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Triphenylamine-imidazole-based luminophores
for deep-blue organic light-emitting diodes:
experimental and theoretical investigations†

Jairam Tagare,a Deepak Kumar Dubey,b Rohit Ashok Kumar Yadav,b

Jwo-Huei Jou b and Sivakumar Vaidyanathan *a

In this paper, three deep blue donor–acceptor (D–A) luminophores with triphenylamine as the hole-

transporting system and imidazole as the electron-transporting system were synthesized by a

condensation reaction and characterized by spectroscopic methods. The detailed thermal, optical,

electrochemical and electroluminescence properties were systematically investigated. The synthesized

luminophores exhibited good thermal stability and a good photoluminescence quantum yield (PLQY).

The ultraviolet-visible (UV-vis) spectra of the luminophores showed multiple absorption bands (UV to

near UV region, due to the p–p* transitions of the aromatic segments). All the luminophores exhibited

blue emission in a dichloromethane (DCM) solution. Solution-processable OLEDs were fabricated by

using these luminophores as an emitting dopant in the 4,40-bis(9H-carbazol-9-yl)biphenyl host and they

were found to exhibit bright deep blue electroluminescence (EL). Among these luminophores, the one

donor–two acceptor (DBIPTPA) luminophore displayed promising deep blue emission characteristics with

more than 100% color saturation when compared with the National Television System Committee (NTSC)

standard. The device fabricated using DBIPTPA showed a high luminance of 495 cd m�2 and 2.5% external

quantum efficiency with the CIE coordinate of (0.16, 0.06) at the brightness of 100 cd m�2.

Introduction

The development of efficient materials has received tremen-
dous impetus in recent years because of various applications in
optoelectronic devices such as organic light-emitting diodes
(OLEDs),1 photovoltaics (OPVs),2 non-linear optics (NLOs),3

organic field-effect transistors (OFETs),4 and molecular
sensors.5 Recently, OLEDs have drawn significant attention
due to their potential utility in the next-generation flat panel
displays and solid-state lighting sources.1 Many efforts have
been made by academics, industries, and research communities
to obtain high-efficiency and long-lifespan wet- and dry-process
feasible organic materials.6 A variety of organic materials such as
small molecules,1,7 dendrimers8 and polymers9 are already
utilized for OLED applications. Among these materials, small

molecules dominate because of their ordered molecular
structures, reproducible synthetic procedures, easy purification
methods, processability in solution and vacuum deposition
methods, and malleable control on the functional properties
with simple structural modifications.1 It is mandatory to have
red, green and blue (RGB) as primary colors to get a full-color
display.10 Many red and green OLEDs with excellent perfor-
mance have been reported. However, obtaining stable deep-
blue OLEDs is still difficult because of the poor carrier injection
into the emissive layer due to the intrinsic wide band gap.11 The
construction of deep-blue emitting materials with a Commission
Internationale de l’Eclairage (CIE) coordinate y o 0.10 (which
has been improved to y o 0.06 by the European Broadcasting
Union (EBU)) remains a major challenge.12 Hence, there is a
necessity for the development of deep blue emitters for full-color
displays as one of the three primary colors (RGB) and also as the
host for green and red triplet emitters.

Triphenylamine is one of the fruitful structural entities
explored by material chemists because it acts as a propitious
structure for the construction of molecular materials due to
its rigid molecular structure, high thermal, photochemical
and morphological stabilities, and better hole-transporting
capability via the radical cation species.13 Its high triplet energy
level (3.04 eV) makes it suitable as a host material in
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phosphorescent OLEDs.14 Additionally, triphenylamine deriva-
tives allow efficient hole injection because they have the highest
occupied molecular orbital (HOMO) energy level (ca. 5.3 eV)
than carbazole derivatives, which is close to the indium tin
oxide (ITO) work function or the value for a commonly used
hole transporting material N,N0-di(1-naphthyl)-N,N0-diphenyl-
(1,10-biphenyl)-4,40-diamine (NPB).15

Recently, imidazole derivatives such as phenanthroimidazole
and diphenylimidazole have been used to generate deep-blue light-
emitting devices.16 Imidazole when combined with triphenyl-
amine (TPA) serves as an effective bipolar material.17 Imidazole
derivatives are being widely used because of their wide absorption,
bright luminescence, and good bipolar transport characteristics.
Hence, there is notable interest in the design and synthesis of
imidazoles with enriched functional chromophores to improve
their optical and charge transport properties. Encouraged with
this concept, we have designed and synthesized one donor–one
acceptor (BIPTPA), one donor–two acceptor (DBIPTPA) and one
donor–three acceptor (TBIPTPA) luminophores, where the donor
refers to the electron-donating moiety and the acceptor refers to
the electron-withdrawing moiety. Here, we have chosen triphenyl-
amine as the donor and imidazole as the acceptor to obtain
bipolar transport characteristics in the luminophores. All the
luminophores were structurally characterized by spectroscopic
methods. The photophysical properties of the luminophores
varied according to the substitution pattern of the imidazole moiety
in the triphenylamine core. DFT computational calculations were
also performed to obtain reciprocity among the optical properties
and electronic structures of the luminophores. Furthermore,
the electroluminescence characteristics of these luminophores were
examined by using them as deep-blue emitting dopants in solution-
processable multilayer OLEDs. Devices containing the BIPTPA and
DBIPTPA emitters showed bright deep-blue emission with peaks at
400–420 nm and Commission International de l’E0clairage coordi-
nates (CIEs) of 0.16 o x o 0.17 and 0.06 o y o 0.07 (x, y), whereas
the device with TBIPTPA as the emitter showed sky-blue emission
with the CIE coordinate of (0.20 � 0.01, 0.19 � 0.02) at the
brightness of 100 cd m�2.

Experimental section
Synthesis and characterization

The different aldehyde substrates were synthesized according to a
previously reported method.18 The targeted BIPTPA, DBIPTPA, and
TBIPTPA luminophores were prepared by a condensation reaction
between different aldehyde substrates, benzil, and aniline in the
presence of ammonium acetate and acetic acid. The synthesis
strategy of the targeted luminophores is shown in Scheme 1. The
obtained luminophores were systematically characterized by nuclear
magnetic resonance (NMR), elemental analysis, mass spectrometry,
and Fourier-transform infrared (FTIR) spectroscopy.

General synthesis procedure for the targeted fluorophores

The mixture of TPA–CHO (0.5 g, 1 eq.), benzil (0.42 g, 1.1 eq.),
aniline (0.12 g, 1.3 eq.) and acetic acid (25 mL) was taken in a

two-necked 50 mL round bottom flask. Into this, ammonium
acetate (1.40 g, 10 eq.) was added and stirred for 12 hours at
110 1C. The reaction progress was monitored by TLC. After the
completion of the reaction, the reaction mixture was allowed to
cool at room temperature and poured into a minimum amount
of distilled water; to this solution, dilute NaOH solution was
added. The obtained solid was filtered with DCM and the solvent
was evaporated. The obtained crude compound (BIPTPA) was
purified with column chromatography using (100–200 mesh)
silica and methanol in DCM (1 : 9) as the eluent. The synthesis
procedures for DBIPTPA and TBIPTPA were the same as that
mentioned above, but we had to increase the equivalence of the
substrate accordingly.

N-Phenyl-N-(4-(1,4,5-triphenyl-1H-imidazol-2-yl)phenyl)benzen-
amine (BIPTPA). Yield: 71%. 1H-NMR (400 MHz, CDCl3, TMS,
d ppm): 7.58 (d, 2H), 7.2–7.18 (m, 15H), 7.12–7.10 (m, 2H),
7.07–7.0 (m, 8H), 6.89 (d, 2H). 13C-NMR (100 MHz, CDCl3, TMS,
d ppm): 147.79, 147.31, 131.13, 129.62, 129.27, 129.05, 128.51,
128.31, 128.26, 128.13, 127.87, 127.39, 126.54, 124.85, 123.26,
122.14, 117.96, and 113.14. IR (KBr, u/cm�1): 3043, 1599, 1491,
1283, 1077, 1017, 957, 840, 756, 696. CHNS Elemental analysis:
anal. calc. for C39H29N3: C, 86.80; H, 5.42; N, 7.79; Found: C, 87.08;
H, 5.67; N, 8.15%. EI-MS: m/z = 540.66 [M + H]+.

N-Phenyl-4-(1,4,5-triphenyl-1H-imidazol-2-yl)-N-(4-(1,4,5-triphenyl-
1H-imidazol-2-yl)phenyl)benzenamine (DBIPTPA). Yield: 67%.
1H-NMR (400 MHz, CDCl3, TMS, d ppm): 7.58 (d, 4H), 7.27–7.16
(m, 24H), 7.12–7.01 (m, 12H), 6.89 (dd, 4H). 13C-NMR
(100 MHz, CDCl3, TMS, d ppm): 147.79, 131.13, 129.62,
129.27, 129.05, 128.51, 128.31, 128.26, 128.13, 127.87, 127.39,
126.54, 124.85, 123.26, 122.14, 117.04, 114.04, and 112.03. IR
(KBr, u/cm�1): 3046, 1604, 1481, 1441, 1281, 1071, 1021, 961,
842, 762, 701. CHNS Elemental analysis: anal. calc. for
C60H43N5: C, 86.41; H, 5.20; N, 8.40; Found: C, 86.78; H, 5.61;
N, 8.65%. EI-MS: m/z = 834.86 [M + H]+.

Tris(4-(1,4,5-triphenyl-1H-imidazol-2-yl)phenyl)amine (TBIPTPA).
Yield: 60%. 1H-NMR (400 MHz, CDCl3, TMS, d ppm): 7.58 (d, 6H),
7.29–7.18 (m, 30H), 7.12–7.04 (m, 15H), 6.87 (d, 6H). 13C-NMR
(100 MHz, CDCl3, TMS, d ppm): 147.07, 137.97, 131.06, 130.38,
129.10, 128.96, 128.42, 128.35, 128.21, 127.93, 127.52, 126.68,
125.69, 124.30, 120.40, 120.02, 118.86, and 114.04. IR (KBr,
u/cm�1): 3059, 1600, 1490, 1440, 1370, 1290, 1180, 1031, 961,
841, 771, 691. CHNS Elemental analysis: anal. calc. for
C81H57N7: C, 86.22; H, 5.09; N, 8.69; found: C, 86.41; H, 5.37;
N, 8.87%. EI-MS: m/z = 1128.83 [M + H]+.

Thermal properties

The thermal properties of the BIPTPA, DBIPTPA, and TBIPTPA
luminophores were studied by thermogravimetric analysis
(TGA) with the scan rate of 10 1C min�1 under an N2 atmo-
sphere; the related graphs are shown in Fig. 1. The synthesized
luminophores reflected good thermal stability and had a high
decomposition temperature (Td). The Td values corresponding
to 5% weight loss were found to be 321, 385 and 418 1C for
BIPTPA, DBIPTPA, and TBIPTPA, respectively (Table 1). Among
all the luminophores, the TBIPTPA luminophore showed the
highest Td of 418 1C related to 5% weight loss compared with
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the other luminophores (BIPTPA and DBIPTPA) due to the
increased molecular mass with the addition of two diphenyl-
imidazole moieties. The thermal stability of triphenylamine
derivatives has been well-established in the literature.19

Photophysical properties

The absorption spectra of the luminophores were measured in a
dichloromethane (DCM) solution (10�5 mol L�1); the obtained
absorption spectra are shown in Fig. 2a and the corresponding
data are listed in Table 1. All the luminophores exhibited two
noticeable absorption peaks between 240 and 400 nm. The
absorption peaks at about 270 nm for all the luminophores are

because of the p–p* transition in the benzene ring20 and the
weak absorption bands at around 370 nm are attributed to
the intramolecular charge transfer (ICT) interaction from the
electron-donating group to the electron-withdrawing functional
group.21 The calculated UV absorption spectrum (by DFT) is
shown in Fig. 2d, and the obtained absorption wavelengths are
supported by the experimental findings. The absorption spectra
of the luminophores in the solid state were broad and red-
shifted as compared with that in solutions (B290 and B380 nm)
(Fig. 2b); the red-shift was because of the strong p–p* molecular
interactions.22 The graphs of molar extinction coefficient (e) vs.
wavelength for the prepared luminophores in solution and solid

Scheme 1 Synthetic scheme of triphenylamine-imidazole derivatives.
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states are presented in Fig. S11 and the corresponding data are
given in Table S2 in the ESI.† The DBIPTPA and TBIPTPA
luminophores showed higher molar extinction coefficient
values than the BIPTPA luminophore due to the increase in
the p-conjugated functional groups (diphenylimidazole groups).
The obtained molar extinction coefficient data indicated that the
incorporation of the diphenylimidazole group in the triphenyl-
amine group certainly changed the structural properties of
the luminophores.23 From the solid-state absorption spectra
(Fig. 2c), we obtained the optical bandgap of the luminophores,
which was calculated with the help of the Kubelka–Munk func-
tion;24 the obtained optical bandgaps were 2.68 eV (BIPTPA),
2.61 eV (DBIPTPA) and 2.41 eV (TBIPTPA).

The peaks in the PL emission spectra of BIPTPA, DBIPTPA,
and TBIPTPA in DCM solutions were observed at 445, 450, and
471 nm, respectively (Fig. 2a). The red-shift of 26 nm for
TBIPTPA was primarily due to the increase in p-conjugation.
This indicates that the combination of an electron acceptor
and an electron donor will further boost the p-electron deloca-
lization upon excitation.25 Meanwhile, the molar extinction
coefficient increased on increasing the p-conjugation of the
luminophores. The PL emission spectra of the DBIPTPA and
TBIPTPA luminophores in the solid state red-shifted (Fig. 2b)
and the observed redshifts could be interpreted by their
relatively stronger p–p molecular interactions.26

The CIE chromaticity diagrams of the prepared luminophores
in solution and solid states are displayed in Fig. 3, indicating
the change in PL emission on increasing the p-conjugation.

By using an integrating sphere for both the solution and solid
phases, the absolute quantum yield of the luminophores was
calculated. The absolute quantum yield (F) (integration sphere)
of the luminophores was obtained by using the following
eqn (1):27

F ¼ L0 lð Þ � LiðlÞ
L0ðlÞ

(1)

Z ¼ Ei lð Þ � 1� Fð ÞE0ðlÞ
E0ðlÞF

The calculated QYs of the luminophores BIPTPA, DBIPTPA,
and TBIPTPA in solutions were 14.5, 38.3 and 25.6%, respec-
tively. In the case of solid luminophores, the QY values were
11.3, 21.2 and 13.5% for BIPTPA, DBIPTPA, and TBIPTPA,
respectively. The difference in the QYs might result from
exciton migration due to the variation in the sizes of the
luminophores.28 The measured QY values are shown in
Table 1 and the measured QY digital images can be seen in
Section SI 5 in the ESI.†

Theoretical calculations

Density functional theory (DFT) calculations were performed
to obtain information about the electronic structures of the
synthesized luminophores using the B3LYP/6-31G(d,p) basis
set.29 The optimized geometries and frontier molecular orbitals
of the luminophores are displayed in Fig. 4 and 5, respectively.
The HOMOs of BIPTPA, DBIPTPA, and TBIPTPA were mostly
populated on the triphenylamine moiety, while the LUMOs
were located on the diphenylimidazole moiety and phenyl
linkage. This indicated a considerable charge transfer from
amine (donor) to diphenylimidazole (acceptor), resulting in
absorption in the visible wavelength region. The calculated
HOMO/LUMO values of the luminophores were �4.76/
�0.77 eV (BIPTPA), �4.68/�0.90 eV (DBIPTPA), and �4.62/
�0.95 eV (TBIPTPA). The predicted HOMO–LUMO energy
differences of 3.99 eV (BIPTPA), 3.78 eV (DBIPTPA) and
3.67 eV (TBIPTPA) were in very good agreement with the
experimental results (Table 3). The HOMO–LUMO energy
gap of TBIPTPA was less than that of BIPTPA and DBIPTPA,
which suggested that there could be redshifts due to the
extension of conjugation on the replacement of the hydrogen
atom (from TPA) with the diphenylimidazole moieties. Using
the TD-DFT analysis, singlet and triplet energy levels were
calculated and displayed in Table 2. The calculated excitation
wavelengths, their oscillatory strength ( f ) and orbital

Table 1 Key photophysical properties of BIPTPA, DBIPTPA, and TBIPTPA

Luminophores Td
a (1C)

Solution Solid Absolute quantum yield

labs
b (nm) (calculated) ( f )Abs (nm) PL (nm) Abs (nm) PL (nm) Solution (%) Solid (%)

BIPTPA 321 276, 360 445 290, 381 446 11.3 14.5 353 (0.819)
DBIPTPA 385 270, 370 450 290, 380 490 21.2 38.3 378 (1.067)
TBIPTPA 418 273, 370 471 290, 382 580 13.5 25.6 386 (0.804)

a Thermal decomposition temperature related to 5%. b Calculated at B3LYP/6-31G(d,p) basis set in the gas phase, f = oscillator strength.

Fig. 1 Thermogravimetric curves of the luminophores.
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Fig. 3 The CIE chromaticity diagram of luminophores in solutions and
solid phase. Fig. 4 Optimized structures of BIPTPA, DBIPTPA, and TBIPTPA luminophores.

Fig. 2 UV absorption and PL spectra of luminophores in the DCM solution (a) and solid state (b); solid-state diffuse reflectance spectra (c) and calculated
(DFT) UV absorption spectra (d).
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contribution of the luminophores can be seen in Table S4
(ESI†). Also, the atom coordinates of the luminophores are
provided in ESI† (SI 6).

Electrochemical properties

The electrochemical properties of the newly synthesized
fluorophores were determined by cyclic voltammetry (CV) in
DMF solutions with a scanning rate of 100 mV s�1 by using
0.1 M tetrabutylammonium perchlorate (Bu4NClO4) as the
supporting electrolyte. The cyclic voltammograms are displayed
in Fig. 6 and the corresponding electrochemical data are
provided in Table 3. The different oxidation and reduction
behaviours of all the luminophores can be seen in Fig. 6,
indicating their potential bipolar carrier transporting nature.
We calculated the HOMO and LUMO energy levels from the
onset potential values using eqn (2) and (3), respectively,
reported by de Leeuw et al.30

EHOMO = �(Eonset
ox + 4.4) eV (2)

ELUMO = �(Eonset
red + 4.4) eV (3)

The HOMO/LUMO energy levels of the luminophores were
�5.59/�3.12 eV (BIPTPA), �5.58/�3.13 eV (DBIPTPA), and
�5.54/�3.22 eV (TBIPTPA), with the energy band gaps of
2.47 eV (BIPTPA), 2.45 eV (DBIPTPA) and 2.32 eV (TBIPTPA).
The comparison of the HOMO–LUMO energy band gaps of all
the luminophores is displayed in Fig. 7, indicating that the

band gaps obtained using both optical and electrochemical
analyses are in good agreement.

Fig. 5 Electron density outlines of the frontier molecular orbitals (FMOs) of the luminophores.

Table 2 Frontier molecular orbital energy values calculated from DFT

Luminophores HOMO (eV) LUMO (eV) HOMO�1 (eV) LUMO+1 (eV) Eg (eV) S1 (gas) (eV) T1 (gas) (eV)

BIPTPA �4.76 �0.77 �5.41 �0.606 3.99 3.51 2.69
DBIPTPA �4.68 �0.90 �5.21 �0.68 3.78 3.27 2.60
TBIPTPA �4.62 �0.95 �5.19 �0.89 3.67 3.21 2.59

Fig. 6 Cyclic voltammograms of BIPTPA, DBIPTPA and TBIPTPA
luminophores.
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Electroluminescence characteristics

To evaluate the electroluminescence (EL) characteristics of the
newly synthesized luminophore molecules (BIPTPA, DBIPTPA,
and TBIPTPA), mainly, two types of multi-layer OLED devices,
i.e., undoped and doped were fabricated through a simple
solution-process technique. The synthesized organic lumino-
phores were used as a pure dopant (100 wt%) or doped in the
CBP host with different concentrations (1, 3 and 5 wt%). The
OLED device configuration was ITO (125 nm)/PEDOT:PSS
(35 nm)/emitter (22 nm)/TPBi (40 nm)/LiF (1 nm)/Al (100 nm)
for the undoped devices and ITO (125 nm)/PEDOT:PSS (35 nm)/
CBP:emitter (22 nm)/TPBi (40 nm)/LiF (1 nm)/Al (100 nm) for the
doped devices. Among them, poly(3,4-ethylenedioxythio-phene)–
poly-(styrenesulfonate) (PEDOT:PSS), 1,3,5-tris(N-phenylbenz-
imidazol-2-yl)benzene (TPBi), lithium fluoride (LiF), and
aluminum (Al) were successfully employed as a hole-injection
layer (HIL), electron-transporting or hole-blocking layer (ETL/
HBL), electron injection layer (EIL), and cathode, respectively.
For the doped devices, CBP was employed as the host because it

possesses suitable occupied and unoccupied molecular orbital
energy levels and bipolar nature to ensure effectual charge
trapping performed by the luminophore emitters. The schematic
energy level orientation of the materials used in the OLED
devices is depicted in Fig. 8. It is evident that the injection of

Table 3 Electrochemical properties of BIPTPA, DBIPTPA, and TBIPTPA
luminophores

Luminophores
Eox

a

(V)
Ered

b

(V)
HOMO
(eV)

LUMO
(eV)

Eg
c

(eV)
Eg

d

(eV)
Eg

e

(eV)

BIPTPA 1.19 �1.28 �5.59 �3.12 2.47 2.68 3.99
DBIPTPA 1.18 �1.27 �5.58 �3.13 2.45 2.61 3.78
TBIPTPA 1.14 �1.18 �5.54 �3.22 2.32 2.41 3.67

a Onset oxidation potential. b Onset reduction potential. c Electro-
chemical band gap. d Optical energy band gap. e Theoretical band gap.

Fig. 7 HOMO–LUMO energy gap diagram of BIPTPA, DBIPTPA, and TBIPTPA luminophores.

Fig. 8 Schematic representation of the energy levels of the solution-
processed OLEDs composed of deep-blue BIPTPA, DBIPTPA and TBIPTPA
emitters (a) undoped and (b) doped in CBP host devices.
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holes and electrons across the emitting layer is facile and does
not entail the restricting energy barrier.

The luminescence–voltage and current density–voltage charac-
teristics of all the fabricated undoped and doped devices are shown
in Fig. 9–11 and the pertinent electroluminescence characteristics
are summarized in Table 4. It was interesting to note that all the
fabricated undoped OLED devices displayed high current density
but low brightness at the same applied voltage, which might be
attributed to the charge carrier leakage at the material/electrode
interface. The observed poor efficiency of the undoped devices
is attributed to the large hole-injection barrier (r0.64 eV)
between PEDOT:PSS and the emissive layer as compared to
the electron-injection barrier (r0.18 eV) between the emissive

layer and TPBi, which can hamper the charge balance across
the molecular layers.

In order to improve the electroluminescence performance of
the synthesized luminophores, a high triplet energy bipolar host
matrix CBP was employed and the doping concentration was
optimized from 1 wt% to 5 wt%. All the doped devices displayed
reduced current density, increased maximum brightness and
improved efficacy, which may be due to the (i) balanced charge
carrier in the recombination zone, (ii) fine matching of the
molecular orbital levels and triplet energy of the employed host
material with the designed emitters, (iii) efficient host-to-
guest energy transfer, and (iv) feasibility of the generation of
radiative excitons on both the host and the guest. A decrease in

Fig. 9 Luminance–current density (a–c) and current density–voltage (d–f) plots of the solution-processed OLED devices with BIPTPA, DBIPTPA and
TBIPTPA dopants at various concentrations in the CBP host.
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Table 4 Effects of doping concentrations of the synthesized deep-blue emitters BIPTPA, DBIPTPA and TBIPTPA with the molecular CBP host

Dopant Device
Dopant
conc. [wt%]

at 100 cd m�2

Maximum luminance
(cd m�2)OV [V] PE [lm W�1] CE [cd A�1] EQE [%] CIEx,y coordinates

BIPTPA I-1 100 6.6 0.2 0.5 0.4 (0.17, 0.15) 271
I-2 1 8.0 0.2 0.4 1.2 (0.17, 0.06) 416
I-3 3 8.1 0.2 0.5 1.6 (0.16, 0.06) 439
I-4 5 8.6 0.2 0.5 1.2 (0.16, 0.07) 413

DBIPTPA II-1 100 7.4 0.1 0.3 0.2 (0.18, 0.17) 145
II-2 1 8.5 0.2 0.5 1.6 (0.17, 0.06) 413
II-3 3 8.8 0.3 0.7 2.5 (0.16, 0.06) 495
II-4 5 9.0 0.3 0.8 2.0 (0.16, 0.06) 480

TBIPTPA III-1 100 7.5 0.2 0.4 0.2 (0.33, 0.38) 228
III-2 1 9.8 0.1 0.4 0.4 (0.20, 0.19) 379
III-3 3 10.3 0.1 0.4 0.3 (0.21, 0.20) 371
III-4 5 10.5 0.1 0.4 0.3 (0.21, 0.21) 394

Fig. 10 Power efficiency–luminance (a–c) and current efficiency–luminance (d–f) plots of the solution-processed OLED devices with BIPTPA, DBIPTPA
and TBIPTPA dopants at various concentrations in the CBP host.
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the brightness of OLED devices after a threshold voltage is
characteristic of the formation of non-radiative excitons in
the emissive layer, which may be quenched at the electrode
without emission.

The doping concentration of emitters strongly influences
the performance of OLED devices. For example, as the doping
concentration of DBIPTPA increased from 3 to 5 wt%, the
external quantum efficiency (EQE) of the device drastically
decreased from 2.5 to 2.0%, respectively, which indicated a
20% decrement. Similar results were also observed for the other
two emitters BIPTPA and TBIPTPA. Remarkably, all the fabri-
cated OLED devices displayed maximum luminescence, current
efficiency, power efficiency and EQE at 3 wt% doping concen-
tration. This can be explained in terms of the substantial role of
the balanced charge-carrier transport at low doping concentra-
tions and good confinement of the generated excitons within
the CBP matrix. The poor electroluminescence performance of
the devices with high doping concentrations may be attributed
to the increased crystallinity, which could affect the thin-film
surface morphology.31 A high turn-on voltage was observed for
all the relevant devices, which could be explained in terms of
the high energy barrier for the injection of charge carriers,
utilization of only singlet excitons for emission due to the
absence of triplet harvester rare-earth metals and significantly
high energy gap between the singlet and triplet energy levels,
poor surface morphology and high roughness of the solution-
processed deposited thin films, and low charge carrier mobility
of the designed molecules. Furthermore, the OLED devices
based on the BIPTPA molecules displayed a relatively low

turn-on voltage when compared with the OLED devices based
on DBIPTPA and PBIPTPA. The reason behind this may be
better charge balance in BIPTPA due to the presence of one
donor and one acceptor. The molecules DBIPTPA and TBIPTPA
consist of one hole transporting TPA and two and three
imidazole-based electron-transporting units, respectively. The
turn-on voltage of the resultant OLED devices can be further
improved by adopting strategies reported in the literature.32

Notably, the 3 wt% DBIPTPA-based OLED device exhibited the
best EL performance in the series with a maximum luminescence
of 495 cd m�2, current efficiency (CE) of 0.7 cd A�1, power efficiency
(PE) of 0.3 lm W�1, CIE coordinates of (0.16, 0.06), and EQE of
2.5%, as shown in Fig. 10 and Table 4. Additionally, it displayed
relatively low efficiency roll-off as compared to its counterparts.
This may be attributed to the high quantum yield of the emitter
material, balanced charge carrier within the emissive layer, efficient
charge transport capabilities of the hole-transporting system tri-
phenylamine and the electron-transporting system imidazole,
appropriate energy level for charge injection, and suitable triplet
energy to enable efficient host-to-guest energy transfer. Subsequently,
the resultant device also showed 101% color saturation as compared
with the NTSC standard (Fig. 12), which reveals its potential
applications in high-quality flat panel displays.

The electroluminescence spectra of all the devices are
displayed in Fig. 11. The EL spectra of all the non-doped devices
slightly blue-shifted in comparison with the PL spectra of the
corresponding amorphous films and those in solution state.
This clearly indicates the formation of aggregates in the solid
state, which in turn would induce crystallization owing to the

Fig. 11 (a–c) EL spectra of the solution-processed OLEDs by using BIPTPA, DBIPTPA and TBIPTPA dopants at different doping concentrations; (d) EL
spectra of the devices containing 3 wt% dopants at a brightness of 100 cd m�2.
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more twisted conformations between the peripheral imidazole
moiety and the central TPA core in the synthesized compounds.
Furthermore, the PL and EL spectra of BIPTPA and DBIPTA
exhibited more blue-shifts as compared to those for TBIPTPA as
a result of the different states of the packing order and the
partial disruption of the prolonged conjugation.33 However,
upon dilution in the CBP host, aggregation was prevented and
thus, the molecular emission was reinstated.31 The BIPTPA
and DBIPTPA-based doped devices displayed pure deep-blue
emission with distinct peaks centered between 400 and 420 nm
and the Commission International de l’E0clairage (CIE) coordi-
nates of 0.16 o x o 0.17 and 0.06 o y o 0.07. The CIE
coordinates of the doped devices were in good agreement with the
standard pure deep-blue emission (0.14, 0.08), as specified by the
National Television System Committee (NTSC). The TBIPTPA-based
devices displayed sky-blue emission with the CIE coordinates of
(0.20� 0.01, 0.19� 0.02) at 100 cd m�2. It is important to note that
even with an increase in the doping concentration from 1 to 5 wt%,
the EL spectrum and CIE coordinates did not show any shifts or
changes, suggesting that the designed emissive layer is aggregation-
resistant even at reasonably high molecular concentrations. More-
over, no CBP emission was observed in the EL spectra, manifesting
complete energy transfer from the host to the guest.31

Conclusion

In summary, we have successfully designed and synthesized three
deep blue donor–acceptor (D–A) luminophores. The synthesized
luminophores showed good thermal stability and the photophysi-
cal properties were highly influenced by the substitution pattern of
the imidazole moiety in the triphenylamine core. Red-shifts were
observed in the emission profiles of one donor–two acceptor and
one donor–three acceptor (DBIPTPA and TBIPTPA) luminophores
compared to that of the one donor–one acceptor (BIPTPA) lumino-
phore. Electrochemical analysis revealed that all the luminophores
had distinct oxidation and reduction behaviors, which indicated
their potential bipolar carrier transporting nature. These materials
acted as pure deep-blue emitters in multi-layer solution-processed

OLEDs, which exhibited an EQE of 2.5% at 100 cd m�2 with the CIE
coordinates of (0.16, 0.06), corresponding to pure blue light. The
DBIPTPA-based device exhibited excellent EL performance with a
maximum luminance of 495 cd m�2, external quantum efficiency
of 2.5% and current efficiency of 0.8 cd A�1. This study might
undeniably open new avenues for donor–acceptor luminophore-
based electroluminescent materials with efficient deep-blue-
emitting OLEDs.
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