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Abstract

Two unsymmetrical tetraphenylethene (TPE) substituted Donor-Acceptor (D-A)
benzothiadiazoles (BTDs) 3a, and 3b were designed and synthesized by the Suzuki cross-
coupling reaction. The design strategy was opted to maintain the donor (TPE) fragment constant
and the acceptor strength of BTD was modulated by using phenyl and cyanophenyl units. Their
solvatochromism, aggregation induced emission (AIE) and mechanochromic properties were
investigated. The BTDs 3a, and 3b exhibit strong solvatochromic and AIE behavior. The cyano-
group containing BTD 3b exhibits reversible mechanochromic behavior with high color contrast
between green and yellow, whereas 3a do not show mechanochromism. The solid state
absorption and emission properties of BTDs 3a, and 3b show different behavior in their pristine
and ground form. The powder XRD study shows reversible morphological change between
crystalline and amorphous phase upon grinding.

Introduction

The design of organic molecular systems exhibiting aggregation induced emission (AIE) and

mechanochromic properties has gained considerable attention due to their potential applications
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in the field of mechano-sensors, optical recording, security papers and optoelectronic devices.'
Solid state emission with high color contrast is an essential criteria for mechanochromism.” The
conventional organic molecules are non-emissive in solid state due to the notorious aggregation
caused quenching (ACQ) effect.’ The exactly opposite phenomenon to ACQ was introduced by
Tang et al, which is called aggregation induced emission (AIE).* The tetraphenylethylene (TPE)
is propeller shaped AIE active unit and has been explored for design of environmental stimuli
responsive mechanochromic materials.’

Generally the donor-acceptor (D-A) type molecular systems show low fluorescence
quantum efficiency in solution as well as in the solid state. 2,1,3-Benzothiadiazole (BTD) is a
strong acceptor owing to its electron deficient nature.® Wang e al and Wei et al had reported
symmetrical benzothiadiazole based cyano-substituted diphenylethene derivatives for
mechanochromic properties and studied the effect of D-A strength on their mechanochromism.’
The literature reveals, there are no reports on the mechanochromic behavior of TPE substituted
BTDs.* Our group is involved in the design and synthesis of TPE substituted mechanochromic
materials.” We have explored symmetrical and unsymmetrical BTDs for photonic applications.'
In a recent contribution, we have shown dipyridylamine substituted unsymmetrical BTD for
mechanochromism.'' Herein we have designed and synthesized TPE substituted unsymmetrical
D-A benzothiadiazoles (BTDs) 3a, and 3b and studied their photophysical and mechanochromic
properties. The design of the TPE substituted unsymmetrical BTDs are based on the following
considerations: (1) The use of TPE as donor unit as well as AIE activator. The TPE moiety offers
the solid with large free volume and intramolecular rotations. (2) The acceptor strength of BTD
is altered by using phenyl as weak donor in 3a and 4-cyanophenyl as weak acceptor in 3b by

keeping TPE as donor (D) on one side of BTD. (3) The cyano-group is used to increase the
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9312 Thus the combination of

acceptor strength of BTD, and also as source for hydrogen bonding.
TPE, BTD and cyano group will provide the place to change the D-A effect. The results show
BTD 3b exhibits reversible mechanochromic behavior with color contrast between green and

yellow.

Results and discussions

3a (75%)

3b (53%)

Scheme 1. Synthetic route for the BTDs 3a and 3b.
(1)  4-(1,2,2-triphenylvinyl)phenylboronic  acid pinacol ester, K,COs;, Pd(PPhj),

Toluene:Ethanol: Water; (i1) phenylboronic acid, K,COs3, Pd(PPh;)4, Toluene:Ethanol: Water; (iii)
4-cyanophenylboronic acid pinacol ester, K,CO3, Pd(PPh;)4, Toluene:Ethanol: Water.

The TPE substituted bromo-BTD intermediate 2 was synthesized by the Pd-catalyzed Suzuki
cross-coupling reaction of the dibromo-BTD 1, with the 4-(1,2,2-triphenylvinyl)phenylboronic
acid pinacol ester (0.9 equivalent) in 53% yield (Scheme 1). The Suzuki cross-coupling reaction

of TPE substituted bromo-BTD 2 with phenylboronic acid and 4-cyanophenylboronic acid
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pinacol ester in presence of Pd(PPh;3), as catalyst resulted unsymmetrical TPE substituted BTDs
3a, and 3b in 75% and 55% yield respectively. The 4-(1,2,2-triphenylvinyl)phenylboronic acid
pinacol ester was synthesized by using reported procedure. The TPE substituted BTDs 3a, and
3b were well characterized by 'H NMR, *C NMR and HRMS techniques. The "H NMR spectra
of 3b show downfield shift of protons of BTD unit and phenyl rings attached to BTD unit
compared to 3a. This reveals that the electron withdrawing effect of cyano-group reduces the
electron density on BTD unit and makes BTD unit stronger acceptor. Thermo gravimetric
analysis (TGA) of unsymmetrical BTDs 3a and 3b reveals good thermal stability. The thermal
decomposition temperatures (T4) corresponding to 5% weight loss under nitrogen atmosphere

was observed at 357 °C, and 280 °C for 3a and 3b respectively (Fig. S1).

B cyclohexane
® cyclohexane (B) Y
" toluene 1.24 toluene Ll
chloroform
chloroform r i 3
i dichloromethane
1.0 dichloromethane 10 on
> itri > acetonitrile,
iz acetonitrile 2 ]
2 2
Q
_‘é’ 0.8+ E 05
g ®
% 0.6 g 0.
E ]
2 £
o
= o041 = 044
027 0.2
0.0+ 0.0 , ' : ) : '

T T
550 600
Wavelength (nm)

T T T
T T T T
550 600 650 700 450 500 650 700

Wavelength (nm)

4é0 5(I)0
Fig. 1 Photoluminescence spectra of 3a (A) and 3b (B) in different solvents with varying
polarities (concentration of luminogens = 1x10” M, excitation wavelength or Aex = 370 nm). The
insets of (A) and (B) show luminescence photographs of 3a and 3b in cyclohexane, toluene,

chloroform, dichloromethane, acetonitrile (from left to right) under 365 nm illumination
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The absorption and fluorescence spectra of BTDs 3a and 3b were recorded in
tetrahydrofuran solution and corresponding data are listed in Table S1. The BTDs 3a and 3b
exhibit a strong absorption band between 250-350 nm corresponding to m—mr* transition and a
charge transfer (CT) band from TPE to BTD unit between 360—460 nm.'® Generally, the TPE
containing fluorophores are poorly emissive in solution, due to loss of excited state energy by
intramolecular rotations of TPE, but the BTDs 3a and 3b were highly emissive.” The BTDs 3a
and 3b upon excitation show strong yellow green (A:555 nm) and yellow (A:588 nm) emission
respectively. The effect of solvent polarity on the absorption and emission was investigated. The
CT absorption band of BTDs 3a and 3b exhibits slight blue shift with increase in solvent polarity
(Table S1). The fluorescence spectra show large red shift as the solvent was changed from
cyclohexane for 3a (A:509 nm) and 3b (A:523 nm) to acetonitrile 3a (A:614 nm) and 3b (1:649
nm). The fluorescence quantum yield was decreased by changing the solvent polarity from
nonpolar to polar (Table S1). This shows that the charge separation and dipole moment in the
excited state is larger than in the ground state. The solvent dependence on absorption and
emission was confirmed by the Lippert-Mataga plot, which shows a linear correlation of the
Stokes shift with solvent polarity (Fig. S3 and S4). In all the solvents BTD 3b show red shifted

emission than BTD 3a indicating better D-A nature.
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Fig. 2 Fluorescence spectra of 3b (A) in THF-water mixtures with different water fractions (fy).
(B) Fluorescence photographs of 3b in THF—water mixtures with different water fractions under
365 nm UV illumination. (C) Plot of fluorescence intensity vs. f,,. Luminogen concentration: 10

uM; excitation wavelength: 400 nm; intensity at Am,x.

The AIE property of the unsymmetrical BTDs 3a and 3b were studied with the help of
absorption and fluorescence spectroscopy. The BTDs 3a and 3b are highly soluble in the
tetrahydrofuran (THF) and sparingly soluble in water. The nanoaggregates of BTDs 3a and 3b
were prepared by increasing the percentage of water in THF solution. In pure THF solution,
BTD 3a show bright yellowish green luminescence (A:555 nm), whereas BTD 3b show bright
yellow luminescence (A:588 nm). By increasing the water fraction (fy) upto 70% (fy), a gradual
red shift of 32 nm for 3a (A:587 nm) and 46 nm for 3b (A:634 nm) with decrease in the
fluorescence intensity was observed (Fig. 2 and Fig. S5). This can be attributed to the increased
polarity of solvent and stabilization of charge-transfer state."

The large red shift at 70% (f,) in

3b compared to 3a also indicates strong D-A interaction in 3b compared to 3a. Beyond 70% (f)
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once again fluorescence intensity was increased with blue shifted emission. The BTD 3a show
bright yellowish green luminescence (A:540 nm) and BTD 3b emits bright yellow luminescence
(A:574 nm) at 90% (fy) (Fig. 2b and S6). This increase in the fluorescence intensity was

attributed to the AIE phenomenon, here AIE is dominating the effect of solvent polarity.

The mechanochromic properties of BTDs 3a and 3b were explored by emission studies.
The pristine solid of BTDs 3a and 3b show green emission at 521 nm and 526 nm respectively.
The BTD 3b upon grinding by a spatula or pestle converts the green emitting solid to yellow
emitting solid. The ground form of BTD 3b shows emission peak ~565 nm with red shift of 44
nm, whereas no color change was observed for 3a (Fig. 3). The pristine form and ground form of
BTD 3a emits at ~526 nm. The mechanochromic effect in BTD 3b is highly reversible and can
be reverted to its original color by annealing at 80 °C for 5 min, indicating excellent reversibility
of the BTD (Fig. S9). The regeneration to pristine form can also be achieved by fuming with
dichloromethane vapor for 2 min, but the reproducibility was poor through fumigation and
emissions at different wavelengths were observed. In order to understand the mechanochromic
behavior of BTDs 3a and 3b, solid state absorption studies were performed. The synthesized
solids of 3a and 3b absorb at 485 nm and 476 nm respectively (Fig. S7). Upon grinding 3a
absorbs at 466 nm, whereas 3b absorbs at 492 nm. This small change in absorption spectra of 3b
with color change from greenish yellow to yellow can be visualized by naked eye, while no color

change was observed for 3a (Fig. S8).
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Fig. 3 Emission spectra of 3a (A) and 3b (B) as pristine, ground and annealed solids and

photograph taken under 365 nm UV illumination.

The comparison of photophysical properties in solution and solid state reflects the strength of

D-A interaction. The absorption and emission spectra in solution and solid state show: (i) In all

the solvents, 3b show red shifted absorption and emission compared to 3a indicating strong D-A

interaction in 3b (Table S1). (ii) The pristine form of 3b shows blue shifted absorption than 3a

and emits at similar region suggesting weak D-A interaction in pristine form, which is contrary

with results in solution state. This may be due to different solid state packing and twisting in

molecular back bone. (iii) After grinding 3b shows red shift in both absorption and emission,
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whereas 3a shows blue shifted absorption and similar emission. This reveals that upon grinding

3a shows decreased D-A interaction, whereas 3b shows enhanced D-A interaction.

" W o (B«JUWWMd
‘W\\J\«A Grinded Grinded
W‘M ‘thL ™

Original Original
0 . 5 .10.15.20.25.30.35.40.45.50.55I . 11:61 . 21?61 . 31?61 . 41:61 . I
20 (degree) 20 (degree)

Fig. 4 Powder XRD patterns of BTDs 3a and 3b in the state of as-prepared solid, after grinding
and annealing treatment.

The powder X-ray diffraction (PXRD) analysis was performed for BTDs 3a and 3b in
pristine, ground and annealed forms (Fig. 4). The BTDs 3a and 3b exhibit sharp diffraction
peaks before grinding, reflecting the crystalline character. Upon grinding BTD 3b, the sharp
diffraction peaks disappeared and a diffused band was generated indicating the transition from
crystalline to amorphous state. The ground sample of 3b when subjected to annealing or
fumigation, the sharp diffraction peaks were observed indicating the regeneration of crystalline
form. In case of 3a the grinding generates new peaks in PXRD, indicating conversion from one
crystalline form to another. The PXRD studies clearly suggest that the mechanochromism in
BTD 3b is associated with the morphology change from the crystalline state to the amorphous

state and vice versa.
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Fig. S Correlation diagram showing the HOMO, and LUMO wave functions and energies of the
BTDs 3a (left) and 3b (right), as determined at the B3LYP/6-31G(d) level.

To gain insight into the electronic structures of the BTDs 3a and 3b, density functional theory
(DFT) calculation was performed at the B3LYP/6-31G(d) level. The contours of the HOMO and
LUMO of BTDs 3a and 3b are shown in Fig. 5. The HOMO orbitals are localized over TPE, and
benzo part of the BTD unit, whereas the LUMO orbitals are localized on the BTD and phenyl or
cyano-phenyl unit. The incorporation of cyano group on the phenyl unit leads to stabilization of
both the HOMO and LUMO. The extent of stabilization of LUMO is more pronounced
compared to HOMO, which leads to low HOMO-LUMO gap in 3b compare to 3a. This also

supports the stronger D-A interaction in 3b compared to 3a in solution state.
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Conclusion

In conclusion, we have designed and synthesized two unsymmetrical TPE substituted
BTDs 3a and 3b. The BTDs 3a and 3b exhibit strong solvatochromism with emission ranging
from 510 nm to 650 nm. The AIE study reveals that, by increasing water fraction (fyy) upto 70%
the solvent polarity influences the emission, whereas above 70% (fy,) the AIE dominate the effect
of solvent polarity. The solvatochromic, AIE and computational studies reveal that the TPE
substituted unsymmetrical BTD 3b exhibits strong donor-acceptor interaction compared to 3a.
The BTD 3b shows reversible high color contrast mechanochromism between green and yellow.
The photophysical properties in solid state reveal varying strength of D-A interaction in pristine
and ground form, which may be responsible for different mechanochromic behavior in BTDs 3a
and 3b. The powder XRD results suggest the destruction of solid state packing from crystalline
to amorphous state is associated with mechanochromism. The study reveals that the phenyl and
cyano phenyl groups are modulating the acceptor strength of BTD. The use of TPE and
incorporation of cyano-group plays important role in mechanochromism. The results obtained in

this study will help in design of new mechanosensors.

Experimental section
General methods

Chemicals were used as received unless otherwise indicated. All oxygen or moisture sensitive
reactions were performed under nitrogen/argon atmosphere. 'H NMR (400 MHz), and *C NMR
(100MHz) spectra were recorded on on the Bruker Avance (III) 400 MHz instrument by using

CDCl;. '"H NMR chemical shifts are reported in parts per million (ppm) relative to the solvent

11
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residual peak (CDCl;, 7.26 ppm). Multiplicities are given as: s (singlet), d (doublet), t (triplet), q
(quartet), dd (doublet of doublets), dt (doublet of triplets), m (multiplet), and the coupling
constants, J, are given in Hz. 3C NMR chemical shifts are reported relative to the solvent
residual peak (CDCls, 77.36 ppm. Thermogravimetric analyses were performed on the Metler
Toledo Thermal Analysis system. UV -visible absorption spectra were recorded on a Carry-100
Bio UV -visible Spectrophotometer. Emission spectra were taken in a fluoromax-4p fluorimeter
from HoribaYovin (model: FM-100). The excitation and emission slits were 2/2 nm for the
emission measurements. All of the measurements were done at 25°C. HRMS was recorded on
Brucker-Daltonics, micrOTOF-Q II mass spectrometer. The density functional theory (DFT)

calculation were carried out at the B3LYP/6-31G(d) level in the Gaussian 09 program.
Synthesis and characterization of intermediate 2:

2: Pd(PPh3)4 (0.01 mmol) was added to a well degassed solution of dibromo-BTD (1) (0.2
mmol), 4-(1,2,2-triphenylvinyl)phenylboronic acid pinacol ester (0.2 mmol), K,CO3 (0.8 mmol)
in a mixture of toluene (32 mL)/ ethanol (4.0 mL)/ H,O (4.0 mL). The resulting mixture was
stirred at 80 °C for 24 h under argon atmosphere. After cooling, the mixture was evaporated to
dryness and the residue subjected to column chromatography on silica (Hexane-DCM 60:40 in
vol.) to yield the desired product 2 as yellow powder. Yield: 53.0 %. '"H NMR (400 MHz,
CDCls, 20 °C): 6 7.88 (d, 1H, J= 8 Hz), 7.70 (d, 1H, J= 8 Hz), 7.55 (d, 1H, J= 8 Hz), 7.03-7.19
(m, 17H) ppm; *C NMR (100 MHz, CDCls, 20 °C): & 153.9, 153.0, 144.2, 143.6, 143.5, 143.5,
141.6, 140.3, 134.4, 133.5, 132.2, 131.7, 131.4, 131.3, 131.3, 128.3, 128.0, 127.8, 127.7, 127.6,
126.6, 126.5, 126.5, 112.8, 0.0 ppm; HRMS (ESI): caled. for C3,Hy BrN,S: 545.0682 (M+H)",

found 545.0653.

12
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Synthesis and Characterization of 3a and 3b:

3a: Pd(PPh3)s (0.005 mmol) was added to a well degassed solution of 2 (0.1 mmol),
phenylboronic acid (0.12 mmol), K,CO;3 (0.4 mmol) in a mixture of toluene (20 mL)/ ethanol
(4.0 mL)/ H,O (4.0 mL). The resulting mixture was stirred at 80 °C for 24 h under argon
atmosphere. After cooling, the mixture was evaporated to dryness and the residue subjected to
column chromatography on silica (Hexane-DCM 50:50 in vol.) to yield the desired product 3a
as greeenish yellow powder. Yield: 75.0 %. 'H NMR (400 MHz, CDCls, 20 °C): § 7.95 (d, 2H,
J= 8 Hz), 7.74-7.79 (m, 4H), 7.55 (t, 2H, J=8 Hz), 7.46 (t, 1H, J=8 Hz), 7.05-7.21 (m, 17H)
ppm; °C NMR (100 MHz, CDCls, 20 °C): & 154.2, 153.9, 143.8, 143.7, 143.6, 143.6, 141.5,
140.5, 137.4, 135.2, 133.1, 132.8, 131.6, 131.5, 131.4, 131.3, 129.2, 128.6, 128.4, 128.3, 128.1,
127.9, 127.8, 127.7, 127.6, 126.6, 126.5, 126.5, 0.0 ppm; HRMS (ESI): calcd. for C3gHysN,S:

565.1733 (M+H)", found 565.1709.

3b: Pd(PPhs); (0.005 mmol) was added to a well degassed solution of 2 (0.1 mmol), 4-
cyanophenylboronic acid pinacol ester (0.12 mmol), K,CO3 (0.4 mmol) in a mixture of toluene
(20 mL)/ ethanol (4.0 mL)/ H,O (4.0 mL). The resulting mixture was stirred at 80 °C for 24 h
under argon atmosphere. After cooling, the mixture was evaporated to dryness and the residue
subjected to column chromatography on silica (Hexane-DCM 50:50 in vol.) to yield the desired
product 3b as greenish yellow powder. Yield: 55.0 %. '"H NMR (400 MHz, CDCls, 20 °C): &
8.10 (d, 2H, J= 8 Hz), 7.77-7.84 (m, 6H), 7.21 (d, 2H, J= 8 Hz), 7.05-7.13 (m, 15H) ppm; "°C
NMR (100 MHz, CDCl3, 20 °C): 6 153.9, 153.6, 144.3, 143.6, 143.5, 141.8, 141.6, 140.3, 134.7,
134.3, 132.3, 131.7, 131.4, 131.4, 131.3, 130.7, 129.8, 128.8, 128.4, 127.7, 127.6, 126.6, 126.5,
126.5, 118.8, 111.7, 58.5, 0.0 ppm; HRMS (ESI): calcd. for CsoH3sN3S: 709.2546 (M+H)",

found 709.2542.
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