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ABSTRACT: Design and synthesis of a novel tetraphenyle- Solvatochromism
thene—2-pyrone (TPEP) conjugate exhibiting donor—acceptor
characteristics is reported. The localized frontier molecular
orbitals (DFT studies) and the solvent polarity dependent
photoluminescence characteristics directly corroborate the
presence of intramolecular charge transfer character in TPEP.
TPEP is poorly emissive in the solution state. In contrast, upon
aggregation (THF/water mixtures), TPEP exhibits aggregation-
induced emission enhancement. Upon aggregation, dyad TPEP
forms a fluorescent nanoaggregate which was confirmed by
transmission electron microscopy imaging studies. The lumines-
cence nanoaggregates were elegantly exploited for selective
detection of nitro aromatic compounds (NACs). It was found
that nanoaggregates of TPEP were selectively sensing the picric
acid over the other NACs. Efficiency of the quenching process was further evaluated by the Stern—Volmer equation. TPEP-based
low-cost fluorescent test strips were developed for the selective detection of picric acid.
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B INTRODUCTION for the design and development of novel AIE active molecules.

Fluorescent organic materials have been receiving tremendous The potential applications AIE luminogens have been well

attention in the field of science and technology owing to their
potential applications such as sensors,' bioimaging agents,”
fluorescent probes,’ and organic light-emitting devices

. . 7
documented in recent literature.

(OLEDs)." Most of the fluorescent organic molecules are ©

planar in nature and highly emissive in dilute solutions. The ® Rgg:;;or
light-emitting nature of many fluorescent molecules is affected fluorophore
by the notorious problem called aggregation-caused quenching O O \

(ACQ). ACQ_ is the phenomenon by which light emission of

many organic fluorescent molecules is partially or totally
quenched in the aggregated/solid state. Consequently, the O O AlEgen
ACQ_process affects the real time applications of a molecule

under investigation. Formation of excimers through z—x

stacking is one of the proposed reasons for ACQ of planar Figure 1. Design of TPEP.

fluorescent molecules by which nonradiative relaxation from
the excited states has been observed. On the other hand,
aggregation-induced emission’ (AIE) was discovered by Tang
et al. in 2001, and since then it has become a useful concept for
designing organic molecules that are free from ACQ properties.
They disclosed that the series of propeller-shaped organic
molecules are nonemissive when they are molecularly dissolved
in solvents and became a highly emissive 1n the aggregated
state. Restriction of intramolecular motion® (RIM) was the
proposed mechanism for the AIE property of any molecule.

It was reported that one can rationally design and change the
ACQ nature of a fluorophore into the AIE-active fluorescent
molecule by incorporating typical AIE active lumlnogen
(AlEgen) to the molecular structure of the ﬂuorophore
Tetraphenylethene” (TPE) is one among such AlE-active
luminogens, and 2-pyrone (2H-pyran-2-one) is a fluorophore
that has shown interesting electroluminescence properties and

After discovery of the AIE phenomenon, numerous research Received: February S, 2016
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Scheme 1. Synthetic Route to TPEP
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Figure 2. Molecular structure of TPEP (carbon, blue; hydrogen, white; nitrogen, pink; oxygen, red; sulfur, yellow).Thermal ellipsoids are at a 50%

probability level.

found applications in OLED."® We recently became interested
in the design and development of novel AIE-active luminogens
for selective detection and discrimination of nitroaromatic-
based explosives.'' As part of our ongoing program, we
investigated the structure and AIE characteristics of a novel
donor—acceptor (D—A) system containing TPE and 2-pyrone
moieties (TPEP, Figure 1). Compound TPEP forms
fluorescence nanoaggregates in the aggregated state and
selectively detects picric acid and discriminates against other
nitroaromatic compounds (NACs). The intriguing optical
properties of TPEP are reported in this manuscript.

B RESULTS AND DISCUSSION

Compound TPEP was synthesized according to the synthetic
procedure shown in Scheme 1. The base-mediated reaction
between acetyl TPE and SSA in DMSO solvent yielded TPEP
in decent yield. Compound TPEP was well characterized by
'H, C NMR and HRMS analysis. The molecular structure of
TPEP was confirmed by single-crystal X-ray diffraction studies
(Figure 2). Single crystals of TPEP were obtained by slow
evaporation of solutions of TPEP in 1:1 solvent mixtures of
chloroform and methanol. Compound TPEP crystallized in the
triclinic crystal system with the P1 space group (Supporting
Information). From the crystal structure, it was found that the
TPEP unit adopted a twisted molecular confirmation as
observed in numerous reported TPE-derived molecules.
Compound TPEP is highly soluble in common organic
solvents such as hexane, THF, chloroform, dichloromethane
(DCM), and methanol (MeOH) and insoluble in water. The
photophysical properties were screened using UV—vis and
fluorescence spectroscopy. The UV—vis spectrum (Supporting
Information) in THF (1 X 10~° M) exhibits absorption maxima
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at 403 and 300 nm. The lower energy absorption was assigned
to intramolecular charge transfer from TPE to the 2-pyrone
part of the TPEP and higher energy absorption ascribed to the
m—n* transition of the TPE part of the TPEP. The PL
spectrum in THF shows the emission maxima at 536 nm.
Furthermore, the solvatochromic properties of TPEP were
screened using various solvents with different polarity (Figure
4a). The UV—vis absorption spectra of TPEP in both nonpolar
and polar solvents were almost similar. However, a red shift was
observed in the emission spectrum when the solvent polarity
was increased. This confirms the involvement of an intra-
molecular charge-transfer process in TPEP, which is typically
observed in D—A systems. In hexane, emission maxima were
observed at 494 nm (Stokes shift, Av = 5300 cm™"), for THF
and DCM, emission maxima were located at 536 nm (Av =
6600 cm™") and 572 nm (Av = 7500 cm™). On the other
hand, in MeOH, emission maxima was bathochromically shifted
to 600 nm (Av = 8100 cm™).

AIE Property. It is well-known that TPE-derived molecules
exhibit aggregation-induced emission characteristics. The
presence of the TPE unit in TPEP and its insoluble
characteristics in water encouraged us to study the
aggregation-induced emission property of TPEP in THF/
water solvent mixtures. The absorption maxima at 403 nm of
100% THEF solution of TPEP was red-shifted to 455 nm upon
addition of 90% water with a leveling-off long-wavelength tail,
confirming the formation of nanoparticles (Supporting
Information). The leveling-off long-wavelength tail can be
attributed to the well-known Mei scattering effect, which has
been1 2documented in the literatures for AIE-active lumino-
gens.
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Figure 3. Emission spectra of TPEP in THF/water solvent mixtures (a) and TEM image of TPEP aggregates formed in THF/water mixture with
90% water fraction (b). Inset: photograph of the fluorescence emission of TPEP aggregates formed in THF/water mixture with 90% water fraction

(excitation wavelength: 365 nm).
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Figure 4. UV—vis and emission spectra of TPEP in solvents with different polarity (a) and selected frontier molecular orbitals for TPEP (b)

(isovalue = 0.03).

The 100% THF solution of TPEP is weakly emissive with a
Amax @t ~536 nm. The photoluminescence feature of TPEP is
insensitive (no spectral changes) to the initial addition of water
fractions ~10 and 20%. It was observed that upon addition of
30—70% of water fraction the PL spectra of TPEP progressively
red-shifted to 585 nm without changing the emission intensity.
The addition of water increases the polarity of the solvent
medium, and hence, the emission of TPEP (with D—A
structure) shifted to longer wavelength. However, at this point
we do not know why the luminescent intensity is insensitive to
the polarity of the solvent medium. Interestingly, at addition of
90% water fractions, the PL intensity enhanced rapidly, and the
luminescence maxima were blue-shifted to 518 nm. The weak
emissive characteristics of TPEP in dilute solutions can be
attributed to the enhanced nonradiative decay due to the
molecular free rotations. However, upon aggregation the
molecular free rotations ceased and the photoexcited molecule
prefers to relax via radiative-decay pathway. Thus, enhanced
luminescence intensity was observed for TPEP in an
aggregated state. The transmission electron microscopy
(TEM) images of the aggregated samples of TPEP confirm
the formation of nanoparticles (Figure 3b).

Theoretical Investigations. To understand the electronic
structure of TPEP, DFT computational studies were
performed. The hybrid B3LYP"’ functional has been used for
all calculations as incorporated in the Gaussian 09 package'* by
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mixing the Hartree—Fock-type exchange with Becke’s exchange
functional® and that developed by Lee—Yang—Parr for the
correlation contribution.'® We have considered the 6-31G(d)
basis set for all of the atoms, which provides reasonably good
quality results in reasonable time scales. Visualizations of the
optimized structures and the MOs were performed using
GaussviewS.0. The harmonic force constants were computed at
the optimized geometries to characterize the stationary points
as minima. TD-DFT vertical excitation calculations were
performed for TPEP on the basis of their ground-state
optimized structures.

The frontier molecular orbital of TPEP is shown in Figure
4b. The HOMO is mainly localized on the TPE unit with less
contribution from the 2-pyrone ring, and the LUMO is mainly
localized on the 2-pyrone ring with considerable contribution
from the phenyl ring of the TPE unit which is attached with 2-
pyrone. On the other hand, HOMO-1 is localized on the 2-
pyrone ring and LUMO+1 is TPE centered with less
contribution from the 2-pyrone ring. The localized frontier
molecular orbitals of TPEP clearly indicate that molecule may
redistribute the charge upon photoexcitation. This result is in
agreement with the experimentally observed solvent polarity
dependent PL characteristics of TPEP. The possible electronic
transitions involved in TPEP were calculated using TD-DFT
methods. The results revealed that the longer wavelength
absorption of TPEP originates from HOMO to LUMO, which
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Figure S. Change in fluorescence spectra of TPEP with the addition of PA in THF/water (10:90) mixtures (a), Stern—Volmer plot in response to
PA (b). Inset: Stern—Volmer plot obtained at lower concentration of PA.

involve charge transition from TPE to 2-pyrone and higher
energy absorption of TPEP originates from HOMO-1 to
LUMO. The calculated energy band gap between HOMO and
LUMO of TPEP is 3.09 eV, but the agreement between the
calculated and experimentally observed spectra is very poor
(Supporting Information). It has been well documented in the
literature that the B3LYP hybrid functional typically under-
estimates excitation energies in donor—acceptor complexes due
to an incomplete cancellation of self-interaction effects.
However, one can obtain better results implementing new,
contemporary methods by using range-separated functionals for
calculating excitation energies of D—A systems.'”

Picric Acid Sensing. Among the NACs, PA'® and TNT
need considerable attention because of their highly explosive
nature; consequently, detection of trace amounts of NACs has
been a field of interest to researchers in recent years. NACs are
main constituents in crackers, rocket fuels, and explosives.lg
Moreover, continuous terrorist activities all over the world have
prompted the scientific community to design and synthesize
efficient sensors for detecting explosives. Explosives are
considered as the main soil contaminants in war-affected
areas”’ and are also considered as health hazards.”" Applications
of nanoaggregates of the many organic molecules toward the
sensing of explosives are well documented in the literature by
Tang et al,,”” Kumar et al.,”® and others.”* On the other hand,
fluorescence-based detection takes advantage over other
methods™ due to its simple operation, time consumption,
sensitivity, selectivity, and low cost.”® In our previous work,''”
we have reported the nanoaggregates of hydrazono-sulfonamide
adducts as selective chemosensors for the detection of picric
acid. In continuation of our studies, the highly emissive nature
of fluorescent nanoaggregates of TPEP motivated us to screen
its application as sensor for NACs. For fluorescence titration
with NACs, we have utilized nanoaggregates of 90% water
fraction. Incremental addition of PA to the nanoaggregates
leads to a decrease in the emission intensity, and complete
quenching was observed after addition of 40 equiv of picric acid
(Figure Sa). We did not observe any change in wavelength
during the addition of PA.

The data from fluorescence titrations were used to calculate
the quenching constant using the Stern—Volmer equation (eq

1)

Io/T=1+ Kg[Q] e
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where, I, and I are the PL intensities before and after addition
of PA, [Q] is the quencher concentration, and Kgy is the
Stern—Volmer or quenching constant.

The Stern—Volmer plot (I,/I vs PA concentration) is
presented in Figure Sb. At higher concentrations of PA, the
plot bent upward due to super amplified quenching effect,””
however, linearity at lower concentration PA indicates the
involvement of static quenching mechanism. The quenching
constant was found to be 5.6 X 10° M™'. The turn-off
mechanism is attributed to the electron transfer and/or energy
transfer mechanism®® between nanoaggregates of TPEP and
picrate ion. The spectral overlap of the absorption spectrum of
PA with the emission spectrum of TPEP in the wavelength
region 424—494 nm promotes efficient energy transfer from the
excited state of nanoaggregates of TPEP to the ground state of
PA, thus further increasing the quenching efficiency. On the
other hand, the electron-deficient nature of PA can easily
quench the fluorescence of nanoaggregates of TPEP via an
electron-transfer process. In addition to PA, we also screened
other NACs such as 2,4,6-trinitrotoluene (TNT), 4-nitro-
benzene (NB), 1,4-dintrophenol (DNP), and 4-nitrophenol
(NP) for quenching of the fluorescence of nanoaggregates of
TPEP; from the results, we conclude that the nanoaggregates
of TPEP selectively and efficiently interact with PA than other
NACs (Figure 6).

For practical usage, we have also demonstrated the test strip
based detection of PA by using TLC plates. The fluorescent
test strips were prepared using TLC plates coated by dipping
into a solution of TPEP. The coated strips were dried under
vacuum and then used for the solid-phase detection of PA. The
highly emissive nature of the test strips becomes nonemissive
when it is in contact with the PA (Figure 7). The detection
limit was found to be in the range of 22 nM.”

B CONCLUSION

In conclusion, tetraphenylethene—2-pyrone (TPEP) conjugate
with donor—acceptor structure have been synthesized and
structurally characterized. TPEP exhibits solvent polarity
dependent photoluminescence characteristics, which confirm
the involvement of the polar excited state in the emission
process. This was further confirmed with theoretical TD-DFT
calculations. TPEP is weakly emissive in dilute solutions and
strongly emissive in the aggregated state. The detailed optical
investigations revealed that restricted intermolecular rotation at
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Figure 6. Relative fluorescence quenching of nanoaggregates of TPEP
upon addition of various NACs (40 equiv) in THF/water (10:90)
mixture.
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Figure 7. Test strips based detection of PA. Visualization of TPEP and
TPEP with PA under day light (a, b), UV light 254 nm (¢, d), and 365
nm (e, f).

the aggregated state is responsible for the aggregation-induced
emission (AIE) characteristics. The luminescent nanoaggre-
gates of TPEP were utilized for the selective detection and
discrimination of explosive nitroaromatic compounds. In
addition, low-cost fluorescent test strips for selective detection
of PA were developed to show the merits of TPEP.

B EXPERIMENTAL SECTION

Materials and Methods. Unless stated otherwise, all solvents and
chemicals were obtained from commercial sources and used without
further purification. Acetyl TPE*® and SSA12*" were prepared using
the reported procedure, and spectral data are in good agreement with
the literature. Analytical thin-layer chromatography (TLC) was
performed on precoated silica gel-G plates using a mixture of
petroleum ether (60—80 °C) and ethyl acetate (7:3) as the eluent. The
NMR spectra were obtained at 300 MHz for 'H and 75 MHz for *C
using TMS as an internal standard and CDCl; as solvent. Chemical
shifts are expressed in parts per million (ppm), and the coupling
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constants (J values) are expressed in hertz (Hz). The following
abbreviations are used to indicate spin multiplicities: s (singlet), m
(multiplet). Melting points were determined using open capillaries and
are uncorrected. Absorption measurements were carried out on a
single-beam UV-diode array spectrophotometer. Fluorescence emis-
sion studies were performed using a Fluoromax-4 spectrometer. Mass
spectra were obtained with a Micromass Q-TOF mass spectrometer
(ESI-HRMS). The morphological characterization of nanoaggregates
was determined by using transmission electron microscopy. Single-
crystal X-ray diffraction data were collected with a SMART APEX
diffractometer equipped with a three-axis goniometer. Using Olex2,
the structure was solved with the ShelXS structure solution program
using direct methods and refined with the SHELXL refinement
package using least squares minimization. The slit width was 5 nm for
both excitation and emission. HPLC-grade solvents were used for
photophysical measurements.

Preparation of Aggregates. A stock solution of TPEP was
prepared in tetrahydrofuran (THF) (10™* M). An aliquot (1 mL) of
this stock solution was transferred to the volumetric flask. An
appropriate amount of THF and water was added to the flask under
vigorous stirring to obtain the 107> M THF /water mixture with water
fractions of 0—90%. The spectral analysis of the resultant mixtures was
measured immediately.

Caution! The nitroaromatic compounds used in this study,
especially TNT and picric acid, are very powerful explosives. They
must be handled with care and also in very small quantities.

Synthesis of TPEP. A mixture of acetyl TPE (4.4038 g, 0.0118
mol, 1.2 equiv), SSA (2.0000 g, 0.0098 mol, 1 equiv), and powdered
potassium hydroxide (0.6599 g, 0.0118 mol, 1.2 equiv) in DMSO (8
mL) was stirred at room temperature for 13 h. The progress of the
reaction was monitored by TLC, and on completion, the reaction
mixture was poured into ice—water with constant stirring. The
precipitate thus obtained was filtered and purified on silica gel column
using petroleum ether/ethyl acetate as the eluent to afford TPEP (4.2
g, 87%) as a yellow solid: mp 230—232 °C; '"H NMR (300 MHz,
CDCL,) 6 2.67 (s, 3H), 6.62 (s, 1H), 7.02=7.03 (m, 6H), 7.11=7.17
(m, 11H), 7.59-7.62 (d, ] = 7.6, 2H); '*C NMR (75 MHz, CDCl;) §
14.7,90.3, 97.6, 1134, 126.0, 1269, 127.1, 127.3, 127.7, 127.9, 1311,
1312, 1322, 139.3, 142.7, 142.9, 142.9, 1432, 149.1, 157.2, 1618,
169.7; HRESI-MS (m/z) calcd for C33;H,,NO,S (M + Na) 520.1347,
found (M + Na) 520.134S.
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