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ANDREY V. PLYASUNOV
1,2,* and EVERETT L. SHOCK

1

1Group Exploring Organic Processes in Geochemistry (GEOPIG), Department of Earth and Planetary Sciences, Washington University,
Campus Box 1169, One Brookings Drive, St.Louis, MO 63130-4899 USA

2Institute of Experimental Mineralogy of Russian Academy of Sciences, Chernogolovka, 142432, Russia

(Received February3, 1999;accepted in revised form August10, 1999)

Abstract—An extensive compilation of experimental data yielding the infinite dilution partial molar Gibbs
energy of hydrationDhG

O, enthalpy of hydrationDhH
O, heat capacity of hydrationDhCpO, and volumeV2

O,
at the reference temperature and pressure, 298.15 K and 0.1 MPa, is presented for hydrocarbons (excluding
polyaromatic compounds) and monohydric alcohols. These results are used in a least-squares procedure to
determine the numerical values of the corresponding properties of the selected functional groups. The simple
first order group contribution method, which in general ignores nearest-neighbors and steric hindrance effects,
was chosen to represent the compiled data. Following the precedent established by Cabani et al. (1981), the
following groups are considered: CH3, CH2, CH, C for saturated hydrocarbons; c-CH2, c-CH, c-C for cyclic
saturated hydrocarbons; CHar, Car for aromatic hydrocarbons (containing the benzene ring); C5C, C[C for
double and triple bonds in linear hydrocarbons, respectively; c-C5C for the double bond in cyclic hydro-
carbons; H for a hydrogen atom attached to the double bond (both in linear and cyclic hydrocarbons) or triple
bond; and OH for the hydroxyl functional group. In addition it was found necessary to include the
“pseudo”-group I(C-C) to account for the specific interactions of the neighboring hydrocarbon groups attached
to the benzene or cyclic ring (in the latter case only for cis-isomers). Results of this study, the numerical values
of the group contributions, will allow in most cases reasonably accurate estimations ofDhG

O, DhH
O, DhCpO,

and V2
O at 298.15 K, 0.1 MPa for many hydrocarbons involved in geochemical and environmental

processes.Copyright © 2000 Elsevier Science Ltd

I. INTRODUCTION

There is abundant evidence of the close association of water
and hydrocarbons in the Earth’s crust. The most familiar asso-
ciation is in oil fields where aqueous brines are pumped to-
gether with petroleum. The documented temperature range of
the coexistence of hydrocarbons and water extends from am-
bient conditions (environmentally dangerous oil spills at sea, in
rivers and into groundwater) through 320–430 K (temperatures
of petroleum reservoirs) to at least 600–650 K, present-day
bottom-hole temperatures from Gulf of Mexico (Price, 1982;
1993). Mechanisms of transport and transformation of hydro-
carbons within Earth’s crust can be explored in quantitative
models given reliable values of the thermodynamic properties
of these compounds in aqueous solutions over wide ranges of
temperature and pressure.

As a step in this direction we present values of the standard
state partial molar thermodynamic properties of many hydro-
carbons in aqueous solution based on both experimental and
estimation methods. During the course of this study it was
found necessary to evaluate reliable values of thermodynamic
functions of aqueous hydrocarbons (alkanes, alkenes, alkynes,
alkylbenzenes, cyclic hydrocarbons, and aromatic hydrocar-
bons derived from benzene) at the reference temperature,
298.15 K, and pressure, 0.1 MPa. Indeed, despite (or probably
because of) the very large number of experimental determina-
tions at ambient conditions, no recent up-to-date compilation of
the thermodynamic properties of these compounds in aqueous

solution is available (see below a short review of such sources).
On the other hand, only a few tens of the thousands of possible
hydrocarbons have ever been studied even at ambient condi-
tions. Therefore, incorporating thousands of aqueous hydrocar-
bons in comprehensive thermodynamic models of geochemical
and environmental processes requires reliable estimates of ther-
modynamic properties not investigated experimentally. These
considerations determine the main goals of this work:

1. To make a comprehensive assessment of literature data
yielding the standard state partial molar thermodynamic
functions of hydration of aqueous hydrocarbons at 298.15 K
and 0.1 MPa;

2. To use the selected values of the thermodynamic functions
of hydration of hydrocarbons to estimate values of func-
tional group contributions at 298.15 K and 0.1 MPa, which
will allow reasonably accurate predictions of the corre-
sponding properties for thousands of hydrocarbons for
which experimental results are uncertain or absent.

It was decided to work with the standard state partial molar
thermodynamic functions of hydration (for brevity referred
below as “the thermodynamic functions of hydration”) rather
than with the standard state partial molar properties of com-
pounds in aqueous solution. There are two main reasons for
such a decision. First, for many compounds the experimental
values of the Gibbs energy of hydration and enthalpy of hy-
dration typically have lower uncertainties (often,0.3–0.5
kJ z mol21, see Tables 1 and 2 ) than the values of the partial
molar Gibbs energy of formation and enthalpy of formation,
which include the uncertainties in enthalpy of combustion
measurements (often.0.7–1.5 kJz mol21). Using data of

*Author to whom correspondence should be addressed (andreyp@
zonvark.wustl.edu).

Pergamon

Geochimica et Cosmochimica Acta, Vol. 64, No. 3, pp. 439–468, 2000
Copyright © 2000 Elsevier Science Ltd
Printed in the USA. All rights reserved

0016-7037/00 $20.001 .00

439



Table 1. The data base of experimental values of the Gibbs energy of vaporization and hydration of hydrocarbons and monohydric alcohols. See
text for discussion of data sources. Values in italics are from aqueous solubility measurements and those in parentheses were considered to be
unreliable in this study. The fifth column gives values used in the least-squares procedure. The values calculated using the resulting group contribution
values, and the difference between accepted and calculated values are in sixth and seventh columns, respectively.

Compound Formula
DvapG

o,
kJ z mol21 Values ofDhGo from literature, kJz mol21

Value
used in
the fit

Group
contribution

value
D,

kJ z mol21

n-Alkanes
Methane CH4 16.331, 16.262, 16.303 16.29(5)
Ethane C2H6 15.601, 15.552, 15.593 15.57(5) 15.23 0.35
Propane C3H8 16.094 16.09(10) 15.95 0.14
n-Butane C4H10 16.584 16.58(15) 16.67 20.09
n-Pentane C5H12 0.87a 17.115, 17.436, 17.437, 17.438, 17.669, 17.7510, 17.2811,

(15.1512), 17.6913, 17.1714, 17.8115, (16.8616), (15.4917)
17.48(24) 17.40 0.08

n-Hexane C6H14 3.95a 17.8818, 18.226, (16.4719), 18.387, (19.0720), (16.1821),
18.3922, 18.009, 18.0023, (11.6424), 17.5725, 18.6510,
17.7226, 18.0027, 17.9711, (17.0013), 17.2914, 18.6515,
(12.3628), (9.6229), (12.0130)

18.06(39) 18.12 20.06

n-Heptane C7H16 6.94a 18.6118, (16.5131), 18.966, 19.287, 18.908, 18.449, 18.3632,
19.6010, 19.0526, 18.6011, 19.1813, 18.9415, (15.8929),
(11.9030)

18.90(38) 18.85 0.05

n-Octane C8H18 9.87a 19.8318, (13.1731), 19.596, 20.167, 19.3033, 19.1333,
(11.5134), 19.3035, 18.749, 18.4325, (21.0910), 19.9026,
19.4011, 19.2913, 20.0215, (24.9336), (11.5130)

19.42(51) 19.57 20.15

n-Nonane C9H20 12.81a 21.2418, (14.9419), 20.897, 21.7710, (22.8826), 20.0915 21.0(8) 20.30 0.70
n-Decane C10H22 15.58a 21.337, (25.626), 21.238, 23.539, 24.140, 23.641 22.7(14) 21.02 1.68
n-Undecane C11H24 18.52a 25.126, 24.638 24.8(20) 21.75 3.05
n-Dodecane C12H26 21.37b 22.542, 24.143, 22.344, 20.439 22.3(15) 22.47 20.17
n-Tetradecane C14H30 27.08b 23.0442 23.0(15) 23.92 20.92

Branched alkanes
2-Methylpropane C4H10 17.324 17.32(20) 17.07 0.25
2-Methylbutane C5H12 0.12a 17.405, 17.686, 18.0110, 17.9411, 18.0215, 17.9345 17.76(26) 17.79 20.03
2,2-Dimethylpropane C5H12 18.403, 18.5046, 18.3247, 18.9915 18.40(20) 17.99 0.41
2-Methylpentane C6H14 3.10a (16.6519), 18.7110, 18.4927, 18.2511, 18.5715 18.52(20) 18.51 0.01
3-Methylpentane C6H14 3.38a 18.398, 18.4110, (17.6411), 18.4615 18.42(20) 18.51 20.09
2,2-Dimethylbutane C6H14 2.07a 18.5310, 18.2511, 18.8815 18.57(32) 18.71 20.14
2,3-Dimethylbutane C6H14 2.84a 18.0210, 17.6111 17.82(40) 18.91 21.09
2-Methylhexane C7H16 6.02a (15.9831), 20.2210 20.2(6) 19.24 0.96
3-Methylhexane C7H16 6.19a 19.9510, 18.3911 19.1(8) 19.24 20.14
2,2-Dimethylpentane C7H16 4.84a 20.0310 20.0(6) 19.44 0.56
2,3-Dimethylpentane C7H16 5.90a 18.5310 18.5(6) 19.63 21.13
2,4-Dimethylpentane C7H16 5.00a 19.8710, 19.3211, 20.0715 19.84(36) 19.63 0.21
3,3-Dimethylpentane C7H16 5.43a 18.7010 18.7(6) 19.44 20.74
3-Methylheptane C8H18 9.04a 20.4110 20.4(6) 19.96 0.44
2,2,4-Trimethylpentane C8H18 6.72a 19.985, 20.5525, (21.8210), 20.3811, 19.9315, (22.4036) 20.13(27) 20.55 20.42
2,3,4-Trimethylpentane C8H18 8.22a 19.8910, 18.5911 19.2(7) 20.75 21.55
4-Methyloctane C9H20 11.65c 22.8910 22.9(10) 20.69 2.21
2,2,5-Trimethylhexane C9H20 9.44c 21.2511, 19.3615 20.3(11) 21.28 20.98

Alkenes and Dienes
Ethene C2H4 13.253 13.25(10) 13.35 20.10
Propene C3H6 12.8748 12.87(15) 13.08 20.21
1-Butene C4H8 13.6815, 13.5949150, 13.5351150, 13.4752150 13.57(20) 13.80 20.23
2-Methyl-1-propene C4H8 12.803 12.80(20) 12.81 20.01
1-Pentene C5H10 0.31d 14.9615 14.96(30) 14.53 0.43
2-Pentene C5H10 0.87d 13.6215 13.62(30) 13.53 0.09
2-Methyl-2-butene C5H10 1.11d 12.3953 12.4(10) 12.53 20.13
3-Methyl-1-butene C5H10 15.5415 15.54(40) 14.92 0.62
1-Hexene C6H12 3.41d 14.189, 15.1525, 14.7427, 15.3953, 15.0115 15.07(28) 15.25 20.18
2-Methyl-1-pentene C6H12 3.11d 14.2015 14.20(30) 14.26 20.06
4-Methyl-1-pentene C6H12 2.47d 16.0515 16.05(40) 15.65 0.41
1-Heptene C7H14 6.39d 14.909 14.9(6) 15.98 21.08
2-Heptene C7H14 6.75c 15.0354, 15.0315 15.03(30) 14.98 0.05
1-Octene C8H16 9.32c 17.4155, 16.009, 17.0515 16.9(6) 16.70 0.20
1-Nonene C9H18 12.23c 16.609 16.6(10) 17.42 20.83
1,3-Butadiene C4H6 10.6215, 10.5656 10.61(20) 10.93 20.32
1,4-Pentadiene C5H8 20.05a 11.9615 11.96(40) 11.66 0.30
2-Methyl-1,3-butadiene C5H8 0.69a 10.8715, 10.5345 10.76(30) 10.66 0.10
1,5-Hexadiene C6H10 2.97a 12.3615 12.36(40) 12.39 20.03
1,6-Heptadiene C7H12 6.2e 12.8615 12.86(50) 13.11 20.25

(Continued)
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Table 1. (Continued)

Compound Formula
DvapG

o,
kJ z mol21 Values ofDhGo from literature, kJz mol21

Value
used in
the fit

Group
contribution

value
D,

kJ z mol21

Alkynes and Diynes
Ethyne C2H2 7.893 7.89(15) 7.41 0.49
Propyne C3H4 (5.9415), 6.3957, 6.5658 6.43(30) 7.13 20.70
1-Butyne C4H6 7.2815, 6.5057 6.9(4) 7.86 20.96
1-Pentyne C5H8 1.31a 9.049, 8.0415 8.5(5) 8.58 20.08
1-Hexyne C6H10 4.26a 7.619, 9.1715 8.7(9) 9.31 20.61
3-Hexyne C6H10 5.21c 7.259 7.2(8) 8.31 21.11
1-Heptyne C7H12 7.14c 10.0315 10.0(5) 10.03 20.03
2-Heptyne C7H12 8.3e 7.559 7.5(8) 9.03 21.53
2-Methyl-3-hexyne C7H12 6.2e 9.559 9.5(8) 9.43 0.07
1-Octyne C8H14 10.02c 10.915 10.9(5) 10.76 0.14
2,2-Dimethyl-3-hexyne C8H14 7.4e 10.559 10.5(8) 10.35 0.15
1-Nonyne C9H16 12.7e 11.4615 11.5(6) 11.48 0.02
2,2,5-Trimethyl-3-hexyne C9H16 7.8a 12.959 12.9(10) 11.46 1.44
2,2,5,5-Tetramethyl-

3-hexyne
C10H18 7.8a 14.159 14.1(10) 12.38 1.72

1,6-Heptadiyne C7H8 8.1a 1.915 1.9(5) 1.22 0.68
1,8-Nonadiyne C9H12 14.0e 3.015 3.0(6) 2.67 0.34

Cycloalkanes
Cyclopropane C3H6 11.0160, 11.1914, 10.9661, 10.9662 10.98(10) 10.46 0.52
Cyclopentane C5H10 2.10a 12.715, 12.916, 12.8431, 12.9263, 12.9810, (11.1212),

13.0515
12.90(12) 12.12 0.78

Cyclohexane C6H12 5.04a 12.9064, 13.125, 13.066, 12.8319, 12.9565, 13.068, 13.0766,
12.9963, 13.2367, 13.2854, (11.2024), 12.5525, 12.6710,
13.0068, 13.0527, (11.8312), 13.1415, (12.2128), (12.8029)

12.99(20) 12.95 0.04

Methylcyclopentane C6H12 4.19a 14.438, 14.6710, 14.6615 14.59(20) 13.89 0.70
Cycloheptane C7H14 8.78a 11.5463, 11.2815 11.4(6) 13.79 22.39
Methylcyclohexane C7H14 6.90a (11.431), 14.818, 15.1537, 14.6063, 15.1333, 14.6335,

14.7210, 15.0515
14.97(23) 14.72 0.25

Cyclooctane C8H16 12.1c 11.6215 11.6(10) 14.62 23.02
trans-1,4-Dimethylcyclo-

hexane
C8H16 8.66c 16.8310 16.8(5) 16.50 0.30

Propylcyclopentane C8H16 10.19c 16.8810 16.9(6) 15.34 1.56
cis-1,2-Dimethylcyclo-

hexane
C8H16 9.78c 14.6015 14.6(5) 15.49 20.89

1,1,3-Trimethylcyclo-
pentane

C8H16 7.27a 18.2810 18.3(6) 17.60 0.70

1,1,3-Trimethylcyclo-
hexane

C9H18 10.42f 17.2910 17.3(6) 18.44 21.14

Pentylcyclopentane C10H20 16.0e 18.7410 18.7(8) 16.79 1.91

Cycloalkenes
Cyclopentene C5H8 1.63a 10.153, (7.6112), 10.3915 10.3(5) 8.80 1.50
Cyclohexene C6H10 5.27g 9.0369, 8.8154, 9.3225, 8.9453, (8.6512), 9.4915, 10.2170,

10.5171, (10.6928)
9.5(7) 9.63 20.13

Cycloheptene C7H12 8.41c 9.6515 9.65(40) 10.46 20.81
1-Methylcyclohexene C7H12 8.0f 10.6515 10.65(50) 9.36 1.29
1,3-Cyclopentadiene C5H6 1.29c 10.0572 10.0(20) 5.48 4.52
1,4-Cyclohexadiene C9H18 6.03c (5.012), 5.7215 5.7(5) 6.31 20.61
1,3,5-Cycloheptatriene C9H18 8.7h (3.5012), 3.7015 3.7(3) 3.82 20.12

Alkylbenzenes
Benzene C6H6 5.10a 4.2873, 4.5418, 4.1674, 4.2475, 4.6076, 3.9077, 4.4178,

4.4279, 4.1280, 4.276, 4.1218, 4.2665, 4.2081, 4.2382, 3.8883,
4.3184, 4.3485, 4.3486, 4.3887, 4.1088, 4.0289, 4.3290,
4.3391, 4.3892, 4.5067, 4.6293, 4.5094, 4.2520, 4.2795,
4.3396, 4.5097, 4.5298, 4.2599, 4.50100, 4.52101, 4.2532,
4.26102, (6.1324), 4.26103, 4.3310, (5.70104), 4.2768,
(4.23105), 4.10106, 4.20107, 4.3111, 4.2827, (3.8812),
4.38108, (3.77109), 4.35100, 4.2715, 4.36111, 4.24112,
(3.76113), 4.24114, 4.33115, 4.24116, 4.27117, 4.36118,
4.26119, (4.6928), 4.15120, 4.33121, 4.1730, 4.18122

4.29(14) 4.09 0.20

(Continued)
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Table 1. (Continued)

Compound Formula
DvapG

o,
kJ z mol21 Values ofDhGo from literature, kJz mol21

Value
used in
the fit

Group
contribution

value
D,

kJ z mol21

Alkylbenzenes (continued)
Toluene C7H8 8.11a 4.6964, 4.6573, 4.9718, 4.66123, 4.7476, 5.1078, 4.5684,

4.5485, 4.4574, 4.2577, 4.5669, 4.6479, 4.6180, 4.596, 4.6119,
4.1282, 3.9883, 4.7266, 5.08123, 4.13124, 4.4592, 4.7167,
4.5392, 4.2783, 4.2793, 4.3734, 4.70125, 4.7194, 4.3220,
4.4521, 4.6198, 4.79126, 4.5498, (2.02100), 4.30101, 4.74102,
(4.1624), 4.5610, (6.85104), 4.7268, (4.88105), 4.66127,
4.26106, 4.58107, 4.4811, (4.2512), 4.42128, 4.7515, 4.65118,
4.28119, 4.81120, 4.68121, (4.8330)

4.56(23) 4.52 0.04

Ethylbenzene C8H10 10.80i 5.1373, 5.4376, 5.1184, 5.0685, 5.1079, 5.0880, 5.1219,
4.5683, 5.35129, 5.07130, 4.52125, 5.5467, 5.0433, 4.84131,
5.0135, 5.1293, 4.919, 5.1797, 4.9998, 4.61101, 5.42102,
5.0124, 5.8110, (7.35104), 5.29127, 5.01132, 5.0511, 5.3515,
5.24118, 4.66119, 5.19133, 5.09120, 5.4930

5.09(29) 5.24 20.15

1,2-Dimethylbenzene
(o-xylene)

C8H10 11.70i 4.9376, 3.9484, 4.0985, 3.6177, 3.9880, 3.9219, 3.60130,
4.1367, 3.619, 4.1297, 4.3115, 4.24127, 3.6911, 4.17134,
4.1810, 3.81121

4.02(32) 3.94 0.08

1,3-Dimethylbenzene
(m-xylene)

C8H10 11.14i 4.7184, 5.1185, 4.5177, 4.9280, 4.9719, 4.85129, 5.2767,
4.969, 4.9597, 4.74135, 5.4110, 5.19127, 4.34106, 4.9311,
5.01134, 4.46119, 4.77121

4.89(28) 4.94 20.05

1,4-Dimethylbenzene
(p-xylene)

C8H10 11.01i 5.5718, 4.8484, 5.1685, 4.3477, 5.1431, 4.9419, 4.93136,
5.11129, 4.90130, 5.0967, 4.369, 5.0697, 5.1410, 5.16127,
4.7311, 5.04134, 4.58119, 4.56121

4.93(30) 4.94 20.01

Propylbenzene C9H12 13.32c 6.0284, 5.9777, 5.9019, 6.0879, (4.6887), 5.9867, 5.81131,
6.2294, 5.879, 6.1221, 5.9397, 5.88137, 5.52134, 5.74133,
(3.80120), (4.2730)

5.93(18) 5.96 20.03

1,2,3-Trimethylbenzene C9H12 15.21c 3.419, 3.5297, 3.07127 3.34(24) 3.36 20.02
1,2,4-Trimethylbenzene C9H12 14.51c 4.5731, 4.4997, 4.6910, 4.38127 4.53(30) 4.37 0.16
1,3,5-Trimethylbenzene

(mesitylene)
C9H12 14.11c 4.8684, 5.0885, 4.7319, 4.59129, 5.1997, 5.2198, 5.28127,

5.78106, (3.55133)
5.09(37) 5.37 20.28

1-Methylethylbenzene
(iso-propylbenzene,
cumene)

C9H12 12.65c 5.9884, 5.9185, 6.1131, (4.2619), 6.1397, 6.7310, 5.99127,
6.64134, 6.6515, 5.47138, 5.71133, (3.6230)

6.13(45) 6.36 20.23

1-Ethyl-2-methylbenzene C9H12 14.10c 4.209 4.2(6) 4.66 20.46
n-Butylbenzene C10H14 16.20j 6.6884, 6.5385, 6.9879, 6.18129, (4.77126), 6.56318, 6.6635,

6.569, 6.95127, 5.94139, (12.49133), (3.38120), (3.3930)
6.56(33) 6.69 20.13

2-Methylpropylbenzene
(iso-butylbenzene)

C10H14 14.75j 8.7910 8.8(6) 7.08 1.72

1,1-Dimethylethylbenzene
(tert-butylbenzene)

C10H14 14.40j 6.48127, 6.12133 6.3(4) 7.28 20.98

1-Methylpropylbenzene
(sec-butylbenzene)

C10H14 14.84j 7.32127, (5.93133) 7.3(4) 7.08 0.22

1,2,4,5-Tetramethyl-
benzene

C10H14 21.10j 5.0110 5.0(8) 3.79 1.21

1-Methyl-2-(1-methyl-
ethyl)-benzene
(o-cymene)

C10H14 15.18c 4.48140 4.5(10) 5.78 21.28

1-Methyl-3-(1-methyl-
ethyl)benzene
(m-cymene)

C10H14 15.04c 4.93140 4.9(10) 6.78 21.88

1-Methyl-4-(1-methyl-
ethyl)benzene
(p-cymene)

C10H14 15.41c 4.13140, 7.15174, 6.05100 5.8(15) 6.78 20.98

n-Pentylbenzene C11H16 18.95j 7.551131, 7.229 7.4(4) 7.41 20.01
n-Hexylbenzene C12H18 21.83j 8.16131, 7.9295, 7.869, (6.08104) 8.0(3) 8.14 20.14
1,3,5-Triethylbenzene C12H18 20.90k 5.735 5.7(10) 7.55 21.85
n-Decylbenzene C16H26 33.54l 11.8141 11.8(8) 11.04 0.76

1-Alcohols
Methanol CH4O 4.36a 213.3885, 213.19142, 212.98143, 212.95144, 213.09145,

213.08146, 213.11147, 213.31148, 213.47149, 213.1288,
213.40150, 212.97151, 213.50152, 213.44153

213.21(20) 213.81 0.60

Ethanol C2H6O 6.28a 212.9385, 212.97142, (212.30143), 212.72144, 212.96154,
213.10145, 213.30146, 212.86155, 212.8788, 212.90156,
212.82157, (212.38158), 212.96159, 213.06160,
213.03148, 213.05149, 213.00150, 213.36152, 213.02153

213.00(17) 213.08 0.08

(Continued)
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Table 1. (Continued)

Compound Formula
DvapG

o,
kJ z mol21 Values ofDhGo from literature, kJz mol21

Value
used in
the fit

Group
contribution

value
D,

kJ z mol21

1-Alcohols (continued)
1-Propanol C3H8O 8.85a 212.2485, 212.38142, 212.09144, (26.68161), 212.82145,

212.89146, 211.76158, 212.50159, 212.38148, 212.15149,
212.37150, 212.63152, 212.30153

212.38(32) 212.36 20.02

1-Butanol C4H10O 11.65a 211.7585, 211.90142, 211.94144, (29.48161), 212.38162,
212.17146, 211.55148, 211.98149, 211.8988, 211.79150,
211.71163, 212.21152, 211.78153, 211.82164

211.88(24) 211.63 20.25

1-Pentanol C5H12O 14.52m 211.0585, 211.37142, (210.04161), 211.45146, 210.78148,
211.3788, 211.16150, 210.81153, 211.35164, 211.32165

211.13(26) 210.91 20.22

1-Hexanol C6H14O 17.32m 210.3185, 210.29142, (29.71161), (211.24146),
210.09148, 210.7688, 210.51150, 210.06163, 210.32153,
210.65164, 210.69165

210.37(26) 210.19 20.18

1-Heptanol C7H16O 20.16m 29.18161, 210.0688, (27.14166), 29.80153, 210.22164,
210.27165

29.91(45) 29.46 20.45

1-Octanol C8H18O 22.95m 29.17163, 29.20153, 29.36167, (29.89164), (29.77165) 29.23(50) 28.74 20.49

Branched alcohols
2-Propanol

(iso-propanol)
C3H8O 7.04a 212.02142, 211.79144, 212.00148, 212.01149, 211.87155,

211.83188, 211.96150, 211.93153
211.93(10) 211.97 0.04

2-Butanol
(sec-butanol)

C4H10O 9.33a 211.58144, 211.77162, 211.1888, 211.21168, 210.96148,
211.65149, 211.37150, 211.33153, (210.34164)

211.38(27) 211.24 20.14

2-Methyl-1-propanol
(iso-butanol)

C4H10O 10.60a 210.91142, 211.16162, 210.82148, (28.92166), 211.45149,
210.7888, 210.88150, 210.97153, 211.11164

211.01(23) 211.24 0.23

2-Methyl-2-propanol
(tert-butanol)

C4H10O 7.13a 210.95142, 211.06162, 210.93148, 210.80169, 210.73170,
210.53149, 210.8788, 210.74150, 210.94153

210.83(17) 211.05 0.22

2-Pentanol C5H12O 11.84f 210.4488, 210.40148, 210.42153, 210.30164, 210.12165 210.33(20) 210.52 0.19
3-Pentanol C5H12O 11.15f 210.27168, 29.89164, 29.69165 29.95(40) 210.52 0.57
2-Methyl-1-butanol C5H12O 13.20f 210.72164, 210.40165 210.56(40) 210.52 20.04
2-Methyl-2-butanol C5H12O 9.43a 210.54148, 210.59153, (29.18164), (28.88165) 210.56(30) 210.32 20.24
3-Methyl-1-butanol C5H12O 13.50f 210.23142, 210.54153, 210.82164, 210.59165 210.54(30) 210.52 20.02
2-Hexanol C6H14O 14.48a 210.1288, 29.59148, 29.88164, 29.62165 29.80(30) 29.80 0.00
3-Hexanol C6H14O 13.89f 29.08168, 29.41164, 29.28165 29.26(40) 29.80 0.54
2-Methyl-1-pentanol C6H14O 15.44f 29.43164, 29.55165 29.49(40) 29.80 0.31
3-Methyl-2-pentanol C6H14O 13.66f 29.72164 29.7(4) 29.40 20.30
3-Methyl-3-pentanol C6H14O 11.93n 29.60148, 29.66164, 29.34165 29.53(23) 29.60 0.07
4-Methyl-2-pentanol C6H14O 13.23f 28.75164, 28.78165 28.8(4) 29.40 0.60
2-Ethyl-1-butanol C6H14O 15.57f 210.13164, 29.78171 29.9(4) 29.80 20.10
2,3-Dimethyl-2-butanol C6H14O 11.28n 29.01164 29.0(4) 29.21 0.21
2-Heptanol C7H16O 17.3o 29.23164 29.2(5) 29.07 20.13
3-Heptanol C7H16O 16.37f 28.45164, 28.64171 28.55(40) 29.07 0.52
4-Heptanol C7H16O 16.61f 28.75164, 28.72171, 28.77168 28.75(40) 29.07 0.32
3-Ethyl-3-pentanol C7H16O 13.07f 28.44164 28.4(5) 28.87 0.47
2-Octanol C8H18O 20.19p 28.79165 28.8(6) 28.35 20.45
3-Octanol C8H18O 19.66f 28.60171 28.6(6) 28.35 20.25
2-Ethyl-1-Hexanol C8H18O 21.04p 29.49164 29.5(6) 28.35 21.15

Cyclic alcohols
Cyclopentanol C5H10O 14.55q 215.10168, 214.88171 215.0(3) 215.14 0.15
Cyclohexanol C6H12O 17.36r 214.79142, 215.06168, 215.19164, 215.32171 215.09(25) 214.31 20.78
Cycloheptanol C7H14O 20.25s 215.68171, 214.88168 215.2(5) 213.48 21.72

Monoterpenes
Terpinolene (cyclohexene,

1-methyl-4-(1-methyl-
ethylidene-)

C10H16 17.39h 6.40177, 6.30180 6.3(15) 5.56 0.74

Sabinene (bicyclo[3.1.0]
hexane, 4-methylene-1-
(1-methylethyl-)

C10H16 14.03e .9.6174, 10.38177 10.4(15) 9.76 0.64

a-Phellandrene (1,3-cyclo-
hexadiene, 2-methyl-5-
(1-methylethyl-)

C16H16 15.47h 9.90177 9.9(15) 9.65 0.25

a-Terpinene (1,3-cyclo-
hexadiene, 1-methyl-4-
(1-methylethyl-)

C10H16 15.38c 7.38174 7.4(15) 7.60 20.20

g-Terpinene (1,4-cyclo-
hexadiene, 1-methyl-4-
(1-methylethyl-)

C10H16 16.80w 7.08180 7.1(15) 7.60 20.50

(Continued)
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Table 1. (Continued)

Compound Formula
DvapG

o,
kJ z mol21 Values ofDhGo from literature, kJz mol21

Value
used in
the fit

Group
contribution

value
D,

kJ z mol21

Monoterpenes (continued)
Limonene (cyclohexene,

1-methyl-4-(1-methyl-
ethenyl-)

C10H16 15.49t 6.57178, 6.34178, 6.39179, 7.46174, 9.32177, 7.37139, 9.50180 7.6(13) 8.71 21.41

b-Myrcene (1,6-octadiene,
7-methyl-3-methylene-)

C10H16 14.84u 6.03178, 6.04178, .8.76174, 10.08177 8.0(20) 9.42 21.42

a-Pinene (bicyclo[3.1.1]-
hept-2-ene, 2,6,6-tri-
methyl-)

C10H16 12.67t 12.30178, 12.6318, 14.36180, 8.97174, 13.50177 12.3(20) 10.18 2.12

b-Pinene (bicyclo[3.1.1]-
heptane, 6,6-dimethyl-2-
methylene-)

C10H16 13.71t 9.64178, 7.01174, 10.89173 9.6(16) 10.52 20.92

Camphene (bicyclo[2.2.1]-
heptane, 2,2-dimethyl-3-
methylene-)

C10H16 15.17v (6.36174), 9.27177 9.3(20) 10.52 21.22

Tricyclene
(tricyclo[2.2.1.02,6]heptane,
1,7,7-trimethyl-)

C10H16 15.15v 13.20177 13.2(15) 11.99 1.21

Miscellaneous compounds
1-Buten-3-yne

(vinylacetylene)
C4H4 7.9457 7.9(10) 4.99 2.91

4-Ethenylcyclohexene C8H12 9.59c 9.4515 9.5(5) 9.26 0.24
Ethenylbenzene (styrene) C8H8 11.91a 4.14100, 2.59133, 3.36171, 2.33173 3.1(8) 2.37 0.73
Indane C9H10 15.34c 1.96175, 1.99176, 2.4910 2.1(6) 0.18 1.92
Tetralin (naphthalene,

1,2,3,4-tetrahydro-)
C10H12 18.86c 1.5519, 0.8433, 0.9435 1.1(4) 1.01 0.09

a Reid et al. (1987);b Ruzicka and Majer (1994);c Daubert and Danner (1996);d Steele and Chirico (1993);e estimated using the Lee-Kessler
method (see Reid et al. (1987));f Smith and Srivastava (1986);g Steele et al. (1996);h Stephenson and Malanovsky (1987);i Chirico et al.
(1997a,b,c,d);k Steele et al. (1997a);l Sherblom et al. (1992);m Ambrose and Walton (1989);n Wiberg and Hao (1991);o assuming the constant CH2

increment between 2-pentanol, 2-hexanol, 2-heptanol, and 2-octanol;p Ambrose and Ghiassee (1990);q Ambrose and Ghiassee (1987);r Steele et al.
(1997b); s Cabani et al. (1975);t Rodrigues and Bernardo-Gil (1995);u Fichan et al. (1999);v estimated using the Lee-Kessler method with a
correction to the entropy of fusion to estimated the vapor pressure of a solid compound;w Li et al. (1998).

1 Cosgrove and Walkley (1981);2 Rettich et al. (1981);3 Wilhelm et al. (1977);4 Haydyk (1986);5 Lutsyk et al. (1996);6 Lutsyk et al. (1992);
7 Jonsson et al. (1982);8 Rudakov and Lutsyk (1979);9 Tewari et al. (1982a);10 Price (1976);11 Polak and Lu (1973);12 Pierotti and Liabastre (1972);
13 Nelson and De Ligny (1968);14 Barone et al. (1966);15 McAuliffe (1966); 16 Wishnia (1963);17 Namiot and Beider (1960);18 Park et al. (1997);
19 Ashworth et al. (1988);20 Bittrich et al. (1983);21 Tewari et al. (1982b);21 Vejrosta et al. (1982);23 Aquan-Yuenet al. (1979);24 Korenman and
Arefeva (1978);25 Budantseva et al. (1976);26 Krasnoshchekova and Gubercrits (1973);27 Leinonen and Mackay (1973);28 McBain and Lissant
(1951); 29 Durand (1948);30 Stearns et al. (1947);31 Hansen et al. (1993);32 Bittrich et al. (1979);33 Burris and MacIntyre (1986);34 Ho (1985);
35 Burris and Macintyre (1984);36 Baker (1960);37 Hellinger and Sandler (1995);38 McAuliffe (1969); 39 Franks (1966);40 Baker (1959);41 Becke
and Quitzsch (1977);42 Coates et al. (1985);43 Button (1976);44 Sutton and Calder (1974);45 Pavlova et al. (1966);46 Shoor et al. (1969);
47 Wetlaufer et al. (1964);48 Serra et al. (1998);49 Wehe and McKetta (1961);50 Dec and Gill (1985b);51 Brooks and McKetta (1955a);52 Leland
et al. (1955);53 Natarajan and Venkatachalam (1972);54 Schwarz (1980);55 Economou et al. (1997);56 Ross and Hudson (1957);57 Simpson and
Lovell (1962);58 Inga and McKetta (1961a);59 Helmkamp et al. (1957);60 Hafemann and Miller (1969);61 Thomsen and Gjaldbak (1963);62 Imai
(1961);63 Groves (1988);64 Dewulf et al. (1999);65 Tucker et al. (1981);66 McAllife (1971); 67 Sanemasa et al. (1987);68 Mackay and Shiu (1975);
69 Nielsen et al. (1994);70 Farkas (1965);71 Duque-Estrada et al. (1964);72 Streitwieser and Nebenzahl (1976);73 Allen et al. (1998);74 Peng and Wan
(1997);75 Alaee et al. (1996);76 Turner et al. (1996);77 Dewulf et al. (1995);78 Hoff et al. (1993);79 Perlinger et al. (1993);80 Robbins et al. (1993);
81 Green and Frank (1979);82 Vitenberg et al. (1975);83 Hartkopf and Karger (1973);84 Li et al. (1993);85 Li and Carr (1993);86 Cooling et al.
(1992);87 Sanamasa et al. (1989);88 Mash and Pemberton (1980);89 Duhem and Vidal (1978);90 Sun et al. (1997);91 Zou et al. (1997);92 Keeley
et al. (1988);93 Keeley et al. (1986);94 Sanemasaet et al. (1984);95 May et al. (1983);96 Dutta-Choudhury et al. (1982);97 Sanemasa et al. (1982);
98 Sanemasa et al. (1981);99 Lara et al. (1981);100 Banerjee et al. (1980);101 Ben-Naim and Wilf (1980);102 Mackay et al. (1979);103 May et al.
(1978); 104 Krasnoshchekova and Gubergrits (1975);105 Sada et al. (1975);106 Vesala (1974);107 Bradley et al. (1973);108 Corby and Elworthy
(1971); 109 Worley (1967);110 Franks et al. (1963);111 Taha et al. (1966);112 Desnoyers et al. (1965);113 Udovenko and Aleksandrova (1963);
114 Alexander (1959c);115 Arnold et al. (1958);116 Hayashi and Sasaki (1956);117 McDevit and Long (1952);118 Morrison and Billett (1952);
119 Bohon and Claussen (1951);120 Klevens (1950);121 Andrews and Keefer (1950);122 Gross and Saylor (1931);123 Ramachandran et al. (1996);
124 Smith et al. (1993);125 Banerjee (1984);126 Rossi and Thomas (1981);127 Sutton and Calder (1975);128 Desnoyers and Ichhaporia (1969);
129 Chen and Wagner (1994c);130 Keeley et al. (1991);131 Owens et al. (1986);132 Brown and Wasik (1974);133 Andrews and Keefer (1950);
134 Hermann (1972);135 Chernoglazova and Simulin (1976);136 Knauss and Copenhaver (1995);137 DeVoe et al. (1981);138 Glew and Robertson
(1956);139 Massaldi and King (1973);140 Lun et al. (1997);141 Sherblom et al. (1992);142 Dallas (1992);143 Pividal et al. (1992);144 Landau et al.
(1991); 145 Richon et al. (1985);146 Lebert and Richon (1984);147 Christian et al. (1981);148 Merk and Riederer (1997);149 Snider and Dawson
(1985); 150 Rytting et al. (1978);151 Cox et al. (1973);152 Burnett (1963);153 Butler et al. (1935);154 Park et al. (1987);155 Nord et al. (1984);
156 Pemberton and Mash (1978);157 d’Avila and Silva (1970);158 Shaffer and Daubert (1969);159 Hansen and Miller (1954);160 Burnett and Swoboda
(1962);161 Djerki and Laub (1988);162 Sagert and Lau (1986);163 Buttery et al. (1969);164 Barton (1984);165 Stephenson et al. (1984);166 Shiu and
Mackay (1997);167 Dallos and Liszi (1995);168 Cabani et al. (1975b);169 Koga (1995);170 Koga et al. (1990);171 Stephenson and Stuart (1986);
172 Frilette and Hohenstein (1948);173 Lane (1946);174 Weidenhamer et al. (1993);175 Yalkowsky and Valvani (1980);176 Mackay and Shiu (1977);
177 Schmid et al. (1992);178 Fichan et al. (1999);179 Gironi et al. (1995);180 Li et al. (1998).
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Table 2. The data base of experimental values of the enthalpies of vaporization and hydration of hydrocarbons and monohydric alcohols. See text
for discussion of data sources; values in italics are calculated from the temperature dependence of the Gibbs energy of hydration and those in
parentheses were considered to be unreliable in this study. Also listed are the corresponding values calculated with the proposed group contribution
method and the difference between the calculated values and the experimental data.

Compound Formula
DvapH

o,
kJ z mol21 Values ofDhHo from literature, kJz mol21

Value
used in
the fit

Group
contribution

value
D,

kJ z mol21

n-Alkanes
Methane CH4 213.181, 213.062 213.1(1)
Ethane C2H6 219.521, 219.302 219.4(2) 217.37 22.03
Propane C3H8 223.271, 222.902, 222.613 222.9(3) 221.13 21.77
n-Butane C4H10 225.921, 225.932 225.9(3) 224.89 21.01
n-Pentane C5H12 26.75a 228.754 228.8(3) 228.65 20.15
n-Hexane C6H14 31.73a 231.74, 231.35 231.6(4) 232.41 0.81
n-Heptane C7H16 36.66a 235.161718 235.1(30) 236.17 1.07
n-Octane C8H18 41.53a 238.4617 238.4(40) 239.92 1.52

Branched alkanes
2-Methylpropane C4H10 224.191 224.2(4) 225.76 1.56
2-Methylbutane C5H12 25.22a 225.19110 225.1(50) 229.52 4.42
2,2-Dimethylpropane C5H12 225.11 225.1(3) 229.81 4.71
2-Methylpentane C6H14 30.10a 232.6719 232.6(60) 233.28 0.68
2,3-Dimethylbutane C6H14 29.33a 229.2719 229.2(60) 234.15 4.95

Alkenes and Dienes
Ethene C2H4 216.461 216.5(3) 216.62 0.12
Propene C3H6 221.641 221.6(3) 220.43 21.17
1-Butene C4H8 224.881 224.9(4) 224.19 20.71
2-Methyl-1-propene C4H8 224.711 224.7(20) 224.24 20.46
2-Methyl-2-butene C5H10 27.34a 229.612110 229.6(20) 228.04 21.56
1-Hexene C6H12 30.6b 232.213 232.2(30) 231.71 20.49
1-Octene C8H16 40.44a 236.913 236.9(30) 239.23 2.33
1,3-Butadiene C4H6 227.014115116 227.0(30) 223.49 23.51
2-Methyl-1,3-butadiene C5H8 26.8c 222.717110 222.7(60) 227.30 4.60

Alkynes and Diynes
Ethyne C2H2 214.621 214.6(3) 214.82 0.22
Propyne C3H4 220.216118 220.2(20) 218.63 21.57
1-Butyne C4H6 216.016117 216.0(60) 222.39 6.39

Cycloalkanes
Cyclopropane C3H6 223.267 223.3(4) 218.36 24.94
Cyclopentane C5H10 28.72a 225.47119; 228.520 227.0(20) 229.08 2.08
Cyclohexane C6H12 33.12a 233.24, 232.95 233.1(3) 234.44 1.34
Methylcyclohexane C7H14 35.44a 245.72117122 245.7(30) 239.06 26.64

Cycloalkenes
Cyclopentene C5H8 28.1c 225.720 225.7(30) 226.54 0.84
Cyclohexene C6H10 33.57a 232.020 232.0(30) 231.90 20.10
1,4-Cyclohexadiene C9H18 34.8d 231.820 231.8(30) 229.36 22.44
1,3,5-Cycloheptatriene C9H18 38.5c 232.520 232.5(40) 232.18 20.32

Alkylbenzenes
Benzene C6H6 33.92a 231.713, 231.7023, 231.5824, 231.8425, (233.4626),

(233.125)
231.7(2) 232.28 0.58

Toluene C7H8 38.06a 236.2624, 236.334, (237.2226) 236.3(3) 235.50 20.80
Ethylbenzene C8H10 42.26a 240.244 240.2(4) 239.26 20.94
1,2-Dimethylbenzene

(o-xylene)
C8H10 43.45e 236.69127128129130 236.6(20) 236.71 0.11

1,3-Dimethylbenzene
(m-xylene)

C8H10 42.72e 238.59127128129130131 238.5(20) 238.71 0.21

1,4-Dimethylbenzene
(p-xylene)

C8H10 42.36e 238.6 9127128129130132133 238.6(20) 238.71 0.11

Propylbenzene C9H12 46.24a 243.944 243.9(4) 243.02 20.88
1,2,3-Trimethylbenzene C9H12 49.06a 237.530 237.5(20) 237.93 0.43
1,2,4-Trimethylbenzene C9H12 47.94a 239.930 239.9(20) 239.93 0.03
1,3,5-Trimethylbenzene

(mesitylene)
C9H12 47.51a 239.330, 243.032 241.0(30) 241.93 0.93

1-Methylethylbenzene
(iso-propylbenzene,
cumene)

C9H12 45.15a 239.630 239.6(20) 243.89 4.29

n-Butylbenzene C10H14 51.37f 246.134135136 246.1(30) 246.77 0.67
n-Pentylbenzene C11H16 55.33f 248.836 248.8(30) 250.53 1.73
n-Hexylbenzene C12H18 60.24f 252.236, 252.637 252.4(40) 254.29 1.89

(Continued)
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Table 2. (Continued)

Compound Formula
DvapH

o,
kJ z mol21 Values ofDhHo from literature, kJz mol21

Value
used in
the fit

Group
contribution

value
D,

kJ z mol21

1-Alcohols
Methanol CH4O 37.83a 245.1238, (244.8739), (244.8340), 245.1241, (244.8842),

245.1223, 245.1643, 245.1744, 244.935, 245.0726,
245.0845, 245.1146, 245.1847, 245.1648

245.13(20) 249.62 4.49

Ethanol C2H6O 42.46a 252.6638, 252.6339, 252.4840, 252.6141, (252.2142),
252.6123, 252.6543, 252.4349, (252.9650), 252.6351,
252.6346, 252.6444, 252.595, 252.5926, 252.5645,
252.5952, 252.7153, 252.4247, 252.4654, 252.4648

252.59(15) 253.38 0.79

1-Propanol C3H8O 47.50a (257.9638), (252.7139), (257.4040), 257.5541,
(257.3142), 257.7223, 257.6243, 257.6055, 257.6726,
257.6244, 257.6345, (256.7052), (256.7048)

257.65(20) 257.14 20.51

1-Butanol C4H10O 52.42a 261.7938, (261.1640), 261.6956, 261.7441, 261.7423,
261.6643, 261.6757, 261.5046, (261.4252), 261.7045,
261.8344, 261.6226, (260.5848)

261.72(20) 260.90 20.82

1-Pentanol C5H12O 57.04a 265.1138, 265.0356, 265.0341, 264.7643, 264.8644,
264.7026, 265.1452, (263.3948)

265.0(3) 264.66 20.34

1-Hexanol C6H14O 61.61a 268.0241, 268.1758, (267.452), (266.2548) 268.1(4) 268.42 0.32
1-Heptanol C7H16O 66.81a 271.6941, 272.1858 271.7(4) 272.18 0.38
1-Octanol C8H18O 70.98a 274.3859, 274.3541 274.4(7) 275.94 1.54

Branched alcohols
2-Propanol C3H8O 45.48a 258.560, 258.2438, 258.5739, (258.1742), 258.5843,

258.3726, 258.5544, 258.4645
258.5(2) 258.01 20.49

2-Butanol C4H10O 49.81a 262.8061, 262.8343, 62.7062, 262.8944 262.8(2) 261.77 21.03
2-Methyl-2-propanol C4H10O 50.8at 260.1143, 260.2044 260.2(2) 261.77 1.57
2-Methyl-2-propanol C4H10O 46.74a 264.0543, 264.1863, 264.2044, (264.6946), 263.9426,

264.0545
264.1(3) 262.06 22.04

3-Pentanol C5H12O 54.03a 266.862 266.8(7) 265.53 21.27
2-Methyl-2-butanol C5H12O 50.17a 268.4643, 268.7244, 268.1226 268.5(5) 265.82 22.68
3-Hexanol C6H14O 57.0g 269.662 269.6(7) 269.29 20.31
4-Heptanol C7H16O 62.6g 275.362 275.3(11) 273.05 22.25

Unsaturated linear alcohols
2-Propen-1-ol C3H6O 47.3c 254.444 254.4(15) 256.44 2.04
2-Buten-1-ol C4H8O 49.2h 257.344 257.3(30) 260.25 2.95
3-Buten-1-ol C4H8O 49.8h 258.244 258.2(30) 260.20 2.00
4-Penten-1-ol C5H10O 54.9h 260.844 260.8(30) 263.96 3.76
3-Pentyn-1-ol C5H8O 58.8h 264.544 264.5(40) 262.21 22.29

Cyclic alcohols
Cyclopentanol C5H10O 57.63a 267.7662, 267.9744 267.8(3) 265.96 21.84
Cyclohexanol C6H12O 62.02a 269.9262, 271.0344, 270.768 270.7(7) 271.32 0.62
Cycloheptanol C7H14O 67.57g 274.6062, 274.8344 274.7(7) 276.67 1.97

Monoterpenes
Terpinolene C10H16 54.2d 245.567 245.5(60) 244.83 20.67
g-Terpinene C10H16 50.5d 235.567 235.5(60) 245.36 9.86
Limonene C10H16 48.92i 239.7661, 238.267 239.0(60) 247.20 8.20
a-Pinene C10H16 43.3d 239.467 239.4(60) 239.35 20.05

Miscellaneous compounds
1-Buten-3-yne

(vinylacetylene)
C4H4 214.43 214.4(60) 221.69 7.29

Ethenylbenzene (styrene) C8H8 44.81d 235.064 235.0(40) 238.56 3.56
Tetralin C10H12 54.1d 244.465 244.0(50) 245.07 1.07
2-Cyclohexen-1-ol C6H10O 63.1h 270.944 270.9(30) 268.77 22.13

a Majer and Svoboda (1985);b Steele and Chirico (1993);c Cox and Pilcher (1970);d Daubert and Danner (1996);e Chirico et al. (1997a,b,c,d);
f Ruzicka et al. (1994);g Cabani et al. (1975);h calculated using the group contribution values in Domalski and Hearing (1993);i Atik et al. (1987).

1 Dec and Gill (1984);2 Olofsson et al. (1984);3 Hallén and Wadso¨ (1989);4 Gill et al. (1976);5 Reid et al. (1969);6 Jonsson et al. (1982);7 Price (1976);
8 Nelson and De Ligny (1968);9 Polak and Lu (1973);10 Pavlova et al. (1966);11 Wilhelm et al. (1977);12 Taft et al. (1955);13 Economou et al. (1997);
14 Ross and Hudson (1957);15 Reed and McKetta (1959);16 Simpson and Lovell (1962);17 McAuliffe (1966); 18 Inga and McKetta (1961a);19 Hansen et
al. (1993);20 Pierotti and Liabastre (1972);21 Rudakov and Lutsyk (1979);22 Burris and MacIntyre (1984);23 Nillson and Wadso¨ (1984);24 Lisi et al. (1980);
25 Gill et al. (1975);26 Krishnan and Friedman (1969);27 Ashworth et al. (1988);28 Dewulf et al. (1995);29 Robbins et al. (1993);30 Sanemasa et al. (1982);
31 Chernoglazova and Simulin (1976);32 Chen and Wagner (1994c);33 Knauss and Copenhaver (1995);34 Perlinger et al. (1993);35 Rossi and Thomas
(1981);36 Owens et al. (1986);37 May et al. (1983);38 Pfeffer et al. (1995);39 Dohnal et al. (1994);40 Trampe and Eckert (1991);41 Hallén et al. (1986);
42 Korolev et al. (1985);43 Row and Somsen (1981);44 Arnett et al. (1969);45 Alexander and Hill (1969);46 Arnett and McKelvey (1969);47 Bertrand et
al. (1966);48 Aveyard and Lawrence (1964);49 Landgren et al. (1978);50 Pannell (1973);51 Arnett et al. (1972);52 Aveyard and Mitchell (1968);53 Franks
and Watson (1968);54 Arnett et al. (1965);55 Franks et al. (1973);56 De Lisi et al. (1987);57 Nwankwo and Wadso¨ (1980); 58 Hill and White (1974);
59 Hallén et al. (1989);60 Davis et al. (1995);61 Anderson and Olofsson (1988);62 Cabani et al. (1975);63 Sköld et al. (1976);64 Lane (1946);65 Ashworth
et al. (1988);66 Massaldi and King (1973);67 Li et al. (1998);68 Costa et al. (1999).
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higher precision allows more reliable determination of the
numerical values of the properties of functional groups. Sec-
ond, almost all group contribution methods dealing with aque-
ous species presuppose the existence of the universal contribu-
tion to the thermodynamic functions, independent of the nature
of a compound (see the corresponding discussion in Pierotti et
al., 1959 and Cabani et al., 1981). The interpretation of this
term is particularly simple for the functions of hydration, be-
cause this contribution arises naturally in the theoretical models
developed for the thermodynamics of transfer of a solute from
the ideal gas state to the state of solution as the functions of
hydration of a material point (see, for example, Pierotti, 1976).
Importantly, this contribution can be calculated independently
of experimental data for solutes using only thermophysical
properties of pure water (see Section 4.2). This circumstance
allows fixing one term in the fitting procedure, thus notably
decreasing the uncertainties in the numerical values of the
thermodynamic functions of hydration for selected groups.

The functions under consideration are the Gibbs energy,
DhG

O, the enthalpyDhH
O, the heat capacityDhCpO, and vol-

ume DhV
O [ V2

O (V2
O stands for the infinite dilution partial

molar volume of a solute)1. Here and further in the text the
subscript 2 refers to a solute species. Any thermodynamic
function of hydration of a species,DhY

O, is defined as the
difference between the corresponding function of the species in
the standard aqueous solution,Y2

O, and one in the ideal gas
state,Yø.

DhY
o 5 Y2

o 2 YA. (1)

The standard state adopted for gaseous species is unit fugacity
of ideal gas at any temperature and pressure of 0.1 MPa; that
for aqueous species calls for unit activity of a hypothetical one
molal solution referenced to infinite dilution at any temperature
and pressure; and the standard state for liquids and solids is the
pure compound at any temperature and P5 Ps, where Ps stands
for saturation vapor pressure over a liquid or solid compound.
Many hydrocarbons exist as condensed phases at 298.15 K and
0.1 MPa, and thermodynamic functions of hydration must be
calculated from vaporization and solubility data as described
below. Having the thermodynamic functions of hydration for a
compound, one can calculate the standard state partial molar
properties of the compound in aqueous solution, provided that
the thermodynamic properties of the compound in the ideal gas
state are known. There are a number of reliable compilations of
properties for many organic substances in the ideal gas state,
including Domalski and Hearing (1993), Frenkel et al. (1994),
and Helgeson et al. (1998).

We were able to locate many experimental results for the Gibbs
energy of hydration of hydrocarbons (see below) but only a few
for enthalpy, and a very few for heat capacity and volume. To
get more robust estimates of the group contributions for ther-
modynamic functions of hydration besides the Gibbs energy,
we included the monohydric alcohols, for which there are many
highly accurate calorimetric and volumetric data.

There are a number of compilations of experimental data that
can be used to evaluate the standard partial molar thermody-
namic functions of hydration of hydrocarbons and alcohols
(Irmann, 1965; Hine and Mookerjee, 1975; Wilhelm et al.,
1977; Cabani et al., 1981; Abraham, 1984; Barton, 1984;
Høiland, 1986; Shaw, 1989(a,b); Shock and Helgeson, 1990;
Amend and Helgeson, 1997; and others). However, most of
these are concerned with either particular classes of species,
like gases (Wilhelm et al., 1977), liquids and solids (Barton,
1984; Shaw, 1989 a,b); or with particular properties, likeV2

O

(Høiland, 1986), aqueous solubility (Irmann, 1965), the Gibbs
energy of hydration (Hine and Mookerjee, 1975; Mackay and
Shiu, 1979); or the standard partial molar properties in aqueous
solution (Shock and Helgeson, 1990; Amend and Helgeson,
1997). The most comprehensive set of thermodynamic func-
tions of hydration, which are of primary interest for our study,
was compiled by Cabani and coworkers (1981). These authors
considered all the functions of hydration,DhG

O, DhH
O, DhCpO,

V2
O, for many different classes of organic compounds, including

hydrocarbons and alcohols, and covered all of the literature
through the end of 1979. Since then, a large number of accurate
experimental measurements have been published, allowing an
update of data for thermodynamic functions of hydration and
functional group contributions.

2. SOURCES OF DATA LEADING TO THE STANDARD
THERMODYNAMIC FUNCTIONS OF HYDRATION OF

NONELECTROLYTES

2.1. The Standard Partial Molar Gibbs Energy of
Hydration

The Gibbs energy of hydration can be evaluated from the
following two main groups of experimental data: (1) aqueous
solubility of solids or liquids combined with the Gibbs energy
of vaporization of the corresponding compounds; and (2) gas/
water distribution equilibria, given as Henry’s law constants, or
gas/water partition coefficients, or activity coefficients of a
solute in aqueous solution at infinite dilution. Data of the latter
type call for the symmetrical normalization of activities, where
activity coefficients are equal to one for pure compounds. This
standard state normalization is often taken to be “based on
Raoult’s law.”

2.1.1. Thermodynamics of solubility, vaporization and
hydration of a liquid or solid nonelectrolyte

The following thermodynamic cycle is employed to evaluate
the Gibbs energy of hydration from aqueous solubility data:

A(g)N A(l,s), (2)

A(l, s)N A(aq). (3)

A combination of Eqns. 2 and 3 gives:

A(g)N A(aq). (4)

Equation 2 refers to an equilibrium process of transfer of a pure
compound A from a gaseous (g) state to a state of a pure liquid
(l) or solid (s). Equation 3 refers to the equilibrium process of
transfer of the compound A from the state of liquid/or solid to

1 Note below in the text that the accepted standard state for a pure gas
is defined at constant pressure, therefore, there is no pressure depen-
dence of the thermodynamic properties of an ideal gas. This definition
requires the molar volume of an ideal gas and all its temperature
derivatives to be equal to zero.
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an aqueous solution (aq). Equation 4 defines the process of
hydration of the compound A.

As mentioned above, a variety of types of experimental data
can be used to obtain thermodynamic properties of hydration.
We have converted all data to the standard states and other
conventions used in this study, which can be illustrated by
comparison of several statements for the chemical potential of
a compound in different states, as discussed in this section. For
the pure compound in the gaseous state in equilibrium with
liquid or solid

mg ~T,P! 5 mg
o~T,PA! 1 RT ln a 5 mg

o~T,PA! 1 RT ln
cPs

PA , (5)

wherem and mO stand for the chemical potential and for the
standard state chemical potential of a compound; the subscript
g defines the state of the compound;R represents the gas
constant;T designates temperature (in K);P, Ps, PA stand for
total pressure (0.1 MPa for the purposes of the present work),
saturated vapor pressure over the liquid/or solid compound, and
the standard state pressure of the ideal gas (0.1 MPa), respec-
tively; a represents the activity of the compound; andc denotes
the fugacity coefficient of the gas.

For the pure compound in the solid/or liquid state:

m l,s ~T,P! 5 m l,s
o ~T,Ps! 1 E

Ps

P

Vl,s~T,P!dP < m l,s
o ~T,Ps!, (6)

where the subscriptsl ands define the state of the compound,
andVl,s(T,P) represents the molar volume of the liquid/or solid
compound. Note that for the total pressureP 5 0.1 MPa the

contribution of the integralE
Ps

P

Vl ,s~T,P!dP is less than 0.05–0.10

kJ z mol21 even if the molar volume of pure phase is 500–1000
cm3 z mol21, and is generally negligible for practical purposes.

For the case in which the liquid or solid compound forms an
“organic-rich” phase in equilibrium with a coexisting “water-
rich” solution

m l,s ~T,P! 5 m l,s
o ~T,Ps! 1 E

Ps

P

Vl,s~T,P!dP 1 RT ln a

< m l,s
o ~T,Ps! 1 RT ln Xgo, (7)

whereX andgO stand for the saturation mole fraction and the
saturation activity coefficient (for symmetrical normalization)
of the compound in the “organic-rich” phase. If the compound
is a solid, thenX 5 1 andgO 5 1.

For the compound in an aqueous solution coexisting with the
“organic-rich” phase

m2~T,P! 5 m2
o~T,P! 1 RT ln a 5 m2

o~T,P! 1 RT ln mgw, (8)

where m and gw stand for the saturation molality and the
saturation activity coefficient (for unsymmetrical normaliza-
tion) of the compound in the aqueous solution coexisting with
the “organic-rich” phase.

Now, for the process represented by Eqn. 2 one obtains

DrG~2! ; 0 5 m l,s~T,P! 2 mg~T,P! 5 m l,s
o ~T,P! 2 mg

o~T,PA!

2 RT ln
cPs

PA 5 2DvapG
o 2 RT ln

cPs

PA

or DvapG
o 5 2RT ln

cPs

PA , (9)

where the subscriptvap defines “vaporization” as the phase
transition process. The termDvapG

O stands for the difference
between the standard Gibbs energy of a compound in the ideal
gas state and in the state of a pure liquid or solid.

For the process indicated by Eqn. 3

DrG~3! ; 0 5 m2~T,P! 2 m l,s~T,P! 5 m2
o~T,P! 2 m l,s

o ~T,P!

1 RT ln
mgw

Xgo
5 DsolG

o 1 RT ln
mgw

Xgo

or DsolG
o 5 2RT ln

mgw

Xgo
, (10)

where the subscriptsol defines “solution” as the phase transi-
tion process. As a result, the corresponding expression for the
process represented by Eqn. 4 is given by

DrG~4! ; 0 5 m2
o~T,P! 2 mg

o~T,P! 2 RT ln
cPs

PA

1 RT ln
mgw

Xgo
5 DhG

o 1 DvapG
o 2 DsolG

o

or DhG
o 5 DsolG

o 2 DvapG
o. (11)

Therefore, the standard state partial molar Gibbs energy of
hydration is the difference between the standard partial molar
Gibbs energy of solution, evaluated from aqueous solubility
data, and the standard Gibbs energy of vaporization, evaluated
from vapor-liquid equilibria for pure compounds.

All hydrocarbons considered in this study have equilibrium
saturation molalities at 298.15 K and 0.1 MPa less than 0.03
mol z kg21, and the equilibrium mole fraction of water in the
saturated “organic-rich” phase is less than 0.005. Therefore, for
this class of compounds the simplified approximation for the
standard Gibbs energy of solution,DsolG

O 5 2RT ln m, is
quite accurate.

In contrast, alcohols and water demonstrate high mutual
solubilities. The mole fraction of water in the “alcohol-rich”
phase may exceed 0.5 and the saturation molality of alcohols in
the “water-rich” phase may be as high as 1–3 molz kg21

(alcohols with carbon number three and less and 2-methyl-2-
propanol (“tert-butyl alcohol”), are completely miscible with
water and are not considered in this discussion). In such a
situation it is necessary to evaluate the activity coefficients of
alcohols in the coexisting phases. Apelblat (1990) presented
Margules parameters for more than ten alcohol-water systems
(including normal, branched and cyclic alcohols) at 298.15 K
and 0.1 MPa, which allows us to calculate the activity coeffi-
cients at saturation (for symmetrical normalization) for alco-
hols in “alcohol-rich” phases, and to use these results for
evaluatinggo. As shown in Figure 1, when values ofgo for
alcohols from Apelblat (1990) are plotted againstX, the mole
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fraction of the alcohols in the “alcohol-rich” phases, the points
generally fall into a single curve. We used this empirical result
to estimatego for many alcohol-water systems using the ap-
proximation lngo 5 1.35(12 X)2 with the expected accuracy
within 5–10% forgo.

Suri et al. (1985) summed up their own and literature data on
the excess Gibbs energy of nonelectrolyte-water mixtures at
298.15 K and 0.1 MPa, and recommended binary (pairwise)
interaction coefficients for many functional groups, including
CH3, CH2, CH, and OH (Suri et al., 1985). For the case of a
binary water-alcohol solution, the following approximation is
used for the concentration dependence of the osmotic coeffi-
cient,F, of solution:RT z F 5 1 1 gAA z m, wheregAA is the
alcohol-alcohol self-interaction parameter, equal to the sum of
binary interaction coefficients for the groups that constitute the
given alcohol. Integrating the Gibbs-Duhem relation for chem-
ical potentials for isothermal-isobaric conditions, one obtains
the following statement for the saturation activity coefficient
(for unsymmetrical normalization) of alcohols in “water-rich”
phases:RT ln gw 5 2gAA z m. Note that the calculated activity
coefficients are so different from unity that the assumption of
ideal mixing is justified only when X. 0.8 for the “alcohol-
rich” phases and for alcohols with carbon number$ seven for
the “water-rich” phases. Sources of data on the saturation
molalities of individual systems are given in Section 3.

To evaluate the fugacity coefficients,c, of pure compounds
in the gaseous state we employed the virial equation of state
truncated at the second virial coefficient, B:

ln c 5
BPs

RT
, (12)

with values ofB estimated using both the Tsonopoulos (1974)
and the Hayden and O’Connell (1975) correlations. The latter

correlation is more accurate for large hydrocarbons and espe-
cially for alcohols. Contribution of theRT ln c term never
exceeds 0.10 kJz mol21, and it is practically unimportant for all
alcohols and all hydrocarbons with carbon number$ six.

2.1.2. Thermodynamics of water/gas partitioning

Numerous authors report results of experimental studies of
the distribution of a solute between water and a gaseous phase.
A direct measure of the equilibrium constant for reaction (4) is
the Henry’s law constant,KH, in units molz kg21 z bar21, or
mol z kg21 z (0.1 MPa)21, defined by:

DrG
o~4! ; DhG

o 5 2RT ln KH. (13)

Henry’s law constants are obtained from measurements of the
partial pressure of a solute over its aqueous solution, or solu-
bility of gases in water, or equilibrium concentrations of the
solute in coexisting phases. Literature values ofKH were re-
calculated where necessary in this study to the molality scale
and to bar pressure units.

Many measurements of concentrations of a solute in coex-
isting aqueous and gaseous phases are reported (particularly in
the “environmental” literature) as distribution constants,Kd, at
infinite dilution given by:

Kd 5
C~ g!

C~aq!
, (14)

whereC stands for molarity, the number of moles of a solute in
1000 cm3 of an aqueous or gaseous phase. Assuming ideal gas

behavior for the gaseous phase, one obtainsC~g! 5
n

V
5

P

RT
(units for C(g) are molz l21, note that units forP are MPa).
Converting molarity to molality for an infinitely dilute solution

one hasC~aq! 5
mro

1000
(units are molz l21 if the pure water

densityro is given as gz cm23). Substitution yields

Kd 5
C~ g!

C~aq!
5

1000P

RTmro
. (15)

For the case of an ideal gas approximation for the gaseous

phase,KH 5
m

P
, and the relation betweenKd andKH (units for

KH arem z kg21 z bar21) is as follows:

ln KH 5 2ln Kd 2 ln
RTro

100
. (16)

Often, especially in the chemical engineering literature, the
results of water/gas partitioning studies are given as values of
the infinite dilution activity coefficients for the symmetrical
normalization of activities,g` (where, for a componenti, gi 3
1 asXi 3 1), using the mole fraction concentration scale. A
relation betweenKH andg` can be obtained by comparing two
statements for the chemical potential of a solute: one using the
ideal gas as the standard state, the mole fraction concentration
scale and the symmetrical normalization of activities

m~T,P! 5 mg
o~T,PA! 1 RT ln

cPs

PA 1 RT ln Xgsym, (17)

wheregsym stands for the activity coefficient at finite concen-

Fig. 1. Values ofg0, the activity coefficients of alcohols in “alcohol-
rich” phases, at 298.15 K and 0.1 MPa (filled points) plotted versus the
mole fraction, X, of alcohols in “alcohol-rich” phases as calculated
from Apelblat (1990). The solid curve is the fitted approximation:
lng0 5 1.35(12X)2. Bothg0 and X refer to saturation properties, i.e. in
equilibrium with the coexisting “water-rich” phase.
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tration of a solute for a symmetrical normalization of activities;
and the second one employing an ideal aqueous solution as the
standard state, the unsymmetrical normalization of activities
(where, for a componenti, gi 3 1 if Xi or mi 3 0) and the
molality concentration scale :

m~T,P! 5 m2
o~T,P! 1 RT ln mgw. (18)

Both statements are equally correct for the chemical potential
of the solute. As the standard Gibbs energy of hydration of a
solute is the difference between the standard chemical poten-
tials of the solute in an ideal aqueous solution state and ideal
gas state, one then obtains

DhG
o 5 m2

o~T,P! 2 mg
o~T,PA! 5 RT ln

cPs

PA 1 RT ln Xgsym

2 RT ln mgw. (19)

At infinite dilution, m and X 3 0, gw 3 1, gsym3 g`, and
X

m
3

1

nw
, wherenw 5

1000

Mw
(the number of moles of H2O in

1000 g of water), andMw stands for the molar mass of water,
in g. Therefore, for infinite dilution one obtains

DhG
o 5 RT ln

cPs

PA 1 RT ln g` 2 RT ln
1000

Mw
5 2DvapG

o

1 RT ln g` 2 RT ln
1000

Mw
. (20)

Sources of data onKH , Kd, andg` and given in the “Database”
section.

2.2. The Standard Partial Molar Enthalpy of Hydration
DhHO

According to its definition the standard partial molar enthalpy of
hydration is the difference between the enthalpy of a compound in
the ideal gas state and that of the compound in the standard
aqueous solution. For compounds that are gases at ambient
conditions the enthalpies of hydration can be measured directly
as enthalpies of solution of the gases in water (including small
corrections due to the nonideality of the gaseous phase). For
liquids or solids an analogue of Eqn. 11 is valid, namely

DhH
o 5 Dsol H

o 2 DvapH
o, (21)

whereDsolH
o stands for the standard enthalpy of solution of the

liquid or solid in water (available from experimental determi-
nations for many alcohols and some hydrocarbons);DvapH

o

stands for the standard enthalpy of vaporization of a compound,
i.e. the difference in the enthalpy of the compound between the
ideal gas state and the state of the liquid or solid. Values of
DvapH

o are available either from calorimetric measurements, or
they can be evaluated from the temperature dependence of the
vapor pressure of pure compounds (Majer and Svoboda, 1985;
Reid et al., 1987). Another, but less accurate, source of data on
DhH

o is the temperature dependence of eitherDhG
o or DsG

o,
where one can evaluate, respectively,DhH

o or DsG
o by means

of the Van’t Hoff relation:DHo 5 2T2S ­

­T FDGo

T GD
P

.

2.3 The Standard Partial Molar Heat Capacity of
Hydration DhCpo

The standard partial molar heat capacity if hydration is
defined as

DhCpo 5 Cp2
o 2 Cp~ g!, (22)

whereCp(g)andCp2
o stand for the heat capacity of a compound

in the ideal gas state and the standard state heat capacity of the
compound in aqueous solution, respectively. Values ofCp(g)
are known or can be reliably estimated for most hydrocarbons
and alcohols. Values of the infinite dilution partial molar heat
capacity are available from direct calorimetric measurements
for quite a few organic compounds. A more practical, though
less accurate, way to obtainDhCpo (or DsolCpo) for sparingly

soluble compounds is by means of the relationDCp5 SdDH

dT D
P

,

i.e. from the temperature dependence of the heats of hydration
(or solution). Values ofDhCpo estimated through double dif-
ferentiation ofDhG

o in temperature are, as a rule, only approx-
imate, and were not used in this study.

2.4. The Standard Partial Molar Volume, V2
O

The standard state partial molar volumeV2
o is defined as

V2
o ; DhV

o 5 S­DhG
o

­P D
T

. We used onlyV2
o values based on

volumetric measurements, and discarded results available in the
literature from the pressure dependence of the solubility of
gases/liquids, as they are less accurate.

3. A DESCRIPTION OF THE DATA BASES

We performed an extensive literature search of solubility,
water/gas distribution, enthalpy of solution and other data. In
the case of a few well-studied “gases” (ethane, propane,n-
butane and 2-methylpropane) we accepted recent recommen-
dations of the thermodynamic functions of hydration from
comprehensive critical reviews (Wilhelm et al., 1977; Haydyk,
1986).

3.1. Data Base for the Standard Partial Molar Gibbs
Energy of Hydration

Data on the Gibbs energy of hydration of hydrocarbons and
alcohols at 298.15 K and 0.1 MPa are given in Table 1 together
with values we adopted for the standard Gibbs energy of
vaporization at 298.15 K for compounds that are liquids or
solids at 298.15 K. Values ofDhG

o calculated from aqueous
solubility data are given in italics. Values that we considered to
be unreliable are given in parentheses.

The literature values ofDhG
o are given in the fourth column

of Table 1 in the following order: first we entered results based
on gas/water partitioning data (Henry’s law and gas-water
distribution constants,g` results) in chronological order with
the latest data first. Then we give in italics values of the Gibbs
energy of hydration based on aqueous solubility data in chro-
nological order starting with the latest determinations. In the
fifth column of Table 1, “value used in the fit” we give, as a
rule, the mean value together with its standard deviation. The
standard deviation is shown in parenthesis as the number of
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significant figures, i.e. 18.40(45) means 18.406 0.45, and
18.4(15) means 18.46 1.5 In cases where only a few inde-
pendent determinations ofDhG

o are available (say, less than 4),
the value in parentheses is our judgment of the accuracy of the
result.

We used for hydrocarbons all literature values for pure,
well-characterized compounds that we located. For smaller
members of each homologous series (alkanes, alkenes, alkynes,
cycloalkanes, alkylbenzenes, alcohols, etc.) there are, as a rule,
manyDhG

o values from different sets of measurements (solu-
bility, Henry’s law and distribution constants, infinite dilution
activity coefficients), which are usually consistent with each
other. However, for compounds with higher carbon numbers
typically only solubility data are available, and the agreement
between results of different authors is often unsatisfactory.

The problems with the experimental study of the solubility of
sparingly soluble organic liquids in water are well known. First,
the most often discussed problem is the formation of emulsions,
clusters, and aggregates of hydrocarbons when using the tradi-
tional “shake-flask” method, which might result in grossly
overestimated values of the solubility of a compound. Second,
when shaking and agitation are not used, the steady-state con-
centration of hydrocarbon in a solution may be achieved only
after very long times. Coates et al. (1985) reported that up to
100 days’ duration is required to obtain agreement between
solubility values from oversaturation (after initial shaking) and
from undersaturation (unshaken flask) for higher alkanes. Sol-
ubility values from short-term experiments may differ by 10–
100 times from “true” ones. However, in the overwhelming
majority of cases the duration of experiments did not exceed a
few days. Because of these reasons data for compounds with
carbon numbers above eight are rarely in good agreement, and
in most cases must be considered to be semiquantitative. For
alkanes with carbon numbers above twelve we used only the
data of Coates et al. (1985) confirmed in very long experiments
(up to 100 days). For alcohols in water we used the mutual
solubility data recommended in the compilation by Barton
(1984) together with more recent results (Stephenson et al.,
1984; Stephenson and Stuart, 1986; Dallos and Liszi, 1995).

An additional problem arises from the low solubility of
longer chain length organic compounds. Many results in the
older studies, up to the beginning of the 1960’s, were obtained
using “visual” or “cloud-point” observations; they are, as a
rule, unreliable for compounds with solubilities below nz 1023

mol z kg21. UV-spectroscopy based measurements are often
unreliable for compounds with solubility below 1025

mol z kg21. Such suspect results are given in the Table 1 in
parentheses. Results of a few studies were not considered. As
an example, the study of Fu¨hner (1924) is based on “visual”
measurements and it is now mainly of historic interest. In
addition, as stated in Shaw (1989a) it is not clear whether
results of Krzyzanowska and Szeliga (1978) are independent of
those of Price (1976), and, therefore, data of Krzyzanowska and
Szeliga (1978) were discarded.

All data refer to pure water as a solvent except results
reported by Helmkamp et al. (1957) who report solubility data
for higher alkynes obtained in 1 M KNO3. We used these data
because of a scarcity of data for these compounds. Rather than
attempting a correction for possible “salting-out” effects, we
just increased the uncertainty intervals for such compounds. A

few results for hydrocarbons refer to temperatures of 293 or
303 K. We used these data in cases where only a few data were
reported for compounds, and it is expected that the temperature
correction to 298.15 K is within the uncertainty of the solubility
data.

A particular problem is the selection of reliable values of the
vapor pressure of pure compounds at 298.15 K that are needed
to evaluateDvapG

o. There are many vapor pressure compila-
tions for hydrocarbons (Reid et al., 1987; Daubert and Danner,
1996; Stephenson and Malanowsky, 1987; Smith and Srivas-
tava, 1986; and others listed in Table 1), some of which only
cite the published values, and others involve smoothing proce-
dures and even extrapolations. As a rule, we used values from
Reid et al. (1987), if available, or data of later experimental
determinations. Otherwise, we used values from Daubert and
Danner (1996). For cases where there are no data in these
sources, we used other compilations as indicated in Table 1. In
a few cases, values of the vapor pressure of hydrocarbons were
estimated using the Lee-Kessler method (see Reid et al., 1987).
For alcohols any extrapolations toward low temperatures are
questionable (see Ruzicka and Majer, 1996). Therefore, we
only used values based on direct measurements from experi-
mental studies. For 1-alcohols the vapor pressure results are
taken from Reid et al. (1987) and Ambrose and Walton (1989),
and for other alcohols we used compiled values based on
experimental determinations given by Smith and Srivastava
(1986) or more recently published results (Ambrose and Ghi-
assee, 1987; 1990; Wiberg and Hao, 1991).

3.2. Data Base for the Standard Partial Molar Enthalpy
of Hydration

Data on the enthalpy of hydration of hydrocarbons and
alcohols at 298.15 K and 0.1 MPa are given in Table 2 together
with values used in this study for the standard enthalpy of
vaporization at 298.15 K (for compounds which are liquids or
solids at 298.15 K). Values ofDhH

o calculated from the tem-
perature dependence of the standard Gibbs energy of hydration
or solution are given in italics. The values ofDvapH

o at 298.15
K are taken, as a rule, from the compilation by Majer and
Svoboda (1985) or from later experimental results. However,
for most unsaturated alcohols there are no experimental deter-
minations of the enthalpy of vaporization, and we estimated
these quantities using group contribution values from Domalski
and Hearing (1993).

It must be noted that estimates ofDhH
o for cycloalkenes are

based entirely on the temperature dependence of the solubility
data from Pierotti and Liabastre (1972). The solubility data
from this work are themselves, as a rule, systematically higher
than other reported values for practically all hydrocarbons
studied. However, as pointed out in Shaw (1989a), the temper-
ature dependencies of the solubility values from Pierotti and
Liabastre (1972) are similar to other sets of data, and we
decided to accept estimations ofDhH

o from this work.

3.3. Data Base for the Standard Partial Molar Heat
Capacity of Hydration

Data on the heat capacity of hydration of hydrocarbons and
alcohols at 298.15 K and 0.1 MPa are given in Table 3 together
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Table 3. The data base of experimental values of the heat capacities in the ideal gas state and the heat capacities of hydration of hydrocarbons and
monohydric alcohols used in this study. Values in italics are from the temperature dependence of the enthalpy of hydration, those in parentheses are
considered to be unreliable in this study. Also listed are values calculated using the proposed group contribution method and the difference between
the calculated values and the experimental data.

Compound Formula
Cpo(g),

J z K21 z mol21 Values ofDhCpo from literature, Jz K21 z mol21

Value
used in
the fit

Group
contribution

value
D,

J z K21 z mol

n-Alkanes
Methane CH4 35.7 2091, 2172, 2423 220(15)
Ethane C2H6 52.6 2734, 2842, 3175 280(20) 263 17
Propane C3H8 74.4 3194, 3322, 3895 330(30) 327 3
n-Butane C4H10 97.2 3836, 3902 385(20) 391 26
n-Pentane C5H12 120.1 4407 440(50) 454 214
n-Hexane C6H14 143.0 4907 490(50) 518 228

Branched alkanes
2-Methylpropane C4H10 97.3 3606, 3772 370(20) 393 223
2,2-Dimethyl-

propane
C5H12 119.5 4862 490(30) 463 27

Alkenes and Dienes
Ethene C2H4 42.8 2372 240(20) 235 5
Propene C3H6 65.9 2782 280(30) 302 222
1-Butene C4H8 86.5 3892 390(30) 366 25

Alkynes and Diynes
Ethyne C2H2 45.1 1542 150(20) 150 0

Cycloalkanes
Cyclopropane C3H6 55.9 3032 310(20) 238 62
Cyclohexane C6H12 106.3 4107 410(30) 476 266

Alkylbenzenes
Benzene C6H6 81.7 2908, 2859, 2797, (22010) 290(15) 290 0
Toluene C7H8 103.6 3578, 3267 340(30) 323 17
Ethylbenzene C8H10 129.0 3707 370(30) 387 217
Propylbenzene C9H12 152.0 4507 450(30) 450 0

1-Alcohols
Methanol CH4O 43.9 11211, 11412, 11313, 11414, 11415, 11316, (13417),

11218
114(5) 138 224

Ethanol C2H6O 64.2 20411, 19919, 19613, 19714, 19615, 19716, (21117),
(19018)

199(5) 201 22

1-Propanol C3H8O 87.1 27411, 26920, 26819, 26513, 26314, 26615, 26816, 26020,
(29217), 26718

268(6) 265 3

1-Butanol C4H10O 110.0 33711, 34420, 33619, 33422, 33023, 32813, 32715, 33116,
33424, (36917), 32618

335(10) 328 7

1-Pentanol C5H12O 132.9 41111, 44520, 40719, 40222, 39115, 39725, 39916, 42617 402(10) 392 10
1-Hexanol C6H14O 155.8 48220, 45616, 45126 460(20) 456 4
1-Heptanol C7H16O 178.7 51416, 55226 520(30) 519 1
1-Octanol C8H18O 201.6 57116 570(30) 583 213

Branched alcohols
2-Propanol C3H8O 89.6 27227, 31017, 28418 272(15) 268 4
2-Butanol C4H10O 112.5 33615, 35228, 34629, (37018) 340(15) 331 9
2-Methyl-1-propanol C4H10O 110.0 32315, 35017 330(15) 331 28
2-Methyl-2-propanol C4H10O 111.1 35413, 35330, 35315, 35225, 35331, (38617), (37418) 353(10) 338 15
3-Pentanol C5H12O 135.4 40515, 43029 410(15) 395 15
2,2-Dimethyl-

1-propanol
C5H12O 132.2 37215 370(20) 401 231

2-Methyl-2-butanol C5H12O 134.0 40527, 39917 405(15) 401 4
3-Hexanol C6H14O 158.3 46829 470(40) 458 12

Unsaturated linear alcohols
2-Propen-1-ol C3H6O 76.0 25917 260(40) 240 20
2-Buten-1-ol C4H8O 98.9 32117 320(40) 306 14
3-Buten-1-ol C4H8O 99.2 30017 300(40) 303 23
4-Penten-1-ol C5H10O 122.1 31117 310(40) 367 257
3-Pentyn-1-ol C5H8O 111.6 28717 290(40) 285 5

Cyclic alcohols
Cyclopentanol C5H10O 101.8 35929, 39517 370(60) 273 97
Cyclohexanol C6H12O 129.8 33332, 38429, 40317 340(15) 353 213
Cycloheptanol C7H14O 138.3 42329, 46517 440(40) 432 8

(Continued)
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with values we adopted for the heat capacity of the compounds
at 298.15 K in the ideal gas state taken from Domalski and
Hearing (1993). Values ofDhCpo calculated from the temper-
ature dependence of the standard enthalpy of hydration or
solution are given in italics. In all there are 7(0) results for
alkanes (in parentheses is the number of determinations based
on direct calorimetric measurements of the heat capacity of a
compound), 4(0) for hydrocarbons with double and triple
bonds, 2(0) for cyclic hydrocarbons, 4(2) for alkylbenzenes,
and 17(14) for alcohols. Estimations available in the literature
that are based on the second derivative of the temperature
dependence of the Gibbs energy of hydration were not used
because of their low accuracy.

3.4. Data Base for the Standard Partial Molar Volume

Data onV2
o of hydrocarbons and alcohols at 298.15 K and 0.1

MPa are given in Table 4. Most values ofV2
o for hydrocarbons

that are gases at 298.15 K and 0.1 MPa come from Moore et al.
(1982). However, these values were obtained at a total pressure
of about 0.1 MPa, where the solubility of gases is small, and
therefore, these results have rather large uncertainties. The
most accurate and numerous data are available for aqueous
alcohols, and values listed in Table 4 are mainly values ob-
tained during the last 20–25 years using vibrating-tube den-
simeters. Values ofV2

o estimated from the pressure dependence
of the solubility of gases and liquids were discarded as less
accurate. In all there are 5 results for alkanes, 4 for hydrocar-
bons with double and triple bonds, 1 for a cyclic hydrocarbon,
3 for alkylbenzenes, and 31 for alcohols.

4. GROUP CONTRIBUTION VALUES

It is well known that most thermodynamic functions of
homologous series of organic compounds in gaseous, liquid
and solid states, as well as in aqueous solution, show remark-
ably constant linear dependence on the carbon number (Abra-
ham, 1984; Shock and Helgeson, 1990; Helgeson et al., 1998,
and many others). This fact forms the basis for group additivity
methods used to describe available data and predict the ther-
modynamic functions of many organic compounds not studied
experimentally. Each substance is considered to consist of
particular “building blocks,” or “groups,” characterized by val-
ues of the thermodynamic property of interest. It is necessary to
mention the common deviations from linearity among the
members of any homologous series with low carbon numbers.

Cyclic compounds also deviate from linearity and present a
particular problem for any group contribution method, because of
the differences in geometry and energetics for each cyclic ring.

It is impossible within one paper to give a complete coverage
of even the most important works on the group contribution
methods for organic compounds. Each year several papers are
published dealing with additivity methodologies or their appli-
cation to the thermodynamic and thermophysical properties of
pure compounds and mixtures. A group contribution method
for estimating activity coefficients in mixtures that is widely
used in chemical engineering is UNIFAC (see, for example,
Reid et al., 1987), however, values predicted for dilute aqueous
solutions may be orders of magnitude in error (Voutsas and
Tassios, 1997). Methods developed specifically for activity
coefficients at infinite dilution in water are more accurate, such
as the pioneering work of Pierotti et al. (1959). However, only
Cabani et al. (1981) and Amend and Helgeson (1997) have
presented comprehensive group contribution treatments for all
properties of interest for aqueous species, not only for chemical
potentials. The former work covers a much larger number of
groups and compounds, but only at 298.15 K, and the latter
paper gives the temperature and pressure dependence of a
smaller number of group contributions that differ from those
chosen in this study.

4.1. Selection of the Group Contributions Scheme

In the most comprehensive scheme for group contributions,
the second-order group additivity method (see, for instance,
Domalski and Hearing, 1993), the thermodynamic properties of
a group are envisioned to depend on the nature of the surround-
ing atoms and groups. These methods include explicitly near-
est-neighbor interactions. As a consequence, the properties of
the methylene group, CH2, for example, do not have unique
values, but a number of them depending on the local environ-
ment of the group. Despite the elegance of these methods, the
quantity and accuracy of experimental data on the thermody-
namic functions of hydration of organic compounds typically
preclude the possibility of accounting quantitatively for the
second-order effects, i.e. nearest-neighbor interactions (but see
below for a number of exceptions).

In such a situation the only practical option is to adopt a
more simple scheme of group contributions. We decided to
accept the groups proposed by Cabani et al. (1981). Each group
is defined as an arrangement of atoms, and (contrary to the

Table 3. (Continued)

Compound Formula
Cpo(g),

J z K21 z mol21 Values ofDhCpo from literature, Jz K21 z mol21

Value
used in
the fit

Group
contribution

value
D,

J z K21 z mol

Miscellaneous compounds
2-Cyclohexen-1-ol C6H10O 124.8 37317 370(50) 370 0

1 Naghibi et al. (1986);2 Dec and Gill (1985b);3 Oloffson et al. (1984);4 Naghibi et al. (1987a);5 Dec and Gill (1984);6 Naghibi et al. (1987b);
7 Gill et al. (1976);8 Makhatadze and Privalov (1988);9 Hallén et al. (1989);10 Gill et al. (1975);11 Makhatadze et al. (1997);12 Makhatadze and
Privalov (1990);13 Perron and Desnoyers (1981);14 Benson et al. (1980);15 Jolicoeur and Lacroix (1976);16 Hallén et al. (1986);17 Arnett et al.
(1969);18 Alexander and Hill (1969);19 Makhatadze and Privalov (1989);20 De Lisi et al. (1991);21 Franks et al. (1973);22 De Lisi et al. (1987);
23 Roux-Desgranges et al. (1982);24 Nwankwo and Wadso¨ (1980);25 Sköld et al. (1976);26 Hill and White (1974);27 Roux et al. (1980);28 Anderson
and Oloffson (1988);29 Conti et al. (1976);30 de Visser et al. (1997);31 Avedikian et al. (1975);32 Tasker and Wood (1983).
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Table 4. The data base of the infinite dilution partial molar volumes of hydrocarbons and monohydric alcohols in water at 298.15 K, 0.1 MPa. In
cases where many data are available for a compound, only the latest results obtained using a vibrating-tube densitometer are given in the Table. Also
listed are values calculated using the proposed group contribution method and the difference between the calculated values and the experimental data.

Compound Formula Values ofV2
o from literature, cm3 z mol21

Value
used in
the fit

Group
contribution

value
D,

cm3 z mol21

n-Alkanes
Methane CH4 37.21, (34.52), 37.43, 36.54 37.3(5)
Ethane C2H6 512, 52.94 52(1) 51.4 0.6
Propane C3H8 70.72, 674 69(2) 67.1 1.9
n-Butane C4H10 76.62 77(5) 82.8 25.8

Branched alkanes
2-Methylpropane C4H10 83.12 83(5) 82.9 0.1
2,2-Dimethylpropane C5H12 100.52 100(6) 98.7 1.3

Alkenes and Dienes
Ethene C2H4 45.75, 51.32 47(3) 48.4 21.4
Propene C3H6 56.72 57(3) 59.9 22.9
1-Butene C4H8 62.32 62(6) 75.6 213.6
1,3-Butadiene C4H6 68.32 68(4) 68.4 20.4

Alkynes and Diynes
Ethyne C2H2 42.52 42.5(10) 42.5 0.0

Cycloalkanes
Cyclopropane C3H6 54.32 54(2) 44.2 9.8

Alkylbenzenes
Benzene C6H6 82.66, 83.57, 82.68, 81.39, 83.24 82.6(5) 82.6 0.0
Toluene C7H8 98.66, 96.67, 97.58, 97.09, 97.710 97.5(10) 98.2 20.7
Ethylbenzene C8H10 114.56 114.5(1) 113.8 0.7

1-Alcohols
Methanol CH4O 38.1011, 38.1812, 38.1013, 38.214, 38.115, 38.2516 38.15(10) 39.36 21.21
Ethanol C2H6O 55.0911, 55.1012, 55.017, 55.114, 55.0515, 55.116 55.1(1) 55.06 0.04
1-Propanol C3H8O 70.7711, 70.718, 70.7112, 70.817, 70.6514, 70.715, 70.6316,

70.7519
70.7(1) 70.75 20.05

1-Butanol C4H10O 86.5211, 86.6312, 86.517, (86.0914), 86.4320, 86.6521, 86.615,
86.4816, 86.6219

86.6(2) 86.5 0.1

1-Pentanol C5H12O 102.4711, 102.6212, 102.317, (101.5214), 101.9520, 101.9522,
102.6219, 102.8816

102.4(5) 102.1 0.3

1-Hexanol C6H14O 118.4712, (115.514), 118.6519 118.5(5) 117.8 0.7
1-Heptanol C7H16O 129.414, 133.423 133(2) 133.5 20.5

Branched alcohols
2-Propanol C3H8O 71.8212, 71.6024, 71.8325, 71.9319 71.8(1) 70.9 0.9
2-Butanol C4H10O 86.5512, 86.5316, 86.6419 86.6(1) 86.6 0.0
2-Methyl-1-propanol C4H10O 86.4612, 86.7516 86.5(2) 86.6 20.1
2-Methyl-2-propanol C4H10O 87.8112, 87.8126, 87.915, 87.7627, 87.7316, 87.9028 87.8(1) 86.7 1.1
2-Pentanol C5H12O 102.5519 102.6(5) 102.2 0.4
3-Pentanol C5H12O 101.1416, 101.1619 101.2(3) 102.2 21.0
2-Methyl-2-butanol C5H12O 101.3712, 101.3829, 101.1516 101.3(2) 102.4 21.1
2,2-Dimethyl-1-propanol C5H12O 102.2912, 102.3230, 101.916 102.3(2) 102.4 20.1

Branched alcohols (continued)
2-Hexanol C6H14O 118.4919 118.5(5) 117.9 0.6
3-Hexanol C6H14O 117.1431 117.1(5) 117.9 20.8
2-Heptanol C7H16O 134.3919 134.4(10) 133.6 0.8
3-Heptanol C7H16O 133.319 133.3(10) 133.6 20.3
4-Heptanol C7H16O 133.219 133.2(10) 133.6 20.4

Unsaturated linear alcohols
2-Propen-1-ol C3H6O 64.332 64.3(10) 63.6 0.7

(Continued)
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second-order group additivity method) is characterized only by
its constituent atoms, i.e. the thermodynamic properties of the
methylene group CH2, for example, are taken to be the same in
all types of organic compounds. Following the recommenda-
tions of Cabani et al. (1981) we use the following groups: CH3,
CH2, CH, and C for saturated hydrocarbons; c-CH2, c-CH, and
c-C for cyclic saturated hydrocarbons; CHar and Car for aro-
matic hydrocarbons (containing the benzene ring); C5C and
C[C for double bond and triple bonds in linear hydrocarbons,
respectively; c-C5C for the double bond in cyclic hydrocar-
bons; H for a hydrogen atom attached to the double (both in
linear and cyclic hydrocarbons) or triple bond; and OH for the
hydroxyl functional group. This first-order scheme of group
contributions does not take into account possible nearest-
neighbor interactions and steric hindrance effects. However,
we found a few examples where nearest-neighbor interac-
tions contribute significantly to the total values of the ther-
modynamic functions of hydration, and had to be included
explicitly.

An examination of Table 1 reveals that among different
isomers of dimethylbenzenes (xylenes) and trimethylbenzenes,
the isomers with two methyl groups in neighboring (ortho)
positions, have less positive values of the Gibbs energy of
hydration than those in the meta and para positions (compare
1,2 with 1,3 and 1,4-dimethylbenzenes). Another example,
which is less convincing because only one determination for
each compound comes from different laboratories, is the dif-
ference between the Gibbs energy of hydration of trans-1,4-
dimethylcyclohexane and cis-1,2-dimethylcyclohexane. In the
latter compound both methyl groups are in neighboring posi-
tions upward from the general plane of the ring, and for this
isomerDhG

o is less positive than it is for trans-1,4-dimethyl-
cyclohexane. Based on these bits of evidence, it was decided to
introduce the “pseudo-group” I(C-C), which represents the
nearest-neighbor interactions of two methyl (CH3) or methyl-
ene (CH2) groups attached either to the benzene ring or to the
cyclic ring for the case of cis-isomers.

Each of the compounds in Tables 1–4 except methane, CH4,
can be represented by the selected groups. As examples,n-
hexane is the sum 2z CH314 z CH2, 2,2,4-trimethylpentane 5z
CH311 z CH21 1 z CH11 z C, propene 1z C5C13 z H1CH3,
2-methyl-2-butene 1z C5C11 z H13 z CH3, 1-butyne 1z
C[ C1 1 z H11 z CH211 z CH3, 1,6-heptadiyne 2z C[C12 z
H13 z CH2, cis-1,2-dimethylcyclohexane 2z CH31 4 z
c-CH212 z c-CH11 z I(C-C), trans-1,2-dimethylcyclohexane
2 z CH314 z c-CH212 z c-CH, 1-methylcyclohexene 1z
CH311 z c-C5C1 1 z H14 z c-CH3, 1,3,5-cycloheptatriene 3z
c-C5C16 z H11 z c-CH2, benzene 6z CHar, 1-methyl-4-(1-
methylethyl)-benzene, or p-cymene, 3z CH311 z CH14 z
CHar12 z Car, 1,2,4,5-tetramethylbenzene 4z CH312 z
CHar14 z Car12 z I(C-C), 2-methyl-2-butanol 3z CH311 z
CH211 z C11 z OH, etc. In Table 5we give the statistics for the
number of compounds containing each group for each of the
thermodynamic properties considered in this study.2

4.2. Determinations of the Group Contribution Values
for the Different Thermodynamic Functions of
Hydration

Assuming group additivity any thermodynamic property Y
of an organic compound can be written as

Y 5 Yo 1 O
i

niYi, (23)

whereni stands for the number of times thei-th group is present
in the compound, andYi is the contribution to theY property of
the i-th group. Cabani et al. (1981) mentioned that the termYo

arises from theoretical considerations; however, these authors
treated it as an adjustable parameter. In our initial attempts we

2 Structural formulae can be checked in the organic chemistry handbooks.
A convenient on-line handbook is the “NIST Chemistry WebBook, NIST
Standard Reference Database Number 69, November 1998, Eds. W. G.
Mallard and P. P. J. Linstrom,” http://webbook.nist.gov.

Table 4. (Continued)

Compound Formula Values ofV2
o from literature, cm3 z mol21

Value
used in
the fit

Group
contribution

value
D,

cm3 z mol21

Cyclic alcohols
Cyclobutanol C4H8O 75.633 75.6(10) 74.2 1.4
Cyclopropanmethanol C4H8O 76.033 76.0(10) 75.6 0.4
Cyclopentanol C5H10O 89.0631, 88.233 89.0(5) 88.6 0.4
Cyclopropanethanol C5H10O 92.433 92.4(10) 91.3 1.1
Cyclohexanol C6H12O 103.4534, 103.5431, 102.733, 103.035 103.5(5) 102.9 0.6
Cyclopentanmethanol C6H12O 103.633 103.6(10) 104.3 20.7
Cycloheptanol C7H14O 116.8831, 116.933 116.9(5) 117.3 20.4
Cyclopentanethanol C7H14O 118.233 118.2(10) 118.6 20.4
Cyclohexanmethanol C7H14O 118.133 118.1(10) 120.0 21.9
Cyclooctanol C8H16O 129.733 129.7(20) 131.7 22.0

1 Hnedkovsky et al. (1995);2 Moore et al. (1982);3 Tiepel and Gubbins (1972);4 Masterton (1954);5 Biggerstaff and Wood (1988);6 Sakurai
(1990);7 Makhatadze and Privalov (1988);8 Dutta-Choudhury et al. (1982);9 Shahidi (1981);10 Desnoyers and Ichaporia (1969);11 Makhatadze et
al. (1997);12 Sakurai et al. (1994);13 Makhatadze et al. (1990);14 De Lisi et al. (1986b);15 Perron and Desnoyers (1981);16 Jolicoeur and Lacroix
(1976);17 Makhatadze and Privalov (1989);18 Criss and Wood (1996);19 Høiland and Vikinstad (1976);20 De Lisi et al. (1986a);21 Roux-Desgranges
et al. (1980);22 De Lisi et al. (1984);23 Manabe and Koda (1975);24 Wurzburger et al. (1990);25 Sakurai (1988);26 Sakurai (1987);27 de Visser et
al. (1977);28 Avedikian et al. (1975);29 Sakurai (1989);30 Roux et al. (1980);31 Cabani et al. (1974);32 Terasawa et al. (1975);33 Edward et al.
(1973);34 Tasker and Wood (1983);35 Neal and Goring (1970).
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found thatYo for any property, determined as an adjustable
parameter by the fit, has a rather large uncertainty (for example,
61.3 kJz mol21 for DhG

o, 6 5.2 kJz mol21 for DhH
o and65.5

cm3 z mol21 for V2
o at the 0.95 confidence level). We presume

these uncertainties arise from the strong covariance between
values of Yo and those of other groups, first of all CH3.
Therefore, it was decided to use fixed values ofYo, equal to
their theoretical values, see below.

The statistical quality of the data description is somewhat
worse whenYo is fixed. For instance, in the case of the Gibbs

energy of hydration, the averaged
D

d
values (D stands for the

difference between the experimental and calculated value,d
represents the uncertainty of the data point) are equal to 1.05
and 1.15 for the unconstrained and constrained (Yo is fixed) fit,
respectively. However, this difference in the goodness of the fit
is not large, and the unconstrained fit represents improvement
mainly for cyclic compounds, which are expected to demon-
strate larger deviations from group additivity compared with
linear compounds.

From Eqn. 23 it is clear thatYo is equal toY for an imagin-
able compound without any groups at all, i.e. for a material
point. It follows from theoretical models (see, for example,
Pierotti, 1976), that the transfer of the material point from an
ideal gas to the standard aqueous solution is accompanied by a
non-zero change of the Gibbs energy. Namely, the Gibbs
energy of hydration of the material pointDhGmp

o is equal to

DhGmp
o 5 RT ln

RT

V1
o 2 RT ln

1000

Mw
< 7.96kJ z mol21,

(24)

where V1
o stands for the molar volume of pure water at the

specified T and P (298.15 K and 0.1 MPa in our case); the first
term is the so-called “standard-state conversion” term; the
second term is needed for the hypothetical 1 molz kg21 stan-
dard state for the aqueous solution. The numerical value at the
right side of Eqn. 24 is valid at 298.15 K and 0.1 MPa.

Proper thermodynamic manipulations of Eqn. 24 result in the
other thermodynamic functions of hydration of the material
point:

DhHmp
o 5 2T2S ­

­T FDhGmp
o

T GD
P

5 RT~aT 2 1!

< 22.29kJ z mol21, (25)

DhVmp
o ; Vmp

o 5 S ­

­P
@DhGmp

o #D
T

5 RTkT

< 1.12cm3 z mol21, (26)

DhCpmp
o 5 S ­

­T
@DhHmp

o #D
P

5 RST2S­a

­TD
P

1 2aT 2 1D
< 0.06J z K21 z mol21 < 0, (27)

where

a 5 S­ ln V1
o

­T D
P

andkT 5 2S­ ln V1
o

­P D
T

stand for the thermal expansion and the isothermal compress-
ibility coefficients of pure water, respectively. All numerical
values in the right sides of Eqns. 24–27 are valid at 298.15 K
and 0.1 MPa, and were calculated using the equation of state
for pure water proposed by Hill (1990). Consequently, in our
treatment the values ofYo were fixed and taken equal to the
thermodynamic functions of hydration of the material point.

To derive the numerical values ofYi for each of the chosen
groups we used the weighted least-squares procedure (methane
can not be represented by the selected groups and was excluded
from the fit). The selection of weights is plagued by two main
problems. First, the most accurate results are obtained for the
lowest members of any homologous series, which are of limited
use for the estimation of group contribution values because
compounds with carbon numbers below 4–5 show the greatest
deviation from additivity. Second, the first-order group contri-
bution method is only an approximation, often incapable in

Table 5. The number of compounds containing the selected groups
for each of the thermodynamic properties.

Group DhGo DhHo DhCpo V2
o

CH3 133 57 30 29
CH2 91 35 24 27
CH 48 12 6 11
C 15 3 4 4
C¢C 29 17 7 5
C§C 16 5 2 1
H 50 27 9 6
c-CH2 36 17 6 11
c-CH 22 7 4 10
c-C 7 1 0 0
c-C¢C 14 9 1 0
CHar 26 16 4 3
Car 24 15 3 2
I(C-C) 7 3 0 0
OH 35 25 25 31

Table 6. Numerical values of the group contributions to each ther-
modynamic functions of hydration at 298.15 K, 0.1 MPa together with
their uncertainties at the 0.95 confidence level. The values used as fixed
parameters or determined by using other constraints are shown in
square brackets, and values based on the only one compound are
marked by an asterisk.

Group
D

h
Go,

kJ z mol21
DhHo,

kJ z mol21
DhCpo,

J z K21 z mol21
V2

o,
cm3 z mol21

CH3 3.63(13) 27.54(43) 132(5) 25.14(52)
CH2 0.72(06) 23.76(22) 64(3) 15.70(13)
CH 21.79(29) 20.9(12) 22(13) 6.35(64)
C 24.50(49) 2.6(19) 263(18) 23.0(12)
C¢C 210.23(85) 0.6(34) [225] [27.3]
C§C 28.36(44) [25.19] [20] 14.1*
H 3.91(30) 23.7(11) 65(11) 13.6(10)
c-CH2 0.83(07) 25.36(26) 79(4) 14.36(26)
c-CH 21.03(39) 22.4(18) 250(24) 16.9(13)
c-C 22.72(98) 5.6*
c-C¢C 29.47(61) 20.7(25) 46*
CHar 20.65(08) 25.00(23) 48(3) 13.58(24)
Car 23.85(27) 20.67(89) 250(22) 4.0(16)
I(C-C) 21.01(44) [2.0(20)]
OH 225.40(22) 239.79(81) 6(9) 13.10(66)
Y0 [7.96] [22.29] [0] [1.12]
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principle of highly-accurate representation of thermodynamic
properties of organic compounds due to the intrinsic limitations
discussed above. Therefore, the minimum uncertainties of data
used to estimate statistical weights were taken to be60.3
kJ z mol21 for DhG

o; 61.0 kJz mol21 for DhH
o; 620

J z K21 z mol21 for DhCpo; and60.5 cm3 z mol21 for V2
o.

For functions other than the Gibbs energy of hydration we
attempted to reduce the dimension of the regression task be-
cause of the limited numbers of experimental data points. For
the enthalpy of hydration the value of I(C-C) was fixed to
2.0(62.0) kJz mol21 as determined fromDhHo for different
isomers of di- and trimethylbenzenes. Another constraint
was placed on the value ofDhHo(C[C), the enthalpy of
hydration of the group containing the triple bond, namely
DhHo(C[C) 5 DhHo(C5C)12DhHo(H)11.8 kJz mol21,
where 1.8(60.3) kJz mol21 is the difference between the
enthalpy of hydration of ethene and ethyne which is accu-
rately known from calorimetric determinations. Analogous
constraints were used forDhCpo (by comparing values of the
heat capacity of hydration for alkane-alkene, alkane-alkyne,
aliphatic alcohol-unsaturated alcohol pairs), namely:DhCpo

(C5C)5DhCpo(CH3) 1 DhCpo(CH2) 2 3DhCpo(H)225
J z K21 z mol21; DhCpo(C[C)5 DhCpo(CH3) 1DhCpo

(CH2)2DhCpo(H)2110 Jz K21 z mol21, andV2
o (V2

o(C5C)5
2V2

o(CH3)24V2
o(H)23.0 cm3 z mol21). The values of

DhHo(c2C),DhCpo (c-C5C) and V2
o(C[C) were each esti-

mated from only one compound,a-pinene, 2-cyclohexen-
1-ol and ethyne, respectively.

The resulting numerical values of the group contributions to
the thermodynamic functions of hydration are shown in Table
6. Calculated values ofDhG

o, DhH
o, DhCpo, andV2

o are given in
Tables 1–4 for each compound under consideration, as well as
values ofD, the difference between the “experimental” and
calculated values. A comparison of “experimental” and calcu-
lated values are shown in Figure 2, which provides the frame-
work for the following section.

5. DISCUSSION

An examination ofD values taken from Tables 1–4 and
plotted in Figure 2 reveals that, in most cases, the simple
first-order group contribution method gives a representation of
the thermodynamic functions of hydration of hydrocarbons and
monohydric alcohols well within the expected uncertainties. As
mentioned above, it is not expected that this method will work
for the lowest members of a homologous series, and indeed, for
most compounds with carbon numbers of three or less,D can
exceed the experimental uncertainty by several fold. Cyclic
compounds are another class of substances where deviations
might considerably exceed experimental uncertainty because of
the intrinsically poor performance of the group contribution
scheme to represent the energetics of C-C bonds that strongly
depend on the geometry of the compound. Considering the
other 117 organic compounds for whichDhG

o is available, 83
exhibit values ofD , 0.58 kJz mol21 (corresponding to a
difference in log K, 0.1). There are only 5 compounds where
D exceeds 1.74 kJz mol21 (corresponding to a difference in log
K . 0.3). Gross deviations are more common for larger com-
pounds, where experimental measurements are difficult and
may bear considerable uncertainties. In a few cases one can

speculate that large differences arise because we are not ac-
counting for specific interactions between neighboring double
and triple bonds (see 1-buten-3-yne) or between closely packed
neighboring groups in “overcrowded” compounds (see system-
atic deviations for different isomers of cymene). However,
more convincing evidence is needed to draw definite conclu-
sions.

In general, the representation ofDhH
o is more uncertain than

that ofDhG
o. Nevertheless, for 78 compounds where values of

DhH
o are available, values ofD are,2.0 kJz mol21 for 48, and

only for 6 compounds doesD exceed 5.0 kJz mol21. For 30 of
the 42 compounds with experimentalDhCpo dataD is ,20 J z

K21 z mol21, and in most cases large discrepancies between
“experimental” and calculated values are for cyclic compounds.
The representation of the 44V2

o values is quite accurate for most
of the hydrocarbons and alcohols, except for some “gaseous”
hydrocarbons (n-butane, 1-butene and cyclopropane) where
experimental data were obtained at atmospheric pressure
(Moore et al., 1982). At these conditions the concentrations of
the solutes are very low and, therefore, might bear large un-
certainties.

A direct comparison of the numerical values of the group
contributions obtained in this work with earlier investigations is
meaningful only for the methylene group (CH2) because of the
different scheme for group selection and the different values of
Yo selected here and elsewhere. Our value ofDhG

o(CH2)5
0.726 0.06 kJz mol21 compares well with 0.74 reported by
Cabani et al. (1981), and falls within the range 0.61–1.03 as
obtained by Abraham (1984) for different homologous series of
hydrocarbons and alcohols. Analogous comparisons are possi-
ble for DhH

o(CH2): 23.766 0.22 kJz mol21 in this work and
23.24 from Cabani et al. (1981),22.82 to 23.83 with an
average23.56 from Abraham (1984); and forDhCpo(CH2):
646 3 J z K21 z mol21 as compared with 64.5 from Cabani et
al. (1981) and 69.8 from Makhatadze and Privalov (1989). Our
value of V2

o (CH2)515.706 0.13 cm3 z mol21 is close to a
large number of literature estimates, falling typically in a range
from 15.8 to 16.0 cm3 z mol21 (Amend and Helgeson, 1997;
Shock and Helgeson, 1990; Wurzburger et al., 1990; Høiland,
1986; Cabani et al., 1981; and others).

It is expected that the numerical values of group contribu-
tions obtained here will allow a reasonably accurate estimation
of the thermodynamic functions of hydration for many hydro-
carbons and monohydric alcohols at 298.15 K and 0.1 MPa.
The present values should not be used to construct estimates for
polyols because of exceptionally strong OH-OH interactions
(see Cabani et al., 1981). As no phenols were considered here,
we do not recommend the use of our group contribution values
to evaluate the thermodynamic functions of hydration for this
class of compounds. The optimistic estimates of uncertainties
given here are based on the examples discussed above:60.5–
1.0 and 2–4 kJz mol21 for the Gibbs energy and enthalpy of
hydration, respectively;620–40 Jz K21 z mol21 for the heat
capacity of hydration; and60.5–1.5 cm3 z mol21 for the partial
molar volume. For cyclic compounds, and perhaps for com-
pounds with many closely-packed neighboring groups, the un-
certainties might be larger. The current group contribution
method can be easily extended to include other organic com-
pounds of geochemical and environmental significance.

457Thermodynamic functions of hydration of hydrocarbons



Acknowledgments—This work was supported by DOE grant DE-FG02-
92ER-14297. The authors are indebted to Mikhail Zolotov and Jan
Amend for useful critical discussions and encouragement during the
course of this study. Thanks are due to R. H. Wood for bringing to our
attention the paper of Suri et al. (1985) dealing with nonidealities of
aqueous alcohol solutions and for permission to use software developed
in his laboratory, to Vladimir Majer for helpful suggestions on an
earlier version of this paper. The authors are grateful to Jeffrey Seewald
and two anonymous reviewers for their thoughtful comments and
suggestions. This is GEOPIG contribution #184.

REFERENCES

Abraham M. H. (1984) Thermodynamics of solution of homologous
series of solutes in water.J. Chem. Soc., Faraday Trans.I 80,
153–181.

Alexander D. M. (1959) The solubility of benzene in water.J. Phys.
Chem.63, 1021–1022.

Alexander D. M., and Hill D. J. T. (1969) The heats of solution of
alcohols in water.Aust. J. Chem.22, 347–356.

Allen J. M., Balcavage W. X., Ramachandran B. R., and Shrout A. L.
(1998) Determination of Henry’s law constants by equilibrium par-
titioning in a closed system using a new in situ optical absorbance
method.Envir. Toxicol. Chem.17, 1216–1221.

Ambrose D. and Ghiassee N.B. (1990) Vapour pressures, critical
temperatures, and critical pressures of benzyl alcohol, octan-2-ol,
and 2-ethylhexan-1-ol.J. Chem. Thermodyn.22, 307–311.

Ambrose D. and Ghiassee N. B. (1987) Vapour pressures and critical
temperatures and critical pressures of C5 and C6 cyclic alcohols and
ketones.J. Chem. Thermodyn.19, 903–909.

Ambrose D. and Walton J. (1989) Vapour pressures up to their critical
temperatures of normal alkanes and 1-alkanols.Pure & Appl. Chem.
61, 1395–1403.

Fig. 2. A comparison of experimental and calculated values of (a) the Gibbs energy of hydration, kJz mol21, (b) the
enthalpy of hydration, kJz mol21, (c) the heat capacity of hydration, Jz K21 z mol21, and (d) the partial molar volumes,
cm3 z mol21 for hydrocarbons and monohydric alcohols considered in this study.

458 A. V. Plyasunov and E. L. Shock



Amend J. and Helgeson H. C. (1997) Group additivity equations of
state for calculating the standard molal thermodynamic properties of
aqueous organic species at elevated temperatures and pressures.
Geochim. Cosmochim. Acta61, 11–46.

Anderson B. and Oloffson G. (1988) Partial molar enthalpies of solu-
tion as indicators of interactions in mixtures of 2-butoxyethanol and
2-butanol with water.J. Chem. Thermodyn.17, 1169–1182.

Andrews L. J. and Keefer R. M. (1949) Cation complexes of com-
pounds containing carbon-carbon double bonds. IV. The argentation
of aromatic hydrocarbons.J. Amer. Chem. Soc.71, 3644–3647.

Andrews L. J. and Keefer R. M. (1950) Cation complexes of com-
pounds containing carbon-carbon double bonds. VII. Further studies
on the argentation of substituted benzenes.J. Amer. Chem. Soc.72,
5034–5037.

Apelblat A. (1990) Evaluation of the excess Gibbs energy of mixing in
binary alcohol-water mixtures from the liquid-liquid partition data in
electrolyte-water-alcohol systems.Ber. Bunsenges. Phys. Chem.94,
1128–1134.

Aquan-Yuen M., Mackay D., and Shiu W. Y. (1979) Solubility of
hexane, phenanthrene, chlorobenzene, and p-dichlorobenzene in
aqueous electrolyte solutions.J. Chem. Eng. Data24, 30–34.

Arnett E. M., Bentrude W. G., Burke J. J., and Dugleby P. M. (1965)
Solvent effects in organic chemistry. V. Molecules, ions, and tran-
sition states in aqueous ethanol.J. Amer. Chem. Soc.87,1541–1553.

Arnett E. M., Burke J. J., Carter J. V., and Douty C. F. (1972) Solvent
effects in organic chemistry. XV. Thermodynamics of solution for
nonelectrolytes in aqueous acid and salt solutions.J. Amer. Chem.
Soc.94, 7837–7852.

Arnett E. M., Kover W. B., and Carter J. V. (1969) Heat capacities of
organic compounds in solution. I. Low molecular weight alcohols in
water.J. Amer. Chem. Soc.91, 4028–4034.

Arnett E. M. and McKelvey D. R. (1969) Solvent isotope effect on
thermodynamics of nonreacting solutes. InSolvent-solvent interac-
tions (eds. J. F.Coetzee and C. D. Ritchie), pp. 343–398. Marcel
Dekker.

Arnold D. S., Plank C. A., Ericson E. E., and Pike F. P. (1958)
Solubility of benzene in water.Chem. Eng. Data Ser.3, 253–256.

Ashworth R. A., Howe G. B., Mullins M. E., and Rogers T. N. (1988)
Air-water partitioning coefficients of organics in dilute aqueous
solutions.J. Hazard. Mater.18, 25–36.

Atik Z., Saito Y., and Kusano K. (1987) Thermodynamic properties of
liquid enentiomers. I. Enthalpies of vaporization of fenchones,
a-methylbenzylamines, and limonenes at 298.15 at 298.15 K.
J. Chem. Thermodyn.19, 99–102.

Avedikian L., Perron G., and Desnoyers J. E. (1975) Apparent molal
volumes and heat capacities of some alkali halides and tetraalkylam-
monium bromides in aqueous tert-butanol solutions.J. Solut. Chem.
44, 331–346.

Aveyard R. and Mitchell R. W. (1968) Heat of solution in water of the
liquid methylene group at 25°C.Trans. Faraday Soc.64, 1757–
1762.

Aveyard R. and Lawrence A. S. C. (1964) Calorimetric studies on
n-aliphatic alcohol1water and n-aliphatic alcohol1water detergent
systems.Trans. Faraday Soc.60, 2265–2278.

d’Avila S. G., and Silva R. S. F. (1970) Isothermal vapor-liquid
equilibrium data by total pressure method. Systems acetaldehyde-
ethanol, acetaldehyde-water, and ethanol-water.J. Chem. Eng. Data
15, 421–424.

Baker E. G. (1960) A hypothesis concerning the accumulation of
sediment hydrocarbons to form crude oil.Geochim. Cosmochim.
Acta 19, 309–317.

Baker E. G. (1959) Origin and migration of oil.Science129,871–874.
Banerjee S. (1984) Solubility of organic mixtures in water.Envir. Sci.

Technol.18, 587–591.
Banerjee S., Yalkowski S. H., and Valvani S. C. (1980) Water solu-

bility and octanol/water partition coefficients of organics. Limita-
tions of the solubility-partition coefficient correlation.Environ. Sci.
Tech.14, 1227–1229.

Barone G., Crescenzi V., Pispisa B., and Quadrifoglio F. (1966) Hy-
drophobic interactions in polyelectrolytes solutions. II. Solubility of
some C3–C6 alkanes in poly(methacrylic acid) aqueous solutions.J.
Macromol. Chem.1, 761–771.

Barton A. F. M., Volume Editor (1984)Solubility Data Series. Alcohols
with water.Vol. 15. Pergamon Press.

Becke A. and Quitzsch G. (1977)Chem. Techn.29, 49–51 (quoted
from Shaw D. G. (1989b)).

Ben-Naim A., and Wilf J. (1980) Solubilities and hydrophobic inter-
actions in aqueous solutions of monoalkylbenzene molecules.J.
Phys. Chem.84, 583–586.

Benson G. C., D’Arcy P. D., and Kiyohara O. (1980) Thermodynamics
of aqueous mixtures of nonelectrolytes. II. Isobaric heat capacities of
water-n-alcohol mixtures at 25°C.J. Solut. Chem.9, 931–938.

Bertrand G. L., Millero F. J., Wu C.-H., and Hepler L. G. (1966)
Thermochemical investigations of the water-ethanol and water-
methanol solvent systems. I. Heats of mixing, heats of solution, and
heats of ionization of water.J. Phys. Chem.70, 699–705.

Bittrich H.-J., Fahl A., and Hartwig F. (1983) Zur Loslichkeitsbeein-
flussung von Kohlenwasserstoffen in Wasser. II. Der Einfluss von
quartenaren ammoniumsalzen.Z. phys. Chem. Leipzig264, 891–
895.

Bittrich H.-J., Gedan H., and Feix G. (1979) Zur Loslichkeitsbeein-
flussung von Kohlenwasserstoffen in Wasser.Z. Phys. Chem.
Leipzig260,1009–1013.

Bohon R. L. and Claussen W. F. (1951) The solubility of aromatic
hydrocarbons in water.J. Amer. Chem. Soc.73, 1571–1578.

Bradley R. S., Dew M. J., and Munro D. C. (1973) The solubility of
benzene and toluene in water and aqueous salt solutions under
pressure.High Temp.—High Press.5, 169–176.

Brooks W. B. and McKetta J. J. (1955) The solubility of 1-butene in
water.Petrol. Refin.32, No. 4,143–144.

Brown R. L., and Wasik S. P. (1974) A method of measuring the
solubilities of hydrocarbons in aqueous solutions.J. Res. Natl. Bur.
Stand.78A, 453–460.

Budantseva L. S., Lesteva T. M., and Nemtsov M. S. (1976) Deposited
doc., VINITI 438–76 (quoted from Shaw D. G. (1989a)).

Burnett M. G. (1963) Determination of partition coefficients at infinite
dilution by the gas chromatographic analysis of the vapor above
dilute solutions.Anal. Chem.35, 1567–1570.

Burnett M. G. and Swoboda P. A. T. (1962) A simple method for
calibration of sensitive gas chromatographic detector.Anal. Chem.
34, 1162–1163.

Burris D. R. and MacIntyre W. G. (1986) Solution of hydrocarbons in
hydrocarbon-water system with changing phase composition due to
evaporation.Environ. Sci. Technol.20, 296–299.

Burris D. R. and Macintyre W. G. (1984) Water solubility behavior of
hydrocarbon - implications for petroleum dissolution. InOil in
Freshwater: Chemistry, Biology and Countermeasure.(Eds. J. Yan-
dermueler and S. Hrudy.) Pergamon Press, 85–94.

Butler J. A. V., Ramchandani C. N., and Thomson D. W. (1935) The
solubility of non-electrolytes. Part I. The free energy of hydration of
some aliphatic alcohols.J. Chem. Soc.280–285.

Buttery R. G., Ling L. C., and Guadagni D. G. (1969) Volatilities of
aldehydes, ketones, and esters in dilute water solution.J. Agr. Food
Chem.17, 385–389.

Button D. K. (1976) The influence of clay and bacteria on the concen-
tration of dissolved hydrocarbon in saline solution.Geochim. Cos-
mochim. Acta40, 435–440.

Cabani S., Conti G., and Lepori L. (1974) Volumetric properties of
aqueous solutions of organic compounds. III. Aliphatic secondary
alcohols, cyclic alcohols, primary, secondary, and tertiary amines.J.
Phys. Chem.78, 1030–1034.

Cabani S., Conti G., Mollica V., and Lepori L. (1975) Thermodynamic
study of dilute aqueous solutions of organic compounds. Part 4.
Cyclic and straight chain secondary alcohols.J. Chem. Soc., Faraday
Trans. I71, 1943–1952.

Cabani S., Gianni P., Mollica V., and Lepori L. (1981) Group contri-
butions to the thermodynamic properties of non-ionic organic solutes
in dilute aqueous solution.J. Solut. Chem.10, 563–595.

Chen H. and Wagner J. (1994) Mutual solubilities of
alkylbenzene1water systems at temperatures from 303 to 373 K:
Ethylbenzene, p-xylene, 1,3,5-trimethyl-benzene, and butylbenzene.
J. Chem. Eng. Data39, 679–684.

Chernoglazova F. S. and Simulin Yu. N. (1976) Mutual solubility in the
system m-xylene-water.Zh. Fiz. Khim.50, 809 (in Russian).

Chirico R. D., Knipmeyer S. E., Nguyen A., and Steele W. V. (1997a)

459Thermodynamic functions of hydration of hydrocarbons



Thermodynamic equilibria in xylene isomerization. 1. The thermo-
dynamic properties of p-xylene.J. Chem. Eng. Data42, 248–261.

Chirico R. D., Knipmeyer S. E., Nguyen A., Reynolds J. W., and Steele
W. V. (1997b) Thermodynamic equilibria in xylene isomerization. 2.
The thermodynamic properties of m-xylene.J. Chem. Eng. Data42,
475–487.

Chirico R. D., Knipmeyer S. E., Nguyen A., Cowell A. B., Reynolds
J. W., and Steele W. V. (1997c) Thermodynamic equilibria in xylene
isomerization. 3. The thermodynamic properties of o-xylene.
J. Chem. Eng. Data42, 758–771.

Chirico R. D., Knipmeyer S. E., Nguyen A., and Steele W. V. (1997d)
Thermodynamic equilibria in xylene isomerization. 4. The thermo-
dynamic properties of ethylbenzene.J. Chem. Eng. Data42, 772–
783.

Christian S. D., Lane E. H., and Tucker E. E. (1981) Liquid-vapor
equilibrium of dilute aqueous solutions of methanol.J. Solut. Chem.
10, 181–188.

Coates M., Connell D. W., and Barron D. M. (1985) Aqueous solubility
and octan-1-ol to water partition coefficients of aliphatic hydrocar-
bons.Envir. Sci. Technology19, 628–632.

Conti G., Gianni P., Matteoli E., and Mencheri M. (1976) Capacita
termiche molari di alcuni composti-organici e bifunzionali nel liq-
uido puro e in soluzione acquosa a 25°.La Chimica e l’industria58,
225.

Cosgrove B. A. and Walkley J. (1981) Solubilities of gases in H2O and
2H2O. J. Chromatogr.216,161–167.

Costa F. S., Eusebio M. E., Redinha J. S., and Leitao M. L. P. (1999)
Enthalpies of solvation of hydroxyl cyclohexane derivatives in dif-
ferent solvents.J. Chem. Thermodyn.31, 895–903.

Cooling M. R., Khalfaoui B., and Newsham D. M. T. (1992) Phase
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APPENDIX 1. PARTIAL MOLAR THERMODYNAMIC
PROPERTIES OF HYDROCARBONS AND MONOHYDRIC
ALCOHOLS IN THE STANDARD AQUEOUS SOLUTION

AT 298.15 K AND 0.1 MPAS

Most computer codes used for geochemical modeling require values
of the standard state partial molar thermodynamic properties of com-
ponents in aqueous solution. Therefore it was decided to tabulate the
standard state partial molar Gibbs energy of formation,DfG

o, enthalpy
of formation,DfH

o, entropy,S2
o, heat capacity,Cp2

o, volume,V2
o, all at

298.15 K, 0.1 MPa, for some aqueous hydrocarbons and alcohols. The
requirement for tabulation is that the values be internally consistent
with the values of the thermodynamic functions of hydration obtained
in this study, the functions of vaporization for pure compounds selected
here, and the thermochemical data for pure compounds calculated using
the algorithms and group contribution values recommended by Domal-
ski and Hearing (1993). We should mention that the results of Domal-
ski and Hearing (1993) were adopted by Helgeson et al. (1998) for the
reference temperature 298.15 K, and by such a choice we provide the
consistency between the partial properties in Table A1 and the prop-
erties of hydrocarbons and alcohols in liquid and crystalline state given
by Helgeson et al. (1998).

Using the familiar relations

DhY
O 5 Y2

O~aq! 2 YO~ g! (A1)

DvapY
O 5 YO~ g! 2 YO~l ,s!, (A2)

whereY stands for any thermodynamic function, and all other abbre-
viations are defined in the text, one obtains for the partial property of
the standard aqueous solution

Y2
O~aq! 5 DhY

O 1 DvapY
O 1 YO~l ,s!. (A3)

For practical use the following relations hold:

DfH
O~aq! 5 DhH

O 1 DvapH
O 1 DfH

O~l ,s!, (A4)

S2
O~aq! 5 DhS

O 1 DvapS
O 1 SO~l ,s! 5

DhH
O 2 DhG

O

T

1
DvapH

O 2 DvapG
O

T
1 SO~l ,s!, (A5)

where temperature T5 298.15 K. To calculate the Gibbs energy of
formation consistently with the values ofDfH

o andS2
o, requires:

DfG
O~aq! 5 DfH

O~aq! 2 T z HS2
O~aq! 2 p z SO~C~c!!

2
q

2
z SO~H2~ g!! 2

r

2
z SO~O2~ g!!J , (A6)

wherep, q, r are the stoichiometric coefficients for C, H, and O in the
compound of the composition CpHqOr; S°(C(c)) 5 5.74(10)
J z K21 z mol21, S°(H2(g)) 5 130.680(3) Jz K21 z mol21, and S°(O2(g))
5 205.152(5) Jz K21 z mol21 stand for the standard state entropies
of the elements carbon, hydrogen, and oxygen in their reference
states, as adopted by CODATA (Cox et al., 1989), all at 298.15 K,
0.1 MPa.

The standard state partial molar heat capacity is obtained by means of

Cp2
o 5 DhCpo 1 Cpo~ g!, (A7)

where the values of the heat capacity of pure compounds in the ideal
gas state are calculated using the algorithm outlined in Domalski and
Hearing (1993).

In Table A1 we give the values of the standard state partial molar
thermodynamic functions of some hydrocarbons and alcohols in aque-
ous solution at 298.15 K, 0.1 MPa. Properties of thousands of other
aqueous compounds can be computed if necessary. As a rule, the values
of thermodynamic functions of hydration needed in Eqns. (A4)–(A7)
were calculated using the group contribution results of this study.
However, for linear hydrocarbons with carbon number#3 and cyclic
hydrocarbons, the experimental results given in Tables 1–4 were used,
if available. Sources of data for the Gibbs energy and enthalpy of
vaporization of pure compounds are given in Tables 1–4. The tabula-
tion is performed for compounds with the number of carbon atoms up
to twelve. The estimates for higher members of homologous series can
be done in a simple way by observing a regular trend in the change of
the numerical values of the thermodynamic functions with carbon
number. This trend is consistent with the following values of the
standard molar partial properties of the CH2 group at 298.15 K, 0.1
MPa: 8.8–9.0 kJz mol21 for the Gibbs energy of formation,224.2 to
224.6 kJz mol21 for the enthalpy of formation, 24.2–25.0 Jz mol21 z
K21 for the entropy, 86–87 Jz mol21 z K21 for the heat capacity.
Corresponding estimates given by Shock and Helgeson (1990) are 8.58
kJ z mol21, 223.72 kJz mol21, 28.0 Jz mol21 z K21 and 88.7 Jz mol21 z
K21, respectively, and those given by Amend and Helgeson (1997),
9.38 kJz mol21, 223.72 kJz mol21, 25.4 Jz mol21 z K21 and 86.6 Jz
mol21 z K21, respectively.

For a few compounds other sources of auxilary thermochemical
information have been used. In the case of toluene the entropy of the
liquid phase calculated using the algorithm of Domalski and Hearing
(1993) differs by more than 12 Jz mol21 z K21 from experimental
determinations. Therefore, for toluene we used a thermochemical cycle
based on So(C7H8(g)) 5 320.99 Jz mol21 z K21 as recommended by
Frenkel et al. (1994). For ethanol the difference between the experi-
mental and calculated values of the enthalpy of formation of the
liquid exceeds 2.5 kJz mol21 using the algorithm of Domalski and
Hearing (1993). Thus we accepted the value ofDfH

o (aq) 5
2288.2(4) kJz mol21 for ethanol as recommended in Pedley et al.
(1986), and for So(C2H6O(g)) 5 280.64 J z mol21 z K21 from
(Frenkel et al., 1994).

The representative uncertainties of the Gibbs energy and enthalpy of
hydration of hydrocarbons and alcohols are expected to be61.0 kJ z
mol21 and62–4 kJz mol21, respectively, except for the cyclic com-
pounds. The partial molar thermodynamic properties of hydrocarbons
and alcohols bear larger uncertainties than the corresponding functions
of hydration due to uncertainties of the enthalpy of formation and the
entropy of pure compounds. According to Helgeson et al. (1998) the
representative uncertainties associated withDfH

o for a solid/liquid/gaseous
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Table A1. Standard state partial molar thermodynamic functions of some hydrocarbons and monohydric alcohols in aqueous solution at 298.15 K,
0.1 MPa.

Compound Formula
DfG

o,
kJ z mol21

DfH
o,

kJ z mol21
S2

o,
J z mol21 z K21

Cp2
o,

J z mol21 z K21
V2

o,
cm3 z mol21

Normal alkanes
Methane CH4 234.12 287.58 87.79 256 37.3
Ethane C2H6 217.43 2103.92 113.4 315 51.5
Propane C3H8 28.54 2128.05 139.1 401 67.2
n-Butane C4H10 0.42 2151.68 166.2 489 82.9
n-Pentane C5H12 9.55 2174.46 195.6 574 98.6
n-Hexane C6H14 18.66 2198.01 222.5 660 114
n-Heptane C7H16 27.66 2223.29 243.9 746 130
n-Octane C8H18 36.61 2247.90 267.8 833 146
n-Nonane C9H20 45.56 2272.48 291.8 918 161
n-Decane C10H22 54.34 2296.97 316.6 1005 177
n-Undecane C11H24 63.29 2321.30 341.4 1091 193
n-Dodecane C12H26 72.16 2345.84 365.8 1177 208

2-Methylalkanes
2-Methylpropane C4H10 22.79 2158.93 152.7 467 83.0
2-Methylbutane C5H12 5.48 2181.95 184.1 577 98.7
2-Methylpentane C6H14 14.47 2206.55 207.9 663 114
2-Methylhexane C7H16 23.42 2321.15 231.8 749 130
2-Methylheptane C8H18 32.33 2255.94 255.2 835 146
2-Methyloctane C9H20 41.19 2280.44 279.7 921 161
2-Methylnonane C10H22 50.05 2304.94 304.2 1008 177
2-Methyldecane C11H24 58.98 2329.77 327.4 1093 193
2-Methylundecane C12H26 67.87 2353.24 355.3 1180 209

3-Methylalkanes
3-Methylpentane C6H14 16.95 2204.00 208.1 662 114
3-Methylhexane C7H16 25.78 2228.79 231.8 747 130
3-Methylheptane C8H18 34.64 2253.55 255.5 834 146
3-Methyloctane C9H20 43.46 2278.12 279.9 920 161
3-Methylnonane C10H22 52.50 2302.68 303.6 1006 177
3-Methyldecane C11H24 61.43 2326.58 329.9 1092 193
3-Methylundecane C12H26 70.35 2350.96 354.7 1178 209

2,2-Dimethylalkanes
2,2-Dimethylpropane C5H12 2.43 2193.18 156.7 610 98.7
2,2-Dimethylbutane C6H14 12.85 2217.00 178.6 669 114
2,2-Dimethylpentane C7H16 21.64 2241.86 202.2 756 130
2,2-Dimethylhexane C8H18 30.50 2264.22 234.0 842 146
2,2-Dimethylheptane C9H20 39.34 2290.90 251.3 929 161
2,2-Dimethyloctane C10H22 48.03 2316.80 271.7 1015 177
2,2-Dimethylnonane C11H24 57.00 2340.39 299.0 1102 193
2,2-Dimethyldecane C12H26 65.92 2364.88 323.4 1188 209

Cycloalkanes
Cyclopropane C3H6 115.47 29.96 122.5 356 54
Cyclobutane C4H8 123.18 4.63 148.1 390 59
Cyclopentane C5H10 51.69 2106.20 152.5 480 73
Cyclohexane C6H12 44.99 2156.13 143.9 516 87
Methylcyclopentane C6H12 55.71 2135.78 176.3 509 101
Cycloheptane C7H14 75.97 2157.84 170.7 679 102
Methylcyclohexane C7H14 47.85 2188.86 161.0 616 115
Cyclooctane C8H16 103.23 2169.63 176.2 775 116

1-Alkenes
Ethene C2H4 81.79 36.14 119.7 283 48.4
1-Propene C3H6 75.74 21.22 151.2 344 59.9
1-Butene C4H8 85.08 225.40 175.1 476 75.6
1-Pentene C5H10 93.79 248.74 204.1 539 91.3
1-Hexene C6H12 102.91 273.11 228.2 625 107
1-Heptene C7H14 111.90 297.71 251.9 712 123
1-Octene C8H16 120.85 2122.34 275.7 798 138
1-Nonene C9H18 129.77 2146.75 300.3 885 154
1-Decene C10H20 138.75 2171.23 324.5 972 170
1-Undecene C11H22 147.61 2195.70 349.1 1058 186
1-Dodecene C12H24 156.56 2219.87 374.5 1145 201
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Table A1. (Continued)

Compound Formula
DfG

o,
kJ z mol21

DfH
o,

kJ z mol21
S2

o,
J z mol21 z K21

Cp2
o,

J z mol21 z K21
V2

o,
cm3 z mol21

cis-2-Alkenes
cis-2-Butene C4H8 77.53 229.27 187.5 450 71.4
cis-2-Pentene C5H10 87.02 252.72 213.4 535 87.1
cis-2-Hexene C6H12 96.14 276.87 238.2 622 103

cis-2-Alkenes (continued)
cis-2-Heptene C7H14 105.08 2102.29 259.4 707 119
cis-2-Octene C8H16 114.00 2126.74 283.9 794 134
cis-2-Nonene C9H18 122.89 2151.23 308.4 880 150
cis-2-Decene C10H20 131.97 2175.69 332.3 967 166
cis-2-Undecene C11H22 140.80 2200.25 356.7 1053 181
cis-2-Dodecene C12H24 149.75 2224.71 381.1 1140 197

trans-2-Alkenes
trans-2-Butene C4H8 75.16 236.12 172.4 457 71.4
trans-2-Pentene C5H10 82.79 260.09 202.9 543 87.1
trans-2-Hexene C6H12 91.77 284.74 226.5 628 103
trans-2-Heptene C7H14 100.77 2109.55 249.5 715 119
trans-2-Octene C8H16 109.71 2134.01 273.9 802 134
trans-2-Nonene C9H18 117.60 2159.53 298.3 888 150
trans-2-Decene C10H20 127.58 2182.99 322.6 975 166
trans-2-Undecene C11H22 136.51 2207.45 347.0 1061 181
trans-2-Dodecene C12H24 145.46 2232.01 371.0 1147 197

Dienes
1,3-Butadiene C4H6 159.83 85.71 166.4 420 68.4
2-Methyl-1,3-butadiene

(isoprene) C5H8 154.37 45.21 185.3 512 79.9
1,4-Pentadiene C5H8 183.00 78.42 200.7 508 84.1
1,5-Hexadiene C6H10 192.03 53.83 224.3 595 99.8
1,6-Heptadiene C7H12 201.07 29.33 248.3 681 115
1,7-Octadiene C8H14 209.99 4.84 272.6 768 131

Cycloalkenes
Cyclopentene C5H8 122.69 7.92 165.5 489 71.5
Cyclohexene C6H10 117.09 237.11 170.7 598 85.8

1-Alkynes
Ethyne C2H2 218.19 212.40 122.7 195 42.5
1-Propyne C3H4 202.34 167.72 162.5 279 54.0
1-Butyne C4H6 211.03 144.27 191.1 363 69.7
1-Pentyne C5H8 221.91 117.33 200.7 449 85.4
1-Hexyne C6H10 230.87 92.84 224.9 535 101
1-Heptyne C7H12 239.77 68.36 249.3 622 117
1-Octyne C8H14 248.66 43.92 274.0 709 133
1-Nonyne C9H16 257.36 19.40 299.0 795 148
1-Decyne C10H18 266.27 25.08 323.4 882 164
1-Undecyne C11H20 275.19 229.57 347.8 968 180
1-Dodecyne C12H22 285.10 254.05 372.2 1055 195

Alkylbenzenes
Benzene C6H6 133.86 51.18 149.2 372 82.6
Methylbenzene (toluene) C7H8 127.05 14.11 184.1 427 98.2
Ethylbenzene C8H10 135.89 210.40 208.7 516 114
n-Propylbenzene C9H12 144.44 235.85 231.1 602 130
n-Butylbenzene C10H14 153.32 259.33 258.9 689 145
n-Pentylbenzene C11H16 162.06 284.86 280.4 775 161
n-Hexylbenzene C12H18 170.98 2109.44 304.5 862 177

Methylated benzenes
1,2-Dimethylbenzene C8H10 130.70 214.26 213.1 488 114
1,3-Dimethylbenzene C8H10 127.90 220.29 202.3 482 114
1,4-Dimethylbenzene C8H10 127.80 220.55 201.9 481 114
1,2,3-Trimethylbenzene C9H12 130.61 242.41 255.4 550 129
1,2,4-Trimethylbenzene C9H12 127.62 249.54 241.6 543 129
1,3,5-Trimethylbenzene C9H12 124.90 255.21 231.7 538 129
1,2,3,4-Tetramethylbenzene C10H14 130.40 272.88 290.3 612 145
1,2,3,5-Tetramethylbenzene C10H14 127.40 278.85 280.3 605 145
1,2,4,5-Tetramethylbenzene C10H14 135.80 272.23 274.3 605 145
Pentamethylbenzene C11H16 143.46 299.42 294.0 675 160
Hexamethylbenzene C12H18 156.13 2112.83 342.9 744 176
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phase are62.1 kJz mol21 and those associated withSo are62.1 Jz mol21 z
K21, which mean that the representative uncertainties associated with the
Gibbs energy of formation for a solid/liquid/gaseous phase are62.2 kJz
mol21. So, the expected uncertainties of the partial molar Gibbs energy of
formation of most aqueous compounds are within62.5 kJ z mol21 and
those for the enthalpy of formation are within64 kJz mol21. In most cases
the results tabulated in Table A1 agree within these brackets with values of
the partial molar properties of aqueous hydrocarbons and alcohols given in
Shock and Helgeson (1990) and Amend and Helgeson (1997).

A more accurate tabulation of the partial molar properties of aqueous
hydrocarbons and alcohols presupposes a consideration of a large
variety of the original thermochemical information available and a
careful selection of the most reliable values of the enthalpy of forma-
tion and entropy of solid/liquid/gaseous phases.

We used our best efforts to deliver high quality values in the data
bases presented. However, it is impossible to guarantee the absence of
misprints and mismatches in the Tables given, and we will be grateful
for any report of errors found.

Table A1. (Continued)

Compound Formula
DfG

o,
kJ z mol21

DfH
o,

kJ z mol21
S2

o,
J z mol21 z K21

Cp2
o,

J z mol21 z K21
V2

o,
cm3 z mol21

1-Alcohols
Methanol CH4O 2175.66 2246.41 132.4 158 38.2
Ethanol C2H6O 2181.03 2288.20 146.6 263 55.1
1-Propanol C3H8O 2169.38 2310.79 169.8 355 70.7
1-Butanol C4H10O 2161.05 2335.67 193.3 445 86.6
1-Pentanol C5H12O 2152.16 2360.06 218.1 535 102.4
1-Hexanol C6H14O 2143.34 2384.32 243.5 612 117.8
1-Heptanol C7H16O 2134.49 2408.55 269.0 698 133.5
1-Octanol C8H18O 2125.69 2432.71 294.9 785 149
1-Nonanol C9H20O 2117.47 2458.59 316.9 867 165
1-Decanol C10H22O 2108.37 2482.97 341.0 953 181
1-Undecanol C11H24O 299.29 2507.35 365.2 1039 196
1-Dodecanol C12H26O 290.17 2531.74 389.3 1125 212

2-Alcohols
2-Propanol C3H8O 2185.89 2331.70 153.5 357 71.8
2-Butanol C4H10O 2175.40 2355.22 175.8 444 86.6
2-Pentanol C5H12O 2166.88 2379.33 202.8 530 102
2-Hexanol C6H14O 2158.22 2404.52 225.7 616 118
2-Heptanol C7H16O 2149.39 2429.02 250.3 703 134
2-Octanol C8H18O 2140.48 2453.45 274.9 789 149
2-Nonanol C9H20O 2131.55 2477.98 299.1 876 165
2-Decanol C10H22O 2122.64 2502.51 323.4 962 181
2-Undecanol C11H24O 2113.63 2526.94 347.6 1049 196
2-Dodecanol C12H26O 2104.71 2551.47 371.9 1136 212

2-Methyl-1-Alcohols
2-Methyl-1-propanol C4H10O 2165.17 2340.96 189.3 441 86.5
2-Methyl-1-butanol C5H12O 2154.57 2365.62 207.5 528 102
2-Methyl-1-pentanol C6H14O 2145.67 2390.03 232.2 614 118
2-Methyl-1-hexanol C7H16O 2136.76 2414.56 256.5 701 134
2-Methyl-1-heptanol C8H18O 2127.74 2438.99 280.7 787 149
2-Methyl-1-octanol C9H20O 2118.83 2463.52 305.0 874 165
2-Methyl-1-nonanol C10H22O 2109.91 2488.05 329.2 959 181
2-Methyl-1-decanol C11H24O 2101.01 2512.48 353.8 1046 196
2-Methyl-1-undecanol C12H26O 291.99 2537.01 377.7 1133 212

2-Methyl-2-alcohols
2-Methyl-2-propanol C4H10O 2181.15 2375.99 125.4 464 87.8
2-Methyl-2-butanol C5H12O 2168.66 2398.30 145.1 536 101
2-Methyl-2-pentanol C6H14O 2159.81 2420.48 177.5 622 118
2-Methyl-2-hexanol C7H16O 2150.86 2445.03 201.5 709 134
2-Methyl-2-heptanol C8H18O 2141.94 2469.46 226.1 795 149
2-Methyl-2-octanol C9H20O 2133.03 2493.99 250.4 882 165
2-Methyl-2-nonanol C10H22O 2124.11 2518.42 274.9 969 181
2-Methyl-2-decanol C11H24O 2115.10 2542.95 298.9 1054 196
2-Methyl-2-undecanol C12H26O 2106.18 2567.38 323.4 1141 212
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