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The rovibrational spectra of thioanisole
(TA) and its halogenated derivatives, 3-
(3FTA) and 3-
chlorothioanisole (3CITA), were mea-
sured using synchrotron-based Fourier
transform infrared spectroscopy (FTIR)
at the Canadian Light Source. Com-
bined with density functional theory
calculations, the stable structures and
vibrational modes of TA, 3FTA, and
3CITA in their vibrational states were

fluorothioanisole

INTRODUCTION

analyzed. The theoretical vibrational mode frequencies were corrected by simulating the rota-
tional structure of a vibrational band. The contributions of the cis- and trans-isomers of
3FTA and 3CITA to the FTIR spectra at 298 K were estimated using the Boltzmann distribu-
tion, revealing their coexistence in the experimental spectra. The results indicate that both
fluorine and chlorine substitution significantly affect the vibrational modes, particularly in
the benzene ring. Compared to TA, the FTIR spectra of 3FTA and 3CITA show changes in
the frequencies and intensities of some vibrational modes, with halogen substitution causing
specific modes to shift to higher wavenumbers. A comparison of the FTIR spectra of TA,
3FTA, and 3CITA highlights the influence of halogen substitution on vibrational properties,
emphasizing how the type and position of the substituent affect frequency shifts and spectral
intensities. These findings provide deeper insights into how halogenation alters vibrational
spectra, which is crucial for further spectral analysis and molecular structure determination.
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tive consisting of a benzene ring and a methylthio group

Thioanisole (TA) is a fundamental benzene deriva-
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(-SCHg3). TA has a wide range of applications in indus-
trial and practical contexts. For example, in the phar-
maceutical industry, it is used as a raw material for the
synthesis of antibiotics and anti-ulcer drugs, and is a
routinely utilized scavenger in peptide synthesis [1, 2].
In the pesticide industry, it is employed in the synthe-
sis of insecticides, fungicides, and herbicides [3]. It is al-
so used as an additive in lubricants and as a raw materi-
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al for fragrance synthesis [4, 5]. However, regarding the
stable molecular structures of TA across different
states, it remains a topic of debate, and interpretations
of spectroscopic findings have not yet been fully re-
solved.

Currently, it has been confirmed that the TA
molecule adopts a planar structure in its electronic
ground state (Sp), first excited state (S1), and cationic
ground state (Dg). This conclusion is supported by mul-
tiple theoretical calculations and experimental studies.
As early as in 1987, Schaefer and co-workers inferred
through nuclear magnetic resonance analysis that the
most stable structure of TA in solution is planar [6—8].
Subsequent studies based on gas electron diffraction
spectroscopy [9], laser-induced fluorescence and dis-
persed fluorescence spectroscopy [10], as well as zero ki-
netic energy photoelectron spectroscopy [11], conclud-
ed that the TA molecule adopts only a single stable pla-
nar conformer. The rotational constants derived from
free-jet microwave spectroscopy clearly indicate the
presence of a planar conformer, with no transitions ob-
served corresponding to a perpendicular conformer [12].
Nevertheless, certain exceptions have been noted.
Zaripov et al, based on electron diffraction spec-
troscopy, proposed that the stable molecular configura-
tion of TA is neither planar nor perpendicular [13]. In-
stead, they observed a twisted structure, with a dihe-
dral angle of approximately 45° between the benzene
ring and the methylthio group. Moreover, previous
studies utilizing ultraviolet photoelectron and Raman
spectroscopy suggested that both planar and perpendic-
ular conformers could coexist in the Sg state [14, 15].

The stable conformers of TA derivatives are also un-
der discussion. Due to the strong conjugative interac-
tion between the benzene ring and the substituent func-
tional groups, the stable configurations of most phenyl
ether derivatives have been found to be planar [16—19].
For instance, 4-chloro-3-fluoroanisole [20] and 3-chloro-
N-methylaniline [21] have been confirmed as stable pla-
nar conformers in the Sgp, S1, and D states, as deter-
mined by resonance-enhanced two-photon ionization
(RE2PI)
(MATI). Other molecules, including m-fluoroanisole

and mass-analyzed threshold ionization
[22], m~chloroanisole [23], and m-methoxystyrene [24],
similarly exhibit planar structures. Nevertheless, a few
stable non-planar conformers have also been document-
ed, as observed in C¢H5SCF3 [25—27] and N-methylani-
[28—30]. For
molecules, the number, type (intrinsic properties), and

line derivatives phenyl derivative
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relative positions of substituents can exert varying de-
grees of influence on the physicochemical properties of
the molecule, with the influence extent not necessarily
being the same across different states. Spectroscopic
analyses, including Fourier transform infrared spec-
troscopy (FTIR) and two-color resonant two-photon
mass-analyzed threshold ionization spectroscopy, re-
vealed that trans-2-fluoroanisole adopts a non-planar
stable structure in its Sp state [31, 32]. In contrast, the
cis-planar isomer of 3-fluoroanisole was found to be the
most stable [22], due to the weaker substituent effect
between the fluorine atom and the -OCH3 group in the
meta-position. In trans-2-fluoroanisole, however, the
stronger substituent effects (both steric and inductive
effects) caused by the fluorine atom in the ortho-posi-
tion play a significant role.

Recently, Zhang et al. investigated the cis- and trans-
3-chlorothioanisole and  3-fluorothioanisole using
RE2PI, MATI spectroscopy, and quantum chemical
calculations [33, 34]. They determined the first electron-
ic excitation energies and adiabatic ionization energies,
and also obtained the vibrational spectra in the S; and
Do states. By comparing the two derivatives of TA,
they found that the inductive effects of the substituents
are qualitatively correlated with the energy changes rel-
ative to the unsubstituted molecule. These studies have
contributed to further research on TA and its deriva-
tives, but the vibrational spectral data for the neutral
ground state of TA and derivatives is still missing.

In this work, we employed FTIR spectroscopy based
on synchrotron radiation to acquire high-resolution in-
frared spectral data for TA and its derivatives substi-
tuted with halogen elements (F and Cl). With density
functional theory (DFT) calculations, we identified the
vibrational transitions from the ground state to the first
excited state for certain vibrational modes of TA, 3-flu-
orothioanisole ~ (3FTA), and  3-chlorothioanisole
(3CITA) and determined the stable structure of TA and
its derivatives in the Sg state and conducted a detailed
analysis of their vibrational modes. Subsequently, we
compared the experimental spectra of the three
molecules to investigate the effect of substituents, and
interesting changes in the vibrational modes of TA up-
on substitution with F and Cl have been observed and
explained.

1. EXPERIMENTAL METHODS

The rovibrational spectra of TA, 3FTA, and 3CITA

© 2025 Chinese Physical Society
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were measured utilizing high resolution FTIR spectrom-
eter equipped with synchrotron source at the Canadian
Light Source. In terms of signal-to-noise ratios, the use
of synchrotron radiation offers an advantage of up to an
order of magnitude over conventional thermal light
sources [35, 36]. Spectra were collected at a series of
pressures at room temperature because spectra at mul-
tiple pressures are needed for bands with substantial in-
tensity differences in the same spectral window. Spec-
tra of TA in the range from 400 to 1300 cm ™ were col-
lected at 0.0274 Torr using a Ge:Cu detector and KBr
beamsplitter. Spectra of 3FTA in the range from 30 to
600 cm ™! were collected at 0.3244 Torr using a QMC In-
struments Superconducting Niobium TES Bolometer
detector and 6 micron Mylar (T222) beamsplitter. Spec-
tra of 3FTA in the range from 400 cm ™' to 1300 cm !
were collected at 0.013 Torr using a Ge:Cu detector and
KBr beamsplitter. Spectra of 3CITA in the range from
400 cm™ ! to 1300 em ™! were collected at 0.027 Torr us-
ing a Ge:Cu detector and KBr beamsplitter. The sam-
ple was introduced into the 2 m multipass cell with an
absorption path length of 72 m and low resolution spec-
tra were recorded to optimize the pressure before the
high resolution scans started. Once a sufficient signal-to-
noise ratio was achieved, the sample compartment was
evacuated and background spectrum was recorded. Ul-
timately, the interferograms were processed to obtain
spectra using the OPUS software package provided by
Bruker.

. COMPUTATIONAL METHODS

The geometry optimization and infrared spectra cal-
culations for TA and its halogenated derivatives were
performed using the Gaussian 16 program [37]. We opti-
mized the geometries at the B3LYP /cc-pVTZ level of
theory, and the resulting structures are shown in
FIG. 1. To accurately simulate vibrational spectra in
terms of both frequency and intensity, it is necessary to
account for mechanical and electrical anharmonicity.
For very small molecules, rovibrational energy levels
can be computed via full variational methods [38]; how-
ever, for larger systems, simplified and more computa-
tionally affordable approaches based on either varia-
tional [39] or perturbational [40] strategies are required.
Among these, second-order vibrational perturbation
theory (VPT2) offers an effective and computationally
efficient framework [41]. Therefore, this study em-
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TA cis-3FTA trans-3FTA

cis-3CITA

trans-3CITA

FIG. 1 Chemical structures of thioanisole (TA) and its
two halogenated derivatives. Yellow spheres represent the
sulfur (S) atom, blue spheres represent the fluorine (F)
atom, and green spheres represent the chlorine (Cl) atom.

ployed the VPT2 method to calculate vibrational ener-
gy levels, transition intensities, and rotational con-
stants, including fundamentals, overtones, and combi-
nation bands. These calculations were also performed at
the B3LYP/cc-pVTZ level, as the B3LYP functional
has been demonstrated to be a highly suitable choice for
anharmonic frequency calculations [42]. To validate our
choice of functional, we also performed anharmonic cal-
culations using ®B97X-D and M06-2X. These function-
als produced results that were in worse agreement with
the experiment compared to B3LYP, showing B3LYP
to be the more suitable choice in this study. More de-
tailed results are available in Supplementary materials
(SM). All calculated stick spectra were convolved using
a Gaussian function with an 8 cm™ ! FWHM, and the re-
sulting anharmonic vibrational spectra were plotted us-
ing the Multiwfn program [43]. Subsequently, the rota-
tional constants obtained from the Gaussian output
were used as input for the Pgopher software [44] to sim-
ulate the fundamental band transition spectra for these
molecules.

The spectrum of TA in the 400-700 cm™! region is
shown in FIG. 2. The upper trace shows the “raw spec-
trum”, which includes sharp features due to HoO, D20,
and HDO lines from the samples of the preceding beam-
line users. These are readily discerned from the broader
TA features. The lower trace shows the lines arising
from H2O, D20, and HDO from the HITRAN database.
It is evident from the comparison in FIG. 2 that the
sharp lines in the experimental spectrum indeed origi-
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FIG. 2 An overview of the infrared spectrum of TA. The
upper black trace shows the raw experimental spectrum,
which includes multiple lines due to H2O, D2O, and HDO
impurities. The lower red trace shows the lines arising
from HoO, D20, and HDO transitions reported in the HI-
TRAN database.

nate from the H2O, D2O, and HDO. More details re-
garding the spectra of TA, 3FTA, and 3CITA are pre-
sented in SM.

IV. RESULTS AND DISCUSSION

The FTIR spectrum of TA in 400-1300 cm ™! is pre-
sented as the black trace in FIG. 3, shown together with
the FTIR spectrum is the B3LYP/cc-pVTZ computed
vibrational spectrum of T'A depicted by the blue verti-
cal lines and the convolution in blue. The overall shape
of the calculated spectrum matches well with the exper-
imental spectrum in terms of the frequency positions of
the peaks, but the relative intensities of some peaks
show slight differences. This effect is possibly due to the
flaws of DFT in calculating infrared spectra [45].

A. FTIR spectrum of thioanisole

Considering the controversy regarding the two
molecular conformations of thioanisole, the planar and
perpendicular conformations were subjected to opti-
mization using B3LYP /cc-pVTZ. It was found that the
perpendicular conformation converted into the planar
one after optimization, indicating that the planar con-
formation is the stable conformation of TA in the Sy
state (Cartesian coordinates of TA are provided in SM).
This result is consistent with the findings of most stud-
ies mentioned in the introduction.

Seven broad features at 479, 688, 735, 968, 1028,
1094, and 1112 cm ! can be observed in the FTIR spec-
trum of TA. The two peaks in the range of 650—
800 cm ! are the broadest and most intense features.
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FIG. 3 FTIR spectrum (black) and simulated IR spec-
trum of TA. The B3LYP/cc-pVTZ computed spectrum
(blue sticks) is convolved with an 8 cm' FWHM Gaus-
sian function (blue shaded area). The FTIR spectrum of
TA was recorded in the 400-1250 cm ! range at a resolu-
tion of 0.000960 cm . The spectrum was acquired at a
pressure of 0.0274 Torr, a temperature of 294.05 K, and
with a 72 m absorption pathlength.

Computational analysis (see Table I for details of the
computed modes) indicates that the most intense fea-
ture originates mainly from two modes, which primari-
ly consist of out-of-plane C—H bending, corresponding
to frequencies at 695 and 750 cm . The anharmonic
mode at 477 cm™ ! matches quite well with the experi-
mental spectrum and originates from CCC twisting.
The FTIR features in the 650-800 cm ! range and at
1035 cm™ ! exhibit a slight red shift compared to the cal-
culated anharmonic vibrational modes. The calculated
spectrum reveals three peaks in the 650-800 em !
range, which are comprised of three anharmonic modes
at 690, 695, 718, and 750 cm L. These calculated modes
primarily involve ring torsion and out-of-plane C-H
bending on the benzene ring, along with in-plane C-S
and S—CHs The peak at

1035 cm™ ! predominantly arises from in-plane C-H

stretching vibrations.

bending and C-C stretching on the benzene ring. It is
important to note that in the FTIR experimental spec-
trum, two peaks with significant intensity are observed
in the 650-800 cm ! range. This may be attributed to
the blending of certain features in the observed spec-
trum. The FTIR feature at 968 cm™ ! appears to consist

1, al-

mainly of two modes calculated at 953 and 965 cm
though this feature is slightly blue-shifted relative to
the calculated 953 cm™! vibration. The first calculated
mode originates from out-of-plane C-H bending of the
CHs group, while the second arises from in-plane C-H
bending of the CH3 group. The calculated anharmonic

modes in the 1040-1140 cm™ ! range match the experi-

© 2025 Chinese Physical Society


https://doi.org/10.1063/1674-0068/cjcp2505061
https://doi.org/10.1063/1674-0068/cjcp2505061
https://doi.org/10.1063/1674-0068/cjcp2505061
https://doi.org/10.1063/1674-0068/cjcp2505061
https://doi.org/10.1063/1674-0068/cjcp2505061

Chin. J. Chem. Phys., Vol. 38, No. 5

FTIR Spectroscopic Study of Thioanisole and its Halogenated Derivatives 591

TABLE I Experimental and B3LYP/cc-pVTZ calculated vibrational frequencies, intensities and vibrational assignments of
TA. Frequencies are given in cm ! and intensities are in km/mol.

Caculated results

Experimental results

Band Assignment Frequency Intensity Frequency Intensity
g CCC twisting 477.47 7.11 479.01 0.15
V10 sym. stretch C-S-C 690.14 6.22 686.00 0.51
V11 ring torsion 694.96 46.84 690.51 0.71
V12 asym. stretch C-S-C 718.24 6.67 730.00 0.59
V13 C-H bend 749.74 21.27 738.31 1.01
V16 CHj3 wag 953.10 3.82 965.63 0.21
V18 CHj3 rock 964.89 4.01 968.49 0.18
21 sym. stretch CC 1035.36 7.99 1028.18 0.25
V22 sym. stretch CC 1083.11 62.68 1093.28 0.27
V23 CC stretch/CH bend 1089.91 15.95 1094.40 0.29
vet+r11 1114.22 14.21 1110.22 0.12
vrtv10 1115.60 16.46 1112.60 0.13
mental spectrum well in terms of frequency positions. ——TAFTR
In order to more accurately determine the frequency e
positions of the vibrational modes, we simulated the .
rovibrational spectra of different vibrational modes g m«
transitioning from the ground state to the excited state. =
Taking the feature at 1028 em ! as an example (see
FIG. 4), we used the Pgopher to simulate the rovibra-
tional band of the most intense vibrational mode in this
region, vo1. The simulation results show that the rovi- TOE - . D40 THE 1040

brational band of vibrational mode closely matches the
FTIR experimental spectrum. By comparing the simu-
lated rovibrational spectra with the experimental data,
we corrected the theoretical vibrational mode frequen-
cies, thereby obtaining more accurate vibrational mode
positions. The final band origins of the experimental vi-
brational modes, refined using our rovibrational spec-
tral simulations, are presented in Table I. Additional
simulations for other vibrational bands of TA are pro-
vided in SM. Simultaneously, the calculated and experi-
mental results for TA were compared with existing vi-
brational assignments from the literature [46, 47] (see
SM for the comparison), which confirms the reliability
of our calculations. Furthermore, regarding the period-
ic “fringe” structures in the FTIR spectrum, similar to
those in FIG. 4 and FIG. S10 (SM), it should be clari-
fied that these are not real rotational information. They
are experimental artifacts caused by vibrations from the
vacuum pump and have no physical significance.

B. FTIR spectrum of 3-fluorothioanisole

Similar to TA, before starting the spectral analysis,
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Wavenumber (cm™)

FIG. 4 FTIR (black) and simulated rovibrational (red)
spectra of TA at 1028 cm™!. The simulated spectrum was
convolved using a Gaussian function with a 2 cm
FWHM.

the planar and perpendicular conformations of 3FTA
were optimized. The results show that the stable confor-
mation of 3FTA in the Sy state is the planar conforma-
tion. As shown in FIG. 1, the planar structure of 3FTA
has two isomers: ciss and trans-3FTA. At the
B3LYP/cc-pVTZ level, we optimized the geometric
structures of the two isomers and performed vibra-
tional analysis to obtain the thermal corrections. Single-
point energy calculations for both isomers were then
carried out using the CCSD(T)/cc-pVTZ. By combin-
ing the single-point energies with the thermal correc-
tions, the Gibbs free energies of the isomers were deter-
mined. The contribution of each isomer to the FTIR
spectrum under thermal equilibrium was subsequently
estimated using the Boltzmann distribution. The re-
sults show that at 298.15 K, the cis- and trans-isomers

contribute 55.83% and 44.17%, respectively, suggesting

© 2025 Chinese Physical Society
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FTIR (0.013 torr)
FTIR (0.3244 torr)
cis-3FTA
trans-3FTA

Intensity
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FIG. 5 FTIR spectra (black and yellow) and simulated
infrared spectra (blue and orange curves) of 3FTA. The
blue curve corresponds to the anharmonic infrared spec-
trum of the trans-3FTA, while the orange curve repre-
sents the anharmonic infrared spectrum of the cis-3FTA.
The B3LYP/cc-pVTZ computed anharmonic spectrum
(blue sticks) is convolved with an 8 cm™' FWHM Gaus-
sian function. The yellow trace shows the FTIR spectrum
over the 400-600 cm ! range, recorded at a resolution of
0.05 cm_l, at a pressure of 0.3244 Torr, a temperature of
328.25 K, and with a 72 m absorption pathlength. The

black trace shows the FTIR spectrum over the 400-
1250 cm™ ! range, recorded at a resolution of 0.00096 cm !,

at a pressure of 0.013 Torr, a temperature of 295.55 K, and
with a 72 m absorption pathlength.

that both isomers coexist and contribute to the FTIR
spectrum. The calculated position and intensity of the
cis- and trans-3FTA modes are listed in SM, with the
cis-isomer highlighted in orange and the trans-isomer in
blue in FIG. 5.

The FTIR spectrum reveals eleven distinct features
at 445, 520, 677, 773, 854, 888, 970, 1068, 1092, 1161,
and 1227 cm™. The most prominent features are ob-
served in the 800-900 cm ™! range. According to anhar-
monic calculations, these features primarily arise from
the fundamental peaks at 860, 883, 887 cmfl, as well as
the overtone peak at 895 cm . The modes at 860 and
883 cm ! are primarily due to the out-of-plane C—H
bending of the benzene ring, while the 887 cm ™! feature
originates from vibrations of the ring, including C-F
stretching and C-S stretching. DFT calculations show
that the feature at 445 cm ™! arises from CCC twist and
in-plane C-F bending on the benzene ring, while the

feature at 520 cm™!

corresponds to in-plane C-C bend-
ing. The 677 em ! peak is attributed to ring torsion and
in-plane C-C bending on the ring, and the 773 cm !
peak is caused by out-of-plane C—H bending of three ad-
jacent hydrogens on the benzene ring. The feature at
970 c¢m ! consists of vibrational modes at 958 and

972 cm ! for cis-, 957 and 970 cm ™! for trans-, and out-
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of-plane C-H bending on the methyl group at 958 and
957 cm_l, and the modes at 972 and 970 cm™ ! associat-
ed with in-plane C-H bending on the methyl group. The
feature at 1068 cm™ ' is composed of in-plane C—H bend-
ing, C—C stretching, and C-S stretching. The feature at
1092 cm ! is similar to that at 1068 cm ™! and involves
the same three vibrational modes. The peak at
1161 cm™ ! is attributed to in-plane C-H bending and
S—CHj stretching, while the 1227 cm ! feature primari-
ly arises from C—C stretching, C—H bending, C-F stre-
tching, and C-S stretching modes on the benzene ring.

C. FTIR spectrum of 3-chlorothioanisole

Similar to 3FTA, the planar and perpendicular con-
formations of 3CITA were optimized. The results show
that the conformation of 3CITA in the Sy state is pla-
nar. As shown in FIG. 1, two isomers of 3CITA, cis-
3CITA and trans-3CITA, were considered. The contri-
butions of these two isomers to the FTIR at 298 K were
estimated based on the Boltzmann distribution under
the assumption of thermal equilibrium. The results indi-
cate that the cis- and trans-isomers contribute 55.93%
and 44.07%, respectively, suggesting that both isomers
contribute to the FTIR spectrum and coexist in the ex-
periment. The anharmonic calculated positions and in-
tensities of the cis- and trans-3CITA modes are listed in
SM, with the cis-isomer highlighted in orange and the
trans-isomer in blue in FIG. 6.

The FTIR spectrum exhibits several distinct fea-
tures at 427, 677, 782, 867, 969, 997, 1086, and
1127 cm™ L. The most intense feature appears around
782 c¢m !, where the theoretical anharmonic IR spec-
trum indicates that the corresponding vibrational
modes are mainly found at 776 and 779 cm ! for cis-
and 772 and 775 cm ! for trans-3CITA. The 772 and
779 cm ! modes are attributed to out-of-plane C-H
bending, while the 775 and 776 em ! peaks correspond
to C—Cl stretching and C-S stretching. Additional theo-
retical calculations show that the 427 cm ™! mode is due
to out-of-plane C—H bending and C—C bending on the
benzene ring, while the mode at 677 em s primarily
caused by ring torsion. The mode at 867 cm ' mode is
associated with out-of-plane C—H bending on the ring.
The feature at 969 cm™! arises from two modes at 958
and 970 cm !, where the former corresponds to out-of-
plane C-H wagging on the methyl group, and the latter
to in-plane C-H rocking. The vibrational mode at
997 cm ! is due to CCC scissoring on the benzene ring.

© 2025 Chinese Physical Society
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FIG. 6 FTIR spectra (black) and simulated infrared spec-
tra (blue and orange curves) of 3CITA. The blue curve
corresponds to the anharmonic infrared spectrum of the
trans-3CITA, and the orange curve represents the anhar-
monic infrared spectrum of the ¢is-3CITA. The B3LYP/cc-
pVTZ computed anharmonic spectrum is convolved with
an 8 cm ' FWHM Gaussian function. The black trace
shows the FTIR spectrum over the 400-1250 cm ! range,
recorded at a resolution of 0.00096 cm_l, at a pressure of
0.027 Torr, a temperature of 294.85 K, and with a 72 m
absorption pathlength.

The mode at 1086 cm ! primarily involves C-Cl
stretching, C-S stretching, C-C stretching, and in-
plane C—H bending, with the same type of mode ob-
served at 1127 cm ™.

The calculated anharmonic spectra of cis- and trans-
3CITA are generally similar in terms of both wave-
length positions and relative intensities. The experimen-
tal spectra and calculated results are consistent with
previously reported frequencies [48] for ortho-substitut-
ed benzene rings, where the features are mainly at-
tributed to out-of-plane aromatic C—H bending and ring
skeleton vibrations.

D. FTIR spectra comparison of the TA, 3FTA, and 3CITA

Substituents significantly affect the vibrational spec-
tra of molecules through multiple mechanisms, such as
electronic effects, symmetry changes, and vibrational
mode coupling. The type, position, and electronic prop-
erties of the substituent all contribute to distinct alter-
ations in the vibrational modes, which result in differ-
ences between the spectra of substituted and unsubsti-
tuted molecules. In the following, the FTIR spectra of
TA and its derivatives, 3FTA and 3CITA, are com-
pared to investigate the effect of halogen substitution
on the vibrational spectra (as shown in FIG. 7).

The introduction of a substituent leads to changes in
both the number and position of spectral bands in the
benzene ring. The structural modification caused by the

DOI: 10.1063/1674-0068 /cjcp2505061

400 500 600 700 800 900 1000 1100 1200
Wavenumber (cm™)

FIG. 7 FTIR spectra of TA, 3FTA, and 3CITA.

substituent creates new vibrational modes, resulting in
the appearance of additional bands in the spectrum.
Anharmonic calculations show that when the hydrogen
on the benzene ring of phenyl methyl sulfide is replaced
by fluorine, a new in-plane C—F stretching vibration ap-
pears at 886 cm L. Similarly, when the hydrogen is re-
placed by chlorine, a C—Cl stretching vibration is ob-
served at 775 cm™ L. For ¢is-3CITA, a new out-of-plane
C-H bending vibration mode of the benzene ring adja-
cent to the -SCH3 group appears at 857 cm™ *. Previous
studies on the spectrum of fluorobenzene [49] have also
confirmed this phenomenon. The substitution of a fluo-
rine atom reduces the symmetry of the benzene
molecule, leading to a significant splitting of previously
degenerate energy levels. Additionally, this substitu-
tion alters the electronic distribution within the fluo-
robenzene molecule, which in turn causes a frequency
shift in the energy levels of the C—H stretching modes.
Furthermore, the electronic effects of the sub-
stituent modify the electron density distribution within
the molecule, which in turn alters the electronic envi-
ronment of the bonds. This leads to shifts in the fre-
quencies of the vibrational modes and changes in the
positions of the spectral bands. Comparing the key fea-
tures in the FTIR spectra of the three molecules, the vi-
brational mode at 688 cm™ ! in the TA spectrum corre-
sponds to the ring torsion. In the spectrum of 3FTA,
this vibrational mode is observed at 677 cm_l, while in
3CITA, it also appears at 677 cm™ L. This indicates that
the frequency of this mode remains largely unchanged
after halogen substitution. At 735 cm™ " in the TA spec-
trum, the vibrational mode is associated with the out-of-
plane C—H bending on the benzene ring. In 3FTA, this
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mode shifts to 773 crrfl7 and in 3CITA, it is observed at
785 cm !, indicating a significant shift to higher
wavenumber upon halogen substitution. The vibra-
tional mode at 966 cm™ ! in the TA spectrum is attribut-
ed to the out-of-plane wagging of C—H in the methyl
group. In the spectra of 3FTA and 3CITA, this mode is
observed at 957 cm™ ! and 956 cm !, respectively, indi-
cating minimal changes in frequency relative to TA.
Similarly, the mode at 971 ¢cm ™" in the TA spectrum,
corresponding to the in-plane rocking of C—H in the
methyl group, is observed at 970 em ! for 3FTA and
969 cm ! for 3CITA, showing no significant shifts in fre-
quency position. The vibrational mode at 1028 em !in
the TA spectrum, assigned to the C—C skeletal stretch-
ing in benzene ring, shifts to 1089 cm ! in 3FTA and
1073 cm ! in 3CITA, indicating a noticeable shift to
Additionally, the mode at
1095 cm ™! in the TA spectrum, corresponding to the
stretching of the carbon atom bonded to the -SCHj
group along with some in-plane C-H bending, is ob-
served at 1089 cm™! in 3FTA and 1086 ¢cm™ ! in 3CITA,
showing minimal variation in frequency compared to
TA.

The spectral analysis reveals that the majority of vi-

higher wavenumbers.

brational modes in the TA spectrum remain unchanged
in 3FTA and 3CITA after substitution of H atoms on
the benzene ring with F and Cl atoms. Only a small
subset of vibrational modes exhibits frequency shifts,
particularly those associated with the presence of Cl/F
atoms. The vibrational features related to Cl/F atoms
are observed to shift to higher wavenumbers in the
3FTA and 3CITA spectra, compared to the TA spec-
trum. The effect of halogens on the stretching vibra-
tions of the benzene ring is primarily manifested in their
inductive effect on the ring. The high electronegativity
of the halogen causes a strong electron withdrawal from
the benzene ring, leading to a polarization of the elec-
tron density on the ring. This increases the bond force
constant of the C—C bonds in the benzene ring, causing
the absorption peak frequency to shift to higher
wavenumbers. Changes in vibrational modes after halo-
gen substitution are commonly observed in benzene
derivatives. Infrared and Raman spectroscopic studies
of fluorobenzene, chlorobenzene, bromobenzene, and
iodobenzene at room temperature [50] have shown clear
shifts in the characteristic peaks of substituent-related
vibrational modes. Specifically, the vibrational charac-
teristic peaks of halogenated benzenes exhibit a blue
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shift as the atomic mass of the halogen decreases. This
effect occurs because heavier halogens have lower elec-
tronegativity, which weakens their inductive effect. As
a result, the force constant of the C—C bonds in the ben-
zene ring decreases, leading to a shift of vibrational fre-
quencies to lower wavenumbers.

Substituents also exert a significant influence on the
intensities of wvarious vibrational modes within a
molecule. Depending on the nature of the substituent,
certain vibrational modes may be either enhanced or at-
tenuated, resulting in a shift in the relative intensities of
the corresponding spectral bands. This phenomenon
arises from the interaction between the substituent and
the benzene ring, which modifies the molecular dipole
moment and consequently affects the infrared activity
and intensity of specific vibrational modes. In the FTIR,
spectrum of 3FTA, the most prominent intensity is ob-
served near 890 cm_l, predominantly arising from the
C—C stretching and C-F stretching vibrations. In con-
trast, the FTIR spectrum of 3CITA exhibits the high-
est relative intensity around 780 cmfl, primarily due to
the contributions of C—C in-plane bending and C-Cl
stretching vibrations. For TA, the highest intensity is
observed near 730 cm ™!, which is mainly attributed to
out-of-plane C-H bending vibrations. The substantial
electronegativity of halogen atoms induces a pro-
nounced electron-withdrawing effect on the benzene
ring, resulting in a redistribution of the electron density.
This alters the instantaneous dipole moment associated
with the skeletal vibrations, which leads to changes in
the relative intensities of the spectral features.

V. CONCLUSION

The FTIR spectra of TA, 3FTA, and 3CITA have
been reported for the first time. Spectroscopic and cal-
culated results indicate that both cis- and trans-iso-
mers of 3FTA and 3CITA coexist in the Sy states,
adopting planar structures with Cy symmetry. By em-
ploying anharmonic calculations combined with simu-
lated rovibrational spectra for different vibrational
modes, the spectral features of TA and its two deriva-
tives were assigned to specific vibrational modes, in-
cluding fundamental, overtone, and combination band
transitions. A comparative analysis of the infrared spec-
tra of TA, 3FTA, and 3CITA reveals that halogen sub-
stitution on the benzene ring of TA significantly influ-
ences the spectral characteristics. The substitution in-
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troduces new vibrational modes such as C-F and C-Cl
stretching vibrations and induces frequency shifts in
specific modes. The strong electronegativity of halo-
gens generates an inductive effect, which increases the
force constants of C—C bonds within the benzene ring,
resulting in a shift of the associated vibrational features
toward higher wavenumbers. Furthermore, the intro-
duction of substituents alters the molecular dipole mo-
ment, leading to observable changes in the intensity of
vibrational modes. This study provides comprehensive
spectral characterization, elucidates the role of halogen
substitution, and enhances the understanding of vibra-
tional spectra in TA and its derivatives. Future investi-
gations may focus on refining theoretical methodologies
for higher-precision spectral predictions and exploring
the impact of substituents on other spectroscopic prop-

erties.

Supplementary materials: Comparisons of FTIR spec-
tra with HoO, D20, and HDO lines; simulated rotation-
al spectra of TA, 3FTA, and 3CITA; comparison of an-
harmonic vibrational spectra calculated with different
functionals; detailed vibrational assignments; Carte-

sian coordinates.
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