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Introduction

Mechanical stimuli are ubiquitous external stimuli that

Multi-color mechanochromic luminescence of
three polymorphic crystals of a donor-acceptor-
type benzothiadiazole derivativet

Suguru Ito, ©*? Sayaka Nagai,? Takashi Ubukata @2 and Takashi Tachikawa @ ¢

The past decade has witnessed rapid advances in the development of organic crystals that exhibit
mechanochromic luminescence (MCL), ie., the reversible color change of photoluminescence induced
by mechanical force. However, a greater understanding of the correlation between the MCL properties
and the molecular structures in the crystalline state is still necessary to rationally control the
Herein, a

photophysical and mechanical properties of

benzothiadiazole derivative is described as a new donor-acceptor-type MCL dye that crystallizes in three

organic  crystals. thienyl-substituted
polymorphic forms. Both bicolor and tricolor MCL have been realized by the single donor-acceptor-type
dye. The green-emissive polymorph exhibits typical bicolor MCL between green and orange based on
crystal-to-amorphous phase transitions. Meanwhile, the yellow and yellow-orange-emissive crystals show
tricolor emission-color switching. Specifically, the emission color of the yellow-emissive crystals changed
to yellowish orange and orange in response to thermal and mechanical stimuli, respectively. The yellow-
orange-emissive crystals display bicolor MCL between yellow-orange and orange emission. The single-
crystal X-ray diffraction analyses of the polymorphic crystals indicated that the emission color of these
crystals should be determined by the dihedral angle between benzothiadiazole and thiophene rings as
well as the mode of packing structures. This study reinforces the understanding of the MCL of
polymorphic crystals, which should help to advance the possible applications of MCL crystals in multi-
color mechanosensing systems.

considerable number of organic*> and organometallic> MCL
crystals have been developed as these materials should find
applications in advanced optoelectronic technologies,

regulate the physical properties of materials. In the past
decade, great advances have been made in the development
of mechanical stimuli-responsive organic and organometallic
crystals.' One fascinating phenomenon that crystalline
compounds exhibit upon mechanical stimulation is a
reversible color change of photoluminescence, which is
referred to as mechanochromic luminescence (MCL). A
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including mechanosensors, security devices, and rewritable
media. Most of the hitherto reported MCL crystals exhibit
bicolor emission-color switching based on mechanical
stimuli-induced phase transitions between crystalline and
amorphous phases.” Changes in molecular conformations
and intermolecular interactions caused by phase transitions
result in the switching of emission properties.” Despite
recent significant progress in the development of MCL
crystals, a more detailed understanding of the relationship
between crystal structure and emission properties is required
to be able to ultimately design and predict the MCL
properties of luminescent compounds.

Polymorphic and pseudopolymorphic (solvent-including)
crystals provide an opportunity to understand the effect of
packing modes on the photoluminescence properties of a
single compound.”” Several (pseudo)polymorphic ecrystals
have been reported to exhibit different MCL properties
depending on their packing structures.*'® Multi-color
emission switching has also been achieved based on the
different emission and stimuli-responsive properties of
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(pseudo)polymorphic crystals. However, little is known for the
MCL properties of organic compounds that can be crystallized
as both polymorphic and pseudopolymorphic crystals.

Donor-acceptor-type organic crystalline compounds often
exhibit MCL because their photoluminescence properties are
variable depending on the surrounding environment."" We
have recently reported the versatile MCL properties of donor-
acceptor-type organic dyes composed of an electron-donating
heteroaromatic ~ ring and  electron-accepting  2,1,3-
benzothiadiazole ring.'> Among these, derivatives having
triphenylimidazole groups as electron-donating rings are
promising to provide a deep understanding of the
relationship between crystal structures and MCL properties.
Pseudopolymorphic crystals'*>* and morphologically different
crystals'®” were obtained for 4-(triphenylimidazolyl)-2,1,3-
benzothiadiazole derivatives depending on the substituent on
the 7-position of the benzothiadiazole ring. The -crystal
structure and MCL properties of these crystals are mainly
determined by the steric rather than the electronic effects of
the substituents.

Herein, we report the MCL behaviors of polymorphic and
pseudopolymorphic crystals of a donor-acceptor-type
benzothiadiazole derivative 1. The molecular structure of 1 is
based on the introduction of a 2-thienyl group at the
7-position of 4-(triphenylimidazolyl)-2,1,3-benzothiadiazole
(Fig. 1a). Two polymorphic and one pseudopolymorphic
crystals have been obtained for this new donor-acceptor-type
dye 1. These (pseudo)polymorphic crystals exhibit different
emission colors from green to yellow and yellowish orange.
Remarkably, the green-emissive crystals show bicolor MCL,
whereas tricolor emission switching has been observed for
the yellow and yellow-orange-emissive crystals. Based on the
single-crystal X-ray diffraction analyses, we propose that the
rotational angle of the thienyl group relative to the
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Fig. 1 (a) Molecular structure of 1. (b) Photographs of the MCL of 1-a
(lex = 365 nm). (c) Front view and (d) side view of 1-a for the two
molecules in spatial proximity with thermal ellipsoids at 50%
probability. All hydrogen atoms are omitted for clarity. Color code:
gray = C; blue = N; yellow = S.
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benzothiadiazole plane as well as molecular packing
structures should determine the emission wavelength and
MCL behavior of these crystals.

Results and discussion
Synthesis and MCL of 1-a

A thienyl-substituted derivative 1 was synthesized by the Suzuki-
Miyaura coupling between 4-bromo-7-(1,4,5-triphenyl-1H-
imidazol-2-yl)benzo[c|[1,2,5]thiadiazole’* and 2-thienylboronic
acid in 83% yield (Scheme S1, ESIf). Crystalline samples of 1
(abbreviated henceforth as 1-a) were prepared by vapor diffusion
of hexane into a toluene solution of 1. Upon irradiation with UV
light (lex = 365 nm), 1-o showed green emission with a
maximum emission wavelength (4.,) of 533 nm and good
fluorescence quantum yield (@g) of 0.60 (Fig. 1b). The X-ray
diffraction analysis of 1-a revealed that 1-o shows the triclinic
space group P1, whereby two molecules of 1 are stacked in an
antiparallel manner at the benzothiadiazole moieties (Fig. 1c
and S1, ESIf). The two benzothiadiazole rings are in a typical
n-stacking distance of 3.430 A. Owing to the twisted
conformations between the imidazole and benzothiadiazole
rings (¢, = 57.91°), the N-phenyl groups of the imidazole rings
are located at the top and bottom of the stacked
benzothiadiazole rings (Fig. 1d). The good &y value of 1-a should
be explained by the prevention of any further aggregation of
benzothiadiazole rings by these N-phenyl groups.

The bicolor MCL of 1-a should be based on the formation
of an amorphous state in response to mechanical stimuli and
the recrystallization of the amorphous state upon thermal
stimuli. When the crystalline samples of 1-o were ground
into a fine powder by using a spatula, the emission color
changed from green to yellow (lep; = 580 nm, @ = 0.49;
Fig. 1b and S4a, ESIt). The original green emission was
recovered after heating the ground sample to 150 °C. Both
the absorption and excitation spectra of the yellow-emissive
state shifted in the bathochromic direction compared with
those of the green-emissive crystalline 1-a (Fig. S5a and
S5bt). These results indicate that the difference in the
ground state structures should contribute to the switching of
the emission color. Powder X-ray diffraction (PXRD) analysis
showed a significant decrease in the intensity of the
diffraction pattern after grinding. Although the ground
sample still showed some weak diffraction peaks, most of the
crystal structures should be decomposed and amorphized in
response to mechanical stimuli (Fig. 2a)."* The intensity of
the diffraction pattern was recovered after heating the
ground sample. The differential scanning calorimetry (DSC)
thermogram of crystalline 1-a exhibited one endothermic
peak that corresponds to the melting point (T, = 239 °C).
Meanwhile, an exothermic cold-crystallization transition peak
(T. = 108 °C) followed by an endothermic melting peak was
observed in the DSC scan of the ground sample (Fig. 2b and
S6, ESIt). Accordingly, the crystallization from the ground
amorphous state should account for the recovery of the green
emission after heating.

This journal is © The Royal Society of Chemistry 2021
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Fig. 2 (a) PXRD patterns and (b) DSC thermograms for the MCL of 1-

a. The T, and T, values are noted near the corresponding peaks.

The lifetime decay curves of crystalline 1-o and the ground
amorphous state fitted well to single- and double-exponential
functions, respectively. The fluorescence lifetime (r) of
crystalline 1-o is 7.0 ns, whereas 7; and 7, of the ground
sample are 4.6 and 8.6 ns, respectively (Fig. S7 and Table S1,
ESIt). The minor component (z, = 8.6 ns) would be attributed
to the structural inhomogeneity of the amorphous sample.
The radiative (k,) and non-radiative rate constants (k) of
these states were calculated from @y and the intensity-
weighted mean fluorescence lifetime <t> [®@g = k/(k; + ky,) =
<> X ky crystalline: k. = 8.5 x 10”7 7%, ky, = 5.7 x 107 57
ground: k. = 8.2 x 10”7 s, k,, = 8.6 x 10”7 s']. The larger ky,
value of the amorphous state accounts for its relatively
smaller @ value compared with that of crystalline 1-a, which
would be attributed to the increased conformational
flexibility and intermolecular interactions in the amorphous
state.

Crystal structure and emission properties of 1-f

Polymorphic crystals of 1 (abbreviated henceforth as 1-B) that
exhibit yellow emission were obtained by changing the
crystallization solvent. The vapor diffusion of hexane into a
chloroform solution of 1 afforded yellow-emissive crystals 1-f
(Aem = 553 nm, @ = 0.33). The X-ray diffraction analysis of a
single crystal revealed that the crystal system of 1-§ is
monoclinic (P2,/n, Fig. S2, ESIt). Although solvent molecules
were included in the 1D channel structure of 1- (Fig. 3a), the
position of the solvent molecules could not be determined
probably due to the dynamic nature of the solvent molecules
in the channel structure. The SQUEEZE method'* was used
to remove the disordered solvent molecules. The adjacent
two molecules in 1-f formed antiparallel intermolecular
stacks at the thienylbenzothiadiazole moieties (Fig. 3b). The
thienylbenzothiadiazole moiety of 1-f is more planar than
that of 1-o. Namely, the dihedral angle between the planes of
the benzothiadiazole and the thienyl rings is smaller for 1-p
(¢ = 4.65°) compared to that of 1-a (¢, = 35.18°).

The planarization of the molecular structure in 1-p should
explain the longer emission wavelength of 1-p compared to
that of 1-a. Time-dependent density functional theory (TD-
DFT) calculations at the CAM-B3LYP/6-31G(d) level of theory

This journal is © The Royal Society of Chemistry 2021
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Fig. 3 (a) Space-filling representation of the packing structure of 1-p
viewed along the b-axis. (b) Front view of 1-p for the two molecules in
spatial proximity with thermal ellipsoids at 50% probability. All
hydrogen atoms are omitted for clarity. Color code: gray = C; blue =
N; yellow = S.

were conducted using the molecular structures of 1 obtained
by the X-ray diffraction analysis of 1-a and 1-B (Fig. 4). The
HOMOs of 1-a and 1-fp are mainly located on the
4,5-diphenylimidazole moieties and partially distributed over
the benzothiadiazole and thiophene rings. On the other
hand, the LUMOs of 1-a and 1-f are localized on the
thienylbenzothiadiazole moieties. Notably, the calculated
absorption wavelength of 1-B (caled. s = 387.07 nm) is
significantly shifted in the bathochromic direction relative to
that of 1-a (caled. Aapg = 375.63 nm) (Table S2, ESIt). The
contribution of the charge-transfer HOMO to LUMO
transition was larger for 1-o (0.617) than that for 1-f (0.568)
probably due to the smaller dihedral angle ¢, of 1-a (1-a:
57.91°; 1-B: 68.27°). More efficient interactions of the
molecular orbitals would occur for 1-a between the electron-
donating imidazole ring and the electron-accepting
benzothiadiazole ring. Meanwhile, the planar structure of 1-f
at the thienylbenzothiadiazole moiety (¢, = 4.65°) would
account for the bathochromic shift of the calculated
absorption wavelength of 1-.

The adjacent two molecules of 1 in 1-f exhibit more
efficient overlaps between the molecular orbitals at the
planar thienylbenzothiadiazole moieties, which would also
contribute to the bathochromic shift of the emission
wavelength compared to that of 1-a. The TD-DFT calculations
for dimer 1 in 1-a and 1-p were conducted at the same level

CrystEngComm, 2021, 23, 5899-5907 | 5901
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(a) 1-a: caled. A, = 375.63 nm

HOMO: -6.60 eV
(b) 1-B: calcd. A, = 387.07 nm

LUMO: -1.28 eV

HOMO: -6.54 eV
Fig. 4 The HOMOs and LUMOs of 1 in 1-a (a) and 1-p (b) calculated at

LUMO: -1.35 eV

the CAM-B3LYP/6-31G(d) level.
VESTA.1®

The structures are drawn using

of theory by applying the basis set superposition error (BSSE)
correction using the counterpoise method (Table S2, ESIY).
Although the calculated absorption wavelength of dimer 1-a
(caled. Aaps = 379.96 nm) was longer than that of monomer 1-
a, this transition has zero oscillator strength. Meanwhile, the
calculated absorption wavelength of dimer 1-p was 389.46 nm
with an oscillator strength of 0.6463. Significant overlaps
between the molecular orbitals were observed in the HOMO
and LUMO of dimer 1-p (Fig. S87).

Stimuli-responsive emission-color switching of 1-p and 1-y

Interestingly, the yellow-emissive crystals, 1-B, can switch
their emission properties in response to both mechanical
and thermal stimuli (Fig. 5 and S4b, ESIf). Upon grinding
with a spatula, the emission color of 1-p changed from yellow
to orange (lem = 585 nm, @ = 0.25). The PXRD analyses of
the crystalline and ground samples indicated that the
crystalline samples changed to an amorphous state after
grinding (Fig. 6a; blue and red lines). When the ground
samples were heated to 150 °C and then cooled to room

Grinding
| '

Amorphous
b q Heatmg Grmdmg
X :’ ¥, : A
m | Recryst Heatlng
Aem = 553 nm em = 567 nm Aem = 585 nm
(& =0.33) (& =0.11) (&: = 0.25)

Fig. 5 Photographs of the mechanical and thermal stimuli-responsive
emission color change of 1-p and the MCL of 1-y (lex = 365 nm).
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Fig. 6 (a) PXRD patterns and (b) DSC thermograms for the crystalline

and ground samples of 1-p. The T, and T,, values are noted near the
corresponding peaks.

temperature, the emission color changed to yellow-orange
emission (Aey, = 567 nm, &@p = 0.11). Notably, the PXRD
pattern of the heated sample was different from that of the
initial crystalline 1-p (Fig. 6a; blue and green lines). This
diffraction pattern is also different from that of 1-a,
indicating that the ground state changed to another
polymorphic form (abbreviated henceforth as 1-y). The DSC
thermogram of ground 1-f showed a phase transition peak
(T, = 128 °C) from the amorphous state to 1-y followed by the
endothermic melting peak (T, = 237 °C; Fig. 6b). More
interestingly, the diffraction pattern that indicates the
formation of 1-y was also observed after heating the initial
crystalline 1- to 150 °C (Fig. 6a; black line). The DSC
thermogram of crystalline 1-p showed an endothermic peak
at 138 °C prior to the endothermic melting peak of 1-f
(Fig. 6b). The first endothermic peak (7},) should correspond
to the phase transition from 1-f to 1-y. The yellow-orange-
emissive 1-y changed to the orange-emissive amorphous state
upon grinding, whereas recrystallization from solvents was
required to restore 1-f from 1-y (Fig. 5).

Although the recrystallization of 1 by vapor diffusion of
hexane into a chloroform solution typically afforded 1-B, a
single crystal of 1-y could also be obtained from the same
solvent mixtures. The X-ray diffraction analysis showed that
1-y exhibits the monoclinic space group P2,/c, whereby the
thienylbenzothiadiazole moiety of 1 exhibited a planar
structure (¢, = 4.02°) and the thienyl group was disordered
over two positions (Fig. S3, ESIf). The simulated PXRD
patterns calculated from the single-crystal X-ray diffraction
structures of 1-y were in good agreement with the
experimental PXRD patterns of 1-y obtained by heating
crystalline 1-p (Fig. S9f). The TD-DFT calculations indicated
that the absorption wavelength of a molecule in 1-y (Table
S2;t caled. Aaps = 397.77 nm) should be longer than that in 1-
B. The absorption and excitation spectra of 1-y were shifted
in the bathochromic direction compared to those of 1-p (Fig.
S5%). These results would account for the bathochromically
shifted emission of 1-y relative to that of 1-p. Although the
dihedral angle ¢, of 1-y (4.02°) was similar to that of 1-p
(4.65°), the smaller ¢, of 1-y (58.83°) than that of 1-§ (68.27°)
would account for the longer absorption wavelength of 1-y

This journal is © The Royal Society of Chemistry 2021
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Fig. 7 (a) Molecular structure of 1-y. (b) Intermolecular stacking
structure of 1-y. (c) Packing structure of 1-y viewed along the c-axis.
Thermal ellipsoids at 50% probability. All hydrogen atoms are omitted
for clarity. Color code: gray = C; blue = N; yellow = S.

owing to the efficient charge-transfer transition from HOMO
to LUMO (0.621). Meanwhile, the adjacent molecules in 1-y
formed  extended intermolecular stacks at the
thienylbenzothiadiazole moieties (Fig. 7b and c¢). A dimer
structure of 1 in 1-y showed a significant bathochromic shift
in the calculated absorption wavelength (1,,s = 407.83 nm)
compared with monomer 1 in 1-y (Table S21). The HOMO of
dimer 1-y was distributed on one molecule and the LUMO
was mainly located on the benzothiadiazole ring of the other
molecule and overlapped with the adjacent benzothiadiazole
ring (Fig. S8ct). Such intermolecular interactions should have
a significant impact on the photophysical properties of 1-y.
The mean fluorescence lifetimes <z> of 1-p and 1-y were 6.0
ns and 2.4 ns, respectively (Fig. S7 and Table S1, ESIf).
Although 1-B and 1-y exhibited similar &, values (1-B: 5.5 x
107 s 1-4y: 4.5 x 107 s7"), the ky, value of 1-y (3.7 x 10° s™)
was considerably larger than that of 1-p (1.1 x 10% s™).
Accordingly, the smaller @5 value of 1-y compared to that of
1-p would be attributed to the increased nonradiative decay
processes of the excited molecules in 1-y caused by the
intermolecular interactions.

Conclusions

In summary, a thienyl-substituted donor-acceptor-type
benzothiadiazole derivative 1 was synthesized as a new MCL
dye that can form three types of crystals with different
luminescence properties. Triclinic crystals 1-a (P1) were
obtained by recrystallization from toluene/hexane, which
exhibited typical MCL between green and yellow emission based

This journal is © The Royal Society of Chemistry 2021
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on crystal-to-amorphous phase transitions. The formation of
isolated intermolecular stacks between two adjacent molecules
at the benzothiadiazole rings should account for the good
fluorescence quantum yield of 1-o (@ = 0.60). Solvent-
containing monoclinic crystals 1-B (P2,/n) were formed from
chloroform/hexane. The yellow emission of 1-f switched to
orange emission upon grinding, and the ground sample
changed to yellow-orange-emissive crystals 1-y (P24/c) after
heating. The transformation from 1-p to 1-y also occurred by
heating 1-f, and 1-y changed to the amorphous state after
grinding. The molecular conformation of 1 in the 1-a and 1-p
crystals is characterized by the different dihedral angles
between the benzothiadiazole and thiophene planes (1-o:
35.18°; 1-f: 4.65°). Based on the TD-DFT calculations, the planar
molecular structure of 1-p should contribute to the
bathochromically shifted emission compared to that of 1-o.
Concerning the intermolecular interactions, 1-o and 1-f formed
isolated intermolecular stacks between two adjacent molecules
at the benzothiadiazole and thienylbenzothiadiazole moieties,
respectively. In contrast, extended intermolecular stacks were
observed in the crystal structure of 1-y. Moreover, the disorder
of the thiophene ring was only observed in 1-y. Such structural
differences should account for the difference in the emission
properties of these polymorphic crystals. This study reiterates
that the generation of polymorphic crystals is a facile method to
obtain crystals with different MCL properties from a single
compound. In addition to the triphenylimidazole structure that
has been shown to generate polymorphic crystals, the
introduction of the rotatable thienyl group should also
contribute to the formation of polymorphs. This study provides
useful insights into the design of single compounds that exhibit
multi-color emission switching in response to different types of
external stimuli. Such compounds are expected to be applied to
advanced sensing technologies.

Experimental
Instrumentation and materials

All air-sensitive experiments were carried out under an argon
atmosphere unless otherwise noted. IR spectra were recorded
on a Nicolet iS10 FT-IR spectrometer. '"H and *C NMR
spectra were recorded on a Bruker DRX500 spectrometer
using tetramethylsilane as an internal standard. A miniature
fiber-optic spectrometer (FLAME-S-XR1-ES, Ocean Optics) and
a handy UV lamp (365 nm, LUV-6, AS ONE) were used for the
measurements of mechanochromic luminescence.
Fluorescence and UV-vis absorption spectra were measured
on a JASCO FP-8300 fluorescence spectrometer. For the
measurement of UV-Vis absorption spectra in solution, an
FUV-803 absorbance measurement cell block was used. The
solid-state absorption spectra were obtained by measuring
diffuse reflectance spectra using an FPA-810 powder sample
cell block, in which a sample diluted in BaSO, was loaded.
The absolute fluorescence quantum yields were determined
using a 100 mm ¢ integrating sphere (JASCO ILF-835).

Powder X-ray diffraction (PXRD) measurements were

CrystEngComm, 2021, 23, 5899-5907 | 5903
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performed on a Rigaku SmartLab system using CuKo
radiation. Differential scanning calorimetry (DSC) data were
recorded on a Seiko Instruments DSC-6100 equipped with a
liquid nitrogen cooling unit (heating rate: 10 °C min ).
Melting points were determined on a Stuart melting point
apparatus SMP3 and are uncorrected. High-resolution
electrospray ionization (HRMS-ESI) mass spectra were
recorded on a Hitachi Nano Frontier LD spectrometer. Silica
gel 60 N (spherical, neutral, 63-210 um) was used for column
chromatography. 4-Bromo-7-(1,4,5-triphenyl-1H-imidazol-2-yl)
benzo[c][1,2,5]thiadiazole was synthesized according to the
literature procedure.'® Other reagents and solvents were
commercially available and used as received.

Synthesis of 4-(thiophen-2-yl)-7-(1,4,5-triphenyl-1H-imidazol-
2-yl)benzo[c][1,2,5]thiadiazole

To a mixture of 4-bromo-7-(1,4,5-triphenyl-1H-imidazol-2-yl)
benzo[c][1,2,5]thiadiazole (100.8 mg, 0.20 mmol) and
2-thiopheneboronic acid (34.9 mg, 0.27 mmol) in DMF (2.0
mL), an aqueous solution of K,CO; (0.30 mL, 1.4 M) was
added. The mixture was degassed under ultrasonication.
Pd(PPh;), (27.4 mg, 0.020 mmol) was added to the mixture,
which was further degassed under ultrasonication. After the
mixture was refluxed for 12 h, water and dichloromethane
were added to the mixture. The organic layer was separated,
and the aqueous layer was extracted three times with
dichloromethane. The combined organic layer was washed
with water and brine, dried over anhydrous Na,SO,, and
filtered. After removal of the solvent under reduced pressure,
the crude product was purified by silica-gel column
chromatography (dichloromethane/toluene = 9:1) to give
4-(thiophen-2-yl)-7-(1,4,5-triphenyl-1H-imidazol-2-yl)benzo|c]
[1,2,5]thiadiazole (1: 84.4 mg, 83%) as a yellow solid.

4-(Thiophen-2-yl)-7-(1,4,5-triphenyl-1H-imidazol-2-yl)benzo| c]
[1,2,5]thiadiazole

Yellow solid; m.p. 235.2-236.3 °C; IR (KBI): Viax 3064, 2946,
2921, 1598, 1557, 1497, 1479, 1398, 1369, 1274, 1264, 1151,
1072, 1058, 1027, 882, 847, 836, 762 cm '; 'H NMR (500
MHz, CDCL,): § (ppm) 8.12-8.11 (m, 1H), 7.81 (d, J = 7.4 Hz,
1H), 7.72 (d, J = 7.4 Hz, 1H), 7.63-7.61 (m, 2H), 7.46-7.45 (m,
1H), 7.28-7.23 (m, 5H), 7.21-7.18 (m, 4H), 7.09-7.05 (m, 3H),
7.02-7.00 (m, 2H); *C NMR (126 MHz, CDCl;): J (ppm) 153.8,
152.0, 143.9, 139.1, 139.0, 136.8, 134.3, 131.7, 131.1 (2C),
131.0, 130.5, 128.5 (2C), 128.4 (2C), 128.2, 128.10 (2C),
128.09, 128.03, 127.99 (2C), 127.9, 127.6 (2C), 127.4, 126.7,
124.9, 122.8 (one signal is hidden by incidental overlapping);
HRMS-ESI (m/z): [M + H]" caled for C;H,;N,S,, 513.1202;
found, 513.1229.

X-ray crystallography

A single crystal of 1-a was obtained by cooling a hot solution
of 1 and was mounted on a glass fiber. All measurements
were made on a Rigaku XtaLAB P200 diffractometer using
multi-layer mirror monochromated Cu-Koa radiation (4 =
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1.54184 A). The data were collected at a temperature of —50 +
1 °C. The crystal-to-detector distance was 40.00 mm. Readout
was performed in the 0.172 mm pixel mode. Data were
collected and processed using CrysAlisPro (Rigaku Oxford
Diffraction).'® An empirical absorption correction was
applied. The data were corrected for Lorentz and polarization
effects. The structures of 1-a and 1-f were solved by direct
methods (SIR2011)"” and expanded using Fourier techniques.
The non-hydrogen atoms were refined anisotropically.
Hydrogen atoms were refined using the riding model. All
calculations were performed using the CrystalStructure®
crystallographic software package except for refinement,
which was performed using SHELXL Version 2014/7." Using
Olex2,>° the structure of 1-y was solved with the SHELXT>'
structure solution program using Intrinsic Phasing and
refined with the SHELXL*® refinement package using least
squares minimisation.

Crystal data for 1-a (from toluene/hexane; CCDC 2073080):
C31H,0N,S,, M = 512.65, triclinic, @ = 10.49993(15) A, b =
11.00975(13) A, ¢ = 12.68737(15) A, o = 112.8095(11)°, f =
91.4574(11)°, y = 109.9161(12)°, V = 1249.96(3) A%, space group
P1 (no. 2), Z = 2, D, = 1.362 g cm™>, F(000) = 532.00, T =
223(1) K, u(Cu-Ka) = 21.483 cm™', 28281 reflections
measured, 4555 independent (R, = 0.0425). The final
refinement converged to R, = 0.0357 for I > 2.00(I) and wWR, =
0.1022 for all data.

Crystal data for 1-p (from CHCl;/hexane; CCDC 2073081):
C31H0N,S,, M = 512.65, monoclinic, a = 18.6467(7) A, b =
7.9281(2) A, ¢ = 20.2852(8) A, = 114.132(5)°, V = 2736.7(2) A%,
space group P2,/n (no. 14), Z = 4, D. = 1.244 g cm >, F(000) =
1064.00, T = 123(1) K, u(Cu-Ka) = 19.624 cm’', 30248
reflections measured, 5026 independent (Rj,. = 0.0645). The
final refinement converged to R; = 0.0507 for I > 2.00(I) and
WR, = 0.1474 for all data.

Crystal data for 1-y (from CHCls/hexane; CCDC 2073082):
C31H0N,S,, M = 512.63, monoclinic, a = 17.5816(6) A, b =
20.1048(7) A, ¢ = 6.9531(3) A, f = 95.208(4)°, V = 2447.60(16)
A%, space group P24/c (no. 14), Z = 4, D, = 1.391 g cm >, F(000)
= 1064.0, T = 223(1) K, p(Cu-Ko) = 21.95 cm*, 23370
reflections measured, 5054 independent (Rj,. = 0.0576). The
final refinement converged to R, = 0.0538 for I > 2.00(I) and
WR, = 0.1857 for all data.

Theoretical calculations

The theoretical calculations were performed using the
Gaussian 16 program.”> The six lowest singlet-singlet
transitions of 1 in the 1-a, 1-B, and 1-y crystals were
calculated using time-dependent density functional theory
(TD-DFT) calculations at the CAM-B3LYP/6-31G(d) level of
theory (Table S1t). The molecular structures, obtained from
the single-crystal X-ray diffraction analysis, were used as a
starting point. Here, the long-range-corrected hybrid
functional CAM-B3LYP was used, as CAM-B3LYP often
provides better results in TD-DFT calculations than B3LYP,
which is conventionally used in DFT calculations.>* For the

This journal is © The Royal Society of Chemistry 2021
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calculation of dimer structures, BSSE was taken into account
using the counterpoise correction.”
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