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ABSTRACT: A series of luminophores (construction of diphenylimida-
zole (m-CF3PTPI) groups functionalized at the N1-positions of imidazole
groups) were purposefully designed and synthesized for optoelectronics
and for selective detection of nitroaromatic compounds. The
luminophores showed deep blue emission in solution, solid, and thin-
film matrix with acceptable quantum yield and good thermal stability (5%
weight loss at 258−296 °C). From electrochemical analysis as well as
theoretical calculations, the energy gaps of HOMO−LUMO are found to
be in good agreement and all of them showed good triplet energy. The
luminophores can be explored as hosts for phosphorescent organic light-
emitting diodes (PhOLEDs). Furthermore, the m-CF3PTPI derivatives
were used as emitters for fluorescent OLEDs and hosts (m-CF3PTPI-1
and m-CF3PTPI-2) for triplet dopants in PhOLEDs. Near-UV emissions
were observed for all the doped devices that exhibited electro-
luminescence (EL) peaks at ∼380−395 nm with a Commission International deL’Eclairage (CIEy) coordinate of ∼0.09. Of all
the devices, the m-CF3PTPI-5 (3 wt %)-based device demonstrated a maximum external quantum efficiency (EQEmax) of 2.8%,
power efficiency (PEmax) of 0.9 lm/W, current efficiency (CEmax) of 1.3 cd/A, and brightness of 953 cd/m2. Moreover, the device
was further optimized using a different host approach. SimCP2 displayed the best performance by achieving a high EQEmax of 4.0%
that is near the theoretical limit of fluorescent materials. Furthermore, m-CF3PTPI-1 and m-CF3PTPI-2 possessing triplet energies of
2.67 and 2.63 eV, respectively, were used as hosts for efficient green (Ir(ppy)3-2.4 eV) PhOLEDs. The m-CF3PTPI-2-based device
achieved an EQEmax of 4.8%, CEmax of 17.5 cd/A, PEmax of 13.4 lm/W, and maximum brightness (Lmax) of 4695 cd/m2, much higher
than those of the counterpart m-CF3PTPI-1-based OLED. Furthermore, due to structural functionality, the detection of
nitroaromatic compounds was carried out for all the luminophores. They showed high sensitivity toward picric acid, and the sensing
mechanism was thoroughly analyzed by using NMR and DFT study.

■ INTRODUCTION
Simple functional organic fluorophores have gained enormous
attention due to their easy synthetic procedure and structure-
dependent alteration, which impact the desired properties
(optoelectronics, chemosensing, organic photovoltaics, etc.).1,2

Owing to their unique features (lower energy consumption,
cost-effectiveness, lightweight, and flexibility), organic light-
emitting diodes (OLEDs) are considered as promising
alternatives for smart displays and solid-state lightings.3,4 In
comparison with fluorescent emitters, metal-based phosphor-
escent dopants5 as well as thermally activated delayed
fluorescence (TADF) emitters have shown promising EQE
(>5%) due to their ability to break through the spin statistics
rules (to achieve near unity internal quantum efficiency

(IQE)). However, preserving high efficiency at high brightness
is an incredible task for several applications.6,7 Also, it is worth
noting that achieving widened color gamut, near UV/deep
blue emitters with a CIEy coordinate of <0.10 that even match
the blue standard with the CIE (x, y) coordinates at (0.15,
0.06) of European Broadcasting Union (EBU) is crucial to full-
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color displays. Thus, simultaneous realization of near UV/deep
blue luminophores with high efficiency and color saturation
CIEy < 0.10 is a formidable challenge in high-performance
display devices.8,9 The use of precious metals (Ir, Pt, or Au)
and the effect of strong self-quenching of long-lived triplet
excitons at high luminescence restrict wider usage of
PhOLEDs.10,11 Both phosphorescent metal complexes and
TADF-based emitters need to be doped in an appropriate host
material to evade self-quenching. An ideal host should fulfill
certain pre-requirements, such as high triplet energy, balanced
carrier mobilities, and chemical and thermal robustness.12,13

The use of traditional blue fluorescent materials as emitters
and hosts gained still considerable attention for OLEDs.
Recently, many researchers give their great efforts to focus

on designing small organic luminescent materials (unipolar)
because of their ordered molecular structure, easy purification
process, and flexibility in structural modification. An imidazole
moiety is more recommended because of its high thermal
stability and sensing ability.14,15 The electron-deficient
characteristics of imidazole makes the molecule highly polar,
and the availability of a lone pair on imidazole nitrogen helps
in sensing and allowing efficient electron transfer in devices.
The unipolar TPI derivatives fabricated in a N,N′-dicarbazolyl-
4,4′-biphenyl (CBP) host found OLED performances of 1.4%
EQE with (0.23, 0.21) CIE coordinates in the blue region with
good chemosensing behavior.16 The BIPTPA-based device
displayed EL performance with an Lmax of 413 cdm−2, EQE of
1.2%, and CE of 0.5 cdA−1 at 100 cdm−2 with a CIE of (0.16,
0.07), analogous to pure blue light.17−19 Formation of
controlled energy levels along with the ability to transfer
electrons and holes, which has been presented simultaneously,
can be achieved by the presence of reliable electron-rich and
electron-deficient moieties in a molecular structure.20 There-
fore, to accomplish full color displays, simple organic
fluorophores with near UV/deep blue emitters need to be
designed.
As we are aware that the presence of different toxic

pollutants such as explosive nitroaromatics compounds
(phenol (PH), benzoic acid (BA), 4-nitrophenol (4-NP),
2,4-dinitrophenol (2,4-DNP), and picric acid (PA)) are
dangerous for the environment and mankind, therefore,
visualization and quick detection of such toxic pollutants are
highly recommended.21,22 Multifunctional luminophores can
be widely used for detection of such toxic explosive
compounds from the environment and behave as excellent
chemosensors.23,24 Taking advantage of the availability of lone
pairs in nitrogen, it could be a possible candidate for
nitroaromatic compound detection. Keeping this in mind, a
series of unipolar simple organic fluorophores were designed
and synthesized. Diphenylimidazole-based luminophores (m-
CF3PTPI) are found to be the best class of molecular core as
their properties can be tuned by functionalizing at either N1 or
C1 positions. Therefore, in the present investigation, the
diphenylimidazole core is functionalized because of its good
thermal stability as well good charge transporting properties
with different substituents (electron-withdrawing groups
(EWG) and electron-donating groups (EDG)) at the N1
position (the availability of a nitrogen lone pair for
chemosensing as well as influence on photophysical properties
simultaneously used for the OLED application, which shows a
good EQE), keeping the C1 position fixed, as shown in Figures
1 and 2. Correlated with their nonfluorinated counterparts,
fluorinated fluorophores display low-lying energy levels in both

the LUMO and HOMO without severe disruption in the
bandgap. Among strong EWGs such as sulfonyl (SO2), cyano
(CN), and trifluoromethyl (CF3), particularly, the m-CF3
moiety has garnered considerable interest because it not only
acquires a higher electron-withdrawing capability but also
facilitates facile adjustment of imperative properties including
solubility and thermal and chemical stability.25 So, we made an
attempt by keeping the C1 position with an electron-
withdrawing group (m-CF3) to increase the mobility of
electrons and balancing the charge in the device as well as
lowering the bandgap, which ultimately enhance the device
performance and also help in tuning the PL spectra.26−28 Also,
the higher electron-withdrawing capability of CF3 can make it
more benign for lowering the level of HOMO energy. Owing
to the important contribution of m-CF3 in the fluorophores, a
noticeable change in optical and electrochemical properties
together with a significant increment in OLED device
performance is revealed.
Remarkably, all m-CF3PTPI derivatives showed near UV/

deep blue emission in solution, solid, and thin film. The
synthetic route was designed by a simple one-pot condensation
method in which the starting materials are easily available.
These luminophores are explored as a possible near UV/deep
blue emitter as well as a host for green PhOLEDs. In addition,
these luminophores showed noble selectivity for picric acid
(PA) over other explosive compounds such as PH, BA, 4-NP,
and 2,4-DNP. It is worth noting that among all, m-CF3PTPI-2
luminophores showed high sensitivity as well as good
selectivity for PA detection. It is well documented that the
presence of a nitrogen atom on luminophores makes them
more basic, and it can strongly bind with acidic PA that leads
to fluorescence (emission) quenching and shown chemo-
sensing behavior. The luminophores contain an electron-
donating methyl group, which makes the lone pair on the
nitrogen atom more available, which enhances the interaction
with PA as compared to other EWGs present at the N1-
position of phenyl rings. It is evident that the detection limit
(DL) of the luminophores containing EDGs is highly
promising.
As mentioned earlier, the synthesized luminophores were

explored for OLED application as near UV/deep blue emitters
or host materials for PhOLEDs. Furthermore, the electronic
and optical characteristics of charge transporting materials have
been thoroughly investigated to obtain a detailed under-

Figure 1. Design strategy of luminophores (EWG/EDG combina-
tion).
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standing. In addition, the effect of substitution on the
fluorophores and their quantum chemical studies have also
been discussed. According to the theoretical calculation of m-
CF3PTPI-based luminophores, we carry forward the develop-
ment of potential near UV/deep-blue emitters.
To achieve efficient OLED devices, the correlation between

electroluminescence (EL) performances and substituent
groups on the luminophores was also examined. We fabricated
imidazole-based materials as blue emitters with host CBP for
blue OLED devices via a solution process. Among the five
imidazole-based materials, two materials (m-CF3PTPI-1 and
m-CF3PTPI-2) having high triplet energy and suitable
HOMO/LOMO were employed as hosts for the green
PhOLED. The device configurations for blue and green
OLEDs are ITO/PEDOT:PSS/CBP:luminophores (x wt
%)/TPBi/LiF/Al and ITO/PEDOT:PSS/m-CF3PTPI-1 or
m-CF3PTPI-2:Ir(ppy)3/TPBi/LiF/Al, respectively. The EL
performances were investigated, and among all the blue
emitters, the device incorporated with m-CF3PTPI-5 (3 wt %)
achieved the highest performance with a maximum PEmax of
0.9 Im/W, CEmax of 1.3 cd/A, and EQEmax of 2.8% at a
brightness of 953 cd/m2. Meanwhile, in the case of green
OLEDs, devices based on host m-CF3PTPI-2 doped with
green dye (Ir(ppy)3) (12.5 wt %) displayed a CEmax of 17.5
cd/A, PEmax 13.4 lm/W, EQEmax of 4.8%, and Lmax of 4695 cd/
m2 comparative to the m-CF3PTPI-1-based device.

■ EXPERIMENTAL DETAILS
Synthesis. Benzil, 3-(trifluoromethyl)-benzaldehyde, an

equivalent amount of amine derivative, along with ammonium
acetate (NH4OAc) was dissolved in glacial acetic acid
(CH3COOH) (25 mL) at 120 °C and kept overnight, as
shown in Scheme 1. The resulting mixture was poured in ice
water, and an organic layer was extracted with DCM. The
crude product was made by adding a silica gel to the extracted
product. The crude was purified by column chromatography
(silica gel) eluted with a mixture of ethyl acetate/petroleum
ether (3:7; v/v) to give a white-colored solid compound.
Structurally, luminophores were confirmed by spectroscopic
methods, i.e., 1H, 13C NMR, and HRMS spectrometry, as
displayed in Figures S2 to S16 (Supporting Information).

1,4,5-Triphenyl-2-(3-(trifluoromethyl)phenyl)-1H-imida-
zole (m-CF3PTPI-1). Yield: 75%, white solid, melting point =

130.8 °C, 1H NMR (400 MHz, CDCl3, δ ppm): 7.72 (s, 1H),
7.67−7.60 (m, 3H), 7.53 (d, J = 7.8 Hz, 1H), 7.41−7.20 (m,
10H), 7.20−7.15 (m, 2H), 7.12−7.06 (m, 2H). 13C NMR
(100 MHz, CDCl3, TMS, δ ppm): 145.47 (s), 136.70 (s),
134.14 (s), 131.83 (s), 131.23 (s), 131.08 (s), 130.26 (s),
129.35 (s), 128.70 (s), 128.59 (s), 128.44 (s), 128.34 (s),
128.27 (s), 128.18 (s), 127.45 (s), 127.38 (s), 126.84 (s),
125.73 (q, J = 3.9 Hz), 125.21 (s), 124.70 (q, J = 3.7 Hz),
122.50 (s), 77.30 (d, J = 11.4 Hz), 77.04 (s), 76.72 (s). EI-MS:
m/z exp. (calc.) 440.1500 found 441.1573 [M + H]+.

4,5-Diphenyl-1-(p-tolyl)-2-(3-(trifluoromethyl)phenyl)-1H-
imidazole (m-CF3PTPI-2). Yield: 80%, white solid, melting
point = 175.3 °C, 1H NMR (400 MHz, CDCl3, TMS, δ ppm):
2.35 (3H, s), 6.95−6.96 (2H, d, J = 8 Hz), 7.09−7.11 (2H, d, J
= 8.4 Hz), 7.16−78 (2H, dd J = 2 Hz, 8 Hz), 7.23−7.30 (6H,
m), 7.34−7.38 (1H, m), 7.51−7.53 (1H, d, J = 8 Hz), 7.60−
7.62 (3H, d, J = 7.2 Hz), 7.74 (1H, s). 13C NMR (100 MHz,
CDCl3, TMS, δ ppm) 145.37 (s), 138.67 (d, J = 18.4 Hz),
134.16 (d, J = 16.5 Hz), 131.78 (s), 131.44 (d, J = 17.6 Hz),
131.06 (d, J = 9.1 Hz), 130.69 (s), 130.38 (d, J = 2.6 Hz),
129.93 (s), 128.67−127.90 (m), 127.38 (s), 126.78 (s), 125.73
(q, J = 3.9 Hz), 124.70 (q, J = 3.7 Hz), 77.36 (s), 77.04 (s),
76.72 (s), 21.15 (s). EI-MS: m/z exp. (calc.) 454.1657 found
455.1732 [M + H]+.

4-(4,5-Diphenyl-2-(3-(trifluoromethyl)phenyl)-1H-imida-
zol-1-yl)benzonitrile (m-CF3PTPI-3). Yield: 80%, white solid,
melting point = 193.0 °C, 1H NMR (400 MHz, DMSO-d6,
TMS, δ ppm): 7.23−7.27 (1H, m), 7.31−7.34 (3H, m), 7.39−
7.42 (2H, m), 7.45−7.49 (2H, m), 7.52−7.58 (5H, q), 7.73−
7.74 (2H, d, J = 4 Hz), 8.38−8.40 (2H, m), 8.45 (1H, s). 13C
NMR (100 MHz, DMSO-d6, TMS, δ ppm): 144.42 (s), 137.96
(s), 135.31 (s), 131.69 (s), 131.25 (s), 130.43 (s), 129.51−

Figure 2. Structures of imidazole-based luminophores (top) and quenchers (down) used for chemosensors.

Scheme 1. Synthetic Procedure of the m-CF3PTPI
Imidazole-Based Luminophores
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129.09 (m), 128.82 (d, J = 18.7 Hz), 128.48 (s), 127.58 (s),
127.20 (s), 125.03 (dd, J = 7.5, 3.5 Hz), 121.88 (dd, J = 7.7,
4.0 Hz), 40.60 (s), 40.39 (s), 40.19 (s), 39.98 (s), 39.77 (s),
39.56 (s), 39.35 (s). EI-MS: m/z exp. (calc.) 465.1453 found
466.1524 [M + H]+.

4,5-Diphenyl-1,2-bis(3-(trifluoromethyl)phenyl)-1H-imi-
dazole (m-CF3PTPI-4). Yield: 80%, white solid, melting point =
205.3 °C, 1H NMR (400 MHz, DMSO-d6, TMS, δ ppm):
7.23−7.27 (1H, m), 7.31−7.34 (3H, m), 7.39−7.42 (1H, m),
7.45−7.49 (3H, m), 7.52−7.57 (5H, q), 7.73−7.74 (3H,d, J =
4 Hz), 8.38−8.40 (1H, m), 8.45 (1H, s). 13C NMR (100 MHz,
DMSO-d6, TMS, δ ppm): 144.42 (s), 137.96 (s), 135.31 (s),
131.69 (s), 131.25 (s), 130.43 (s), 129.41 (s), 129.21 (dd, J =
7.5, 3.5 Hz), 128.91 (s), 128.73 (s), 127.58 (s), 127.58 (s),
127.20 (s), 126.32−125.92 (m), 125.04 (q, J = 3.9 Hz),
122.51−120.39 (m), 40.61 (s), 40.40 (s), 40.19 (s), 39.98 (s),
39.77 (s), 39.57 (s), 39.36 (s). EI-MS: m/z exp. (calc.)
508.1374 found 509.1437 [M + H]+.

3-(4,5-Diphenyl-2-(3-(trifluoromethyl)phenyl)-1H-imida-
zol-1-yl)benzonitrile (m-CF3PTPI-5). Yield: 80%, white solid,
melting point = 210.5 °C, 1H NMR (400 MHz, DMSO-d6,
TMS, δ ppm): 7.23−7.27 (2H, m), 7.31−7.34 (3H, m), 7.40−
7.42 (2H, d, J = 4 Hz), 7.42−7.49 (2H, m), 7.52−7.57 (5H,
q), 7.73−7.74 (3H, d, J = 8 Hz), 8.38−8.40 (1H, s). 13C NMR
(100 MHz, DMSO-d6, TMS, δ ppm): 144.42 (s), 137.95 (s),
135.30 (s), 131.68 (s), 131.25 (s), 130.34 (d, J = 17.5 Hz),
129.55−129.09 (m), 128.82 (d, J = 18.4 Hz), 128.48 (s),
127.58 (s), 127.20 (s), 125.24 (dd, J = 7.5, 3.5 Hz), 121.88 (q,
J = 3.1 Hz), 40.59 (s), 40.39 (s), 40.18 (s), 39.97 (s), 39.76
(s), 39.55 (s), 39.34 (s). EI-MS: m/z exp. (calc.) 465.1453
found 466.1510 [M + H]+.

■ RESULTS AND DISCUSSION
Theoretical Calculations. It is highly relevant to under-

stand the electronic structure of the designed luminophores,
and prior to synthesizing, we have executed theoretical
calculations. The structure of the luminophores was first
optimized by DFT, and the excited-state electronic features
were understood by TD-DFT. The ground-state optimized
geometries and their FMO (frontier molecular orbitals) are
shown in Figure 3, Figure S37, and Table ST3, and the

corresponding values are given in Table 1. As shown in Figure
S37 and Table ST3, the HOMO of electron clouds mainly

dispersed on the diphenylimidazole moiety, which was
expected to assist in hole transporting properties. On the
other hand, the LUMO of m-CF3PTPI-1, m-CF3PTPI-2, and
m-CF3PTPI-4 were mainly distributed on the imidazole
moiety, whereas the LUMO of m-CF3PTPI-3 and m-
CF3PTPI-5 were mainly distributed on the cyano phenyl
moiety. The electronic distribution patterns reveal their poor
intramolecular charge transfer (ICT) property, which will
trigger the achievement of blue or deep-blue emissions with
wide bandgap energy.29 The diphenylimidazole-based lumino-
phores were presently designed, in which the substitution of
EDGs and EWGs in the N1-position affected both HOMO
and LUMO energy levels.14 The fluorinated substitution into
the fluorophores shows a low bandgap, which has been
regarded as one of the promising strategies for improving the
electroluminescence properties of OLED devices. The
substitution of EDG (p-CH3) in the N1-position stabilized
the HOMO energy level, and the electron-accepting
substituent destabilized the HOMO energy level. m-
CF3PTPI-4 and m-CF3PTPI-5 show the stabilized LUMO
energy level as compared to the phenyl substitution in the N1-
position. The theoretical UV−vis spectra were also obtained by
the TD-DFT method in both gas and solvent phases, as
depicted in Figure 4a,b, respectively. The intense absorption
bands are observed in the luminophores, which is due to the n
→ π∗ transitions of the imidazole.

Charge Transport Properties. In determining the
electrical properties of OLEDs, the balancing of charge
injection and transfer characteristics of molecules is highly
recommended, which decides the fate of efficient OLEDs.
Thus, the energy barrier for injection and mobility of hole−
electron must be determined by ionization potential (IP) and
electron affinity (EA).30−32,16 In general, lower IP and large EA
values offer an obvious injection of holes and electrons. For all
synthesized luminophores, λ represents the reorganization
energy, which is calculated to evaluate the rate of charge
transfer and balancing characteristics. For a potent charge
transport process, a small λ value is required. In general, eqs 1
and 2 are used to determine the hole and electron transfers

= [ ] + [ ]

[ + ] =

+ + + +E M E M E M E M( ) ( ) ( ) ( )

or IP HEP
hole

1 2 v (1)

= [ ] + [ ]

[ + ] =

E M E M E M E M( ) ( ) ( ) ( )

or EEP EA
electron

3 4 v (2)

The energies of the neutral, cation, and anion species are
represented by E, E+, and E−, respectively, whereas M, M+, and
M− stand for the optimized geometries of the neutral, cation,
and anion, respectively. The hole and electron extraction
potentials are represented by HEP and EEP, whereas HEP and
EEP are the interpretations of IP and EA, respectively. The
energy difference from M+ to M gives HEP values using the M+

Figure 3. Ground-state optimized geometries of all the synthesized
luminophores.

Table 1. Theoretical Data of the m-CF3PTPI Luminophores

luminophores HOMO (eV) LUMO (eV) HOMO-1 (eV) LUMO+1 (eV) bandgap (eV) singlet (eV) triplet (eV)

m-CF3PTPI-1 −5.65 −1.39 −6.72 −1.14 4.26 3.78 2.90
m-CF3PTPI-2 −5.61 −1.35 −6.69 −1.09 4.26 3.79 2.90
m-CF3PTPI-3 −5.91 −2.23 −6.91 −1.53 3.68 3.12 2.78
m-CF3PTPI-4 −5.80 −1.70 −6.83 −1.61 4.10 3.52 2.87
m-CF3PTPI-5 −5.88 −2.18 −6.88 −1.72 3.70 3.14 2.87
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geometric structure in the calculation, and the energy
difference from M− to M gives EEP using the M− geometric
structure in calculation. The energies of the neutral and cation
species in their lowest energy geometry are represented by the
E(M) and E+(M+), while the energies of the cation and neutral
species are represented by E(M+) and E+(M), respectively. The
estimated IPv values in Table 2 rise in the following order: m-
CF3PTPI-2 < m-CF3PTPI-1 < m-CF3PTPI-4 < m-CF3PTPI-5
< m-CF3PTPI-3. The reorganization energies of electron
transport (λelectron) are somewhat greater than those of hole
transport (λhole) for all luminophores, indicating that these
luminophores’ hole transport capacity is slightly better than
their electron transport ability. Moreover, when the EWGs
(CN and CF3) are introduced on the core luminophores, the
imbalances between λhole and λelectron for EWG-containing
luminophores were smaller than those for the luminophores
with EDGs, demonstrating that the performance of the OLED
device is more affected for luminophores with EWGs. Δλ for
m-CF3PTPI-3 is the lowest among all the fluorophores, which
reveals that m-CF3PTPI-3 has more potential as an emitter,

which shows maximum brightness after blending with host
materials. In addition, compared with all the luminophores, the
luminophores with EWGs have more potential as emitters for
OLED applications.

Thermal Properties. For highly efficient smart OLEDs,
the prerequisite criterion is the morphological stability of the
materials.33 As shown by the TGA graph in Figure 5a, all these
synthesized imidazole luminophores start to display weight loss
(resultant 5% weight loss) at 258−296 °C, above the
sublimation temperature (100 °C), revealing good thermal
stability.34 All the imidazole luminophores demonstrate almost
similar decomposition enhancement except m-CF3PTPI-4
because of their higher molecular mass.35 However, similar
decomposition enhancement is observed due to the structural
framework.36 The curves of heating DSC scans, which show
the most exact Tm values of materials, are depicted in Figure
5b. It is seen that, although no distinct glass transition
temperature (Tg) could be identified, the fluorophores show a
good melting transition temperature from 148 to 270 °C. The
superior thermal stability as well as endothermic melting

Figure 4. Theoretical UV−vis spectrum of m-CF3PTPI luminophores in (a) the gas phase and (b) DCM obtained from DFT.

Table 2. Calculated Values of IPv (eV), EAs (eV), Extraction Potentials (eV), and Reorganization Energies (eV) of
Fluorophores

luminophores m-CF3PTPI-1 m-CF3PTPI-2 m-CF3PTPI-3 m-CF3PTPI-4 m-CF3PTPI-5 mcp

IPv 7.061 7.011 7.310 7.186 7.255 6.80
HEP 6.695 6.648 6.927 6.799 6.890
EEP 0.968 0.935 1.388 0.916 1.101
−EAv 0.337 0.313 0.998 0.679 0.945 0.15
λhole 0.365 0.362 0.382 0.386 0.365 0.06
λelectron 0.631 0.621 0.390 0.237 0.155 0.12
Δλ 0.266 0.259 0.008 0.149 0.21 0.06

Figure 5. (a) TGA and (b) DSC curves of fluorophores at a heating rate of 10 °C/min in a nitrogen atmosphere.
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phenomena found in all the heating scans reveals the good
morphological stability of amorphous films at high temper-
atures of the fluorophores, which is beneficial for lifetime
operation as well as for device efficacy.37,38 However, the
materials are identified as well suited for OLED application.

Photophysical Properties. In common solvents like
chloroform (CHCl3), acetonitrile (ACN), methanol, tetrahy-
drofuran (THF), dichloromethane (DCM), dimethylforma-
mide (DMF), dimethylsulfoxide (DMSO), and toluene, the
luminophores are found to be soluble. The UV−visible spectra,
emission spectra in DCM solution, and phosphorescence
spectra are depicted in Figure 6, and their corresponding molar
extinction coefficients have been calculated and are displayed
in the Supporting Information (Figure S17). The lumino-
phores show similar absorption wavelength at around 231 to
234 nm, which is due to the π−π* transitions of all the
aromatic phenyl rings. The higher absorption wavelength at
289 to 314 nm is due to the n−π* transitions of the imidazole
moieties containing an aromatic ring of the luminophores.39−41

All the luminophores exhibited nearly related absorption
spectra (shifting absorption maximum 8−20 nm) because of
their comparable molecular frame as well as effective structural
modification through EDGs and EWGs of different linkage
positions.42,43 The PL emission spectra of all the luminophores
are recorded in DCM solution and depicted in Figure 6. It is

observed that upon excitation at 280 nm, all luminophores
display near UV/deep blue emission. m-CF3PTPI-3, m-
CF3PTPI-4, and m-CF3PTPI-5 showed deep blue emission
in a higher PL emission band at around 395, 386, and 384 nm,
respectively. m-CF3PTPI-1 and m-CF3PTPI-2 show an
emission band in near UV at around 379 and 375 nm,
respectively. The former are shown in a higher wavelength as
compared to the latter because of the presence of electron-
withdrawing moieties.44

The phosphorescence spectra suggest the location of the
triplet energy level for the presently studied compounds; the
emission was mainly found between 530 and 546 nm and be
consigned of their phosphorescence from the triplet excited
states. The triplet energies (ET) were estimated from the
highest-energy (0−0) vibronic sub-band of the phosphor-
escence spectra as 2.67 eV for m-CF3PTPI-1, 2.63 eV for m-
CF3PTPI-2, 2.63 eV for m-CF3PTPI-3, 2.54 eV for m-
CF3PTPI-4, and 2.58 eV for m-CF3PTPI-5 (the trend is found
to be similar to theoretically calculated triplet level energies).
These phosphorescence spectra characteristics combined with
ET values indicate that they are sufficiently high enough to
transfer energy from the host to dopant, and hence, they are
capable of acting as hosts in green and red OLEDs;42,45,46

based on this, we have used m-CF3PTPI-1 and m-CF3PTPI-2
as a host for green PhOLEDs.

Figure 6. (a) UV−visible spectra, emission spectra at room temperature, and normalized phosphorescence spectra (77 K) of luminophores. (b)
Emission spectra of the luminophores in solid and thin film.

Figure 7. CIE coordinates of solution, thin film, and solid PL of the luminophores and images of the luminophores in solution, thin-film matrix, and
solid under UV at 365 nm.
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On the other hand, assessment with the solution, solid, and
thin film emission spectra is also observed in the deep blue
region. Figure 6b shows the solid and thin film emission
spectra, which exhibit small shifting to a longer wavelength
compared to the solution emission spectra around 382−402
and 378−390 nm, respectively. Therefore, the obtained results
showed that all the luminophores emit in the deep blue region
and the CIEy color coordinates are <0.1, which satisfy the
NTSC standard.47 The digital images of all the luminophores
in solid, solution (DCM), and thin films are taken under a 365
nm UV lamp and are given in Figure 7. The corresponding
data of the photophysical study and photoluminescence
quantum yield (PLQY) are measured in DCM solution, and
the obtained values are summarized in Table 3.

Electrochemical Analysis. The electrochemical properties
of the luminophores were studied by cyclic voltammetry (CV)
in DMF solvent with 0.1 M tetrabutylammonium hexafluor-
ophosphate (TBAPF6) as a supporting electrolyte using a
three-standard electrode under a N2 atmosphere. Imidazole
luminophores showed onset oxidation potentials and onset
reduction potentials at 1.32 to 1.19 V and −1.12 to −1.75 V
ranges. The HOMO and LUMO energy levels of imidazole
luminophores were determined from the onset oxidation
potentials and onset reduction potentials, and the energy levels
were estimated by using Leeuw et al.’s equations (eqs 3 and
4)46

= +E E( 4.4)eVHOMO ox
onset (3)

= +E E( 4.4)eVLUMO red
onset

(4)

The corresponding oxidation and reduction potentials and
their HOMO and LUMO energy levels are given in Table 4. It

is observed that deep HOMO and LUMO energy levels
possess good electron and hole transportation properties.48

The decrease in oxidation potential follows the corresponding
order of inductive effect of the substituents: CH3 > H > CF3,
which is due to the presence of the inductive effect caused by
the different substituents (−ve effect for fluorine and +ve effect
for the methyl group).49 The comparison of the HOMO−
LUMO energy gap of all the fluorophores indicates that the

HOMO/LUMO energy levels change with respect to that of
the N1 substitution of imidazole. However, the larger bandgap
further proves the powerful structural adjustment for control-
lable emissions by simply changing the linkage modes.50

Among all, m-CF3PTPI-3, m-CF3PTPI-4, and m-CF3PTPI-5
with EWGs present result in lowering the bandgap, in
agreement with the PL data. As we know from DFT, the
energy gap is less for EWGs as compared to EDGs, whereas
electrochemical analysis also follows the same trend as
theoretical calculations. Accordingly, the electrochemical
diagram and their corresponding data of the imidazole
derivatives are summarized in Figure 8 and Table 4.

Electroluminescence. To further explore the viable
applications of diphenylimidazole derivative-based lumino-
phores, OLEDs encouraged us to study them experimentally.
The EL performance of the synthesized diphenylimidazole
derivative-based materials was employed both as an emitter
and host, studying a series of OLED devices designed and
fabricated via the solution process. The device structures were
fabricated with multilayer configuration using blue emitter
luminophores, as shown in the schematic diagram of the device
(Figure 9a) and their corresponding energy level diagrams
(Figure 9b). The luminophores were used as emitters at
different concentrations (1.0, 3.0, and 5.0 wt %) with CBP as a
host. The device configuration was ITO (125 nm)/
PEDOT:PSS (35 nm)/CBP:1, 3, and 5 wt % m-CF3PTPI-1,
m-CF3PTPI-2, m-CF3PTPI-3, m-CF3PTPI-4, or m-CF3PTPI-5
(20 nm)/TPBi (40 nm)/LiF (1 nm)/Al (200 nm).
The current density−voltage−luminescence (J-V-L) charac-

teristics and EL spectra of the fabricated doped OLED devices
are displayed in Figure 10 and Figures S38−S41, and their
corresponding EL properties are summarized in Table 5. The
m-CF3PTPI-1 emitter-based device shows bluish-white
emission at a CIE coordinate of (0.28, 0.34). The doped
OLED devices were structured to enhance the color purity and
device efficiency of the synthesized emitters. Here, CBP is
utilized as a host material due to its suitable HOMO and
LUMO level with the emitter and the bipolar property to
ensure efficient charge transfer to the emitters. Doping
concentrations ranged from 1.0 to 5.0 wt %, and the device
displayed high brightness, low current density, and improved
efficiency. It is noted that, compared with the undoped device,
the doped device showed the best device performance. Better
EL properties may be related to the (a) effective host−dopant
energy transfer, (b) suitable matching of HOMO−LUMO and
triplet energy of the host with the dopant’s, (c) balanced
charge carriers (holes and electrons) in the recombination
region, and (d) feasibility of radiative exciton formation.17,51,52

From the EL spectra and tabulated EL properties, it is clear
that the devices show near-UV emission at CIE coordinates
(0.16, 0.09) to (0.17, 0.11) with EL peaks in the range of 380−
395 nm. The displayed CIE coordinates are in very close

Table 3. Photophysical and CIE Chromaticity Values of the Luminophoresa

λem (nm) (RT) λem (nm) (77 K) PLQY (Φ) (%) CIE coordinates (x, y)

luminophores λabs (nm) solution PMMA film solid solution ET (eV) solution solution PMMA film solid

m-CF3PTPI-1 232, 288 379 386 384 530 2.67 33.1 0.16, 0.01 0.15, 0.02 0.16, 0.01
m-CF3PTPI-2 234, 295 375 382 402 535 2.63 30.0 0.15, 0.01 0.16, 0.01 0.16, 0.02
m-CF3PTPI-3 233, 312 395 384 382 533 2.63 33.5 0.15, 0.01 0.15, 0.02 0.15, 0.02
m-CF3PTPI-4 231, 309 386 388 381 519,546 2.54 20.3 0.16, 0.01 0.16, 0.01 0.15, 0.01
m-CF3PTPI-5 234, 313 384 380 395 511,541 2.58 35.7 0.16, 0.01 0.16, 0.02 0.16, 0.01

aRT: room temperature, PLQY: photoluminescence quantum yield.

Table 4. Key Data of Electrochemical Analysis of the
Luminophores under a N2 Atmosphere

luminophores
Eoxonset
(V)

Eredonset
(V)

HOMO
(eV)

LUMO
(eV)

bandgap
(eV)

m-CF3PTPI-1 1.32 −1.51 −5.72 −2.88 2.83
m-CF3PTPI-2 1.49 −1.75 −5.89 −2.64 3.24
m-CF3PTPI-3 1.19 −1.12 −5.59 −3.27 2.32
m-CF3PTPI-4 1.19 −1.19 −5.59 −3.20 2.39
m-CF3PTPI-5 1.21 −1.14 −5.61 −3.25 2.36
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proximity to the NTSC determined standard blue coordinates
(0.14, 0.08). The peaks of the EL spectra (∼395 nm) of the
devices are more similar to the observed PL of the emitters in
the thin film and DCM solution, indicative of the origin of the
emission in the EL and symbolizing the radiative decay of a
singlet exciton localized on the guest without any aggregates
between the thin film and molecules.
Furthermore, the CIE coordinates for the doped sample

displayed purer blue color than nondoped ones. The reason
behind may be attributed to the difference in the polarity of the
host and dopant in the solid film. Moreover, it is noteworthy
that on increasing the concentration of the doped devices,
negligible change is observed in the spectra peak with a minor
to no red shift in some devices, confirming the stability even at
higher concentrations. To analyze, the best performing device,

m-CF3PTPI-5 (3.0 wt %), displayed a PE of 0.9 lm/W, CE of
1.3 cd/A, and EQE of 2.8% at a brightness of 953 cd/m2. The
reason behind may be the matching of energy levels for the
host and dopant, which favors balanced charge transport, and
effective host to dopant energy transfer.
To improve the performance further, Figure 11 shows the

overlapping area between the absorbance of the emitter and PL
of various hosts. The importance of this observation is that the
higher the overlapping area between the absorbance and PL
spectra, the better will be the charge transporting capability
between them and the better will be the performance. Three
hosts, namely, SimCP2, mCP, and Spiro-2-CBP, were chosen
due to their wider bandgap, higher triplet energy, and larger
overlapping as compared to those of the counterpart CBP host.
Therefore, SimCP2 was the most overlapping among all and

Figure 8. CV of the luminophores in DMF under a N2 atmosphere.

Figure 9. (a) Schematic device structure and (b) energy level diagram of OLED devices incorporated with diphenylimidazole derivative-based blue
emitter m-CF3PTPI-1, m-CF3PTPI-2, m-CF3PTPI-3, m-CF3PTPI-4, or m-CF3PTPI-5 with CBP as the host.

Figure 10. (a) Luminance−voltage−current density (L-V-J), (b) power efficacy−luminance−current efficacy, and (c) electroluminescence spectra
of blue OLED incorporated with diphenylimidazole derivative-based emitter m-CF3PTPI-1 at concentrations 1.0, 3.0, and 5.0 wt % in the CBP host
matrix.
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showed the best performance with a maximum EQE of 4.0%
that is very close to the theoretical limit of fluorescent emitters,
as shown in Figure 11. The best performing emitter m-
CF3PTPI-5 was selected to carry out further analysis.
Figure 12 shows the energy-level diagram of a blue OLED

using different hosts doped with a 3 wt % m-CF3PTPI-5

emitter. Three other hosts, namely, SimCP2, mCP, and Spiro-
2-CBP, were utilized. Among all, SimCP2 possesses an
extremely large bandgap of 3.56 eV and shows a maximum
overlapping with the emitter. Table ST4 shows the comparison
of PE, CE, EQE, turn-on voltage, CIE, and luminance of
devices based on different hosts doped with a 3 wt % m-
CF3PTPI-5 emitter.
Figure 13a,b shows the J-V-L and efficacy performance of

the devices. SimCP2-based devices displayed a high current
density and an Lmax of 2980 cd/m2. The device also showed a
low turn-on voltage of 3.9 V and EQEmax of 4.0% that is close
to the theoretical limit of fluorescent materials (Table ST4).
An absence of an additional peak in the EL spectra (as shown
in Figure 13c) is indicative of the complete transfer of energy
from the host to guest. However, a slight red shift is observed
in the SimCP2-based device compared to the CBP-based one,
which may be attributed to an electron barrier of 0.14 eV,
which might have hindered the smooth transportation of
electrons into the emissive layer.
Figure 14 depicts the (panel a) schematic device structure

and (panel b) the energy level diagram for the wet-processed
OLEDs using hosts m-CF3PTPI-1 and m-CF3PTPI-2 doped
with a green phosphorescent dye Ir(ppy)3. It is interesting toT

ab
le

5.
El
ec
tr
ol
um

in
es
ce
nc
e
Pr
op

er
tie

s
of

Em
itt
er
s
(D

op
ed
/U

nd
op

ed
)
in

th
e
C
B
P
H
os
t
M
at
ri
x
at

V
ar
yi
ng

C
on

ce
nt
ra
tio

ns

do
pa
nt

do
pi
ng
co
n.

(w
t
%
)

tu
rn
-o
n
vo
lta
ge

(V
)

PE
10
0/
C
E 1

00
/E
Q
E 1

00
(l
m
/W

/c
d/
A/
%
)

PE
10
00
/C
E 1

00
0/
EQ

E 1
00
0

(l
m
/W

/c
d/
A/
%
)

PE
m
ax
/C
E m

ax
/E
Q
E m

ax
(l
m
/W

/c
d/
A/
%
)

C
IE
xy
co
or
di
na
te
s

M
ax
i.
Lu
m
.

(c
d/
m
2 )

m
-C
F 3
PT
PI
-1

1
4.
2

0.
3/
0.
5/
1.
5

-/
-/
-

0.
6/
0.
8/
2.
0

(0
.1
6,
0.
09
)/
-

70
0

3
4.
1

0.
4/
0.
7/
1.
9

0.
19
/0
.4
2/
0.
53

0.
53
/0
.7
6/
2.
0

(0
.1
6,
0.
10
)/
(0
.1
6,
0.
10
)

10
46

5
5.
0

0.
2/
0.
5/
1.
2

0.
1/
0.
3/
0.
3

0.
5/
0.
7/
1.
22

(0
.1
7,
0.
11
)/
(0
.1
9,
0.
18
)

13
99

m
-C
F 3
PT
PI
-2

1
5.
1

0.
3/
0.
5/
1.
4

-/
-/
-

0.
5/
0.
7/
1.
9

(0
.1
7,
0.
10
)/
-

63
5

3
4.
2

0.
3/
0.
5/
1.
6

0.
2/
0.
5/
0.
7

0.
6/
0.
8/
1.
9

(0
.1
6,
0.
09
)/
(0
.1
8,
0.
15
)

12
90

5
3.
7

0.
4/
0.
6/
1.
6

0.
1/
0.
3/
0.
3

0.
7/
0.
9/
1.
7

(0
.1
6,
0.
10
)/
(0
.2
0,
0.
20
)

13
40

m
-C
F 3
PT
PI
-3

1
4.
6

0.
3/
0.
5/
1.
5

0.
07
/0
.1
/0
.1

0.
3/
0.
5/
1.
5

(0
.1
6,
0.
09
)/
(0
.2
2,
0.
23
)

10
20

3
4.
1

0.
3/
0.
6/
1.
6

0.
3/
0.
6/
1.
0

0.
6/
0.
8/
1.
9

(0
.1
6,
0.
09
)/
(0
.1
8,
0.
13
)

11
75

5
4.
9

0.
3/
0.
6/
1.
5

0.
2/
0.
5/
0.
7

0.
5/
0.
7/
1.
7

(0
.1
6,
0.
09
)/
(0
.1
8,
0.
15
)

17
31

m
-C
F 3
PT
PI
-4

1
4.
7

03
/0
.5
/1
.8

0.
1/
0.
2/
0.
1

0.
3/
0.
6/
2.
2

(0
.1
6,
0.
09
)/
(0
.2
1,
0.
21
)

11
46

3
4.
3

0.
3/
0.
5/
1.
6

0.
2/
0.
5/
0.
5

0.
3/
0.
5/
1.
6

(0
.1
6,
0.
09
)/
(0
.1
9,
0.
16
)

10
29

5
5.
3

0.
1/
0.
3/
0.
1

-/
-/
-

0.
1/
0.
3/
0.
1

(0
.1
6,
0.
09
)

93
0

m
-C
F 3
PT
PI
-5

1
4.
1

0.
3/
0.
6/
1.
7

-/
-/
-

0.
5/
0.
8/
2.
7

(0
.1
7,
0.
10
)

75
3

3
4.
1

0.
3/
0.
6/
1.
6

-/
-/
-

0.
9/
1.
3/
2.
8

(0
.1
7,
0.
10
)

95
3

5
3.
7

0.
5/
0.
7/
1.
7

0.
2/
0.
5/
0.
5

0.
9/
1.
2/
2.
6

(0
.1
7,
0.
10
)/
(0
.1
9,
0.
15
)

13
21

Figure 11. Overlapping between an absorption spectrum of emitter
m-CF3PTPI-5 and PL spectra of different hosts.

Figure 12. Energy-level diagram of the blue OLED composed of an
emitter m-CF3PTPI-5 in different host matrixes.
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note that the materials m-CF3PTPI-1 and m-CF3PTPI-2 are
bifunctional materials working both as an emitter and host.
Moreover, the performance of these materials was sharply
increased when used as a host, which is credited to the large
HOMO−LUMO gap (>2.8 eV) suitable to transfer energy to
the guest singlet energy level. Thereby, the device was
structured as ITO (125 nm)/PEDOT:PSS (35 nm)/m-
CF3PTPI-1 or m-CF3PTPI-2:7.5, 10, 12.5, and 15 wt %
Ir(ppy)3 (20 nm)/TPBi (40 nm)/LiF (1 nm)/Al (200 nm).
The dopant Ir(ppy)3 is chosen due to its large HOMO−
LUMO levels suitable with the host materials, and the
concentrations were precisely optimized for a greater host−
guest energy transfer.

Figure 13. (a) Current density−voltage−luminance, (b) current efficiency−luminance−power efficiency plots, and (c) EL spectra of the blue
OLED composed of the m-CF3PTPI-5 emitter doped in different host matrixes.

Figure 14. (a) Schematic device structure and (b) energy level
diagram of materials m-CF3PTPI-1 and m-CF3PTPI-2 used as hosts
with a green phosphorescent dopant Ir(ppy)3.

Figure 15. Electroluminescence properties of host m-CF3PTPI-1 with green phosphorescent dye at concentrations 7.5, 10.0, 12.5, and 15.0 wt %
showing (a) current density−voltage−luminance (J-V-L), (b) current efficacy−luminance−power efficacy, and (c) electroluminescence spectra.
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On fabricating the devices using m-CF3PTPI-1 and m-
CF3PTPI-2 as a host, the current density−voltage−luminance
(J-V-L) characteristics were sharply improved with significant
increments, as seen in Figures 15 and 16. The electro-
luminescence spectra are red shifted due to the presence of
green dye, and a peak at around 525 nm was observed. The
CIE coordinates (0.31, 0.62) thus observed lie in the
yellowish-green region of chromaticity spectrum. The shifting
may be attributed to the radiative emission from the dopant’s
singlet state.
Further, a clear understanding has been drawn from Table 6,

which summarizes the EL properties of both the host doped
with 7.5, 10.0, 12.5, and 15.0 wt % doping concentrations in
the green dye. m-CF3PTPI-2, due to its good hole-blocking
ability, achieves an EQEmax of 4.9%, CEmax of 17.9 cd/A, and
PEmax of 13.7 lm/W at a 10 wt % doping concentration. The
1948 cd/m2Lmax for the same device is comparatively less and
may be attributed to insufficient charge balance due to a higher
LUMO level than the ETL (TPBi).

Chemosensing. The sensing behaviors of imidazole-based
luminophores were thoroughly analyzed by fluorescence
spectroscopy. The imidazole-based molecules show strong
fluorescence, which can be the most interesting successor for
chemosensors. The detection of fluorescence quenching
reveals the rather low LUMO energies of PH, BA, and the
nitro-containing explosive compounds such as 4-NP, 2,4-DNP,
and PA, which may withdraw electrons from the excited-state

fluorophores via a photo-induced electron transfer (PET)
quenching process.53 m-CF3PTPI luminophores were dis-
solved in THF solution (1 × 10−5 M), and their sensing
properties were studied. Then, further different nitroaromatic
compounds were subsequently added into the solution to
examine the difference in the fluorescence intensity of the
luminophores. Figure 17 shows that the luminophores’
fluorescence intensity steadily decreased by adding different
quenchers. Among all the nitro explosive quenchers, the fast
reaction can be ascribed to PA, which displayed a higher
fluorescence quenching over other nitro explosives, due to the
lower value of the LUMO energy level of PA, as shown in
Figure 18. As compared with other nitro explosives, the
fluorescence intensity gradually decreases with increasing PA
concentration. To confirm the mechanism of interaction
among the nitrogen’s lone pair and hydroxyl group of
quenchers, we performed quenching experiments by taking
2,4-dinitrotoluene (DNT) instead of hydroxyl quenchers, as
shown in Figure S26 (Supporting Information). The results
reveal that by gradual addition of DNT (0 to 300 μM), very
negligible change in intensity can be seen, which suggests that
the methyl group in DNT does not interact with nitrogen’s
lone pair of our designed fluorophores. The quenching
efficiency plots of all the luminophores with the quenchers
are shown in Figure S36. Among all the fluorophores, m-
CF3PTPI-2 shows a maximum quenching efficiency of 87%
because of its electron-donating group, which enhances the

Figure 16. Electroluminescence properties of host m-CF3PTPI-2 with green phosphorescent dye at concentrations 7.5, 10.0, 12.5, and 15.0 wt %
showing (a) current density−voltage−luminance (J-V-L), (b) current efficacy−luminance−power efficacy, and (c) electroluminescence spectra.

Table 6. Electroluminescence Properties of Hosts m-CF3PTPI-1 and m-CF3PTPI-2 Doped in Green Phosphorescent Dye
Ir(ppy)3 at Varying Concentrations

host dopant

doping
con.
(wt %)

turn-on
voltage
(V)

PE100/CE100/EQE100
(lm/W/cd/A/%)

PE1000/CE1000/
EQE1000

(lm/W/cd/A/%)
PEmax/CEmax/EQEmax
(lm/W/cd/A/%)

CIExy
coordinates

Maxi. Lum.
(cd/m2)

m-CF3PTPI-1 Ir(ppy)3 7.5 4.0 5.6/9.8/2.7 2.6/5.8/0.8 12.0/15.3/4.2 (0.30, 0.62)/
(0.30, 0.62)

2125

10 3.9 10.5/14.0/3.4 3.6/6.8/1.9 12.4/15.0/4.1 (0.31, 0.62)/
(0.30, 0.62)

1864

12.5 3.3 10.7/13.0/3.5 5.5/8.9/2.4 10.7/13.0/3.5 (0.31, 0.62)/
(0.31, 0.62)

3229

15 3.4 10.9/13.9/3.8 4.7/8.3/2.3 16.4/15.7/4.3 (0.31, 0.62)/
(0.31, 0.62)

3688

m-CF3PTPI-2 7.5 3.7 7.5/10.8/3.0 -/-/- 7.7/10.8/3.0 (0.31, 0.62)/
(0.31, 0.62)

901

10 3.9 11.8/16.9/4.7 5.9/11.4/3.1 13.7/17.9/4.9 (0.32, 0.61)/
(0.32, 0.61)

1948

12.5 3.6 12.5/17.1/4.7 5.8/11.2/3.1 13.4/17.5/4.8 (0.32, 0.61)/
(0.32, 0.61)

4695

15 3.6 11.6/16.5/4.6 4.5/9.4/2.6 12.5/17.1/4.7 (0.32, 0.61)/
(0.32, 0.61)

2505
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interaction with the electron-deficient PA. It clearly shows that
luminophores with PA show maximum quenching efficiency in
comparison with other quenchers. The quenching constant
was calculated by using Stern−Volmer (KSV) equation54

= + [ ]I I K Q/ 10 SV

where the PL intensities before and after the addition of PA are
represented by I0 and I, the quencher concentration is defined
by [Q], and the Stern−Volmer quenching constant is
represented by KSV. The fluorescence and the KSV plots (I0/I
vs PA concentration) of m-CF3PTPI-1 are presented in Figure
18, and the other four luminophores are presented in Figures
S18−S25. The KSV values of all the luminophores were found
in the range of 0.25 × 104 to 1.55 × 104 M−1, which is
comparable with the reported values shown in Table ST2.
As indicated in the KSV plots, bending upward curves are

owed to the super amplified quenching effect, revealing that
upon addition of PA concentration, the quenching of

luminescence becomes more efficient.22 The fluorescence
spectra of the remaining luminophores (m-CF3PTPI-2 to m-
CF3PTPI-5) with PA and KSV plots are shown in Supporting
Information (Figures S18−S25). When the concentration of
PA was relatively low, then the KSV curve was found to be
linear with a correlation coefficient (R2) of 0.995 and resulting
quenching constant of 0.85 × 104, demonstrating the static
quenching interaction between the luminophores and PA.
Fascinatingly, the quenching efficiency of m-CF3PTPI-2
toward PA is found to be 87% higher than other luminophores
(Figure S36). Due to the strong acidic behavior of PA, it can
easily transfer an acidic proton to the basic functional group of
the luminophores. The presence of EDGs in N1 positions
enhances the basicity of the imidazole ring, resulting in the
strong interaction with acidic PA, which leads to the
fluorescence quenching of the luminophores.24

Further, the digital photographs of Figure 19 clearly show
that the color of luminophores changed from blue to colorless

Figure 17. Difference in the fluorescence intensity of m-CF3PTPI-1 after addition of different quenchers.

Figure 18. Difference in the fluorescence intensity of m-CF3PTPI-1 after addition of PA. (b) KSV of m-CF3PTPI-1 using PA as a quencher.
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in the presence of PA. Also, in the theoretical study that we
have done, the LUMO energy level of PA is in between all the
luminophores of HOMO and LUMO energy level. This
concludes that the PET is the foremost cause for fluorescence
quenching of the luminophores.
As shown in Figure 20, 1H NMR spectroscopy was utilized

to clarify the interaction between the m-CF3PTPI-1
luminophores and PA in solution. The shifting signal
associated with the PA proton confirms that there is formation
of a complex with imidazole nitrogen and PA. With the gradual
increase in PA concentration, the signal moves further up field,
suggesting a strong electrostatic interaction between PA and
luminophores.53 The NMR spectra of other imidazole-based
luminophores with PA showed a similar behavior, and the
spectra are displayed in the Supporting Information Figures
S27−S30.
In the mechanistic quenching of the luminophores (m-

CF3PTPI-1 to m-CF3PTPI-5), the lifetime of the lumino-
phores was determined in the presence and absence of PA, and
their results are shown in the Supporting Information (Figure
S35 and Table ST1). It is interesting to note that after adding
the quencher (PA) to the luminophores, a decrease in lifetime
has been observed by few nanoseconds, which clearly indicates
that PA acts as a quencher.

Mechanism for the PA Detection Limit. The PA
detection limit (DL) can be obtained by calibrating the
fluorescence intensity of m-CF3PTPI-1 to m-CF3PTPI-5 in
THF solvent with PA solution (10−6 M). The analogous
fluorescence intensity as a function of gradual addition of PA is
shown in Figure 21. The DL of PA can be calculated by using
the following equation (eq 5)55

= ×C CDL L T (5)

The concentrations of luminophores and the concentrations
of PA at which a steep decrease is observed are defined by CL
and CT, respectively. DL values are found in the range of 104−
249 ppb, and the values are given in Table 7 and Table ST2.
The currently observed DL values were compared with the
reported similar small molecular fluorescent PA sensors and
found to indicate better sensitivity (for more examples, Table
ST2 in the SI).16,56 Among all, the highest sensitivity was
observed for m-CF3PTPI-2 toward PA, which is due to more
electron-donating methyl group, which offers easy interaction
with PA.57

Mechanism for PA Detection by DFT Analysis.
Furthermore, to know the origin of PA sensitivity, the FMO
of PA and m-CF3PTPI derivatives (m-CF3PTPI-1 to m-
CF3PTPI-5) were determined by DFT. The LUMO and
HOMO energy levels of PA are −4.52 and −8.58 eV,
respectively. This value is in between the calculated energy
levels of m-CF3PTPI-1 to m-CF3PTPI-5. Figure 22a shows
that the PET process is the major contribution to the
fluorescence quenching of luminophores by the addition of PA.
Additionally, after the interaction of PA to luminophores, the
internal charge transfer (ICT) process was confirmed through
FMO study. Here, in all the cases, the electron cloud
particularly localized on the phenyl groups of luminophores
in the case of HOMO and LUMO dispersed over the
imidazole group of luminophores. After the interaction of PA
with luminophores, the orbital distribution pattern was
changed, as shown in Figure 22b. Thus, after binding of PA

Figure 19. Digital images of luminophores in the solution phase
under a UV lamp before and after addition of PA.

Figure 20. 1H NMR spectrum of m-CF3PTPI-1 with PA (0, 0.5, and 1.0 equiv) in CDCl3.
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with luminophores, which results in the decrease in energy
clearly, the formation of a stronger charge transfer complex of
luminophores with PA is pointed out.24 The FMO orbitals of
the remaining luminophores (m-CF3PTPI-2 to m-CF3PTPI-5)
with PA are shown in the Supporting Information (Figures
S31−S34).

■ CONCLUSIONS
In this work, we have successfully synthesized the unipolar
compounds m-CF3PTPI-1, m-CF3PTPI-2, m-CF3PTPI-3, m-
CF3PTPI-4, and m-CF3PTPI-5 and fabricated near UV/deep
blue OLED devices. All the fluorophores showed near UV/
deep blue emission with excellent CIE values. In addition, the
triplet energy of the luminophores was found be >2.5 eV.
Among all the doped devices, the 3.0 wt % doped m-CF3PTPI-
5 in the CBP host matrix showed a better performance with a
PEmax of 0.9 lm W−1, CEmax of 1.3 cd A−1, and EQEmax of
2.82%. Later, due to wide HOMO−LUMO level range/high
triplet energy, we have utilized two compounds m-CF3PTPI-1
and m-CF3PTPI-2 as a host doped with a green phosphor-
escent dopant Ir(ppy)3 at varying concentrations and depicted
that the 10 wt % doped m-CF3PTPI-2 OLED device performs
better with an EQEmax of 4.9% and CEmax of 17.9 cd A−1. This
device showed a slight red shift with the emission peaked at
525 nm, emitting yellowish-green light. Therefore, the
materials possess a bifunctional property and the optimized

Figure 21. Fluorescence intensity of m-CF3PTPI luminophores as a function of PA concentration.

Table 7. Luminophores and Their Stern−Volmer Constants
and Detection Limits

luminophores
Stern−Volmer constant (KSV)

(104 × M−1)
detection limit

(ppb)

m-CF3PTPI-1 0.85 148
m-CF3PTPI-2 0.67 249
m-CF3PTPI-3 1.18 199
m-CF3PTPI-4 1.55 104
m-CF3PTPI-5 0.25 194

Figure 22. (a) Electron transfer process between luminophores (m-CF3PTPI-1 to m-CF3PTPI-5) and PA and (b) FMO of m-CF3PTPI-1 and m-
CF3PTPI-1 + PA obtained from the DFT.
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bluish-white and yellowish-green OLED devices have been
fabricated. The chemosensing enactment of the m-CF3PTPI
luminophores was confirmed by the lifetime and TD-DFT
study. The mechanisms were proposed by the experimental
and theoretical study. Compared with other nitroaromatics, PA
shows more quenching efficiency and the detection limits of
m-CF3PTPI luminophores are in the range of 104−249 ppb.
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