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ABSTRACT: Ethyl 2-cyano-3-(4-(1,2,2-triphenylvinyl) phenyl)
acrylate (TPE-SKJ), a newly synthesized luminogen based on = e

MnO, (analytes)

tetraphenylethene, with single crystal analysis exhibits photo-
physical phenomena such as aggregation-induced emission (AIE);
reversible mechanochromic, solvatochromic, organic light emitting
diode; and chemical sensing in aqueous media with great selectivity
and a low limit of detection. The synthesized material
demonstrates high selectivity and sensitivity capacity for sensing
MnO,” in mixed aqueous media (water/acetonitrile, v/v, 9/1). stowon
The detection limit for MnO,~ was found to be 0.086009 yug mL ™" B O b B
with a quantum yield (®) of 11%. Moreover, we employed TPE-
SKJ material in an organic light-emitting diode (OLED) as an
emissive layer. The device shows a maximum of 1.62% external quantum efficiency, higher than nondoped emitting layer-based
green OLEDs. The present results will encourage ongoing research into the design of novel stimuli-responsive organic materials with
switchable properties based on their supramolecular interactions for numerous applications.

1. INTRODUCTION induced emission, solvatochromism, reversible mechanochro-
mic, etc., which have very useful applications in diverse fields.”

Because of their use in optical information storage
camouflage, mechanical sensors, memory chips, and security
papers, luminogens with reversible stimulus-responsive switch-
ing in the solid state have drawn a great deal of attention.””*
Industry and academia have recently become enthusiastic
about the successful applications of various aggregation-
induced emission (AIE)-based reversible mechanochromic
(MC) materials in cutting-edge nanotechnologies.g_11 Con-
trary to conventional fluorophores, AlEgens have had the
unique property of an emission strongly in the aggregated state
(solid) despite being nonemissive in the solution state, due to
restrictions on intramolecular rotations (RIR) or restrictions

Aggregation-induced emission (AIE), a type of photophysical
phenomenon connected to the aggregation of the chromo-
phore moiety, was first proposed by Prof. B. Z. Tang and his
team in 2001. In an aggregation-induced emission (AIE)
mechanism, the water content in the mixture affects how
quickly weak or nonemissive luminogens aggregate to become
emissive; it means aggregation-induced emission means weak
or nonemissive luminogens become emissive upon aggrega-
tion. Early research on AIE indicated that scientists were more
interested in how a substance’s molecular structure might
affect it. As time went on, it was discovered that not all
emission phenomena, particularly polymorphisms with various
emissive features, could be described by molecular structure. In
contrast, AIE exhibited a normal solid-state luminescence
behavior, and the change in molecular packing from intense
7— stacking to a suppressed one was the primary cause of the Revised: ~ May 11, 2023
transition from ACQ_to AIE. As a result, researchers started to Published: May 30, 2023
concentrate more on molecule packing than molecular

structure.'’ The tetraphenylethene-based luminogens show

amazing photophysical phenomena such as aggregation-
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Scheme 1. Synthetic Route of TPE-SKJ [(E)-Ethyl 2-cyano-3-(4-(1,2,2-triphenylvinyl) phenyl) acrylate (E)-ethyl 2-cyanobut-
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on intramolecular vibrations (RIV) during aggregate for-
mation."”~"* This fluorogenic material can be adapted to make
sensitive “off-on” probes that are biocompatible and selective
and exhibit weak fluorescence in aqueous media while
activating fluorescence in response to target analytes Due
to their greater photobleaching resistance, AIE probes exhibit
higher stability and superior signal reliability when compared
to conventional fluorescent probes.'®™"" In addition, the fields
of sensing and OLEDs show highly valuable applications for
aggregation-induced emission, solvatochromic, and reversible
mechanochromic luminogens. Because inorganic hazardous
anions are present in significant quantities as a result of global
industrialization, we have used the synthesized luminogen for
the sensing of anions in an aqueous field with the inspiration of
sensing applications.

Inorganic hazardous anions are being discharged into our
living environment rapidly due to global industrialization and
creating multiple significant environmental and public health
consequences. Such species in the ecosystem must be detected
and identified even though they are fundamental to our
ordinary life and health in trace quantities.”” As a result,
MnO,~ has drawn considerable attention due to its severe
effects on human health and the environment. The US
Environmental Protection Agency has identified that it is a
significant pollution issue.”’ MnO,~ exposure in humans can
harm the respiratory system and have other unfavorable effects.
As a result, scientists are working hard to find clear, simple, and
valuable techniques for detecting MnO,” at low concen-
trations.”” First, we developed a quick and effective sensor for
detecting MnO, specifically in an aqueous medium. There are
very few known organic luminogen sensors for MnO, which
are used in aqueous media. In comparison, sensors for MnO,~
and other analytes with lower LODs have been reported by
Sun et al,*® Su et al,* Huang et al,”* Zhang et al,”® and
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Wang et al,’® but none of these sensors was successful in
detecting MnO, ions specifically. A new approach for the
sensitive and precise detection of MnO, was developed in
aqueous media. Many research teams have recently concen-
trated on detecting heavy metal ions, which are responsible for
significant environmental pollution problems and have an
effect on human health. Atomic absorption spectrometry
(AAS), atomic fluorescence spectroscopy (AFS), inductively
coupled plasma mass spectrometry (ICPMS), and X-ray
fluorescence spectrometry are some of the analytical
techniques that are frequently utilized to detect environmental
pollutants. However, these analytical methods could be more
practical due to the difficulty of sample preparation, complex
1nstrumentat10n, and extremely high cost for third-world
countries.”

Organic light-emitting diodes (OLEDs), having potential
applications in flat-panel displays and solid-state lighting, have
attracted a lot of attention after Tang et al.’s benchmarking
results in 1987.>” Thermal evaporation, however, makes
fabrication more difficult and results in very low utilization
of costly light-emitting materials. Processes that utilize
solutions, such as spin-coating and inkjet printing, are the
most effective at increasing process effectiveness and lowering
production costs. Interestingly, small molecules have several
inherent benefits over polymers, including simple synthesis,
high purity, and clearly defined chemical structures. Con-
sequently, using solution-processable small molecules to make
OLEDs is a potential option to improve the chances of
producing large-area and inexpensive flat-panel displays and
solid-state lighting. AIE-featured luminogens have so far been
reported to be eflicient electroluminescent materials in large
numbers; however, solution-processable AIE materials are still
rare and are rarely developed for OLEDs.”” >’
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In the present work, the synthesized luminogen (TPE-SKJ)
was used to detect toxic anions (MnO,"), particularly from
aqueous media, with naked-eye detection. The synthesized
novel organic luminogen is a tetraphenylethene derivative with
an ethyl cyano butenoate binder having a quantum yield (®)
of 11%. This luminogen exhibits remarkable mechanochromic
(MC) phenomena and certain photophysical phenomena, such
as aggregation-induced emission (AIE), solvatochromism, and
reversible mechanochromism. Using various techniques, we
studied the synthetic organic luminogen and then used it for
selective and sensitive detection of toxic anions (MnQ,”) in
aqueous media. The detection limit for MnO,~ was found to
be 0.086009 pg mL~'. Furthermore, we employed TPE-SK]J
material as an emissive layer for an organic light-emitting diode
(OLED). The device shows a maximum 1.62% external
quantum efliciency, hi%her than nondoped emitting layer-
based green OLEDs.”*”

2. EXPERIMENTAL SECTION

2.1. Chemicals and Equipment. All chemicals were used
directly from commercial suppliers without further purification. 4-
(1,2,2-Triphenyl) benzaldehyde and ethyl cyanoacetate were mixed in
the presence of ammonium acetate and acetic acid to synthesize the
TPE-SKJ luminogen. Sigma-Aldrich chemicals are used to synthesize
a luminogen. The different anion salts, including (SO, BrO;~, S72,
Cr,0,7%, HPO, ™2, 10,7, MnO,, SO;™% SCN~, CO,™%, CrO, , I,
etc.) were used in the present study. Additionally, DMSO used was
purchased from TCI and Sigma-Aldrich.

The synthesized AlEgen was characterized using different
characterization techniques like IR (ATR), 'H and "*CNMR, and
HR-MS spectrometry. An IR spectrum was recorded on a Bruker,
Germany (ALPHA) spectrometer with a range of 4000 to 400 cm™".
'"H NMR spectra were recorded on a 400 MHz Bruker Advance
spectrometer and '*C NMR spectra were recorded using 101 MHz
spectrometers (CDCly-d or DMSO-d was used as solvent, trimethyl
silane as an internal standard). DEPT-135-NMR spectra were
recorded on a 400 MHz Bruker Advance spectrometer. A Waters
Micromass Q-Tof Micro in ESI-MS mode was used to collect data.
Absorption spectra were recorded by the Specord plus UV/vis
double-beam spectrophotometer (Analytik Jena), and fluorescence
emission was measured on the FP-8300 (Jasco) fluorescence
spectrometer. TLC (on the silica-coated aluminum plate) was used
to monitor the progression of all the reactions.

2.2. Synthesis of TPE-SKJ ((E)-Ethyl 2-cyano-3-(4-(1,2,2-
triphenylvinyl) phenyl) acrylate/(E)-ethyl 2-cyanobut-2-
enoate). 2.2.1. Synthesis of TPE-CHO 4-(1,2,2-Triphenylvinyl)
benzaldehyde. The synthetic route for TPE-CHO is highlighted in
Scheme 1. The required starting material TPE-CHO is synthesized by
our previous report.**

1-Bromo-1,2,2-triphenylethylene (335.24 mg, 1.0 mmol) as well as
4-formylphenylboronic acid (179.9 mg, 1.2 mmol) were dissolved in a
20 mL solution of tetrahydrofuran and a 2 M potassium carbonate
(K,COs,) aqueous solution (7 mL). The entire mixture was stirred for
0.5 h at room temperature under a nitrogen (N,) atmosphere, then
Tetrakis (triphenylphosphine)palladium (0) (0.010 g) was added, and
the mixture was allowed to reflux at 80 °C overnight. The progress of
the reaction was monitored by TLC; after the completion of the
reaction, the solvent was removed under reduced pressure, to form a
residue; the formed residue was chromatographed on a silica gel
column with n-hexane/dichloromethane (V/V 3:1) as eluent to afford
a light-yellow powder as a product that is TPE-CHO (346.0 mg, 96%
yield).

2.2.2. Synthesis of Desired (E)-Ethyl 2-cyano-3-(4-(1,2,2-triphe-
nylvinyl) phenyl) acrylate (TPE-SKJ)/(E)-ethyl 2-cyanobut-2-enoate.
The synthetic route for TPE-SKJ is highlighted in Scheme 1.

Initially, 4-(1,2,2-triphenylvinyl) benzaldehyde (0.1333 g, 0.37
mmol) was dissolved in § mL ethanol. In this solution, a mixture of
ethyl cyanoacetate (0.33 g, 2.97 mmol) in ammonium acetate (1 g)
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and 15 mL acetic acid was added. After that, the whole reaction
mixture was refluxed at 60 °C for 12 h. After completion of the
reaction, the reaction mixture was cooled to room temperature; the
yellow precipitate generated was filtered after addition of 30 mL of
ice-cold water. The progress of the reaction was monitored by TLC,
and the final pale-yellow residue was purified by column
chromatography with petroleum ether/ethyl acetate (v/v = 90/10)
to afford (E)-ethyl 2-cyano-3-(4-(1,2,2-triphenylvinyl) phenyl)
acrylate (142.0 mg, 86% yield). The spectroscopic data are provided
in the Supporting Information.

2.3. UV-vis and Fluorescence Experiments. The standard
solution of anions (100 yg mL™') was prepared in double-distilled
water by adding the desired quantity of salts to the water and allowing
them to dissolve. A stock solution of the luminogen (1 X 10™* M) was
prepared in acetonitrile. To develop test solutions for spectral analysis,
1.0 mL (1 X 107* M) of luminogen and 1.0 mL (100 ug mL™") of
individual anions were mixed in a test tube. Up to 10 mL of distilled
water was added to dilute the test tube, and the solution was allowed
to remain for 10 min at room temperature well before the recording
of the absorption and fluorescence (emission) spectra.

2.4. Fluorescence Titration for the Detection of MnO,”
Anion. The 1 mL probe 1 (10™* mol/L) in acetonitrile solution
was placed in each test tube of the different set and a fraction of
varying concentrations of the aqueous solution of MnO,” (1 ppm)
ions solution was added. All solutions were diluted to a constant
volume. Eventually, all test tube solutions were subjected sequentially
for absorption and emission measurement at room temperature. The
fluorescence spectra were recorded at A, = 417 nm and medium
sensitivity with a bandwidth of 10.

2.5. Paper Strips of Luminogen Are Prepared as Follows.
Cut pieces of Whatman paper No. 41 were used to make the paper
strips. The test strips were made ready by immersing them in a
solution of acetonitrile containing synthesized luminogen. The strips
were allowed to air-dry. These test strips were designed to find
MnO,~ when other anions were present. The test strips were
evaluated using UV light at 365 nm to make straightforward visual
detection possible.*®

2.6. DLS Study. The solution of luminogen was prepared in an
acetonitrile:acetonitrile mixture solution, and the anions solution were
prepared in the double-distilled water. Lastly, the DLS measurement
was carried out initially with only a probe and then the same
experimental performance was carried out in the presence of anions
(MnO,") solution with a ratio of 1:0.5.*

2.7. OLED Device Fabrication. All organic materials were
purchased from Ossila. Patterned ITO-coated glass substrates were
cleaned sequentially in ultrasonic baths of acetone, methanol, and
distilled water. Cleaned glass substrates were dried with nitrogen blow
and subjected to UV irradiation for 10 min. A 40 nm layer of
poly(3,4-ethylene dioxythiophene)—poly(styrene sulfonic acid) (PE-
DOT:PSS) was spin-coated at the speed of 3000 rpm for 40 s. Then
PEDOT:PSS coated substrates were transferred to a glovebox
containing an N, atmosphere and heated at 120 ° C for 20 min to
remove residual solvents. An organic emissive layer of TPE-SKJ
dissolved in acetonitrile was spin-coated at 3500 rpm for 30 s to
achieve a thickness of 70 nm. Furthermore, 40-nm-thick TPBi was
deposited with a shadow mask by using a vacuum thermal evaporation
system (Daedong High Tech, Korea) under a pressure of 8 X 1077
Torr. Finally, 0.8 nm LiF and 120 nm Al (top cathode) were
deposited by using a thermal evaporation system.

2.8. OLED Characterizations. An OLED measurement system
(M6100 program, McScience) was used to measure the current
density—voltage—luminance (J—V—L), current efficiency (CE), and
electroluminescence (EL) spectrum characteristics based on an
effective area of 3 cm X 3 cm.

2.9. Experimental Crystal Structure Determination of the
Compounds. Data for the TPE-SKJ have been collected on D8
Venture PHOTON 100 CMOS diffractometer using graphite
monochromatized Mo—Ka radiation (4 0.7107 A) with
exposure/frame = 10 s. The X-ray generator was operated at S0 kV
and 30 mA. An initial set of cell constants and an orientation matrix

https://doi.org/10.1021/acs.cgd.3c00002
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Scheme 2. ORTEP of TPE-SKJ*
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were calculated from 24 frames. The optimized data collection
strategy consisted of different ¢ and @ scans with 0.5° steps in ¢p/w.
Crystal to detector distance was 5.00 cm with 512 X 512 pixels/frame,
Oscillation/frame —0.5°, maximum detector swing angle = —30.0°,
beam center = (260.2, 252.5), in-plane spot width = 1.24. Bruker
SAINT program carried out data integration, and empirical
absorption correction for intensity data was incorporated through
Bruker SADABS. The programs are integrated with the APEX II
package.* The data were corrected for the Lorentz and polarization
effects. Further, the structure was solved by the direct method using
SHELX-97*° and finally refined by employing the full-matrix least-
squares techniques using anisotropic thermal data for the non-
hydrogen atoms on F2. The non-hydrogen atoms were refined
anisotropically, whereas the hydrogen atoms were refined at
calculated positions as riding atoms with the isotropic displacement
parameters”> and Mercury software programs.”® The final structures
were derived using SHELXTL* and PLATON.*®

3. RESULTS AND DISCUSSION

3.1. Characterization of TPE-SKJ. The details of the
synthesis are discussed in the Experimental Section; however,
Scheme S2 depicts the full synthetic process for luminogen
(TPE-SKJ; Scheme 2). It was completely described by
employing physicochemical analysis and spectroscopic meth-
ods. This study revealed the successful synthesis of TPE-SK]J.
The purity and structure of the luminogen were confirmed by
using FT-IR, 'H and "*C NMR, and HR-MS spectrometry
(kindly refer to the Supporting Information for more details).

3.2. X-ray Crystallographic Analysis Study. CCDC
number 2221617 contains the supplementary crystallographic
data for these complexes and can be obtained free of charge
from the Cambridge Crystallographic Data Centre via www.
ccde.cam.ac.uk/data_request/cif.

3.2.1. X-ray Crystal Analysis of Desired (E)-Ethyl 2-cyano-
3-(4-(1,2,2-triphenylvinyl) phenyl) acrylate (TPE-SKJ)/(E)-
ethyl 2-cyanobut-2-enoate. Tpe crystallizes in triclinic space
group PI. The crystal structure data are presented in Table 1.
The bond distance of sp> carbons C(1) and C(2) is 1.343 A.
The carbonyl bond distances C(30)—O(1) and C(30)—0(2),
respectively, are 1.206 and 1.334 A-The 2C2—C1-C8 is =
115.28° and £C21—-C14—CI1S is 114.65°. All the phenyl rings
are nonplanar to one another.

Table 1. Crystal Data and Structure Refinement for TPE-

SK]J

CCDC

Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient
F(000)

Crystal size

Theta range for data
collection

Index ranges

Reflections collected

Independent
reflections

Completeness to thet
a = 14.357°

Absorption correction

Max. and min.
transmission

Refinement method

Data/restraints/
parameters

Goodness-of-fit on F2

Final R indices [I >
20(1)]

R indices (all data)

Extinction coefficient

Largest diff. peak and
hole
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2221617
C3,HysNO,
455.53
100(2) K
0.41328 A
Triclinic
P1
a = 5.5005(3) A a = 93.766(2)°
b =9.4955(7) A B = 94.6790(10)°
¢ = 24.5928(16) A y = 105.7450(10)°
1226.99(14) A3
2
1233 mg/m?
0.034 mm™!
480
0.10 X 0.03 X 0.02 mm?>
0.970 to 15.342°

—-6<h<6-12<k<12,
-31<1<31

34432
5118 [R(int) = 0.0612]

94.70%

Semiempirical from
equivalents

0.7439 and 0.6349

Full-matrix least-squares on
F2

5118/0/316

1.056
R1 = 0.0658, wR2 = 0.1501

R1 = 0.0810, wR2 = 0.1589
n/a
0.663 and —0.275 e A3
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Scheme 3. Molecular Packing Showing Bifurcated Hydrogen Bonding by O(1) and C--C Close Contacts
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Figure 1. Photographic images of AIE in THF:H,O mixtures with different water fractions (0—90%) — [a] (i) Under daylight and (ii) under UV
(365 nm) irradiation. [b] Emission spectra (PL) of luminogen (TPE-SKJ) with different water fractions from 0% to 90% (THF/H,O (v/v)
mixtures recorded at A, = 417 nm). The DLS measurements with (c) 0% water and (d) 90% water.

C—H---O intra- as well as intermolecular hydrogen bonding
is observed in this compound. Intramolecular hydrogen
bonding observed to C(32)—-H(32C)--O(1) (d(D-H) =
0.98 A, d(H---A) = 2.59, d(D---A) = 3.104(3) A, «2D-H--A =
113.1°) and the oxygen O(1) shows bifurcated intermolecular
hydrogen bonding to H(25A) (d(D—H) = 0.950 A, d(H---A) =
2496 A, d(D-A) = 3.368(3) A, «.D—H--A = 152.6°, 2-x1-
y,1-z) and H(27A) (d(D—H) = 0.950 A, d(H--A) = 2.407 A,
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d(D-A) = 3.316(3) A, £2D—H--A = 160.3°, 2-x,1-y,1-z) of the
neighboring molecules to form a hydrogen-bonded dimer. The
hydrogen-bonded dimers are in close contact via C(27)-
C(30) (3.249 A, 1-x,1-y,1-z) (Scheme 3).

3.3. Photophysical Properties. 3.3.1. AIE Characteristics
of TPE-SKJ. Aggregation-induced emission (AIE), a note-
worthy photophysical phenomenon, was reported by B. Z.
Tang and his colleagues in 2001. It is directly linked to the

https://doi.org/10.1021/acs.cgd.3c00002
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Figure 2. (a) Photographs of mechanochromic properties under UV irradiation (365 nm) before grinding, after grinding, and after fuming with
organic solvent (acetone). (b) The PL emission spectra of luminogen (TPE-SKJ): before grinding, after grinding, and after fuming with acetone.
FE-SEM images of TPE-SKJ (c) before grinding, (d) after grinding, and (e) after fuming, respectively.

aggregation of luminogens and their fluorescence emission in
an aggregate (solid) state.””~*' In the aggregation-induced
emission process, the nonemissive or weakly emissive
luminogens are converted into highly emissive because of the
aggregate formation of the luminogens after increasing the
fractions of water, which depends on the water quantity in the
mixture. Such types of remarkable fluorescent luminogens or
AlEgens have been widely used in diverse fields.””**

Accordingly, to verify the (AIE phenomenon, we have
performed this activity by using THF (tetrahydrofuran) and
water. The photographic images under daylight and UV light
are depicted in (Figure la). With the increase in the water
quantity (0 to 90%), these images showed the AIE
phenomenon in the synthesized luminogen. There is a
significant increase in the fluorescence observed naked eye
(Figure la-i) as well as under UV irradiation 365 nm (Figure
la-ii). Moreover, to confirm AIE activity spectroscopically, we
have studied the fluorescence emission behavior of luminogen-
containing tetrahydrofuran solution with different (increasing)
proportions of water fractions from f, = 0% to 90%, as shown
in (Figure 1b). The synthesized luminogen (TPE-SKJ)
displayed an almost negligible (zero) emission in the
tetrahydrofuran solution (Figure 1b) upon excitation at A, =
417 nm. A small change in the emission was observed at 70%
and 80% water fractions. However, a sudden increase in the
emission was observed at 90/10% of H,0O/THF concentration
at 550 nm, because of the formation of an aggregation of TPE-
SKJ in water.*~*

These data indicate the synthesized novel luminogen
exhibits excellent aggregation-induced emission (AIE) charac-
teristics, and it shows the highest fluorescence intensity at f,, =
90% in THF/H,0, according to the previous reports.”> The
DLS data demonstrates how the TPE-SKJ enhanced the size
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distribution with just an increase in water fraction from 0% to
90%. At 0% water fraction, the particle size was found to be
17849 + 3.60 nm (Figure lc), whereas the particle size
increased to 192.20 + 7.41 nm at 90% water fraction (Figure
1d).

3.3.2. Mechanochromic Luminescent Behavior of TPE-
SKJ. Mechanochromic luminescence (MC property) is an
extraordinary photophysical phenomenon of some intelligent
materials and molecules that responds to mechanical forces,
including grinding and crushing/rubbing.*® Due to its potential
applications in security documents, mechanosensory devices,
and optical storage, mechanochromic luminous properties have
received significantly greater attention in recent years."” To
check the mechanochromic response of the synthesized
luminogen (TPE-SKJ); initially, it was ground in a mortar
and pestle. Accordingly, Figure 2a shows the color of TPE-SKJ
under UV light (365 nm). The as-synthesized TPE-SKJ shows
green color; the yellow color formed after grinding and reverts
to a faint green after fuming. When the solid sample of
luminogen was ground with a mortar and pestle, the original
green emission was dramatically switched to a yellow emission.
Furthermore, fuming with the solvent’s (acetone) vapor
impacted the solid-state color of luminogen. After being
vaporized with acetone, the luminogens color changges from
yellow to its original color but shows faint green.*>*

Numerous cyano-substituted fluorogenic derivatives of
tetraphenylethene have recently been discovered. They exhibit
a variety of stimuli-responsive fluorescence transitions in the
solid state, including piezo chromic, mechanochromic,
vapochromic, hypochromic, and thermochromic fluorescence
transitions.””>" This implies that they can alter their
fluorescence characteristics in response to external factors
such as pressure, volatiles, and temperature. The TPE-SK]J is a
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mechanochromic active material because it contains both
cyano groups and TPE moieties. The solid green TPE-SKJ
produces bright green emissions. The TPE-SKJ solid turns a
pale yellow during 2 to 3 min of mortar and pestle grinding.
The as-prepared solid of TPE-SKJ with a light green powder
can be made by simply fuming with acetone.

To confirm this interesting mechanochromic phenomenon,
we have studied the fluorescence emission behavior and
recorded the field emission scanning electron microscopy
images of the TPE-KSJ before grinding, after grinding, and
eventually fuming with acetone, as shown in Figure 2. In the
PL spectra of the as-prepared (before grinding) TPE-SKJ, the
emission peak was observed at 473 nm, while the emission
peaks after grinding were observed at 553 nm (Figure 2b).
This demonstrates that the grinding process caused an 80 nm
spectral redshift, a typical mechanochromic exhibition. In the
subsequent measurement, the grounded solid material was
fumigated with acetone. It returns to its initial state and shows
the same kind of PL emission but with low intensity (Figure
2b).33’47

The obtained mechanochromic properties of luminogen
(TPE-SK]J) were further studied by powder X-ray diffraction
(PXRD) patterns. The PXRD pattern was taken before
grinding (as synthesized), which was scanned from 26 of S—
80° (Figure 3-I). This pattern shows several sharp peaks

After fuming
—— After grinding

\)wm_:u 4

Before grinding
“MA-L‘M Poa o, I

2 6 (Degree)

Figure 3. Mechanochromic XRD patterns in various solid states [(I)
before grinding (II), after grinding, and (III) after fuming].

(between 26 = 9.5-30°) The as prepared sample (before
grinding) shows XRD peaks at 20 = 9.47°, 10.69°, 16.95°,

17.76°, 20.99°, 22°, 22.81°, 25.04°, 26.25°, 29.28° and
30.69°.%

After grinding, the synthesized luminogen shows altered
peak intensity order. Except for the peak at 17°, other peaks
become less intense after grinding, while after grinding it shows
XRD peaks at 9.46°, 10.59°, 16.86°, 17.48°, 20.92°, 21.93°,
22.94°, 25.16°, 26.17°, and 29.40°. The XRD peak intensity
decreased for sample II because of its amorphous nature
(Figure 3-II). This led to the change in the orthorhombic
crystal structure which is responsible for the shifting of the
emission peak from 473 to 545 nm in PL spectra (Figure 2b),
and it also supports the change in color after grinding the
compound from green to yellow (Figure 2a).

To check the reverse phenomena of TPE-SKJ, it was
subjected to a fuming process. Therefore, the PXRD pattern
was recorded after fuming with acetone; the after fuming
sample shows peak at 11.20°, 12.60°, 20.56°, 21.52°, 23.88°,
25.50°, 26.31°, 27.52°, 28.74°, 30.35°, 31.77°, 33.18°, 37.22°,
38.03° and 71.89°. The after fuming XRD peak shifts might be
due to the change in the lattice parameters and high
crystallinity, a slightly broad signature of diffraction peaks in
the pattern than its previous states (as-prepared and after
grinding processes). The peak positions revealed that it reverts
with higher intense peaks entirely to its original crystalline state
after fuming (Figure 3-IIT). However, we got some extra peaks
at around 33°, 38°, and 72° which might be coming from the
presence of acetone.”® Moreover, the reversible mechanochro-
mic observation was further strongly confirmed by PL emission
spectra (Figure 2b) where the emission peak was shifted back
to a lower A, value (479 nm). Hence, the transformation
from crystalline to semicrystalline phases of luminogen (TPE-
SKJ) after fuming was accountable for its mechanochromic
luminescence phenomenon.

This can be visualized from the field emission scanning
electron microscope (FESEM) images also, where we got the
aggregated needle-like morphology of the synthesized com-
pound before grinding (Figure 2c). After grinding, the
morphology of the TPE-SKJ luminogen was found to be
aggregated spherical-shaped microparticles (Figure 2d).>* After
fuming, the surface area again increases indicating the decrease
in its particle size which is due to the compound reverting to
its original state, and it is further clearly visualized from the
FESEM images, where the spherical shape converted back to
needle-like morphology (Figure 2e).357%

Polarity Increases

o

550 nm 588 nm —THF

10| Toluene
e DCM
0sl —Acetfme
w— ACN
MeOH
0.6} ——DMF

0.4
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0.2
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0.0
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Figure 4. (a) Photographic image of solvatochromism with different solvents under UV irradiation (365 nm). (b) Normalized PL intensity

emission spectra in the presence of different solvents.
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After recrystallization, the lattice parameters might be
changed due to the fuming with acetone, and the increased
peak intensity reflects the crystalline nature of III.

3.3.3. Solvatochromic Effect. The terms bathochromic
shift, red shift, or positive solvatochromism are used for
describing a shift of an absorption peak toward a longer
wavelength. Such a change is noticeable when the z—n*
transition occurs as we increase polarity. The energy level of an
excited and unexcited state is reduced due to an increasing
interaction between the solvent and the absorbing species.
However, the effect is more noticeable in an excited state.
Solvent polarity both influences and has the potential to
change the transitions. When in the granular state, polar
solvents stabilize the former more than the latter. As a result, as
the solvent polarity increases, a bathochromic change arises.

As we know, with increasing solvent polarity, the z—n*
transition of polar compounds is encouraged to a longer
wavelength and, usually, toward higher intensity. Since the
excited state in this transition is more polar than the ground
state, the bathochromic shift results from the dipole—dipole
interaction with a polar solvent decreasing the energy of the
excited state more than the ground state.’

The change in the color of luminogen in the presence of
different solvents is commonly known as solvatochromism.
The solvatochromic investigation of the synthesized luminogen
(TPE-SKJ) was carried out by recording emission spectra in
the presence of other polar solvents. The photographic images
under UV irradiation (365 nm) are depicted in Figure 4a. In
toluene, the luminogen shows strong blue fluorescence with an
emission peak at S50 nm (Figure 4b). With the solvents’
increasing polarity, a continuous bathochromic shift (blue to
red) was observed. In the case of the highest polar solvent
(DMSO), the emission spectrum was observed at 588 nm, and
38 nm bathochromic shifts were observed (Figure 4b).
According to experimental results, the synthetic luminogen
(TPE-SKJ) exhibits strong solvatochromic performance. As
shown in Figure 4a,b, when the solvent is switched from
nonpolar (such as toluene) to highly polar (DMSO), the PE-
SKJ exhibits an apparent red shift from 550 to 588 nm. Figure
4a shows the fluorescence pictures of the respective solutions,
which were captured using different solvents under UV
irradiation (365 nm). The TPE-SKJ luminogen emits a potent
blue light in toluene when exposed to UV light, and the shades
of redshift get darker as they get closer to dimethyl sulfoxide
(DMSO). Additionally, the change in solvent polarity results in
a significant red shift from 550 to 588 nm."’

3.4. Analytical Studies of TPE-SKJ. 3.4.1. Fluorescence
Response of Luminogen for Various Anions. The anion
recognition property of synthesized luminogen (TPE-SK]) was
investigated by using the fluorescence spectroscopic method.
The solution of 1 X 10™* M luminogen in acetonitrile was
studied in the presence of various environmentally and
biologically essential anions such as SO, BrO;~, S72
Cr,0,7%, HPO, ™ 10,°, MnO,”, SO;™%, SCN~, CO,?
CrO4 7, I', etc., in aqueous media. As we have used a few
salts as sensing performers, the type of cation is fundamental
and significant information for anion sensing performance. The
anions of Na and K containing salt have been used for the
analytical studies of TPE-SKJ. The only anions that interact
with cations are those that belong to group 1 and are the type
1 cation. The maximum emission peak was observed at 555 nm
when the luminogen suspension was excited by using a 417 nm
wavelength. The addition of a 100 ugmL™' concentration
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solution of various anions to the AlEgen (TPE-SK]J) solution
caused variations in the fluorescence emission spectra of
luminogen. However, the fluorescence spectrum of probe 1
showed significant and drastic quenching in fluorescence in the
presence of a MnO,” anion, indicating that probe 1 is
selectively and sensitively suitable for the detection of MnO,~
ion in the mixed aqueous media, as shown in Figure 5. Other

Probe + MnO

10500 | (sem g —S0,
= - Broy
S 9000 —_—
= ——Cr,0,
= 7500 ———HPO,
5 —10;
£ 6000 ——MnO,
g —S0,"
E 4500 Soa
g
=]
=2
=

450 500 550 600 650 700
Wavelength (nm)

750 800

Figure 5. Fluorescence emission spectra (PL) of luminogen (TPE-
SKJ) upon excitation and addition of different anions in aqueous
media (inset: photographic image of TPE-SKJ with absent and
present of MnO,~ [a] under ambient light and [b] under UV
irradiation).

anions do not change their fluorescence intensity drastically.
The fluorescence intensity was negligible compared to the
MnO,” ion. Interestingly, the concentration of all the anions is
the same; still, the MnO,~ ion flattens the curve compared to
the rest of the anions. This reveals that MnO,~ ion has much
more affinity than other tested anions.

The changes in fluorescence were also recorded under
ambient and UV irradiation at 365 nm, as shown in Figure 6a
and b, respectively. Under ambient light, luminogen in mixed
aqueous media (1:9, acetonitrile:water) shows a yellowish
color to the MnO," ion, and transparent color was observed
for other anions (Figure 6a). In the case of UV light
irradiation, all anions possess excellent fluorescence with
yellow color, owing to the AIE. On the other hand, MnO,~
ion-containing tubes only show faint blue color (Figure 6b).
The plausible mechanism behind the sensing of MnO,” is
highlighted in Scheme 4.

The completely remarkably diminished fluorescence (PL
emission) of luminogen solution containing MnO,~ ion shows
due to the interaction between luminogen and MnO," ions.
However, other ions may not interact with luminogen; hence
there is no appreciable change in fluorescence. These findings
suggest that luminogen (TPE-KSJ) can selectively and
sensitively detect the MnO,” ion over the most relevant
anion. As a result, luminogen can be used as a fluorescent
sensor to detect of MnO,~ ions.

3.4.2. UV—vis Absorption Study of TPE-SKJ with Various
Anions. In a mixed solution of acetonitrile and water
(ACN:H,0 1:9 v/v), the UV—vis spectra of synthesized
luminogen (TPE-SKJ) were recorded at room temperature and
shown in (Figure 7). The absorption peak of the luminogens is
concentrated at a wavelength of 400 nm. The UV-—vis
absorption of luminogen did not significantly change with
the addition of all the tested anions, excluding the MnO,™ ion.
The MnO,” ion ultimately affected the absorption spectra. The
absorption maximum at 400 nm disappeared, and a new curve
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Figure 6. Photographs of luminogen (TPE-SK]J) with different anions (a) under ambient (day) light and (b) under UV irradiation (365 nm).

Scheme 4. Schematic Representation of AIE and Plausible Binding Mechanism of TPE-SKJ with MnO,~
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Figure 7. UV—vis spectra of the luminogen (TPE-SK]J) in the absence
and presence of MnO,~ over other anions. Inset: Photographic image
of TPE-SKJ in the absence and presence of MnO,~ [a] under ambient
light and [b] under UV irradiation.

appeared at 390 nm with a blue shift by 10 nm. The luminogen
complex formation with MnO,” ions may have been
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responsible for the differences in UV—vis absorption spectra.
The coordination of MnO,~ to the organic moiety may be
responsible for forming the new absorption band at 390 nm.

3.4.3. Selectivity Study of Luminogen (TPE-SKJ) for
MnO,". For evaluating the selectivity of TPE-SKJ luminogen
for detection of MnO,”, we investigated the emission
characteristics of the TPE-SKJ with the presence of various
other competitors of MnO,~ anions such as SO, %, BrO;~, S72,
Cr,0,7%, HPO, %, 1057, MnO, ", SO, SCN~, CO; ™, CrO,",
and 1" in a 9:1 (v/v) ACN:water mixture at room temperature.
The TPE-SKJ luminogen did not show a remarkable and
considerable response to the different competitors to MnO,~,
as shown in Figure 8d. These results clearly show the selective
detection of MnO,~ over other pollutants (anions).

3.4.4. Fluorescence Sensing Performance of TPE-SKJ. The
MnO,~ ion sensing ability of synthesized luminogen (TPE-
SKJ) in mixed aqueous conditions (acetonitrile:water v/v 1:9)
was investigated in this section. The spectral findings can be
seen in (Figure S). After 417 nm excitation, probe 1 in
acetonitrile displayed the fluorescence emission band at 555
nm with the addition of various concentrations of MnO,~ ions
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in the probe 1 solution, and variations in the emission band at
555 nm were observed. The fluorescence of the probe 1
solution progressively decreases with the addition of MnO,~
ions (0.1—1.6 ugmL™") and almost totally disappears after the
addition of 1.6 ugmL™" of both ions, as shown in (Figure 8a).
Therefore, the results suggested that the organic probe can be
used to determine the qualitative and quantitative amounts of
MnO," ions.

3.4.5. Stern—Volmer Plot. There should be a linear
relationship between analyte concentration and signal intensity
to establish an analytical method for quantifying analytes.
Therefore, a standard Stern—Volmer quenching relationship
was used in the present case to evaluate the analytical, linear
range (Figure 8b).

E/F =1+ K_[Q] (1)
K

where [Q] is the ion concentration, K, is the Stern—Volmer
constant, and F; and F are the fluorescence intensities in the
absence and presence of MnO,” ion, respectively. The plot of
F,y/F against ion concentration shows the linear relationship
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between fluorescence response and their concentration
throughout the range of (0 to 1.2 X ug mL™"), as shown in
Figure 8b. Furthermore, all data points are present on the fitted
line (R? 0.9905), suggesting a good linear relationship
between fluorescence response and concentration.

3.4.6. Limit of Detection (LOD). The limit of detection
(LOD) of the developed method was subsequently evaluated
by using the following equation

)

where s is the standard deviation of the blank measurement
and K is the slope of the plot between the ratio of emission
intensity vs luminogen. The Stern—Volmer plot has been used
to calculate the LOD of the developed sensing system. The
LOD of the present case was found to be 0.086009 ugmL™" for
the MnO,~ anion. The permissible limit of MnO,"~ ions in
drinking water is much higher than the present LOD. The
linearity, correlation coefficient, and LOD indicate that the
current sensing system is fairly accurate and can be used to
determine the MnO,” ions in actual samples.>”

Detection limit = 36/K
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Scheme S. Overall Graphical Representation of the AIE Study with Applications of the Luminogen (TPE-SKJ)
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Figure 10. DLS results of TPE-SK]J in the (a) absence and (b) presence of MnO,~ ions.

3.4.7. Onsite Detection of MnO,~ by Paper-Based Strips
of TPE-SKJ. Visual detection is the easiest way to explore the
different pollutants. In the present case, a paper strip was used
to detect the MnO,~ ions. The paper strips were dipped in an
acetonitrile solution of luminogen (TPE-SKJ) and dried in the
open air. To detect MnO,~, UV light (365 nm) was used.
Under UV light, it was noticed that the luminogens on a blank
test paper fluoresced normally (Figure 8c). After the MnO,~
anion was added to the paper strip containing luminogen, the
test paper strip was fluorescence and showed a deep blue color
(Figure 8c). On the other hand, the competing anions had no
impact and did not show any considerable fluorescence. These
results indicate that the synthesized luminogen has excellent
selectivity, sensitivity, and rapidity, requires less instrumenta-
tion, and has operational simplicity for visual detection of
MnO,~ anion.™

3.4.8. Job’s Plot. The Job’s plot (FL intensity vs mole
fraction of MnO,”) established the stoichiometry of binding
between the TPE-SKJ with MnO,™ and it was found to be 2:1,
as shown in Figure 9a. The binding between the TPE-SK] and
MnO," is schematically shown in (Figure 9b).”

3.4.9. Quantum Yield. The probes’ fluorescence quantum
yield (@) in the absence of MnO,~ anion was calculated using
the quinine sulfate (@ = 0.54) as a reference. The value of @y
was determined using the following eq 3.

2 2
®F = (Dref X Iprobe/Iref X Aref/Aprobe X nprobe /nref (3)
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where @ and @, are the probe’s and quinine sulfate’s
quantum yields, respectively. The integrated emission peak
regions of the probes and quinine sulfates are labeled as the
Lyobe and L respectively. The probe and quinine sulfate
absorbance at the excitation wavelengths are denoted as A, .
and A, respectively. The 7, and 7, are the solvents’
respective refractive indices with 11% quantum yield, and the

quantum yield of an aggregation states is 1.5%.>>%

4. SENSING MECHANISM OF TPE-SKJ

This work detected the MnO,~ anions using the TPE-SKJ
luminogen. The analysis of this detection was based on how
MnO,” ions decreased the TPE-SKJ fluorescence intensity.
The complexation of the TPE-SKJ with ions was thought to
cause fluorescence quenching. The following techniques have
been used to determine the sensing mechanism.

4.1. DLS Study. The particle size of TPE-SKJ was
investigated both before and after the interaction of MnO,~
with the help of the dynamic light scattering (DLS)
measurement technique. The significant binding between the
sensor TPE-SKJ and MnO,~ was observed during the DLS
measurements in an aqueous solution (9:1, v/v, water, and
acetonitrile), and it exhibits a hydrodynamic diameter of
191.77 nm for TPE-SKJ in the absence of an anion, as shown
in (Figure 10a). However, whenever MnO,~ ions were added
to the TPE-SKJ solution, the hydrodynamic diameter of TPE-
SKJ increased significantly, reaching 873.60 nm (Figure 10b).
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This increase in hydrodynamic diameter is shown in (Figure
10b). The increase in the hydrodynamic diameter with the
addition of an anion is clear evidence of the complex formation
between TPE-SKJ and MnO,”. Thus, TPE-SKJ and the
MnO,~ anion easily form a complex.*>*'~%*

4.2. Fluorescence Lifetime. The time-correlated single-
photon counting (TCSPC) was also used to confirm the exact
mechanism behind the sensitive and selective MnO,~ ion
sensing in aqueous media over other anions by the TPE-SKJ
luminogen. The emission of the luminogen with the MnO,~
ions either the complex formation or the electron transfer
mechanism might be primarily responsible for quenching the
emission of luminogen with MnO, ions. To differentiate such
a quenching mechanism, the fluorescence lifetime measure-
ment is an effective tool. The decay time of the luminogen with
an increasing quantity (00, 0.1, 0.5, and 1 mL) of the MnO,~
(1 ug mL™") solution was recorded with lifetime 00 mL =
1.867 ns, for 0.1 mL = 2.54 ns, for 0.5 mL = 636.17 ps, and 1.0
mL = 636.17 ps, respectively, and the results are depicted in

(Figure 11).

= Only luminogen
1000 Luminogen + 0.1 ml MnO,’
== TLuminogen + 0.5 ml MnO,"
Luminogen + 1.0 ml MnO,
800
= 600 [
>3
"
a
400 |
200
0
1 1 1
0 500 1000 1500 2000
Time (ns)

Figure 11. Fluorescence decay profile (lifetime) of luminogen (TPE-
SKJ) in the presence and absence of a different concentration of anion
(MnO,") solution.

If 7,/7 = 1, the type of quenching is static, and if 7,/7 = F,,/F,
the type of quenching is dynamic, where 7, and 7, are the
lifetimes of the fluorophore (luminogen) before and after the
quencher (MnO,”). The results suggested the 7,/7 = F,/F,
which indicated that there is a dynamic form of quenching
between the luminogen and MnO,~ ions. As per the results,
there is a complexation between the luminogen (TPE-SKJ)
and anions at an excited state, as shown in Figure 11.*

4.3. Binding Sites and Binding Constant. To determine
binding parameters such as the binding constant (K) and
binding sites (n), fluorescence quenching data at 298 K were
used. The following equation was used to calculate the binding
parameters (eq 4).

log[(E, — F)/F] = logK + nlog[Q] (4)

By plotting the log[(F, — F)/F] vs log[Q] at room
temperature, we can obtain the values of K (binding constant)
and n (binding sites), as shown in (Figure 12, Table 2). The
regression coefficient, intercept, and slope were utilized to
calculate the binding constant (K) and binding sites (n*). The
results of luminogen (TPE-SK]J) indicate that there is a single
class of binding sites (n*) with around 3 being the approximate
number of binding sites (1n*).*>*°
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Table 2. Binding Constant (K) and the Number of Binding
Sites (n”) between the Luminogen and MnO,~ (Analyte)

Correlation Bindin§ Constant K (X Number of
Analyte  Coefficient (R) 10° dm> mol™!) Binding Sites (n")
MnO,~ ~ 0.98 0.067 ~ 3.0

5. ELECTROLUMINESCENCE PROPERTIES (OLEDS) OF
TPE-SKJ

The high photoluminescence (PL) efficiency and good thermal
stability of synthesized luminogen (TPE-SKJ) inspire us to
investigate its electroluminescence (EL) properties. Here, we
have fabricated an organic light emitting device (OLED) with
a structure of ITO/PEDOT:PSS (40 nm)/EML (70 nm)/
TPBi (40 nm)/LiF (0.8 nm)/Al (120 nm), as shown in
(Figure 13a). The ITO and LiF/Al in the mentioned
configuration act as anode and cathode, respectively. The
PEDOT:PSS is used as a hole transport layer, whereas TPBi
acts as a hole blocking layer. The luminogen (TPE-SKJ) works
as an emissive layer (EML). The energy level of the EML falls
between the PEDOT:PSS and TPBi, as depicted in the band
diagram of the fabricated device (Figure 13b). The smooth and
homogeneous film formation is important for the optoelec-
tronic performance of the device. Therefore, we analyzed the
surface morphology of the emissive layer by atomic force
microscopy. The root means square (RMS) roughness was
found to be very small (0.38 nm), as indicated in (Figure 13c).
These results exemplify that the solution-processed organic
emissive layer is thermally stable, uniform, and adherent.”®

The EL emission spectrum of the device peaked at 538 nm,
almost identical with the PL emission that indicates confine-
ment of the exciton recombination zone inside the light
emitting layer (Figure 13d). The current density—voltage—
luminescence characteristics are shown in (Figure 13e). The
inset shows a favorable electron and hole injection-driven light-
emitting device at 10 V (light emission image). External
quantum efficiency as a function of luminescence is shown in
(Figure 13f). The device exhibits a maximum of 1.62% external
quantum efficiency (EQE), which is relatively high for
nondoped EML-based OLEDs. The turn ON voltage of the
device is 3.5 V, whereas 900 c¢d m™ is the maximum
luminescence of the device. These results demonstrate the
great potential of TPE-SKJ as a light emitter for solution-
processed OLEDs.””*”
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Figure 13. (a) Schematic of TPE-SKJ-based OLED. (b) Energy band diagram of the fabricated device. (c) AFM image of the emissive layer. (d)
Experimentally obtained PL spectra at a fixed current density of 1 mA cm™2. (e) Current density-luminance-driving voltage characteristics. The
inset shows an emission image captured at 10 V. (f) EQE vs luminance characteristics of the device.

6. CONCLUSION

In conclusion, a novel tetraphenylethene-based AlEgen coded
as TPE-SKJ was synthesized using the Suzuki-coupling
reaction, confirmed by the different spectroscopic techniques
and single crystal study. The synthesized TPE-SKJ exhibits a
green color when exposed to UV radiation (365 nm) and
exhibits various photophysical phenomena including aggrega-
tion-induced emission, reversible mechanochromism, and
solvatochromism. The experiments with the MnO,” ions
demonstrate the selectivity with which TPE-SKJ can detect
MnO,~ over the other anions in aqueous media. The S—V
calculations show that the TPE-SKJ has the lowest detection
limit with a value of 0.086009 ugmL™" and a quantum yield
(@) of 11%. Paper strip-based sensing has also been utilized
for the on-site detection of MnO,™ in actual samples. The DLS
technique, fluorescence lifetime measurements, and calcula-
tions of the binding sites and binding constant studied the
sensing mechanism. The outcomes of the present work support
the potential use of TPE-SKJ for detecting MnO,”
contaminants. Furthermore, we added TPE-SK] to the organic
light-emitting diode as an emissive layer. The device has a
maximum EQE of 1.62%, higher than nondoped EML-based
OLEDs emitting green light. The results of the present
investigation suggested that the TPE-SK]J is a novel stimuli-
responsive organic luminogen having single crystal study with
different photophysical properties, which can be exploited for
numerous sensing and optoelectronic applications.
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