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ABSTRACT: Linear conjugated molecules consisting of benzo-
thiadiazole (BTD) and phenyl rings are highly efficient organic
luminophores. Crystals based on these compounds have great
potential for use as light-emitting elements, in particular,
scintillation detectors. This paper compares the peculiarities of
growth, structure, and fluorescent properties of crystals based on
4,7-diphenyl-2,1,3-benzothiadiazole (P,-BTD) and its organo-
silicon derivative 4,7-bis(4-(trimethylsilyl)phenyl) BTD ((TMS-
P),-BTD). The conditions for the formation of centimeter-scale
single crystals were found for the former, while it was possible to
prepare also bulky faceted individual crystals for the latter. The
structures of P,-BTD and (TMS-P),-BTD crystals at 85 and 293 K
were investigated by single-crystal X-ray diffraction. The crystal structure of P,-BTD has been refined (sp. gr. P1, Z = 4), and for
(TMS-P),-BTD crystals, the structure has been solved for the first time (sp. gr. P2,/c, Z = 32). Experimental and theoretical
investigations of the absorption-fluorescent properties of solutions and crystals of the molecules have been carried out. The
luminophores are characterized by a large Stokes shift for both solutions and crystals with a high fluorescence quantum yield of 75—
98% for solutions and 50—85% for the crystals. A solvatochromic effect was observed for solutions of both luminophores: an increase
in the values of the fluorescence quantum yield and the excited state lifetime were established with increasing the solvent polarity.
Fluorescence properties of solutions and crystals have been analyzed using the data on crystal structure and conformation structure
of the molecules as well as density functional theory calculations of their electronic structure. The results have shown that the crystal
packing of P,-BTD molecules exhibits uniformity in conformational states, while (TMS-P),-BTD molecules display a variety of
conformational structures in the crystals. This unique combination of features makes them a remarkable example among the other
molecular systems for identifying the relationship between the structure and absorption-fluorescence properties through comparative
analysis.

Hl INTRODUCTION solvents as well as stable over a wide operating temperature

Linear conjugated molecules with a central benzothiadiazole range. It should be noted that crystallization of the molecules

(BTD) fragment are well-known as stable organic lumino-
phores with a large Stokes shift and high fluorescence quantum
yield.'~* Crystals based on these compounds, due to a wide
range of remarkable properties, are attractive for the develop-
ment of optoelectronic technologies based on them.””” Of
great interest are well-crystallized substances capable of
forming large single crystals with a size of the order of 1 cm

with a central BTD fragment is still scarcely studied in the
literature,”” and there are no data on the growth of bulk single
crystals at a scale of ~1 cm.

A molecule of 4,7-diphenyl-2,1,3-benzothiadiazole (P,-
BTD), consisting of two phenyl groups symmetrically
conjugated in the 4- and 7-positions position with the central

or more, which is a huge advantage for a detailed study of the Received: October 29, 2023
relationship between their structure and properties and has Revised:  February 26, 2024
high potential for their application as optical single crystal Accepted:  March 4, 2024
elements obtained by growth methods from solutions or melt. Published: March 21, 2024

Good candidates for this task are rather short linear conjugated
molecules with a sufficiently high solubility in standard organic
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Figure 1. Scheme for the synthesis of (TMS-P),-BTD.

(TMS-P),-BTD

BTD fragment, is a good base for obtaining a whole family of
its derivatives with unique optical properties.””>”'>"" This
compound itself is also promising as a highly efficient
luminophore, for example, for use as luminescent labels or
the development of a scintillation detector. Compared to para-
terphenyl, the emission spectrum of P,-BTD is significantly
red-shifted, while the fluorescence quantum yield is similar for
both molecules (80—90%).'>'® The structure of P,-BTD
single crystals was previously studied at 123'*~"° and 100 K,’
but the data published are contradictory. Moreover, the
features of P,-BTD crystallization have not been described,
and, in general, the physicochemical properties of crystals of
this compound remain poorly understood.

Earlier, by studying the crystallization of novel derivatives of
linear conjugated molecules with various terminal substituents,
it was found that the presence of trimethylsilyl end groups
leads to a significant increase in the solubility of the
compound, and, in some cases, contributes to a noticeable
improvement in the growth characterlstlcs and quality of the
crystals grown from solutions.'®”

This work is devoted to investigation of the growth and
structure of crystals, and the absorption-fluorescence proper-
ties of solutions and crystals of P,-BTD and its derivative with
terminal trimethylsilyl substituents —4,7-bis((4-trimethylsilyl)-
phenyl)BTD ((TMS-P)2-BTD) (Figure 1).

B EXPERIMENTAL DETAILS

Materials and Methods. All commercially available
compounds were purchased from Sigma-Aldrich, Acros
organics, or ABCR GmbH and used as received. All solvents
used were qualified for spectroscopy. In the case of column
chromatography, silica gel 60 “Merck” (Germany) was taken.
For thin-layer chromatography, “Sorbfil” (Russia) plates were
used. 4,7-Diphenyl-2,1,3-benzothiadiazole (P,-BTD) was
synthesized as described earlier via Suzuki—Miyaura coupling
between 2,1,3-benzothiadiazole and phenylboric acid."”

Characterization. The '"H NMR spectra were recorded on
a Bruker WP250 SY spectrometer (250.13 MHz) using the
residual signal of CDCl; (6 7.27 ppm) as the internal standard.
The "*C and *’Si NMR spectra were recorded on a Bruker
ADVANCE II 300 spectrometer at working frequencies of 75
and 60 MHz, respectively. The spectra were then processed on
the computer using the ACD Laboratories software.

Gel permeation chromatography analysis was performed on
a Shimadzu instrument with a SPD-M10A"" diode matrix as
detector using 7.8 X 300 mm?® Phenomenex columns (USA)
filled with the Phenogel sorbent with a pore size of 500 A and
tetrahydrofuran (THF) as the eluent.

Elemental analysis of C, H, N elements was carried out using
a CHN automatic analyzer CE1106 (Italy). The experimental
error was 0.30—0.50%. The burning was done in a Sheninger
flask using an alkaline solution of hydrogen peroxide as an
absorbent.
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Infrared spectra were registered with a Bruker Tensor 27
spectrometer.

High-resolution mass spectra were recorded on a Bruker
micrOTOF 1II instrument using electrospray ionization. The
measurements were performed in positive ion mode (interface
capillary voltage —4500 V); mass range from m/z S0 to m/z
3000 Da; external calibration with Electrospray Calibrant
Solution.

Synthesis. The synthesis of 4,7-bis[4-(trimethylsilyl)-
phenyl]-2,1,3-benzothiadiazole (TMS-P),-BTD was carried
out as follows (see Figure 1). A flask was charged with
organoboron precursor 4,4,5,5-tetramethyl-2-[4-
(trimethylsilyl)phenyl]-1,3,2-dioxaborolane® (1.00 g, 3.6
mmol), 4,7-dibromo-2,1,3-benzothiadiazole (480 mg, 1.6
mmol), and Pd(PPh;), (42 mg, 1 mol %). The mixture was
degassed, toluene, an aqueous solution of Na,CO; (2.0 M),
and ethanol were added and heated to reflux for 14 h. After
completion of the reaction, the mixture was cooled down to
room temperature, the bottom aqueous phase was removed,
and the organic phase was evaporated by a Rotorvapor. The
crude product was purified by column chromatography on
silica gel from a toluene-hexane (1:3) mixture to give pure
(TMS-P),-BTD as a yellowish-green solid (601 mg, 85.2%).
"H NMR (J Hz, CDCl,): 6 [ppm] 0.33 (18H, s), 7.72 (4H, d, ]
=8.24),7.79 (2H, s), 7.93 (4H, d, ] = 8.24) (Figure S1). *C
NMR (CDCly): § [ppm] —1.06; 128.14; 128.51; 133.46;
133.69; 137.80; 140.82; 154.15. **Si NMR (CDCl,): § [ppm]
—3.77. Anal. Caled for C,,H,¢N,SSi,%: C 66.61, H 6.52, N
6.47, S 7.41, Si 12.98. Found,%: C 66.54, H 6.37, N 6.14, S
7.55. Fourier transform infrared (KBr): T = 3060, 3034, 1549,
1474, 1448 cm™. HR/MS calcd for C,,H,4N,SSi, [M + H]
433.1584, found 433.158S.

Differential Scanning Calorimetry and Thermogravi-
metric Analysis. The thermal properties of the compounds
were studied in the temperature range from 293 to 770 K in
aluminum crucibles by the method of simultaneous thermal
analysis; the heat flux [differential scanning calorimetry
(DSC)] and mass loss [Thermogravimetric Analysis (TGA)]
were simultaneously measured on an STA 449 F1 Jupiter
(NETZSCH, Germany) thermoanalytical complex. The
experiments were carried out on samples of polycrystalline
powders in a dry argon flow of 70 mL/min and at a heating
and cooling rate of 5 K/min.

Solubility. The concentration of saturated solutions of the
compounds in n-hexane was measured spectrophotometri-
cally.”" The solutions were kept for 24 h over the crystalline
precipitate formed at a temperature of 303 K, filtered through
poly(tetrafluoroethylene) (PTFE) filters (0.22 pm), and
diluted a known number of times so that the optical density
did not exceed 0.6 at long-wavelength maxima. The absorption
spectra of solutions were measured on a UV-2501PC
spectrophotometer (Shimadzu, Japan) in standard quartz
cuvettes with a 10 mm optical path.

https://doi.org/10.1021/acsomega.3c08543
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Figure 2. DSC (a) and TGA (b) curves of P,-BTD and (TMS-P),-BTD.

Crystal Growth and Analysis. Crystal growth was carried
out by the method of isothermal evaporation of the solvent at
room temperature.” n-Hexane was used as a solvent. The initial
concentrations of the substances in the solutions prepared for
growth were 10.4 mM/L for P,-BTD and 16.2 mM/L for
(TMS-P),-BTD. The surface morphology and thickness of the
crystals were studied using a LEXT OLS 3100 confocal
microscope (Olympus, Japan) and an Ntegra atomic force
microscope (NT-MDT, Russia) in contact mode according to
the method described earlier.”" The AFM topograms obtained
were processed and analyzed using the Gwyddion program.”

X-ray Diffraction. The intensities of diffraction reflections
from single crystals P,-BTD and (TMS-P),-BTD were
measured at temperatures of 293 and 85 K on an X-ray
diffractometer XtaLAB Synergy-DW, HyPix-Arc 150 (Rigaku
Oxford Diffraction). Experimental data were processed using
the CrysAlisPro program.”” Crystallographic calculations
(correction for anomalous scattering, allowance for absorption,
averaging of reflections equivalent in symmetry) were carried
out using the JANA2006 software package.”* The coordinates
of silicon, sulfur, nitrogen, and carbon atoms were found by the
charge flipping method using the Superflip program.”® For P,-
BTD single crystals, the analysis of maps of electron density
difference syntheses plotted in the vicinity of the positions of
carbon atoms revealed peaks of the residual electron density
with a height of about 2 e/ A3 at the distances from 0.7 to 1.2 A
from carbon atoms. In these positions, 12 hydrogen atoms
were localized. The coordinates of all atoms in the structure
and the parameters of their thermal displacements were refined
by the least-squares method in the full matrix version. In the
(TMS-P),-BTD structure model, the coordinates of hydrogen
atoms were fixed geometrically. The crystal structure was
visualized using the Mercury software package’® The
calculation of the potentials of pair interactions between the
nearest molecules in a crystal at 85 K was performed in the
force field approximation using the “UNI Intermolecular
Potentials” component,27 which is included in the Mercury
package.

Absorption and Fluorescence Spectra. The absorption
spectra of molecular solutions in solvents were measured on a
UV-2501PC spectrophotometer (Shimadzu, Japan). Fluores-
cence spectra were measured on an ALS-1 M spectrofluorim-
eter (ISPM RAS, Moscow, Russia) in photon counting mode
at successive time intervals and on a FLUORAN-2 pulsed
spectrophotometer-spectrofluorimeter (VNIIOFI, Moscow,
Russia). When measuring the fluorescence spectra of solutions,
standard 10 X 10 mm quartz cells were used. The fluorescence
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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.*®
Solutions of rhodamine 6G in ethanol (®p = 0.95) and
POPOP in cyclohexane (®p = 0.93) were used as standards for
measuring the fluorescence quantum yield of luminophores.””
Measurements of the quantum yield and fluorescence spectra
of crystalline layers deposited on quartz substrates were carried
out in an integrating sphere made of highly reflective PTFE.
The sphere was calibrated using the fluorescence of a
crystalline layer of tetraphenylbutadiene, which is characterized
by a high fluorescence quantum yield (®p = 0.95) and low
reabsorption losses (ks = 0.88).°%%"

Fluorescence Lifetime Measurements. Fluorescence
decay kinetics of solutions and crystals was studied using a
FluoTime 300 time-correlated photon counting spectro-
fluorimeter (PicoQuant, Germany). Fluorescence spectra
were obtained by excitation at a wavelength A, = 375 + 2
nm (laser diode source LDH 375). The signal was recorded
near the maximum of the fluorescence spectra.

Quantum Chemical Calculations. Calculations of the
electronic structure of the compounds were performed using
the version 5 of ORCA package’ in the PBEO approxima-
tion>® and the 6-31G(d,p) basis set.>**°

B RESULTS AND DISCUSSION

Differential Scanning Calorimetry and Thermogravi-
metric Analysis. The DSC curves in the heating scan, which
characterize the melting processes of P,-BTD and (TMS-P),-
BTD samples, are shown in Figure 2a (see also Figure S2 in
the Supporting Information for the first heating, cooling, and
the second heating scans). From the melting peaks of these
compounds, the temperatures T}, and molar enthalpies AH,, of
melting were determined, which are given in Table 1. As can

Table 1. Solubility C, in n-Hexane (303 K) and Parameters
of Melting and Thermostability of P,-BTD and (TMS-P),-
BTD”

T AH, T G

compound M (g/mol) (K) (kJ/mol) (K) (mM)
P,-BTD 288.4 407 27 533 30
(TMS-P),BTD 4327 425 32 603 68

“T, and AH, are temperature and molar enthalpy of melting,
respectively, Tsy is the temperature at which the sample loses 5% of
its mass.

https://doi.org/10.1021/acsomega.3c08543
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be seen from Figure 2a, when heated to the corresponding
melting temperatures, the luminophores have no polymorphic
transitions. For P,-BTD, the melting temperature turned out
to be somewhat higher than the value presented in the
literature'” (400—402 K). The melting point of (TMS-P),-
BTD is 18° higher and the molar enthalpy of melting is almost
25% lower than that of P,-BTD (Table 1). Upon repeated
thermal cycling, the melting parameters for the compounds
investigated are well reproduced (see Figure S2 in the
Supporting Information). The compounds exhibit high phase
stability with respect to evaporation of the substance even
during the transition to a liquid state. As follows from the TGA
curves shown in Figure 2b, the compounds evaporate
completely without decomposition when heated to high
temperatures. A noticeable mass loss (>5%) due to melt
evaporation for P,-BTD is observed when heated above 533 K,
and for (TMS-P),-BTD, an equivalent fraction of the sample
evaporates at the temperature above 603 K (Figure 2b).

Solubility, Growth, and Surface Micromorphology of
Crystals. The values of solubility in n-hexane (C,) determined
by the spectrophotometric method at 303 K for the
luminophores are presented in Table 1. As can be seen, the
concentration of (TMP),-BTD molecules in saturated solution
is more than 2 times higher than that of P,-BTD.

From the solution of n-hexane, P,-BTD crystals grew in the
form of both needles and elongated plates, which represent the
same polymorphic form. Figure 3a shows P,-BTD crystals

Figure 3. Optical images of P,-BTD crystals: (a) a number of crystals
under UV illumination (scale S mm). (b) Enlarged confocal image of
a developed crystal face (scale 0.1 mm).

grown for 7 days, the largest of which reached a length of 13
mm and a thickness of about 200 ym (see Figures 3a and S3a
in the Supporting Information). On the developed surface of
elongated crystals, smooth areas with dislocation growth
hillocks are observed (Figure 3b). Many crystals show a
longitudinal inhomogeneous texture (see Figure S3b in the
Supporting Information).

(TMS-P),-BTD crystals are typically formed as needles or
rods, reaching sizes of 10 mm X 0.5 mm X 0.5 mm over a
period of 7 to 14 days (see Figures 4a and S4a in the
Supporting Information). The lateral surface of the needle
crystals is well faceted (Figure S4a in the Supporting
Information). Rarely, the growth of convex faceted crystals
was observed in the solution (see Figures 4b and S4b in the
Supporting Information). Figure 4b shows (TMS-P),-BTD
crystals grown for 12 days. The largest of the presented crystals
has dimensions of 4 mm X 3 mm X 2.5 mm. The surface of the
facets of convex crystals is usually rough (see Figures S4c,d in
the Supporting Information).

Figure 5 shows AFM images of the surface areas of the
developed face of needle crystals P,-BTD (a) and (TMS-P),-

Figure 4. Optical images of (TMS-P),-BTD crystals in the form of
needles (a) and convex polyhedra (b) (scale S mm).

(b)

Figure S. AFM images of the developed face areas of crystals of P,-
BTD (a) and (TMS-P),-BTD (b).

BTD (b). The white arrows indicate orientation of the crystals
relative to the image. Series of elementary growth steps 1.5 +
0.2 nm high for P,-BTD and 0.8 + 0.2 nm high for (TMS-P),-
BTD were fixed on the surface of the crystals investigated.

Crystal Structure. The main crystallographic parameters,
experimental data, and the results of structure refinement of
P,-BTD single crystals at 293 and 85 K and (TMS-P),-BTD
single crystals at 85 K are presented in Table S1 in the
Supporting Information. Information about the structure has
been deposited in the Cambridge Structural Database
(CCDCH## 2253931, 2253932, 2300626).

The structure of P,-BTD single crystals was studied earlier
at temperatures of 123 K™ and 100 K.> It has been
established that P,-BTD single crystals at a temperature of 123
K exist in two polymorphic modifications: triclinic'*"> and
monoclinic."?

The search for unit cells of crystals in this work ended with
the choice of a triclinic cell (sp. gr. P1) for a P,-BTD single
crystal with the parameters indicated in Table S1. Thus, no
structural phase transition was revealed for a P,-BTD single
crystal with decreasing temperature. The unit cell parameters
of the triclinic modification for P,-BTD agree with the values
obtained at 100 K in the literature.’

(TMS-P),-BTD single crystals crystallize in a monoclinic
cell (sp. gr. P2,/c) with parameters: a = 23.3432(2), b =
20.7454(1), ¢ = 23.0047(2) A, B = 118.2953 (6) ° at 293 K,
and at 85 K with the parameters indicated in Table S1. It
should be noted that it was possible to obtain a model of the
structure of (TMS-P),-BTD single crystals only in a large cell
using experimental data measured at 85 K.

The unit cell model of the P,-BTD crystal is shown in
Figure 6a. There are 4 molecules in a cell. The presence of a
central BTD fragment in the molecule leads to the absence of
an inversion center in the molecular symmetry. The
conformation of the molecule in the crystal is not planar: the
phenyl groups are turned relative to the BTD fragment in one
direction, and the most symmetrical form of the molecule will
be characterized by the point group Cg (the presence of a
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Figure 6. Crystal structure of P,-BTD at 85 K: (a) view of the unit cell. (b) Conformational structure of the molecule in the crystal with the values
of torsional angles in the ORTEP representation (thermal ellipsoids with a probability of 50%). (c) Projection of the structure onto the (100)
plane. (d) Scheme of lateral intermolecular interactions for nearest neighbors inside the monolayer in the (001) plane orientation, indicating the
values of pair potentials in kJ/mol (black numbers) and the distances between the centers of the corresponding molecules.

mirror plane o) (Figure 6b). In the unit cell, the molecules
have torsional angles between the phenyl groups and the
central BTD fragment in the range of 140 + 4| degrees (Figure
6b). A similar feature of the position relative to each other of
the central BTD fragment and adjacent phenyl groups
(torsional angles of about 40°) was previously noted for the
molecules of a linear phenyloxazole-benzothiadiazole lumino-
phore in a crystal.”

In the crystal structure, monolayers with a thickness of 1.5
nm can be distinguished, which are equivalent in terms of
translational symmetry along the c axis, parallel to the (001)
plane (Figure 6c). These monolayers consist of two
subsystems of the densest molecular rows slightly displaced
relative to each other along the c axis, oriented in the direction
of the a axis (in Figure 6¢, the densest rows of molecules in the
projection onto the drawing plane are highlighted in gray and
yellow). In the projection onto the (100) plane, the densest
rows of molecules form a “brickwork” structure (Figure 6c),
which, as a rule, is a characteristic feature for linear conjugated
molecules with 1D anisotropic crystal growth.” In such cases,
the crystal growth rate is maximal in the direction close to the
direction of the densest rows, within which the strongest
interactions take place between the nearest molecules (Figure
S5a).

Figure 6d shows a monolayer element in the (001) plane
orientation, consisting of molecules of the first coordination
circle, for which the values of the potentials of pair interactions
(black numbers in units of kJ/mol) with the central molecule
and the distances between the centers of the corresponding
molecules are indicated. The strongest interaction between the
nearest molecules takes place in the [100] direction (—59.6 kJ/
mol, 4.7 A) and the weakest in the [110] direction (—4.5 kJ/
mol, 8.0 A). In the densest [100] rows, the shortest distance
between BTD groups of neighboring molecules is about 3.3 A
(Figure 6d). The interaction force between the nearest P,-
BTD molecules in the direction of the end contacts (along the
c axis) is an order of magnitude weaker than in the lateral
directions. That is why the surface energy of the (001) face will
apparently be the lowest in the crystal system and during its
growth, according to the Gibbs-Curie-Wulf theorem, this facet
on the side surface of the crystal will be the most developed™®
(see Figure SSa in the Supporting Information). In this regard,
the observed elementary growth steps on the surface of the
developed face of a P,-BTD crystal (Figure Sa) correspond to
the thickness of the monolayers in the (001) plane orientation
(Figure 6¢).

Compared to the P,-BTD crystal, a unit cell of (TMS-P),-
BTD crystal, consisting of 32 molecules, has a more complex
structure. The projection of the unit cell onto the (010) plane

https://doi.org/10.1021/acsomega.3c08543
ACS Omega 2024, 9, 14932—14946


https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c08543/suppl_file/ao3c08543_si_004.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c08543/suppl_file/ao3c08543_si_004.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c08543/suppl_file/ao3c08543_si_004.pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08543?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08543?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08543?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08543?fig=fig6&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c08543?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

G

N
, ;/;.125A .
L\ -103.6 kJ-mol

Figure 7. Crystal structure of (TMS-P),-BTD at 85 K: (a) unit cell projection onto the (010) plane. (b) Conformational structures of the
molecules in a unit cell with the values of torsional angles in the ORTEP representation (thermal ellipsoids with a probability at the level of 50%).
(c) Fragment of a unit cell indicating the potentials of pair interactions between the nearest neighbors in kJ/mol (black numbers) and the distances
between the centers of the corresponding molecules. (d) Pair configuration of the closest located molecules.

is shown in Figure 7a. In the cell, the molecules are equally
oriented in the [010] direction, and the BTD fragments are
approximately parallel to the (101) plane. The linear
anisotropy of crystal growth is related to the [001] direction
(see Figure SSb in the Supporting Information). Accordingly,
the elementary growth steps on the side face of the (TMS-P),-
BTD crystal (Figure Sb) can correspond to 1.0 nm thick
bilayers of molecules in the (100) plane orientation (Figure
7a).

The cell revealed two types of conformational structures of
molecules with different higher symmetries (Figure 7b). In
75% of the molecules (24), the phenyl groups are turned in
different directions relative to the BTD fragment, so it is
possible that there is a second order rotational symmetry axis
(point group C,), while in the rest of the molecules (8) the
phenyl groups are turned in one direction and their
conformation can be characterized by C; symmetry (see
Figures 7b and S6 in the Supporting Information). The
torsional angles between conjugated units for the molecules
with Cg symmetry are about 44°, and among the molecules
with C, symmetry, a third is about 42°, and the rest is about
31°.

The packing of (TMS-P),-BTD molecules in the crystal is
more heterogeneous than those for P,-BTD: some of the
nearest neighbors are almost opposite to each other, while the
rest are slightly shifted in the direction of the b axis (Figure
7¢c). Distances between the centers of nearest neighbors due to
the spreading factor of terminal trimethylsilyl groups are higher
than those for P,-BTD molecules (compare Figures 6d and
7¢c). In this regard, the density of (TMS-P),-BTD crystals is
almost 15% lower than that of P,-BTD crystals (Table S1).
Figure 7c shows a fragment of a unit cell indicating the
potentials of pair interactions between the nearest molecules
and the distances between their centers. The BTD fragments
of the nearest molecules are located at a distance of about 3.5

A and are oriented antiparallel to each other (Figure 7d). The
shortest distance between the centers of molecules with the
strongest interaction varies from 5.1 to 5.6 A in the direction of
the a axis, and their interaction potentials, respectively, from
—103.6 to —84.6 kJ/mol. The weakest contacts between the
nearest neighbors are carried out in the direction of the end
trimethylsilyl groups (20.727 A, —8.6 kJ/mol), and the lateral
interactions with the nearest neighbors displaced along the b
axis are 2—4 times weaker than for the molecules lying
opposite to each other.

The total energy of the crystal packing calculated in the force
field approximation for P,-BTD is AH; = —168.4 kJ-mol ",
for (TMS-P),-BTD AH., = —2124 kJ-mol™!, which
indicates on the relatively higher stability of (TMS-P),-BTD
crystals to sublimation processes.

Absorption-Fluorescent Properties in Solutions. A
detailed interpretation of the results of investigation the
absorption-fluorescent properties of molecular crystals is
impossible without knowledge of the electronic structure and
optical characteristics of the constituent individual molecules.
Therefore, the optical properties of P,-BTD and (TMS-P),-
BTD in dilute solutions were preliminarily studied and
quantum-chemical calculations of their electronic structure
were performed (see Tables S2 and S3 in the Supporting
Information). The results of the investigation are presented in
Figures 8 and Figure S7 in the Supporting Information as well
as in Tables 2 and 3.

The absorption spectra of solutions of P,-BTD and (TMS-
P),-BTD molecules presented in Figure 8 consist of several
absorption bands, two of which stand out significantly. The
most intense is the short-wavelength band. For P,-BTD, the
position of the maximum of this band in various solvents varies
from 269 to 271 nm, and the value of the extinction coefficient
varies from 25,200 L-mol™"-cm™ to 27,300 L-mol *-cm™. The
position of the maximum of the less intense long-wavelength

https://doi.org/10.1021/acsomega.3c08543
ACS Omega 2024, 9, 14932—14946


https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c08543/suppl_file/ao3c08543_si_004.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c08543/suppl_file/ao3c08543_si_004.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c08543/suppl_file/ao3c08543_si_004.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c08543/suppl_file/ao3c08543_si_004.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c08543/suppl_file/ao3c08543_si_001.cif
https://pubs.acs.org/doi/10.1021/acsomega.3c08543?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08543?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08543?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08543?fig=fig7&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c08543?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

http://pubs.acs.org/journal/acsodf

ACS Omega
(a) Wavenumber, cm™”
4x10* 3x10* 2x10*
1 1 1
254
P2-BTD abs fluor
hexane ——
“ 204 toluene ——
o —— THF
o —— e (Sy-8)) o,
; — T
® 5] i
—
o
=
Y
~ 1.0
2]
Ke)
©
0.5
0.0

T T T T T =
250 300 350 400 450 500 550 600 650

Wavelength, nm

(b) Wavenumber, cm”’'
4x10* 3x10* 2x10*
2.5
(TMS-P)Z-BTD abs fluor
m ——hexane ——
8 2.0 —— toluene ——
—— THF —
151 — e (S4S) ——CH,Cl, ——

0.5+

Tﬁl 1T :
250 300 350 400 450 500
Wavelength, nm

0.0

550 600 650

Figure 8. Absorption and fluorescence spectra of P,-BTD (a) and
(TMS-P),-BTD (b) in solutions of n-hexane, toluene, THF, and
dichloromethane. Left axes represent the strength of the electronic
transition oscillators obtained from TD DFT calculations. Dark cyan
columns of the same height indicate the positions of the Sy—T;
transitions.

absorption band in the solvent series n-hexane—toluene—
THF—dichloromethane varies from 379 to 383 nm, and the
value of the extinction coefficient is from 10,600 L-mol™!-cm™
to 11,400 L-mol"-cm™". The experimental oscillator strength
of the long-wavelength absorption band calculated from the

test
formula f'°°

2 N 1. 1 .
e =1 [ £(D) db in different solvents varies from
v

0.42 to 0.46 (Table 2). The detailed results of the quantum
chemical calculation of the electronic structure of P,-BTD
molecule can be found in Table S2 in the Supporting
Information. Figure 8 shows the position and strength of the
oscillator of the most intense transitions responsible for the
formation of the main absorption bands. As follows from the
consideration of Figure 8a and Table S2, the long-wavelength
absorption band corresponds to the S, — S; (HOMO —
LUMO) transition. The theoretical oscillator strength of this
transition is f,..;“* = 0.35, which is 25% less than the average
foscr™ value for four solvents (Table 2). Three transitions with
close energy values are responsible for the formation of the
short-wavelength band (AZ ~ 300 cm™): S, — S, (HOMO —
LUMO + 1) as well as two deeper electron transitions:
HOMO - 4 - LUMO and HOMO — 5 — LUMO. These
transitions form the intense band in the absorption spectrum
of P,-BTD, and the resulted excited state of P,-BTD is S; with
no evidence of the internal conversion S, — S;. In addition to
the three main transitions, in the wavelength range from 320 to
230 nm, there are weak transitions with an oscillator strength
<0.0042 (Figure 8a and Table S2).

The contour of the absorption spectrum of the compound
(TMS-P),-BTD is very similar to the absorption spectrum of
P,-BTD (compare Figure 8ab). The extinction coefficients
and the positions of the main absorption bands are shown in
Table 2; the spectral distribution of the molar extinction
coefficient is shown in Figure S7 in the Supporting
Information. The maxima of the (TMS-P),-BTD absorption
bands are shifted by 270—410 cm™" (long-wavelength) and
900—1200 cm™' (short-wavelength) toward the long-wave-
length side with respect to the absorption bands of P,-BTD.
The experimental oscillator strength f,.*, obtained by
calculating the value of the integral extinction coefficient of
the long-wavelength absorption band (TMS-P),-BTD in
different solvents, varies from 0.52 to 0.58 (Table 2). The
detailed results of the quantum chemical calculation of the
electronic structure of (TMS-P),-BTD can be found in Table
S3 in the Supporting Information. The long-wavelength
absorption band corresponds to the transition S, — S,
(HOMO — LUMO). The theoretical transition oscillator
strength f,.,“' = 0.40. This is 30—40% less than the average
foser™ values obtained for four solvents (Table 2). Two intense
transitions S, — S, (HOMO — LUMO + 1) and deeper
HOMO — 4 — LUMO are responsible for the formation of
the short-wavelength band (Figure 8b and Table S3 in the
Supporting Information). The difference between the energies

Table 2. Optical Properties of P,-BTD and (TMS-P),-BTD in Solutions and in Polycrystalline Films

compound solvent 2 nm &, M em™ A, ™ nm
P,-BTD hexane 269 27,300 379
toluene 383
THF 271 27,100 381
CH,CI, 270 25,200 379
crystal 380
(TMS-P),-BTD hexane 278 35,300 385
toluene 388
THF 278 35,800 385
CH,Cl, 277 33,800 384
crystal 383

&M em™ f g fosclcak A" nm fwhm? fluorescence, cm™"
11,400 0.42 0.35 469 3570

10,600 0.46 486 3510

11,000 0.44 490 3510

10,700 0.44 492 3540

4600 cm?/g 493 2500

14,400 0.52 0.40 475 3430

13,300 0.58 489 3400

13,900 0.56 492 3410

13,600 0.56 500 3440

5900 cm?/g 490 2610

“Notes:The weight coefficient of absorption is given for a polycrystalline film k,,™** = (lg(I,/I)/d), where d is the surface density (thickness) of

the polycrystalline layer (g/cm?). bfwhm, full width at half-maximum.
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Table 3. Quantum Yield and Kinetic Characteristics of Diluted Solutions and Crystals of P,-BTD and (TMS-P),-BTD

ACS Omega
Molecules
compound solvent @(ep,n) QYor Thuor” (D)
P,-BTD hexane 1.8 x 107* 0.83 S.5
toluene - 0.93 7.8
THEF 0.4344 0.95 9.1
CH,CL, 0.4740 0.96 107
crystal 0.50 5.0
(TMS-P),-BTD hexane —//- 0.75 S.1
toluene - 0.89 6.8
THF -//- 0.96 7.9
CH,Cl, -//= 0.98 9.0
crystal 0.85 7.7

k, (ns7") k., (ns7") kpp (ns™!) Stokes shift (cm™) He/ My
0.151 0.031 0.092 5060 5.23/0.24
0.119 0.009 0.094 5530
0.104 0.00S 0.085 5840
0.090 0.004 0.086 6060
0.100 3900
0.148 0.049 0.113 4920 5.80/0.30
0.131 0.016 0.117 5320
0.122 0.00S 0.109 5650
0.109 0.002 0.108 6040
0.110 3500

“Notes: the error of QYj,,, determination for solutions is +0.03. The error of QYj,,, determination for crystals is given in the text. ®The error of
Tguor determination for solutions is +0.05 ns. The error of 7g,,, determination for crystals is given in the text.

of these transitions is 307 cm™. In addition to the main peaks,
the absorption spectrum of (TMS-P),-BTD contains weak
transitions with an oscillator strength <0.006 (Table S3).

Fluorescence spectra of solutions of P,-BTD and (TMS-
P),-BTD molecules in n-hexane, toluene, THF, and dichloro-
methane presented in Figure 8 consist of a single structureless
band mirror-symmetrical to the long-wavelength absorption
band. The position of the maximum of the P,-BTD and
(TMS-P),-BTD fluorescence bands shifts bathochromically
with increasing the solvent polarity (Table 2). The magnitude
of the Stokes shift during the transition from n-hexane to
dichloromethane increases by 1000 cm™' for P,-BTD and
1120 cm™ for (TMS-P),-BTD (Table 2).

The effect of the solvent on the absorption and fluorescence
spectra of molecules (solvatofluorochromism) is considered in
detail in the works of Liptay.””*® The theory of Liptey
establishes a linear relationship between the differences and
sums of absorption () and emission (7,,) frequencies with
the empirical functions of solvent polarity (f(n) and
@(epyn)). >~ By determining the slope coeflicients of these
dependencies, one can obtain the values of static dipole
moments of the molecule in the ground () and excited (u)
states (for more details, see the SI).

The values of y; and p. given in Tables 3 and S4 in the
Supporting Information indicate that the insignificant polarity
of the P,-BTD and (TMS-P),-BTD molecules in the ground
state (<0.3 D) increases sharply upon transition to the first
excited state (>S5 D). It is likely that such significant change in
polarity is caused by the localization of the electron density on
the central BTD fragment of the molecules.

The results of the investigation of the solvent influence on
the quantum yield and kinetic characteristics of the
fluorescence of P,-BTD and (TMS-P),-BTD molecules are
presented in Table 3 and Figure S10 in the Supporting
Information. In the solvent series of n-hexane—toluene—THF—
dichloromethane, the fluorescence quantum yield QYg,,, of the
molecules increases from 0.83 to 0.96 for P,-BTD and from
0.75 to 0.98 for (TMS-P),-BTD. The fluorescence lifetime
Tquor iNCreases even more significantly: from 5.5 to 10.7 ns for
P,-BTD and from 5.1 to 9.0 ns for (TMS-P),-BTD. The
reasons for the increase in QYg,,, and 7g,,, with increasing the
solvent polarity become clear if we consider the dependences
of the values of the radiative k, and nonradiative k, constants
corresponding to the S; — S, transition on the Stokes shift (or
solvent polarity). These dependencies are shown in Figure 9
(see also Table 3). The value of k, decreases linearly with
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Figure 9. Dependence of the radiative k, and nonradiative k,
constants on the Stokes shift of P,-BTD and (TMS-P),-BTD
molecules in different solvents. Dots are experimental values and lines
are approximations.

increasing Stokes shift, while k,. decreases exponentially (the
right axis in Figure 9 is exponential). A faster decrease in the
value of k, than for the radiation constant (S; — T,
conversion) leads to an increase in the quantum yield and
fluorescence lifetime of the P,-BTD and (TMS-P),-BTD
molecules with increasing solvent polarity.

The change in the k./k, ratio may be due to the fact that
during the relaxation of the solvate shell, the value of the
“energy gap” between the singlet and the corresponding triplet
states of the P,-BTD and (TMS-P),-BTD molecules changes.
Figure 8, in addition to the positions and strengths of the
oscillators of singlet—singlet transitions (S, — S;), shows the
positions of the corresponding singlet—triplet transitions (S,
— T;). According to quantum chemical calculations, with the
optimized geometry of free P,-BTD and (TMS-P),-BTD
molecules (isolated from the environment), the “energy gap”
between the S, and T states is 1.06 and 0.99 eV, respectively.
With such a large energy gap, the probability of S; — T,
conversion is very low, and the fluorescence quantum yield will
be close to unity. Changes in the probability of singlet—singlet
and singlet—triplet transitions can be caused by changes in the
normal geometry of a dissolved molecule as a result of its
interaction with solvent molecules. If, as a result of a change in
the geometry of the nuclear core of a dissolved molecule, the
probability of S; — S, decreases or the probability of S, — T,
transitions increases, then the quantum yield and fluorescence
lifetime decrease.
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Figure 10. Change in the solvation of molecules after excitation and emission. The colored arrows indicate a probable direction of the dipole
moments. The small solid ovals are solvent molecules. (a—d) Different states of the dissolved molecule.

A change in the geometry of the nuclear core of a dissolved
molecule in the ground (unexcited) state should lead to
changes in the wavelength (A,.,) and/or intensity (&) of
absorption. In the case of P,-BTD and (TMS-P),-BTD
molecules, this does not take place. In all four solvents, the
maximum of the long—wavelength absorption band corre-
sponds to a wavelength range of +2 nm, and the difference
between the values of the extinction coefficients is only 3—4%
(Table 2). Therefore, the change in the equilibrium geometry
occurs in the excited state.

This conclusion can be confirmed by comparing the values
of k, obtained in the experiment with the values of the

radiation constant k, pp, calculated by the Birks—Dyson formula
142

3 e(0) dv

k.sp = 2.880~10_9[&)[ nﬂum] 1(5)dfi“ ;

g1 Mabs LT/LI(ﬂ) do (1)
where g, and g, are the multiplicities of the ground and excited
states; £(Z) and I(?) are the spectral dependences of the molar
extinction coefficient and fluorescence intensity on the
wavenumber 7, respectively; and n,, and ng,, are the
refractive index values of the solvent corresponding to the
spectral regions of the absorption and fluorescence bands of
the molecule.

Calculations by formula 1 give good agreement with the
experimental values of the fluorescence rate constant of those
molecules whose nuclear configurations in the ground and
excited states differ a little. Otherwise, there are significant
discrepancies. Table 3 shows the experimental k, and
calculated k, pp values of the radiation constant of the P,-
BTD and (TMS-P),-BTD molecules. As can be seen, the
calculated values of k pp in the series of n-hexane, toluene,
THEF, and dichloromethane solvents change by no more than
7%, while the experimental values of k, in the same series
decrease by 40% for P,-BTD and by 25% for (TMS-P),-BTD.
Consequently, the configurations of the nuclear core of the P,-
BTD and (TMS-P),-BTD compounds in the S; state change
significantly.

A visual representation of the mechanism of change in the
configuration of the nuclear core of P,-BTD and (TMS-P),-
BTD molecules in the excited state can be obtained by

considering the scheme of processes that occur after the
absorption of a photon by a molecule in a solvent (Figure 10).
In Figure 10, the solvating molecules are schematically
represented by small ovals. The solid horizontal lines indicate
the energy levels of the ground S, and excited S, singlet states
of the dissolved molecule. The dashed horizontal lines denote
the T, triplet state. The colored arrows schematically indicate
the static dipole moments of the molecule in the ground y, and
excited p, states. The sign (*) next to the state symbol or
dipole moment indicates that they belong to a molecule with a
modified geometry.

Both in the ground S state and in the excited S, state, the
dissolved molecule is solvated due to dipole—dipole or dipole-
induced interactions with solvent molecules. Before the
absorption of a photon v, the dissolved molecule and the
solvent molecules are in an equilibrium state (a). After
absorption of a photon, the dipole moment and polarizability
of the molecule instantly (within ~107"° s) change, and the
distribution of solvent molecules does not have time to change
(b). In this state, the dissolved molecule and the solvent
molecules are nonequilibrium solvated. Since the lifetime of
the excited state S, is quite long (5—10 ns, see Table 3), even
before the emission of a photon v, the system relaxes into an
equilibrium state with a lower energy (c). In this state, the
dissolved molecule and the solvent molecules are solvated in
equilibrium. In the process of relaxation to the equilibrium
state (c), the mutual repulsion (van der Waals forces) of the
atoms of the dissolved molecule and solvent molecules can, in
some cases, lead to a change in the geometry of the dissolved
molecule. It is known that the rotation energy of the C—C
bond is only 0.8 kcal'mol™'rad™ or 0.035 eV-rad™.*
Therefore, changes in the geometry of the P,-BTD and
(TMS-P),-BTD molecules are most likely as a result of
rotation along the C—C bond between the central BTD
fragment and the side phenyl rings. As a result, the
configuration of the nuclei of the dissolved molecule in the
excited equilibrium state (c) will differ from the configuration
of its nuclei in the ground equilibrium state (a).

The energy of electronic states and the probabilities of
transitions between them are largely determined by the
configuration of the core nuclei of the molecule. Consequently,
the structure of electronic transitions and the strength of
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oscillators in state (c) will differ from the structure of
electronic transitions and the strength of oscillators of a
dissolved molecule in state (a). After the emission of a photon
Ve the dissolved molecule and solvent molecules again find
themselves in a nonequilibrium state (d), from which
relaxation occurs to an equilibrium state (a) with the
restoration of the configuration of the dissolved molecule. It
is likely that the change in the configuration of the P,-BTD
and (TMS-P),-BTD molecules in the excited state is due to a
large change in the static dipole moment during the transition
from the S, state to the S; state (5—5.5 D, see Table 3).
Therefore, in the solvents with different polarities, the
conformation of P,-BTD and (TMS-P),-BTD molecules will
vary to a different degree.

Thus, the reasons for increasing the values of the
fluorescence quantum yield and the lifetime increase with
increasing the solvent polarity can be summarized as follows.
The transitions to the first electronic excited state of the P,-
BTD and (TMS-P),-BTD molecules are characterized by a
significant change in the electron density distribution. The
associated instantaneous increase in the static dipole moment
changes the configuration of the forces of interaction between
the solvent molecules and the fragments of the molecules
investigated. In the process of solvate relaxation to a new
equilibrium state, due to the fact that an insignificant energy
(~0.04 eV/rad) is required to change the torsional angle
between the side phenyl rings and the central BTD fragment,
not only the solvate shell is rearranged, but also the
conformation of the molecules themselves changes. The new
equilibrium distribution of the solvation shell molecules and
the changed geometry of the atomic core of the P,-BTD and
(TMS-P),-BTD molecules correspond to a new mutual
arrangement of the electronic states and new values of the
transition probabilities between them. The calculation of the
rate constants for radiative and nonradiative transitions showed
that with increasing solvent polarity, probabilities of both the
intersystem crossing and the fluorescent transitions decrease.
The relative decrease in the probability of intersystem crossing
is greater than that of the fluorescent transition. As a result, the
quantum yield and fluorescence lifetime of the P,-BTD and
(TMS-P),-BTD molecules increase.

Absorption-Fluorescent Properties of the Crystals.
According to the theory of excitons, the absorption of light in a
molecular crystal corresponds to the transition to the energy
level of an aggregate of molecules and cannot be localized. The
excited state (exciton) instantly (within ~107" to 107'* s)
covers several hundred or even thousands of molecules. The
probability of exciton disappearance in a crystal is equal to the
sum of the probabilities of intrinsic fluorescence, quenching on
defects in the crystal lattice or on impurity molecules.
Fluorescence occurs as a result of exciton capture by
fluorescent molecules, the lower excited energy level of
which is located below the rest—the centers of fluores-
cence. "%

The results of absorption-fluorescence measurements and
the values of the fluorescence lifetime of crystals are presented
in Figure 11, Table 3 and in Figures S9 and S11 in the
Supporting Information. Measurements of the absorption and
fluorescence spectra of crystals based on P,-BTD and (TMS-
P),-BTD molecules were performed for thin, tightly pressed
polycrystalline layers with surface densities of d; = 0.2 mg-cm™>
and d, = 4 mg-cm™? (thickness, 2 and 40 um, respectively, at
an average backfill density of ~1.0 g-cm™). In the d, layer, the
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Figure 11. Absorption and fluorescence spectra of the crystals of P,-
BTD (a) and (TMS-P),-BTD (b) molecules.

exciting light is absorbed almost completely, which is
important for reliable determination of the fluorescence
quantum yield; however, the fluorescence spectrum of the
crystal is strongly reabsorbed, and only the long-wavelength
edge can be observed in the absorption spectrum (Figures 11
and S9). In the d, layer, on the contrary, it is possible to
accurately measure the shape of the absorption and
fluorescence spectra, but it is impossible to determine the
quantum yield of fluorescence. Therefore, the fluorescence
intensity of the polycrystalline layer d, was first measured. To
account for reabsorption, the short-wave edge of the
fluorescence spectrum was reconstructed using the spectral
distribution of the long-wave edge of the absorption spectrum.
Then, the contour of the fluorescence spectrum of layer d; was
measured and compared with the reconstructed fluorescence
spectrum. This approach makes it possible to fairly accurately
take into account the losses of fluorescence due to self-
absorption in the crystal and calculate the “internal”
fluorescence quantum vyield corrected for reabsorption
(Table 3).

The position of the maximum of the long-wavelength band
in the absorption spectrum of a thin layer of microcrystals (d,)
of P,-BTD corresponds to the position of the maximum of the
long-wavelength band in the absorption spectrum of P,-BTD
in CH,Cl, (379 and 380 nm, Figure 1la, Table 3). The
contour of the absorption band of microcrystals in the d; layer
has a larger width and a more complex shape than the contour
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of the absorption band of P,-BTD in CH,Cl,. The broadening
of the absorption spectrum of the crystal compared to the
absorption spectrum in CH,Cl, can be explained by the spread
in the values of the intermolecular interaction energy between
neighboring molecules (see Figure 6d). An additional
broadening of the absorption spectrum can be caused by the
exciton splitting of the excited states of the molecules.**~*

The maximum of the fluorescence spectrum of microcrystals
in the d, layer coincides with the maximum of the fluorescence
spectrum of P,-BTD in CH,Cl, (493 and 492 nm, Table 3).
The width of the fluorescence spectral contour of the crystal is
smaller than the width of the fluorescence spectrum in CH,Cl,
(see Figure 11a, Table 3). The frequency of the 0—0 transition
in the crystal is 1y_o*”*" = 22,200 cm™" and it is shifted by 900
cm™ to lower frequencies with respect to the frequency of the
0—0 transition in CH,Cl, 1y_o*" = 23,100 cm™' (see Table
SS).

Knowing the frequency v§%", it is possible, using the
mathematical notation of the mirror symmetry rule for the
absorption and fluorescence spectra (125 + 1% = 21 (), to
determine the frequency of absorption of light by the
fluorescence center in the crystal (AR5, o), as well as the
Stokes shift. In a P,-BTD crystal, 23, coner = 413 nm (24,200
cm™!, see Table S5). There is an inflection on the absorption
spectrum of a thin layer of microcrystals P,-BTD at this
wavelength (Figure 11a). It can be assumed that this inflection
refers to the absorption of light by the fluorescence centers of
the P,-BTD crystal. The Stokes shift for the P,-BTD crystal is
3880 cm™'. This value is significantly less than the Stokes shift
value for a solution of P,-BTD in CH,Cl, (6060 cm™, Table
3). As shown above, the value of the Stokes shift of the P,-
BTD compound in n-hexane—toluene—THF—dichlorome-
thane solvent series increases with increasing their polarity
(Table 3). This is due to the rearrangement of the solvate shell
of the dissolved molecule. There is no rearrangement of the
near surrounding in the crystal; therefore, there is no increase
in the Stokes shift, and the width of the fluorescence spectrum
of the crystal is smaller compared to that in solution.””

The fluorescence quantum yield QY of a crystal based on
P,-BTD is almost two times lower than those in CH,Cl, (0.50
+ 0.05 versus 0.96 + 0.03), as is the fluorescence decay time
Tauor (5.0 £ 0.4 ns and 10.70 + 0.05 ns, respectively, see Table
3). As a result, the fluorescence rate constant for the P,-BTD
crystal and for the solution in CH,Cl, turns out to be the same
within the measurement error: k, = 0.100 ns™ in the crystal
and k, = 0.090 ns™! in the solution. Therefore, the decrease in
the fluorescence quantum yield of the P,-BTD crystal
compared to the solution in CH,Cl, is due to nonradiative
energy losses in the crystal and not due to a decrease in the
rate of radiative transition of the fluorescence center.

For the (TMS-P),-BTD molecule, the contour of the
absorption band of the microcrystalline layer is very similar to
the absorption contour of P,-BTD (Figure 11b). As in the case
of P,-BTD, the position of the maximum of the long-
wavelength absorption band of the microcrystals corresponds
to the position of the maximum of the long-wavelength
absorption band of the solution (384 and 383 nm, Table 3).
Compared to the position of the maximum of the fluorescence
spectrum of (TMS-P),-BTD in CH,Cl, (500 nm), the
maximum of the fluorescence spectrum of the crystal is shifted
to the short-wavelength region (490 nm). As with P,-BTD, the
fluorescence bandwidth of the (TMS-P),-BTD crystal is
smaller than the fluorescence spectrum width in CH,CI,

(Table 3, Figure 11b). The frequency of the 0—0 transition
in the crystal vy_o"”" = 22,150 cm™" is shifted by 650 cm™ to
lower frequencies in relation to the frequency of the 0—0
transition in CH,Cl, ,_>" = 22,800 cm™' (see Table SS).
The position of the absorption maximum of the fluorescence
center corresponds to a wavelength of 418 nm (23,900 cm™,
see Table SS). The Stokes shift for the fluorescent center is
3500 cm™' (Table 3). As in the case of P,-BTD, its value is
significantly less than that for a solution of (TMS-P),-BTD in
CH,Cl, (6060 cm™!, Table 3).

The fluorescence quantum yield of the QYj,,, crystal (TMS-
P),-BTD 0.85 =+ 0.0S is slightly lower than in CH,Cl, (0.98 +
0.03), as is the fluorescence lifetime (7.7 & 0.4 and 9.00 + 0.05
ns, respectively). The fluorescence rate constant of the (TMS-
P),-BTD crystal has the same value as the fluorescence rate
constant in CH,Cl, solution: k, = 0.110 ns™" in the crystal and
k, = 0.109 ns™" in CH,Cl,. Consequently, as in the case of P,-
BTD, the slightly lower quantum yield is due to nonradiative
energy losses of the exciting radiation in the crystal.

It follows from a comparison of the absorption-fluorescence
properties of crystals and solutions that the absorption spectra
of crystals are due to transitions between the z-electron states
of the P,-BTD and (TMS-P),-BTD compounds. The
fluorescence centers in crystals are molecules whose con-
formation corresponds to the conformation of the P,-BTD and
(TMS-P),-BTD molecules in CH,Cl,. The fluorescence of
these molecules is due predominantly to the capture of an
exciton rather than to the direct absorption of a photon of the
exciting radiation. Therefore, the fluorescence quantum yield
of a crystal is determined not only by the values of the radiative
k, and nonradiative k.. constants of the fluorescence center but
also by the efficiency of energy transfer by excitons to the
fluorescence center. In this case, the fluorescence quantum
yield is significantly affected by the probability of nonradiative
deactivation of excitons at defects (quenching centers) of the
crystal.

Under conditions of constant and continuous excitation, the
following expression (2) can be written for the fluorescence
quantum yield of the crystal QYg2st

uotr

ki [FI[E
QYE\?;? = F EX[ ][ ’1)"( ] QYfElgor or
kix[FI[Ex] + kgy[T1[Ex]
QYggor — Tff\?or — kl;rX[T] — KTm
Qremt o kix[F] “IFL

where QY5 is the quantum yield of the fluorescence center of
the crystal or molecule of the prototype of the fluorescence
center; kiy and kiy are the rate constants of excitation of
fluorescent centers and nonradiative deactivation (quenching)
of excitons, respectively, L-mol™":s™%; [E,] is the stationary
concentration of singlet excitons, mol-L™"; and [F] and [T] are
the concentration of fluorescence centers and exciton
quenching (deactivation) centers, respectively, mol-L™".

By measuring the values of QYguo, " and QYo "™, one can
estimate the ratio of the rates of nonradiative kgy [T] and
radiative QYgs' deactivation of the excitation energy or the
concentrations of exciton quenching centers [T] and
fluorescence centers [F] in the crystal. If we accept the
parameters of the fluorescence centers as corresponding to the
parameters of the P,-BTD and (TMS-P),-BTD molecules in

CH,Cl,, then we obtain KFT 1)

e 0.92 for a crystal based on P,-
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BTD; Kl;f% = 0.15 for a crystal based on (TMS-P),-BTD. the most closely packed monomolecular layers in the (001)

Such a significant difference is due to the different crystal
structures of the P,-BTD and (TMS-P),-BTD compounds
(see Table S2). In the unit cell of a crystal based on P,-BTD,
the torsional angles between the phenyl groups and the central
BTD fragment average 40 + 4°, the spread is insignificant
(Figure 6b). The packing of molecules is more ordered than in
the unit cell of a crystal based on (TMS-P),-BTD. In contrast,
in the (TMS-P),-BTD-based crystal, the values of the torsional
angles between the phenyl groups and the central BTD
fragment range from 26 to 52° (see Figures 7b and S6 in the
Supporting Information).

Using DFT calculations of the electronic structure of P,-
BTD and (TMS-P),-BTD molecules, we calculated the
dependence of the energy and strength of the first electron
transition oscillator on the value of the torsional angle between
the phenyl groups and the central BTD-fragment. The results
of the calculation can be found in Table S6 in the Supporting
Information. It follows from the data obtained that the lowest
value of the energy of the first electron transition corresponds
to the conformations of molecules with torsional angles of
about 25°. In the unit cell of the (TMS-P),-BTD-based crystal,
there are a significant number of molecules with the angle
values close to 25°. Obviously, it is these molecules that are the
centers of fluorescence. As the calculations above have shown,
the ratio between quenching centers and fluorescence centers
in the (TMS-P),-BTD crystal is ~1/6.5. This explains the high
fluorescence quantum yield of these crystals.

In the P,-BTD crystal, the molecules with a torsional angle
of about 40° between the phenyl groups and the central BTD
fragment are dominated. Probably, there are very few
molecules with a conformation corresponding to the torsional
angles of 25—30° in this crystal, which does not allow us to
observe them by X-ray diffraction analysis.

Thus, in the unit cell of the (TMS-P),-BTD crystal, the
concentration of fluorescent centers is high, while in the P,-
BTD crystal, their concentration is low. As a result, the
fluorescence quantum yield decreases in the latter.

B CONCLUSIONS

Thus, investigation of solubility and crystallization of 4,7-
diphenyl-2,1,3-benzothiadiazole P,-BTD and its trimethylsilyl
derivative (TMS-P),-BTD in n-hexane solutions allowed us to
obtain the samples of single crystals of these molecules on a
scale of 1 cm. It was found that both substances crystallize
predominantly with 1D anisotropic growth in the form of
needles and rods; however, the formation and growth of
convex (bulk) crystals is less common for (TMS-P),-BTD.
Thermoanalytical studies have shown that both P,-BTD and
(TMS-P),-BTD are stable compounds with melting points of
407 and 425 K, respectively, and exhibit a low level of
substance loss through evaporation in the solid and liquid
phases in a wide range around the melting point, which is
favorable for obtaining bulk crystals of these compounds using
melt techniques. By the method of single-crystal X-ray
diffraction at 85 and 293 K, the crystal structure in a triclinic
system with a sp. gr. P1 (Z = 4) was refined for P,-BTD, while
the structure of (TMS-P),-BTD crystals was solved at 85 K in
a monoclinic system with a sp. gr. P2,/c (Z = 32). The (TMS-
P),-BTD crystals have a looser crystal packing with a density
nearly 15% lower than that of P,-BTD crystals. In the P,-BTD
crystals, a layered structure was observed with the presence of
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plane orientation, while for (TMS-P),-BTD crystals, a more
inhomogeneous picture of the local environment of the nearest
molecules takes place. In the unit cell of the P,-BTD crystal is
seen a single-type conformational structure of the molecules
with torsional angles of 140 + 4| between the phenyl groups
and the central BTD fragment (a point group of molecular
symmetry is Cg). However, in the (TMS-P),-BTD crystal, two
types of conformers with the molecular symmetry close to C,
(75%) and Cg (25%) with a wider spread of the values of the
above torsional angles within 24—52° was found. These
features of the crystal structure create a good background for a
detailed analysis of the structure-fluorescent properties’
relationship through a comparative analysis.

By studying the effect of different solvents on the optical
characteristics of P,-BTD and (TMS-P),-BTD molecules, it
was found that the values of the fluorescence quantum yield
and the lifetime increase with increasing the solvent polarity.
We proposed that the reason for this effect is the change in the
radiation and nonradiation constants and their ratio when
going from nonpolar n-hexane to the polar dichloromethane
solvent, which was confirmed by calculations of the first
electronic transition oscillator strength and energy dependence
on the torsion angle between the phenyl groups and the central
BTD fragment.

The study of the absorption-fluorescent properties of P,-
BTD and (TMS-P),-BTD crystals revealed that absorption
spectra of the crystals are formed by transitions between the 7-
electron states, while the fluorescence centers in pure undoped
crystals are the molecules whose conformation is similar to the
conformation of P,-BTD and (TMS-P),-BTD molecules in
CH,Cl,. The difference in the values of the fluorescence
quantum yield and the lifetime of the P,-BTD and (TMS-P),-
BTD crystals is due to distinction in the crystal structure and
conformational composition of the molecules in the crystals. A
decrease in the quantum yield of the crystal as compared to the
quantum yield of the molecule, which is the center of
fluorescence, is due to the ratio between the concentrations of
exciton quenching and fluorescence centers. In the P,-BTD
crystals, this ratio is close to unity. As a result, the quantum
yield of the crystal is almost two times lower than the quantum
yield of the P,-BTD molecule in solution. It is possible to
increase the quantum yield of the crystal by introducing into it
a dosed amount of impurity close in the structure to the main
molecule of the crystal, which acts as a fluorescence center. In
the (TMS-P),-BTD crystals, the concentration of the
molecules with the parameters of the fluorescence center is
high and exceeds the concentration of quenching centers by a
factor of 6.5. As a result, the fluorescence quantum yield of the
crystals differs insignificantly from the quantum yield of (TMS-
P),-BTD molecules in solution. As a result, the fluorescence
quantum yield of (TMS-P),-BTD crystals exceeds those for
P,-BTD crystals (85 vs S0%), which makes the former a
prospective material for optoelectronic applications.
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Experimental details concerning 'H, "*C and **Si NMR
spectra of (TMS-P),-BTD; examples of DSC curves in
the first and second heating cycles; examples of crystal
samples; crystal structure data; and absorption-fluores-
cent properties of solutions and crystals (PDF)
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