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Abstract: Among short donor—acceptor molecules with a central benzothiadiazole fragment, 4,7-
di-2-thienyl-2,1,3-benzothiadiazole (T-BTD) is one of the most well-known compounds, valued
for its photophysical and semiconductor properties. We have synthesized a derivative of 4,7-di-2-
thienyl-2,1,3-benzothiadiazole with trimethylsilyl end-substituents, 4,7-bis(5-(trimethylsilyl)thiophen-
2-yl)benzothiadiazole (TMS-T-BTD). The phase transition parameters and thermal stability of T-BTD
and TMS-T-BTD were investigated using DSC and TGA methods. The presence of the trimethylsilyl
end-groups in TMS-T-BTD significantly enhances solubility, increases the melting temperature, and
improves the resistance of TMS-T-BTD to evaporation in the liquid state. Single crystals of T-BTD
and TMS-T-BTD were grown from solutions, with the largest sizes being 7 x 2 x 0.5 mm? and
8 x 1 x 0.45 mm>3, respectively. Using single-crystal X-ray diffraction at 293 K, the crystal structure
of T-BTD was refined in the rhombic system (sp.gr. P.y,, Z = 8), while for TMS-T-BTD, it was
determined for the first time in the monoclinic system (sp.gr. P2;/c, Z = 4). The relationship
between observed growth anisotropy and molecular packing in the crystals was analyzed. The
results of investigations into the spectral-fluorescent properties of solutions in hexane and THF are
presented. The solvatochromic effect was studied in a series of solvents, including hexane, THE,
dichloromethane, and acetonitrile. The photostability of the compounds in hexane solutions was
examined. It was found that the quantum yield of photodestruction for T-BTD is 13 times higher than
that of TMS-T-BTD. The fluorescent properties of T-BTD and TMS-T-BTD crystals were investigated.

Keywords: linear conjugated molecules; benzothiadiazole; thiophene; trimethylsilyl; solution-grown
single crystals; single-crystal X-ray diffraction; crystal structure; fluorescence; large Stokes shift

1. Introduction

Linear conjugated molecules with a central benzo[c][1,2,3]thiadiazole (BTD) frag-
ment and a symmetric arrangement of peripheral aromatic groups constitute a young
family of organic semiconducting luminophores. The BTD group is a commonly used
heterocyclic acceptor for developing donor—acceptor materials for organic electronics and
photonics [1-9]. Solutions and crystals based on these materials often exhibit high efficiency
in optoelectronic fluorescence and high thermal stability and photostability [7,10].

With rare exceptions, the crystallization of non-centrosymmetric molecules with a
central BTD fragment remains poorly explored or almost unexplored [10-12]. To obtain
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large single-crystalline samples for practical applications in photonics (such as scintillators,
nonlinear optical crystals, etc.), it is necessary to consider the use of shorter molecules that
exhibit good crystallizability and excellent solubility in common solvents.

Among short conjugated linear molecules with a central BTD fragment, one of the
most well-known compounds is 4,7-di-2-thienyl-2,1,3-benzothiadiazole (T-BTD). T-BTD is
a donor—acceptor molecule with a ground state energy level of —5.4 to —5.3 eV, and the
energy transition from the ground to the nearest excited state is AE = 2.4-2.7 eV [8,13,14].
This compound is used as an individual substance or as a monomeric unit to obtain low-
bandgap conjugated polymers for photovoltaics [1,15-19]. A supramolecular polymer
composition called “host-guest” has been reported, where T-BTD molecules are organized
into highly ordered structures within a polymer matrix, leading to reduced fluorescence
quenching and significantly enhancing solid-state emission efficiency [20]. Studies on the
photophysical and semiconducting properties of T-BTD-based crystalline materials have
been presented in [21-24]. Information on the crystal structure of T-BTD has been reported
in several papers. The data on the rhombic symmetry (space group Pp,) of T-BTD crystals
at room temperature are given in [22-24], while at 173 K in [25]. There is information about
a polymorphic form with monoclinic symmetry (sp.gr. P27 /n), which was established at
100 K [26]. In these works, the researchers did not aim to investigate the crystal growth
of T-BTD. Nevertheless, considering its good solubility and relatively low cost, obtaining
large single-crystalline samples of T-BTD remains an important scientific challenge.

The crystalline structure of certain derivatives of T-BTD with various terminal sub-
stituent groups has been investigated in prior studies. The presence of terminal substituent
groups leads to alterations in the physicochemical characteristics of the compounds in
both crystals and solutions. Often, the presence of different substituent groups (-CN, -F,
etc.) results in changes in the conformational structure of molecules, which significantly
impact the photophysical properties of substances [25,27-34]. The crystal structure of
T-BTD derivatives with terminal trimethylsilyl groups and hydrogen atoms substituted
with fluorine atoms in the BTD group has been described in [32,33]. However, the growth,
structure, and properties of crystals of the T-BTD derivative with terminal trimethylsilyl
(TMS) groups (TMS-T-BTD) have not been studied before.

The present work is dedicated to the investigation of the growth from solutions, structure,
and thermal stability of crystals of 4,7-di(thiophen-2-yl)benzothiadiazole (T-BTD) and its
derivative with terminal trimethylsilyl substituent groups, 4,7-bis(5-(trimethylsilyl)thiophen-2-
yl)benzothiadiazole (TMS-T-BTD) [35] (Figure 1), as well as their optical-fluorescent properties
in hexane and tetrahydrofuran (THF) solutions and in the crystalline state.

T-BTD TMS-T-BTD
N’S‘N ¢S\ |
N N /
\ / S \ / S Si—
B 3 B .
S N S
/SI

Figure 1. Structural formulas of the luminophores investigated and their designations.

2. Materials and Methods
2.1. Materials

Sodium carbonate (Acros), tetrakis(triphenylphosphine)palladium(0) Pd(PPhs)4 (Sigma
Aldrich, Burlington, MA, USA) were used as received. 4,4,5,5-tetramethyl-2-[5-(trimethylsilyl)-
2-thienyl]-1,3,2-dioxaborolane (1) [36], 4,7-dibromo-2,1,3-benzothiadiazole (2) [37], and 4,7-
di-2-thienyl-2,1,3-benzothiadiazole (T-BTD) [38] were synthesized according to the literature.
THF was dried and distilled over calcium hydride; toluene and ethanol were degassed to
avoid the presence of oxygen. To study the optical-fluorescent properties of solutions, spectral-
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pure hexane, THE, dichloromethane (DCM), and acetonitrile (ACN) were used. Spectrally
pure hexane was used in the photostability experiments. Highly pure methanol, acetone,
hexane, and THF were used for crystal growth experiments.

2.2. Characterization

The 'H NMR spectra were recorded on a Bruker WP250 SY spectrometer (250.13 MHz)
(Bruker, Billerica, MA, USA) using the residual signal of CDCl3 (5 7.27 ppm) as the in-
ternal standard. The 13C and 2°Si NMR spectra were recorded on a Bruker Advance
IT 300 spectrometer (Bruker, Billerica, MA, USA) at the working frequencies 75 MHz
and 60 MHz, respectively. The spectra were then processed on the computer using the
ACD Labs 12.0 SpecManager software (Advanced Chemistry Development Inc., Toronto,
Ontario, Canada).

The elemental analysis of C, H, N elements was carried out using a CHN automatic
analyzer CE1106 (Carlo-Erba Strumentazione, Milan, Italy). The experimental error is
0.30—0.50%. The burning was carried out in the Sheninger flask using alkaline solution of
hydrogen peroxide as an absorbent. The spectrophotometry technique was used for the
Si analysis.

2.3. Synthesis of 4,7-Bis[5-(trimethylsilyl)-2-thienyl]-2,1,3-benzothiadiazole (TMS-T-BTD)

The synthesis scheme for TMS-T-BTD is presented in Figure 2. The reaction was
carried out under argon atmosphere. 4,4,5,5-tetramethyl-2-[5-(trimethylsilyl)-2-thienyl]-
1,3,2-dioxaborolane (1) (2.42 g, 8.6 mmol), 4,7-dibromo-2,1,3-benzothiadiazole (2) (1.20 g,
4.1 mmol), Pd(PPhz), (0.10 g, 0.09 mmol), and aqueous 2 M solution of sodium carbonate
(6.5 mL) were placed in a flask and dissolved in a toluene—ethanol mixture (30/7 mL). The
reaction mixture was stirred under boiling for 45 h. When the reaction was complete, the
mixture was cooled to room temperature. The aqueous layer was removed, and the organic
phase was passed through a layer of silica gel in toluene. The toluene solution was then
evaporated using a rotary evaporator and dried under vacuum. The product was purified
by column chromatography on silica gel in a hexane—toluene mixture (3:1) to give 1.66 g
of orange solid (92 %). H NMR (250 MHz, CDCl3): 5 [ppm]-8.13 (d, ] = 3.5 Hz, 2H), 7.84
(s,2H), 7.33 (d, ] = 3.6 Hz, 2H), 0.40 (s, 18H). '*C NMR (75 MHz, CDCI3): § [ppm]-152.63,
144.43,142.32,134.99, 128.68, 125.97, 0.01. 2°Si NMR (60 MHz, CDCI3): § [ppm]-6.22. Anal.
Caled. (%) for CooHp4N2S3Sip: C, 54.01; H, 5.44; N, 6.30; S, 21.63%; Si, 12.63. Found: C,
54.91; H, 5.82; N, 6.22; Si, 12.29.

N
\ / \SI \ /
’ _PdPPh)y _ / S Y
T2MNaCOs | / s |

toluene, ethanol

eflx TMS-T-BTD
Figure 2. Scheme for the synthesis of TMS-T-BTD.

2.4. Differential Scanning Calorimetry (DSC) and Thermogravimetry (TG)

The thermal properties of the compounds were investigated in the temperature range
from 293 to 770 K in aluminum crucibles by the method of simultaneous thermal analysis.
The heat flux (DSC) and mass loss (TGA) were simultaneously measured on the STA 449 F1
Jupiter (Netzsch, Germany) thermoanalytical complex. The experiments were carried out
on the samples of polycrystalline powders in a dry nitrogen flow of 70 mL/min and at a
heating and cooling rate of 10 K/min.

2.5. Crystal Growth and Analysis

The solubility of the compounds was analyzed by a weighting method. Crystal
growth was carried out by the slow isothermal evaporation of the solvent at 22 °C [39]. The
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surface morphology and thickness of the crystals were studied using a BX 61 fluorescence
microscope (Olympus, Tokyo, Japan) and a LEXT OLS 3100 confocal microscope (Olympus,
Tokyo, Japan).

2.6. X-ray Diffraction

The structure of T-BTD and TMS-T-BTD single crystals was investigated by single-
crystal X-ray diffraction on an XtaLAB Synergy-R DW system X-ray diffractometer equipped
with a HyPixArc 150 detector (Rigaku Oxford Diffraction, Rigaku, Tokyo, Shibuya) at room
temperature. The experimental data were processed using CrysAlisPro software [40]. Crys-
tallographic calculations (correction for anomalous scattering, allowance for absorption,
averaging of symmetry-equivalent reflections) were performed using the JANA2006 soft-
ware package [41]. The carbon atomic coordinates were found using the charge-flipping
method with the Superflip program. The coordinates of non-hydrogen atoms of the
structure and the parameters of their thermal displacements were specified using the
least-squares method in the full matrix version. It was not possible to localize hydrogen
atoms on maps of difference electron density syntheses constructed from the experimental
data obtained at 293 K. The coordinates of the hydrogen atoms were fixed in the model
structure. Visualization and analysis of the crystal structure were performed using the
Mercury software package (The Cambridge Crystallographic Data Centre: Cambridge,
UK) [42]. Calculating the potentials of pair interactions between the nearest molecules in
the crystal was performed on the basis of the force field using the “UNI Intermolecular
Potentials” component in Mercury software 2.0 [43]. Crystal morphology reconstruction
was performed using WinXMorph version 1.54 software (University of Washington, Seattle,
Washington, USA) [44].

A pattern of X-ray diffraction reflection from the developed face of the largest T-BTD
lamellar single crystal was also obtained at room temperature on an X-ray powder diffrac-
tometer TDM-20 (Tongda, Dandong, China) (CuK« radiation, A = 1.54178 A, collection rate
of 1 deg/min).

2.7. Absorption and Fluorescence Spectra

The absorption spectra of molecular solutions were measured on a UV-2501PC spec-
trophotometer (Shimadzu, Kyoto, Japan). Fluorescence spectra were measured on a
spectrophotometer-spectrofluorimeter FLUORAN-2 (VNIIOFI, Russia). When measur-
ing the fluorescence spectra of solutions, standard 10 x 10 mm quartz cells were used. The
fluorescence quantum yield of solutions was determined by comparison with the known
quantum yield of standards using the method of measuring the fluorescence of optically
diluted solutions [45]. Solutions of rthodamine 6G in ethanol (¢r = 0.95) with optical density
e X ¢ x 1 <0.1 were used as the standard for measuring the fluorescence quantum yield
of luminophores [46]. Measurements of the quantum yield and fluorescence spectra of
crystalline films deposited on quartz substrates were carried out in an integrating sphere
made of highly reflective polytetrafluoroethylene. To calibrate the sphere, we used the
fluorescence of a microcrystalline layer of tetraphenylbutadiene, which is characterized by
a high fluorescence quantum yield (¢r = 0.95) and low reabsorption losses (K;eaps = 0.88).

2.8. Photodurability Measurements

Photostability was studied in hexane solutions with a concentration of 5.10~° mol/L
when irradiated with unfiltered light from a DKsSh-150 xenon arc ball lamp (power 150 W).
Irradiation was carried out in tightly closed quartz cuvettes with a ground stopper with an
optical path length of 1 cm.

2.9. Fluorescence Lifetime Measurements

The fluorescence decay kinetics of the solutions and crystals was studied using a
FluoTime 300 time-correlated photon-counting spectrofluorimeter (PicoQuant, Berlin, Ger-
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many). The fluorescence was excited at a wavelength A¢x = 440 £ 3 nm using a laser diode
source LDH 440. The signal was recorded near the maximum of the fluorescence spectra.

3. Results and Discussion
3.1. DSC and TGA

DSC and TGA curves for the samples of both compounds investigated are presented
in Figures 3 and S1. The melting and thermal stability parameters of the compounds are
presented in Table 1.

1100
DSC TGA
— T-BTD - ‘
———TMS-T-BTD - 180
1 X
8 60 <
i ©
=

100 200 300 200 500
Temperature (°C)

Figure 3. DSC and TGA curves of the investigated compounds.

Table 1. Melting parameters (T, and AHp), thermal stability (Tse,), and molar solubility of the
compounds (S) in hexane at 22 °C.

M Tm AHp Tse, S
Compound (g/mol) o) (kJ/mol) €0 (mM-L1)

T-BTD 300.4 117 2 301 6.1 +05
TMS-T-BTD 4448 162 34 321 11.8 £ 05

Note. Tso, is the temperature at which the sample loses 5% of its mass.

According to the literature, T-BTD melts at approximately 110-115 °C [22] or
118 °C [1]. In [25], it was reported that this compound melts at 120 °C with a thermal
effect of 23.0 k] /mol. In our experimental conditions, T-BTD melts around 117 °C with
an average enthalpy of 22 kJ/mol, which is in good agreement with the findings reported
earlier. During the initial heating of the sample near the melting temperature, an endother-
mic effect consisting of two peaks is observed. The first peak corresponds to the onset
temperature of the process at 117 °C, while the second (higher) peak is separated at 123 °C
(Supplementary Figure S1, blue curve). Upon subsequent heating cycles, only one endother-
mic peak is observed, indicating the onset of melting at 117 °C (Figure S1, black dashed
curve). Interestingly, during the cooling phase and crystallization of the supercooled melt
below the melting temperature, both in the first cycle and subsequent cycles, an exothermic
effect consisting of two peaks is observed (Figure S1). This characteristic feature may be
attributed to the presence of a high-temperature polymorphic phase.

The melting temperature of TMS-T-BTD is 45 degrees higher and the heat effect of
melting is 1.5 times larger than that of T-BTD. It is worth noting that for both compounds
under consideration, the enthalpy of melting is proportional to the molar mass. Upon
heating in consecutive thermo-cycles, the melting behavior of TMS-T-BTD is well repro-
duced, and no features associated with the presence of polymorphic or liquid crystalline
transitions are observed.
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Table 1 presents the values of the temperature Tse,, at which the sample loses 5% of its
initial mass, for the investigated compounds. As seen in Figure 3, in the solid state, both
T-BTD and TMS-T-BTD are resistant to volatilization, and significant substance loss due to
evaporation begins at the temperatures significantly higher than the melting point. The
substituted with TMS group compound, under identical conditions, loses 5% of its mass at
a temperature 20 degrees higher than T-BTD. Under the considered temperature regime,
T-BTD completely evaporates at 400 °C, while the evaporation of TMS-T-BTD is completed
at 386 °C. However, for TMS-T-BTD, the residual substance remains in the amount of
4-5% of the initial sample weight after the completion of evaporation in the heating cycle,
presumably related to a thermal decomposition of the compound.

3.2. Crystal Growth and Characterization

The solubility of the compounds in hexane is presented in Table 1. In comparison with
T-BTD, the concentration of saturated solution is almost two times higher for TMS-T-BTD.
Thus, the terminal trimethylsilyl substituents in the compound significantly improve the
solvation compared to the unsubstituted compound.

Figure 4a illustrates T-BTD crystals obtained in one of the experiments by growing
them from a hexane solution with a slight addition of THF (8:1 vol.) over a period of
30 days. As can be seen, T-BTD crystals exhibit a preferred orientation along which they
linearly grow, reaching lengths of over 10 mm, with well-developed facets. The largest
crystal obtained had dimensions of 7 x 2 x 0.5 mm? (indicated by an arrow in Figure 4a).
Thus, under conditions of slow growth, T-BTD crystals are formed as prisms or elongated
plates, often assuming a rectangular shape (Figures 4b and S2a). Under conditions of fast
crystal growth, the linear anisotropy of their shape is more pronounced. As an example,
needle-like T-BTD crystals reaching a length of 10 mm, obtained by evaporating the solution
in acetone for a period from 2 to 7 days, are presented in Figure S2b.

Figure 4. Crystals of T-BTD grown from a hexane solution with a small addition of THF (a) and their
enlarged images in reflected (b) and transmitted (c) light.

The surface of the developed face of T-BTD crystals is typically non-uniform and
abundant in macro-steps (Figure 4b) and dislocation-driven growth hillocks in the form
of pyramids (Figrues 4c and S2c). Some crystals exhibit rectangular etch pits, with a
concentration reaching ~10'® m~2 (Figure S2d).

The crystals of TMS-T-BTD in the form of rods and thin needles, shown in Figrues 5a
and S3a in Supplementary Materials, were obtained from a hexane solution within 24 days.
The largest rod-shaped sample measures 8 x 1 x 0.45 mm?, while the thin needle-shaped
crystals easily grow in length up to 15 mm (Figure S3a). These crystals exhibit a texture
on the surface in the form of stripes aligned along the main axis (Figures 5b and S3b in
Supplementary Materials). Under UV illumination, the lateral surface of the TMS-T-BTD
crystals exhibits yellow-green luminescence, while the ends emit a bright light, indicating
the presence of a waveguide effect (Figure 5b).
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Figure 5. Crystals of TMS-T-BTD: (a) crystals grown from a hexane solution; (b) magnified image of
the crystal grown from hexane in reflected light and its luminescent image under UV illumination;
(c) crystals grown from a methanol solution; (d) magnified image of a section of the crystal surface in
reflected light grown from a methanol solution.

When grown from a methanol solution with a small addition of THF (15:1 vol.) under
the same conditions, TMS-T-BTD crystals formed more slowly, but with better surface
quality. The crystals grown under these conditions for 48 days are shown in Figure 5c. As
an example, Figure 5d shows an enlarged image of the smooth surface of the developed
face of one of the crystals.

Thus, the compounds investigated exhibit a 1D (T-BTD, TMS-T-BTD) and 2D (T-
BTD) anisotropic crystal growth pattern when crystallized from solutions under identical
conditions. We will attempt to understand the observed anisotropic growth motifs of the
crystals of the substances through thorough analysis of their crystal structure.

3.3. Crystal Structure

The search for a unit cell in the single crystals of T-BTD and TMS-T-BTD investigated
resulted in the selection of rhombic and monoclinic cells, respectively, with the parameters
listed in Table 2. The obtained results regarding the crystal structure of T-BTD are in good
agreement with the findings presented in [23]. During the analysis of the experimental
data array obtained at room temperature, the Superflip program automatically proposed
the centrosymmetric space group P, and a model consisting of 19 non-hydrogen atoms
for the T-BTD monocrystal. For the TMS-T-BTD monocrystal, the program suggested the
centrosymmetric space group P2;/c and a model comprising 27 non-hydrogen atoms.
The chemical formulas of the compounds based on the obtained coordinate sets at room
temperature are C14HoN»S3 and CyoHoN,S35iy, respectively. After refining the structural
parameters of the non-hydrogen atoms using the least-squares method in the full-matrix
version with the experimental data obtained at room temperature, differential electron
density synthesis maps around the carbon atoms were constructed and analyzed. Informa-
tion about the structures investigated was deposited in the Cambridge Structural Database
(CCDC ## 2300065, 2295957).
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Table 2. Crystallographic characteristics, experimental data, and refinement of the structures of
T-BTD and TMS-T-BTD.

Compound T-BTD TMS-T-BTD
Formula C14H8st3 C20H24st35i2
T (K) 293
Sp. gr. Pcab P2y /c
Z/7 8/1 4/1
a(A) 9.9571(2) 6.5497(2)
b (A) 12.7688(2) 20.9594(10)
c(A) 20.2639(3) 17.2242(8)
« (deg) 90 90
B (deg) 90 91.751(3)
v (deg) 90 90
Vo (A3) 2576.36(8) 2364.3(2)
Dy (g-cm™3) 1.549 1.2495
No. of measured, 165461/ 22584/
independent, and observed 2104/4.13/ 2612/10.35/
[I > 30(I)] reflections 1873 928
R/wR 4.260/4.860 0.039/0.035
S 3.34 1.02
APmin/ APmax (-A %) —0.27/0.29 —0.40/0.45

The conformational structures of the molecules in the crystals are presented in Figure 6.
As can be seen, the conjugated core of the molecules adopts a nearly planar conformation.
The average values of the torsion angles between the thiophene and BTD groups are —2.0°
and 4.2° for T-BTD, and —7.0° and 0.0° for TMS-T-BTD. In the case of the T-BTD molecules,
there is a broadening of the thermal ellipsoids of the carbon atoms (C11, C12) and sulfur
atom (S3) in one of the thiophene groups. For the TMS-T-BTD molecules, significant
broadening of the carbons in the terminal trimethylsilyl groups is observed, particularly on
one side (C18, C19, C20), indicating a tendency towards disorder in the crystal in regions
where the terminal groups of the molecules are localized.

Figure 6. Conformational structures of the T-BTD (above) and TMS-T-BTD molecules in ORTEP view
(thermal ellipsoids with a probability of 50%).

The projection of the unit cell of the T-BTD crystal onto the (0 1 0) plane is shown in
Figure 7a (the view of the unit cell is provided in Figure S4a in Supplementary Materials).
In Figure 7, molecules of the same color are symmetrically equivalent within the unit cell.
The crystal is composed of densely packed monomolecular layers that are parallel to the (01
0) plane. The thickness of the monolayers is half of the parameter b (Figure 7b). The densest
molecular rows within these monolayers are oriented along the a-axis. If the molecular
planes in one row are parallel to the (1 0 2) plane, then in the adjacent rows, the molecular
planes are parallel to the (1 0 2) plane. In other words, the angle of the packing arrange-
ment is determined by the angle between these planes and is approximately 89 degrees
(Figure 7a). It is also worth noting that within the dense [100] rows, adjacent molecules are
not equivalent in terms of translational symmetry, but they are oriented almost antiparallel
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to each other with respect to the orientation of the BTD group (Figure 7b). The planes of
the BTD groups in neighboring molecules are oriented at an angle of 3.91 degrees.

N (b)

T

g 35A

T4 : -79.9 -18.5

i ,} (m.. )] 5031A 7.909A%
Yo ot g3
44.24° A

Figure 7. Crystal structure of T-BTD: (a) projection of the unit cell onto the plane (0 1 0); (b) projection
of the structure onto the plane (1 0 0); (c,d) diagrams of pairwise interactions for a molecule with four
nearest neighbors (the values of the corresponding pairwise potentials in k] /mol are indicated in
black numbers).

Figure 7c,d depict, in different projections, the schematic representation of the strongest
intermolecular pairwise van der Waals interactions between nearest neighbors in the
crystal. The black numbers indicate the values of the model pair potentials of van der
Waals interactions (in units kJ/mol), as well as the distances between the centers of the
corresponding molecules. The central molecule is denoted by the index ‘0’, while the
indices ‘1’, “2’, and ‘3’ represent the nearest neighbors in order of decreasing bond strength
(the prime mark on the index represents a molecule that is symmetric to the non-primed
molecule with respect to the central ‘0").

Within the densest [1 0 0] rows, the centers of the closest molecules are situated closest
to each other in the crystal at a distance of 5.031 A. Consequently, the pairwise interaction
potentials between neighbors have the greatest depth and amount to —79.9 k] /mol. Since
the molecules within the densest [1 0 0] rows are shifted relative to each other by an angle
5 =135.76° — 90° = 45.76° (Figure 7d), the distances between the planes of neighboring
molecules are even closer, averaging 3.5 A. Thus, a 7.. .7 stacking interaction (C6. ..CS,
3.473 A) between the aromatic systems of the thiophene and BTD groups of adjacent
molecules occurs in the densely packed rows (Figure S4b,c in Supplementary Materials).

The interaction between the central molecule ‘0" and the molecules in positions ‘2" and
‘3/3’ is noticeably weaker. The distances between the centers of these molecules decrease
to 8.212 A (0-2) and 7.909 A (0-3), while the magnitude of the pairwise potential decreases
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by more than four times in absolute value. Therefore, pronounced bond anisotropy is
observed among the nearest neighbors, with the strongest interaction occurring along
the [1 0 0] direction. This structural feature determines the observed tendency of crys-
tals to exhibit anisotropic linear growth along the a-axis (Figures 4 and S2b and Séa in
Supplementary Materials).

Among the contacts with nearest neighbors, C-H. . .7 interactions predominate, with
hydrogen, carbon, and sulfur atoms exhibiting contact distances ranging from 2.814 A
(C12...H1c10) to 2.998 A (C5...H1c14) (Figure S4c in Supplementary Materials).

The structure of the TMS-T-BTD crystal unit cell is shown in Figures 8a and S5a in
Supplementary Materials. In this case, dense rows of molecules stacked in pairs, oriented
along the [1 0 0] direction, are observed in the crystal. (Figure 8b). Within these rows, the
nearest neighbor molecules are equivalent due to translational symmetry. In the cross-
section of the (1 0 0) plane, the packed rows of molecules align in pairs, with their long
axes parallel to either the (0 1 1) or (0 1 1) planes (Figure 8b). The BTD molecule group is
aligned parallel to the (14 2) or (1 4 2) planes, which intersect at an almost right angle of
89.34° (Figure S5a in Supplementary Materials).
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Figure 8. Crystal structure of TMS-T-BTD: (a) unit cell view; (b) projection of the structure onto
the plane (1 0 0); (c) diagram of pairwise interactions for a molecule with four nearest neighbors
(the values of the corresponding pairwise potentials in kJ/mol are indicated in black numbers);
(d) location of nearest neighbors in the densest row [1 0 0] in the projection on the plane (1 4 2).
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The scheme of pairwise van der Waals interactions between nearest neighbors in the
crystal is presented in Figure 8c. The centers of adjacent molecules (‘2-0-2) in the densely
packed rows [1 0 0] are positioned at a distance of 6.550 A with significant displacement
(Figures 8d and S5b). The potential for pairwise interaction between the nearest neighbor
molecules within this row has a value of -64.9 k] /mol (Figure 8c). Figure 8d shows the
arrangement of the closest molecules (‘0" and “2’) in projection onto the (1 4 2) plane and
the magnitudes of their relative displacements horizontally (3.28 A) and vertically (4.42 A)
within this plane (the distance between the planes in which these molecules lie is 3.684 A).
Yet the strongest interaction of molecule ‘0" occurs with molecule ‘1" (—88.5 k] /mol), located
at a distance of 6.175 A in the same plane as molecule ‘2" (Figure 8c). The interaction of the
central molecule with molecules in position ‘3" and its symmetric counterpart in position ‘3’
(not shown in the figure) is significantly weaker. In absolute terms, the interaction potential
between the molecule pair ‘0-3 is approximately four and three times weaker compared
to the interaction potentials in pairs ‘0-1" and ‘0-2’, respectively (Figure 8c). As depicted
in Figure 8b, the dimers ‘0-1" with the strongest intermolecular interaction in the crystal
connect the densely packed rows of molecules in pairs. Thus, the linear anisotropy of the
TMS-T-BTD crystal growth is determined by the presence of a specific direction [1 0 0],
along which the twinned dense rows of molecules are oriented (Figure Séc).

As apparent from Figures 8d and S5b, 7. . .7 stacking interactions between the closest
molecules ‘0’, ‘1", and ‘2’ that are aligned parallel to each other occur between the aromatic
systems of thiophene and the BTD group (S1...S3, 3.697 A; C13...83, 3.561 A; C5...S3,
3.513 A). The shortest C-H. . .t contacts are observed as follows: H3c17...C3, 2.994 A;
H1c10...S3, 3.018 A. Thus, the distance between the centers of the nearest molecules in the
TMS-T-BTD crystal (6.180 A) is longer compared to the T-BTD crystal (5.031 A), i.e., the
structure appears to be more loose. The 7. . .7t stacking interactions between the aromatic
systems of thiophene and the BTD group in the TMS-T-BTD crystal occur at slightly larger
distances (0.04-0.2 A). However, in the TMS-T-BTD crystal, the 7. . .7t stacking between the
most strongly interacting molecules is accompanied by more significant displacements of
the aromatic group planes (Figures S4b and S5b). Regarding the C-H. . .7t interactions, the
lengths of the shortest contact distances in the TMS-T-BTD crystal are generally about 0.3 A
longer compared to the T-BTD crystal (Figures S4c and S5c).

The total energy of the crystal packing calculated in the force field approximation for
T-BTD is E. = —178.8 k] /mol, for TMS-T-BTD — E. = —212.9 k] /mol. Since the energy of
crystal packing characterizes the enthalpy of sublimation, the noticeably higher modulus
value of E. for TMS-T-BTD indicates the greater stability of the crystals of this compound
relative to sublimation processes in comparison with T-BTD.

Thus, the presence of densely packed monolayers parallel to the (0 1 0) plane in the
crystal structure of T-BTD leads to the formation of a developed face in the orientation
of this plane. Furthermore, the existence of densely packed rows oriented along the a-
axis, with the strongest intermolecular interactions among nearest neighbors, explains
the observed maximum growth rate of crystals along this direction. Figure 9a depicts
an image of the elongated plate-like T-BTD crystal, indicating the facet indices and the
direction along which crystal growth occurs at the highest speed. The crystal presented
exhibits a typical flat shape with angles between the lateral facets measuring 128 and
142 degrees. The indexing was performed by comparing the actual crystal shape with the
data from a single-crystal X-ray diffraction experiment (Figure S6a) and an X-ray diffraction
pattern acquired by reflecting off the developed crystal facet using a powder diffractometer
(Figure Séb). Figure 9b displays a reconstruction of the T-BTD crystal morphology.
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Figure 9. (a) Image of a T-BTD crystal indicating the face indices and orientation of the major axis;
(b) T-BTD crystal morphology; (c) luminescent image of a TMS-T-BTD crystal indicating the orienta-
tion of the major axis; (d) TMS-T-BTD crystal morphology.

Unlike the T-BTD crystal, the TMS-T-BTD crystal lacks densely packed monomolecular
layers relative to which growth at the highest rate could take place. In this case, the
crystal structure of TMS-T-BTD consists of dense paired molecular rows along the [1 0 0]
direction, along which the crystal growth rate significantly exceeds the increment rate in
the other directions (Figure 9¢). A reconstruction of the TMS-T-BTD crystal morphology,
incorporating the data from a single-crystal X-ray diffraction experiment (Figure Séc), is
depicted in Figure 9d.

3.4. Absorption and Fluorescent Properties of T-BTD and TMS-T-BTD
3.4.1. Solutions

The structure of electronic transitions in a free molecule (gas) is most closely resembled
by the structure of electronic transitions in a molecule placed in a transparent solvent. The
influence of the solvent on the energy of electronic states can be assessed by comparing
the absorption and fluorescence characteristics of solutions of the investigated molecules
in different solvents. It is advisable to use the solvents with varying degrees of polarity
for this purpose. The compounds T-BTD and TMS-T-BTD are well soluble in both THF
(polar solvent) and hexane (nonpolar solvent). Therefore, hexane and THF were chosen
for investigating the absorption and fluorescence properties of the solutions. The spectral
distributions of the molar extinction coefficient of T-BTD and TMS-T-BTD in hexane and
THEF are shown in Figure 10a. The extinction coefficient values corresponding to the maxima
of the two most intense bands in the absorption spectra are given in Table 3.
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Figure 10. Spectral distribution of the molar extinction coefficient (a) and fluorescence spectra (b) of
T-BTD and TMS-T-BTD in hexane and THF solutions. Excitation was carried out at the maximum of
the long-wave absorption band.

Table 3. Photophysical properties of T-BTD and TMS-T-BTD in solutions of hexane, THF, and in the
crystalline state.

T-BTD TMS-T-BTD
Hexane THF Crystal Hexane THF Crystal

AmaX! (nm /em 1) 446/22,400 446/22,400 - 457/21,900 455/22,000 -

emaxt M1 em™1) 13,700 14,800 - 19,100 19500 -

A2 (nm /em ) 304/32,900 304/32,900 - 314/31,800 316/31,600 -

emax2 M1 em™1) 25,000 27,000 - 33,900 35,900 -
Afluor (nm/cm ™) 541/18,500 570/17,500 613/16,300 552/18,100 576/17,400 568/17,600

Stokes shift (cm™1) 3900 4900 - 3800 4600 -

QY f1yor (%) 84 97 45 95 91 77

Tlyor (S) 9.8 13.3 - 9.1 10.8 -

k; (ns~1) 0.086 0.073 - 0.105 0.084 -

knr (ns™1) 0.016 0.002 - 0.006 0.008 -

QYpip 41072 - - 3.107° - -

pig (D) 1.3 - 4 -

te (D) 9.7 - 15 -

It is evident that polarity of the solvent has a negligible effect on the absorption spectra
of T-BTD and TMS-T-BTD. The position of the absorption band maxima in the spectrum
of T-BTD remains the same for both the hexane and THF solutions. In the absorption
spectrum of TMS-T-BTD, the transition from hexane to THF is accompanied by a slight
hypsochromic shift of the long-wavelength band (—2 nm, ~100 cm~!) and an equally
insignificant bathochromic shift of the short-wavelength band (+2 nm, ~200 cm™!).

The attachment of TMS groups to the conjugated chromophore T-BTD cannot lead to
the appearance of new absorption bands in the TMS-T-BTD spectrum, as the TMS fragment
does not absorb light in the UV-VIS range. Changes in the absorption spectrum of the
conjugated chromophore resulting from the attachment of such end-groups are typically
explained by the direct influence of the substituent potential field on m-electrons of the
conjugated chromophore. This influence is usually insignificant. However, the spectral
distributions of the extinction coefficients of the T-BTD and TMS-T-BTD compounds, as
shown in Figure 10a, differ significantly. The long-wavelength absorption band in the TMS-
T-BTD spectrum is bathochromically shifted by 500-600 cm !, and the short-wavelength
band is shifted by 11001300 cm~! compared to the corresponding absorption bands of
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T-BTD. The extinction coefficient in the maximum of the long-wavelength absorption band
in the TMS-T-BTD spectrum is 39-32% higher and in the short-wavelength band it is 36-33%
higher than those in the T-BTD compound.

These differences are due to the fact that, in addition to the inductive effect on 7t-
electrons of the conjugated core, the introduction of TMS groups slightly alters the con-
formation of the T-BTD chromophore. The conformational change involves a torsional
angle between the thiophene and benzothiadiazole fragments. Unlike the T-BTD molecule,
where each thiophene fragment is only attached to the benzothiadiazole through a -C-
C- bond, in the TMS-T-BTD molecule, the thiophene fragment is attached to the central
benzothiadiazole through a -C-C- bond and to the bulky trimethylsilyl group through a
-C-Si- bond. Therefore, in the TMS-T-BTD molecule, rotation of the thiophene fragment
along the -C-C- bond is more hindered compared to the T-BTD molecule. As a result,
different torsional angles correspond to the equilibrium conformations (optimal geometry)
of T-BTD and TMS-T-BTD. The absorption spectra corresponding to different chromophore
conformations can significantly differ from each other, as observed for the T-BTD and
TMS-T-BTD molecules.

The interaction of the solvation shell with molecules can lead to a change in the
equilibrium conformation of the molecule in its free state. When transitioning from a
polar to a nonpolar solvent, the configuration of the solvation shell changes, which can
also cause a change in the equilibrium conformation of the molecule. The transition from
hexane to THF solutions does not alter the absorption properties of the T-BTD and TMS-
T-BTD molecules, indicating that their equilibrium conformations are independent of the
solvent polarity.

The fluorescence spectra of T-BTD and TMS-T-BTD solutions in hexane and THEF,
shown in Figure 10b, consist of a single structureless band, which is mirror-symmetric to
the long-wavelength absorption band. When transitioning from hexane to THF solutions,
the maximum positions of the fluorescence bands of T-BTD and TMS-T-BTD shift towards
the lower frequencies by 1000 = 700 cm ™!, while the maxima of their long-wavelength
absorption bands shift by only 100 = 200 cm~!. The values of the quantum yield and
fluorescence decay time of the T-BTD and TMS-T-BTD solutions in hexane and THF are
provided in Table 3. The calculated values of the rate constants for radiative (fluorescence)
and nonradiative (singlet-triplet conversion) processes are also presented in Table 3. The
rates of radiative and nonradiative processes in the T-BTD and TMS-T-BTD compounds
depend significantly on the solvent. In the unsubstituted compound, the ratio in hexane
is 5.38, while in THF it is 36.5. In the substituted compound, the ratio in hexane is 17.5,
while in THF it is 10.5. The probability of singlet—singlet and singlet—triplet transitions is
determined by the relative arrangement of the corresponding energy levels, which, in turn,
largely depend on the conformation of the molecule. The equilibrium conformations of
the ground states of T-BTD and TMS-T-BTD remain unchanged when transitioning from
hexane to THF; therefore, the dependency of the ratio on the solvent is determined by
the conformational change of the excited molecule. The conformational change after the
molecule excitation occurs during the solvate transition (dissolved molecule + solvent
molecules) to a new equilibrium state. Since the lifetime of the first excited state of both the
T-BTD and TMS-T-BTD compounds is long (9 =+ 13 ns), while the intermolecular relaxation
time constant is small (~0.1 <+ 1 ns), fluorescence occurs from the new equilibrium state of
the solvate. The different influence of solvent polarity on the conformation of the ground
and excited states is largely determined by the change in the static dipole moment and
molecular polarizability upon excitation.

To estimate the values of the static dipole moments corresponding to the ground and
first excited states of the T-BTD and TMS-T-BTD compounds, their absorption and fluores-
cence spectra were investigated in a series of solvents: hexane, THF, dichloromethane, and
acetonitrile (Figure S7 in Supplementary Materials). Figure S8 shows the dependence of the
difference v,p5 — Vem (@, b) and the sum V5 + Ve (c, d) of the absorption and fluorescence
band maxima on the empirical functions of the polarity of solvent f(ep,n) and ¢(ep).
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From these dependencies, using the Lippert-Mataga equations, we obtained the values
of static dipole moments in the ground ., and excited y. states [47,48]. The calculation
results are shown in Table 3. As we can see, the static dipole moment of the compounds
under investigation increases sharply upon transition to the first excited state: for T-BTD
from 1.3 D t0 9.7 D, and for TMS-T-BTD from 4 D to 15 D. The molecule with a large dipole
moment of the excited state interacts with polar and nonpolar molecules of the solvation
shell in different ways, which leads to different conformations of the molecule in polar and
nonpolar environments.

3.4.2. Photostability of T-BTD and TMS-T-BTD in Hexane

The photostability of the T-BTD and TMS-T-BTD compounds was studied using an
inert, nonpolar, oxygen-free hexane as the solvent, which is not prone to the formation
of peroxides (unlike THF). The initial concentration of the compounds investigated was
5 x 107> mol/L. The test solution was placed in tightly sealed quartz cuvettes with ground
stoppers and with an optical path length of 1 cm. It was then exposed to unfiltered light
from a xenon arc lamp DKsH-150, the spectrum of which is close to solar light.

Figure S9 shows the absorption and fluorescence spectra taken at equal time intervals
during the irradiation process. A decrease in the intensity of both absorption and fluo-
rescence spectra is observed during the irradiation, with a faster decrease for the T-BTD
and a slower decrease for the TMS-T-BTD solutions. From the absorption spectra, the
concentrations of the undecomposed T-BTD and TMS-T-BTD compounds were obtained
for each irradiation time period (Figure 11). The calculated values of the quantum yield
of photodestruction for the T-BTD and TMS-T-BTD compounds are presented in Tables 3
and S1 in Supplementary Materials. The quantum yield of photodestruction for T-BTD is
13 times higher than that for TMS-T-BTD. The faster photodestruction of T-BTD compared
to TMS-T-BTD is attributed to the intercombination conversion rate of T-BTD molecules in
hexane, which is 2.7 times higher than that of TMS-T-BTD (0.016 ns ! vs. 0.006 ns~!). The
integrated fluorescence intensity for T-BTD also decreases faster than that for TMS-T-BTD
(Figure 510 in Supplementary Materials).
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Figure 11. Change in the concentration of T-BTD and TMS-T-BTD solutions in hexane during
irradiation. Points: experimental data; lines: approximation.

3.4.3. Crystals

The fluorescent properties were investigated on bulk crystals of T-BTD and TMS-
T-BTD with linear dimensions of 1-3 mm. Figure 12a,b show the fluorescence and flu-
orescence excitation spectra of the crystals, as well as the fluorescence and absorption
spectra of the T-BTD and TMS-T-BTD solutions in hexane for comparison purposes. From
these data, it can be concluded that the fluorescence excitation spectrum of the T-BTD
crystal is shifted by 1300~1400 cm ! towards the lower frequencies compared to TMS-T-
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BTD. Conversely, the absorption spectrum of the T-BTD solution in hexane is shifted by
500-600 cm~! towards the higher frequencies compared to the TMS-T-BTD solution in
hexane. Comparison of the fluorescence spectra leads to the same conclusion: the peak of
the T-BTD crystal fluorescence spectrum is shifted by 1200-1300 cm ! towards the lower
frequencies compared to the peak of the TMS-T-BTD crystal fluorescence spectrum. At the
same time, the peak of the fluorescence spectrum of the T-BTD solution in hexane is shifted
by 300-400 cm~! towards the higher frequencies compared to the TMS-T-BTD solution
in hexane.
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Figure 12. Fluorescence excitation (a) and emission (b) spectra of T-BTD and TMS-T-BTD crystals.
Excitation spectra were recorded at a wavelength of 670 nm for T-BTD and 620 nm for TMS-T-BTD.
For comparison, the absorption and fluorescence spectra of solutions of T-BTD and TMS-T-BTD in
hexane are shown.

The maximum of the fluorescence spectrum of the TMS-T-BTD crystal is located
between the maxima of its fluorescence in hexane and THF (Table 3). The maximum of the
fluorescence spectrum of the T-BTD crystal is shifted by 2200 cm ! and 1200 cm~! towards
the lower frequencies compared to its spectra in hexane and THEF, respectively (Table 3).
The quantum yield of fluorescence of the TMS-T-BTD crystal is 15-20% lower than its
quantum yield in solutions, while the quantum yield of fluorescence of the T-BTD crystal
is twice as low as the quantum yield in solutions (Table 3). The results obtained suggest
that the conformation of the molecules, which act as fluorescent centers in the TMS-T-BTD
crystal, is close to the average conformation of the TMS-T-BTD molecules in solutions. The
conformation of the molecules responsible for the fluorescence of the T-BTD crystal are
likely significantly different from the conformation of the T-BTD molecules in solutions.

4. Conclusions

Thus, the luminophores investigated are highly soluble and prone to forming large
single crystals from solutions. It has been established that at room temperature, the
solubility of the trimethylsilyl substituted derivative TMS-T-BTD in nonpolar hexane is
almost twice as high as that of T-BTD. High thermal stability and relatively moderate
melting temperatures are favorable factors for using melt techniques to obtain large crystals
of these compounds. The crystal structures of T-BTD in the rhombic system (sp. gr. Pcap,
Z = 8) have been refined using single-crystal X-ray diffraction at room temperature, while
the crystal structure of TMS-T-BTD has been determined for the first time in the monoclinic
system (sp. gr. P21 /c, Z = 4). T-BTD crystals grow in the form of needles or elongated plates
along the [1 0 0] direction and have a developed (0 1 0) face. In the same conditions, TMS-
T-BTD crystals grow well as thin needles or rods, exhibiting preferential 1D anisotropic
growth along the [1 0 0] direction. The observed growth anisotropy of the luminescent
crystals investigated is associated with the features of their crystal structure. In T-BTD
crystals, direction of the fastest growth [1 0 0] corresponds to the direction of densely packed
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rows of molecules. Within these rows, the interaction between the nearest neighbors is
several times stronger than with the neighbors in the other directions. Moreover, the crystal
structure of T-BTD exhibits monomolecular layers with a thickness of ~6.4 A (b/2) oriented
in the (0 1 0) plane and packed in a herringbone-like manner, which determines the 1-2D
anisotropic growth of the crystals. However, in the crystal structure of TMS-T-BTD, there is
no layered packing motif. Here, only parallel rows of closely packed molecules are present,
oriented along the direction of preferential growth [1 0 0]. The interaction between the
nearest molecules within these rows is several times stronger than with the neighbors in the
other directions, thereby defining the preferential 1D anisotropic growth of crystals in this
compound. Compared to the crystal structure of T-BTD, the structure of the TMS-T-BTD
crystals appears to be more loosely packed. In the TMS-T-BTD crystals, the 7. . .7t stacking
interaction between the most strongly interacting molecules is weaker than in the T-BTD
crystals due to more significant displacement of the aromatic group planes relative to each
other, resulting in a weaker overlap. It has been established that the attachment of TMS
groups leads to a change in the equilibrium conformation of the conjugated core, which
accounts for the difference between the absorption spectra of TMS-T-BTD and T-BTD. It has
been demonstrated that the equilibrium conformations of the compounds investigated are
practically independent of the solvent. It has been discovered that the ratio of fluorescence
rates to intersystem crossing conversion (k;/k;,) in both compounds significantly changes
when transitioning from hexane to THF and is associated with a sharp increase in the
static dipole moment upon excitation. The correlation between the photostability of the
TMS-T-BTD and T-BTD compounds and the intersystem crossing conversion rate has been
established. It was shown that the fluorescent properties of TMS-T-BTD crystals are close
to the fluorescent properties of solutions, while the fluorescent properties of T-BTD crystals
are sharply different from the properties of solutions.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/cryst13121697 /s1, Figure S1: DSC curves characterizing the
melting and crystallization of the T-BDT sample in two consecutive heating and cooling cycles;
Figure S2: crystals of T-BTD: (a) crystals grown from a solution in hexane with a small addition of
THF (growth period 30 days); (b) crystals grown from a solution in acetone (growth period 7 days);
(c), (d) images of the surface of the developed face of crystals grown from solution in hexane;
Figure S3: crystals of TMS-T-BTD grown from a hexane solution (a) and enlarged image of the bottom
crystal surface (b); Figure S4: crystal structure of T-BTD at 293 K: (a) view of unit cell; (b) projection
of three neighboring molecules from a close-packed row [1 0 0] onto the (1 0 2) plane; (c) scheme of
shortest contacts of a molecule with atoms of nearest neighbors; Figure S5: crystal structure of TMS-T-
BTD at 293 K: (a) view of unit cell; (b) projection of four neighboring molecules onto the (1 4 2) plane;
(c) scheme of shortest contacts of a molecule with atoms of nearest neighbors; Figure Sé6: (a) photo-
graphic image of a T-BTD single crystal with face indices determined in the X-ray diffraction experi-
ment; (b) XRD pattern obtained by reflection from a developed face of a flat T-BTD crystal (photo in
the insert); (c) photographic image of a TMS-T-BTD single crystal with face indices determined in the
X-ray diffraction experiment.; Figure S7: normalized absorption (right axis) and fluorescence (left
axis) spectra of solutions of T-BTD (a) and TMS-T-BTD (b) in hexane, THE, dichloromethane (DCM),
and acetonitrile (ACN). Excitation was carried out at the maximum of the long-wave absorption band;
Figure S8: the calculation of the dipole moments of T-BTD (a,c) and TMS-T-BTD (b,d) molecules:
dependence of the difference (a,b) and sum (c,d) of the absorption and fluorescence band maxima on
the solvent functions f(ep,n) and ¢(ep). The points are experimental data and the lines are linear
regression (the equations of dependencies and the linear regression coefficient are given); Figure S9:
changes in the absorption (a,b) and fluorescence (c,d) spectra of solutions of T-BTD (a,c) and TMS-T-
BTD (b,d) in hexane upon irradiation. The initial concentration was 5-10~3 mol/L and the cuvette
thickness was 1 cm. Excitation was carried out with light with a wavelength of 446 nm (T-BTD) and
457 nm (TMS-T-BTD); Figure S10: change in the relative integral fluorescence of solutions of T-BTD
and TMS-T-BTD in hexane upon irradiation. The points are experimental data and the lines are
approximations. Excitation was carried out with light at wavelengths of 446 nm (T-BTD) and 457 nm
(TMS-T-BTD); Table S1: photoirradiation of T-BTD and TMS-T-BTD solutions in hexane.
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