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Structure and Spectral Properties of Thianthrene
and Its Benzoyl-Containing Derivatives

The IR absorption spectra of the recently synthesized series of benzoyl-containing thianthrene derivatives
were studied in the context of their structural identification. Geometry optimizitation of the ground singlet
state by density functional theory (DFT) calculations with the gradient and Hessian search were performed
for thianthrene molecule in the framework of the Cz» symmetry. restriction. The excited singlet and triplet
states of thianthrene were found to be distorted along the bsu vibrational mode of the D2, point group, as well
as the ground state, which leads to the non-planar batterfly-like structure (C2/). But the excited states require
additional symmetry reduction; they are closer to planarity but have no symmetry elements. Optimized
ground states structure for the thianthrene-benzoyle molecule and its four derivatives with fluoro-substituents
and different substitution positions were analyzed through complete assignment of all their vibrational modes
and comparison with experimental infrared absorption spectra. A good agreement between experimental data
and DFT calculated IR spectra provides additional structural support to results of the X-ray diffraction analy-
sis of all synthesized compounds. The Hirshfeld surfaces analysis of the crystalline 3-fluorobenzoyl-
thianthrene (T3F) was performed in order to analyze intermolecular interactions in T3F crystal. It indicates
the presence of weak CH...F, CH...S and CH...O intermolecular contacts, stabilizing the crystal structure of
T3F. The CH...O interactions appear in the IR spectrum of T3F crystal as two vibrational modes with fre-
quencies 3084 and 3078 cm™!. The intermolecular interactions CH...F and CH...S do not affect the IR spec-
trum of T3F.

Keywords: thianthrene, benzoylthianthrene, DFT calculations; B3LYP/6-31 G(d, p), IR spectra; X-ray analy-
sis, Hirshfeld surface analysis.

Introduction

Organic dyes containing m-conjugated donor (D) and acceptor (A) moieties, which are connected
through effective‘m-bonds, have attracted considerable attention in modern optoelectronic technologies. In
addition to the extended m-conjugated chain, such organic luminophores must satisfy many other require-
ments,including thermal and chemical stability, high external quantum efficiency, correct redox parameters,
and«good electron-hole transport characteristics. The thianthrene molecule and its derivatives are interesting
luminophores for modern OLED technology due to the high yield of triplet excited states and the ability to
create thermally activated delayed fluorescence (TADF) [1].

Thianthrene is the anthracene heterocyclic analog with two sulfur atoms substituents at the 9,10-
positions (Fig. 1). Its form consists of two benzene rings disposed into two planes intersecting along the S-S
axis at a dihedral angle of 128° [1]. Strong inclination of these two planes and the extended m-electronic con-
jugation system with peculiar lone pairs at sulfur atoms provide interesting chemical, photophysical and elec-
trochemical properties of thianthrene [2]. The bent, non-aromatic structure of the central dithiine ring leads
to the strongly pronounced and expressed electron-donor properties of thianthrene, its stable cation and dica-
tion species. While the chemistry and electrochemistry of thianthrene are well studied, its luminescence and
photophysical constants have not been propery investigated [1-3]. In particular, Arena et al. [1] studied
phosphorescence of the thianthrene molecular crystals accompanied by semiempirical calculation of excited
states with vertical excitations, but not many studies of its numerous derivatives were published [1, 2].
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Recently synthesized thianthrene-benzoyle derivatives with different halogen substituents and substitu-
tion positions have been shown as efficient room temperature phosphorescent emitters with large (>90 %) or
moderate phosphorescence contribution to the total photoluminescence and electroluminescence [3]. The
X-ray diffraction (XRD) analysis of few synthesized compounds does not afford us to distinguish two types
of fluoro-substituted isomers; namely (2-fluorophenyl)(thianthren-2-yl)methanone (T2F) and (6-fluoro-
phenyl)(thianthren-2-yl)methanone (T6F) benzoyl-thianthrene derivatives without additional study. To do
this, we performed IR absorption measurements and DFT calculations of all vibrational modes of four thi-
anthrene-benzoyle derivatives. Comparison of intensity and frequency of experimental and theoretical IR
absorption bands permits us to ensure all structural parameters of new synthesized compounds.

We also performed full interpretation of the thianthrene IR spectrum on the basis of DFT calculation of
all 60 normal vibrations. The knowledge of the quite accurate calculated thianthrene force field in the ground
state helps us to predict the first excited states structure for the singlet (S) and triplet (T) state manifolds. To
do this we applied the pseud-Jahn-Teller effect theory [4] and ideology developed by 1.B. Bersuker. First, we
shall consider the IR spectra problems and then we shall use and illustrate the vibronic perturbation analysis
of the pseudo-JT effect [4, 5] comparing the parent anthracene and relative thianthrene molecules:in order to
explain the ground and excited states of these two particles.

Computational Details

To analyze IR spectra of thiantrene and its derivatives, it is necessary first.to carry out quantum chemi-
cal calculations of molecular structure of these compounds by optimizing the geometry. The structures of
nuclear positions in the studied molecules were optimized by the electronic density calculation at the DFT
level using the B3LYP/6-31 G(d, p) method [6—8] based on the initial molecular geometries obtained by the
self-consistent field semiempirical PM3 approach [9, <.10]. wThe optimization of the 3-
fluorobenzoylthianthrene (T3F) molecule was carried out on-the basis of the X-ray diffraction analysis da-
ta[11]. On the basis of the optimized geometry the theoretical IR spectra of molecules the studied com-
pounds were calculated and analyzed. Vibrational frequencies, wave numbers with the corresponding IR in-
tensities were evaluated in the framework of the same DFT method through the gradients of total energy,
dipole moments and force constants calculations. All frequencies of normal vibrations found to be real,
which indicates the achievement of a true minimum of the potential energy hypersurface. The best fitting
between the experimental and calculated infrared spectra can be achieved implementing three various scale
factors for the different types of vibrations: we use 0.950 scaling parameter for the high frequency region of
the C—H stretching modes, 0.97 — for C=C stretching vibrations and 0.98 — for the rest of the IR spectrum;
that is mostly the CH bending in-plane and out-of-plane vibrations, ring deformations modes. The scale fac-
tors were estimated as the ratio of the experimentally observed and DFT-calculated frequencies averaged for
all IR bands in the particular region of the'spectra. It should be noted that similar scale factors are often used
in other studies for the corresponding IR spectral parts [12].

The finally predicted IR<spectra of the studied molecules were produced by the GaussView 6.0 soft-
ware [13] using the chosen half-width of 10 cm™' and the Lorenzian distribution function. The qualitative
vibrational assignment of all normal modes in terms of the natural coordinates were achieved with the help
of animation program by the Chemcraft code [14], which provides a visual presentation of the calculated vi-
brations. The«quantum chemical calculations of electronic structure and vibrational movements were per-
formed by the Gaussian16 program package [15].

The results of IR spectra calculations of the studied molecules were compared with experimental data
for the synthesized compounds [3].

The Bruker Vertex 70 infrared spectrometer (Vertex 70, Bruker Corporation, Germany) with the sam-
ples in the form of KBr pellets was used to record FTIR spectra.

The Hirschfeld surface of the studied crystal of the compound T3F was calculated using Crystal Ex-
plorer 17.5 software with a very high resolution [16, 17].

Results and Discussion

Structural features and IR spectra of thianthrene and benzoylthianthrene

The crystal and molecular structure of thianthrene was analysed by X-ray diffraction [18]. The chemical
structure of thianthrene is shown in Figure 1.
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a — chemical numbering of atoms; b — numbering of atoms is set by the Gaussian program
Figure 1. Chemical structure of thianthrene

The molecule was found to be folded in respect to the S---S axis so that two benzene rings lie in two
planes at an angle of 128° the bending CSC valence angle is 100° and C-S bond lengths is
1.76+0.01 A [18].

Chemical structures of benzoylthianthrene and its fluoro-substituted derivatives are shown in Figure 2.

R2—R6—H=TBO

R, — F = T2F
Rs — F=T3F
Ry — F= T4F

Re~— F == T6F (T2F Clock)

TBO — phenyl(thianthren-2-yl)methanone or benzoylthianthrene; T2F — (2-fluorophenyl)(thianthren-2-yl)methanone
or 2-fluorobenzoylthianthrene (counter clockwise orientation); T3F = (3-fluorophenyl)(thianthren-2-yl)methanone or
3-fluorobenzoylthianthrene; T4F — (4-fluorophenyl)(thianthren-2-yl)methanone or 4-fluorobenzoylthianthrene;
T6F — (6-fluorophenyl)(thianthren-2-yl)methanone or 6-fluorobenzoylthianthrene or T2F clock-wise orientation

Figure 2. Chemical structures of benzoylthianthrene andits fluoro-derivatives: the abbreviated names
of fluoro-substituted benzoylthianthrenes are given based on the counterclockwise orientation
of the substituent on the phenyl ring. The arbitrary atomic numbering generated by the computer program;
the same numbers are used for all other fluoro-derivatives for the sake of comparisons

The DFT optimized molecular structures.for thianthrene and benzoylthianthrene (TBO) are shown in
Figures 3 and 4, respectively. Numbering of atoms is set by the program and used in this paper for all other
molecules
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Figure 3. The optimized structure of the thianthrene molecule
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Figure 4. The optimized structure of the benzoylthianthrene (TBO) molecule
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The calculated atomic charges for all studied molecules are presented in Table; the structural parame-
ters (bond lengths (A) and angles (deg)) for the thianthrene and TBO molecules are given in Table S1 Sup-
plementary Materials.

Table
Calculated atomic charges (according to Mulliken) for thianthrene and its benzoyl derivatives
in the electron charge units
Atom Thianthrene TBO T2F T3F T4F T6F .
(T2F, clock wise)
Cl —0.080 -0.079 —0.079 —0.079 -0.079 —0.079
C2 —0.080 —-0.080 —0.080 —0.080 —0.080 —0.080
C3 -0.091 —0.090 —0.090 —0.090 —0.090 —0.090
C4 -0.107 -0.110 -0.111 -0.111 -0.111 —0.110
C5 -0.107 —-0.108 -0.109 -0.109 -0.109 —0.108
C6 -0.091 -0.091 -0.091 -0.091 -0.091 -0.091
S7 0.157 0.173 0.175 0.174 0.174 0.172
C8 —0.107 -0.117 —0.117 —0.118 —0:118 —0.118
C9 —0. 107 -0.099 —0.099 —0.099 —0.099 —0.098
S10 0.157 0.169 0.171 0.170 0.170 0.169
Cl1 —0.091 —-0.103 —0.102 —0.103 —0:102 —0.105
Cl12 —0.080 —0.108 —0.109 —0.107 —0.109 —0.109
C13 0.080 0.044 0.044 0.044 0.044 0.057
Cl4 —0.091 —0.098 —0.100 —0:098 —0.098 —0.099
Cl15 — 0.329 0.346 0.333 0.330 0.339
Cl6 — 0.041 —0.037 0.035 0.039 —0.024
017 — —0.464 —0.447 —0.460 —0.465 —0.458
Cl18 — —0.090 0.341 —=0.146 —0.092 —0.092
C19 — -0.092 —0.138 0.351 —0.143 —0.090
C20 — -0.075 —0.079 —0.127 0.364 —0.080
C21 — —0.094 —0.090— —0.096 —0.147 —0.136
C22 — -0.116 -0.107 —0.115 —0.117 0.320
H28 0.094 0.109 0.109 0.109 0.108 0.101
H29 0.105 0.131 0.135 0.132 0.132 0.133
H30 — 0.103 0.108 0.106 0.111 —0.287 (F)
H31 — 0116 -0.272 (F) 0.130 0.125 0.120
H32 — 0.093 0.096 0.102 0.110 0.109
H33 — 0.095 0.109 —0.293 (F) 0.112 0.098
H34 — 0.094 0.101 0.110 —0.289 (F) 0.102

As can be seen from:Table S1, the calculated bond angles CSC and bond lengths C—S for thianthrene
are close to the experimental values [18]. The calculated C=C bond lengths in thianthrene and benzoylthi-
anthrene are in the range of 1.394+1.404 A, which are typical for aromatic C=C bonds. The addition of a
benzoyl moiety into.the benzene ring number 3 enriches the electron density on the carbon atoms of this ring
and‘pulls.the electron density from the sulfur atoms (increases the positive charge) (Table). The calculated
dipole moments of the thianthrene and TBO molecules are equal 1.6472 and 3.8659 D, respectively.

The benzoyl moiety provides structural distortions in the benzene rings of thiantrene; it mostly affects
the length of C=C bonds within the benzene ring number 3 (changes are up to 0.008 A), the bond angles (up
to 1°) and the dihedral angles (changes up to 1.8°) (Table S1). These changes are also observed in the dithi-
ine moiety (thianthrene ring number 2), but to a less extent. The noted changes should affect the vibration
frequencies and absorption intensities in IR spectra of these compounds. Twisting is observed between the
thianthrene and benzoyl groups (Fig. 4), the torsion angle C13-C15-C16-C22 is 30.87° (Table S1).

On the background of the gradient derivatives (Hessian) for the optimized geometry the theoretical IR
spectra of the studied molecules were calculated and analyzed; the normal vibration frequencies and their IR
intensity for the thianthrene and TBO molecules are presented in Table S2 and Table S3, respectively. Theo-
retically predicted IR spectra of both molecules are compared with experimental results of thianthrene [19]
and benzoylthianthrene in the Tables S2, S3 and in Figures 5, 6, respectively.
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There are 60 normal vibrations in the thianthrene molecule. For the Cov point group symmetry, they can
be classified as follows: 154;, 154,, 14B; and 16B.,. According to the IR vibrational selection rules only A4;,
B; and B; vibrations are allowed in the IR spectrum. All vibrational modes in the thianthrene molecule IR
spectrum are presented and assigned in Table S2. Figure S5 illustrates the high-frequency IR absorption re-
gion of the thianthrene and TBO molecules, Figure S6 shows the finger print parts of IR spectra of those
molecules.
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Curve 1 — calculated IR spectrum for thianthrene;
curve 2 — experimental IR spectrum for solid-state thianthrene sample of the studied compound [19];
curve 3 — calculated IR spectrum for the TBO molecule;
curve 4 — experimental IR spectrum for the solid-state TBO sample

Figure 5. IR spectra of thianthrene and TBO in the high-frequency range (3100-3000 cm™)
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Curve 1 — calculated IR spectrum for the thianthrene molecule;
curve 2 — experimental IR spectrum for the solid-state thianthrene sample [19];
curve 3 — calculated IR spectrum for the TBO molecule;
curve 4 — experimental IR spectrum for the solid-state TBO sample

Figure 6. IR spectra of thianthrene and TBO in the 1700-500 cm™ range
According to the characteristic group frequencies analysis [20], the C—H stretching vibrations in aromatic

compounds can be found in the range 3080-3030 cm™!, the CH bending in-plane deformation modes — in the
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range 1225-950 cm™' and CH bending out-of-plane deformation vibrations — below 900 cm™. The IR ab-
sorption bands of the aromatic C=C stretching vibrations are usually observed in the region 1650-1430 cm™.
The assignment of all normal modes with the help of animation program of the Chemcraft code [21], which
provides a visual presentation of the calculated vibrations, indicates that in the thianthrene IR spectrum the
C—H stretching vibrations should be observed in the range 3053-3028 cm™' (calc.: 3052 cm™, exp.: 3070 cm™),
the planar CH bending deformation — in the range 1259-1101 ¢cm™ (calc.: 1259, 1101 cm™, exp.: 1258,
1102 cm™), the bending out-of-plane deformation vibrations — 970-750 cm™! (calc.: 934, 753 cm™, exp.:
934, 746 cm™), the C=C stretching vibrations of aromatic rings at in the region 1577-1427 cm™ (calc.: 1556,
1440, 1427 cm™!, exp.: 1554, 1442, 1427 cm™!). Most of the bands in the calculated and experimental spectra
of thianthrene have a weak absorption intensity (Table S2, Fig. 6, curves 1, 2). The most intense absorption
bands in the thianthrene IR spectrum are connected with the out-of-phase asymmetric C=C stretching vibra-
tions (calc.: 1440 cm™, exp.: 1442 cm™') and symmetric CH bending out-of-plane vibrations (calc.: 753 cm™,
exp.: 746 cm™'). The C-S stretching and CSC bending modes are mixed with other type of vibrations and
contribute to the experimental bands 1443, 1427, 1102, 662 and 554 cm™! (Table S2). We conglude, that the
calculated vibration frequencies in the thianthrene molecule are in a good agreement with the experimental
spectrum (Table S2, Fig. 6, curves 1, 2).

We attribute the high-frequency shift of the experimental band of stretching C—~H'vibrations (in the left
part of Fig. 5 curve 2) to intermolecular S---H interactions. The noncovalent n—7 stacking interactions in the
crystal thianthrene structure are unlikely, since the thiantrene molecules are notplanar.

The C-H stretching vibrations in the phenyl ring of the benzoyl fragment at 3051 (vo2), 3043 (voo),
3033 (vs7) cm! as well as occurring simultaneously C-H modes in the benzene ring (number 3) at 3060 (voe)
3059 (vos) cm™! (Table S3) change the shape of the spectral eurve.in the high-frequency region of the IR
spectrum of TBO (Fig. 5, curves 3, 4) compared to thiantrene. The ring number 3 associated with the benzo-
yl fragment provides total distortion of the TBO spectrum (Figs5, curves 3, 4).

The addition of the benzoyl moiety to the benzene ring (number 3) enriches the finger-print IR spec-
trum with strong absorption bands of C=O stretching vibration (calc.: 1651 cm™, v, exp.: 1648 cm,
Fug. 6). There are asymmetric C=C stretching vibrations in the benzene ring (number 3) (calc.: 1374 cm™!,
v, exp.: 1378 em™), asymmetric =C—C(O)-C= stretching vibrations (calc.: 1274 cm™, vg7, and 1247 cm™,
Ves, €xp.: 1281 and 1243 cm™"), asymmetric ring deformation. in-plane, in the aromatic rings number 3 and 4
(calc.: 959 cm™!, vay, exp.: 964 cm™!, Table S2, Fig. 6, curves 3, 4). Strong differences between TBO and thi-
anthrene IR absorption is also determined by the normal vibrations vss, V7o, Ves, Va4, V34, V33, With frequencies
1597, 1318, 1183, 932, 707, 701 cm™' in the phenyl ring of the benzoyl fragment as well as the normal vibra-
tions vai, Vao, V39, V3s, V3s, Va1 and vs,‘With calculated frequencies 853, 838, 796, 783, 728, 681 and 665 cm™!
occurring simultaneously in the phenyl ring of the benzoyl fragment and in the benzene ring (number 3) as-
sociated with the benzoyl fragment form“in the IR spectrum absorption bands with medium and medium-to-
weak intensities (Fig. 6, curves 3, 4).. The assignment of these bands is given in Table S3. Thus, a change in
the charges on atoms, bond lengths, and bond angles in the benzene ring of thianthrene (ring number 3) upon
addition of a benzoyl fragment leads to a change in vibration frequencies and their intensities, and to the ap-
pearance of new vibrations.(Fig. 6).

The effect of the fluoro-substituent in the benzoyl fragment on the IR spectrum of benzoylthianthrenes

Due to the factthat the phenyl ring in the TBO molecule is not conjugated with the thiantrene fragment,
the substitution of a hydrogen atom by a fluorine atom in the phenyl ring does not significantly affect the
electron density redistribution in the thiantrene fragment, but it has a significant effect on the electronic
properties of the phenyl ring itself. Because of the strongly electron-withdrawing nature of the fluorine atom,
a slight polarization of the benzene ring of the thianthrene fragment associated with the benzoyl fragment
and the carbonyl link through the hyperconjugation system between this ring and the corresponding benzoyl
substituent is observed. Thus, in the molecules of T2F counter clock-wise orientation and T2F clock-wise
orientation, a decrease in the electron density is observed on the C15 and O17 atoms, and in the T2F clock-
wise orientation molecule and on the C13 atom (Table).

The substitution of hydrogen atom by fluorine atom in phenyl ring also does not cause a visible change
in bond lengths and bond angles within the thiantrene fragment, but affects the length of C=C bonds within
the phenyl group (changes are up to 0.006 A), bond angles (up to 3°) and the dihedral angles change signifi-
cantly (up to 16°) (Table S1). These changes are calculated for molecules T2F and T6F. The dipole mo-
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ments of the TBO, T2F, T3F, T4F and T6F molecules are equal 3.87, 4.79, 4.66, 3.39, and 3.25 D, respec-
tively. The T2F and T3F are more polar molecules which agree with the slow cooling of the melting sam-
ples.

The noted changes should affect the vibration frequencies and absorption intensities in the IR spectra of
these compounds.

The calculated normal vibration frequencies and their intensity in IR spectra of the T2F and T6F mole-
cules are presented in Tables S4 and S5 of Supplementary Materials, respectively. Theoretical predicted IR
spectra of both molecules are compared with experimental spectrum of T2F compound in Figure 7.
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Curve 1 — IR spectrum for the T2F molecule calculated in vacuum,;
curve 2 — IR spectrum for T6F molecule, calculated in vacuum,;
curve 3 — experimental IR spectrum for T2F compound

Figure 7. Absorption IR spectra of the 2-fluotobenzoylthianthrene derivatives in the 1700-500 cm™! range

Comparison of theoretical IR spectra of both molecules with the experimental spectrum compound T2F
indicates that calculated IR spectrum of' molecule T2F clock-wise orientation (T6F) fits better the observed
IR bands profile. For example, the strong absorption bands C=0 stretching vibration at 1652 cm™' in the
DFT-calculated IR spectrum of molecule T6F coincides with the similar band in the experimental IR spec-
trum of the T2F species (Fig.75curve 2 and 3; Table S5, vss) while in the calculated spectrum of the mole-
cule T2F such IR band is:shifted by 12 cm™! to the region of high frequencies (Fig. 7, curve 1 and 3; Table
S4, vgs, calc.: 1665 cm™'). The calculated frequency 1293 cm™' very strong band asymmetric
=C—-C(O)—C=stretching vibrations with contribution from C—F stretching vibrations in the IR spectrum of
molecule T6F (veo, I = 335 km/mole) close in value to the experimental frequency of 1300 cm™ in the IR
spectrum_of the T2F species while in the calculated spectrum of the molecule T2F such IR band but with a
lower intensity is formed by two normal vibrations (ves and ves) and only in one of them (ve9) there is a con-
tribution from C—F stretching vibrations. It should be noted that all calculated vibrational modes in the IR
spectrum of T6F in the frequency range 1298-1214 ¢cm™! have a contribution from C—F stretching vibrations,
while in the calculated IR spectrum of molecule T2F in this frequency range only two modes (vso and veg,
Table S4) have a contribution from C-F stretching vibrations, which also has an influence on the frequency
and intensity of normal vibrations in this region. Based on the calculation of the IR spectrum of the T6F
molecule, we assign experimental band at 1214 cm™' of the middle intensity (Fig. 7, curve 3) to the =C—
C(0)—C= stretching vibrations with contribution from C-F stretching and CH bending in-plane vibrations
(calc.: 1218 cm™). In the IR spectrum of T2F molecule this normal vibrations, having lost the contribution of
C-F stretching vibrations, formed a strong band shifted towards higher frequencies up to 1228 cm™! (Fig. 7,
curve 1, Table S4). These differences can be used to discern the T2F and T6F isomers with different posi-
tions fluorine atom in the phenyl ring.
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The total energies of the optimized T6F and T2F isomers calculated at the B3LYP/6-31G(d, p) level
are equal to —1702.1059422 and —1702.1037699 a.u, respectively. Thus, the clock-wise isomer T2F is more
stable although the energy difference is small, only 5.7 kJ/mol.

Thus, comparative analysis of the calculated IR spectra of two isomers T6F and T2F affords us to con-
clude finally that the experimental spectrum of T2F compound belongs to the T6F compound, where the flu-
orine substituent is in the position 2 clock-wise orientation of the aromatic ring, therefore, the synthesized
T2F compound will be referred to as T6F (or T2F clock-wise orientation).

The calculated normal vibration frequencies and their intensity in IR of the 3F and 4F molecules are
presented in Tables S6 and S7 of Supplementary Materials, respectively, and compared with experimental
spectra of these compounds.

For ease of comparison, the experimental and theoretically predicted IR spectra of benzoylthianthrene
and all fluorobenzoylthianthrene derivatives in the 3100-3000 cm™' range are shown in Figures S1 and S2,
respectively, and in the 1700-500 cm™' range are shown in Figures 8 and 9, respectively. Assignment of se-
lected bands in the IR absorption spectra for all studied compounds summarized in the Tablée S8.
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Curve 1 — IR spectrum for TBO compound; curve 2 — IR spectrum for T6F (T2Fclock-wise orientation) compound;
curve 3 — IR spectrum for T3F compound; curve 4 — IR spectrum for T4F compound

Figure 8. Experimental IR spectra of solid-state samples of the studied compounds in the 1700-500 cm™' range

As can be seen in the calculated IR spectra (Fig. 9), the C=0 band of the T2F isomer is observed at a
higher frequency (1665 cm™!, curve 5) compared to the TBO molecule (1651 cm™, curve 1) and T3F, T4F
and T6F isomers (1653, 1649, and 1652 cm™, respectively; curves 3, 4, and 5), which is consistent with a
decrease in the C=0 bond length (Table S1). The calculated intensity of the C=0 normal mode is the highest
for T2F (191 km/mol, Table S4) compared to 145, 156 and 167 km/mol for the T3F, T4F and T6F particles
(Table S6, S7 and S5). It should be noted that the Mulliken’s atomic charges calculated at the O17 atom of
the carbonyl group in T2F molecule (—0.447¢) is also different from those for TBO, T3F, T4F and T6F
molecules (-0.464, —0.460, —0.465, and —0.468¢, respectively, Table); thus, the polarity of the bonds could
increase but the derivative of dipole moment along displacement could be lower.

The substitution of hydrogen atom by fluorine atom in phenyl ring does not cause a significant change
the frequencies of stretching vibrations of C=C bonds in the thianthrene fragment and their IR intensities
(Table S8). However, if vibrations of C=C bonds occur in the phenyl ring of the benzoyl fragment, then the
IR frequencies and intensity change. So, the asymmetric C=C stretching vibrations occurring in the phenyl
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ring of the T4F molecule at 1504 cm™ (exp. 1503 cm™) appear in the calculated and measured IR spectra of
the other fluoro-isomers at lower frequencies and in T2F — with higher intensity (Fig. 8, 9). The correspond-
ing IR band in the calculated and measured IR spectra of TBO species is not observed, since it is too weak
according to our calculations (Table S8, /.. = 1 km/mol). It should be noted that this calculated mode in the
IR spectrum of T4F have a contribution from C—F stretching vibrations. The strong band at 1438 cm™' (calc.:
1433 ¢cm™!) in the IR spectrum of T3F and the band of weak intensity at 1403 cm™! (calc.: 1406 cm™) in the
IR spectrum of T4F also belong to asymmetric C=C stretching vibrations occurring in the phenyl ring.

Absorbance, a. u.

Wavenumber, cm™

Curve 1 — IR spectrumfor TBO molecule; curve 2 — IR spectrum for T2F molecule;
curve 3 — IR spectrum for T3F molecule; curve 4 — IR spectrum for T4F molecule;
curve 5— IR spectrum for T6F molecule

Figure 9. Calculated absorption IR spectra of the benzoylthianthrene
and fluorobenzoylthianthrene derivatives in the 1700-500 cm™! range

The weak bands with.close frequencies in the calculated and measured IR spectra in the range 1303—
1317 cm™! (Fig. 8,9, Table S8) for all studied compounds are formed by Kekule vibrations in the benzene
rings of the thianthrene fragment, which include subsequent alternations of the C=C bonds stretching and
compression of large amplitude. In the phenyl ring of the benzoyl moiety the same type of mode occurs at
higher frequency and forms in the calculated IR spectra of the T2F and T4F molecules the weak bands at
1328 and 1330 cm™'. The corresponding bands in the IR spectra of the TBO, T2F and T4F molecules are not
observed, since they are too weak according to our calculations. The largest changes in the IR spectra of
fluorosubstituted benzoylthianthrenes are observed in the frequency range of 1300-1120 cm™! where asymmet-
ric stretching vibrations of C—C(O)—C bonds of the carbonyl link occur with participation of the C—F bonds
stretching and CH groups bending vibrations. We discussed these differences above when comparing the IR
spectra of T2F and T6F compounds. They are also observed for the T3F and T4F compounds as compared to
T2F, T6F and TBO samples (Fig. 8, 9, Table S8).

In the simulated and experimental IR spectra of all studied compounds the weak bands with close frequen-
cies in the range 1099-1106 cm™' (Fig. 8, 9, Table S8) are formed by CH bending vibrations in plane in thi-
antrene fragment. Asymmetric ring in-plane vibrations in thiantrene fragment are calculated at 1038 and 1041
cm! but they show the weak absorption intensity according to DFT calculation (Table S8). IR bands below
970 cm™! we assigned to the out-of-plane =CH deformation, and to the out-of-plane ring deformation, in-plane or
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out-of-plane vibrations. Many modes have a contribution from the C—F stretching vibrations. In the frequency
range of 1000-700 cm™', substitution of a hydrogen atom by a fluorine atom in the phenyl ring significantly
affects not only the IR frequencies and intensities, but also the shape of the vibrational modes. We shall only
note the main similarities and differences in this respect (Table S8). Thus; the asymmetric non-planar =CH
bending vibrations of the aromatic ring 3 and 4 (in-phase) in the vicinity 960 cm ' in the TBO, T2F, T4F and
T6F samples form medium IR bands, but the corresponding vibration in T3F (calc.: 965 cm™) provides low
calculated intensity (0.5 km/mol) and therefore it is invisible in the T3F IR spectrum. The asymmetric in-
plane ring deformations in the phenyl moiety and the nearest benzene ring of the thiantrene fragment with a con-
tribution of the C—F stretching vibrations in the vicinity 770 cm™' show the weak absorption intensity (16-18
km/mol); however, in the T3F spectrum, this type of vibrations occurs at a much higher frequency (867 cm™") and
shows a higher IR intensity (67 km/mol). The medium bands with close frequencies in the measured IR spectra
in the vicinity 838 cm™' belong to =CH out-of-plane deformations with contribution C-F stretching vibrations,
however, the calculated intensities are smaller. The strong band in the measured IR spectra T4F sample at 848
cm! (calc. too 848 cm™') formed by asymmetric out-of-plane =CH bending vibrations in benzene ring (number
3) of the thiantrene fragment and symmetric vibrations of the same type in the phenyl ring of the benzoyl frag-
ment. The strong bands with close frequencies in the vicinity 750-760 cm™ (Fig. 8, 9)for all the studied com-
pounds are formed by the superposition of three modes symmetric out-of-plane-=CH bending vibrations in
aromatic rings. IR bands below 710 cm™! we assigned to ring vibrations out-of- plane or symmetric ring defor-
mations in- plane in aromatic rings.

We connect the observed differences with the significant changes in the electronic properties and structural
parameters of the phenyl ring depending on the position of the substituent (fluorine atom), as well as with the
slight changes in those parameters in the benzene ring 3 of the:thiantrene fragment connected with the ben-
zoyl moiety.

The pseudo-Jahn-Teller effect role in the sructural distortion of thiantrene and its derivatives

This scrutinize analysis of the IR spectral differences. for the studied thiantrene-benzoyl derivatives af-
ford to clearly distinguish two isomers T6F and T2F and also to understand photophysical parameters of the
whole isomers family obtained from UV-vis absorption and lumineascence studies [3]. Knowing the accurate
force field of all studied molecules we can now analyze in details the structure of the thianthrene ancestor
molecule in the ground and excited states in order to transfer the similar vibronic perturbation theory to other
benzoyl-containing derivatives accounting the pseudo-Jahn—Teller (PJT) effect.

The best approach to solve the problem of the molecular shape prediction should rise the question: zow
do electrons influence and control nuclear configurations? Or how do electronic states deformations affect
the nuclear mutual displacements in terms of vibronic perturbation theory? The Jahn—Teller (JT) theorem
says that nonlinear polyatomic_molecule in the degenerate electronic states is unstable and spontaneously
distorts in order to remove the degeneracy [4]. The most important sequence of the JT theorem is the pseudo-
JT effect, which considers excited states involvement into vibronic coupling [4, 5]: when two electronic
states are not strictly degenerate but are close in energy (pseudo-degenerate), the JT effect is not quenched
but only modified, producing similar structural distortions like those caused by the original JT effect. The
PJT effect received little attention from the beginning, but a few decades latter Bersuker et al. showed that
there is.-no.limitation on the perturbing states energy gap and that the PJT effect is the only source of distor-
tions (instability) of high-symmetry configurations of any polyatomic molecule [4, 5].

If we know the detailed mechanism of the thianthrene distortion from the planar anthracene configura-
tion via the pseudo-JT effect (since one has revealed the vibronically active excited state in this mechanism),
we can try to influence the system by means of external perturbations that violate the pseudo-JT-induced B3,
condition of thianthrene instability in the ground state. Such perturbation technique could help us to modu-
late proper excited state properties of various thianthrene derivatives. In principle, there are four possibilities
to provide such perturbation treatment: (a) to increase the energy gap between those electronic states which
are mixed by the pseudo-Jahn-Teller vibronic coupling (for example, by conjugation with new substituent
like benzoyl outside system), (b) to change the symmetry of the vibronically active excited state by adding
number of electrons (which could change the parameters of the pseudo-JT effect and the energy gap), (c) to
add appropriate substituents that restore the planarity of molecular structure, and (d) by spectroscopic photo-
excitation. The method (a) was used in the studies of the mechanism of hemoglobin oxygenation [4, 5] in
which the out-of-plane displacement of Fe(Il) ion from the hem-porphyrin ring (induced by forces driven by
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pseudo JT effect) returns back into the porphyrin plane by oxygenation due to increase of the energy gap
from the active state; this illustrates suppressing of the pseudo-JT effect.

The mechanism (b) was demonstrated recently by Bersuker [5] by coordination of two Cl-anions to on-
planar (distorted by the PJITE) chair structures of the SisCl;» cluster in order to obtain dianion [SisCli4],~ with
a planar Sis-ring; here the pseudo-JT effect is suppressed because the empty molecular orbitals of the excited
active state in the Sig-ring became occupied by electrons from two chloride ions [5].

Bersuker et al. [4, 5] have studied numerous manifestations of the pseudo Jahn-Teller (JT) effect in mo-
lecular and solid states structure. They considered the influence of heteroatom substitution in series of tricy-
clic compounds containing 1,2-dithiine and 1,4-dithiine moieties (carbon sulfide CsSs, thianthrene, and an-
tracene, their redox products and derivatives) in order to demonstrate the mechanism of suppression and en-
hancement of the puckering distortions in redox processes and in chemical substitutions.

In the most recent study [5] they demonstrated for the first time the chemical substitution ability to re-
store the planarity of cyclic compounds. Spectroscopic photo-excitations in this respect have not.yet been
studied exploring the pseudo-JT effect [4], and we will try to perform such perturbation analysis based on
our knowledge of the force field for new derivatives.

Let us compare anthracene and thianthrene molecules in the planar structure of'the Do, symmetry. The
puckering distortion in respect to the 9-10 positions transforms as the B3, irreducible representation of the
Dy, point group; thus, only excited states of the Bz, symmetry need to be considered in the'vibronic perturba-
tion of the ground A, state of anthracene upon its transformation into thianthrene by the sulfur substitution
in 9-10 positions. Our choice of axes (z-is perpendicular to the anthracene plane, x<the long axis) differs from
that in Ref. [5]; thus, their B;, symmetry corresponds to our B3, representation.

Vibronic mixing of the B;, excited singlet state with the ground.Sy state of the 4;, symmetry can be cal-
culated accounting geometry distortion along with the B3, vibrational mode. Thus, we can explain this but-
terfly-like distortion in terms of the pseudo JT effect and explain the real non-planar structure of the thi-
anthrene molecule.

It was shown in Ref. [5] that while the thianthrene molecule is bent at the S-S axis, the oxidized thi-
anthrene dication exhibits a planar configuration.with the D,, molecular symmetry. The thianthrene highest
occupied molecular orbital (HOMO) b3, is getting empty upon oxidation; that is, it becomes the lowest unoc-
cupied molecular orbital (LUMO) in dication. The thianthrene excited state b3, —a, ('B3,) disappears in the
dication, as well as the driving force of the puckering distortion [5]. The reason of the PJT effect in the oxi-
dized thianthrene also disappears which leads to the planar dication structure.

Similarly, we have shown that the first excited S; state of thianthrene tends to planarization. In the pla-
nar structure S; state possesses the ' B3, symmetry (b3, —a, excitation). The perturbing state along the pucker-
ing b3, mode could be the 4, state associated with the a,—a, excitation. Such state has a very large ener-
gy (6.2 eV) and the distorting PJT effect’in the S; excited thianthrene is less pronounced than in the ground
Sy state. This vibronic analysis of the b3, puckering distortion is completely supported by TD DFT geometry
optimization. The dihedral angle 2-3-4-9 is close to planarity; it changed from 128 to 167° upon excitation.
Geometry optimization in the lowest triplet T state with the UB3LYP functional produces larger planariza-
tion with additional distortion and strong spin polarization in one phenyl ring. Thus, the thianthrene molecule
in the T, state has no symmetry elements, which could explain more efficient spin-orbit coupling and en-
hanced phosphorescence of the thianthrene crystal [1-3].

Hirshfeld surfaces analysis for the T3F crystal

The nature of the intermolecular contacts stabilizing the crystal structures of the T3F and the peculiari-
ties of the influence of these intermolecular interactions on the IR spectrum were explained by the HS analy-
sis. The T3F compound crystallizes in the monoclinic (P2,/n) space group. The cell packing and HS of the
T3F mapped over dyorm is presented in Figure 10.

As can be seen in the Hirshfeld d.» surface plot, the crystal structure of T3F is stabilized by weak
long-ranged CH...F, CH...S and CH...O intermolecular interactions with experimental distances of 2.610 A,
2.923 A and 2.827/2.860 A, respectively, which are indicated as barely visible pale red spots in HS. The
shortest contact 2.293 A in T3F crystal belongs to weak H...H intermolecular contacts.
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Figure 10. The cell packing and Hirshfeld d,.o» surface of the intermolecular interactions for T3F compound
demonstrating CH...F and CH...S interactions (top view) and CH...Q.interactions (bottom view).
Intermolecular interaction is shown by green dashed lines

The study of the manifestation of intermolecular ‘interactions in'the IR spectrum of T3F was carried out
by isolating two dimers (Fig. 11) from the crystal with their further optimization by the B3LYP/6-31G(d, p)
method (Fig. S5 in Supplementary Materials). This approach has proved to be successful in our recent pa-
per [21-23]. Dimer 1 represents the presence of H...F.intermolecular interactions, while dimer 2 displays the
shortest H...S and H...O intermolecular interactions. In addition, the CH...S intermolecular interaction be-
tween the hydrogen atom of ring I of the thianthrene fragment and the sulfur atom of the neighboring dimer
with a distance of 2.923 A was established (Fig. 10).

Dimer 1 Dimer 2

Figure 11. The structures of dimers 1 and 2 of T3F selected from the X-ray crystal data.
Selected experimental intermolecular distances (A) for the dimers are indicated. The S atoms are 1, 2, 35 and 36,
O atoms are 4 and 38, F atoms are 3 and 37. The numbering of atoms in dimers is set by the program
and does not coincide with the numbering of atoms in the T3F molecule

Theoretically predicted IR spectra of T3F molecule and both dimers are compared with experimental re-
sults of T3F compound in Figures S3 (in the 3100-3300 cm™! range) and S4 (in the 1700-500 cm™' range).
Each of the dimers has 184 normal vibrations. Dimer 1 has the C, symmetry. For the C; point group sym-
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metry, the normal vibrations of the Dimer 1 can be classified as follows: 924, (gerade) and 924, (ungerade).
According to the IR vibrational selection rules only 4, vibrations are allowed in the IR spectrum. The calcu-
lated Dimer 2 has no symmetry; therefore, all normal vibrations in the IR spectrum of dimer 2 are allowed.
As can be seen in Figures S3, S4, the experimental IR spectrum of the T3F compound and theoretically pre-
dicted IR spectra of both T3F dimers and molecule are close. The calculated IR intensities of the correspond-
ing IR bands of Dimers 1 and 2 (Figures S3, S4, curves 2, 3) are much higher than those for the mole-
cule (curve 1), since the calculated intensities are almost doubled for two molecules.

Intermolecular interactions H...F and H...S found in Dimer 1, and H...S found in Dimer 2 do not affect
the IR spectrum. The intermolecular interactions H...O found in Dimer 2 form two vibrational modes:
vigg (=C21-H (1)---O (2) and=C23—H (1)---O (2) stretching in-phase) and vi97 (the same stretching out-of-phase)
in with frequencies 3084 and 3078 cm™!, respectively; however, their calculated intensities are very weak
(0.2 and 2 km/mole, respectively) and therefore they do not give visible bands in the IR spectrum of Dimer 2
(Figures S3, curve 3).

Conclusions

The recently synthesized benzoyl-containing thianthrene derivatives were thoroughly studied by DFT
optimization of their ground and excited states structures. The thianthrene donor (D)-and benzoyl acceptors
(A) moieties connected through the strong carbonyl n-link provide an effectiveplatform-for electrolumines-
cent materials, and their detailed electronic structure studies are useful for new-molecular electronics device
technology. The ground singlet state geometry optimizitation by density functional theory with the gradient
and Hessian calculations made it possible to study IR spectra of thianthrene molecule and five benzoyl de-
rivatives including series of fluoro-substituted isomers. Detailed comparison of all vibrational modes helped
to carry out full assignments of the experimental FTIR spectra of newly synthesized compounds and solve
structural problems associated with the X-ray diffraction analysis. It was shown that the change of fluorine
atom position in the phenyl ring of benzoyl moiety leads to.significant changes of dihedral angles and atomic
charger distribution; this in turn leads to notable differences in dipole moments of these four isomers. As a
result, in the IR spectra of fluoro-substituted isomers of benzoylthianthrene there are not only frequency
shifts but also significant changes in the intensity of the corresponding IR bands. Although the experimental
IR spectrum of thianthrene is well known, we have made its first ab initio assignment of all 60 vibrational
modes. On this background, we explained the non-planar distortion of the thianthrene molecule in compari-
son with its planar ancestor — anthracene molecule, accounting vibronic activity of the b3, vibrational mode
(with imaginary frequency -i 67 cm™) of thexDg;, point group. Knowledge of the accurate force field of all
studied molecules made it possible to analyze the structure distortions of thianthrene in the ground and excit-
ed states and to transfer the similar vibronic perturbation theory to the benzoyl-containing derivatives ac-
counting the pseudo-Jahn—Teller (PJT) effect.

Comparing the planar.thianthrené configuration of the D,, molecular symmetry, it was noted that the
highest occupied molecular orbital b3, becomes half-empty upon excitation to the S; and T, states. In the
planar structure the S, state possesses the ‘Bz, symmetry (b3, —a, excitation). The pseudo-Jahn-Teller per-
turbing state along the puckering b3, mode is the ‘4, state produced by the a,—>a, excitation. Such a state has
a very high energy; and the distorting PJT effect in the S; excited thianthrene is strongly suppressed in com-
parison with the ground Sy state. This vibronic analysis of the b3, puckering distortion was supported here by
TD DFT geometry optimization of the S; excited thianthrene, which showed obvious trend to planarization.
At the same time the fully optimized S; and T, states lost their symmetry and exhibited some pseudo-in-
plane distortion.

The Hirshfeld surface analysis indicated the weak CH...F, CH...S and CH...O intermolecular interac-
tions as barely visible pale red spots in the dyom surface of the T3F crystal. We used the dimeric approach to
determine their influence on the IR spectrum of T3F. It was found that only CH...O intermolecular interac-
tions appear in the IR spectrum of T3F crystal as two very weak stretching in-phase and stretching out-of-
phase vibrations at 3084 and 3078 cm™!, respectively.
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