 24980 o
2,3-dimethylbutane —207.40 —20870 130
2,3-dimethylpentane —233.09 —-23225 0 R4 BRR D] o Vo Lo
2,3-dimethylhexane —252.59 —25798 539
2,7-dimethyloctane (IR o, Iy
3,4-dimethylhexane —25183 255 KO vay
3-ethyl-2-methylpentane 249 SX 285 KO 6o
2,3,4-trimethylpentane 25501 20100 LIRR LRI ERTORE] ot [N [ !
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TABLE 8. Substituted alkane hydrocarbons (tertiary carbon) in the solid state at 198.15 K
Name AH°(kI/mol) C,°(J/mol-K) S$°(3/mol-K)
expt calc resd expt calc resd expt calc resd
2-methylpropane —157.99 —153.22 —4.77
2-methylbutane —183.72 —180.29 343
2-methylpentane -21092 -209.70 -—1.22
2-methylhexane —238.66 —239.11 0.45
2-methylheptane —266.94 --268.52 1.58
3-methylpentane —207.69 —207.36 —0.33
3-methylhexane —23493 --236.77 1.84
3-methylheptane —264.01 —266.18 2.17
3-ethylpentane —234.43 —23443 0.00
4-methylheptane —262.46 —266.18 372
2,4-dimethylpentane —241.46 —237.69 -3.77
TABLE 9. Substituted alkane hydrocarbons (quaternary carbon) in the gas state at 298.15 K
Name AcH*(kJ/mol) C,°(3/mol-K) S°(3/mot-K) N(tot)
expt calc resd expt calc resd expt calc resd
2,2-dimethylpropane —167.99 —168.08 0.09 121.63 119.45 2.18 306.39 302.59 3.80 972
2,2-dimethylbutane —186.10 —184.15 ~—1.95 141.88 14234  —0.46 358.23 353.28 495 243
2,2-dimethylpentane —205.85 —204.78 —1.07 165.98 165.23 0.75 392.88 392.44 0.44 243
2,2-dimethylhexane ~224.60 —225.41 0.81 188.87 188.12 0.75 431.20 431.60 —0.40 243
3,3-dimethylpentane —201.17 —-200.22 —0.95 165.98 165.23 0.75 399.70 395.81 3.89 162
3,3-dimethylhexane —219.99 —220.85 0.86 188.87 188.12 0.75 438.06 440.73 —2.67 81
2,2, 3-trimethylbutane  —204.47 —202.27 —2.20 164.56 16526 —0.70 383.60 378.70 4.90 729
2,2,3-trimethylpentane —219.99 —221.10 1.11 188.87 188.15 0.72 425.18 417.86 7.32 729
2,2,4-trimethylpentane —224.01 -—222.90 -1.11 188.87 188.15 0.72 423.21 417.86 5.35 729
2,3,3-trimethylpentane —216.27 —221.10 4.83 188.87 188.15 0.72 431.54 427.00 4.54 243
2,2,3,3-tetramethyl-
butane —225.60 —219.00 -—6.60 192.59 187.44 5.15 389.36 386.10 3.26 13,122
2,2,3,3-tetramethyl-
pentane —236.69 —238.99 2.30 212.09 210.33 1.76
2,2,4,4-tetramethyl-
pentane —241.63 —239.63 -—2.00 211.63 210.33 1.30
2,2,3,4,4-pentamethyl-
pentane 234.43 233.25 1.18
3-ethyl-3-methylpentane —214.85 —216.29 1.44 188.87 188.12 0.75 432.96 431.60 1.36 243
3,3-diethylpentane —232.34 —232.36 0.02 204.18 211.01 —6.83 461.54 459.23 2.31 972
TABLE 10. Substituted alkane hydrocarbons (quaternary carbon) in the hiquid state at 298.15 K
Name AcH °(kJ/mol) C,°(J/mol-K) S°(J/mol-K)
expt calc resd expt calc resd expt calc resd
2,2-dimethylpropane —190.33 —190.01 —-0.32
2,2-dimethylbutane —213.80 —-211.35 245 183.18 186.58 —3.40 272.00  266.93 5.07
2,2-dimethylpentane —238.28 —-237.08 —1.20 221.12 217.00 4.12 30029  299.31 0.98
2,2-dimethylhexane —261.88 —262.81 0.93
3,3-dimethylpentane —234.18 —232.69 —1.49 211.71 21700 —5.29 293.30  299.31 —6.01
3,3-dimethylhexane —25794 —258.42 0.48 246.60 247.42 —0.82
2,2,3-trimethylbutane  —236.52 —233.68 --2.84 213.51 21402 051 29225 29396 171
2,2,3-trimethylpentane —256.90 —257.94 0.74
2,2,4-trimethylpentane —259.16 —259.41 0.25 238.57 24444 587 32803  326.34 1.69
2,3,3-trimethylpentane —253.51 —257.64 4.13 243.56 244.44 114
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TABLE 10 Substituted alkane hydrocarbons (quaternary carbon) in the hquid state at 298.15 K -~ Continued

Name AH°(kJ/mol) C,°(J/mol-K) S°(J/mol-K)

expt calc resd expt calc resd expt calc resd

2,2,3,3-tetramethyi-

pentane —278.28 —278.61 0.33
2,2,4,4-tetramethyl-

pentane —279.99 —-279.25 —-0.74
3-ethyl-3-methylpentane —252.84 --254.03 1.19
3,3-diethylpentane —275.39 -27537 —0.02

TABLE 11. Substituted alkane hydrocarbons (quaternary carbon) in the solid state at 298.15 K

Name AcH °(kJ/mol) C,°(J/mol-K) S°(J/mol-K)
expt calc resd expt calc resd expt calc resd
2,2-dimethylpropane —19615 —19189 —4.26
2,2-dimethylbutane -220.08 -—-21695 —3.13
2,2-dimethylpentane —244.14 --246.36 2.22
3,3-dimethylpentane —24125 —-24201 076

2,2,3-trimethylbutane  —241.08 —240.71 —-0.37

3-ethyl-3-methylpentane —267.48 —267.07 —041

3,3-diethylpentane —292.13 -—292.13 0.00
2,2,3,3-tetramethyl-
butane —268.95 —268.94 —0.01 237 44 237.44 0.00 273.76  273.76 0.00

TABLE 12. n-Alkene hydrocarbons 1n the gas state at 298.15 K

Namc AI°(kJ/mol) C,°(J/mul’K) S°(¥/molK) NQoy)
expt calc resd expt calc resd expt calc resd

ethylene 52.47 5264 —0.17 43.56 42.76 080 21945  219.51 —006 4
propylenc 20.00 20.38 —0.38 63.89 65.85 —1.96 206.94 2066 76 018 3
1-butene 0.21 —050 0.71 85.65 86.48 —0.83 305.60 304 96 064 3
1-pentene —~21.59 —-21.13 -046 109.58 109.37 021 345.81 344 12 169 3
1-hexene —41.67 —41.76 0.09 132.34 132.26 0.08 38464 38328 136 3
1-heptene —62.30 —62.39 009 155.23 155.15 0.08 42359 42244 115 3
1-octene —82.93 —83.02 0.09 178.07 178.04 003 462 54 461 60 094 3
1-nonene —103.51 —103.65 0.14 200.96 200.93 003 50149 500 76 073 3
1-decene —124.14 —-124.28 0.14 223.80 22382 —-002 540 45 53992 053 3
1-hexadecene —247.82 24806 0.24 361.04 36116 -012 77412 77488 070 3
cis-2-butene —17.07 —7.03 —0.04 78.91 8091 200 300 83 W0l 77 094 18
trans-2-butene —11.51  —11.88 0.37 87 82 88 94 12 296 4% 296 71 023 18
cis-2-pentene —2849 2791 058 10175 101 54 021 340 27 345 73 054 9
trans-2-pentene —32.38 —3276 038 108 45 109 57 112 340 41 340) 67 0206 9
cis-2-hexene —5234 —48 54 -3 80 125 69 124 43 126 186 48 184 89 159 9
trans-2-hexene - 5389 5339 050 132 38 132 40 008 380062 379 83 079 9
cis-3-hexene —47 61 -4879 118 123 64 12217 147 379 61 378 17 144 18
trans-3-hexene ~-54 43 5364 079 132 84 130 20 264 37484 - 37311 173 18
cis-2-heptene —6916 —6917 001

trans-2-heptene —7355 —7402 047
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TABLE 12. n-Alkene hydrocarbons in the gas state at 298.15 K — Continued

Name AcH°(kJ/mol) C,°(J/mol-K) S°(I/mol-K) N(tot)
expt calc resd expt calc resd expt calc resd

cis-3-heptene —68.78 —69.42 0.64

trans-3-heptene —73.76 7427 0.51

1,2-butadiene 162.26 163.05 —-0.79 80.12 8171 —1.59 293.01 293.04 —0.03 3
1,2-pentadiene 140.71 142.17 —1.46 105.44 102.34 3.10 33346  331.24 2.22 3
1,3-butadiene 109.96 109.20 0.76 79.54 79.84 —030 278.74 280.76 —2.02 2
cis-1,3-pentadiene 81.25 8179 —0.54 94.56 9490 —-034 324.26 327.30 —3.04 3
trans-1,3-pentadiene 76.07 76.94 —087 103.34 102.93 0.41 319.66 32224  —2.58 3
1,4-pentadiene 105.48 10549 —0.01 105.02 105.01 0.01 33346  333.46 0.00 2
1,5-hexadiene 84.06 83.52 0.54

2,3-pentadiene 133.05 130.79 2.26 101.25 104.80 -—-3.55 324.68 32299 1.69 18
allene 190.46 195.31 —4.85 59.25 38.62 0.63 243.93 245.79 —1.836 4

TABLE 13. n-Alkene hydrocarbons in the liquid state at 298.15 K

Name AH (kI /mol) C,°(J/mol-K) S°(J/mol-K)

expt calc resd expt calc resd expt calc resd
ethylene 43.50 56.74 172.38
propylene 5.19 89.45 198.07
1-butene —20.38 —20.54 0.16 121.85° 118.74 311 227.63° 229.74 -2.11
1-pentene —47.03 —46.27 -—-0.76 155.31 149.16 6.15 262.55 262.12 043
1-hexene —~72.38 —72.00 -0.38 183.30 179.58 372 295.18  294.50 0.68
1-heptene —98.03 —97.73 —-0.30 211.79 210.00 1.79 327.65  326.88 0.77
1-octene —123.51 —12346 —0.05 241.21 240.42 0.79 36045  359.26 1.19
1-nonene | —149.03 —149.19 0.16
1-decene —174.60 —174.92 0.32 300.33 301.26 —0.93 425.01 424.02 0.99
1-hexadecene —328.70 —329.30 0.60
cis-2-butene -29.66 —27.85 —1.81 126.15 122.16 3.99 219.91 223.76 —3.85
trans-2-butene —-33.10 -33.12 0.02 125.90° 122.16 3.74 221.25¢  223.76 —2.51
cis-2-pentene —5452 5358 —094 151.71 151.45 0.26 258.61 25543 3.18
trans-2-pentene —58.83 —-58.85 0.02 156.98 151.45 5.53 256.52  255.43 1.09
cis-2-hexene —83.89 —79.31 —4.58
trans-2-hexene —85.52 —84.58 —0.94
cis-2-heptene —105.14 —105.04 —0.10
trans-2-heptene —109.54 -110.31 0.77
cis-2-octene —135.69 —130.77 --4.92
trans-2-octene —135.69 —136.04 0.35
cis-3-hexene —7895 —79.31 0.36
trans-3-hexene —86.06 —84.58 —1.48
cis-3-heptene —104.31 —105.04 0.73
trans-3-heptene —109.33 —110.31 0.98
1,2-butadiene 138.99 139.87 —0.88
1,2-pentadiene 150.83 148.78 2.05 244.97 244.13 0.84
1,3-butadiene 87.91 87.86 0.05 123.65 120.08 3.57 198.99 198.98 0.01
1,4-pentadiene 80.33 80.33 0.00 146.82 146.82 0.00 248.86  248.86 0.00
2,3-pentadiene 152.42 152.20 0.22 237.32 238.15  --0.83
1,5-hexadiene 54.10 54.14 —0.04

*Obtained from extrapolation of experimental data of 46AST/FIN to 298.15 K.
"Calculated from table XI in 46AST/FIN.
‘Obuined from extrapolation of experimental data of 45GUT/PIT 10 298.15 K.
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TABLE 14. n-Alkene hydrocarbons in the solid state at 298 15
Name A¢H*°(kJ/mol) C,°(J/mol-K) S°(J/mol-K)
expt calc resd expt calc resd expt calc resd
propylene 1.17
1-butene —2423 —23.18 —1.05
1-pentene —52.84 —5259 —025
1-hexene —82.13 —82.00 -—0.13
1-heptene —110.58 —111.41 0.83
1-octene —138.83 —140.82 1.99
1-decene —196.36 —199.64 3.28
1-hexadecene —358.90 —37610 17.20
cis-2-butene —3699 —3679 -0.20
trans-2-butene —42.84 —4252 -032
cis-2-pentene —061.63 —61.14 —049
trans-2-pentene —67.20 —66.87 —0.33
2-hexene® —-97.78 —96.28 —1.50
2-heptene* —124.68 —125.69 1.01
2-octene” —153.64 —155.10 1.46
1,2-butadiene 132.05 13225 —-0.20
1,3-butadiene 79.91 7992 -0.01
1,4-pentadiene 74.22 74.22 0.00
2Assumed to be the trans 1somer.
TABLE 15. Substituted alkene hydrocarbons in the gas state at 298.15 K
Name AH °(kJ/mol) C,°(J/mol-K) S°(J/mol-K) N(tot)
expt calc resd expt calc resd expt calc resd

2-methylpropene —16.90 —18.58 1.68 89.12 87.94 1.18 293.59  295.29 —1.70 18
2-methyl-1-butene —3531 -=37.20 189 111.63 108.57 3.06 339.53 339.25 0.28 9
2-methyl-1-pentene —59.37 -~57.83 —154 135.60 131.46 4.14 382.17 378.41 376 D)
2-methyl-2-butene 105.02 111.03 —6.01 338.57 345.90 —733 9
2-methyl-2-pentene 126.61 131.66 —5.05 378.44  384.10 —566 4
2-ethyl-1-butene —56.02 —55.82 -0.20 133.55 129 20 4.35 376.60 371.69 491 IN
3-methyl-1-butene —2745 —28.03 0.58 118.62 119.07 —045 333.46 334 56 - 110 2]
3-methyl-1-pentene —49.50 —48.66 —0.84 142.42 141.96 0.46 376.81 37372 100 ]
cis-3-methyl-Z-pentene —62.30 —64.61 2.31 126.61 123.63 2.9% 378.44 38003 sy v
trans-3-methyl-2-pentene —63.14 = —69.46 6.32 126.61 131.66 —5.05 381.83 374 97 6 K6
3-methyl-cis-3-hexene =~ —79.41 —85.49 6.08
3-methyl-frans-3-hexene —76.82 —90.34 13.52
4-methyl-1-pentene 126.48 132.29 —5.81 367 713 164 N4 toail ,
cis-4-methyl-2-pentene —5749 —5544 —-2.05 133.55 134.13 058 173 4 [WANET) TN
trans-4-methyl-2-pentene —61 50 —60 29 —1.21 141.42 142.16 —-074 16K 28 V0K It
cis-2,2-dimethyl-
3-hexene —89.29 —-91.59 2.30
trans-2.2-dimethyl-
3-hexene —107.65 -—108.83 1.18
2,3-dimethyl-1-butene —62.38 —64.73 2.35 143 47 141 16 (Y e TR
2,3-dimethyl-2-butene 123 60 IRR RN TANAS e o .
2,4-dimethyl-1-pentene —83.81 —85.15 1.34
2,4-dimethyl-2-pentene  —88.70 —99.25 1055
3,3-dimethyl-1-butene —60.67 —55.69 —498 10648 NI SR [ e .
cis-4,4-dimethyl-

2-pentene -72.63 —7071 192
trans-4,4-dimethyl-
2-pentene — 8878 8795 OHRY
2,3,3-trimethyl-
1-butene 8S 48 9230 69l
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TABLE 15. Substituted alkene hydrocarbons in the gas state at 298.15 K — Continued
Name A¢H°(kJ/mol) C,°(J/mol-K) S°(J/mol-K) N(tot)
expt calc resd expt calc resd expt calc resd
2,4 4-trimethyl-
1-pentene —110.37 —116.20 5.83
2,4,4-trimethyl-
2-pentene —104.89 —126.91 22.02
2-methyl-3-ethyl-
1-pentene —100.29 —101.47 1.18
3-methyl-2-ethyl-
1-butene —79.54 —83.35 3.81
2-methyl-1,3-butadiene 75.44 73.18 2.26 104.60 104.60 0.00 315.64 31564 0.00 3
3-methyl-1,2-butadiene 105.44 103.80 1.64 319.66  321.57 —191 18
TABLE 16. Substituted alkene hydrocarbons in the liquid state at 298.15 K
Name AcH°(kJ/mol) C,°(J/mol-K) S§°(3/mol-K)
expt calc resd expt calc resd expt calc resd

2-methylpropene —34.31 124.55
2-methyl-1-butene —61.13  —60.04 1.09 157.19 153.84 335 25397  254.63 —0.66
2-methyl-1-pentene —89.96 —87.95 —2.01
2-methyl-2-butene —68.58 —76.98 8.40 152.80 15726 —4.46 251.04  248.65 2.39
2-ethyl-1-butene —87.11 —85.77 —1.34
3-methyl-1-butene —51.38 —51.80 0.42 156.06 156.05 0.01 253.30  253.30 0.00
3-methyl-1-pentene —-78.16 —77.53 —-0.63
cis-3-methyl-2-pentene —94.47 —95.26 0.79
trans-3-methyl-2-pentene —94.56 —100.53 5.97
cis-4-methyl-2-pentene —87.03 —84.834 -—2.19
trans-4-methyl-2-pentene —91.55 —90.11 —-1.44
3-methyl-cis-3-hexene —115.94 —120.99 5.05
3-methyl-trans-3-hexene —112.72 —126.26 13.54
cis-2,2-dimethyl-

3-hexene —126.44 —128.97 2.53
trans-2.2-dimethyl-

3-hexene —144.93 —146.45 1.52
2,3-dimethyl-1-butene 92.63 93.48 0.85
2,3-dimethyl-2-butene —101.46 —120.84  19.38 174.68 192.36 —17.68 27020 27354 334
2,4-dimethyl-1-pentene —116.98 —118.96 1.98
2,4-dimethyl-2-pentene —123.09 —-133.97 10.88
3,3-dimethyl-1-butene —87.40 —8241 —4.99 191.17 191.15 0.02 256.50  256.47 0.03
cis-4,4-dimethyl-

2-pentene -10531 —103.24 —2.07
tranc.d 4-dimeothyl.

2-pentene —-121.71 —-120.72 —-0.99
cis-2,5-dimethyl-

3-hexene —151.04 —141.83 —9.21
trans-2 5-dimethyl-

3-hexene —159.24 -—-147.10 —12.14
2,3,3-trimethyl-

1-butene —117.70 —124.09 6.39
2,4 4-trimethyl-

1-pentene —146.15 —152.62 6.47 240.20 237.04 3.16 31171 322,58 —10.87
2,4,4-trimethyl-

2-pentene —14242 —164.58 22.16
2-methyl-3-ethyl-

1-pentene —136.36 —140.58 4.22
3-methyl-2-ethyl-

1-butene —114.06 -—117.03 2.97
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TABLE 16. Substituted alkene hydrocarbons mn the hquid state at 298.15 K — Continued
Name AH °(kJ/mol) C,°(J/mol-K) S°(J/mol-K)
expt calc resd expt calc resd expt calc resd
2-methyl-1,3-butadiene 48.49 46.31 2.18 151.08 151.08 0.00 228.28  227.06 1.22
3-methyl-1,2-butadiene 101 17 96.01 5.16 152.42 15459 —-2.17 231.79  237.35 —556
2,3-dimethyl-1,3-
butadiene 14.14 4.76 9.38
TABLE 17. Substituted alkene hydrocarbons n the solid state at 298.15 K
Name AH°(kJ/mol) C,°(J/mol-K) S°(J/mol-K)
expl cale resd expl cale resd capt cale resd
2-methylpropene —38.08
2-methyl-1-butene —69.04 —64.77 —4.27
2-methyl-2-butene —76.44 —86.45 10.01
3-methyl-1-butene —56.74 —56.74 0.00
2,3-dimethyl-2-butene —111.13 —130.38 19.25
3,3-dimethyl-1-butene —92.84 9285 0.01
2,4 4-trimethyl-
1-pentene —154.89 —158.83 3.94
2,4 4-trimethyl-
2-pentene —149.16 —180.47  31.31
2-methyl-1,3-butadiene 43.56 41.22 2.34
3-methyl-1,2-butadiene 93.22 88.32 4.90
TaBLE 18. Alkyne hydrocarbons in the gas state at 298.15 K
Name AcH °(kJ/mol) C,°(J/mol-K) S°(J/mol-K) N(tot)
expt cale resd expt cale resd expt cale resd
acetylene 228.24 227.00 1.24 43.93 4510 —1.17 200.83 198.16 2.67 2
propyne 184.93 186.34 —1.41 60.67 61.50 —0.83 248.11 246.47 1.64 3
1-hutyne 165.23 16664 141 81.42 82.47 —1.05 290 83 289.27 1.56 3
1-pentyne ‘ 146.01 106.69 105.36 1.33 329.78 328.43 135 3
1-hexyne 125.38 128.24 12825 —0.01 368.74  367.59 115 3
1-heptyne 104.75 15108 151.14 —006 407 69 406 75 004 3
1-octyne 84.12 173.97 17403  —0.06 446 64 445091 073 3
1-nonyne 63.49 196.82 196.92 —0.10 48560 48507 053 3
1-decyne 42.86 219.70 219.81 —0.11 524 51 524 23 028 3
1-hexadecyne —80.92 356.94 357.15 -0.21 758 22 759 19 - 097 3
2-butyne 145.69 145.68 0.01 77.95 77.90 005 28330 28325 005 18
2-pentyne 128.87 125.98 2.89 98 70 98.87 017 33179 33181 -002 9
3-methyl-1-butyne 136.40 136.40 0.00 104.68 104 68 000 31895 318 96 -00t 9
1-buten-3-yne 7318 73 18 000 27937 27938 —001 2
cis-3-penten-1-yne 253 55 262.11 —~8.56
trans-3-penten-1-yne 254.89 25726 —2.37
cis-3-decen-1-yne 151.67 158.71 —-704
trans-3-decen-1-yne 154.60 153 86 0.74
butadiyne 73 64 73 64 000 25004  250.04 0.00 2

1,5-hexadiyne

416.06 416.06 000
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TABLE 19. Alkyne hydrocarbons in the liquid state at 298.15 K
Name AcH°(kJ/mol) C,°(J/mol-K) S§°(J/mol-K)
expt calc resd expt calc resd expt cale resd
1-butyne 141.88 141.88 0.00 132.42 132.42 0.00 197.48  197.48 0.00
2-butyne 119.08 119.08 0.00 124.14 124.14 0.00 195.10 195.10 0.00
cis-3-penten-1-yne 226.48 230.13 —3.65
trans-3-penten-1-yne 228.15 224.86 3.29
1-octene-3-yne 140.71 144.65 —3.94
cis-3-decen-1-yne 99.20 101.48 —2.28
trans-3-decen-1-yne 100.46 96.21 4.25
1,5-hexadiyne 384.17 384.16 0.01
1,7-octadiyne 334.43 327.52 6.91
3,9-dodecadiyne 197.82 193.40 442
5,7-dodecadiyne 181.50 181.50 0.00
3,3-dimethyl-1-butyne 78.45 78.45 0.00
3,3-dimethylpenta-
1,4-diyne 348.69 348.69 0.00
3,3,6,6-tetramethyl-
octa-1,7-diyne 211.08 209.44 1.64
TABLE 20. Alkyne hydrocarbons in the solid state at 298.15 K
Name AsH°(kJ/mol) C,°(J/mol-K) S°(J/mol-K)
€xpt calc resd expt calc resd expt calc resd
1-butyne 135.85 135.85 0.00
2-butyne 109.85 109.84 0.01
TABLE 21. Aromatic hydrocarbons in the gas state at 298.15 K
Name A¢H " (kJ/mol) €, (3/mol-K) 5°(3/mol-K) N(tot)
expt calc resd expt calc resd expt calc resd
benzene 82.89 82.86 0.03 81.67 81.66 0.01 269.20 269.20 0.00 12
toluene 50.17 50.43 —0.26 103.64 103.53 0.11 320.66 318.36 2.30 6
1,2-dimethylbenzene 19.08 19.26 —0.18 133.26 131.80 1.46 352.75 350.13 2.62 18
(o-xylene)
1,3-dimethylbenzene 17.32 17.37 —0.05 127.57 126.11 1.46 357.69 352.63 5.06 18
(m-xyiene) :
1,4-dimethylbenzene 18.03 18.00 0.03 126.86 125.40 1.46 352.42 352.63 —0.21 18
(p-xylene)
1,2,3-trimethylbenzene —9.46 —12.54 3.08 154.18 160.78  —6.60 384.84 381.89 2.95 54
1,2,4-trimethylbenzene —13.85 —13.80 —0.05 154.01 154.38 —0.37 395.76 390.16 5.60 27
1,3,5-trimethylbenzene —15.94 —16.32 0.38 150.25 149.40 0.85 385.30 377.76 7.54 162
1,2,3,4-tetramethyl
benzene 189.58 189.76  —0.18 416.52 413.66 2.86 162
1,2,3,5-tetramethyl-
benzene 185.73 183.36 2.37 422.54 416.16 6.38 162
1,2,4,5-tetramethyl-
benzene 186.52 183.36 3.16 418.53 410.40 8.13 324
pentamethylbenzene 216.48 219.45 —2.97 443.88 445.47 —1.54 486
hexamethylbenzene —86.82 —107.31 20.49 248.61 254.83 —6.22 452.37 459.79 —7.42 8,748
ethylbenzene 29.92 29.09 0.83 128.41 129.14 —0.73 360.45 360.95 —0.50 6
propylbenzene 7.91 8.46 —0.55 152.34 152.03 0.31 400.66 400.11 0.55 6
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TABLE 21. Aromatic hydrocarbons 1n the gas state at 298 15 K — Continued
Name AcH*(kJ/mol) C,°(J/mol-K) S°(J/mol-K) N(tot)
expt calc resd expt cale resd expt calc resd

butylbenzene —13.05 -—12.17 —0.88 175.10 17492 0.18 439.49 439.27 0.22 6
pentylbenzene 197.99 197.81 018 478.94 478.43 0.51 6
hexylbenzene 220.87 220.70 017 517.90 517.59 0.31 6
heptylbenzene 243 72 243 59 013 556.85 556.75 010 6
octylbenzene 266 60 266 48 0.12 595 80 59591 —-0.11 6
nonylbenzene 289.45 289.37 0.08 634.75 635.07 —032 6
decylbenzene 31234 312.26 0.08 67371 674.23 —052 6
undecylbenzene 335.22 335.15 0.07 712.62 - 713.39 —-0.77 6
dodecylbenzene 358.07 358 04 0.03 75157 752.55 —0.98 6
1-methyl-2-ethylbenzene 1.30  —2.08 3.38
1-methyl-3-ethylbenzene —1.80 —3.97 2.17 -
1-methyl-4-ethylbenzene —3.18 —3.34 0.16 151 54 151.01 053 398.90 395.22 3.68 18
1,4-diethylbenzene 176 15 176.62 —0.47 43401 437.81 —3.80 18
1,2,3-triethylbenzene 228.11 23761 —9.50 507 23 509.66 —2.43 54
1,2,4-triethylbenzene 227.94 231.21 —327 518 15 517.93 0.22 27
1,3,5-triethylbenzene 224.18 226.23 —205 507.69 505.53 —2.16 162
pentaethylbenzene 33970 347.50 —17.80 647 89 658 37 —10.48 486
hexaethylbenzene 396 48 408.49 —12.01 697.14 715.33 —18.19 8,748
isopropylbenzene 4.02 —0.87 4.89 15171 151.71 0.00 388.57 388.55 0.02 18
sec-butylbenzene —1736 —19.24 1.88
isobutylbenzene —21.51 -—18.86 —2.65
t-butylbenzene -2259 -—-22.59 0.00
styrene 147 82 147.82 0.00 122 09 12209 0.00 345.10 34520 ~0.10 2
o-methylistyrene 145.18 150 36 —5.18 383.67 382.73 0.94 3
m-methylstyrene 145 18 144.67 0.51 389.53 385.23 4.30 3
p-methylstyrene 145.18 143 96 1.22 383.67 379.46 421 6
1-isopropenylbenzene
(a-methylstyrene) 112.97 112.97 0.00 14518 145.18 0.00 383.67 383.67 0.00 6
cis-1-propenylbenzene
(cis-B-methylstyrene) 145.18 137.15 8.03 383.67 385.97 —230 6
trans-1-propenylbenzene
(trans-f-methylstyrene) 146.02 145.18 084 380.33 380.91 —0.58 6
cthynylbenzene 327.65 327.48 0.17 114 89 114.39 0.00 321.67 321.67 000 2
1,1-diphenylethylene 245.64 245.64 0.00
cis-stilbene 252.34  247.85 4.49
trans-stilbene 236.14  243.00 —6.86
diphenylmethane 138.95 138.95 0.00
1,2-diphenylethane 142.93 14270 0.23
biphenyl 181.42 181.42 0.00 162.34 162 34 0.00 392.67 392 67 000 8
naphthalene 150.29 150.68 —0.39 132.55 132 54 0.0t 335 64 33563 001 4
1-methylnaphthalene 113.51 11825 —4.74 159.54 159.53 0.01 377 44 37775 —031 3
2-methylnaphthalene 110.54 118.25 —7.71 159.79 159 53 0.26 38003 37775 228 3
1-ethylnaphthalene 184.18 185.14 —0.96 418 15 420 34 -219 3
2-ethylnaphthalene 184 43 185.14 —-071 420 74 420 34 040 3
1-propylnaphthalene 208 11 208 03 008 458 36 459 50 — 114 3
2-propylnaphthalene 208.36 208 03 0133 460 99 459 50 149 3
1-butylnaphthalene 230.87 23092 —005 497 18 498 66 —1.48 3
2-butyinaphthalene 231.12 23092 020 499 82 498 66 1.16 3
1-pentylnaphthalene 25376 253 81 —-005 536.64 537 82 —1.18 3
2-pentylnaphthalene 254 01 253 81 0.20 53928 537 82 1.46 3
1,2-dimethylnaphthalene 184.85 185 58 —0.73 406 81 409.01 —2.20 9
1,3-dimethyinaphthalene 185.10 185.58 —048 409.45 409.01 044 9
1,4-dimethyinaphthalene 184 85 185 58 —-0.73 401 08 403.25 —-2.17 18
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TABLE 21. Aromatic hydrocarbons in the gas state at 298.15 K — Continued

Name A¢H°(kJ/mol) C,*(J/mol-K) S°(J/mol-K) N(tot)
expt calc resd expt calc resd expt calc resd

1,5-dimethylnaphthalene 184.85 185.58 —0.73 401.08 409.01 —7.93 9
1,6-dimethylnaphthalene 185.10 185.58 —0.48 409.45 409.01 0.44 9
1,7-dimethylnaphthalene 185.10 185.58 —0.48 409.45 409.01 0.44 9
1,8-dimethylnaphthalene 108.66 85.82 22.84
2,3-dimethylnaphthalene 185.81 185.58 0.23 410.95 403.25 7.70 18
2,6-dimethylnaphthalene 187.07 185.58 1.49 408.69 409.01 —0.32 9
2,7-dimethylnaphthalene 187.07 185.58 1.49 408.69 403.25 5.44 18
2-ethyl-3-methyl-

naphthalene 210.46 211.19 -0.73 457.44 451.60 5.84 9
2-ethyl-6-methyl-

naphthalene 21171 21119 052 45518 451.60 358 9
2-ethyl-7-methyl- .

naphthalene 211.71 211.19 0.52 455.18 451.60 3.58 9
anthracene 23091 218.50 12.41
naphthacene 291.42 286.32 5.10
phenanthrene 207.48 21030 -—2.82
triphenylene 274.18 269.92 4.26
chrysene 269.78 26992 —0.14
pyrene 225.68 225.68 0.00
1,2-benzanthracene 294.14 278.12  16.02

TABLE 22. Aromatic hydrocarbons in the liquid state at 298.15 K

Name AH *(kJ/mol) C,°(J/mol-K) S§°(J/mol-K)
expt calc resd expt calc resd expt calc resd
benzene 48.95 4896 —0.01 136.06 -  136.08 —0.02 173.26  173.22 0.04
toluene 12.38 12.35 0.03 157.23 159.98 —-2.75 220.96  208.15 12.81
1,2-dimethylbenzene —2435 —21.00 -3.35 187.82 187.38 0.44 246.02  243.08 2.94
(o-xylene) )
1,3-dimethylbenzene —2536 —2426 -—1.10 183.18 183.88 —0.70 253.80  243.08 10.72
(m-xylene)
1,4-dimethylbenzene —24.35 2426 —0.09 183.76 183.88 —0.12 243.51  243.08 043
(p-xylene)
1,2,3-trimethylbenzene —58.53 —54.35 —4.18 216.44 214.78 1.66 267.94 278.01 —10.07
1,2,4-trimethylbenzene —61.80 —57.61 —4.19 214.97 211.28 3.69 283.38  278.01 5.37
1,3,5-trimcthylbcnzenc —63.43 —60.87 —2.56 209.53 207.78 1.75 273.55 278.01 —4.46
1,2,3,4-tetramethyl-
benzene —-90.21 -87.70 -2.51 235.98 242,18 —6.20 290.79  312.94 -—22.15
1,2,3,5-tetramethyl-
benzene —96.36 —90.96 -—5.40 240.16 238.68 1.48 31003 31294 291
1,2,4,5-tetramethyl-
benzene —9899 —90.96 --8.03
pentamethylbenzene —12297 —12105 —1.92
hexamethylbenzene —139.14 —151.14 12.00
ethylbenzene —12.34 —1246 0.12 185.81 182.88 293 255.01 255.55 —0.54
propylbenzene —38.33 -38.19 —-0.14 214.72 213.30 1.42 287.78  287.93 —0.15
butylbenzene —63.18 —63.92 0.74 243.34 24372 —0.38 32121 32031 0.90

I-methyl-2-ethylbenzene —46.40 —45.81 —0.59
1-methyl-3-ethylbenzene —48.70 —49.07 0.37
1-methyl-4-ethylbenzene —49.79 —49.07 —0.72
1-methyl-2-propylbenzene —72.47 —71.54 —0.93
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TABLE 22. Aromatic hydrocarbons in the hquid state at 298.15 K — Continued

Name AcH °(kJ/mol) C,°(J/mol-K) S°(J/mol-K)
expt calc resd expt calc resd "~ expt calc resd

1-methyl-3-propylbenzene —76.23  —74.80 —1.43
1-methyl-4-propylbenzene —75.06 —74.80 —0.26

1-methyl-

2-isopropylbenzene —7330 —78.79 5.49
1-methyl-

3-isopropylbenzene —78.62 —82.05 343
1-methyl-

4-isopropylbenzene —78.03 —82.05 4.02 236.40 237.86 —1.46 306.69  312.48 —5.79
3-ethyl-1,2-

dimethylbenzene —80.50 —79.16 —1.34
4-ethyl-1,2-

dimethylbenzene —86.02 —8242 —-3.60
2-ethyl-1,3-

dimethylbenzene —80.12 —-79.16 —0.96
4-ethyl-1,3-

dimethylbenzene —84.10 —8242 —1.68
5-ethyl-1,3-

dimethylbenzene —87.78 —85.68 —2.10
2-ethyl-1,4-

dimethylbenzene —84.81 —82.42 —2.39
1,2-diethylbenzene —6849 —70.62 2.13
1,3-diethylbenzene —7351 —73.88 0.37
1,4-diethylbenzene —72.84 —73.88 1.04
isopropylbenzene —41.13 —45.4 4.31 215.40 213.96 1.44 277.57 277.55 0.02

(1-methylpropyl)benzene —66.40 —68.99 2.59
(2-methylpropyDbenzene —69.79 —69.20 —0.59

t-butylbenzene —70.71 —70.71 0.00 238.11 238.11 0.00 278.65  278.65 0.00
styrene 103.85 103.85 0.00 182.88 18290 —0.02 237.57  234.80 2.77
isopropenylbenzene 70.46 70.46 0.00

(a-methylstyrene)

2-propenylbenzene 88.03 88.03 0.00
(allylbenzene)
1-methyl-2-propenyl-
benzene 56.07 56.07 0.00
ethynylbenzenc 283.47 283.39 0.08
diphenylmethane 89.66 9342 —-3.76 279.91 279.91 0.00 301.67 301.67 0.00

4-methyldiphenylmethane 61.55 56.81 4.74

2,5-dimethyl-

diphenylmethane 24.69 2346 1.23
1,1-diphenylethane 48.66 48.66 0.00 294.97 29498 —0.01
1,1-diphenyldodecane 593.71 599.18 —5.47 684.92 684.92 0.00
cis-stilbene 183.30 169.47 13.83
1,1-diphenylethylene 172.42 172.42 0.00 299.16 299.15 0.01
biphenyl 116.02 116.02 0.00
2-methylbiphenyl 108.16 82.67 25.49
3-methylbiphenyl 85.56 79.41 6.15
isopropylbiphenyl 33849 RERIRR VR
naphthalene 96.94 96.94 0.00
1-methylnaphthalene 56.19 60.33 —414 pRE IR RN T e . +
2-methylnaphthalene 62.58 60 33 225
1,8-dimethylnaphthalene  41.76 2372 1804
anthracene 158 57 144 92 1368
phenanthrene 132 87 13606 (IR0
triphenylene 176 52 178 AR 1
pyrene IR XN N IERN 0ol
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TABLE 23. Aromatic hydrocarbons in the solid state at 298.15 K

J. Phys. Chem. Ref. Data, Vol. 17, No. 4, 1988

Name AsH(kJ/mol) C,°(J/mol-K) ) S°(J/mol-K)
expt calc resd expt calc resd expt calc resd
benzene 39.08 39.18 —0.10 120.79 120.78 0.01 136.48 136.50 —0.02
toluene 5.73 -0.19 5.92
1,2-dimethylbenzene —3795 —34.56 —3.39
(o-xylene)
1,3-dimethylbenzene —36.90 —37.56 0.66
(m-xylene)
1,4-dimethylbenzene —4146 —39.56 —1.90
(p-xylene)
1,2,3-trimethylbenzene —68.70 —66.93 —1.77
1,2,4-trimethylbenzene —74.98 —71.93 -3.05
1,3,5-trimethylbenzene —72.93 —72.93 0.00
1,2,3,4-tetramethyl
benzene —10142 —99.30 -—-2.12
1,2,3,5-tetramethyl-
benzene —109.29 10430 —4.99
1,2,4,5-tetramethyl-
benzene —119.87 --104.30 —15.57 220.08 217.02 3.06 245.60 25026 —4.66
pentamethylbenzene —133.64 -—129.67 -—3.97 270.29 241.08 29.21 294.14  278.70 15.44
hexamethylbenzene —161.54 --157.04 —4.50 245.64 265.14 —19.50 306.31 307.14 —0.83
ethylbenzene —21.51 —=22.29 0.78
propylbenzene —56.11 —51.70 —4.41
butylbenzene —74.39 —81.11 6.72
1-methyl-
4-isopropylbenzene -—87.70 —94.48 6.78
isopropylbenzene —4845 5511 6.66
t-butylbenzene -79.12  ~79.12 0.00
styrene 92.88 92.88 0.00
diphenylmethane 71.46 71.66 —0.20 223.84 223.84 0.00 239.32  239.35 —0.03
trans-stilbene 136.94 14090 —3.96 232.63 232.60 0.03 251.04  251.00 0.04
1,2-diphenylethane 51.55 48.90 2.65 253.55 253.54 0.01 27029 27030 —0.01
triphenylmethane 295.81 295.81 0.00 312.13 312.13 0.00
tetraphenylmethane 368.19 368.30 —0.11
1,1,2-triphenylethane 319.66 32510 —5.44
1,1,1-triphenylethane 316.73 33945 -—22.72
1,1,1,2-tctraphenylethane 395.39 398.77 —3.38
1,1,2,2-tetraphenylethane 396.64 396.66 —0.02
pentaphenylethane 473.63 470.33 3.30
triphenylethylene 309.20 310.10 —0.90
diphenylacetylene 312.40 312.00 0.40 225.90 225.90 0.00
biphenyl 99.37 99.36 0.01 197.90 197.86 0.04 20585 215.50 —9.65
4-methylbiphenyl 55.44 59.99 —4.55
4,4’-dimethylbiphenyl 14.14 20.62 —6.48
o-terphenyl 274.34 27494 —0.60 298.82  294.50 4.32
. 1,3,5-triphenylbenzene 358.32 352.02 6.30 367.36 373.50 —6.14
naphthalene 77.90 80.44 —2.54 165.69 165.64 0.05 167.40 170.00 —2.60
1-methylnaphthalene 44.27 41.07 3.20
2-methylnaphthalene 44.85 41.07 3.78 195.98 189.70 6.28 219.99  198.44 21.55
1,8-dimethylnaphthalene  25.94 170 2424 242.80 213.76 29.04 22472 226.88 —2.16
2,3-dimethylnaphthalene —0.23 1.70 —-1.93
2,6-dimethylnaphthalene —5.69 1.70 -17.39 203.55 213.76 —10.21 227.86  226.88 0.98
tetraphenylethylene 311.50 311.48 0.02 387.60 387.60 0.00
2,7-dimethylnaphthalene —5.40 1.70 7.10 204.39 213.76 —9.37 228.57 226.88 1.69
anthracene 129.20 121.70 7.50 210.50 210.50 0.00 207.15  203.50 3.65
naphthacene 158.78 16296 —4.18 236.56 255.36 —18.80 215.39 237.00 -—21.61
phenanthrene 116.20 117.50 —1.30 220.62 217.44 3.18 21506 219.50 —4.44
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TABLE 23. Aromatic hydrocarbons 1n the solid state at 298.15 K — Continued
Name AcH°(kJ/mol) C,°(J/mol-K) S°(J/mol-K)
expt calc resd expt calc resd expt calc resd
triphenylene 151.80 154.56 —276 259.20 269.24 —10.04 254.68  269.00 —14.32
fluoranthene 23025 23468 —4.43 230.58 236.50 —5.92
pyrene 125.48 125.58 ~0.10 227.65 226.50 1.15 224.89  217.50 7.39
perylene 274.93 28524 —10.31 264.55 283.00 —18.45
coronene 313.76 303.36 10.40 280.87  279.00 1.87
TasBLE 24. Cycloalkane and rclated hydrocarbons in the gas state at 298.15 K
Name AH°(kJ/mol) C,°(J/mol-K) S°(F/mol-K) N(tot)
expt calc resd expt calc resd expt calc resd
cyclopropane 53.26 53.26 0.00 55.94 55.94 0.00 23744 23744 0.00 6
cyclobutane 28.37 28.37 0.00 72.22 72.22 0.00 265.39  265.39 0.00 8
cyclopentane —7640 —76.40 0.00 83.01 83.01 0.00 292.88 292.88 0.00 10
cyclohexane —123.39 —123.39 0.00 106.27 106.27 0.00 298.24  298.24 0.00 6
cycloheptane —118.07 —118.07 0.00 123.09 123.09 0.00 342.33 342.33 0.00 2
cyclooctane —124.39 —124.39 0.00 139.95 139.95 0.00 366.77  366.77 0.00 8
cyclononane —132.76 —132.76 0.00
cyclodecane —162.67 —162.67 0.00
cycloundecane —179.37 —179.37 0.00
cyclododecane —230.25 —230.25 0.00
cyclotridecane —246.35 —246.35 0.00
cyclotetradecane —239.24 —-239.24 0.00
cyclopentadecane —301.42 -301.42 0.00
cyclohexadecane —321.67 —321.67 0.00
cycloheptadecane —364.30 —364.30 0.00
cyclopropene 271.06 277.06 0.00
cyclobutene 156.69 156.69 0.00 67.07 67.07 0.00 263.51 263 51 0.00 2
cyclopentene 34.56 34.56 0.00 75.10 75.10 0.00 289.66  289.66 0.00 2
cyclohexene —5.02 -~5.02 0.00 105.02 105.02 0.00 310.75 310.75 0.00 2
cycloheptene —9.20 —9.20 0.00
cyclooctene —2699 —26.99 0.00
1,3-cyclopentadiene 134.35 134.35 0.00
1,3-cyclohexadiene 106.23 106.23 0.00
1,3-cycloheptadiene 9435 9435 0.00
1,5-cyclooctadiene 71.34 71.34 0.00
1,3,5-cyclo-
heptatriene 180.87 180.87 0.00 117.78 117.78 000 315.64  315.64 0.00 2
cyclooctatetraene 295.85 295.85 0.00 122.01 122.01 000 326.77 326.77 0.00 4
spiropentane 185.18 185.18 0.00 88.12 88 12 000 28221 282.21 0.00 4
methylenecyclobutane 121.55 119.46 2.09
ethylcyclobutane —26.32 —15.06 11.26
methylcyclopentane —106.20 —101.46 —4.74 109 79 109 50 029 339.91 339.62 0.29 3
methylenecyclopentane 12.01 14.19 -2.18
1,1-dimethyl-
cyclopentane —138.24 -—130.21 —-8.03 133 30 131.68 1.62 35928 356.15 3.13 18
trans-1,2-dimethyl-
cyclopentane —136.65 —126.52 —1013 134.47 132.42 2.05 366.81 359.28 7.53 18
trans-1,3-dimethyl-
cyclopentane —133.55 —126.52 —7.03 134.47 132.42 2.05 366.81 359.28 7.53 18
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TABLE 24. Cycloalkane and related hydrocarbons 1n the gas state at 298.15 K — Continued

Name A¢H°(kJ/mol) C,°(J/mol-K) S°(J/mol-K) N(tot)
expt calc resd expt calc resd expt calc resd

ethylcyclopentane —12694 —119.83 -—7.11 131.75 13239 —0.64 37832 37878 —0.46 3
propylcyclopentane —147.74 —140.46 —7.28 154.64 155.28 —0.64 417.27 41794 —0.67 3
butylcyclopentane 177.49 178.17 —0.68 456.22 457.10 —0.88 3
pentylcyclopentane 200.37 201.06 —0.69 495.18 49626 —1.08 3
hexylcyclopentane 223.22 22395 073 534.13 53542 —1.29 3
heptylcyclopentane 246.10 246.84 —0.74 573.04 57458 --1.54 3
octylcyclopentane 268.99 269.73 —0.74 611.99  613.74 —1.75 3
nonylcyclopentane . 291.83 292.62 ~-0.79 650.95  652.90 —1.95 3
decylcyclopentane —301.42 —-284.87 —16.55 314.72 31551 —0.79 689.90 692.06 —2.16 3
1-methylcyclopentene —3.81 0.12 -—-3.93 100.83 99.22 1.61 326.35 333.07 —6.72 3
3-methylcyclopentene 7.36 929 193 100.00 109.72 —9.72 330.54  328.38 2.16 3
4-methylcyclopentene 14.64 9.50 5.14 100.00 100.05 —0.05 328.86  324.20 4.66 3
1-ethylcyclopentene —19.75  —-20.76 1.01
methyleyclohexanc 15472 —148.47 —6.27 135.02 137.44 —2.42 343.34 344.36 —1.02 3
methylenecyclohexane —25.23 —32.80 7.57
1,1-dimethylcyclohexane — 180.87 —177.20 —3.67 154.39 159.62 —5.23 365.01 366.65 —1.64 9
trans-1,2-dimethyl-

cyclohexane —179.87 —173.51 —6.36 158.99 160.36 —1.37 37091  369.78 1.13 9
trans-1,3-dimethyl-

cyclohexane —17648 ~—173.51 —2.97 157.32 160.36 —3.04 376.23  369.78 6.45 9
trans-1,4-dimethyl-

cyclohexane —184.51 —173.51 —11.00 157.74 160.36 —2.62
ethylcyclohexane —171.88 —166.82 —5.06 158.82 160.33 —1.51 382.58 383.52 —0.94 3
propylcyclohexane 18422  183.22 1.00 419.53 422.68 —3.15 3
butylcyclohexane —213.30 -208.08 —5.22 207.11 206.11 1.00 45848 461.84¢ —3.36 3
pentylcyclohexane 229.95 229.00 0.95 49744 501.00 —3.56 3
dodecylcyclohexane —378.70 —373.12 —5.58
1-methylcyclohexene —4326 —41.72 —1.54
1-ethylcyclohexene —6343 —-60.34 —3.09-
bicyclo[2.2.2]octane —99.00 —99.00 0.00
adamantane —134.60 —134.60 0.00
bicyclo[3.3.3]undecane —88.95 —88.95 0.00

TabLE 25. Cycloalkanc and rclated hydrocarbons in' the hquid state at 298.15 K
Name AH °(kJ/mol) C,°(J/mol-K) S°(J/molK)
expt calc resd expt calc resd expt calc resd

cyclobutane 372 3.72 0.00 111.00* 111.00 0.00 181.00* 181.00 0.00
cyclopentane —105.06 —105.06 0.00 128.78 128.78 0.00 204.14  204.14 0.00
cyclohexane —156.44 -—156.44 0.00 156.31 156.31 0.00 204.35 - 204.35 0.00
cycloheptane —156.61 —156.61 0.00 180.75 180.75 0.00 242.55  242.55 0.00
cyclooctane —167.74 —167.74 0.00 215.48 215.48 0.00 262.00 262.00 0.00
cyclononane —181.17 —181.17 0.00
cyclodecane —206.69 —206.69 0.00
cycloundecane —23548 —235.48 0.00
cyclododecane —306.65 —306.65 0.00
cyclotridecane —309.66 —309.66 0.00
cyclopentene 4.73 4.73 0.00 122.38 122.38 0.00 201.25 201.25 0.00
cyclohexene —38.49 3849 0.00 148.36 148.36 0.00 214.60 214.60 0.00
cyclooctene —74.02 —74.02 0.00
1,3-cyclopentadiene 105.98 105.98 0.00
1,3-cyclohexadiene 73.18 73.18 0.00 144.56 144.56 0.00 197.28  197.28 0.00
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TABLE 25. Cycloalkane and related hydrocarbons in the liquid state at 298.15 K — Continued
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Name AcH °(kJ/mol) C,°(J/mol-K) S°(J/mol-K)
expt calc resd expt cale resd expt calc resd

1,4-cyclohexadiene 145.94 145.94 0.00 189.37 189.37 0.00
1,5-cyclooctadiene 30.29 30.29 0.00 208.11 208.11 0.00 264.35  264.35 0.00
1,3,5-cyclo-

heptatriene 142.17 142.17 0.00 162.76 162.76 0.00 214.64 214 64 0.00
cyclooctatetraene 254.51 254.51 0.00 185.18 185.18 0.00 220.29  220.29 0.00
spiropentane 157.65 157.65 0.00 134.52 134 52 0.00 193 68 193 68 0.00
methylenecyclobutane 93.85 90.36 349 131.13 132.17 —1.04 21020 20498 522
methylcyclobutane —44.48 —25.11 —19.37
ethylcyclobutane —58.95 —48.66 —-10.29
methylcyclopentane 158.70 155.25 3.45 247.78  245.58 2.20
methylenecyclopentane —20.08 1842 —166
1,1-dimethyl-

cyclopentane —172.05 —16534 —6.71 187.36 180.59 6.77 265.01  254.12 1089
trans-1,2-dimethyl-

cyclopentane —171.21 —-162.72 —-8.49 187.40 183.66 3.74 269.90 27261 —271
trans-1,3-dimethyl-

cyclopentane —168.07 —162.72 —5.35
ethylcyclopentane —163.43 ~—15744 —-3599 185.31 186.64 —1.33 279.91 277 96 195
ethylidenecyclopentane 18117 182.66 —1.49
ethenylcyclopentane —34.81 —31.55 -—-3.26
allylcyclopentane 202.92 202.00 92
propyicyclopentane —188.82 —183.17 —5.65 216.27 217.06 —0.79 310.83 310.34 0.49
butylcyclopentane 245.35 24748 —-2.13 34384  342.72 112
decylcyclopentane —367.31 —363.28 —4.03
11-cyclopentyl-

heneicosane —648.60 —647.23 —1.37
bicyclopentyl 238.91 239.48 —-0.57
1-methylcyclopentene —3644 —3477 -—1.67 153.10 157.48 —438
3-methylcyclopentene —17.57 —24.35 6.78
1-ethylcyclopentene —58.28 —60.50 2.22 188.28 186.77 1.51
methylcyclohexane —190.08 —185.27 —4.81 184.51 183.75 0.76 24790 246 41 149
methylenecyclohexane —61.30 —69 80 8.50 177.40 175.22 2.18
1,1-dimethylcyclohexane —218.74 —-216.72 -2.02 209.24 209.09 0.15 267.23 25495 12.28
1,2-dimethylcyclohexane —218.24 —214.10 —4.14 212.76 211.19 1.57 27322 27344 -022
1,3.dimethylcyclohexane —21569 21410 —1.59 212.84 211.19 1.65 276 27 273 44 283
1,4-dimethylcyclohexane —222.38 —21410 -8.28 210.25 211.19  —094 26803 27344 —541
ethylcyclohexane —212.13 -208.82 —3.31 211.79 214.17 —2.38 28091 278 79 212
allyleyclohexane 23347 229.53 3.94
ethylidenecyclohexane 203.76 20793 —417
propylcyclohexane 242.04 24459 -2.55 3188 31117 071
hutyleyclohexane —263.09 26028 —2R1 271.04 275.01 —197 3144 97 31413 55 142
dodecylcyclohexane —467.56 —466.12 —1.44
3-cyclohexyleicosane —666.18 —672.88 6.70
9-cyclohexyleicosane @ —674.13 —672.88 —1.25
11-cyclohexyl-

heneicosane —689.44 —698.61 9.17
13-cyclohexyl-

pentacosane —792.66 —801.53 8 87
1-methylcyclohexene —8117 —80.17 —100
1-ethylcyclohexene —10669 —103.72 —-297
cis-hexahydroindan —173.10 —173.10 0.00 214 18 214 18 000 265.47 26547 0.00
trans-hexahydroindan —173.20 —173.20 0.00 209 70 209.70 000 258 86  258.86 000
cis-decalin —219.40 —-219.40 0.00 232.00 232.00 0.00 265.01 265.01 000
trans-decalin —230.60 —230.60 0.00 228.49 228.49 0.00 264.93  264.93 0.00

*Obtamed from extrapolation of experimental data of 53RAT/GWI to 298.15 K.
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TABLE 26. Cycloalkane and related hydrocarbons in the solid state at 298.15 K
Name A¢H *(kJ/mol) C,°(J/mol-K) S$°(J/mol-K)
expt calc resd expt calc resd expt calc resd
cyclopentane —113.05 —113.05 0.00
cyclohexane —166.16 —166.16 0.00
cyclododecane —306.65 —306.65 0.00
cyclotetradecane —374.00 —374.00 0.00
cyclopentadecane —376.06 —376.06 0.00
cyclohexadecane —403.42 —403.42 0.00
cycloheptadecane —430.41 —430.41 0.00
decylcyclopentane —401.00 —401.05 —0.05
dodecylcyclohexane —514.00 -51298 —1.02
2,2-metacyclophane 78.50 78.50 0.00
2,2-metaparacyclophane 130.90 130.90 0.00 261.50 261.50 0.00
2,2-paracyclophanc 145.10 145.10 0.00 252.34 252.34 0.00 2065.08 205.08 0.00
3,3-paracyclophane 26.30 26.30 0.00 324.26 324.26 0.00
bicyclo[2.2.2]ectane —146.90 —146.90 0.00
adamantanc 194.10 - 194.10 0.00
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