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The discrete organosulfur molecule possessing a high quantum yield with blue luminescence properties
has significant potential as an optically active material for future applications. In this context, the
sulfoxide or sulfone-based fused heterocyclic materials are known as the new generation of luminogens. The
first sulfur-fused heterocyclic thioketone luminogen consisting of a donor—acceptor structure has been
reported in this work, with benzimidazole and sulfur acting as the donor, whereas anthracene and pyridine
moieties act as the acceptor. Herewith, we report the synthesis of 1-(9-methyl anthracene)-2-(2-methyl
pyridine)-benzimidazol-2-thione (APBT). The donor and acceptor are connected through a methyl linker.
Molecule APBT emits at Aem = 494 nm in the crystalline state and ey = 410 nm in the solution state.
Besides, molecule APBT showed an aggregation-induced emission due to its molecular packing in the
crystalline state. The molecule emits in the near blue region in the crystalline state with a quantum yield of
17.82% and a luminescent lifetime of 47.19 ns. The light-emitting behaviour of crystalline APBT is comparable
with APBT-coated LED. DFT calculations were performed to determine the energy of frontier molecular
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Introduction

Sulfur is one of the vital elements present in Earth’s crust for
various biological applications in living organisms." The his-
tory of luminescence goes back to the unintentional discovery
of Bolognian stone containing Bas, the first sulfide phosphor
ever discovered.” Thereafter, in 1700, CaS phosphor was devel-
oped by Friedrich Hoffmann and followed by SrS phosphor by
J. F. John in 1817. Due to its natural abundance and reactivity, it
has been utilised in various pharmaceutical and material
applications.>* One of the major contributions of sulfur is
towards the organic semiconductors for light-emitting device
applications.””

The sulfoxide or sulfone-based fused heterocyclic materials
have been extensively investigated as the new generation of
luminogens for OLED applications.®® Because of the presence
of the two lone pairs and the empty d-orbital in organo sulfur
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orbitals, and the HOMO-LUMO gap (HLG) was found to be 3.45 eV.

materials, suitable materials can be designed with electron
transportation or electron injection properties.'® Due to such
excellent properties, various sulfur-containing chromophores
have been studied widely, namely DBT (Dibenzothiophene),
DPS (Diphenyl sulfones), and BZ/NZ (Thiadiazole) were isolated
with sp® hybridized sulfur center (Scheme 1). DBT with a rigid
structure is used as an electron-rich donor, while DPS with
distorted confirmation is often used as a classical electron
acceptor for blue-emitting materials.""'> However, BZ and NZ
have been commonly used chromophores for hot excitons."?
Also, these sulfur-containing materials are well known to
possess special phenomena like aggregation-induced emission
(AIE), solvatochromism, mechanochromism etc.'* In 2024,
Frederic and co-workers have isolated benzo[4,5]thieno-S,S-
dioxide-[3,2-b]benzofuran (BTOBF) based compounds showcas-
ing an excellent quantum yield of 83% in the solution state and
63% in the crystalline state.'> However, fused heterocyclic
thioketone luminogens with a donor-acceptor structure have
not been isolated yet. Because of the large m-conjugation and
high quantum yield and the access modification of their
structures, fused ring systems are gaining enormous popularity
in organic luminescent materials."®

Herewith, we report the first sulfur-fused heterocyclic thio-
ketone luminogen, which consists of a donor-acceptor struc-
ture. A discrete benzimidazol-2-thione compound 1-(9-methyl
anthracene)-2-(2-methyl pyridine)-benzimidazol-2-thione (APBT)
has been synthesized and characterized. The photophysical

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Schematic representation of orbital splitting in different hybri-
dizations of S atom.

properties of the molecule were examined, and an LED demo
was also shown. Besides, the theoretical calculations were carried
out to understand the structural and electronic properties.

Results and discussion

APBT was synthesized using the standard Schlenk technique
under an argon atmosphere to ensure an inert environment
during the chemical reactions. APBT was prepared by reacting
1-(9-methyl anthracene)-2-(2-methyl pyridine)-benzimidazolium
chloride salt, K,CO; as a base, and sulfur in the presence of
methanol as a solvent under reflux conditions (Scheme 2). It was
characterized by HRMS, 'H NMR, "*C NMR, FT-IR, PXRD, and
SCXRD. From the 'H NMR, the disappearance of the imidazo
N-CH-N proton is observed. In the *C NMR, the characteristic
C—S peak is observed at 170.2 ppm. This confirms the formation
of the product by the NMR technique."” The specific stretching
frequency of C=S, which appeared at 1220 cm™ " was observed in

the FT-IR spectrum (see ESI,T Fig. S1-S4).

@

(APBT) 82%

K2003 (3 eq

N) Sulfur powder ( 3eq
/,
N@ Methanol, 48 h, 70 °

Scheme 2 Synthesis of APBT.
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A single crystal of APBT was isolated from a saturated DCM
solution. Single crystal X-ray diffraction technique (SCXRD) was
used to determine the crystalline-state structure of APBT
(Fig. 1). It was crystallized in the triclinic crystal system with
the space group P1. The C1-S1 bond length in the molecule is
1.671(14) A, which is comparable to the bond lengths of thione
molecules reported in the literature.'”” The structural para-
meters of APBT have been summarised in the ESIt (see ESI,T
Table S1). The bond angle between N1-C1-S1 is 126.26(10)°.
The bulk phase sample purity was determined by comparing
the simulated powder pattern with the experimental powder
XRD pattern (see ESI,t Fig. S5).

The packing diagram of APBT showed intermolecular
CH.- - -1 interactions ranging from 2.586 A to 4.401 A between
the methylene proton linked with pyridine and anthracene n
ring (Fig. 2)."® Also, an intermolecular interaction (2.931 A)
exists between sulfur and hydrogen.'®° This type of interaction
is called sulfur-centered hydrogen bonding interaction (SCHB)
and is comparable to the similar interactions reported.>** The
percentage buried volume (%V;,y,) and topographic steric map
of APBT were calculated (see ESI,f Fig. $6).>*

The solid-state structure of the molecule suggests the presence
of several interactions such as S---H, CH---CH, CH---w. It was
designed by incorporating anthracene, pyridine, and sulfur groups
into benzimidazole. An investigation was carried out to achieve
greater insight into geometries, electronic properties, and electro-
nic transitions for APBT. A comprehensive DFT computational
study was carried out with the help of the B3LYP/6-31G(d,p) basis
set. The ground state optimized geometry of APBT is comparable
to that of the experimental X-ray crystallography structure as
shown in Fig. 1. The interactions between sulfur and hydrogens

Fig. 1 (i) Solid state structure of APBT. (ii) Space-filling model of APBT.

Mater. Adv., 2025, 6, 5056-5063 | 5057
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Fig. 2 Solid-state packing of APBT consists of (C)S---H and CH---&t
interactions (i) view along a axis. (ii) View along b axis.

get contracted to stabilize the molecule. The excited state energy of
the molecule was calculated using the TD-SCF method by taking a
well-optimized geometry of APBT. The ground state electronic
clouds of the molecule can be seen from the ESP map with the
most negative potential (red color), positive potential (blue color),
and neutral potential (green and yellow) (see ESLi Fig. S7).
To discuss more intramolecular interactions in the crystal of APBT,
topology analysis, and RDG-NCI analysis were carried out and the
results are shown. (See ESL 7 Fig. S8 and S9). The intramolecular
S---H interactions show several bond critical points. They are
mostly noncovalent characters. The Lagrangian kinetic energy at
the bond critical points G(r) between sulfur and hydrogen is
greater than the potential energy density V(r). The ratio of /G(r)/
W)/ is greater than or equal to 1, confirming the noncovalent
nature and interactions mainly showing the van der Waals in
nature.

The crystal structure of APBT and the packing diagram
suggested checking the Hirshfeld surface analysis. The surface
and its fingerprint plots were used to measure the intra-
molecular as well as intermolecular interactions. The Hirshfeld
surface computation was carried out using Crystal Explorer
21.5 software.?* The term d,. and d; refers to the closest distance
from the Hirshfeld surface to molecules on the outside and
inside (see ESI,f Fig. S18). The major intermolecular inter-
action (~50.7%) occurs through hydrogen bonds H---H at a
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Fig. 3 TGA plot of APBT at a heating rate of 10 °C minute ™.

distance of d. ~ 2.033 A. The second main interaction
(~28.4%) can be seen for C---H/H---C with a distance range
of 2.695 A. The S- - -H/H. - -S interaction accounts for ~8.2% of
the Hirshfeld area in the range of 2.816 A. Also, various other
weak interactions have been identified by mapping shape
index, curvedness, fragment patch, etc.

The thermal stability of APBT was investigated by the
thermogravimetric analysis (TGA) technique at a heating rate
of 10 °C per minute at a temperature ranging from 30 to 700 °C
(Fig. 3). The molecule shows decomposition in a single-step
process. The molecule starts to decompose after 210 °C, leaving
only the sulfur in the system until 400 °C (93% weight loss).
This sulfur was also removed from the system at a temperature
above 400 °C, which is around 7% (cal: 7.3%).>> The melting
point of APBT, which is 220 °C, was obtained using the
differential scanning calorimetry (DSC) technique (see ESLf
Fig. 510).

The photophysical characteristics of the molecule were
studied. The UV-vis measurement was conducted in 1 x 107> M
DCM solution (Fig. 4). The A,,s of APBT were at 257 nm in DCM,
which is due to the n — m* transition from the nitrogen center
of the imidazole ring to the anthracene moieties (Table 1). The
Jabs peak appearing at 312 nm can be accredited for 1 — w*
transition arising from the © conjugation of the aromatic rings.
The shoulder peaks at 368 nm to 390 nm arise due to intra-
ligand charge transfer.

The emission spectrum of the molecule solution state was
obtained in (1 x 10~° M) DCM solution and compared with the
crystalline-state emission spectra that were measured using
single crystals of the molecule. In the solution state, the
Jem = 410 nm (excitation at 262 nm), which gets red-shifted
to Aem = 494 nm in the crystalline state (excitation at 285 nm)
(Fig. 4 and Table 1). This is due to the difference in packing in
the crystalline state. The emission arises due to the extended
conjugation of the polyaromatic anthracene ring and also
because of the intra-ligand charge transfer facilitated by the
sulfur atom.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (i) UV-Vis spectrum of APBT in DCM at RT (C = 1 x 107> M); (ii)
emission spectrum of APBT (lex = 262 nm) in DCM at RT (C =1 x 1075 M);
(iii) emission spectrum of APBT (lex = 285 nm) as single crystals at RT; (iv)
CIE diagram of APBT in crystalline and solution state.

The photoluminescence quantum yield (PLQY) of APBT in
DCM solution was calculated relative to the standard fluoro-
phore anthracene in ethanol. The fluorescence quantum yield
is 5.41%. The lifetime decay profile was found in the nano-
second range of 7., Of 2.14 ns in DCM solution. Similarly,
PLQY in the crystalline state was acquired using single crystals
of APBT at RT. We observed a good quantum yield of 17.82%.
The lifetime data was collected using the time-correlated single
photon counting technique (TCSPC). The nanosecond decay
profile was observed for the molecule (74, = 47.19 ns). The
obtained quantum yield of the APBT molecule in the crystalline
state is found to be better than the previously reported thiophene-
bridged macrocyclic pseudo-meta[2.2]paracyclophanes.”” The
decay profile of APBT is fitted by a biexponential decay curve,
and the nanosecond decay curve corresponds to fluorescence. The
radiative rate constant (k) was found to be 3.7 x 10°® s for
fluorescence. This corresponds to the emission corresponding to
the transition from the S; — S, state. The quantitative evaluation
of the photoluminescence color was estimated with the Commis-
sion Internationale de L’Eclairage (CIE) plot. The CIE coordinates
of observed emission in the solution state are x = 0.1594,
y = 0.0468 while the emission color in the crystalline state is near
blue with coordinates x = 0.1855, y = 0.3464.

To study the solvatochromism and mechanochromism
behavior of APBT, we have taken solution state emission in
various organic solvents (C =1 x 10> M), and it is found that
there is no considerable change in the emission behavior of the
molecule in varying the solvent (see ESIL,f Fig. S11). There is
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Fig. 5 Emission of APBT in THF in different water percentages. Increases
water content from front to back.

also no such change in the emissive property of the molecule
under mechanical stress when we compared the emission of
the crystalline sample and the ground powder sample (see ESL, T
Fig. $12).

An investigation of the AIE (aggregation-induced emission)
behavior of APBT in different water ratios in the THF solution
was performed (Fig. 5). This investigation reveals a 10 nm red
shift in the emission of APBT in 80% water in the THF solution
as compared to a lower water percentage (lex = 262 nm).*®?°
Notably, the emission intensity of APBT increases when we
increase the content of water, decreasing the volume of APBT in
THF. The emission spectra of APBT in 80% water content
broadened towards the red region.

The above-mentioned AIE phenomena can be enlightened
by the RIM mechanism (restriction of intramolecular motion).*
In the solution state, the molecules of APBT experienced minimal
intermolecular interaction with each other when encircled by the
solvent molecules. Therefore, upon excitation in the solution
state, they de-excited back to the ground state via non-radiative
(NR) processes, causing lesser emission. But in the presence of
excess water, the hydrophobic molecules of APBT start to aggre-
gate. This induces a steric effect which restricts the free motion of
the molecules, prevents the non-radiative processes, and produces
comparatively higher emissions.

The frontier molecular orbital energy was explored to gain
an idea about the HOMO and LUMO (Fig. 6 and Table 2). The
corresponding key parameters are shown in Table S3 (ESIT)
from DFT calculations. The singlet-triplet energy levels were
also calculated from TD-DFT. Energy for S; and T, are found
to be 2.947 eV and 1.745 eV, respectively, and their difference

Table 1 Photophysical parameters of APBT at room temperature in DCM solution (C = 1 x 107> M) and crystalline state

)~exa (nm) ;‘em‘Z (nm) ;“exb (nm) j'emb (nm) QPLb (OA))
Jabs” (nm) (Sol.) (Sol.) (Crys.) (Crys.) Tavg” (1S) (Crys.) k(s ke (7Y
257, 312, 368, 390 262 410 285 494 47.19 17.82 3.70 x 10° 18.06 x 10°

“DCM (C =1 x 10~° M) solution. ? Crystalline state.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (i) Optimized geometry of APBT. (i) The proposed decay scheme
of LLCT. (jiii) HOMO-LUMO energy gap of APBT.

(AEgy) is 1.202 eV. The main distribution at the HOMO is
appearing from the electron-donating benzimidazole-thione
moiety. The LUMO is found in the electron-accepting anthra-
cene unit. The energy level of HOMO and LUMO are —5.32 eV
and —1.87 eV, respectively. The HOMO-LUMO gap (HLG) is
found to be 3.45 eV. The vertical transitions were determined by
using time-dependent DFT (TD-DFT). The simulated UV-vis
spectra were calculated to compare with the experimental value
(see ESI,T Fig. S13).
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Table 2 The calculated total energy and HOMO-LUMO gap

—1642.15196293 a.u.
3.6444 Debye

Total energy
Dipole moment

Exomo (€V) —5.328
Egnomo—1 (€V) —5.359
Epumo (eV) —1.872
Erumon (€V) —0.844
HLG (eV) 3.456

Total energy —1642.15196293 a.u.

The electrochemical characteristics of APBT were examined
using cyclic voltammetry in a 5 mM DMF solution. An Ag/AgCl
electrode served as the reference, with platinum as the working
electrode and carbon as the counter electrode. The compound
showed a reversible one-electron oxidation, with a half-wave
potential (E;,) of 0.20 V. The oxidation and reduction peak
potentials were observed at 0.51 V and —0.09 V, respectively,
resulting in an electrochemical energy gap of 0.61 V (see ESI, T
Fig. S21). The HOMO and LUMO energy levels were found to be
—4.91 eV and —4.30 eV. This significant deviation from the DFT
calculated HOMO-LUMO gap can be due to the absence of non-
covalent or secondary interactions in the solution state.

To further demonstrate the application of such light-
emitting molecules in the synthesis of LEDs, we have coated
the compound on the surface of a commercially available 3 V
LED bulb (4em = 410 nm) by using a THF solution of polymethyl
methacrylate (PMMA) and APBT in 1: 10 ratio by weight (Fig. 7).
The advantages of using PMMA as a binding agent arise from
its cost-effectiveness and its low optical absorbance capacity.
The emission spectrum of the coated LED is obtained, and it
shows emission from e, = 428 to 600 nm in the bluish-green
region with emission maxima at Aep,, = 470 nm. The coated LED
emission spectrum shows a very weak peak at /e, = 410 nm,
showing the presence of minimal emission from the LED where
the molecule APBT was coated. The emmision of coated LED is
nearly comparable to that of crystalline APBT. This near-blue
emitting molecule can be used for the synthesis of white LEDs
by mixing with red and green emitting molecules.

Experimental
Methods and materials

All reactions have been performed using a standard Schlenk
technique under an inert atmosphere to ensure an inert
environment during the chemical reactions. The starting mate-
rials 9-anthracenemethanol, benzimidazole, and 2-picolyl
chloride were obtained from commercial sources. Before use,
the solvent underwent a drying and distillation process per
industry standards. The NMR spectra were recorded on a
Bruker Ultra Shield 400 MHz spectrometer at 25 °C. FT-IR data
were obtained utilizing the ATR technique with a Bruker Alpha-
P Fourier Transform Spectrometer. Suitable single crystals of
APBT were acquired from a solution of DCM. Bruker D8
Venture Single Crystal X-ray diffractometer was used to obtain
the crystal structure of APBT using the source Mo-K,, (0.71073 A) at
298 K. Olex2.solve was used to solve the structures, and the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 (i) The prototype LED demo with emission spectrum (lex =
410 nm); (ii) CIE diagram of its emission.

Charge Flipping method was used to solve them.*" The struc-
tures have been refined using the Gauss-Newton minimization
method with the Olex2 refinement package.’” Powder X-ray
diffraction was attained utilizing a Rigaku Ultima IV instru-
ment. The thermal stability study was carried out using the TA-
SDT-Q600 instrument. UV-Vis Spectrometer LAB INDIA 2000 U
was used to record electronic spectra, while the Hitachi F-4700
fluorescence spectrophotometer was used to acquire emission
spectra. Quantum yield of APBT in DCM was determined
relative to standard anthracene in ethanol with a QY of 27%.
The refractive index of solvents was taken care of. All samples
were diluted to ensure absorbance less than 0.1. The photo-
luminescence quantum yield (@) in the crystalline state was
measured using a Hitachi F-7000 fluorescence spectrophot-
ometer using a calibrated integration sphere system (Hitachi,
Tokyo, Japan) using alumina oxide as the standard reference.
Photoluminescence decay profiles were measured by using
Quantaurus-Tau (Hamamatsu) and Hitachi Fluoromax4. The
AUTOLAB 302 Modular Potentiostat electrochemical analyser
was used to perform cyclic voltammetry (CV) of APBT at 298 +
1 K. Three standard electrode configurations—a glassy carbon
working electrode, a platinum plate auxiliary electrode, and an

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Ag/AgCl reference electrode—were used to maintain the scan
rate at 20 mV s~ during the tests, which were conducted in
dimethylformamide (DMF) with 0.1 M tetrabutylammonium
perchlorate (Bu,NClO,) as a supporting electrolyte.

Computational methodology

The CIF file of APBT from X-ray crystallography has been
utilized for computational studies. The density functional
theory (DFT) for the ground state and time-dependent density
functional theory (TD-DFT) for the excited states were carried
out at the B3LYP function with 6-31G(d,p) basis set for C, H, N,
and S using Gaussian16 package. The topological investigation
of electron density, reduced density gradient (RDG), and non-
covalent interactions (NCI) were analyzed by the Multiwfn
program (version 3.8) and the VMD program was utilized for
visualization.**—®

Preparation of 1-(9-methyl-anthracene)-2-(2-methyl pyridine)-
benzimidazol-2-thione (APBT). A mixture of 1-(9-methyl anthra-
cene)-2-(2-methyl pyridine)-benzimidazolium chloride salt (1.00 g,
2.29 mmol), Sulfur (0.22 g, 6.87 mmol) and potassium carbonate
(0.95 g, 6.87 mmol) in methanol (15 mL) were refluxed for 48 h at
70 °C. After completion of the reaction, the compound was
extracted with DCM. The organic phase was dried over Na,SO,,
and the desired product was collected under reduced pressure.
M.p.: 220-225 °C. Yield: 82% (based on 1-(9-methyl anthracene)-2-
(2-methyl pyridine)-benzimidazolium chloride). HRMS m/z:
[(C2sH,1N5S) + HJY, calculated for C,gH,N;S 431.17, found
432.15. 'H NMR (400.130 MHz, J = Hz, CDCl;) dy; = 8.47 (1 H, d,
J=4.4 Hz, Pyr-H), 8.40 (3 H, d, J = 8.9 Hz, An-H), 7.93 (2 H, d, J =
8.3 Hz, An-H), 7.54-7.43 (3 H, m, An-H, Pyr-H), 7.41-7.34 (2 H, m,
An-H, Pyr-H), 7.15 (1 H, d, J = 7.8 Hz, Pyr-H), 7.07 (1 H, dd, J =
7.1, 5.2 Hz, Pyr-H), 6.95 (1 H, d, J = 8.0 Hz, Ben-H), 6.73 (1 H, t,
J = 7.7 Hz, Ben-H), 6.50 (2 H, s, CH,), 6.41 (1 H, t, J = 7.8 Hz,
Ben-H), 6.00 (1 H, d, ] = 8.2 Hz, Ben-H), 5.71 (2 H, s, CH,). >*C NMR
(101.612 MHz, CDCly) ¢ = 170.4, (C=S), for aromatic carbons
155.8, 149.5, 137.1, 131.5, 131.3, 129.9, 127.2, 125.4, 125.2, 123.0,
122.9, 122.0, 110.7, 109.8, 50.7 (CH,), 44.1 (CH,). FT-IR (cm*,
neat): 3044 (w), 2924 (m), 2154 (w), 2015 (m), 1585 (m), 1480 (m),
1398 (s), 1320 (s), 1220 (m), 1169 (m), 1020 (m), 980 (m), 832 (m),
733 (vs).

Conclusions

We have successfully synthesized and characterized near-blue
light-emitting thione molecule APBT. The photophysical stu-
dies of the molecule were studied. In the solution state, it emits
at 410 nm, and in the crystalline state, it emits at 494 nm. The
quantum yield of APBT was found to be 17.82% with a
nanosecond decay profile (t,,, = 47.19 ns), indicating fluores-
cence type of emission. Subsequently, the LED demo was
carried out where the coated LED was emitting at 470 nm.
Besides, the DFT calculations were performed, and the HOMO-
LUMO gap (HLG) was found to be 3.45 eV, considering the
transition from sulfur and benzimidazole groups to anthracene
moiety.
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