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Abstract. A combined experimental and theoretical study of two members of the series of o-
substituted  S-phenyl thiobenzoates: S-phenyl o-chlorothiobenzoate and S-phenyl o-
bromothiobenzoate was performed. Room and low-temperature solid-state Fourier-transform
infrared spectra of the mentioned compounds were recorded and tentative empirical assign-
ment of the most important bands was proposed, afterwards verified by ab initio results. The
geometries of the two molecules were optimized at Hartree-Fock level of theory with the 3-
21G(d,p) basis set, and subsequently numerical harmonic vibrational analyses were performed.
The computed structural parameters agree well with the crystallographically obtained values.
Except for the reminiscent of the benzene v, vibrational mode (the “Kekule™ type vibration),
the scaled theoretical harmonic vibrational frequencies are in a very good agreement with the
experimental ones, confirming the applicability of HF/3-21G(d,p) scaled harmonic force field
for a study of species with more than 12 atoms.

INTRODUCTION

The o-substituted S-phenyl thiobenzoates were studied widely, with an emphasis on both struc-
tural and spectroscopic aspects. Structural characteristics of the mentioned compounds dis-
solved in different solvents have been studied employing various techniques, including infrared
spectroscopy [ 1], polarographic methods [2], as well as dipole moment measurements [1]. The

crystal structures of S-phenyl o-chlorothiobenzoate and S-phenyl o-bromothiobenzoate were



solved using single crystal X-ray diffractometry [3]. However, very few data have been re-
ported on the solid-state infrared spectra of these species [2]. In the present work, we report a
systematic solid-state Fourier-transform infrared spectroscopic study of S-phenyl o-
chlorothiobenzoate and S-phenyl o-bromothiobenzoate, combined with an ab initio HF SCF
geometry optimization and subsequent harmonic force field calculation. Theoretical HF SCF
harmonic vibrational analysis was used as a basis for a more exact assignment of the IR spec-

tral bands.

EXPERIMENTAL

Both compounds, S-phenyl o-chlorothiobenzoate and S-phenyl o-bromothiobenzoate were
prepared according to the method reported by Prangova et al. (2], by mixing of equimolar
quantities of pyridine solution of thiophenol and corresponding o-substituted benzoyl chloride
in the presence of nitrogen. Elemental analysis was employed in order to check the purity of
the obtained compounds. Solid-state Fourier-transform infrared spectra of the mentioned com-
pounds were recorded on a Perkin-Elmer System 2000 interferometer, at both room (RT) and
liquid nitrogen boiling temperature (LNT). A Graseby Specac variable temperature cell was

used for the low-temperature measurements.

COMPUTATIONAL DETAILS

The geometries of S-phenyl o-chlorothiobenzoate and S-phenyl o-bromothiobenzoate mole-
cules were fully optimized at the uncorrelated HF SCF level of theory, using Schlegel's gradi-
ent optimization algorithm [4, 5] (computing the second derivatives of the energy with respect
to nuclear coordinates analytically), employing an initial guess of the second-derivative matrix.
The standard 3-21G(d,p) basis set [6-11] was used for orbital expansion. Although being
rather small, the employed basis set has been shown to be sufficient for harmonic vibrational
analysis of species containing more than 12 atoms in the structure [12]. It has been verified that
often very little is gained by the usage of larger 6-31G or 6-31G(d,p) bases, especially when

computation of harmonic vibrational force field is in question [ 13-15].
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The stationary points found on the molecular potential energy hypersurfaces were char-
acterized by numerical harmonic vibrational analysis. The absence of imaginary frequencies
(negative eigenvalues of the second-derivative matrix) confirmed that they correspond to real
minima (instead of being saddle points). All quantum-chemical calculations were performed

with the Gaussian 94w series of programs [16].

RESULTS AND DISCUSSION

The most important structural parameters for S-phenyl o-chlorothiobenzoate and S-phenyl o-
bromothiobenzoate molecules calculated at HF/3-21G(d,p) level of theory together with the
crystallographically obtained data are presented in Table 1. The optimized geometries of the

two compounds are presented in Fig. 1.

TABLE 1. Selected HF/3-21G(d,p) optimized structural parameters for S-phenyl
o-chlorothiobenzoate and S-phenyl o-bromothiobenzoate molecules together with
the single-crystal X-ray data

S-phenyl o-chlorothiobenzoate S-phenyl o-bromothiobenzoate

Parameter
HF/3-21G(d,p)  Experimental  HF/3-21G(d,p)  Experimental

R(C-Ch/A 1.744 1.754 s =
R(C-Br)/ A . . 1.922 1.888
R(C-0)/A 1.203 1.164 1.203 1.190
R(C-S)/A 1.792 1.786 1.791 1772
R(S-Cing) / A 1.774 1.774 1.774 1776
R(Ceo-C) 1 A 1.497 1.528 1.497 1516
R(CexC) 1A 1.382 1.374 1.378 1.393
R (Cex—Cicon / A 1.389 1.375 1.384 1.372
<(XCCco 1 0 122.2 120.2 122.7 120.7
<(XCC)/0 117.2 118.0 117.0 118.4
<(0CC) /0 124.3 125.7 1245 125.0
<(SC(0)C) 10 112.7 109.3 112.4 109.7
<(0CS)/ 0 122.9 125.0 123.0 125.3

As can be seen from Table 1, the HF/3-21G(d,p) level of theory predicts only a subtle

geometry changes in the other part of the molecule upon the replacement of chlorine with
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bromine. However, the overall agreement with experimental data is good, having in mind that

they refer to a solid state sample, while ab initio data refer to a free molecular system.
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FIGURE 1. The HF/3-21G(d,p) optimized geometries of S-phenyl o-chlorothiobenzoate (a)
and S-phenyl o-bromothiobenzoate (b).

The computed HF/3-21G(d,p) harmonic vibrational frequencies, together with the solid
state LNT FT-IR data are summarized in Table 2. Theoretical vibrational frequencies were
scaled by a constant factor of 0.89375, in order to account for systematic errors at the HF
theoretical levels due to the neglect of the dynamical electron correlation effects, as well as the
basis set truncation errors. Experimental solid state FT IR spectra of the studied compounds
are shown in Fig. 2. According to Table 2, the overall agreement between theoretical and ex-
perimental frequencies is quite satisfactory. However, one notable exception is the well recog-
nized multiconfigurational vibrational problem present in the vibrational analysis of benzenoid
rings. Namely, it is particularly interesting to study the performances of the uncorrelated HF
methodology in predicting the frequencies of the reminiscent of the v,4 mode in benzene (ac-
cording to Wilson's notation) [17]. The v 4 (B2,) mode is the so-called “Kekule™ type vibration
[18, 19], recognized in the language of electronic structure theory as a multiconfigurational
problem [20-22]. From a computational aspect, in the case of benzene and some of its substi-

tuted derivatives, the mentioned mode has been shown to be particularly sensitive to electron



correlation effects as well as to the basis set size [17, 20, 22). Even the MP2 methodology us-
ing the standard 6-31G(d,p) basis fails to describe it correctly [17]. Rather large basis sets of
the TZ2P + f quality are required for successful treatment of this problem [17]. On the other
hand, the density functional BLYP methodology has been shown to be capable of handling this
vibration with sufficient accuracy even with a DZP quality basis set [20], implying a correct
description of the correlated density provided by this gradient-corrected DFT method. In the
present case, the HF/3-21G(d,p) methodology predicts values of 1103.4 and 1102.6 cm™ (for
S-phenyl  o-chlorothiobenzoate), while 1107.1 and 1103.2 cm’ (S-phenyl  o-
bromothiobenzoate) for the harmonic vibrational frequency of the multireference v, ring

modes. These values are some 200 cm™ lower than the value measured for benzene.
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FIGURE 2. Low temperature solid-state FT-IR spectra of S-phenyl o-chlorothiobenzoate (a)
and S-phenyl o-bromothiobenzoate (b).
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Since the frequency of this mode is not expected to be such significantly affected upon
substitution [18, 21], one is lead to a conclusion that the HF/3-21G(d,p) force field does not
allow an accurate description of this vibration for the present cases. It is unfortunately not pos-
sible to make an unambiguous assignment of this mode in the vibrational spectra of the studied
compounds, but however, it seems that the predicted frequency is significantly lower than it
could be expected. However, the general conclusion on the inadequacy of the single-
determinant HF theory in prediction of the harmonic vibrational frequencies for such multi-
reference modes is supported according to the presented results. We have recently examined
the performances of the HF SCF methodology in predicting the “Kekule” mode frequencies in
the case of benzenesulfonate anion, and arrived at very similar conclusions [23].

Tt is further worth noting (Table 2) that practically all of the higher-frequency modes
(above 500 cm') are highly localized within the particular aromatic rings of the investigated
compounds. The halogen substitution affects only slightly the other vibrational motions. The
overall agreement of the HF/3-21G(d,p) values with the experimental data further supports the
statement that the HF/3-21G(d,p) harmonic force field is sufficient for analyzing molecular sys-

tems with more than 12 atoms.

TABLE 2. Ab initio HF/ 3-21G(d,p) harmonic vibrational frequencies (scaled by a constant
factor of 0.89375), IR intensities and approximate description of normal modes, together with
the experimental solid-state FT IR data for S-phenyl o-chlorothiobenzoate and S-phenyl o-
bromothiobenzoate.

S-phenyl o-chlorothiobenzoate

IHFB'Z i G(d"? Exp. Approximate description
viem!'  I/kmmol v/iem'!

3110.0 39 3080 Ve (Ph)
3110.0 1.7 3071 Veny (Ph-Cl)
3104.8 1.6 3056 Venu (Ph-C1)
3098.0 13.1 3050 Vene (Ph)
3094.1 7.3 3039 venu (Ph-Cl)
3089.8 13.0 3031 Venet (Ph)
3082.0 0.8 3019 veny (Ph-Cl)
3081.2 4.6 3010 Vppy (Ph)

3072.1 0.1 Ve (Ph)
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TABLE 2. (continued)

1685.8 155.2 1687 Voo
1569.0 17.7 1587 vee (Ph-Cl)
1566.5 0.9 1576 Vee (Ph)
1552.3 1.0 1567 vee (Ph)
1543.3 14.6 vee (Ph-CD
1469.5 19.3 1477 Spw (Ph)
1456.9 29.3 1469 Spna (Ph-CI)
14243 20.2 1436 Spwit (Ph)
1421.7 215 Senn (Ph-C1)
1322.4 45 1304 By (Ph)
1266.4 8.1 1271 Spn (Ph-CI)
1195.1 36.4 1208 Spru (Ph-Cl)
1192.7 0.7 Bew (Ph)
1177.1 1.1 1177 ey (Ph)
1160.4 97.9 1156 Veoxe + dece (Ph-Cl)
1115.6 119 1131 Vee + 8 (Ph-Cl)
1103.4 0.7 Vee aekuee (Ph)
1102.6 17.7 Vee kekuiey (Ph-Cl)
1082.4 2.1 1091 Ves + Scee (Ph)
1059.0 27.0 1067 cee (Ph-CI)
1056.2 0.3 1061 Yen (Ph-CI)
1053.3 04 Yenu (Ph)
1051.6 1.6 Bcce (Ph)
1027.5 04 1030 Yenn (Ph)
1021.3 1.8 1023 Yenn (Ph-CI)
1017.1 6.5 1000 dcec (Ph)
1012.6 7.6 Bcce (Ph-Cl)

982.1 0.1 991 Scce (Ph)

977.8 0.8 970 Yennt (Ph)

936.7 7.9 962 Yern (Ph-C1)

881.2 133.0 915 Yenu (Ph) + 8cco
880.6* 102.8 906 Yeurt (Ph)

3111.1 5.0 3078 Ve (Ph-Br)

3109.6 23 3066 Ve (Ph)



TABLE 2. (continued)

3105.2
3097.9
3094.0
3089.6
3081.9
3081.1
3071.9
1688.2
1571.7
1566.6
1552.3
1545.4
1469.6
1462.4
1424.4
1423.6
1322.5
1272.3
1200.1
1192.5
1177.1
1164.9
1115.7
1107.1
1103.2
1082.7
1077.0
1061.7
1053.3
1051.6
1036.3
1027.5
1017.1
1013.6

982.1

977.6

960.0

884.9
880.8*

1.9
133
73
13.0
0.7
4.6
0.1
155.1
18.4
1.0
1.0
13.5
19.3
30.1
26.8
8.4
4.4
8.6
43.2
0.7
1.0
81.4
7.4
12.4
4.8
1.7
0.9
234
0.4
1.7
1.9
0.4
6.1
72
0.1
0.8
8.9
228.9
25
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3054
3049
3038
3026
3020
3013

1687
1582
1562

1477
1466
1438
1430
1303
1281
1208

1177

1156
1123

1068

1050

1023

1000
990

907
879

Vpnn (Ph-Br)
Ven (Ph)
Veny (Ph-Br)
Vewn (Ph)
Vene (Ph-Br)
Veha (Ph)
Venn (Ph)
Veo

vee (Ph-Br)
vee (Ph)

vee (Ph)

vee (Ph-Br)
Bpnn (Ph)
Bpny (Ph-Br)
Ben (Ph)
Bpnit (Ph-Br)
Sprs (Ph)
Bpnit (Ph-Br)
Sth (Ph-Bl'

Veoe + Occe (Ph-Br
Vee + Opnn (Ph-Br
Vee wekune) (Ph-Br)
Vee kekurr (Ph)
Ves + 8cee (Ph)
Yot (Ph-Br)
8ccc (Ph-Br)
Yenn (Ph)
Scce (Ph) + Bpya (Ph)
Yus (Ph-Br)
Yene (Ph)
8cec (Ph)
Scee (Ph-Br)
Sccc (Ph)
Yenu (Ph)
Yo (Ph-Br)
dcce (Ph-Br) + Beco
Ve (Ph)

)
)
Seu (Ph)
)
)

*followed by 10 low-frequency modes



The structures and vibrational force fields of S-phenyl o-chlorothiobenzoate and

S-phenyl e-bromothiobenzoate were studied on the basis of the solid-state FT IR spectra and

ab initio HF/3-21G(d,p) calculations. The computed structural parameters of these systems

agree well with the crystallographic data. Except for the multireference “Kekule” type vibra-

tion of the benzenoid rings, the HF/3-21G(d,p) level of theory leads to a very good overall

agreement with the experimental FT IR data, allowing thus a more rigorous basis for band as-

signments.
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