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Stimuli-responsive organic dyes that switch the color of their solid-state emission upon exposure to exter-
nal stimuli represent an important class of materials due to their potential applications in various areas of
sensing technology. Although an increasing number of multi-stimuli-responsive organic dyes have been
reported in recent years, only a few solid-state fluorophores are known to respond to two kinds of stimuli
in a stepwise and reversible manner. Herein, we report the sequential halochromic (acidochromic)/
mechanochromic luminescence behavior of a pyridyl-substituted solid-state fluorophore. The solid-state
emission color of this pyridyl-substituted dye was systematically shifted in the bathochromic direction by
forming cocrystals with several benzoic acid derivatives that exhibit different pK, values. Upon grinding
these cocrystals with a spatula, further bathochromic shifts of their maximum emission wavelengths were
observed upon amorphization. Conversely, the emission color and crystallinity can be recovered upon
heating the ground samples of the cocrystals to their cold-crystallization transition temperature (T, ~ 100
°C). Heating the ground cocrystals further (185-260 °C) removes the benzoic acid derivatives, which re-
stores the original emission color of the pyridyl-substituted dye. In other words, we have developed a new
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system that exhibits a two-step emission color recovery in response to temperature by combining halo-
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Introduction

Solid-state luminescent materials that respond to external
stimuli are of great interest due to their potential applications
in fluorescence sensors and optical switches."”” Mechanical
stimuli such as grinding, crushing, and shearing have re-
cently received much attention, and a growing number of or-
ganic dyes that exhibit mechanochromic luminescence (MCL)
have emerged in the past decade.”® The mechanically
switched emission color of MCL dyes reverts to the original
color upon exposure to a second external stimulus such as
heating or exposure to solvents. As most MCL dyes switch
their emission color between two colors,” other external stim-
uli are required to achieve multi-color switching of their
solid-state emission. Several MCL dyes exhibit multi-stimuli-
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Yokohama National University, 79-5 Tokiwadai, Hodogaya-ku, Yokohama 240-
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and 1935323 (1-2d). For ESI and crystallographic data in CIF or other electronic
format see DOI: 10.1039/c9¢ce01037h
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chromic and mechanochromic luminescence in series.

responsive properties, whereby the solid-state emission color
of the initial state switches to different colors in response to
other external stimuli.® Among these, some MCL dyes with
basic functional groups have been shown to exhibit halo-
chromic (acidochromic) luminescence (HCL) that can change
their solid-state emission color by forming acid-base com-
plexes with external acids.> However, little is known about the
mechano-responsive behavior of such acid-base complexes.”
In other words, typical dyes that display HCL and MCL behav-
ior independently respond to acid and mechanical stimuli
(Fig. 1a).

During our studies on the development of MCL dyes com-
posed of electron-donating and -accepting heteroaromatic
rings,® we recently reported phenanthroimidazolylbenzo-
thiadiazoles as a new class of MCL dyes that exhibit versatile
MCL properties.*®® The phenanthroimidazole ring'® is
constructed from 9,10-phenanthrenequinone, ammonium ace-
tate, aniline, and 4-bromo-7-formylbenzothiadiazole. Various
substituted benzene rings can be easily introduced by replacing
the bromo group of the resulting phenanthroimidazolylbenzo-
thiadiazole. Herein, we report the multi-stimuli-responsive prop-
erties of  pyridyl-substituted  phenanthroimidazolylbenzo-
thiadiazole derivative 1. The emission properties of crystalline
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Fig. 1 Schematic illustration of the multi-stimuli-responsive behavior
of organic dyes. (a) Typical system: independent HCL/MCL; (b) this
work: sequential HCL/MCL.

1 are sensitive to mechanical stimuli as well as to complexa-
tion with benzoic acid derivatives 2. Notably, we accom-
plished a stepwise stimuli-responsive change of the emission
color, whereby the solid-state emission wavelength of 1 shifts
bathochromically upon sequential exposure to acids and me-
chanical stimuli. Furthermore, the mechanically changed
state exhibits a two-step hypsochromic shift of the emission
color in response to heating (Fig. 1b).

Results and discussion

Pyridyl-substituted phenanthroimidazolylbenzothiadiazole 1
was synthesized from previously reported bromide 3.5 A
Suzuki-Miyaura coupling reaction between 3 and pyridin-4-
ylboronic acid in the presence of Pd(PPhs), (10 mol%) in
DMF/aqueous K,CO; (1.4 M) at 150 °C (bath temp.) afforded
1 in 88% yield (Scheme 1). The following experiments were
carried out using crystalline 1, which was prepared from va-
por diffusion of hexane into a chloroform/DMF solution of 1
(Fig. S17).

Crystalline samples of 1 exhibit a green emission (ley, =
521 nm) with a good fluorescence quantum yield (@ = 0.34).

(.

| N»—Q—Br + (HO)ZB—@N

(2.2 equiv)

Pd(PPhs)4 (10 mol%)
DMF/aq. K,CO3 (1.4 M)
150 °C, 18 h

Scheme 1 Synthesis of pyridyl-substituted phenanthroimidazolyl-
benzothiadiazole 1.
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Upon strong grinding with a spatula, the emission color of
crystalline 1 shifted bathochromically to orange (lem = 593
nm; & = 0.35) (Fig. 2a). Powder X-ray diffraction (PXRD)
analyses of crystalline and ground 1 showed that the intensity
of the diffraction peaks of crystalline 1 significantly decreases
after grinding, which indicates the amorphization of the crys-
tals (Fig. 2b). Moreover, differential scanning calorimetry
(DSC) measurements of crystalline 1 exhibited one endother-
mic peak that corresponds to the melting point (T,, = 325
°C), whereas for ground 1, an exothermic cold-crystallization
transition peak (7. = 124 °C) and T, were observed (Fig. 2c).
Upon heating the ground sample of 1 to its T, the orange
emission color reverted to the original green emission color
(Fig. 2a). Therefore, 1 exhibits MCL between green and or-
ange, whereby the change of the emission color should be at-
tributed to the crystalline-to-amorphous phase transition.
With pyridyl-substituted MCL-active dye 1 in hand, the
acid-responsive properties of 1 were examined by preparing
acid-base complexes with benzoic acid derivatives 2a-d
(RC¢H,CO,H; Table 1)."* Cocrystals of 1 and benzoic acid (2a:
R = H) were obtained from vapor diffusion of hexane into a
chloroform solution of a 1:1 molar mixture of 1 and 2a. The
maximum emission wavelength of cocrystal 1-2a shifted
bathochromically to 551 nm (@ = 0.19) compared to that of
crystalline 1 (Fig. 3a). The single-crystal X-ray diffraction anal-
ysis of 1-2a revealed that the cocrystal (P2,/n) is composed of
a 1:1 molar mixture of 1 and 2a, which forms O-H:-'N hy-
drogen bonds between the pyridyl groups of 1 and the
carboxy groups of 2a (N---O distance = 2.631 A; Fig. 4 and
S27). In a similar fashion, other cocrystals (P2,/n) were pre-
pared using 2b-d, which contain electron-withdrawing

— crystalline
{ Aem = 521 nm — ground

(Pr=0.34)
A E

Heating 2

, (122 °C)
4 7om =593 1m
¥ (P =0.35) T T T T
450 500 550 600 650 700
Alnm

(b) PXRD of 1 (c) DSC of1
simulated
l I l crystalline !/
crystalline
A ground T;124 °C
2 £
2 H
< ground | §
g g
e Y W I
” heated l Tm 325°C
5 10 20 30 40 0 50 100 150 200 250 300 350
201/° Temperature / °C
Fig. 2 (a) Photographs and fluorescence spectra, (b) PXRD patterns,

and (c) DSC scans for the MCL of 1. T, and T,, values are noted near
their corresponding peaks.
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Table 1 Properties of acid-base complexes of 1 and benzoic acid derivatives 2a-d (RCgH;,CO,H)
Ground
pK.” Crystalline complex” Space Caled. /s’ (nm) Jabs® (nM) T, (°C)  complex’

2 R (in H,0)  Aem (nm) @ group? N--O°(A)  1(-2) 1.2 12 Jem (Nm) @
2a H 4.19 551 0.19 P24/n 2.631 366.65 379.96 415 (425) 86 594 0.34
2b CF; 3.66 562 0.23 pP2,/n 2.622 362.65 382.77 417 (429) 90 610 0.30
2¢ CN 3.55 590 0.36 P24/n 2.594 371.73 386.76 419 [433) 87 616 0.40
2d NO, 3.44 593 0.33 pP2,/n 2.595 368.35 385.37 422 (437) 103 627 0.22

“ pK, values of 2a-d in H,O. > Maximum emission bands (im) and absolute quantum yields (@r) of 1-2a-d in the crystalline powdered form
and in the ground amorphous form. ¢ Absolute quantum yields measured using an integrating sphere. ¢ Space group of cocrystals 1-2a-d.
¢ Distance between the hydrogen-bond forming nitrogen atom of the pyridyl group in 1 and the oxygen atom of the carboxy group in 2a-d.
J Maximum absorption wavelength of 1(-2) and 1-2a-d, calculated at the CAM-B3LYP/6-31G(d) level of theory. ¢ Maximum absorption wavelength

of crystalline 1-2a-d. The values for the ground samples are shown in the
ature of 1-2a-d.

substituents (2b: R = CF3; 2¢: R = CN; 2d: R = NO,) on the
4-position of benzoic acid (Fig. S3-S5t1); the resulting
cocrystals exhibit yellow to orange emission with good fluo-

N —
N

N%N ¥ HOZC_O_R
. 7 \

Ph N, S’N 2a-d
1 (R =H, CF3, CN, NO,)
(a)1-2a (R=H)
[ aleit. |
2a b« & Grinding
—— ¢ —
— <«
Heating Heating
(190 °C) (86 °C)

‘.‘ n‘;) Grinding
| 44 { g - <
-, Heating
A w4 (90°0
Aem = 562 nm Aem = 610 Nm
(P =0.23) (®r = 0.30)

(c) 1°2c (R = CN)

Grinding
Heating Heating
(260 °C) (87 °C) &
Aem = 590 Nnm Aem = 616 Nm
(@ =0.36) (@ = 0.40)
(d) 1-2d (R =NO,)
2d 3 y 'i. Grinding
Heating \ '_ Heating
(245 °C) =i (103 °C) o1, AR
Aem = 593 nm Aem = 627 nm
(P =0.33) (P =0.22)

Fig. 3 Structures and photographs for the sequential HCL/MCL of
1.2a-d. MCL of 1-2a (a), 1-2b (b), 1-2¢c (c), and 1-2d (d).

This journal is © The Royal Society of Chemistry 2019

parentheses (Fig. S6 and S7). " Cold-crystallization transition temper-

rescence quantum yields (dem, = 562-593 nm; @r = 0.23-0.36;
Fig. 3b-d). Interestingly, the maximum emission wavelength
of these cocrystals shifts in the bathochromic direction (1-2a:
551 nm; 1-2b: 562 nm; 1-2c: 590 nm; 1.2d: 593 nm) with
decreasing pK, value of the benzoic acid derivative (2a: 4.19;
2b: 3.66; 2¢: 3.55; 2d: 3.44)."> On the other hand, the solid-
state absorption spectra of 1-2a-d, obtained by measuring
the diffuse reflectance spectra, were observed in almost the
same region as that of crystalline 1, although the maximum
absorption wavelength of 1-2a-d slightly shifted in the
bathochromic direction upon increasing the acidity of 2a-d
(Fig. S6 and S77).

The molecular structures obtained by single-crystal X-ray
diffraction analyses of the cocrystals showed that the dis-
tance between the hydrogen-bond-forming pyridyl group of 1
and the carboxy group of 2 decreases with increasing acidity
of the benzoic acid derivative 2 [N---O distances (A); 1-2a:
2.631; 1-2b: 2.622; 1-2¢: 2.594; 1-2d: 2.595]. It has been shown
previously that the absorption and emission wavelengths of
phenanthroimidazolylbenzothiadiazole derivatives depend on

(@)

113.05(9)°

(b)
2.631(2) A : :

Fig. 4 (a) Front view and (b) side view of the molecular structure of
1.2a with thermal ellipsoids at 50% probability. All hydrogen atoms,
except for that of the carboxy group, are omitted for clarity. Color
code: gray = C; white = H; red = O; blue = N; yellow = S.

CrysttngComm, 2019, 21, 5699-5706 | 5701
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their conformational structure.®® Based on the single-crystal
X-ray diffraction structures, the absorption wavelengths of 1
in 1-2a-d [denoted as 1(-2a-d)] and discrete hydrogen-bond-
forming complexes 1-2a-d were calculated using time-
dependent density functional theory (TD-DFT) at the CAM-
B3LYP/6-31G(d) level of theory (Tables 1 and S1, Fig. S8 and
S9t). The calculated absorption wavelength values reflect the
conformational structures of 1(-2a-d), whereby 1(-2¢), which
exhibits the most planar structure, shows the largest value
(caled. Aups = 371.73 nm). However, these values cannot ex-
plain the order of the experimentally observed 4,,s values for
1-2a-d (1-2a: 415 nm; 1-2b: 417 nm; 1-2¢: 419 nm; 1-2d: 422
nm), as 1(-2a) exhibits a relatively large value (caled. A,ps =
366.65 nm). On the other hand, significant bathochromic
shifts were observed for the calculated A,,s values of the
acid-base complexes (1-2a: 379.96 nm; 1-2b: 382.77 nm; 1-2¢:
386.76 nm; 1-2d: 385.37 nm) compared to those of 1 (362.65-
371.73 nm) in these complexes. The order of calculated A,ps
values for 1-2a-d is similar to that of experimental values. As
the calculations were performed on discrete complexes, the
difference between the order of the theoretical and experi-
mental values could potentially be explained by considering
the electronic intermolecular interaction of the complexes,
which would mean that the electronic rather than the steric
effects should have a significant influence on the optical
properties of 1-2a-d.

It should be noted here that cocrystals were not obtained
from mixtures of 1 and 4-(methoxycarbonyl)benzoic or 3,5-
dinitrobenzoic acid, regardless of their higher acidity relative
to that of 2a. From these mixtures, both components precipi-
tated as independent crystals. Accordingly, the steric bulk of
the substituents on the benzene ring of the benzoic acid de-
rivative should also be important for the formation of acid-
base cocrystals of the P2,/n space group.

Subsequently, we examined the mechanical-stimuli-
responsive properties of cocrystal 1-2a (Fig. 3a). Upon grind-
ing the crystalline samples of 1-2a with a spatula, the maxi-
mum emission wavelength shifted bathochromically to 594
nm (@ = 0.34), which is almost identical to that of ground 1
(Aem = 593 nm). A significantly decreased intensity of the dif-
fraction patterns of cocrystal 1-2a was observed by the PXRD
analysis of the ground state of 1-2a, indicating that the mech-
anism of the mechano-responsive change of the emission
color of 1-2a is based on typical crystal-to-amorphous transi-
tions (Fig. 5a). The DSC thermogram of ground 1-2a showed
an exothermic peak at 86 °C, which corresponds to 7.
(Fig. 5b). Upon heating the ground sample of 1-2a to its T,
the emission color and PXRD intensities were reverted to
those of the original cocrystal 1-2a. In other words, cocrystal
1-2a exhibits MCL between yellow (Aey, = 551 nm) and orange
(Aem = 594 nm). We also examined complex 1-2a prepared by
grinding 1 and 2a in the solid state. Upon grinding the crys-
talline samples of 1 and 2a, the mixture changed to a sticky
paste-like state that exhibited yellow emission (len, = 562
nm). Although this yellow-emissive state was prepared by
grinding, the emission color was changed to orange (Aem =
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(a) PXRD of 1+2a (b) DSC of 1+2a
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Fig. 5 (a) PXRD patterns and (b) DSC scans for the MCL of 1-.2a. T, T,
(vaporization temperature), and T,, values are noted near their
corresponding peaks.

590 nm) upon strong grinding with a spatula. In contrast to
the ground state of cocrystal 1-2a, this orange-emissive state
spontaneously reverted to the yellow-emissive state at room
temperature within 5 min.

Notably, two endothermic peaks were observed in the DSC
thermogram of cocrystal 1-2a at 190 °C and 324 °C. When
cocrystal 1-2a was heated to 190 °C, the emission color
reverted to green that is characteristic of 1. The absence of
2a was confirmed by the "H NMR spectrum of the green-
emissive state after heating to 190 °C (Fig. S101). This state
also exhibited almost the same PXRD patterns as those of
crystalline 1 (Fig. 2b and 5a), and the latter peak of the DSC
thermogram (324 °C) corresponds to the Ty, of 1 (Fig. 2c and
5b). In other words, 1 shows HCL between green (ley, = 521
nm) and yellow (1., = 551 nm) in response to the addition
and removal of 2a.

Similarly, significant bathochromic shifts of the maxi-
mum emission wavelengths were observed for cocrystals
1-2b-d upon grinding (2b: Aey, = 610 nm, P = 0.30; 2¢: Lo, =
616 nm, @y = 0.40; 2d: Loy = 627 nm, & = 0.22; Fig. 3b-d).
In all cases, the intensities of the PXRD patterns decreased,
which indicated the mechano-responsive amorphization of
the cocrystals (Fig. S14-S167). The maximum emission wave-
lengths of the ground samples were bathochromically shifted
with increasing electron-withdrawing nature of the benzoic
acid derivatives, which is probably due to the stabilization of
the excited state of amorphous 1 by intermolecular interac-
tions of the electron-deficient benzene rings. The original
emission colors and PXRD patterns of the cocrystals were re-
stored by heating the ground samples to their 7. (1-2b: 90
°C; 1-2¢: 87 °C; 1-2d: 103 °C). On the other hand, the DSC
thermograms of 1-2b-d exhibited endothermic peaks that
correspond to the vaporization of 2b-d (1-2b: 185 °C; 1-2c:
260 °C; 1-2d: 245 °C) (Fig. S17-5197). The recovery of the
emission color, PXRD pattern, and 'H NMR signals
(Fig. S11-S137) of 1 was also observed upon heating 1-2b-d
to the corresponding temperatures. Accordingly, all
cocrystals 1-2a-d exhibited mechano- and thermo-responsive
properties.

In order to confirm the effect of the pyridyl group,
phenanthroimidazolylbenzothiadiazole 4,°° which bears a

This journal is © The Royal Society of Chemistry 2019
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Fig. 6 Photographs of the solid-state emission of mixtures of 4 and
2a-d.

phenyl group instead of a pyridyl group, was treated with
benzoic acid derivatives 2a-d (Fig. 6). In these cases, single
crystals were not obtained from vapor diffusion of hexane
into chloroform solutions of 1:1 molar mixtures of 4 and
2a-d. When CH,Cl, solutions of 4 and 2a-d were evaporated
under reduced pressure, the resulting mixtures of 4/2a-d
exhibited yellow emission in the same region, irrespective of
the acidity of the benzoic acid derivatives (4/2a: 564 nm; 4/
2b: 570 nm; 4/2c¢: 567 nm; 4/2d: 564 nm). Notably, the emis-
sion color of these mixtures remained virtually unchanged af-
ter grinding with a spatula. The PXRD analyses of the yellow-
emissive mixtures indicated that 4 is present in the amor-
phous form in these mixtures (Fig. S20-S2371). As the emis-
sion color of crystalline 4 changes from green to yellow by
partial amorphization,® the origin of the yellow emission
from the mixture of 4 and 2a-d should be ascribed to the
emission from amorphous 4. Moreover, the non-MCL proper-
ties of 4/2a-d should be rationalized in terms of the absence
of crystal-to-amorphous transitions of 4 in 4/2a-d. These re-
sults indicate that the pyridyl group should play an important
role in the sequential HCL/MCL of 1 by forming cocrystals
based on hydrogen bonding with 2a-d.

Conclusions

In summary, we have developed a new pyridyl-substituted
mechanochromic luminescence (MCL) dye 1 that exhibits se-
quential halochromic luminescence (HCL)/MCL in response
to treatment with benzoic acid derivatives 2a-d and mechani-
cal stimuli. The solid-state emission color of 1 can be
switched reversibly between two colors by addition and re-
moval of acids 2a-d. Bathochromic shifts of the emission
wavelength for cocrystals 1-2a-d relative to that of 1 can be
attributed to the formation of hydrogen bonds between the
pyridyl group of 1 and the carboxy group of 2a-d, whereby
the magnitude of the shift increases with decreasing pK,
value of 2a-d. Further bathochromic shifts were observed for
cocrystals 1-2a-d upon grinding, and the ground amorphous
state reverted to the crystalline 1-2a-d state upon heating
the ground samples to their T.. It should be noted that the
two-step thermo-responsive change of the emission color can

This journal is © The Royal Society of Chemistry 2019
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be realized from the ground samples of 1-2a-d by heating
them to their T, (~100 °C) followed by heating to higher tem-
peratures (>180 °C), which is required for the removal of
2a-d. The development of such a system, which combines
HCL and MCL in series, should provide access to a variety of
practical applications of MCL dyes.

Experimental
General

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 spec-
tra were recorded on a Bruker DRX-500 spectrometer using
tetramethylsilane as an internal standard. Fluorescence and
UV-vis absorption spectra were measured on a JASCO FP-8300
fluorescence spectrometer. The solid-state absorption spectra
were obtained by measuring diffuse reflectance spectra using
an FPA-810 powder sample cell block. The absolute fluores-
cence quantum yields were determined using a 100 mm ¢
integrating sphere JASCO ILF-835. A miniature fiber-optic
spectrometer (FLAME-S-XR1-ES, Ocean Optics) was used for
the measurements of mechanochromic luminescence. PXRD
measurements were performed on a Rigaku SmartLab system
using CuKo radiation. The melting point was determined on
a Stuart melting point apparatus SMP3 and was uncorrected.
DSC data were recorded on a Shimadzu DSC-60 plus (heating
rate: 10 °C min ). The high-resolution electrospray ioniza-
tion (HRMS-ESI) mass spectrum was recorded on a Hitachi
Nano Frontier LD spectrometer. Silica gel 60 N (spherical,
neutral, 63-210 mm) was used for column chromatography.
4-Bromo-7-(1-phenyl-1H-phenanthro[9,10-d]imidazol-2-yl)-
benzo[c][1,2,5]thiadiazole (3) was synthesized according to a
literature procedure.®® Other reagents and solvents were com-
mercially available and were used as received.

Synthesis of 4-(1-phenyl-1H-phenanthro[9,10-d]imidazol-2-yl)-
7-(pyridin-4-yl)benzo[c][1,2,5]thiadiazole (1)

A mixture of pyridin-4-ylboronic acid (22.0 mg, 0.29 mmol)
and bromide 3 (67.8 mg, 0.13 mmol) in a mixture of DMF
(4.0 mL) and an aqueous solution of K,CO; (0.4 mL, 1.4 M)
was degassed under ultrasonication. Pd(PPh;), (15.1 mg,
0.013 mmol) was added to the mixture, which was further
degassed under ultrasonication. After the mixture was stirred
at 150 °C (bath temp.) for 18 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 fil-
tered. After removal of the solvent under reduced pressure,
the crude product was purified by silica-gel column chroma-
tography (ethyl acetate/hexane = 10:1) to give 4-(1-phenyl-1H-
phenanthro[9,10-d]imidazol-2-yl)-7-(pyridin-4-yl)benzo[c][1,2,5]-
thiadiazole (1: 59.4 mg, 88%) as a yellow solid.

CrysttngComm, 2019, 21, 5699-5706 | 5703


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c9ce01037h

Open Access Article. Published on 19 August 2019. Downloaded on 11/14/2025 9:28:44 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

4-(1-phenyl-1H-phenanthro[9,10-d]imidazol-2-yl)-7-(pyridin-4-
yl)benzo|[c][1,2,5]thiadiazole (1)

Yellow solid; M.p. 319.8-321.9 °C; IR (KBr): vpyax 1596,
1542, 1517, 1497, 1473, 1454, 1414, 1389, 1352, 1335, 1324,
1238, 1169, 1096, 1069, 1035, 994, 930, 885, 848, 825, 794,
764, 730, 721, 704, 686, 666, 614 cm *; 'H NMR (500 MHz,
CDCL,): ¢ (ppm) 8.86 (d, J = 7.8 Hz, 1H, Hd), 8.80 (d, J = 8.5
Hz, 1H, Hh), 8.78-7.77 (m, 2H, Hy,), 8.73 (d, J = 7.8 Hz, 1H,
Ha), 7.88-7.87 (m, 2H, Hy,), 7.84 (d, J = 7.3 Hz, 1H, Hs), 7.77
(d, J = 7.3 Hz, 1H, Ht), 7.74 (t, J = 7.8 Hz, 1H, Hc), 7.67 (t, ] =
7.8 Hz, 1H, Hb), 7.57-7.54 (m, 3H, Hi, Hp,), 7.45-7.40 (m,
3H, Hp,, Hp;), 7.31-7.27 (m, 2H, Hj, Hk); *C NMR (126
MHz, CDCl;): 6 (ppm) 154.3 (Cw), 152.7 (Cv), 150.2 (Cy,),
147.4 (Cq), 144.1 (Cx), 137.9 (Co, Cm), 132.3 (Cu), 132.0 (Cs),
129.64 (Cg), 129.59 (Cp;), 129.56 (Cp,), 128.9 (Cp,), 128.4
(Cf), 128.3 (Cn), 127.8 (Ct), 127.4 (Cc), 127.2 (Ce), 126.4 (Gj),
125.8 (Ch), 125.3 (Ci), 125.0 (Cr), 124.2 (Ch), 123.6 (Cy,),
123.1 (Ca), 122.9 (Cd, Cl), 121.1 (Ck); HRMS-ESI (m/z): [M +
H]" caled. for C3,H,oN5S, 506.1434; found, 506.1448. Crystal
data for 1 (CCDC 1935319): C3,H;oN5S, M = 505.60, mono-
clinic, a = 9.71088(5) A, b = 16.39216(9) A, ¢ = 15.37234(9) A, f3
=97.2646(5)°, V = 2427.36(2) A?, space group P2,/n (no. 14), Z
=4, D. = 1.383 g cm >, F(000) = 1048.00, T = 223(1) K, y(Cu-
Ka) = 14.374 ecm™, 25682 reflections measured, 4448 inde-
pendent (R;,; = 0.0301). The final refinement converged to R,
=0.0346 for I > 2.00(I), wR, = 0.0919 for all data.

Preparation of single crystals for cocrystals 1-2a-d

Single crystals of 1-2a were obtained from vapor diffusion of
hexane into a chloroform solution (1.4 mL) of a 1:1 molar
mixture of 1 (10.2 mg, 0.040 mmol) and 2a (5.1 mg, 0.040
mmol). Other cocrystals 1-2b-d were also obtained by the
same procedure.

Crystal data for 1-2a (CCDC 1935320): C3oH,5N50,S, M =
627.72, monoclinic, a = 9.93969(8) A, b = 17.64482(16) A, ¢
17.57204(14) A, § = 93.1282(8)°, V = 3077.26(4) A%, space group
P2,/n (no. 14), Z = 4, D, = 1.355 g cm >, F(000) = 1304.00, T =
223(1) K, #(Cu-Ko) = 12.956 cm ™", 33 807 reflections measured,
5609 independent (R, = 0.0471). The final refinement con-
verged to R; = 0.0355 for I > 2.00(I), WR, = 0.0942 for all data.

Crystal data for 1-2b (CCDC 1935321): C4oH,,F3N50,S, M =
695.72, monoclinic, @ = 10.12758(5) A, b = 16.68174(10) A, ¢ =
19.48203(10) A, # = 99.0942(5)°, V = 3250.03(3) A®, space group
P2,/n (no. 14), Z = 4, D, = 1.422 g cm >, F(000) = 1432.00, T =
223(1) K, p(CuKo) = 14.217 ecm™', 47704 reflections mea-
sured, 5951 independent (R;,, = 0.0425). The final refinement
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converged to R, = 0.0568 for I > 2.00(I), wR, = 0.1623 for all
data.

Crystal data for 1-2¢ (CCDC 1935322): Cy4oH,4N¢O,S, M =
652.73, monoclinic, a = 9.72297(7) A, b = 17.69375(11) A, ¢
18.28982(12) A, 8 = 94.3128(6)°, V = 3137.59(4) A, space group
P2,4/n (no. 14), Z = 4, D, = 1.382 g cm >, F(000) = 1352.00, T =
223(1) K, #(Cu-Ka) = 13.041 cm™", 34401 reflections measured,
5741 independent (R;,; = 0.0333). The final refinement con-
verged to R; = 0.0357 for I > 2.00(I), WR, = 0.0942 for all data.

Crystal data for 1-2d (CCDC 1935323): C39H,,N¢0,S, M =
672.72, monoclinic, a = 9.74862(8) A, b = 17.91753(15) A, ¢ =
17.82303(15) A, 8 = 92.1261(8)°, V = 3111.03(4) A®, space group
P24/n (no. 14), Z = 4, D, = 1.436 g cm >, F(000) = 1392.00, T =
223(1) K, p(CuKo) = 13.822 cm™', 36448 reflections mea-
sured, 5700 independent (R;,; = 0.0452). The final refinement
converged to R, = 0.0389 for I > 2.00(I), wR, = 0.1062 for all
data.

Theoretical calculations

The theoretical calculations were performed using the Gaussian
16 program.'® The six lowest singlet-singlet transitions of 1 in
1-2a-d and 1-2a-d were calculated using time-dependent den-
sity 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."*
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