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Introduction

Imidazol[1,5-alpyridine—benzilimidazole
conjugated (donor—n—acceptor) greenish-yellow
fluorophores and their applications in white
light-emitting diodes, acidochromism and
anticounterfeitingt

Bhabana Priyadarshini Debata,? Sabita Patel () ** and Sivakumar Vaidyanathan () *°

This work reports the design and synthesis of three D—rn—A push—pull fluorophores (BPy-1, BPy-2, and
BPy-FL) featuring flexible phenyl or rigid and sterically hindered diethylfluorene moieties. The role of
spacer units in modulating their photophysical properties has been analyzed through DFT analysis and
experimental findings. All the fluorophores are characterized by excellent intramolecular charge transfer
(ICT) and positive solvatochromism with a large Stokes shift (~7000 cm™) due to the presence of the
N1 functionalized benzilimidazole acceptor and the 1,3-diphenylimidazoll,5-alpyridine donor attached
through a phenyl spacer in the case of BPy-1 and BPy-2 and a diethyl fluorene spacer in BPy-FL. BPy-1
and BPy-2 show strong greenish-yellow emission at around 520 nm in solution, solid, and thin-film
matrices with a good quantum vyield (~70%). BPy-FL exhibits blue emission (1max = 458 nm) in THF
solution and intense greenish-yellow emission (4nax = 510 nm) in the solid state with an absolute
quantum vyield of 93%. The fluorophore BPy-FL shows aggregation-induced emission (AIE) and
hybridized local charge transfer (HLCT) characteristics. The DFT analysis depicts the energy matching
of high-lying triplet states (T4—Ts) with the first excited singlet state, which is beneficial for hot exciton
harvesting. Due to their strong greenish-yellow emissions in the solid state, these fluorophores are
employed as organic downconverter materials in hybrid white light-emitting diodes (LEDs). Among the
fabricated white LEDs, the LED consisting of BPy-FL demonstrated excellent luminous efficiency with a
high color rendering index (CRI) of ~90% and CIE coordinates (0.37,0.32) almost identical to the NTSC
standard. Due to the bipolar nature of the imidazole ring, all these fluorophores display remarkable on—
off—on fluorescence behavior in response to alternate addition of acid and base in solution as well as in
a thin film state. These fluorophores are, therefore, successfully utilized as fluorescent pH sensors to
detect volatile organic compounds with high acidity (an orange emissive state at pH < 4 and a
greenish-yellow emissive state at pH > 4). The sensing mechanism has been studied through *H-NMR
and DFT analyses. The potential of these fluorophores in anticounterfeiting applications has been
studied, and due to intense emission in the solid state of BPy-FL, its application in latent fingerprint (LFP)
detection has also been explored.

in sensors, fluorescence imaging, nonlinear optical materials,
solid-state lasers, and light-emitting diodes (LEDs)."™ Benzilimi-

Organic fluorophores with donor-n-acceptor (D-n-A) push-pull  dazole (BI) has retained its appeal over the last 20 years, especially

systems have drawn much interest because of their potential uses  for lighting and sensing applications.>” BI is an essential building

block for the D-n-A design strategies for various sensing and
optoelectronic applications. Its imidazole ring has two electrically

“ Department of Chemistry, National Institute of Technology Rourkela, distinct N atoms (Nl and N3): one electron rich and another

Rourkela-769008, Odisha, India. E-mail: sabitap@nitrkl.ac.in
b Department of Chemistry, Indian Institute of Technology, Kandi, Sangareddy,
502285, Hyderabad, Telangana, India. E-mail: vsiva@chy.iith.ac.in

electron deficient on opposite sides of the C2 atom. This bipolar
nature makes it possible to create luminophores with moderate
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cence, phosphorescence, and fluorescence. Because of their vast
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potential in a variety of domains, including fluorescent sensors
and optoelectronic applications, bipolar imidazole derivatives have
attracted a lot of attention from both academia and industry as
stable and effective luminous materials.® > They have remarkable
charge-transport characteristics and an excellent photolumines-
cence quantum yield. Substituted BI can act as either a soft
electron-withdrawing or a soft electron-donating partner when
attached to form a D-n-A framework, depending upon the con-
nectivity at the C2 position.®'" Due to their ease of synthesis, rigid
structure, thermal stability, bipolar nature, excellent emission
behavior, aggregation-induced emission (AIE) feature, and possi-
bility for different structural changes at the N1 and C2 locations of
the benzilimidazole ring, these materials are increasingly used as
organic emissive materials in a variety of optical, analytical and
optoelectronic applications.

Solid-state lighting (SSL) technologies, which include LEDs,
have the potential to replace traditional lighting sources like
incandescent and fluorescent lights due to their environmental
and financial benefits."”>'® SSL technologies are increasingly
replacing conventional light sources due to their advantages
of low power consumption, longevity, directionality, resilience,
and compact size. SSL aims to produce white light with con-
sistent illumination and suitable color coordinates for general
lighting and display purposes.’”*® By substituting organic
materials for conventional phosphors in hybrid LEDs, the
solid-state lighting sector could avoid becoming overly reliant
on costly rare-earth-containing compounds.'****° The quicker
reaction time of the organic materials compared to the tradi-
tional phosphors is another advantage for applications such as
visible light communications.**** White light may be pro-
duced in inorganic and organic LEDs using various techniques.
Three techniques are mainly used for producing white light in
inorganic LEDs: (a) combining red, green, and blue monochro-
matic photons; (b) utilizing ultraviolet (UV) LEDs as excitation
sources for blue, green, and red phosphors; and (c) using blue
LEDs to excite green, red, or yellow phosphors.'*?*?*?> The
first technique (a) is the least successful because of the cost-
effectiveness, challenges with consistent color mixing, and
unsuitability for large-scale production. Down-conversion phos-
phors have been employed as the luminous materials in
techniques (b) and (c), where the luminescence conversion
results from the Stokes shift between the light absorbed
and re-emitted by an organic material or an inorganic phos-
phor.”*® Researchers have utilized phosphors based on silicon-
based oxynitride and nitride compounds, aluminates, sulfides,
and orthosilicates. However, most oxide-based phosphors have
minimal visible spectrum absorption, making it difficult to couple
them with blue LEDs. Organic phosphors may be readily spin-cast
and dip-coated across vast substrates, offering a wide range of
color tunability.>**" A hybrid inorganic/organic LED design is an
intriguing way to address this problem. This approach applies an
organic material with an absorbance band that matches the
emission wavelength of the inorganic structure of a blue-
emissive inorganic UV LED.*>** The organic material converts
the lower-energy yellow-red light and high-energy blue lumines-
cence that the inorganic LED emits into an energy-down-converter
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that produces high-quality white output.'*** The IlI-nitride alloy
system, which can produce light from the ultraviolet (UV) through
the visible to infrared spectrum, is the preferred material system
for inorganic LEDs.*' Hybrid white light emission may generally
be achieved using three primary colors (red, green, and blue) or
two contrasting colors (blue and yellow or greenish-yellow).>> The
first method is most common due to its better color stability.
Traditional white LEDs have a very low color rendering index (CRI)
and correlated color temperature (CCT), as the three essential
constituents in the white LED spectrum have not been appro-
priately mixed.>® A promising approach to address this issue
involves the use of a hybrid inorganic/organic LED architecture.
This setup involves coating a commercially available InGaN
inorganic LED (n-UV LED) with an organic material whose
absorbance band matches the emission wavelength of the in-
organic LED. This combination effectively converts the high-
energy blue light from the inorganic LED into lower-energy
yellow-red light from the organic material, resulting in high-
quality white light."*373°

Stimulus-responsive optical materials are among the most
important emitters. The phrase “acid protonation emission”
refers to the tunable fluorescence produced by protonation
or deprotonation, a powerful stimuli-responsive approach that
involves a reversible color shift in fluorescence caused by
acid.’®™** As a result, materials exhibiting acid-sensitive fluores-
cence have garnered significant attention across various domains.
Developing sensor devices to identify dangerous compounds in
the environment has been a prominent field of study due to their
growing significance for environmental protection, social security,
and industrial safety in recent years. Using sensors to identify
harmful gases has drawn a lot of interest. In this rapidly expand-
ing world, one of the leading causes of the emission of harmful
acid-base vapors is the rapid expansion of agriculture and
industry. These toxic fumes irritate the skin, eyes, and respiratory
tract, threatening human health and the environment. In parti-
cular, ammonia poisoning poses a severe risk to the central
nervous system of humans. The luminescence switching of
organic fluorophores (HCl and NH; vapors) is one of the best
methods for visually identifying dangerous gases.** >

In many scientific fields, visualizing latent fingerprints
(LFPs) is a crucial technical endeavor offering concrete evi-
dence. Information encryption, forensic sciences, and medical
diagnostics are fields that have shown great interest in finger-
prints because of their complex patterns and chemical insights.
Ridge patterns, minute minutiae, finer structures like pores,
and particular edge characteristics are all examples of the
comprehensive information encoded in fingerprints.*® The
suitability of a wide range of luminous materials, including
both organic and inorganic chemicals, for LFP detection is
examined. Organic compounds are exciting because they show
high luminescence performance, flexible architectures, and low
toxicity. However, especially at higher concentrations, their
efficacy in LFP fluorescence imaging is limited by the problem
of aggregation-caused quenching (ACQ). Aggregation-induced
emission (AIE)-active organic compounds that show strong
emissions in aggregated forms, such as solids or aqueous

This journal is © The Royal Society of Chemistry 2025
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solutions, are a recent trend.”’*° As compared to traditional
powder techniques, they have several advantages, including
increased sensitivity, better visibility, compatibility with digital
imaging, and multi-wavelength imaging. They are able to
function on a wider range of surfaces, including greasy, oily,
and weather-damaged surfaces. Fluorophores are essential for
forensic experts because of these advantages, particularly when
working with complicated surfaces or when high-definition
imaging is required.*

For next-generation lighting and sensing technologies,
fluorophores with high quantum efficiency, robust stability,
and adjustable emission are needed. However, the solid-state
aggregation-caused quenching (ACQ) that conventional fluor-
ophores frequently experience restricts their applications in
solid-phase devices. Also, traditional AIE fluorophores glow
weakly or not in diluted solutions due to intramolecular motion
and non-radiative transition. Dual-state emissive fluorophores
overcome the conventional AIE constraint (low solution-state
emission) by exhibiting high emission in both the aggregated/
solid state and solution.’’* One of the greatest ways to get
around this is to combine the advantages of hybridized loca-
lized and charge transfer (HLCT) and aggregation-induced
emission (AIE) with dual-state emission (DSE), each of which
has special benefits for optoelectronic applications. AIE-active
compounds with DSE show good emission in solution and
become extremely emissive during aggregation, unlike ordinary
fluorophores that undergo ACQ.>*>° Decreased intramolecular
motion (RIM) and rigid conformation, which inhibit non-
radiative decay routes, are responsible for this behavior.
Because of their superior solid-state luminescence and envir-
onmental durability, AIE fluorophores have found effective
applications in LEDs, sensors, and biological imaging. By combi-
ning charge transfer (CT) and localized excited (LE) states, HLCT
fluorophores enable rapid radiative decay while using triplet
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excitons for increased efficiency. In addition to providing a
practical solution to the ACQ problem faced by traditional emit-
ters, they have enormous potential for use in fluorescent sensors,
chemical detection, optoelectronic devices, biological imaging,
LED manufacture, and other domains. Therefore, a fluorophore
that combines the processes of AIE and HLCT may provide dual-
state emission (DSE) and enhanced exciton utilization, making it
extremely useful for real-world applications. D-n-A molecules
with balanced LE and CT states and twisted conformation pro-
mote HLCT and AIE in the same molecule. Therefore, combining
the HLCT feature with AIE characteristics is a positive way to
achieve a win-win scenario. In this regard, here three imidazole-
based D-n-A molecules with dual-state fluorescence properties
have been developed and synthesized. Fig. 1 shows the design
strategies of the fluorophores. The chemical structures are shown
in Fig. 2. The synthesized fluorophores are employed as organic
downconverter materials to fabricate hybrid white LEDs, pH
sensors, and acid-base vapor sensors, and they are also used in
anticounterfeiting applications.

Materials design strategies

As mentioned above, BI can act as both a donor and an acceptor
depending on the connectivity; when it is connected with the
strong electron-withdrawing group, it acts as a donor, and
when it is connected with a strong electron-donating group, it
acts as an acceptor. Due to this bipolar nature, the emission
color can be tuned from blue to green by different connectivi-
ties. As previously reported by our group, when benzilimidazole
is connected with tetrahydrodibenzophenanthridine it acts as a
donor with deep-blue emission.® Therefore, in this work, to
explore the role of benzilimidazole (as a donor or an acceptor)
and its impact on the ICT emission behaviour, three D-n-A
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Fig. 1 Design strategies of the fluorophores.
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Fig. 2 Chemical structures of the synthesized fluorophores.

fluorophores are developed and synthesized by modifying the
benzilimidazole core and connecting it with 1,3-diphenylim-
idazo[1,5-a]pyridine using different n-linkers (Fig. 2). In these
synthesised fluorophores, when BI is connected with 1,3-
diphenylimidazo[1,5-a]pyridine, it is found to act as an electron
acceptor. It is also found to have enhanced delocalization of
n-electrons and increased HOMO-LUMO overlap, responsible
for the shift of the emission color to the yellow region with
greater ICT. Hence, in this work, the N1 position of the BI ring
is substituted with the phenyl ring and tert-butyl phenyl ring.
The phenyl ring extends the conjugation and increases the ICT.
The tert-butyl group is characterized by its considerable size
and bulkiness, which increase steric hindrance. The large tert-
butyl group makes the fluorophore more soluble and hydro-
phobic in organic solvents. By producing steric hindrance, the
tert-butyl group lessens quenching caused by aggregation and
stops excessive m-m stacking. As a result, solid-state lighting
benefits greatly from improved solid-state fluorescence quan-
tum yield. The tert-butyl group increases the thermal stability
and photoluminescence quantum yield of the fluorophores.
The absorption and emission spectra of the tert-butyl-subs-
tituted fluorophore are slightly blue-shifted as compared to
the unsubstituted phenyl. This phenomenon may significantly
influence the molecular conformation of the benzilimidazole
derivative, thereby potentially modifying the rigidity and pla-
narity of the molecular structure. BPy-1 and BPy-2 are synthe-
sized using a phenyl n-linker between D and A units. The
arrangement of the electron donor and acceptor groups at both
ends of an aromatic n-bridge provides an electrical push—pull
configuration that facilitates effective intramolecular charge
transfer (ICT), as seen in Fig. 1.

Again, to determine the effect of the n-spacer, the fluoro-
phore BPy-FL is synthesized, where the flexible phenyl group is
replaced with a rigid and sterically hindered 9,9-diethyl-9H-
fluorene ring in the n-bridge in the D-A framework. It is well
known that the fluorene ring provides a high fluorescence
quantum yield and a well-defined conjugation route by redu-
cing the conformational flexibility in the D-n-A structure.®®’
The close n-n stacking interactions between adjacent mole-
cules are reduced by the steric bulk introduced by the diethyl
groups at the 9-position of the fluorene ring, which may also
promote the DSE properties.’®*° When the fluorophore exhi-
bits lower intramolecular mobility in the aggregated form, it is
possible to get high fluorescence emission in the solid state.
Furthermore, excessive twisting in the D-A fluorophore can

10416 | J Mater. Chem. C, 2025, 13,10413-10433
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lower emission efficiency, especially in the solution phase, which
can be avoided with the insertion of a rigid core. The balance
between LE and CT states in the rigid BPy-FL core, which is
essential for HLCT behavior, is guaranteed by a moderate D-A
interaction by introducing the 9,9-diethyl-9H-fluorene ring.

Three bipolar D-n-A emitters, BPy-1, BPy-2 and BPy-FL
(Fig. 2), are synthesized by combining the substituted benzil-
imidazole ring with 1,3-diphenylimidazo[1,5-a]pyridine (Scheme 1).
Spectroscopic methods such as mass spectrometry and NMR
spectroscopy were used to analyze the structural properties of
the synthesized fluorophores. The electrical characteristics,
thermal stability, and photophysical characteristics were thor-
oughly examined. The potential of these synthesized fluoro-
phores as emitting molecules for the fabrication of white LEDs,
PH sensors, and acid-base vapor sensors and for LFP detection
and anticounterfeiting applications is explored.

Experimental section
Materials

All the reactions were conducted under a nitrogen atmosphere.
The starting materials were purchased from a commercially
available source (Sigma Aldrich) and used without further
purification. The reactions were monitored by thin-layer chro-
matography (TLC) using silica gel 60 F,5, aluminum plates
(Merck). The silica gel (Sigma-Aldrich) was used for column
chromatography.

Synthetic route

Using the Suzuki cross-coupling approach, the fluorophores
BPy-1, BPy-2 and BPy-FL are synthesized by mixing 3-(4-bromo-
phenyl)-1-phenylimidazo[1,5-a]pyridine with 1,4,5-triphenyl-2-
(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)-1 H-imid-
azole, 1-(4-(tert-butyl)phenyl)-4,5-diphenyl-2-(4-(4,4,5,5-tetramethyl-
1,3,2-dioxaborolan-2-yl)phenyl)-1H-imidazole and 2-(9,9-diethyl-7-
(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl}-9H-fluoren-2-yl)-1,4,5-
triphenyl-1H-imidazole respectively (Scheme 1). Details of syn-
thetic procedures of the fluorophores are mentioned in the ESI}
(Sections S1 and S2). All the NMR and HRMS spectra are shown
in the ESIf (S3 and S4). Intermediate 4 was synthesized by
condensation between diketone, aniline derivatives, and alde-
hyde derivatives in the presence of ammonium acetate (NH,OAc)
and acetic acid (AcOH), as reported by our group previously.®"**
The Miyaura borylation reaction was adopted to synthesize

This journal is © The Royal Society of Chemistry 2025
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Scheme 1 Synthetic route of the fluorophores.

intermediates 1 and 2. The Suzuki coupling reaction was used to
synthesize the final products.

Results and discussion
Computational study

To comprehend the electrical properties and structural compo-
sition of fluorophores, density functional theory (DFT) and
time-dependent DFT (TD-DFT) analyses were conducted using
the B3LYP/6-31G(d,p) basis set.®® Fig. 3 displays the geometries
of the ground state, frontier molecular orbitals (highest occu-
pied molecular orbital (HOMO)/lowest unoccupied molecular
orbital (LUMO)), and the electrostatic potential map (ESP) of
the fluorophores. The optimized geometry shows a rigid twisted
structure. The dihedral angle (0) between the imidazole and
phenyl units in the optimized geometry is 53° and 54° for BPy-1
and BPy-2, respectively. The angle between the phenyl spacer
and the donor unit is 57° and 59° for BPy-1 and BPy-2,
respectively. BPy-2 has a more twisted geometry than BPy-1
due to the tert-butyl group at the N1 position, which slightly
restricts the conjugation and breaks the planarity of the mole-
cule as compared to the phenyl ring. In the case of BPy-FL, the
dihedral angle between the acceptor unit and the fluorene ring
is 64°, while the angle between the donor unit and the fluorene
ring is 72°. This constrained molecular geometry is proposed
to minimize energy loss during the non-radiative transition
and aggregation-caused quenching by limiting intermolecular
interactions.®*® From the electronic distributions, it is seen

This journal is © The Royal Society of Chemistry 2025
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that the HOMO is mainly dispersed over the 1,3-diphenyl-
imidazo[1,5-a]pyridine unit in all three fluorophores. The elec-
tron density of the LUMO is found to spread mostly across the
n-bridge, phenyl ring of the [1,5-a]pyridine ring, and very tiny
areas of the imidazole ring for BPy-1 and BPy-2. BPy-1 has a
slightly greater HOMO-LUMO overlap as compared to BPy-2
due to the phenyl ring at the N1 position, which extends the
conjugation. This overlap of the HOMO and LUMO increases
the charge transfer in excited states in both the fluorophores.
In the case of BPy-FL, the HOMO is mainly localized in 1,3-
diphenylimidazo[1,5-a]pyridine and the LUMO is located in the
n-spacer fluorene ring and slightly extended up to the imidazole
unit. Here the HOMO is mainly localized on the donor, whereas
the LUMO is localized on the fluorene bridge and somewhat
extended up to the acceptor imidazole unit. This partial separa-
tion of the HOMO and the LUMO reduces the energy gap
between singlet and triplet energy levels and facilitates reverse
inter-system crossing (RISC) from triplet to singlet states
and also it balances the LE and CT characters, forming a hybrid
HLCT excited state.®®®” HLCT characteristics are confirmed
using TDDFT. Singlet-triplet energy levels are calculated using
TDDFT, and as seen in Fig. S11 (ESIf), the energy difference
(AEst) between T, Ts and S, is 0.07 eV. RISC occurs from the
higher triplet state (T = 4,5) to the low-lying singlet state (S =1,2)
due to the small AEg; between these states. This energy
difference facilitates the hot exciton channel from the high-
lying triplet state to the low-lying singlet state and can uti-
lize the dark triplet exciton as radiative emission. For BPy-1,
BPy-2, and BPy-FL, the expected HOMO/LUMO energies are

J. Mater. Chem. C, 2025, 13,10413-10433 | 10417
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Fig. 3 Optimized molecular geometry, HOMO/LUMO energy levels, and electrostatic potential map of the fluorophores of BPy-1, BPy-2 and BPy-FL.

—4.87/—1.30 eV, —4.85/—1.28 eV, and —4.87/—1.40 eV, respec-
tively. The theoretical band gaps (E,) of the fluorophores are
found to be 3.5 eV for BPy-1 and BPy-2 and 3.4 eV for BPy-FL.
The spread of ground-state electronic clouds was also examined
using an ESP map. The highest negative potential (red cloud)
for all the fluorophores is located in the pyridine ring nitrogen
atom (-N=—) and the imidazole nitrogen. In contrast, the phenyl
rings of the benzylimidazole ring and the m-bridges have
the highest positive potential (blue cloud). The green and
yellow areas on the ESP map represent the neutral electrostatic
potential of the fluorophores. Additional information, such as
the atomic coordinates, singlet-triplet energy levels, oscillator
strengths (f), and vertical transitions, is provided in the
ESI+ (SI6).

Thermal and electrochemical properties

To look into the thermal characteristics of the compounds,
thermogravimetric analysis (TGA) and differential scanning
calorimetry (DSC) were carried out in the nitrogen environ-
ment as shown in Fig. 4a. The DSC-TGA measurements
were conducted between 30 and 600 °C at a scanning rate of
10 °C min~". All the fluorophores have high decomposition
temperatures (Ty, or 5% weight loss), demonstrating good
thermal stability. According to the DSC profile, no glass

10418 | J. Mater. Chem. C, 2025, 13,10413-10433

transition temperatures were found, and the fluorophores have
remarkably high melting points (7,,) that match the melting
point temperatures. Among these, BPy-FL has high Ty and T,
i.e. 451 and 326 °C respectively. This may be due to the rigid
structure and extended fluorene ring with the diethyl group.
The T4 and Ty, of the fluorophores are tabulated in Table 1. The
HOMO/LUMO levels of the compounds were determined by
cyclic voltammetry (CV) (Fig. 4b), which was performed using
0.1 M tetrabutylammonium perchlorate (Bu,;NClO,) as an elec-
trolyte support in DMF solvent at a scanning rate of 100 mV s~ .
It exhibits various oxidation and reduction activities and has
the capacity to carry a bipolar carrier in the case of all the
fluorophores. Based on the onset potentials, the HOMO and
LUMO energy levels were calculated using eqn (1) and (2) by de
Leeuw et al. The calculated HOMO and LUMO energy levels and
bandgaps are tabulated in Table 1.

Enomo = — (B3R + 4.4) eV €))

Erumo = —(Ered® + 4.4) eV 2

Photophysical properties

The photophysical characteristics were examined using UV-vis and
photoluminescence (PL) spectroscopy to understand the ground
state and excited state properties of the fluorophores (Fig. 5).

This journal is © The Royal Society of Chemistry 2025
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Table 1 Electrochemical and thermal properties of the fluorophores
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(a) TGA and DSC curves of the fluorophores under the nitrogen atmosphere and (b) cyclic voltammetry (CV) of the fluorophores.

Fluorophores Thermal decomposition temperature (Tq4) Melting temperature (Ty,) HOMO (eV) LUMO (eV) Bandgap (E,)
BPy-1 403.4 °C 269 °C —5.61 —-3.19 2.85
BPy-2 413.7 °C 270 °C —5.62 —-3.13 2.89
BPy-FL 451 °C 326 °C —5.57 —3.28 2.29

The UV-vis spectra (107> M in toluene) show that all three
fluorophores have almost identical absorption peak positions
due to the structural similarities, as shown in Fig. 5a. The
strong and intense peaks at around 255 nm are due to the
localized m-n* transitions in the conjugated aromatic rings.
Meanwhile, the intramolecular charge transfer from the donor
to the acceptor is accountable for the lower energy higher
wavelength absorption peaks at ~365 nm. Diffuse reflectance
spectra (DRS) (Fig. 5b) are used to calculate the optical band
gaps using the Kubelka-Munk function.®® The optical band
gaps are determined to be nearly between 2.9 and 3 eV for all
the fluorophores. The PL spectra (Fig. 5c) showed greenish-
yellow emission for BPy-1 and BPy-2 and blue emission for
BPy-FL in THF solutions (10> M) with maxima at 518 nm,
519 nm, and 464 nm, respectively. Due to the intermolecular
interaction, the thin film and solid PL spectra (Fig. 5d) were
redshifted to nearly 525 nm and 540 nm for BPy-1 and BPy-2,
respectively.'®® The fluorophore BPy-FL showed a highly
intense emission peak at 509 nm in the solid state, as shown
in Fig. 5d. BPy-FL exhibited dual-state emission in both
solution and solid-states with different emission colors. The
capacity of the fluorophore to show strong fluorescence in both
the dissolved state of the solution and the aggregate/crystalline
state of the solid with different emission colors is known as
dual-state emission or DSE. This phenomenon is especially
interesting since many conventional fluorophores experience
ACQ in the solid state, where fluorescence quenching is driven
by intermolecular interactions (such as n-n stacking). Here, all
the synthesized fluorophores exhibit DSE characteristics, but
the intensity of the solid-state emission is much brighter than

This journal is © The Royal Society of Chemistry 2025

the solution state for BPy-FL. It showed a bright greenish-yellow
emission in the solid state. BPy-FL may exhibit Twisted Intra-
molecular Charge Transfer (TICT) effects in the solid state, in
which redshifted fluorescence results from twisted conforma-
tions forming lower-energy emissive states. This may be due to
the 9,9-diethyl-9H-fluorene ring. The phenyl ring is more planar
than the substituted fluorene ring. So, the latter restricts and
twists the conformation of BPy-FL as compared to the other two
fluorophores. Due to the more twisted and rigid geometry, the
conjugation is hampered in the case of BPy-FL. So the fluor-
ophore BPy-FL exhibited blue shifted emission compared to the
others. Fig. 9 shows the digital images of the fluorophores in
thin film, powder form, and solutions under UV light (365 nm).

Aggregation induced emission (AIE) properties

Encouraged by the outstanding photophysical characteris-
tics and intense emission in the solid state of the fluorophore
BPy-FL, the aggregation-induced emission characteristics were
examined in THF/H,O mixtures with varying water percentages
ranging from 0% to 99%. The AIE behavior of BPy-FL was
examined by monitoring the variations in fluorescence inten-
sity and UV-vis absorbance with the water ratio in a THF-water
solvent mixture where THF functions as a good solvent and
water as a non-solvent. Fig. 6 displays the UV-vis absorption
and PL emission spectra of BPy-FL in THF with the gradual
addition of water. The UV-vis absorption and fluorescence
spectra in THF:water mixtures with different water fractions
(Fw) were investigated while maintaining a constant BPy-FL
concentration of 1 x 107> M. In pure THF medium, BPy-FL
showed charge transfer absorption bands at a A« of 365 nm.

J. Mater. Chem. C, 2025, 13,10413-10433 | 10419
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Fig. 6 (a) UV-vis absorption spectra; (b) fluorescence spectra of BPy-FL in different THF:water fraction (10> M) solutions; (c) plot of PL wavelength vs.
water fraction; and (d) plot of PL intensity vs. water fraction.

Due to a higher level of the ICT effect in response to the increased
solvent polarity of the THF:water binary combination, a batho-
chromic shift has occurred with an increased water volume

10420 | J Mater. Chem. C, 2025,1

3,10413-10433

fraction (Fig. 6a). The absorption maximum moved from
365 nm to 377 nm. It was discovered that absorbance gradually
decreased when the water component increased to 80%, which

This journal is © The Royal Society of Chemistry 2025
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might be interpreted as a sign of aggregation development.
BPy-FL showed poor solubility in water but great solubility
in THF. It showed good blue fluorescence in THF when exposed
to UV light (365 nm), but the fluorescence intensity again
increased with greenish-blue emission when greater water
factions were present. Due to aggregate formation in a water-
rich medium, the fluorescence intensity was significantly
increased, reaching an emission maximum at 475 nm at an
80% water fraction. According to this result, BPy-FL showed
excellent emission intensity in both solution and aggregate
forms. The emission intensity increased after 30% water fraction;
when the water component is 80%, it is at its highest. It was
discovered that the fluorescence intensity has increased by
6 times. A sharp rise in emission intensity showed the AIE
characteristics of the compound, as seen in Fig. 6b. The emission
intensity increases due to the restricted intramolecular rotation
and motion in aggregate form, which decreases the non-radiative
transition. Molecular interactions within the probe ensemble
prevent aromatic rings from rotating freely in the aggregated
state, suppressing non-radiative excited-state energy changes.
Fluorescence emission is significantly increased due to excited-
state molecules being forced to return to the ground state via
radiative pathways. When F,, was raised beyond 80%, the fluores-
cence intensity of BPy-FL in the THF:water combination
decreased, as shown in Fig. 7b. Typical AIE fluorophores only
exhibit fluorescence upon aggregation and are normally non-
emissive in solution due to intramolecular movements that allow
non-radiative decay, but the fluorophore BPy-FL shows preferen-
tially good emission in both solution and solid/aggregated states;
this is an uncommon and desired characteristic for use in a
variety of optoelectronic applications. The plots of wavelength

View Article Online
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and relative intensity (I/I;) as a function of water fraction for
BPy-FL are displayed in Fig. 6¢c and d, where I and I, represent the
fluorescence intensities with and without water in the THF:water
mixtures. These plots illustrate the variations in bathochromic
shift and fluorescence intensity enhancement of the systems.

The fluorescence lifetimes were investigated to understand
better the characteristics of the fluorophores in their excited
states. Time-correlated single photon counting (TCSPC) was
used to assess excitation decay, using the appropriate laser
diodes by matching the emission maxima of the fluoro-
phores.”® The decay curves are depicted in Fig. 7, and the
fluorescence lifetime data are represented in Table 3. The
lifetimes of the synthesized luminophores were calculated
using eqn (3).%7

t
(1) = fo + 41 exp(—) 3)

where ¢ is the time in nanoseconds, 7 is the exponential decay
time, A, is the scalar amount obtained from the curve fitting,
and I, is the offset value (I, = 0). The lifetimes of the fluor-
ophores were determined and are tabulated in Table 3. BPy-FL
has a higher lifetime in the solid state than in solution, which
may be due to the AIE properties of the fluorophores and due to
the rigid and restricted conjugation, which increases the dura-
tion of the excited state and reduces non-radiative relaxation.

An integrating sphere was used to determine the photolu-
minescence quantum yield (@) of the fluorophores (Fig. S10,
ESIt). The quantum yield of all the fluorophores is mentioned
in Table 2. The @ of BPy-2 is more than that of BPy-1, which may
be attributed to the tert-butyl substitution, which restricts the
rotational and vibrational motion and increases the radiative
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Fig. 7 Time-resolved PL decay of (a) BPy-1, (b) BPy-2, and (c) BPy-FL.
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Table 2 Key photophysical data
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Fluorophores Z,ps (M) Zems (solution/thin film/solid) (nm) Lifetimes (1)

in ns Quantum yield (@) k" (107 s~') THF/solid ™ (107 s™') THF/solid

BPy-1 260, 370 521, 525, 535 2.87 (THF)
2.35 (solid)
BPy-2 255, 373 519, 530, 532 3.74 (THF)
2.62 (solid)
BPy-FL 268, 378 460, 508, 509 3.23 (THF)
4.64 (solid)

pathway as compared to simple phenyl substitution. BPy-FL has a
maximum quantum yield of 77.6% in solution and 93.6% in the
solid state among all the fluorophores. The higher quantum yield
in the case of the solid state of BPy-FL is due to the reduction in
non-radiative transition in the excited state due to minimized
intermolecular interaction and AIE-HLCT behavior with DSE of
the fluorophores.”®”" Additional photophysical data on the fluor-
ophores are mentioned in SI5 (ESIt). Additionally, their radiative
rate (k) and non-radiative rate (k"") were determined using
eqn (4) and (5), and the corresponding data are tabulated in
Table 2. The k" of BPy-FL is higher than that of other fluoro-
phores. This may be due to its twisted geometry and HLCT-AIE
characteristics. BPy-2 has a lower k™" and higher k" than BPy-1 due
to the tert-butyl phenyl group, which decreases the nonradiative
transition compared to the phenyl ring.

k" = ®pltg (4)

Solvatochromism

Furthermore, to better understand the intramolecular charge
transfer phenomena in excited states, solvatochromic studies
were carried out, and the associated spectra are depicted

53% (THF) 18.4/17.8 20.3/16.2
42% (solid)

72% (THF) 19.2/18 19/15.7
47.3% (solid)

77.6% (THF) 24/20 18.5/17.7

93.6% (solid)

in Fig. 8, while the corresponding data are presented in Tables
ST1-ST3 and (SI5) (ESIf). From low-polar hexane to high-polar
ACN, all the emitters exhibited distinct solvatochromic phe-
nomena that can be readily observed from the fluorescence
spectra. Fig. 8 displays the emission and absorption spectra
in various solvents. Fig. 9 displays the digital images of the
solvatochromic study. The absorption spectra in Fig. 8a showed
little to no influence on the polarity of the solvent. On the other
hand, it was clear from the emission spectra that the solvent
polarity affected the emission peaks significantly, which were
redshifted with increasing solvent polarity for all the fluoro-
phores. This denotes a positive solvatochromism, and the ICT
occurs when the molecule is excited. From low polarity solvent
hexane to high polarity solvent ACN, there was a red shift
of over ~90 nm for BPy-1 and BPy-2 and 85 nm for BPy-FL,
respectively, in the PL spectra, shifting them to a longer
wavelength. The full-width half maxima (FWHM) and PL emis-
sion peaks both expanded, providing a convincing explanation
for the CT excited states in all the fluorophores. In the case of
BPy-FL, structured vibrational peaks are observed in low polar
solvents like hexane, toluene, and dioxane, and they become
nonvibrational and widened in the case of high polar solvents;
this indicates the combination of LE and CT states of the
fluorophores. The LE state-dominated emission is shown by
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Fig. 8 Absorption and emission spectra of fluorophores in different solvents: (a)

e) BPy-2 and (f) BPy-FL.
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Fig. 9 ClE-coordinates of the fluorophores (solution, thin film, and solid), digital images of the fluorophores under UV-light (365 nm) in different

solvents (nonpolar to polar), thin film and solid form.

BPy-FL in low polar solvents with clear shoulder peak emission
(Fig. 8c). When the solvent polarity increases, the shoulder peak
goes away, and the emission in high polarity acetonitrile rises
to 512 nm with a red-shift of 85 nm, indicating the appearance
of the CT state. The CT states of the molecule in the excited
state are getting more stabilized in polar solvents. The emission
color was shifted from blue to green from hexane to ACN
in BPy-FL. The reasons for the longer wavelength shift in the
emission spectra in the high polar solvent are (a) structural
reorganization in the excited state and (b) photo-induced
ICT stabilization in the polar solvent.”>”* These variations in
solvatochromism in emission spectra compared to absorption
spectra suggested that the dipole moments of the fluorophores
were greater in the excited state than in the ground state.
Additionally, a progressive rise in Stokes shift was seen as
solvent polarity increased, consistent with the Lippert-Mataga
plot. Fig. 8(d-f) displays the Lippert-Mataga plot, which illus-
trates the relationship between solvents and the dipole
moments of the solute in both the lowest excited state (S;)
and the ground state (S,). The Lippert-Mataga plot displays the
orientation polarizability (Af) versus Stokes shift (vy-v.) in
various solvents of the fluorophores. The orientation polariz-
ability (Af) and Stokes shift are directly proportional or have a
straight-line connection for the fluorophores BPy-1 and BPy-2
as shown in Fig. 8(d) and (e), whereas the Lippert-Mataga plot
of BPy-FL shows two straight lines (bilinear) (Fig. 8f): one is for
low polar solvent (R* = 0.98) and another one is for high polar
solvent (R* = 0.97). The plot of BPy-FL is separated into two
separate sections, with CT dominating at high polarity and LE
dominating at low polarity. The dipole moment of BPy-FL was
calculated using the previously reported method.”” In low polar
solvent, the dipole moment was calculated as 10.2 D, and in
high polar solvent, the dipole moment was found to be 22.2 D.
This confirmed the combination of LE and CT (HLCT) excited
states of BPy-FL. The Stokes shift and the Lippert-Mataga
parameter are likewise shown to have a good association, with
slopes of 1447 and 1534 and R® values of 0.97 and 0.94 for BPy-1

This journal is © The Royal Society of Chemistry 2025

and BPy-2 respectively. The ground state dipole moments are
found to be 6 D and 7.2 D for BPy-1 and BPy-2 respectively from
the DFT study, and using the previously published equation,
the excited state dipole moment was determined to be 16.2 D
and 17.3 D for BPy-1 and BPy-2 respectively, based on the
Lippert-Mataga plot."”7%7”

Fabrication of white LEDs

By taking advantage of the greenish-yellow emission of all the
fluorophores, we have used the fluorophores as organic down
converter materials to fabricate white LEDs. A three-component
system is used to fabricate the white LEDs. To fabricate the
white LEDs, the synthesized fluorophores are mixed with a red
component (Eu(un) complex, previously reported by our group)
and coated over widely available InGaN LED chips (390 nm)
by taking into consideration a simple and environmentally
friendly approach for applying the hybrid system in actual
devices.”® The fluorophores and the Eu complex were dissolved
in the THF solvent. Then, PMMA (a suitable host material) was
added to the solutions, and it was either embedded in a sol-gel
matrix or cast onto a substrate. PMMA and the fluorophores are
mixed in THF to create a gel-like substance at room temperature.
A UV LED chip is coated with a luminescent layer (gel substance)
to make hybrid white LEDs. The solvent and moisture from
the LED chip were removed by spin coating. The spin coating
technique involves spinning the LED at a controlled speed to
coat it with a small amount of gel to generate an equal layer.
White LEDs were fabricated by coating a blue LED with the
synthesized fluorophores and the red organometallic phosphor
(Eu(u) complex) in an appropriate mass ratio by a trial-and-error
method. The ratio was optimized to produce LEDs with
improved emission efficiency with warm white light (CRI >
85 and CIE in the range of 0.35,0.32). Excellent EL intensity and
CRI values of the hybrid white LEDs were observed for the 2:1
ratio of the red phosphor and the synthesized fluorophores,
which is superior to the other tested ratios. So, the white LEDs
were fabricated by taking a 2:1 ratio of the red phosphors and
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Fig. 10 PL spectra of the white LEDs fabricated using blue LED chips using the synthesized fluorophores and Eu complexes: (a) BPy-1, (b) BPy-2, and (c)

BPy-FL and (d) CIE-coordinates of the fabricated white LEDs.

the synthesized fluorophores by mixing with PMMA in THF
solvent and coating over a UV LED chip. PMMA was selected
because of its favorable optical characteristics and low oxygen
and moisture permeability, which prevent quenching processes
and dopant dye oxidation. PMMA is frequently utilized in appli-
cations that need favorable mechanical, thermal, and chemical
resilience and exceptional optical quality.”® Fig. 10 displays the
EL spectrum of the fabricated white LEDs. All the fluorophores
show warm white light emissions with CRI values of more than
85 and a CIE coordinate of nearly (0.35,0.32), almost precisely
aligned with the NTSC standard value of white light emission.
Among all the fabricated white LEDs, BPy-FL showed the high-
est CRI value of 89. The digital images and CIE coordinates of
all the fabricated white LEDs are displayed in Fig. 10, and the
EL data are tabulated in Table 3.

Acidochromism, vapoluminescence and anticounterfeiting

As mentioned earlier, in molecules with D-n-A push-pull
framework, the ICT emission characteristics are highly depen-
dent on donor ability, acceptor ability, and m-conjugation.
In the present work, all the donor and acceptor units contain
an amphoteric imidazole unit with a basic N-atom. It is
anticipated that in an acidic environment, with the addition

10424 | J Mater. Chem. C, 2025, 13, 10413-10433

Table 3 EL data of the fabricated white LEDs

Fluorophores CCT (K) CRI CIE LER (Im W)
BPy-1 5947 88 0.35, 0.32 368
BPy-2 4997 85 0.36, 0.32 329
BPy-FL 4696 89 0.37, 0.32 239

of H" ions, the donor and acceptor ability of the D-n-A unit will
change upon protonation of the basic nitrogen. Therefore, a
significant change in the emission characteristics of these
fluorophores is expected, and these molecules are utilized as
fluorescent pH sensors. Furthermore, as these fluorophores
show strong emission in solid and thin film states, their
potential as fluorescent vapor luminescent acid-base sensors
and anticounterfeiting materials is also studied.

The imidazo[1,5-a]pyridine ring holds the majority of the
HOMO, indicating that this area of the molecule has the higher
nucleophilic (electron-rich) sites and is more reactive to proto-
nation. Because, in this particular case, electronic and orbital
parameters determine the precise location of protonation. The
imidazo[1,5-a]pyridine nitrogen undergoes protonation to pro-
duce a conjugate acid stabilized by resonance in the fused
heterocyclic system. So in an acidic environment, the nitrogen

This journal is © The Royal Society of Chemistry 2025
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atom in the imidazo[1,5-a]pyridine ring can take up a proton.
By protonation, the electronic structure of the molecule changed,
and its photophysical characteristics also altered, ultimately
causing the emission spectrum to redshift. The reversible color
and emission shifts of the fluorophores in response to pH
variations demonstrate their acidochromic characteristics.
Fig. 11 displays the acidochromic behavior of the fluorophores
in THF solutions. The digital image of these solutions under UV
light at 365 nm (Fig. 13 and 14) demonstrates the excellent
acidochromic behavior of these solutions by displaying a dra-
matic change in fluorescence color upon pH variation. In the
pH range of 7 to 10 (neutral and higher), BPy-1 and BPy-2
appeared greenish-yellow. These solutions looked yellowish-
orange when the pH decreased from 5 to 4, and they turned
orange when the pH was reduced even lower than 3. In the case
of BPy-FL, at neutral pH, it showed blue emission, but at higher
pH, the emission color changed to green, as shown in Fig. 13c.
It is evident from the discovery above that the synthesized
fluorophores can be used as fluorescent pH sensors in the
acidic pH range of 3-5, as they exist in different spectroscopi-
cally different protonated and neutral forms in this range.
In Fig. 11, the different color appearances, a notable batho-
chromic shift in the PL spectrum from 510 to 560 nm (BPy-1

This journal is © The Royal Society of Chemistry 2025

and BPy-2) and 464 to 511 nm (BPy-FL), and a broadening of the
fluorescence peak at lower pH suggested a more substantial
intramolecular charge transfer because protonation had formed
a stronger acceptor in the D-n-A molecule. Due to this, the
HOMO LUMO of the fluorophores also altered. The CIE coor-
dinates of the fluorophores in different pH media are men-
tioned in ESI,T SI7. Furthermore, triethylamine (TEA) and TFA
were added alternately to the THF solution of fluorophores
(Fig. 13) to examine the reversibility of the pH response
characteristics of each of these probes. The emission maxima
were observed to return to their starting state after adding 40 pL
to 30 pL of triethylamine (TEA) to the fluorophores. It is
possible to repeat this cycle multiple times without experien-
cing a noticeable reduction in the pH sensor ability of both the
fluorophores. Since the procedure is non-destructive, the rever-
sible transition could be carried out numerous times by switch-
ing the alternate addition of TFA and TEA. The CIE coordinates
of the fluorophore BPy-2 and the digital image of the fluoro-
phore in THF solution with alternate addition of TFA and TEA
are shown in Fig. 13.

'H NMR titration studies of the molecules with different
equivalents of TFA (0 and 2 equiv.) were conducted to investi-
gate the change in the structural pattern with alternate addition

J. Mater. Chem. C, 2025, 13, 10413-10433 | 10425


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5tc01152c

Open Access Article. Published on 09 April 2025. Downloaded on 2/21/2026 11:25:15 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

a) ‘ ll

1.
| ;\I ) &‘ il A ;\

V \l\

wULt”‘ “‘

|

J
JL

A J

View Article Online

Journal of Materials Chemistry C

’ ]

( w JL ‘

»
. J\ l’l ’\

A

o H 'u\

9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0

4.5

90 85 80 75 70 65 60 55 50 45

Fig. 12 'H NMR spectra of the fluorophores in CDCls before the addition of TFA (lower spectra) and after the addition of 2 equiv. of TFA (middle) and 10

equiv. of TEA (upper): (a) BPy-1 (b) BPy-2.

a)

0.8 4

0.6 4

0.4 4

0.2 4

Normalized Intensity (a.u.)

b)

500 600
Wavelength (nm)
Fig. 13

700

(a) Fluorescence spectra of BPy-2 with alternate addition of TFA and TEA; (b) digital images of the fluorophores at different pH values; (c) CIE-

coordinates and digital images of the fluorophores with alternate addition of TFA and TEA.

of acid and base (Fig. 12 and Fig. S15, ESIt). TFA was demon-
strated to cause a downfield shift in the chemical shifts for the
phenyl protons and the aromatic protons in all molecules. This
may be due to the formation of protonated species. Again, the
"H NMR spectra are entirely restored by adding excess TEA to
the solution, suggesting that the change in the protonated
species is reversible and non-destructive.

Application on paper strips

Using the portable paper strip technique, test cellulose paper strips
were coated with the probes (0.5 x 10~* M) and then dipped in
different pH solutions (pH of 7, 6, 5, 4, and 2) to investigate the
practical use of fluorophores as pH sensors. All the fluorophore-
coated test strips responded significantly to each pH solution in
terms of color change, as shown in Fig. S14 (ESIT). The variations
in fluorescence showed that simple test strips could detect acidic
pH and that all the fluorophores had excellent pH selectivity.

To ascertain the changes in the electronic properties of
the fluorophores and to better understand the protonation

10426 | J Mater. Chem. C, 2025, 13, 10413-10433

mechanism upon interaction with TFA, DFT analysis was
carried out for BPy-1-H', BPy-2-H" and BPy-FL-H' (representing
fluorophores after interaction with TFA) and compared with
that of the electron cloud distribution of the front-line orbitals
of BPy-1, BPy-2 and BPy-FL (Fig. 14 and Fig. $12, S13, ESI¥).
Both the HOMO and LUMO energy levels were decreased
significantly upon protonation with a reversal in electronic
distribution. Just opposite to BPy-1, BPy-2 and BPy-FL in the
case of BPy-1-H', BPy-2-H' and BPy-FL-H' the HOMO is dis-
tributed in the benzilimidazole unit and the 1,3-diphenyl-
imidazo[1,5-a]pyridine group contained the LUMO orbitals of
fluorophores. After protonation, the band gaps of the fluoro-
phores decreased and were found to be 2.28 eV, 1.75 eV, and
1.5 eV for BPy-1, BPy-2, and BPy-FL, respectively. Also, acid
protonation decreases the overlap between the HOMO and
LUMO of both the fluorophores. The HOMO and LUMO are
entirely separated after protonation, due to which the CT state
of the excited molecules is enhanced, and the emission peak in
the PL spectra is redshifted.®* 52

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5tc01152c

Open Access Article. Published on 09 April 2025. Downloaded on 2/21/2026 11:25:15 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry C

-1.28 ¢V

LUMO

AE=35¢V

: ..‘73 ¥
Yy
:igv g. &b -4.85¢V
=

HOMO

Fig. 14

The acid sensitivity of the emission features of the fluoro-
phores is exploited for fluorescence vapoluminescence sensing
applications. Numerous molecules for vapoluminescence appli-
cations have been reported so far, such as carbon dots, euro-
pium complexes, nanocomposites, luminous supramolecular
compounds, compounds based on p-diketone-based Eu(m)
complexes, and Eu(m) polymers."**”% To the best of our
knowledge, very few small organic fluorophores are reported
as vapor sensors. The vapoluminescence application was stu-
died by taking the thin films of BPy-1, BPy-2 and BPy-FL. The
synthesized compounds in this investigation exhibit recyclable
on-off-on vapoluminescence activity (Fig. 15 and Fig. S16,
ESIt). The color variations, as indicated by the PL emission
spectrum studies, are noteworthy, and Table ST17 (ESIt) lists
the CIE color coordinates of the compounds subjected to acid—
base vapors. The suitability of the synthesized fluorophores as
vapoluminescent sensors was evaluated by looking at their PL
emission in response to NH; and HCI vapors. The thin film of
the compounds peaked at ~520 nm (BPy-1 and BPy-2) and
495 nm (BPy-FL) before exposing to the HCI vapor, indicating
green emission. After a few minutes of exposure to HCl vapor at
room temperature, a rapid vapochromic behavior was observed,
and the emission shifted to 561 nm (BPy-1 and BPy-2) and
570 nm (BPy-FL). Under a UV lamp, the color of the films was
changed from green to orange. Additionally, green emission
was restored when NH; vapor was introduced into the thin film,
leading to the “switching on” of a 520 nm and 495 nm peak.
When imidazole-based fluorophores are subjected to acidic vapors,
the imidazole basic nitrogen is protonated. This protonation

This journal is © The Royal Society of Chemistry 2025
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changes the electronic structure of the fluorophore, which in
turn changes the fluorescence properties.’”’%*

Information security is crucial in daily living, the economy,
society, and the military. As a result, the creation of novel
materials has drawn much attention due to their potential for
applications in protection and counterfeiting detection. The
successful investigation of vapor response characteristics of the
fluorophores allowed us to determine their anticounterfeiting
potential. The term “NIT RKL” was handwritten on clean filter
paper using a brush pen loaded with a suspension of BPy-1 in
THEF. The behavior of luminescence in the interaction with HCI
and NH; vapor is shown in Fig. 15d. Images were captured
using a UV light with a 365 nm wavelength. Images in Fig. 15d,
taken under the UV light, show that the green emission returns
when base vapor is passed through it. The second picture also
shows how exposure to acid vapor causes the green emission to
quench immediately.

Latent fingerprint application (LFP)

Obtaining fingerprints from crime scenes provides crucial
information for identifying potential suspects. Generally speak-
ing, latent fingerprints (LFPs) are difficult for the human eye
to recognize. By taking advantage of the intense solid-state
emission and AIE properties of BPy-FL, we have used it in LFP
for anticounterfeiting applications. The development of LFPs
is shown in Fig. 16. The finger of a person was thoroughly
cleansed with cotton wipes. The finger was then pressed
against various surfaces, such as glass and plastic, and cleaned
using the fatty substances produced by the body.

J. Mater. Chem. C, 2025, 13,10413-10433 | 10427
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Fig. 16 Development of LFPs.

As seen in Fig. 17, the fingerprints are invisible until the
compound BPy-FL is powdered and made brightly visible under
UV light of 365 nm. Latent fingerprints leave behind oily
residues that contain fatty acids, amino acids, and sebum when
they come into contact with an object’s surface. Using their

10428 | J Mater. Chem. C, 2025, 13,10413-10433

desired properties, fluorescent powders of the synthesized
materials were uniformly applied to various material surfaces
using a brush. The distinct separation of the fingerprint layers
makes them identifiable (Fig. 17). Characteristics of level 1 and
level 2 fingerprints, such as loops (1), crossings (2), bifurcations (3),

This journal is © The Royal Society of Chemistry 2025
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terminals (4), and short ridges (5), as well as level 3 characteristics,
including pores (6), are clearly visible in enlarged photos (Fig. 17).

This demonstrates that using BPy-FL for latent fingerprints
can be advantageous. LFPs were positioned on the glass slide
surface and left there for 2, 10, 20 and 30 days without coming
into contact with anything throughout the deposition process
to test the repeatability of fingerprints using this technique.
The aged LFPs were then stained with the fluorophore and
photographed under 365 nm UV light. Clear identification of all
these aged fingerprints as bright fluorescent images clearly
demonstrated the feasibility of BPI-FI in fingerprint detection.

Conclusion

In conclusion, we present a systematic report on the design,
synthesis and versatile applications of three D-n-A based push-
pull fluorophores (BPy-1, BPy-2, and BPy-FL) featuring N1-
substituted imidazole and imidazo[1,5-a]pyridine D-A conjugates
attached through flexible phenyl or rigid and sterically hindered
diethylfluorene as the n-conjugated spacer unit. The role of spacer
units in modulating their photophysical properties especially the
emission wavelength and quantum yield has been analyzed and
explained through DFT analysis and experimental findings.
Greenish-yellow emission is exhibited by the fluorophores BPy-1
and BPy-2 in solution, solid-state, and thin-film matrices. However,
BPy-FL exhibited blue emission in THF solution and greenish-
yellow emission in the solid state with an absolute quantum yield
of 93% attributable to both AIE and HLCT characteristics. When
included in LED designs, the synthetic fluorophores act as organic
downconverter materials for the LED and enhance the luminous
stability and efficiency of the white LEDs. The fabricated white
LEDs show excellent CRI values of more than 85 and warm white
light emission with a CCT of ~4000 K and a LER of ~300 Im W "
Among them, the BPy-FL-based LED shows the highest CRI of 89.
All the fluorophores are employed as acid-base vapor sensors
because of the bipolar imidazole ring. The emission spectra
reversibly switched between different colors (orange to yellow

This journal is © The Royal Society of Chemistry 2025

and blue to green) by frequent protonation and deprotonation.
This characteristic enabled these probes to function as fluor-
escent pH sensors in both solution and solid states and to
identify volatile organic molecules with high acidity. The pro-
tonation mechanism was also analyzed through NMR and DFT
studies. Additionally, due to their intense greenish-yellow emis-
sions and the AIE properties of the fluorophore BPy-FL, they are
also used in anticounterfeiting LFP applications.
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