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Introduction

Precise molecular design for a twisted
pyrene-thiophene based mechanofluorochromic
probe with large Stokes shift and feasibility study
towards security ink and re-writable papersy

2 Vishal Kachwal,® Vandana Vishwakarma,®
® and Inamur Rahaman Laskar (2 *?

Ram Prasad Bhatta,® Sumit,
Angshuman Roy Choudhury

The creation of MFC-active smart molecules by tuning functionality has received considerable
attention owing to its versatile applicability. Pyrene-based twisted donor—acceptor (D-A) dyes (PySS
and PySP) have been synthesized and characterized. Here, the pyrene is directly connected with
thiophene, and this unit is further linked terminally to photoactive species (thiophene/pyridine) via a
four-carbon unit conjugated spacer. These molecules show excellent solvatochromic properties,
with a substantial shifting of the emission wavelength (PySS- 147 nm and PySP- 130 nm). The
lowest transition state contains a significant contribution from ICT characteristics, as evidenced by
spectral analysis and computational calculations. Moreover, these are identified as ‘aggregation-
induced enhanced emission’ (AIEE) active compounds and exhibit mechanofluorochromism (MFC).
By grinding, PySS and PySP display MFC features with 50 nm and 54 nm red shifting, respectively.
Interestingly, PySS shows a gradual emission change from green (510 nm) to orange emission
(578 nm) by gradually changing the pressure with a hydraulic press (0 to 12.5 tons). The single
crystal structure of both compounds was investigated to understand the structure—property relation-
ship for MFC. The crystal packing shows that the twisted molecules (dihedral angle between pyrene
and thiophene is 59.36° and 56.93° for PySS and PySP, respectively) are loosely bound with several
weak interactions (C—H---x, C—x---H, H---H, C=H---O). Interestingly, it was observed that two mole-
cules in a unit cell are arranged in an antiparallel fashion; these molecular pairs are linearly connected
to another pair axially, forming a long one-dimensional chain-type arrangement. On applying pressure,
leading the molecules to come closer,
thus changing the molecular interaction and the emission properties. A feasibility study of the

these twisted molecular pairs may slowly planarize,

potentiality of using these compounds in data encryption—decryption and security ink has also been
demonstrated.

Organic mechanofluorochromic (MFC) materials (that change
their emission under anisotropic and isotropic pressure) have

Mechanofluorochromic (MFC) materials are a class of smart
stimuli-responsive materials in which the emission proper-
ties of the material change upon the application of stress."
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attracted great attention in recent years due to their promising
applications in sensing pressure, storage devices, security inks,
three-dimensional (3D) printing, etc.>” Stimuli-responsive
materials with tunable emission and reversible switching are
highly demanding for different applications, such as security
encryption devices, deformation detectors, fluorescent probes,
switches, and optoelectronic devices.*” The process of protein
folding and unfolding, as well as the movement of cells, can be
influenced by pressure in biology.® Due to the influence of
the aggregation-caused quenching (ACQ) effect, most of the
conventional organic chromophores exhibit weakened or even
totally quenched emission in the aggregated state, which limits
the development and application of MFC materials to a greater

This journal is © The Royal Society of Chemistry 2024
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A new opportunity to overcome the ACQ problem and
develop durable solid-state luminescent materials is presented
through the generation of ‘aggregation-induced emission’ (AIE)
compounds.'’ Compounds with AIE properties usually possess
a twisted geometry. Stimuli-responsive organic materials with
AIE characteristics would be an interesting platform to explore
the structure-property relationship for future designing MFC
compounds.

In several reports, it has been observed that AIE active
organic compounds exhibit distinct responses in emission
properties upon mechanical grinding (anisotropic) and hydro-
static pressure (isotropic).! The isotropic force is applied uni-
formly by the diamond anvil cell (DAC). The mechanochromic
luminescence performance of AlEgens can be explained as a
synergetic process associated with the changing of the mole-
cular conformations, the molecular packing forms and weak
intermolecular interactions (such as C-H---w, C-H---O, and
C-H- - -N hydrogen bonds).**'* The majority of mechanochro-
mic luminescent materials have loose and metastable packing,
and are believed to be critical factors in achieving structural
transformation and pressure-dependent multicolor emissions.
After grinding or compressing physically, these weak intermo-
lecular interactions are altered, resulting in the variation of the
stacking mode and the molecular conformation, and finally
causing the emission color change."*™°

In 2012, Tian et al.'” reported mechanochromic lumines-
cence of a 9,10-distyrylanthracene (DSA) derivative 9,10-bis[(E)-
2-(pyridin-2-yl)vinylJanthracene (BP2VA). This molecule showed
extraordinary luminescence properties: grinding and applying
external pressure changed the photoluminescence (PL) of the
BP2VA powder from green to red color. With the external pressure
increasing from 0 to 8 GPa, the emission of BP2VA powder showed
a gradual red shift from green to red distinctly. There are many
reports found from carbon nanodots, metal-organic frameworks
(MOFs), covalent organic frameworks (COFs), etc. which enriched
the chemistry of MFC materials.'®>* The majority of high-contrast
solid-state MFC materials include tetraphenyl ethylene (TPE),>*°
triphenylamine (TPA),>”>° anthracene,*** carbazole, pheno-
thiazine, stilbene, spiropyrans, etc.**° Pyrene is a highly
planar and conjugated molecule. Hence, it is prone to form a
dimer structure due to strong n-rn stacking during the aggregation
process.*>*" In 2020, Xiong et al.*® synthesized (4-(phenothiazin-
10-yl)phenyl)(pyren-1-yl}-methanone (Py-BP-PTZ) which exhibits
AIEE, polymorphism and mechanochromic properties. It shows
gradually red shifted emission under high pressure by DAC, and
the planar pyrene derivative changes emission mainly due to
planarization under high pressure and change of the molecular
packing mode with changing intermolecular interactions. Very
recently (2024), Eldhose et al.** reported an MFC property of AIE
active pyrene-based compounds and investigated the molecular
packing and explained the role of molecular interaction for
luminescence behavior. Pyrene-based molecules are enriched in
optical properties because of a highly electron-rich polyaromatic
system. Some of the pyrene-based materials with high contrast
solid-state emission are reported for MFC properties, but there still
remain many challenges in terms of controllable approaches to
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yield high-quality pyrene-based protocols, morphological modula-
tion, unclear structure-function relationships, etc.**** The pyrene
derivatives reported to date show some degree of fluorescent
quenching in the solid state.*>*® Developing pyrene-based fluor-
escent molecules with good solid-state emission properties is still a
challenge.

In 2017, our group (Pasha et al.) reported an AIE active
salicylaldehyde-based Schiff base that exhibited a reversible
change of emission color gradually with applying pressure
slowly.*” The reported molecule (shown below) has twisted D-
A-type features with ICT characteristics.

. @
L SO

After analyzing the packing of the crystal structure, it was
found that two molecules form a pair aligned in an opposite
manner with a definite weak interaction across the two mole-
cules. Each of the pairs is connected axially forming a long
linear chain and these chains are connected horizontally
through intermolecular interactions resulting in a molecular
sheet. To determine the molecular structure that is responsible
for demonstrating a particular way of molecular arrangement
described above, more study is required with consideration of
the appropriate molecular structure.

Recently, a pyrene and acyl-thiophene connected D-A type
molecule [1-(5-(pyren-1-yl)thiophen-2-yl)ethan-1-one (PySY)] has
been synthesized*® and the dihedral angle was observed to
be ~48° (pyrene and thiophene plane). The compound was
found to be sensitive to shearing force (by grinding) with
hypsochromic emission shifting (yellow to green). But it does
not respond to mechanofluorochromism with applying pres-
sure (compressive force). To make the present compound
sensitive towards pressure imposed mechanofluorochromism,
mimicking our previous work,*® a four-unit conjugated spacer
attached to the thiophene side (of the pyridine-acyl substituted
thiophene) along with some photoactive species connected
terminally. Here, two compounds (PySS and PySP, shown
below) have been synthesized, their MFC properties (shearing
and compressive forces) were studied, and the feasibility study
towards data encryption-decryption and security inks was
checked.

Heterocycles

n-conjugated
bridge

Structural twisting

Rigid aromatic
system
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Experimental section
Materials

We purchased 1-bromopyrene, palladium(0), thiophene-2-alde-
hyde and pyridine-2-aldehyde from TCI chemicals. 5-Acetyl
thiophene-2-boronic acid was bought from Alfa Aesar. Inorganic
salts such as sodium carbonate, potassium carbonate, sodium
hydroxide, and potassium hydroxide, etc. were obtained from
Merck, and UV-graded solvents like tetrahydrofuran (THF),
hexane, cyclohexane, carbon tetrachloride (CCl,), toluene,
acetone, N,N-dimethylformamide (DMF), dimethyl sulfoxide
(DMSO), dichloromethane (DCM), ethanol and methanol were
purchased from the Spectrochem company. All these chemicals
were used without any further purification.

Measurement and characterization

"H NMR and *C NMR spectra were recorded using a 400 MHz
Bruker NMR spectroscope. High-resolution mass spectra (HRMS)
were recorded on an Agilent Q-TOF LC-MS spectrometer in
positive electrospray ionization (ESI) mode. UV-VIS absorption
spectra were recorded using a Shimadzu spectrophotometer
(models UV-1800 and 2550), and solid-state UV-VIS absorption
spectra were recorded by a Shimadzu UV-2450, UV-VIS spectro-
photometer in absorption mode. Steady-state photolumines-
cence (PL) spectra were recorded on a Horiba Jobin Yvon
spectrofluorometer (FluoroMax-4 and Horiba ‘Fluoro Log’ Spec-
trofluorometer). Powder X-ray analysis was performed using
a Rigaku Mini-Flex II diffractometer with incident Cu-Ko (4 =
1.54 A) radiation. Raman analysis was performed by using a
HORIBA, AIST-NT (Model: Labram HR Evolution, Omega
Scope). The quantum yields of the compounds were obtained
on a Quanta-Phi (F-3029) accessory connected to the Fluoro-
Max-4. The lifetime of the compounds was recorded on a
Horiba Delta Flex 01. Thermogravimetric analysis (TGA) was
performed by TGA-50, SHIMADZU equipment at 10 °C min ",
under a nitrogen atmosphere. A differential scanning calori-
metry (DSC) study was performed by using a DSC-60 plus
instrument from SHIMADZU equipment at 10 °C min~ ', under
a nitrogen atmosphere. A model- “Apreo LoVac” FE-SEM was
used to investigate the morphology of all forms of isolated
compounds.Single crystal X-ray diffraction data was collected
on Rigaku XtaLABmini X-ray diffractometer equipped with
Mercury CCD detector, graphite monochromatic Mo-Kao radia-
tion (A = 0.71073 A) at 100.0 (2) K using o scans (see supporting
documents for details).

Synthesis of PySS and PySP

The synthetic scheme of the pyrene thiophene-based com-
pounds (PySS and PySP) is summarized below (Scheme 1).
Initially, the compound 1-(5-(pyren-1-yl)thiazol-2-yl)ethan-1-
one (PyS) was synthesized by following an earlier method
reported by our group.*® To synthesize PySS, PyS (0.3 gm,
0.92 mmol) in ethanol (4 ml) was stirred for 30 min at 50 °C
and cooled to (10-15) °C, then to the clear solution of reaction
mass, NaOH (10% aq. solution, 1 ml) was added slowly and the
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Scheme 1 Synthetic route for the compounds (PySS and PySP).

reaction mixture was further stirred for 10-15 min followed by
adding thiophene-2-aldehyde (0.155 gm, 1.38 mmol). Then, the
reaction mass was stirred for 10-12 h at 40-50 °C. The reaction
mass temperature was slowly cooled to RT, then water (3.0 ml)
was added which resulted in precipitate formation, and the
reaction mass was filtered, washed with chilled ethanol, and
the obtained product was dried for 12 h under vacuum. A dried
product (350 mg, 90% yield) was obtained. A similar process
was followed to synthesize PySP. The synthesized compounds
were characterized by NMR and HRMS (Fig. S1-S9, ESIY).

PyS (1-(5-(pyren-1-yl)thiazol-2-yl)ethan-1-one)

"H NMR (400 MHz, chloroform-d) 6/ppm: 8.4696-8.4928 (d, 1H,
J = 9.28 Hz), 8.2745-8.2228 (m, 3H), 8.1776-8.1275 (m, 3H),
8.1078-8.0567 (m, 2H), 7.8692-7.8596 (d, 1H, J = 3.84 Hz),
7.4373-7.4277 (d, 1H, J = 3.84 Hz), 2.6862 (s, 3H). *C NMR
(100 MHz, chloroform-d) §/ppm: 190.72, 151.54, 132.72, 131.77,
131.43, 130.85, 128.97, 128.91, 128.52, 128.37, 128.08, 127.28,
126.35, 125.76, 125.43, 124.65, 124.36, 26.74. LC-HRMS (ESI):
found mj/z: 327.0837 [M + H]'. Calculated m/z: 326.0835.

PySS ((E)-1-(5-(pyren-1-yl)thiophen-2-yl)-3-(thiophen-2-yl)prop-
2-en-1-one)

'H NMR (400 MHz, chloroform-d) d 8.52 (d, ] = 9.3 Hz, 1H), 8.25
(td, ] = 7.9, 2.7 Hz, 3H), 8.15 (dd, ] = 9.7, 7.2, 2.9 Hz, 4H), 8.12—
8.03 (m, 2H), 8.01 (d, J = 3.9 Hz, 1H), 7.48 (dd, J = 4.4, 2.1 Hz,
2H), 7.43 (d, J = 3.6 Hz, 1H), 7.34 (d, J = 15.3 Hz, 1H), 7.15 (dd,
J = 5.0, 3.6 Hz, 1H). "*C NMR (100 MHz, chloroform-d) /ppm:
181.44, 151.61, 145.67, 140.28, 136.28, 132,19, 132.08, 131.74,
131.41, 130.84, 129.09, 128.91, 128.88, 128.58, 128.54, 128.42,
128.37, 128.13, 127.29, 126.35, 125.76, 125.43, 125.01, 124.69,
124.64, 124.42, 120.33. LC-HRMS (ESI): found m/z: 421.0715
[M + H]", calculated m/z: 420.0643.

This journal is © The Royal Society of Chemistry 2024
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PySP (E)-1-(5-(pyren-1-yl)thiophen-2-yl)-3-(pyridin-2-yl)prop-2-
en-1-one

'H NMR (400 MHz, chloroform-d) J 8.75 (dt, ] = 4.6, 1.5 Hz, 1H),
8.54 (d, J = 9.3 Hz, 1H), 8.29-8.21 (m, 3H), 8.20-8.10 (m, 5H),
8.13-8.03 (m, 2H), 7.90 (d, J = 15.1 Hz, 1H), 7.79 (td, = 7.7, 1.8
Hz, 1H), 7.57-7.51 (m, 1H), 7.50 (d, J = 3.8 Hz, 1H), 7.35 (ddd, J =
7.6, 4.7, 1.2 Hz, 1H). *C NMR (101 MHz, chloroform-d) ¢
182.13, 153.12, 152.26, 150.24, 145.72, 142.02, 136.98, 132.98,
131.79, 131.42, 130.85, 129.21, 128.91, 128.59, 128.57, 128.41,
128.16, 127.31, 126.38, 125.80, 125.76, 125.48, 125.16, 125.03,
124.73, 124.66, 124.52, 124.44. LC-HRMS (ESI): found m/z:
416.1131 [M + H]', calculated m/z: 415.1031.

Preparation of AIEE solution

An “aggregation-induced emission enhancement” (AIEE) study
of the prepared probe molecules (PySS and PySP) was per-
formed. A stock solution of compounds (10~* M in THF) was
prepared first and then 0.5 ml of each probe solution was taken
in a glass vial of 5 ml volume. For preparing the 0% water
fraction, 4.5 ml of THF, for the 20% water fraction, 1.0 ml water
and 3.5 ml THF, for the 40% water fraction, 2.0 ml of water and
2.5 ml THF, for the 60% water fraction, 3.0 ml water and 1.5 ml
THF, and for the 90% water fraction, 4.5 ml water was added.
The total volume was made to 5 ml for all the vials.

Computational studies

The DFT-based computational calculations were performed by the
Gaussian 16 package,”>" using the ®B97X-D exchange-correlation
functional.>® The 6-311+G(d,p) basis set was employed to consider
polarization and diffusion effects in the molecules. All the compu-
tational study was done in a gaseous state. The optimized structure
with the HOMO-LUMO distribution is shown in Fig. 2.

Results and discussion
Synthesis of solid-sate emitters

The synthetic scheme of pyrene thiophene-based compounds is
summarized in Scheme 1. Initially, PyS was synthesized by
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using the earlier reported method of our group.*®* PySS and
PySP were synthesized using the Claisen-Schmidt condensa-
tion reaction between PyS and the corresponding aldehyde
(Scheme 1). The synthesized compound was characterized by
NMR and HRMS (Fig. S1-S9, ESIt). The molecular structure of
both compounds was determined by single-crystal X-ray diffrac-
tion studies (Fig. 3). Thermogravimetric analysis (TGA) of the
molecules shows that these molecules are stable up to 320 °C
(Fig. S26, ESIT).

Photophysical properties

The UV-VIS absorption spectra of the synthesized compounds
(PySS and PySP) were recorded in THF (10 puM) solution.
It shows absorption peaks at two major regions, intense and
sharp peaks observed at ~230-260 nm and broad vibronic
peaks at ~300-400 nm (Fig. 1). The intense absorption peak at
242 nm corresponds to the 'n-n* transition of pyrene moieties
in both compounds.*® The absorption band in the long-
wavelength region (300-400 nm) can be attributed to a mixed
*n-n* transition with a charge transfer (CT) character that
belongs to the push-pull chalcone m-system.>*® Solid state
absorption of PySS and PySP was recorded; PySS shows a broad
and red-shifted absorption tailing up to 600 nm and similarly,
for the PySP case, absorption tailing up to 560 nm (Fig. S10,
ESIT). The emission spectra of the powder sample of both
compounds were recorded at excitation, Ay, = 400 nm, and
the emission peak was observed at 510 nm for PySS and 531 nm
for PySP (Fig. S10, ESI{). In the dilute solution of THF (10~* M),
emission maxima were observed at 509 nm and 520 nm for
PySS and PySP, respectively (Fig. 1).

The solvatochromic properties of PySS and PySP were inves-
tigated with UV-VIS absorption and photoluminescence (PL)
spectroscopy in solvents with varying polarities (Fig. S11 and
S12, ESIf), and the corresponding data are summarized in
Tables S1 and S2 (ESIt). It was observed that with increasing
polarity of the solvent, continuous red-shifting of the emission
band occurs (Fig. S11 and S12, ESIt). To better understand the
solvatochromic behavior, the relationship between the solvent
polarity parameter (Af) and the Stokes’ shift (Av) based on the

12 . . . .
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Fig. 1 Absorption spectra (black line) with 10 pM concentration and emission (red line) with a concentration of 100 uM of PySS (a) and PySP (b) in THF.
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Lippert-Mataga equation was investigated. As shown in
(Fig. S13a, ESIf), PySS displays a linear dependence of Av on
Af, which suggests that solvents with strong polarity are able to
stabilize the excited state via the reorientation of the solvent
molecules,” resulting in a lowered energy of the system and the
bathochromically shifted emission maximum. In the case of
PySP (Fig. S13b, ESIt), relatively more deviation was observed
from the linearity. The protic polar solvent (MeOH) deviates
more because of the presence of a pyridine ring, and the
nitrogen possibly forms a hydrogen bond with MeOH. From
the literature, we found that solvatochromic properties were
observed mainly because of the ICT (intramolecular charge
transfer) and TICT (twisted intramolecular charge transfer)
character of the molecules.>® Here, we observed that PySS and
PySP are highly sensitive towards the solvent polarity, for PySS
~ 147 nm shifting from hexane to methanol and in the case of
PySP ~ 130 nm red shift from hexane to DMSO (Fig. S11 and
S12, ESIt). The formation of an excimer and intramolecular
charge transfer (ICT) are two possibilities that can account for
the emission changes. Pyrene has a rigid planar system; it tends
to form an excimer at high concentrations.>®>® The packing
diagram of PySS (Fig. 7) clearly shows the absence of any
pyrene-pyrene interaction, thus excluding the possibility of
the formation of any excimer. However, the packing diagram
of PySP (Fig. 8) shows the weak pyrene-pyrene interaction,
which indicates the possibility of the formation of an excimer.
To examine whether an excimer was formed in this system, the
PL spectra of PySP in DCM solution with increasing concentra-
tions (107> to 10~ ° M) were recorded (Fig. S14, ESIt). However,
no clear peak shifting was observed, indicating that no excimer
was formed. Therefore, it is speculated that the lowest emitting
state consists of ICT characters for PySS and PySP. To verify this
fact, computational calculations of pyrene thiophene in its
optimized lowest energy gas phase were performed using the
Gaussian 16 package. The frontier orbital plots of the HOMO
and LUMO are shown in Fig. 2. The HOMO of PySS was mainly

6.57 eV
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distributed on pyrene and immediately connected to the thio-
phene moiety, whereas the LUMO of PySS was majorly shifted
towards the second thiophene through the m-electron bridge.
In the case of PySP, it was observed that the HOMO is located
on the pyrene and immediately connected to the thiophene and
the LUMO is located on the pyridine-carbonyl side of the
molecule. Since the distributions of the HOMO and LUMO
were separated in the donor-acceptor system, this emission will
be consistent with the proposed ICT character.

It was observed from the optimized structure of both the
molecules that the dihedral angle between the pyrene and
attached thiophene is in the range of 50-52°. The observed
twisted structure hints at the possibility of ‘Aggregation-
induced Emission Enhanced’ (AIEE) behaviour of PySS and
PySP. To check the AIEE behavior, a 100 pM tetrahydrofuran
solution of PySS and PySP was prepared as a stock solution.
Then, AIEE solutions were prepared by varying the water
fraction (v/v%) from 0% to 90% (details given in the Experi-
mental section). In the case of PySS (Fig. S15, ESIt), the PL
intensity slightly decreases with redshifted emission observed
until 60% water fraction (f,,), and then a sudden rise of PL
intensity was observed. In the case of PySP (Fig. S16, ESIt), the
PL intensity decreases up to 40% water and then slightly
increases up to 70% water fraction, and then a sharp increment
is observed. The extended molecular conjugations for exciton
movements are responsible for the redshifted emission upon
aggregation.®”®! From the single crystal analysis (Fig. 7 and 8),
PySS and PySP have many intermolecular interactions and
short contacts (Table S4, ESIf) between the neighbouring
molecules. These contacts will be involved in restricting rota-
tional motion, facilitating the excited state molecules to be
relaxed in a radiative pathway.

Single-crystal X-ray structures were investigated to compre-
hend solid-state AIEE, and MFC behavior for these fluoro-
phores. Single crystal structures of PySS and PySP were
grown in the DCM/Hexane system by a slow diffusion process

& 2
\ i“ii ,
}?Ji’ i}i))

-0.60 eV

6.67 eV

Fig. 2 The spatial electron distributions of the HOMOs and LUMOs of PySS (left) and PySP (right), which were calculated using the ®B97X-D/6-

311++G(d,P) level by the Gaussian 16 package.
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Fig. 3

(a) The asymmetric unit of PySS and PySP with dihedral angles. (b) The angle between the thiophene plane and the pyrene plane is more than 55°

in both cases. The unit cell contains two molecules that are lying in antiparallel orientation. Two molecules interacted through C-H- - & interactions

(PySS-2.914 A and for PySP two identical short contacts of 2.843 A).

(CCDC- for PySS- 2349027 and PySP- 2349045%). In the crystal
structure of PySS, pyrene and thiophene are in different planes
having a dihedral angle of 59.36°, and the unit cell consists of
two molecules facing opposite to each other (see left side of
Fig. 3). Similarly, in the case of PySP, the pyrene and thiophene
planes are different with a dihedral angle of 56.93°, and unit
cell molecules are facing opposite to each other (right side of
Fig. 3). The angle between the plane of two thiophene rings in
the case of PySS is at 23.54° and the plane of the thiophene and
pyridine rings in the case of PySP is at 20.45°.

Mechanofluorochromic properties of PySS and PySP

Initially, the solid-state emission properties of both compounds
were recorded in powder form. Interestingly, both molecules
were emissive in the solid state with a reasonably high quan-
tum yield: compound {/,,y, absolute quantum yield (% @y)}:

PySS
a 510 560 ¥sS
1.0 - Pristine
= Ground
= ——1 hr (RT)
g 0.8 - Annealed
<
=
: 0.6 4 =
* »
E 0.4 - Pristine  Ground
s
s
7 0.2
0.0 T T T T T
450 500 550 600 650 700 750

Wavelength (nm)
Fig. 4

PySS (510 nm, 24.13); PySP (531 nm, 19.01). The MFC features
of these molecules were studied by grinding (using a mortar
pestle) and by applying compressive force (using hydraulic
pallet press). After grinding, PySS and PySP show large bath-
ochromic emission shifts. It was observed that for the case of
PySS, the emission shifted 50 nm from green to yellow (Fig. 4a),
and for the case of PySP, the emission shifted 54 nm from
greenish yellow to orange emission (Fig. 5a). The reversibility of
ground samples of PySS and PySP was checked without giving
any stimuli at ambient temperature. The original emission of
both the compounds returned within 1 h. As no external stimuli
were required to bring these to their original state, the com-
pounds can be used as self-reversible MFC materials.*”
Interestingly, the MFC behavior of PySS and PySP was
reversible on fumigation with methanol vapor/heating at
70-80 °C for 1-2 min, and the same platform can be reused

b
510 578 PysSs
= Pristine
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e
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Id
—
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e
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Wavelength (nm)

(a) PL spectra of PySS in the pristine form and after grinding with the help of a mortar and pestle; 1 h (RT) indicates that the ground sample was

kept for 1 h at rt and then the emission was recorded. (b) PL spectra of PySS after applying hydraulic press (HP) of 12.5 ton and heating at 70-80 °C for 1-2

minutes (annealed sample).
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(a) PL spectra of PySP in the pristine form and after grinding with the help of a mortar and pestle. 1 h (RT) indicates that the ground sample was

kept for 1 h at RT and the emission was recorded. (b) PL spectra of PySP after applying hydraulic press (HP) of 12.5 ton and heating at 70—-80 °C for 1-2

min (annealed sample).

more than five times (Fig. S17 and S18, ESIt). These compounds
are highly sensitive to a shearing force, and a clear change of
emission could be observed by simply rubbing with a metal
spatula (Fig. S29, ESIt). Another efficient feature of PySS
and PySP is their responsiveness towards hydraulic pressure
(compressive force). Pristine samples of PySS and PySP, after
applying hydraulic pressure of 12.5 tons, showed an increment
of the bathochromically shifted emission of 68 nm (PySS case
Fig. 4b) and 64 nm (PySP case, Fig. 5b), respectively.

On slowly changing the pressure with a hydraulic press from
0 to 12.5 tons, the original green emission of PySS is gradually
transformed through variable intermediate emission colors
(vellow, yellow-orange, orange) and finally changed to orange
red (Amax =510 nm — 578 nm). It slowly reverts into the pristine
form after releasing pressure within 24 h at ambient conditions
and returns within 2-3 min with heating at 60-70 °C (Fig. 6).
We have shown the images to describe the recovery process
with heating (Fig. S30a, ESIT) and without any external trigger
(Fig. S30b, ESIt). It was observed that with gradually increasing
pressure (0 to 12.5 tons applied for 2 min each), the emission
wavelength increases continuously (Fig. 6c). The solid-state
UV-VIS absorption spectra were recorded at different pressures
(0 to 12.5 tons) and it was observed that by increasing the
pressure, the absorption at ~445 nm gradually decreased along
with the observation of a new redshifted peak at ~505 nm
(Fig. S19, ESIt).

This observation hints that the pyrene-attached twisted
thiophene ring (supported by SXRD) becomes planar with the
pyrene plane, facilitating the approaching of molecules with
each other under compression, thus decreasing intermolecular
distances and hence increasing interactions.®® The lifetime
study and absolute quantum yield measurement of the pristine
sample, ground sample, and compressed (12.5 tons) sample
were recorded for PySS and PySP (Table S3, ESIt). It was found
that the excited state lifetime increases after mechanical grind-
ing and compressive force for both compounds (Fig. S20, ESIT).

12912 | J Mater. Chem. C, 2024,12,12906-12918

The quantum efficiency (QY) of both compounds is increased
after grinding, while the QY decreases after pressing (12.5 tons)
(Table S3, ESIT). The powder XRD diffractograms of the pristine
powder of PySS and PySP exhibited many sharp and strong
scattered peaks, supporting good crystallinity with ordered
molecular packing (Fig. S21, ESIt). However, the ground pow-
der showed less intensity with some of the peaks disappearing
implying their less crystalline or semi-crystalline nature. From
the DSC, PySS shows the melting point at 190.5 °C and 191.5 °C
for the pristine and ground phases, respectively (Fig. S23, ESIf).
Similarly, PySP shows a melting temperature at 207.9 °C and
208.7 °C (Fig. S24, ESIt), for the pristine and ground samples,
respectively. After having DSC data of the ground form of both
compounds, we did not observe any phase transition which
might be because of the highly reversible nature of the ground
form of the compounds. The melting point of both compounds
was recorded, and the melting range is 188-192 °C for PySS and
207-210 °C for PySP. The compounds (PySS and PySP) were
filled in melting capillaries and the emission was captured
before and after melting under UV (365 nm) excitation (Fig. S25,
ESIT). After melting, the bathochromic emission shifting
for both compounds was observed, which supports the phase
transition results in bathochromic emission shifting.*® TGA
analysis of PySS and PySP showed that both compounds are
thermally stable up to ~320 °C (Fig. S26, ESIt). As already
discussed in photophysical properties, the synthesized mole-
cules show ICT characteristics. The new emission band, which
is gradually red-shifted with pressure, originated from the ICT
state.®® This is also evident from the change in UV-VIS absorp-
tion spectra of PySS with increasing pressure (Fig. S19, ESIT).
We also performed the Raman spectra of PySS with different
amounts of hydraulic pressure (Fig. S27, ESIT), and there was
no significant change found in the spectra; it was only observed
that the peak intensity reduced at higher pressure. This means
that there might be a possibility that at high pressure the inter-
molecular distance decreases, thus the molecules approach

This journal is © The Royal Society of Chemistry 2024
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closer upon compression leading to the m-m stacking inter-
actions.®® The FESEM images of both samples were recorded
(Fig. S28, ESIY). The pristine form shows a rod and sheet-type
morphology, and after applying a shearing force (ground form)
non-uniform micro-ranged particles formed.

The mechanism behind the gradual change of emission
color of PySS and PySP was investigated by applying compres-
sive force. The packing diagram shows that two molecules are
arranged in an anti-parallel orientation, forming a molecular
pair with two interactions. This molecular pair further extended
axially to a long-range one-dimensional chain-type arrange-
ment. In the case of PySS, two molecules interacted through
n-electrons of one carbon of the pyrene ring with the H of the
thiophene ring (n(C27)---H1 = 2.796 A) forming a molecular
pair and it is further extended through H-bonded interaction
(H26---O1 = 2.685 A) to another molecular pair in a one-
dimensional fashion. These molecular pairs are extended in
one direction linearly and form a one-dimensional chain
(Fig. 7a). Each of these one-dimensional chains interacts side-
wise with the neighboring parallel and similar chain held with
a total of four different interactions (Fig. 7b and Table S4, ESIT).
Similarly, for the case of PySP (Fig. 8a), two molecules con-
nected through C-H. - -1 interaction (C26- - -H11 = 2.843 A) and
further extended linearly through the hydrogen of pyrene with
the pyridine ring hydrogen (H3: - -H20 = 2.329 A) forming a one-
dimensional chain. This one-dimensional chain is further
connected sidewise to the neighboring parallel chain through

This journal is © The Royal Society of Chemistry 2024

a total of three different interactions (Fig. 8b and Table S4,
ESIt). From the crystal packing, it was observed that planar
pyrene rings are separated with twisted thiophene and pyri-
dine. Thus, it is presumed that by the application of compres-
sive force the rigid twisted thiophene ring becomes planar and
comes closer forming a molecular pair of pyrenes (see packing
in Fig. S22, ESIT). A similar kind of molecular packing was
observed for the AIE active salicylaldehyde-based Schiff base
reported by our group,?” which was also given reversible MFC
properties under hydraulic pressure.

It is noted that in both the cases (PySS and PySP), the MFC
properties were reversible under the application of shearing
force and hydraulic pressure, which is contradictory to the
earlier report of our group,”” where the emission change by
shearing force is not reversible. It was observed that in the case
of shearing force, the emission properties are reversible within
1.0 h at ambient conditions. Surprisingly, the reversibility
process takes longer time for the hydraulic press one (~24 h
at ambient conditions). From the crystal packing, it is specu-
lated that molecular pairs that help to form a regular arrange-
ment of crystals will mostly be intact under shearing force. So,
after releasing pressure the ground sample recovers its original
emission. On the other hand, it was observed from the crystal
packing that flat pyrene rings are arranged in such a way that
with the application of compressive force (hydraulic press),
planarization of the molecule increases, and thus the molecules
become close to each other. This enhances the m-m stacking

J. Mater. Chem. C, 2024, 12,12906-12918 | 12913
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(a) Crystal packing of PySS showing molecule faces opposite to each other and extended in one direction and (b) crystal packing of PySS with

Fig. 8
interactions between molecules.

interactions that ultimately result in a decrease in emission
intensity with red-shifting.*> Upon releasing the pressure, the
intermolecular interactions get loosened, and thus the mole-
cules return to their original position (green emission) slowly.

Feasibility study for the application of PySS and PySP for
reversible data storage and VOCs

The reversible color-switching features of PySS and PySP offer a
promising reusable and secured platform for anticounterfeiting
applications. An economical paper strip-based device is fabri-
cated by dispersing green emitting solid (PySS) on a Whatman
filter paper, demonstrated in security writing and piezo pat-
terning applications.®® A needle spatula was used to write
on the paper, and after writing the emission color changed

12914 | J Mater. Chem. C, 2024,12,12906-12918

(a) Crystal packing of PySS showing interactions and short contacts between molecules and (b) crystal packing of PySP with intermolecular

from green to yellow (Fig. 9), which happens because of the
stress arising from the MFC property. This phenomenon is
reversible; after heating/fuming with MeOH, its emission
color returned to its original form (green emission). It may be
useful in security data storage applications. Interestingly, if we
expose the DCM vapor to the paper film of PySS, it converts its
emission color from green to yellow. On the probe-impregnated
filter paper, the letter R was written with DCM and exposed to
MeOH vapor; its emission color returned to its original emis-
sion (Fig. 9b). Similarly, PySP was coated on filter paper and
used for re-writable paper and DCM spot sensors (Fig. S29,
ESIY). This way, reversible MFC properties of the probe could be
useful for rewritable paper and sensing of volatile organic
compounds.

This journal is © The Royal Society of Chemistry 2024
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Fig. 9 PySS is used for stress sensing and VOC sensors. (a) Images of PySS taken under excitation of UV light (375 nm); the initially green emission after
writing with a spatula (written S | E) converted to yellow, and then heating (70-80 °C)/fuming with methanol returned it to the original state and the
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DCM vapor exposer and blue line is return with MeOH vapor.

Conclusion

Pyrene-thiophene based high-contrast MFC materials (PySS and
PySP), which are sensitive to both grinding and compressive
force, have been strategically designed and synthesized.
Furthermore, PySS and PySP were found to be responsive
towards solvent polarity with a large Stokes shift (147 nm and
130 nm). Interestingly, PySS gives a tunable color change by
slowly increasing the hydraulic force (compressive), which is
reversible in nature. By solvent fumigation or heating, it could
be reconverted into its original emission within 2 min for
grinding and compressive force. The sensitive MFC properties
have been employed to demonstrate security ink and data
storage devices. The packing diagram of both compounds
showed a head-tail pair followed by a linear chain axially and
it leads to a sheet with a layer-based structure. The present
study and the earlier studies’” support that the following
arrangement of the molecules in the crystal would be respon-
sible for the resulting highly sensitive and tunable emission by
compressive force. Certainly, this work will inspire the finer

This journal is © The Royal Society of Chemistry 2024

designing of compounds that will result in more precise and
controllable reversible tunable emission color.
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