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The consistent valence-force field of alkanethiols (AlkSH), dialkyl sulfides (AlkSAIK"),
and alkanedithiols (HSRSH, R is alkylene) was determined for the first time by the solution of
an inverse spectral problem. The vibrational spectra of 40 linear and branched molecules
AlkSH, RSR’, and HSRSH were calculated. Their thermodynamic functions (enthalpy,
entropy, thermal capacity, and free Gibbs energy) were determined by methods of statistical
mechanics in the 298—1500 K temperature interval. Within the framework of the additive-
group approach, the quantitative relationships "structure—property"” were considered for the
thermodynamic functions of AlIkSH, AlkSAlk’, and HSRSH, and the parameters of the
relationships were calculated. The results of calculations and experimental data were com-
pared.
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Virtually all petroleum deposits of our country con-
tain great amounts of sulfur compounds. Therefore,
petroleum refinement and obtaining of the most valu-
able raw material, organosulfur compounds, are among
the most important problems of petrochemistry. In re-
cent time, the theory of reactions of such compounds
has been developed in detail,1=7 however, much less
attention is given to the estimation of their thermody-
namic parameters. At the same time, knowing these
characteristics facilitates the development and improve-
ment of the corresponding technologies.

The most thermodynamic parameters presented$—10
for AIkSH and AIkSAIk’ were obtained by Scott and
McCullough. They calculated the thermodynamic func-
tions of these molecules using the experimental values
and those calculated by statistical thermodynamics meth-
ods using spectral data and temperature plots of thermal
capacities of several first molecules of the homological
series indicated (eight alkanethiols, four alkanesulfides,
and two alkanedisulfides). Then their increments (con-
tributions of the CH, and Me groups) were found in the
framework of the additive-group modelll and character-
istics of other HAIkSH and AIlkSAlk” molecules with
the normal structure were obtained by the addition of
the increment of CH, to the corresponding parameter
of the preceding molecule of the series.$:10

Note that standard enthalpies of formation of mol-
ecules from simple substances AH;°(298) were obtained
under the assumption of S, formation from gaseous
sulfur and later were recalculated by other researchers
relatively to orthorhombic sulfur. Therefore, the en-
thalpies presented in reference books differ within
1 kJ mol 1.10.12—14 Thermodynamic parameters for
branched molecules are very scarce in literature (these
are mainly AH°(298)), and all of them refer to C;—Cs
molecules and 298 K.12:13,15 For HSRSH (R is alkylene)
only four AH;°(298) values were published,10-12—14 and
parameters for polythiols are unknown at all.

This work is aimed, first, at calculating the main
thermodynamic characteristics (enthalpy, entropy, ther-
mal capacity, and free Gibbs energy) for several key
molecules AlkSH, HSRSH, and AIkSAIk’" in the
298—1500 K temperature interval and, second, at deter-
mining the reference parameters and developing the
calculation methods, which allow the establishment of
these characteristics for any molecules of the series
indicated. With this purpose, we used the methods of
calculation of vibrations of molecules in the harmonic
approximation for the valence-force method and the
calculation apparatus of statistical mechanics of mol-
ecules. Parameters of the geometric structure, force
fields, and internal rotations of molecules are the refer-

Published in Russian in Izvestiya Akademii Nauk. Seriya Khimicheskaya, No. 9, pp. 1487—1493, September, 2001.
1066-5285/01/5009-1563 $25.00 © 2001 Plenum Publishing Corporation



1564  Russ.Chem.Bull., Int.Ed., Vol. 50, No. 9, September, 2001

Turovtsev et al.

ence data for these methods. The quantitative "struc-
ture—property" relationships were searched for in the
framework of the additive-group approach.

Estimation of geometric parameters

Published data on the geometry of thiols AIkSH and
sulfides AlkSAIk” differ insignificantly. The following
consistent values were accepted for the mercapto group
(—SH) in B AIkKSH and HSRSH: HC—S) = 1.817 A,
nS—H) = 1.329 A, angle C—S—H = 96°16; in AlkSAIk’
nC—S) = 1.802 A, angle C—S—C = 98°52°.17 The
averaged parameters of the "alkyl tail" are standard: all
angles are equal to tetrahedral of 109°28°16”, C—H)
= 1.093 A in (Me), HC—H) = 1.099 A in (CH,), (C—
H) = 1.099 A in (CH) and (C—C) = 1.543 A, which
corresponds to the geometry of alkanes accepted in
literature.18 Nonbranched thiols AIkSH have C, symme-
try (the symmetry plane coincides with the plane of the
CSH angle, the molecule is symmetric relatively to the
plane).19-20 Molecules of dimethyl sulfide Me,S and
other alkanesulfides Alk,S belong to the symmetry group
C,, (they have the symmetry axis of the second order
and two symmetry planes), and molecules of
nonbranched dialkyl sulfides AlIkSAIK” are attributed to
the C; group. Using the accepted parameters, the main
central moments of inertia, their products (/4/gl), and
reduced moments of inertia (/,,) of tops of delayed
internal rotation of the molecules considered.

Calculation of vibrational frequencies

The reliable frequencies and assignments of the vi-
brational spectra of methanethiol (MeSH), ethanethiol

(EtSH), and dimethyl sulfide (Me,S) were obtained.1?
In addition, some frequencies were assigned by the
groups of vibrations of the first terms of the homological
series of alkane-1-thiols, alkane-2-thiols, dialkyl sul-
fides, and dialkyl disulfides.2! Based on these spectra of
MeSH, EtSH, and Me,S,1? we solved the inverse spec-
tral problem for these classes of molecules. When solv-
ing it, the condition was imposed: the force constants of
"alkyl residues" should correspond to those of alkanes
recommended in the previous work.!8 The consistent
force field was found for the first time for AIkSH and
AIkSAIk’. It allowed the calculation of the spectra of
the molecules with both normal and branched struc-
tures.

The found values (Table 1) of the force constants
were used for the determination of the vibrational fre-
quencies of other AIkSH, AlkSAlk’, and HSRSH com-
pounds. All calculations were performed using the origi-
nal program, which allows the calculation of the primal
and inverse problems and the determination of the
geometric and thermodynamic parameters of molecules.
The force field obtained reproduce satisfactorily the
vibrational spectra (Table 2). This is especially signifi-
cant for the low-frequency region because provides a
rather reliable estimation of the vibrational contribution
to the thermodynamic functions.2? Note that the fre-
quencies obtained supplement substantially the available
experimental values.

The vibrational frequencies of MeSH, EtSH, and
Me,S calculated by us are compared with the experi-
mental values in Table 2. We cannot present here all
found frequencies and their assignments because the
number of calculated molecules is great (40).

The calculation showed that for AIKSH in the state
of the ideal gas ~95% energy of the stretching vibration

Table 1. Force constants of molecules of alkanethiols, alkanedithiols, and dialkyl sulfides (106 cm™2)

Force constants MeSH EtSH Me,S Force constants MeSH EtSH Me,S
K(S—H) 6.4 6.4 — A(CH,HCH) in CH, — 0.3 —
K(C-S) 4.8 4.7 5.05 A (CH, CCH) — 0.46 —
K(C—H) in Me 8.2 8.03 8.2 A(CS, SCH) 0.5 0.5 0.4
K(C—H) in CH, — 7.8 — A(CS, CSH) 0.2 0.2 —
K(C—-C) — 6.6 — A(CC, CCS) — 0.3 —
K(CSC) — — 1.8 A(CC, CCH) — 0.2 —
K(SCH) 0.94 0.94 0.85 A(SH, CSH) 0.3 0.3 —
K(HCH) in Me 0.7 0.71 0.7 A(CS, CCS) — 0.45 —
K(HCH) in CH, — 0.7 — L(SCC;,CCH,) in Me — 0.2 —
K(SCC) — 1.5 — L(CSH, SCH) — —0.02 —
K(CSH) 1.1 1.12 — L(CSH;, SCC)) — 0.18 —
K(CCH) in CH, — 0.93 — L(SCH,, SCH,) —0.03 —0.03 —0.01
K(CCH) in Me — 0.92 — L(SCH,, H,CH,) —0.01 —0.01 —0.01
H(CH, CH) in Me 0.07 0.06 0.07 L(CCH,, CCH,) — —0.025 —
H(CH,CH) in CH, — 0.01 — L(CCH,, H,CH,) — —0.05 —
A(CH, SCH) 0.35 0.35 0.35 A(CS, SCH)) 0.4 — 0.4
A(CH,HCH) in Me 0.3 0.3 0.3 A(CH, CSC) — — 0.46
L(CSC, SCH) — — —0.01 L(C;SC, SCH)) — — 0.4

Note. H;, C; are atoms lying in one plane.
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Table 2. Experimental and calculated frequencies (cm™!) of vibrations of methanethiol, ethanethiol, and dimethyl sulfide

Methanethiol Ethanethiol Dimethyl sulfide
IR19:24 Raman*1942 Calculation = IR! Raman*1942 Calculation Raman*942 IR*%17 Raman*1® IR!® Calculation
3000 2999 2996 3050 2966 2970 2984 ** — 2988 2998 2999
3000 2999 2995 — 2966 2969 2980 — 2988 2998 2996
— 2931 2930 — 2930 2928 — — — 2970 2996
2597 2572 2572 — 2872 2894 2952 — 2952 — 2996
1475 — 1442 2800 2872 2871 — — — 2930 2928
1430 1428 1441 2580 2570 2572 2911 2924 2914 2930 2928
1335 1319 1313 1453 1448 1463 2852 — — — —
1074 1057 1067 1453 1448 1460 2844 ** — — — —
976 — 982 1453 1448 1459 2832 — — — —
803 805 805 1385 1374 1377 2734 — — — —
708 703 701 ~1309 1314 — 1460 1436 1444 1429
1269 1265 1269 — — 1436 1444 1429
1092 1092 1091 1440 1441 1420 1439 1428
1049 1047 1423 1420 1420 — 1425
978 968 979 1335 ** 1334 1326 1331 * 1327
870 870 869 1328 1309 — 1315 1325
745 737 740 1274 — — —
660 657 655 1234 1242 — — —
332 334 1074 — — —
1043 1039 — — 1031
1028 — — —
~1000 — — —
976 — — —
972 ** 972 — 973 944
919 917 919 — 939
906 — 903 928
803 — —
742 741 740 743 * 737
708 — — —
691 691 691 ~695 692
480 — — — —
283 282 284 282 * 280
— — — 182 —

* In the liquid phase.
** Absent from literature.42

of the S—H bond falls per frequency of 2572 cm™!
assigned to this vibration and this frequency must be
constant in the absence of the molecular interaction.
Therefore, the scatter (2566—2576 cm™!) of the corre-
sponding experimental values obtained for the con-
densed state characterizes intermolecular interactions of
AIkSH in the liquid and solid states, changes in the
geometry of the molecules and their electron densities,
and the strength of hydrogen bonds of the mercapto
group.23

It seems impossible to eliminate the discrepancy
between the calculated (944 and 928 cm™!) and experi-
mental (973 and 903 cm™!) frequencies of the de-
formational vibrations of the SCH angle (see Table 2)
without a considerable increase in the number of force
constants because the derivatives of frequencies with
respect to the force constants of these vibrations are the
same in sign and approximately equal in value. This
discrepancy can be related to the resonance of these
vibrations.

Calculation of thermodynamic functions

The thermodynamic functions (S°(7), C°)(T),
H°(T) — H°(0), G°(T) — H°(0)) of twenty thiols AlkSH,
ten sulfides AlkSAIk’, and ten dithiols HSRSH in the
state of the ideal gas in the 298.15—1500 K temperature
region were calculated by the formulas of statistical
mechanics43 in the approximation "rigid rotator—har-
monic oscillator" using the molecular constants and
spectral parameters estimated in this work. The barriers
of the hindered internal rotation of the —SH group in
AlkSH and HSRSH were taken from Refs. 10 and 24,
the barrier of rotation about the C—S bond in AlkSAIlk’
was also published,!0:17.25 and the barriers for alkyl
groups were accepted to be equal to those for al-
kanes.26:27 Similar regularities based on the principle of
transfer of force constants in series of related organic
compounds are widely used for the estimation of ther-
modynamic functions, whose experimental values are
unknown.28—32 The calculated values are presented in
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Table 3, and in Table 4 some $°(298) u C3(298) values
calculated by us are compared with the corresponding
experimental values.

"Structure—property"” relationships
for thermodynamic functions

Phenomenological methods based on the "structure—
property” interrelation are a rather simple and efficient
tool for the estimation of thermodynamic values of
organic molecules.28:33—35 Among them, the additive-
group model can be considered most developed.!! Based
on the obtained values, we calculated the parameters of
this model. These parameters are increments (contribu-
tions) of functional groups of atoms to the value of the

property. Remind that a group, by definition,!! is a
multivalent atom with its monovalent substituents. In-
crements of similar groups can differ depending on their
nearest environment.

Tables 5—7 contain the set of groups from which the
AlkSH and AIkSAIk” molecules were simulated and
their increments (contributions to H°, $°, and C})
found by the least-squares method. As in the calcula-
tions of the force constants, the increments of the
groups modeling "alkyl residues" were assumed the same
as those for alkanes; they are taken from the previously
published works.27:33 For the groups containing bivalent
sulfur, we also refined the contributions to AH;°, which
are also presented in literature.33 This increased the
accuracy of calculations of AHP. The temperature de-

Table 3. Thermodynamic functions AH(298) (kJ mol™!), $5,(298) (J (mol K)™1), and C3(298) (J (mol K)™!), and coefficients in
Eq. (1) at 298—1500 K (all values are referred to the state of ideal gas)

Compound AHP(298)* 55(298) C5(298) a b-1073 c- 1075 d-1079
Methanethiol —22.9 254.72 51.11 20.12 117 =5.15 8.5
Ethanethiol —46.3 296.10 73.50 17.85 217 —11.0 21.9
Propanethiol —67.9 337.68 95.82 14.11 322 —-17.5 37.5
Propane-2-thiol —76.2 323.69 98.61 17.86 319 —-17.5 38.0
2-Methylpropane-2-thiol —109.6 335.794 125.051 16.20 433 —24.7 54.1
2,2-Dimethylpropane-1-thiol —129.0 377.556 146.529 8.67 554 —33.2 77.2
2-Methylpropane-1-thiol —97.3 365.068 120.481 12.14 429 —24.3 54.2
Dimethyl sulfide —37.5 285.08 75.74 25.05 196 —9.42 17.9
Butanethiol —88.1 379.80 118.11 9.73 431 —24.3 53.9
Pentane-1-thiol —110.1 423.07 140.442 5.76 538 -31.0 69.8
Hexane-1-thiol —129.9 467.15 162.78 1.79 645 —37.6 85.7
3,3-Dimethylpropanethiol —115.1* 407.063 142.574 8.19 538 —-314 71.5
Methylpropane-1-thiol —94.7* 367.085 121.304 14.11 427 —24.4 54.8
Methyl ethyl sulfide 332.12 97.72 22.53 294 —15.0 30.4
Methyl propyl sulfide 374.924 120.036 18.51 401 —21.7 46.3
Diethyl sulfide 368.49 119.74 20.09 391 —20.6 42.9
Ethyl propyl sulfide 416.337 142.053 16.07 498 —27.3 58.8
Dipropyl sulfide 453.864 164.366 12.06 605 —-33.9 74.7
Isopropyl ethyl sulfide 415.873 141.727 15.47 500 —27.4 59.2
Ethyl isobutyl sulfide 446.602 167.617 16.43 602 —34.1 75.8
Diisobutyl sulfide 515.75 215.46 12.78 813 —47.5 109.0
Butane-1,4-dithiol 438.563 137.905 24.02 458 —26.9 61.8
Pentane-1,5-dithiol 483.17 160.34 20.41 564 —-33.5 77.3
Hexane-1,6-dithiol 529.01 182.78 16.79 670 —40.0 92.9
Butane-1-thiol 366.74 121.33 17.74 410 —22.6 49.2
Butane-2-thiol 366.78 121.51 18.27 409 —22.5 48.8
2-Methylbutane-2-thiol 393.08 149.01 25.87 490 —27.1 59.4
2-Methylpentane-2-thiol 420.27 170.27 12.11 632 —36.4 81.1
2,2-Dimethylbutane-1-thiol 432.15 169.51 5.49 658 —38.7 87.1
3,3-Dimethylbutane-1-thiol 425.55 169.61 5.42 661 -394 90.1
4-Methylpentane-1-thiol 450.67 165.96 6.64 639 —-37.3 84.4
4,4-Dimethylpentane-1-thiol 472.27 192.06 2.22 765 —45.7 105.0
2-Methylheptane-2,7-dithiol 588.03 236.02 21.39 865 —51.6 118.0
2,4-Dimethylhexane-1,6-dithiol 593.68 232.46 12.91 891 —54.0 126.0
Heptane-2,7-dithiol 564.60 209.55 22.03 756 —45.1 105.0
2,2-Dimethylhexane-1,6-dithiol 582.80 236.88 24.33 862 —52.4 124.0
2-Methylhexane-1,6-dithiol 561.11 210.62 22.30 760 —45.4 105.0
3,3-Dimethylhexane-1,6-dithiol 587.82 235.34 14.66 891 —54.0 125.0
3-Methylhexane-1,6-dithiol 556.78 209.69 20.55 763 —45.7 106.0
Methyl isobutyl sulfide 400.07 144.34 15.81 513 —28.9 64.1

* According to data in Ref. 13.
** Found from increments (present work).
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Table 4. Experimental?10.12,15.29.36 and calculated thermodynamic parameters (S°/J (mol K)7!,
C5/J (mol K)™1) for alkanethiols and dialkyl sulfides at 298.15 K

Molecule $°/J (mol K)~! C5/3 (mol K)~!
1 11 Experiment 1 11 Experiment
Methanethiol 254.72 258.99 254.64 S51.11 51.19 50.25
254.97 50.42
255.06 50.71
Ethanethiol 296.10 305.01 296.10 73.50 73.87 72.68
Propane-1-thiol 337.68 344.34 336.39 95.82 96.77 94.77
Propane-2-thiol 323.69 329.03 324.30 98.61 97.95 95.98
Butane-2-thiol 366.78 368.36 366.73 121.51 120.85 119.29
366.81 120.96
2-Methylpropane-2-thiol 335.79 341.19 338.03 125.05 124.70 120.96
2-Methylpropane-2-thiol 365.07 371.18 362.88 120.48 118.86 118.32
Dimethyl sulfide 285.08 282.29 285.56 75.74 75.43 74.10
285.85
Methyl ethyl sulfide 332.12 334.07 333.13 97.72 98.11 95.10
Diethyl sulfide 368.49 374.33 368.02 119.74 120.79 117.03

Note. The maximum error (to 3%) is referred to C;—Cj; molecules, then the error decreases to less than 1%.
1, calculation by the statistical mechanics method; II, calculation by the increment method.

pendence of the thermal capacity in the 298.15—1500 K
region was presented in the form

C(T) =a+ bT+ cT? + dT3. (1)

The cubic temperature dependence (1) of the ther-
mal capacity is very rarely met in literature, and at most
5—6 quadratic dependences were found for the mol-
ecules considered.36 Our studies of forty molecules
showed that in the studied temperature region only
cubic function (1) gave an error <1%, and the quadratic
function gives an error >3%, and the function

CAT)=a+bT+ cT™2 )

results in an error of at least 10%. It is important to take
into account the cubic term in Eq. (1) (despite the
smallness of coefficient d) in calculation in the high-
temperature region. The increments were found for each
coefficient in Eq. (1) for the temperature region indi-
cated (see Table 6).

Table 5. Increments of the enthalpy of formation
(AHP(298)/] mol™1)
Group AHP S°

/kJ mol~! /T (mol K)~!
(C)—SH 19.75 141.34
(C),—CH—(S) —10.46 —47.6
—S— 49.99 52.76
Me—(X) (X =C, S) —42.96 126.78*
(C);—C—(C) 4.73 —146.44*
(C);—C—(S) 3.19 —143.95
(C)—CH,—(S) —24.59 46.02
(C),—CH—(C) -39 —51.46*
(C)—CH,—(C) —20.41 39.33*

* According to data in Ref. 27.

In calculations of the entropy from the correspond-
ing increments, the term RLnc should be subtracted
from the obtained value, where 6 = p6,5]0107-.+; Omo] 1S
the index (number) of symmetry of the molecules and o;
is that of the ith internal rotation, and p is the weight of
the ground electron state (usually p = 1). The calculated
and experimental values of (°,(298), §°(298), and
AHP(298) are compared in Tables 4 and 7. The AG(T)
value is determined from Eq. (3) taking into account
(4) and (5):

AGA(T) = AHP(T) = TSX(T), ©)
at
T
AH(T) = AH°(298.15)+ [C,(T)dT, 4
298.15
T C,dT
SUT)=5(298.15)+ [ ——. ©)
298.15

Table 6. Increments of the entropy $°(298)/J (mol K)™!

Group a b-1073 1075 4-107°
(C)—SH 18.67 22,52 —1.17 1.96
Me—(X) (X = C, S)* —0418 102.17 —494  9.46
(C)—CH,—(S) —2.72 102.31 —6.17 14.26
(C)—CH,—(C)* —1.05 95.73 —=5.55 12.43
(C),—CH—(S) —1.38 93.63 —6.96 19.04
(C);—C—(O)* —17.07 159.49 —15.07 44.73
(C),—CH—(C)* =7.2 111.04 —8.39 23.53
(C)3—C—(S) —0.78 99.02 —8.65 24.37
—S— 25.97 —9.66 0.66 —1.84

Note. The values of a/J (mol K)~!, 5/] (mol K2)7I
¢/J (mol K371, d/J (mol K%~ are given.
* According to data in Ref. 27.
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Table 7. Comparison of experimental and calculated by incre-
ments values of AH°(298)/kJ mol™!

Molecule AHP(298) &*
Experiment!3 Calculation
Methanethiol —22.9 —23.21 0.31
Ethanethiol —46.3 —47.80 1.50
Propane-1-thiol —67.9 —68.21 0.31
Propane-2-thiol —76.2 —76.63 0.43
2-Methylpropane-1-thiol —-97.3 —94.66 —2.64
Dimethyl sulfide —37.5 —35.93 -—1.57
Ethyl methyl sulfide —59.6 —60.52 0.92
Butane-1-thiol —88.1 —88.62 0.52
Butane-2-thiol —96.9 —97.04 0.14
Methyl propyl sulfide —82.3 —80.93 —1.37
Diethyl sulfide —83.6 —85.11 1.51
Pentane-1-thiol —110.1 —109.03 —1.07
2-Methylbutane-2-thiol —127.1 —126.35 —0.75
Methyl butyl sulfide —102.2 —101.34 —0.86
Ethyl propyl sulfide —104.7 —105.52 0.82
3-Methylbutane-1-thiol —114.9 —115.07 0.17
2,2-Dimethylpropane-1-thiol ~ —129.0 —128.99 —0.01
Ethane-1,2-dithiol -9.7 —9.68 —0.02
Butane-1,4-dithiol —50.4 —50.50 0.10
Pentane-1,5-dithiol =71.0 =70.91 —0.09

*8 = AHP(298)cxp — AHP(298)cqlc-

The presented parameters are appropriate for calcu-
lations of AHy of alkanepolythiols only in the case
where the contributions of nonvalent interactions of the
SH groups to AHy of the indicated molecules are
negligible. These contributions can quantitatively be
estimated using the method of macroincrement simula-
tion (macroincrementing).37 According to the latter, the
increments to AHy® of the SH groups in positions 1, 2,
1, 3, efc. (designated as Aj ,(SH—SH), A; 3(SH—SH),
etc.) can be determined from the following expressions:

Al’z(SH—SH) = {SH(CH2)2$H} -
—09%1.3 « —9.7£1.1

— {2 MeCH,SH — MeMe}, (6)
—46.3+0.6 —83.8+0.4

0.7£1.6 « —29.7%£13
— {MeCH,SH + Me(CH,),SH — MeMe}, (7)
—46.3£0.6 —67.9+0.7 —83.8+0.4
A1’4(SH—SH) =
1.0+£1.9 «

= {SH(CH,),SH} — {2 Me(CH,),SH — MeMe}. (8)
—50.4+1.8 —67.940.7  —83.8+0.4

The right parts of the upper rows of Egs. (6)—(8)
contain in braces the molecules with the interaction
considered, and the second braces contain their models

built from the corresponding molecules in such a way
that this interaction is ignored a priori. Then the differ-
ence between the AH;° values of a real molecule and its
model is equal to the desired contribution. The contri-
butions calculated from the experimental values!3 of
AHy for the corresponding molecules are presented in
the left parts of the second rows of Egs. (6)—(8). The
errors of these values were calculated as root-mean-
square errors of AH® of the model compounds (right
parts of (6)—(8)).

As can be seen, the considered contributions are
indeed negligible. This allows us to recommend param-
eters in Tables 1, 5—7 to be used in calculations of AH°
of alkanepolythiols when at most one mercapto group is
bound to the C atom. The barriers of internal rota-
tion of methanethiol (5.3 kJ mol™!),38 ethanethiol
(6.8 kJ mol™1),39 2-propanethiol (5.8 kJ mol~!),40 and
2-methylpropanethiol-2 (5.7 kJ mol~!)4! also confirm
our conclusion because the barrier height depends slightly
on the functional environment of the mercapto group.

Thus, the single force field for AIkSH, AIkSAIk’,
and alkanepolythiols was proposed in the present work
for the first time. The vibrational frequencies of many
molecules were determined, and a good correspondence
of the calculated and experimental values was obtained.
Based on the calculated spectra, we assigned the vibra-
tional frequencies of complicated molecules, whose spec-
tra are insufficiently studied. The parameters for the
calculations of AH(298), 5°(298), and C°,(T) were
found in the framework of the additive-group approach.
The presented coefficients for temperature dependence
(a) allow the calculation of values of other thermody-
namic functions for any molecule of these classes in the
298—1500 K temperature interval.

References

1. M. G. Voronkov and E. N. Deryagina, Usp. Khim., 2000,
69, 90 [Russ. Chem. Rev., 2000, 69, 81 (Engl. Transl.)].
2.1. V. Koval’, Usp. Khim., 1994, 63, 338 [Russ. Chem. Rev.,

1994, 63, 323 (Engl. Transl.)].

3.1. V. Koval’, Usp. Khim., 1994, 63, 154 [Russ. Chem. Rev.,
1994, 63, 147 (Engl. Transl.)].

4. M. G. Voronkov and E. N. Deryagina, Usp. Khim., 1990,
59, 1338 [Russ. Chem. Rev., 1990, 59 (Engl. Transl.)].

5. Chemistry of Organosulfur Compounds. General Problems,
Ed. L. 1. Belen kii, Ellis Horwood, New York, 1990, 378 pp.

6. G. F. Bol’shakov, Seroorganicheskie soedineniya nefti
| Organosulfur Compounds in Petroleum], Nauka, Novosibirsk,
1986, 246 pp. (in Russian).

7. N. K. Lyapina, Khimiya i fiziko-khimiya seroorganicheskikh
soedinenii neftyanykh distillyatov | Chemistry and Physico-
chemistry of Organosulfur Petroleum Distillates], Nauka, Mos-
cow, 1984, 120 pp. (in Russian).

8. D. Scott and J. McCullough, The Chemical Thermodynamic
Properties of Hydrocarbons and Related Substances, U. S. Bur.
Mines. Bull., 1961, 595 pp.

9. B. V. Aivazov, S. M. Petrov, V. R. Khairullina, and V. G.
Yapryntsev, Fiziko-khimicheskie konstanty seroorganicheskikh
soedinenii | Physicochemical Constants of Organosulfur Com-
pounds], Khimiya, Moscow, 1964, 280 pp. (in Russian).



Properties of bivalent sulfur compounds

Russ.Chem.Bull., Int.Ed., Vol. 50, No. 9, September, 2001

1569

10.
I1.

12.

13.

14.

15.

16.

17.
18.

19.

20.

21.

22.

23.

24.

25.

26.

27.
. V. A. Kireev, Metody prakticheskikh raschetov v termodinamike

D. Stull, E. Westrum, and G. Sinke, The Chemical Thermo-
dynamics of Organic Compounds, J. Wiley, New York, 1969.
S. W. Benson, Termochemical Kinetics, Wiley, New
York, 1968.

M. Kh. Karapet ‘yants and M. L. Karapetyants, Osnovnye
termodinamicheskie konstanty neorganicheskikh i organi-
cheskikh veshchestv [ The Main Thermodynamic Constants of
Inorganic and Organic Substances], Khimiya, Moscow, 1968,
471 pp. (in Russian).

J. Pedley, R. Naylor, and S. Kirby, Thermochemical Data of
Organic Compounds, Chapman and Hall, London—New
York, 1986, 792 pp.

M. Mansson and S. Sunne, Acta Chem. Scand., 1962,
16, 1863.

Spravochnik khimika |Chemist’s Manual]l, Ed. B. P.
Nikol skii, Goskhimizdat, Leningrad—Moscow, 1963, 1,
1071 pp. (in Russian).

Khimicheskii entsiklopedicheskii slovar’| Chemical Encyclope-
dic Dictionary], Ed. 1. L. Knunyants, Rossiiskaya Entsiklo-
pediya, Moscow, 1998, 792 pp. (in Russian).

L. Pierce and M. Hayashi, J. Chem. Phys., 1961, 35, 479.
L. A. Gribov, V. A. Dement’ev, and A. T. Todorovskii,
Interpretirovannye kolebatelnye spektry alkanov, alkenov i
proizvodnykh benzola, Nauka, Moscow, 1986, 496 s.

L. M. Sverdlov, M. A. Kovner, and E. P. Krainov,
Kolebatel'nye spektry mnogoatomnykh molekul |Vibrational
Spectra of Polyatomic Molecules|, Nauka, Moscow, 1970,
559 pp. (in Russian).

G. Gerzberg, Molecular Spectra and Molecular Structure,
National Research Council of Canada, Toronto—New
York—London, 1966.

D. Scott and J. McCullough, J. Am. Chem. Soc., 1958,
80, 3554.

A. A. Ivlev, M. Ya. Koroleva, and V. A. Dement’ev,
Zh. Fiz. Khim., 1974. 48, 2424 [J. Phys. Chem., USSR,
1974, 48 (Engl. Transl.)].

Fizicheskaya khimiya | Physical Chemistry], Ed. K. S. Krasnov,
Vol. 1, Vysshaya Shkola, Moscow, 1995, 512 pp. (in
Russian).

D. Scott, H. Finke, J. McCullough, M. Gross,
K. Williamson, G. Waddington, and H. Huffman, J. Am.
Chem. Soc., 1951, 73, 261.

H. Dreizler and H. Rudolph, Z. Naturforsch. Teil A, 1962,
17, 712.

I. B. Golovanov, G. R. Ivanitskii, and I. G. Tsygankova,
Dokl. Akad. Nauk, 1996, 350, 489 [ Dokl. Chem., 1996, 350,
235 (Engl. Transl.)].

N. Cohen, J. Phys. Chem., 1992, 96, 9052.

khimicheskikh reaktsii | Methods for Practical Calculations in
Thermodynamics of Chemical Reactions], Khimiya, Moscow,
1970, 519 pp. (in Russian).

29.

30.

31.

32.

33.
34.

35.

36.

37.
38.

39.

40.

41.

42.
. I. N. Godnev, Vychislenie termodinamicheskikh funktsii po

0. V. Dorofeeva and L. V. Gurvich, Zh. Fiz. Khim., 1996,
70, 7 [Russ. J. Phys. Chem., 1996, 70, 1 (Engl. Transl.)].
0. V. Dorofeeva and L. V. Gurvich, Termodinamicheskie
svoistva politsiklicheskikh aromaticheskikh uglevodorodov v
gazovoi faze | Thermodynamic Properties of Polycyclic Aro-
matic Hydrocarbons in the Gas Phase], Preprint No. 1 — 238,
IVTAN, Moscow, 1988, 48 pp. (in Russian).

0. V. Dorofeeva and L. V. Gurvich, Termodinamicheskie
svoistva politsiklicheskikh aromaticheskikh uglevodorodov,
soderzhashchikh pyatichlennye koltsa, v gazovoi faze | Ther-
modynamic Properties of Polycyclic Aromatic Hydrocarbons
Containing Five-membered Rings in the Gas Phase], Pre-
print No. 1 — 263, IVTAN, Moscow, 1989, 48 pp. (in
Russian).

0. V. Dorofeeva and L. V. Gurvich, Termodinamicheskie
svoistva gidrirovannykh proizvodnykh naftalina, antratsena i
fenantrena v gazovoi faze |Thermodynamic Propertiies of
Hydrated Derivatives of Naphthalene, Anthracene, and
Phenanthrene in the Gas Phase], Preprint No. 1 — 239,
IVTAN, Moscow, 1988, 48 pp. (in Russian).

N. Cohen and S. Benson, Chem. Rev., 1993, 93, 2419.

V. M. Tatevskii, Stroenie molekul [Structure of Molecules],
Khimiya, Moscow, 1977, 512 pp. (in Russian).

V. M. Tatevskii, Teoriya fiziko-khimicheskikh svoistv molekul
i veshchestv [ Theory of Physicochemical Properties of Mol-
ecules and Substances], 1zd-vo MGU, Moscow, 1993, 464 pp.
(in Russian).

Kratkii spravochnik fiziko-khimicheskikh velichin | Brief Ref-
erence Book of Physicochemical Magnitudes], Eds. A. A.
Ravdel” and A. M. Ponomareva, 9 edition, St. Petersburg,
1999, 232 pp. (in Russian).

H. Rosenstock, J. Dannacher, and J. Liebman, Radiat.
Phys. Chem., 1982, 20, 7.

T. Kojima and T. Nishikawa, J. Phys. Soc. Jpn., 1957,
12, 680.

J. McCullough, D. Scott, H. Finke, M. Gross,
K. Williamson, R. Pennington, G. Waddington, and
H. Huffman, J. Am. Chem. Soc., 1952, 74, 2801.

J. McCullough, H. Finke, D. Scott, M. Gross, J. Messerly,
R. Pennington, and G. Waddington, J. Am. Chem. Soc.,
1954, 76, 4796.

J. McCullough, D. Scott, H. Finke, W. Hubbard, M. Gross,
C. Katz, R. Pennington, J. Messerly, and G. Waddington,
J. Am. Chem. Soc., 1953, 75, 1818.

K. Kohlrausch, Ramanspektren, Leipzig, 1943.

molekulyarnym dannym | Calculation of Thermodynamic Func-

tions from Molecular Data], Gostekhteorizdat, Moscow, 1956,
420 pp. (in Russian).

Received April 2, 2001




