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Deep blue emitters with excellent stability, high quantum yield and multifunctionality are the major issues

for full-color displays. In line with this, new multifunctional, thermally stable blue emitters viz., N-(4-(10-(1-

(2,3-dihydrobenzo[b][1,4]dioxin-6-yl)-1H-phenanthro[9,10-d]imidazol-2-yl)anthracen-9-yl)phenyl)-N-

phenylbenzenamine (DPIAPPB) and 2-(10-(9H-carbazol-9-yl)anthracen-9-yl)-1-(2,3-dihydrobenzo[b][1,4]

dioxin-6-yl)-1H-phenanthro[9,10-d]imidazole (CADPPI) with hybridized local charge transfer state

(HLCT) and hot exciton properties have been synthesized. These molecules show high

photoluminescence quantum yield (Fs/f): (DPIAPPB – 0.82/0.70 and CADPPI – 0.91/0.83). The CADPPI

based device (EL – 467 nm) shows high efficiencies [hc – 9.85 cd A�1; hp – 10.84 lm W�1; hex – 4.78% at

2.8 V; CIE (0.15, 0.10)] compared to the DPIAPPB device (EL � 472 nm) [hc – 6.56 cd A�1; hp – 6.16 lm

W�1; hex – 4.15% at 2.8 V with CIE (0.15, 0.12)]. The green device with CADPPI:Ir(ppy)3 exhibits

a maximum L – 59 012 cd m�2; hex – 16.8%; hc – 37.3 cd A�1; hp – 39.8 lm W�1 with CIE (0.30, 0.60)

and the red device with CADPPI:Ir(MDQ)2(acac) shows a maximum L – 43 456 cd m�2; hex – 21.9%; hc –

36.0 cd A�1; hp – 39.6 lm W�1 with CIE (0.64, 0.35).
1. Introduction

Organic light-emitting diodes (OLEDs) have been applied in
at-panel displays and solid-state sources for the last three
decades.1 For an OLED with stable emission, the current effi-
ciency (hc) is related to external quantum efficiency (hex) power
efficiency (hp) is directly related to energy conversion rate and
is determined by hc and driving voltage (V) of the devices [hp ¼
(phc/V)].2 By employing iridium and platinum based phos-
phorescent complexes and thermally activated delayed uo-
rescent (TADF) materials, high hex have been achieved,
however, they suffer from short lifetime and roll-off efficiency
and also the production cost of phosphorescent materials is
unfavorable for practical applications.3–9 Therefore, a low
driving voltage with high brightness becomes the major issue
to achieve efficient OLEDs.10,11 One strategy for constructing
blue-emitting materials could be the integration of high-
energy emissive fragments through twisted arrangements
which can reduce conjugation. A twisted molecule with high
thermal properties promotes the blue emission required for
blue OLEDs.12,13
niversity, Annamalai nagar 608 002,
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Organic donor–acceptor (D–A) compounds with HLCT
emissive state show high-exciton utilization efficiency (hS) in
uorescent OLEDs (hot exciton model). Mixing of LE and CT
states possible when LE as well as CT states are closure in
energy, J(S1) ¼ J(LE) + l � J(CT); l ¼ │hJLE│H│JCTi/ECT �
ELE. The low-lying higher % LE state provides high radiative rate
(kr) for high photoluminescence-efficiency (hPL) whereas low-
lying higher % CT state provides for high hS through reverse
intersystem crossing (RISC) process with hot exciton model.14–20

The larger energy gap between T2 and T1 states reduced internal
conversion (IC) ðT2 !kIC T1Þ results hot RISC ðT2 �!kRISC S1=S2Þ than
cold RISC ðT1 �!kRISC S1Þ:21 hot exciton with HLCT increases hEQE

due to coexistence of high hPL and high hS. The external
quantum efficiency (hEQE) and exciton utilization efficiency (hS)
calculated by, hEQE ¼ hout � hIQE ¼ hout � hrec � hᵧ � FPL; hs ¼
hout � hrec � hPL,22,23 [hout – light-out-coupling efficiency (20%),
hrc – product of the charge recombination efficiency (100%), hg
– efficiency of radiative exciton production (25%) and FPL –

photoluminescence quantum yield].
The development of high performance host materials is

critical for efficient phosphorescent organic light emitting
devices (PhOLEDs)and host material should have high triplet
exited state energy (ET) with good carrier transport properties to
achieve efficient energy transfer from host to doped emitter to
reduce the driving voltage.24 The diphenylphenanthrimidazole
derivatives with electron-donating (carbazole or triphenyl-
amine) or electron-withdrawing groups (diphenylphosphine
RSC Adv., 2019, 9, 33693–33709 | 33693
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oxide) with good bipolar transport ability as well as high
thermal stability have been employed as hosts for highly effi-
cient PhOLEDs.24,25 The ET energy (�2.5 eV) of diphenylphe-
nanthrimidazole based hosts is lower compared to individual
imidazole molecule owing to enlarged p-electron conjugation.26

Therefore, tuning the molecular conguration to highly twisted
architecture may be an effective strategy to achieve hosts with
high ET.

In line with this molecular-design strategy, we report
multifunctional blue OLED materials namely, N-(4-(10-(1-(2,3-
dihydrobenzo[b][1,4]dioxin-6-yl)-1H-phenanthro[9,10-d]imida-
zol-2-yl)anthracen-9-yl)phenyl)-N-phenylbenzenamine
(DPIAPPB) and 2-(10-(9H-carbazol-9-yl)anthracen-9-yl)-1-(2,3-
dihydrobenzo[b][1,4]dioxin-6-yl)-1H-phenanthro[9,10-d]imid-
azole (CADPPI) used as (i) emitters in blue OLEDs and (ii) host
for PHOLEDs (green and red) (Scheme 1). The DPIAPPB and
CADPPI was adopted as a host to fabricate PhOLEDs which
endowed high triplet energy (ET) of these materials show high
quantum yield (ɸlm) with reduced singlet–triplet splitting
(DST). The high ET of DPIAPPB (2.16 eV) and CADPPI (2.27 eV) is
enough to excite green and red phosphorescent dopant. The
CADPPI based device (EL – 467 nm) shows high efficiencies (hc –
9.85 cd A�1; hp – 10.84 lm W�1; hex – 4.78%) at 2.8 V with CIE
(0.15, 0.10) compared to DPIAPPB device (EL – 472 nm) (hc –

6.56 cd A�1; hp – 6.16 lm W�1; hex – 4.15%) at 2.8 V with CIE
Scheme 1 Synthetic route of CADPPI and DPIAPPB.

33694 | RSC Adv., 2019, 9, 33693–33709
(0.15, 0.12). The green device based on CADPPI:Ir(ppy)3 exhibit
maximum L – 59 012 cd m�2; hex – 16.8%; hc – 37.3 cd A�1; hp –
39.8 lm W�1 with CIE (0.30, 0.60) and red device with
CADPPI:Ir(MDQ)2(acac) exhibit maximum L – 43 456 cd m�2;
hex- 21.9%; hc – 36.0 cd A�1; hp – 39.6 lm W�1 with CIE (0.64,
0.35). These results are employed to design low cost OLEDs
using subtle molecular tuning with HLCT emissive state.
2. Experimental section
2.1. Measurements
1H and 13C NMR were recorded at 298 K on Bruker (400 MHz)
spectrometer using CDCl3 as solvent and TMS as internal
standard and MALDI-TOF MS mass spectra was recorded on
LCMS VL SD Agilent instrument. UV-vis absorption in solution
and lm were measured on Lambda 35 spectrophotometer with
integrated sphere (RSA-PE-20) instrument. Emission charac-
teristics were investigated with PerkinElmer LS55 spectrometer.
Absolute quantum efficiencies of solution and lm were deter-
mined with uorescence spectrometer Model-F7100 with inte-
grating sphere. Thermogravimetric analysis (TGA) and
differential scanning calorimetric (DSC) were under taken with
PerkinElmer thermal analysis system and NETZSCH-DSC-204,
respectively with heating rate 10 �C min�1 and N2 ow rate
100 mL min�1. Fluorescence lifetime was estimated from time
This journal is © The Royal Society of Chemistry 2019
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correlated-single-photon counting (TCSPC) on Horiba
Fluorocube-01-NL lifetime system: nano LED is excitation
source with TBX-PS is detector. Electrochemical studies were
performed with potentiostate CHI 630A electrochemical
analyzer (Ag/Ag+ as reference electrode, platinum electrode is
working electrode and platinum wire is counter electrode, scan
100 mV s�1). Ferrocene was used as internal standard with
highest occupied molecular orbital energy (HOMO) of �4.80 eV
and 0.1 M tetrabutylammonium perchlorate in CH2Cl2 as sup-
porting electrolyte. The HOMO energies (EHOMO) were calcu-
lated from EHOMO ¼ �(Eox + 4.8 eV) and LUMO energies were
estimated from ELUMO ¼ (Ered � 4.8 eV).

2.2. Computational details

The ground (S0) (DFT)/excited ðS*nÞ (TD-DFT) characteristics
were studied using Gaussian 09 program27 and Multifunctional
wavefunction analyzer (Multiwfn). The natural transition
orbitals (NTOs) were analyzed with dominant hole–particle pair
(S1–S5 and T1–T5 states) contributions and associated transition
weights. Multiwfn soware was employed for wave function of
electron–hole pair from transition density matrix (TDM) by TD-
DFT and was plotted in two-dimensional (2D) color-lled map
for easily differentiating ground state from excited-state char-
acter (S1–S5).

2.3. Synthesis of 2-(10-bromoanthracen-9-yl)-1-(2,3-
dihydrobenzo[b][1,4]dioxin-6-yl)-1H-phenanthro[9,10-d]
imidazole (BADPPI)

A mixture of phenanthrene-9,10-dione (0.42 g, 2.0 mmol), 10-
bromoanthracene-9-carbaldehyde (0.57 g, 2.0 mmol), ammo-
nium acetate (0.62 g, 8.0 mmol) and 1,4-benzodioxane-6-amine
(4.65 g, 50mmol) in 20mL acetic acid was reuxed (120 �C; 12 h;
N2 stream). By column chromatography the yellow solid was
puried. Yield 70%. 1H NMR (400 MHz, CDCl3, ppm):d 4.23–
4.34 (m, 4H), 6.74 (d, 3H), 7.16 (t, J ¼ 7.8 Hz, 2H), 7.27 (d, J ¼
8.6 Hz, 1H), 7.28 (d, J¼ 8.0 Hz, 2H), 7.38 (t, J¼ 8.2 Hz, 2H), 7.49–
7.55 (m, 3H), 7.59–7.65 (m, 3H), 8.43–8.90 (m, 3H). 13C NMR
(100 MHz, CDCl3): d 63.31, 64.29, 101.59, 114.50, 115.89, 122.39,
122.46, 126.49, 126.58, 126.61, 126.63, 126.69, 127.55, 127.65,
127.88, 128.21, 129.30, 131.49, 131.57, 135.46, 146.19, 147.60,
149.38. MALDI-TOF MS: m/z. 606.20 [M]+ (calcd: 606.37). Anal.
calcd (%) for C37H23N2O2Br:C, 73.15; H, 3.82; N, 4.61. Found: C,
73.10; H, 3.67; N, 4.57.

2.4. Synthesis of 2-(10-(9H-carbazol-9-yl)anthracen-9-yl)-1-
(2,3-dihydrobenzo[b][1,4]dioxin-6-yl)-1H-phenanthro[9,10-d]
imidazole (CADPPI)

A mixture of BADPPI (3.0 mmol), 9H-carbazole (7.5 mmol), CuI
(10.0 mg), K2CO3 (6.0 mmol), 18-crown-6 (0.05 mmol) and
distilled water (10 mL) was reuxed (90 �C; 16 h; N2 stream). The
reaction was quenched by an ice water followed by extraction
with dichloromethane. By column chromatography the yellow
solid was puried. Yield 68%. 1H NMR (400 MHz, CDCl3, ppm):
4.0–4.29 (m, 4H), 6.69 (t, 3H), 7.02–7.32 (m, 4H), 7.40–7.89 (m,
12H), 8.10 (d, J ¼ 8.0 Hz, 2H), 8.65–8.90 (m, 6H). 13C NMR (100
MHz, CDCl3): d 65.01, 101.58, 113.98, 115.99, 119.01, 120.11,
This journal is © The Royal Society of Chemistry 2019
121.05, 121.19, 122.13, 122.28, 126.53, 127.61, 128.31, 129.80,
132.13, 139.88, 146.21, 147.63. MALDI-TOF MS:m/z. 692.20 [M]+

(calcd: 692.38). Anal. calcd (%) for C49H31N3O2:C, 84.80; H,
4.49; N, 6.01. Found: C, 84.65; H, 4.38; N, 6.58.

2.5. Synthesis of N-(4-(10-(1-(2,3-dihydrobenzo[b][1,4]dioxin-
6-yl)-1H-phenanthro[9,10-d]imidazol-2-yl)anthracen-9-yl)
phenyl)-N-phenylbenzenamine (DPIAPPB)

A mixture of BADPPI (3.0 mmol), 4-(diphenylamino)phenyl-
boronic acid (1.04 g, 3.6 mmol), Pd(PPh3)4 (0.15 mmol), K2CO3

(45 mmol), toluene : ethanol (2 : 1) with distilled water (10 mL)
was reuxed (90 �C; 16 h; N2 stream). By column chromatog-
raphy the yellow solid was puried. Yield 70%. 1H NMR (400
MHz, CDCl3, ppm): 4.30–4.36 (m, 4H), 6.70 (d, 3H), 7.11 (t, J ¼
8.0 Hz, 2H), 7.15–7.25 (m, 12H), 7.30–7.48 (m, 11H), 7.58 (d, J ¼
8.8 Hz, 2H), 8.83–8.90 (m, 3H). 13C NMR (100 MHz, CDCl3):
d 63.21, 101.10, 114.51, 115.91, 122.41, 122.73, 123.25, 123.28,
126.31, 127.63, 128.80, 129.68, 129.79, 131.23, 134.89, 139.91,
141.15, 146.21, 147.68. MALDI-TOF MS: m/z. 771.25 [M]+ (calcd:
771.39). Anal. calcd (%) for C55H37N3O2:C, 85.50; H, 4.80; N,
5.46. Found: C, 85.45; H, 5.38; N, 5.36.

2.6. Device fabrication and measurement

Before device fabrication, the ITO glass (resistance 20 U sq�1)
were cleaned by using acetone followed by deionized water and
isopropanol, dried at 120 �C and employed UV-zone (20 min)
and transferred into deposition system. The devices were
fabricated by vacuum deposition method (4 � 10�5 mbar).
Evaporation rates 2–4 Å s�1 (organic materials) and 0.1 Å s�1

(LiF) and 4 Å s�1 (metal electrodes) were applied. The thickness
of each deposition layer was monitored with quartz crystal
thickness monitor. The EL spectra and CIE coordinates were
recorded with (USB-650-VIS-NIR spectrometer Ocean Optics,
Inc, USA).The current density–voltage–luminance (J–V–L) char-
acteristics were performed simultaneously by using a computer-
controlled source meter (Keithley 2450) equipped with light
intensity meter LS-110. The EQEs were determined using
luminance, current density and EL spectrum, assuming Lam-
bertian distribution.

To gain insight into the hole and electron-transporting
abilities of DPIAPPB and CADPPI, single-carrier devices with
conguration of ITO/NPB (8 nm)/DPIAPPB or CADPPI (40 nm)/
NPB (8 nm)/Al (100 nm) (hole-only device) was fabricated: NPB
(LUMO: �2.3 eV)28 in the hole-only device can prevent electron
injection from Al cathode (Ef – 4.3 eV) to the DPIAPPB or
CADPPI layer29 and ITO/TPBi (8 nm)/DPIAPPB or CADPPI (40
nm)/TPBi (8 nm)/LiF (1 nm)/Al (100 nm) (electron-only device):
TPBi (HOMO: �6.2 eV)30 in the electron-only devices with ITO
(Ef – 4.8 eV) as the anode can prevent hole injection were
fabricated.31 To evaluate the potential application of these
compounds as emitting materials, non-doped OLEDs with
conguration of ITO/NPB (60 nm)/DPIAPPB and CADPPI (20
nm)/LiF (1 nm)/Al (100 nm) have been fabricated. Green device:
ITO/NPB (40 nm)/TCTA (5 nm)/DPIAPPB (30 nm): 5 wt% Ir(ppy)3
or CADPPI (30 nm): 5 wt% Ir(ppy)3/TPBi (50 nm)/LiF (1 nm)/Al
(100 nm) and Red device: ITO/NPB (40 nm)/TCTA (5 nm)/
RSC Adv., 2019, 9, 33693–33709 | 33695
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DPIAPPB (30 nm): 8 wt% Ir(MDQ)2(acac) or CADPPI: 8 wt%
Ir(MDQ)2(acac)/TPBi (50 nm)/LiF (1 nm)/Al (100 nm) were also
fabricated.
3. Results and discussion

The synthetic route for the emissive materials is displayed in
Scheme 1: efficient blue emitters namely, N-(4-(10-(1-(2,3-dihy-
drobenzo[b][1,4]dioxin-6-yl)-1H-phenanthro[9,10-d]imidazol-2-
yl)anthracen-9-yl)phenyl)-N-phenylbenzenamine (DPIAPPB)
and 2-(10-(9H-carbazol-9-yl)anthracen-9-yl)-1-(2,3-dihydrobenzo
[b][1,4]dioxin-6-yl)-1H-phenanthro[9,10-d]imidazole (CADPPI)
were synthesized by Suzuki-coupling reaction with appreciable
yield 70 and 68% and characterized by 1H and 13C NMR, high
resolution mass and elemental analysis. The carbazole (weak
electron-donor) in CADPPI increased the % LE component in
HLCT emissive state which results high photoluminescence
efficiency (hPL) when compared to DPIAPPB.
3.1. Potential energy scan (PES)

The ground (S0) and excited (S1) state geometries of D–P–A
compounds, CADPPI and DPIAPPB were optimized with DFT/
B3LYP/6-31G (d,p) and TD-DFT/B3LYP/6-31G (d,p) methods
using Gaussian-09 (Fig. 1). The twist angles (q�) [N–q� (phe-
nanthrimidazole and dihydrobenzodioxin), C–q� (phenan-
thrimidazole and anthracene) and A–q� (anthracene and
triphenylamine (DPIAPPB)/carbazole (CADPPI))] play a vital role
in frontier molecular orbitals electron overlap in ground and
excited states. The ground state energy of D–P–A materials
reveal that N–q� was limited at room temperature (kBT, 9.5 meV)
(DPIAPPB-82.6�–89.8�:CADPPI-86.7�–89.6�); C–q� (DPIAPPB-
89.6�–91.8�:CADPPI-93.7�–99.0�); A–q� (DPIAPPB-102.3�–
108.6�:CADPPI-156�) and rises steeply when the twist angle was
Fig. 1 Molecular structure, ground and excited state geometries with d

33696 | RSC Adv., 2019, 9, 33693–33709
out of this range32 (Fig. 1).The larger twist angle (A–q�) of
CADPPI compared to DPIAPPB is due to the stronger repulsion
between the two adjacent hydrogen atoms in carbazole and
anthracene ring because of stronger rigidity of Cz than TPA.

The excited state (S1) twist angles, N–q�, C–q� and A–q� of
CADPPI and DPIAPPB are increased than ground state (S0) twist
angles. Only small changes in the geometry of Cz in CADPPI
from S0 / S1 was observed compared to TPA unit in DPIAPPB
which minimised non-radiation leads to enhancement of hPL.32

The potential energy surface of twisted geometry of CADPPI at
ground and excited states (Fig. S1†) reveal that the CADPPI
require small energy to form excited state excimer correspond-
ing to increased interplanar separation of carbazole from linker
(1.45 Å to 1.4700 Å: 156.6� to 158.0�: Fig. 1) and then only small
energy needs to return to an equilibrium geometry at ground
state. The rigid geometry of CADPPI minimized the non-
radiation and enhanced the emission and lifetime of CADPPI
exciton leads to higher photoluminescence efficiency.32,33

The CADPPI and DPIAPPB molecules show twisted structure
which is essential for separating HOMO and LUMO distribution
effectively which enhanced the excition utilization (hs) through
efficient up conversion of non-radiative triplet to radiative
singlet. The overlap between HOMO and LUMO is extremely
small for CADPPI ensuring the small DEST and ensures fairish
radiative decay from intramolecular CT exciton.34 The small
inter ring torsion angles of highly twisted molecular confor-
mation suppress the intermolecular p–p stacking in solid state
and thus, uorescence quenching was suppressed. Also the
extent of conjugation is reduced, thus, the amount of charge
transfer (CT) is increased. This is reected in solvatochromic
studies. The non-coplanar twisted architecture of CADPPI and
DPIAPPB suppresses red shi and high hex was harvested in lm
by restraining intermolecular interaction.35–38
ihedral angles of CADPPI and DPIAPPB.

This journal is © The Royal Society of Chemistry 2019
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3.2. Thermal and electrochemical properties

The incorporation of highly rigid bulky moiety at imidazole
carbon and bulky side capping at imidazole nitrogen enlarged
the size and increased their thermal stability. The excellent
thermal stability of these new donor–spacer–acceptor
compounds (Td �504 �C – CADPPI and Td – 4 82 �C – DPIAPPB)
was analyzed by high decomposition temperatures (Td: 5%
weight loss) (Table 1: Fig. S2†). The high Td reveals that these
compounds would be capable of enduring vacuum thermal
sublimation process. Both compounds show high glass transi-
tion temperature (Tg – 220 �C – CADPPI and Tg – 210 �C –

DPIAPPB) indicating that introduction of rigid phenan-
thrimidazole moiety improves greatly their morphological
stability and the melting point (Tm) of CADPPI and DPIAPPB are
determined as 385 �C and 388 �C, respectively. The improved Tg
was probably due to the interaction of substituent at C2- and N1
with phenanthrimidazole core which can induce more
condensed molecular packing. The higher Tg implicates that
they could form morphologically stable amorphous lm upon
thermal evaporation, reduces phase separation upon heating
and prolonging the lifetime of devices which is highly impor-
tant for OLEDs. Among the donor–spacer–acceptor compounds,
CADPPI exhibit higher thermal stability than that of DPIAPPB
(Fig. S2†) because of stronger rigidity of Cz than TPA which will
be in favor of OLED stability. The thermal morphological
stability of thin lm of these compounds was examined by AFM
measurement which show that DPIAPPB and CADPPI lm
exhibit fairly smooth surface morphology with a roughness of
0.24 nm (DPIAPPB) and 0.20 nm (CADPPI), which was nearly
unchanged aer annealing (90 �C; 2 h). These results indicate
that DPIAPPB and CADPPI could form very stable and smooth
lm to support EL device fabrication (Fig. 6).

Electrochemical characterization of CADPPI and DPIAPPB
were investigated by cyclic voltammetry and theoretical calcu-
lation.39,40 Both compounds show a reversible reduction and
a quasi-reversible oxidation: the reduction onset potentials of
DPIAPPB and CADPPI are �2.22 and �2.23 V, respectively. The
Table 1 Optical, thermal properties and device performances of CADPP

Emitters CADPPI

lab(nm)(sol/lm) 241, 332, 358/243,
lem(nm)(sol/lm) 450/468
Tg/Tm/Td5 (�C) 220/385/504
ɸ (soln/lm) 0.91/0.83
HOMO/LUMO (eV) �5.30/�2.57
Eg (eV) �2.73
s (ns) 2.51
kr � 108 (s�1) 3.6
knr � 108 (s�1) 0.3
V (V) 2.8
L (cd m�2) 52 823
hex (%) 4.78
hc (cd A�1) 9.85
hp (lm W�1) 10.84
CIE (x, y) 0.15, 0.10
EL (nm) 467

This journal is © The Royal Society of Chemistry 2019
oxidation onset potential of DPIAPPB (+0.32 V) is much lower
than CADPPI (+0.50 V). Based on redox onset potentials, EHOMO

¼ Eox + 4.8 eV and ELUMO ¼ Ered � 4.8 eV were calculated by
assuming the energy of ferrocene as 4.8 eV below the vacuum
level.41 The ELUMO of DPIAPPB (�2.58 eV) and CADPPI (�2.57
eV) match well with the electron-transporting material, bis[2-(2-
hydroxyphenyl)-pyridine]beryllium, LUMO ¼ �2.6 eV (ref. 40)
suggesting that they may used as electron-transporting layer
and non doped-emitting layer. The EHOMO are deduced to be
�5.12 eV for DPIAPPB and �5.30 eV for CADPPI. This reects
the more balanced carrier injection properties of these
materials.

The LUMOs of DPIAPPB and CADPPI have similar distribu-
tions, being predominantly located on the anthracene unit.
However, the HOMO distributions are signicantly different.
For DPIAPPB, the HOMO is located on anthracene and TPA
units, while that of CADPPI is mainly located on anthracene and
phenanthrimidazole moieties. The calculated LUMO levels are
close whereas HOMO energy of DPIAPPB is higher than CADPPI
(Fig. S3†). These trends are consistent with CV data. As deduced
from much easier electrochemical oxidation of TPA (oxidation
potential: ca. 0.48 V vs. Fc/Fc+)42 than phenanthrimidazole
(oxidation potential: ca. 0.84 V vs. Fc/Fc+),43 the TPA unit should
be more electron rich than phenanthrimidazole unit. As
a result, TPA–anthracene moiety in DPIAPPB is more electron
rich than anthracene–phenanthrimidazole moiety in CADPPI so
that higher HOMO level of DPIAPPB is rational.

3.3. Photophysical properties and HLCT character

The optical spectra of DPIAPPB and CADPPI in dichloro-
methane (1 � 10�5 M) were recorded in solution and neat lm
(Fig. 2: Table 1).44 The strong and sharp absorption around
241 nm is due to p–p* transition originates from phenyl to
phenanthrimidazole ring and the absorption bands, ranging
from 332 to 361 nm are attributed to p–p* transition of
conjugated molecular framework. The shoulder peak at longer
wavelength around 358 nm is due to ICT from donor to acceptor
I and DPIAPPB

DPIAPPB

338, 361 246, 348, 361/252, 360, 378
466/473
210/388/482
0.82/0.70
�5.12/�2.58
�2.54
2.62
3.1
0.7
2.8
38 625
4.15
6.56
6.16
0.15, 0.12
472
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Fig. 2 Cyclic voltammogram (a); Lippert–Mataga plot (b); normalized absorption (c), emission spectra (d) and EL spectra (e) (inset: CIE coor-
dinates) of CADPPI and DPIAPPB.
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unit.45 The D–p–A derivatives (DPIAPPB and CADPPI) exhibit
higher blue shi with higher molar absorptivity when
compared to their parent compound (BADPPI) due to the
presence of strong and weak electron donor, triphenylamine
(DPIAPPB) and carbazole (CADPPI) moiety. The extinction-
coefficient (3max) of D–p–A molecules is higher due to increase
of conjugation length.46,47 The CADPPI and DPIAPPB show very
strong absorption at 241 nm (3max ¼ 41 493 cm�1 M�1) and
246 nm (3max ¼ 40 650 cm�1 M�1) on comparison to parent
compound BADPPI due to ICT transition from donor to
acceptor (Fig. 2). The lm state of blue emissive materials show
absorption at 243 nm (CADPPI) and 252 nm (DPIAPPB) and the
small shi shows the existence of weak p–p* intermolecular
stacking.48 The solution/thin lm PL spectra of CADPPI and
DPIAPPB show emission maxima at 450/468 and 466/473 nm,
respectively (Fig. 2). The solvatochromic red-shi of 62 nm
(DPIAPPB) and 40 nm (CADPPI) conrmed the highly polar
nature of low-lying CT state (Fig. S4†).49,50 The red shied
emission is due to twisted conformation of DPIAPPB and
CADPPI which leads to easier charge transfer from donor to
accept via anthracene linker. The intramolecular charge trans-
fer is further conrmed by molecular electrostatic potential
(MEP) (Fig. S3†).

The PL spectra of CADPPI and DPIAPPB show red shi due to
the strong CT character of the excited state than the ground
state and stabilized by polar solvents.51,52 The emission of
CADPPI and DPIAPPB is observed at 468 and 473 nm in solid
with full-width at half-maximum (FWHM) is around 30 nm: the
red-shi cannot be due to aggregation in solid state and might
33698 | RSC Adv., 2019, 9, 33693–33709
be from change in excited state conguration.53 The small red
shi in lm of DPIAPPB and CADPPI compared to solution
show suppressed p–p* stacking.54 The emission of DPIAPPB
and CADPPI gives blue-shi relative to their parent compound
which is in controversy to the general observation i.e., extension
of p-conjugation leads to red shied emission.52 In addition to
that there is an overlap between UV and PL spectra of both
DPIAPPB and CADPPI because of enhanced LE character in
DPIAPPB and CADPPI than their parent compound.

Compared with DPIAPPB, CADPPI exhibit higher blue shi
in absorption and emission attributed to poor electron donor
ability of Cz relative to TPA. The increase of LE composition
with decrease of CT in S1 emissive HLCT state is likely to be the
reason for blue shi. The FWHM in the absorption spectrum of
CADPPI (24 nm) is narrowed compared to DPIAPPB (31 nm)
(Fig. S5†). This observation informed that decreased CT
component of CADPPI in S1 state which is in good agreement
with NTO for S0/ S1 transition. Solvatochromic shis show the
low-lying S1 excited state of DPIAPPB and CADPPI possess CT
character.55,56 The % CT in S1 state of CADPPI (65%) is lower
than DPIAPPB (85%) whereas % LE character of CADPPI (35%)
is higher than DPIAPPB (15%) (Table 2). In S0–S1 and S0–S2
transitions, the HLCT was composed with CT and LE state and
exhibit larger oscillator strength [fS0–S1 ¼ 0.5041(CADPPI):
0.4041 (DPIAPPB) and fS0–S2 ¼ 0.1882 (CADPPI): 0.1644
(DPIAPPB)] compared to other transitions S0–Sn (n ¼ 3, 4.) as
a result of major LE character in the HLCT state (Fig. S6† –

CADPPI; Fig. S7† – DPIAPPB) which is necessary for higher
efficiency OLEDs.57
This journal is © The Royal Society of Chemistry 2019
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Table 2 Percentage transition of LE and CT of CADPPI and DPIAPPB

Transition (%)

CADPPI DPIAPPB

Singlet (S1–S10) Triplet (T1–T10) Singlet (S1–S10) Triplet (T1–T10)

CT 65 60 85 75
LE 35 40 15 25
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The DPIAPPB and CADPPI ground state energy and their
electron density delocalization at twist angle of 50� and 180�

over HOMO and LUMO are shown in Fig. S8.† Based on DFT
energy, f (50�) conformation of DPIAPPB and CADPPI is more
stable than f (180�) conformation; in HOMO, the electron
density is located on TPA and Cz and in LOMO the electron
density is localized on phenanthrimidazole moiety i.e., the
HOMO and LUMO orbitals are separated from each other,
therefore, CT transition of HOMO (TPA and Cz-donor)!CT LUMO
(phenanthrimidazole-acceptor) is possible. However, at 50� (low
energy twisting conformation), the electron density is partially
localized on the Frontier orbitals of DPIAPPB and CADPPI.
Therefore at 50�, HOMO!CT LUMO transition is not pure CT but
it is intercrossed between CT and LE transitions.18 The HOMO
and LUMO of DPIAPPB and CADPPI show separation however,
differences are very small which enhanced the hole- and
electron-transport properties (bipolar properties) and lowered
the singlet–triplet splitting (DST).58 The electron/hole transfer
integrals of DPIAPPB (0.29/0.33 eV) and CADPPI (0.25/0.39 eV)
supports their bipolar nature.59

The new born blue emitters show high quantum yield
(solution/lm) of DPIAPPB (0.82/0.70) and CADPPI (0.91/0.83)
and the high uorescence yield are essential for efficient blue
OLEDs (Table 1). The higher quantum yield is due to the
decreased proportion of non-radiative transition because of
molecular interactions.60

Incorporation of anthracene into bulky phenanthrimidazole
ring increased the steric hindrance and form more twisted
structure in solid leads to lowered quantum yield in solid
compared to solution due to less aggregation. However, the
high solid-state quantum yield of these compounds benet
from the twisted architecture supports that these materials may
employ as non-doped emitter layer in OLEDs. The highly rigid
geometry of DPIAPPB and CADPPI effectively reduced the non-
radiative exciton which results high yield. The kr/knr (radiative
transition rate and non-radiative transition rate) have been
calculated from lifetime (s) and quantum yield (ɸ) (Table 1). The
relative contribution of radiative and non-radiative relaxation in
the excited state deactivation was analyzed by radiative (kr) and
non-radiative (knr) decay constants: kr ¼ s/F: 3.1 s�1(DPIAPPB)
and 3.6 s�1 (CADPPI); knr ¼ s/(1 � F): 0.7 s�1 (DPIAPPB) and 0.3
s�1 CADPPI (Fig. S2†). The CADPPI shows larger radiative rate
constant (kr) and smaller non-radiative rate constant (knr) than
DPIAPPB which results in enhanced hPL.
3.4. HLCT character

Their uorescence spectra are broadened and gradually red-
shied by increasing solvent polarity which indicates change
This journal is © The Royal Society of Chemistry 2019
of dipole moment between ground (S0) and excited (S1) states.
The non-linear correlation of Lippert–Mataga plot supports the
presence of two different excited states, locally excited state (LE)
and charge transfer excited state (CT) in low and high polar
solvents. The calculated ground state dipole (mg) and excited
state dipole (me) moments of DPIAPPB (mg – 4.67 D; me – 23.9 D)
and CADPPI (mg – 8.5 D; me – 24.1 D)57 reveal that the large me in
high polar medium is in close to me of 4-(N,N-dimethylamino)
benzonitrile (23.0 D).61 The results are in close agreement with
Ma et al.,60 and conrmed both DPIAPPB and CADPPI show
HLCT as single emissive state. The CT and LE dominates in
more and less polar medium, respectively and there is mixed
contribution of LE and CT in medium polar solvents. The
coupling of LE with CT generates new HLCT emissive state. The
HLCT state was conrmed by mono exponential time which
supports the D–P–A molecular design (Fig. S2†).62,63 The high
oscillator strength of S1 state of CADPPI results in higher PL
efficiency (hPL). Molecular modication from TPA to Cz causes
an increasing % LE in S1 emissive state and enhanced hPL of
CADPPI. The overlap density between hole and particle depend
upon the conguration of donor–acceptor architecture and the
magnitude of overlap intensity tuned the % LE and % CT in S1
state (Fig. S9† – CADPPI: Fig. S10† – DPIAPPB). The twist angles
(q2 and q3) in D–p–A linkage of CADPPI and DPIAPPB could be
the origin for CT and LE intercross. In CADPPI and DPIAPPB,
the S1 state remained unchanged with increasing solvent
polarity whereas the S3 state decreased to intercross with S1
state at moderate polarity and to be much lower than S1 state at
high polarity. This reveals the HLCT as single emissive state.
The LE and CT states of emissive materials DPIAPPB and
CADPPI show non-uniform properties in different polar
solvents because of different excited-state dipole moments. As
the polarity increases, CT state is stabilized due to strong
interaction of the solvent eld with CT excited state (large
dipole moment) and LE remains unchanged,64 however, in low-
polarity solvents, the LE being stabilized (low-lying excited
state).56

The excited-state properties of CADPPI (Fig. S6†) and
DPIAPPB (Fig. S7†) were analyzed using natural transition
orbitals (NTOs) which show good balance between orbital
overlap and spatial separation.65 The certain orbital overlaps
exhibit local characters of their excited states. In themeanwhile,
the existence of two components (CT and LE) is found by
analyzing the calculated results which is in good agreement
with the results of the HLCT states.

The electron density delocalization over hole and particles
conrmed that in S0 / S1 transition, LE state dominates with
minor contribution of CT state in HLCT and shows higher when
RSC Adv., 2019, 9, 33693–33709 | 33699
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compared with S0 / S2 or other S0 / Sn transitions [fS0/S1 ¼
0.4041 > fS0/S2 ¼ 0.1644 (DPIAPPB): fS0/S1 ¼ 0.5041 > fS0/S2 ¼
0.1882 (CADPPI)]. This is further evidence for higher % LE in
HLCT state and is highly need for efficient OLED performances.
The eigen value (>0.97) further supports the better mixed LE
and CT excited state to about 87% of transition which is sup-
ported by Dr > 2 for S1–S10 of CADPPI and DPIAPPB. The exci-
tation energies of LE and CT states of the title materials were
used as a tool to conrm the formation of HLCT state27 (Scheme
S1†). In DPIAPPB and CADPPI, the LE state is stabilized than CT
state due to enhanced p-conjugation. The overlap between hole
and particle of CADPPI and DPIAPPB is displayed in Fig. S9 and
S10,† respectively. The more similar hole–electron wave func-
tion indicates the efficient hybridization between LE and CT
states. The composition of HLCT in DPIAPPB (Fig. S9†) and
CADPPI (Fig. S10†) can be analyzed by transition density matrix
(TDM). The diagonal part reects that the LE component
localized on main backbone while off-diagonal region repre-
sents CT component. The atoms of CADPPI and DPIAPPB are
labeled from acceptor (DPIAPPB & CADPPI (1–47):
Fig. 3 (a) Schematic diagram of hybridization processes of LE and CT sta
states of CADPPI and DPIAPPB.

33700 | RSC Adv., 2019, 9, 33693–33709
phenanthrimidazole 1–25: spacer (anthracene) – 26–47) to
donor carbazole (CADPPI 65–85) and triphenylamine (DPIAPPB-
)48–80). The colored maps illustrate the matrix elements of the
transitions from atoms on abscissa to atoms on ordinate for
DPIAPPB and CADPPI. Since their atoms sequentially along the
positive direction of each axes, the le-lower region represents
LE transition, the right-lower region represents CT transition
from donor (carbazole (CADPPI)/triphenylamine (DPIAPPB)) to
PPI-An and the right-high region denotes LE transition, of
donor. In this way, the LE: CT proportion of each structure
could be directly calculated according to the calculus of matrix
elements (Fig. S10 & S11†).
3.5. Quasi-equivalent hybridization

The HONTOs and LUNTOs of S1 and S2 excited states of
DPIAPPB and CADPPI exhibit a hybrid splitting character that
derives from interstate coupling of LE and CT levels to form
HLCT. The interstate hybridization coupling occurs through
positive and negative linear combination between LE and CT
state wave function: JS1/S2 ¼ cLEJLE � cCTJCT. The % CT of
tes of CADPPI and DPIAPPB; (b) energy level of singlet (S) and triplet (T)

This journal is © The Royal Society of Chemistry 2019
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CADPPI (65%) is less than that of DPIAPPB (85%) as a result of
weak donor ability of Cz than TPA whereas high% LE (�35%) in
CADPPI than DPIAPPB (�15%) (Table 2). A twisting D–A mole-
cule N,N-diphenyl-4-(7-phenylbenzo[c]1,2,5-thiadiazol-4-yl)
aniline (TPA-BZP) exhibit special excited state character due to
“hot exciton” with HLCT model,28 examined by solvatochromic
experiment and quantum chemical calculation. The hs of 42%
was harvested from TPA-BZP based non-doped uorescent
OLED, breaking the 25% upper limit of spin statistics.4–6

However, the excessive CT component in S1 emissive state of
TPA-BZP leads to lower the hPL (49% – hexane and 40% – lm).
In order to maximize hEQE of OLED, tuning the excited state is
required to enhance hPL in lm i.e., to strengthen the LE
component of S1 state while maintaining hs from hot exciton
channel. Ma et al.60 reported that 4-(4-(9H-carbazol-9-yl)phenyl)-
7-phenylbenzo[c]1,2,5 thiadiazole (CzP-BZP) from a tiny chem-
ical modication on TPA-BZP. Compared with TPABZP, the
donor moiety triphenylamine (TPA) is replaced with weaker
electron-donating carbazole-phenyl (CzP) in CzP-BZP, which is
expected to decrease CT component as well as increase of LE
component in S1 HLCT state of CzP-BZP. Thus, hPL of CzP-BZP
lm is enhanced relative to TPA-BZP, with simultaneously high
hPL and high hS [hPL/hS – 75%/48% (CzP-BZP); 45%/42% (TPA-
BZP)] and leads to enhanced hEQE in CzP-BZP (6.95%) than
TPA-BZP (3.80%) OLED and to validate the HLCT and “hot
exciton” mechanism.

As a result, CADPPI exhibits higher photoluminescence
efficiency (hPL) and blue shied emission relative to DPIAPPB.
The S1 and S2 excited states of DPIAPPB and CADPPI are similar
Fig. 4 (a) Scheme of exciton decay process after hole and electron reco
only devices based on CADPPI and DPIAPPB; (c) energy level diagram o

This journal is © The Royal Society of Chemistry 2019
in energy, oscillator strength and HONTOs and LUNTOs
distribution indicates a quasi-equivalent hybridization between
LE and CT states due to their almost iso-energetic initial states.
Compared with solvatochromic effect, the formation and
dissociation processes of the HLCT state are claried together
with its inuencing factors. The excited state hybridizing
process can be treated as exciton coupling proposed by Lambert
et al.66

dE ¼ 2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DE2 þ J2

p
: DE ¼ ðELE � ECTÞ=2 ðELE .ECTÞ

where, dE is energy splitting between S1 and S2 states of CADPPI
and DPIAPPB and 2DE is energy difference between two initial
pure states J(CT) and J(LE) before their interaction occurs.
Using exciton coupling model, we can estimate the exciton
coupling J between 4(CT) and 4(LE) excitons. (i) The excitation
energies of the rst ten singlet states can be calculated. (ii) Once
the excitation energies (ELE) of the pure LE state and two
hybridized states (S1 and S2) are obtained in CADPPI and
DPIAPPB, the excitation energies of pure CT states (ECT)
according to the energy conservation (ES1 + ES2 ¼ ELE + ECT) can
be calculated as well as the energy gaps (2DE ¼ ELE � ECT)
between pure LE and pure CT states also calculated (Fig. 3). In
both CADPPI and DPIAPPB the LE state stabilizes in energy due
to enhanced p-conjugation while the CT state destabilizes
remarkably leading to greatly reduced energy gap between LE
and CT states (2DE) and the interstate coupling (J) becomes
high. Thus, both LE and CT states can be fully hybridized into S1
and S2 states which are close to the quasi-equivalent hybrid-
ization as a result of reduced energy gap. For nonequivalent
mbination in OLEDs of D–P–A molecules; (b) hole-only and electron-
f non-doped devices.

RSC Adv., 2019, 9, 33693–33709 | 33701
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hybridization, the S1 and S2 excited states have difference in
energy, oscillator strength and HONTOs and LUNTOs image
due to non-equivalent hybridization between LE and CT initial
states.67 Therefore, degree of hybridization between LE and CT
states depends not only initial ELE–ECT energy gap but also their
interstate coupling strength.68

Compared with non-equivalent hybridization, quasi-
equivalent hybridization is expected to achieve the combina-
tion of high hPL and high hS to maximize EL efficiency of uo-
rescent OLED materials due to more balanced LE and CT
components in HLCT state of DPIAPPB and CADPPI. In
DPIAPPB and CADPPI, the LE state is stabilized than CT state
and energy gap (ES2–ES1) is small when compared to parent
compounds results quasi hybridization. The energy gap (ES2–
ES1) of CADPPI is reduced more when compared with DPIAPPB
results effective hybridization and improves OLED efficiency.
The qualitatively calculated percentage of LE and CT in S1–S10
and T1–T10 states are displayed in Table 2. This also supports
that HLCT state also contributes to hybridization apart from LE
Fig. 5 (a) Schematic representation of (i) carrier trapping at Ir(ppy)3 and (
(b) HOMO–LUMO energy levels of green and red phosphorescent mate

33702 | RSC Adv., 2019, 9, 33693–33709
and CT states. However, the more balanced LE and CT
components in HLCT state of DPIAPPB and CADPPI enhanced
the EL efficiency. The formation of HLCT state can be analyzed
through the excitation energies of LE and CT states. For “hot
exciton” process, their low-lying triplet excited state (T1) and
second-lying triplet excited state (T2) was calculated.

Interestingly, a similar electron density is found between
high-lying triplet excited state T2 (CT state for CADPPI and
DPIAPPB) and HLCT S1 state. In Fig. 3, the calculated ES1
(0.9499 eV for CADPPI and 0.7395 eV for DPIAPPB) and ET2

(0.9498 eV for CADPPI and 0.7395 eV for DPIAPPB) are almost
same. A small singlet–triplet splitting (DEST) supports the
potential reverse intersystem crossing (RISC) from T2 �!RISC S1.
The large energy gap between T2 and T1 states CADPPI (0.74 eV)
and DPIAPPB (0.53 eV) reect internal conversion from T2 !IC T1

states is smaller than RISC from T2 to S1. A large energy gap
between T1 and T2 of CADPPI (0.74 eV) and DPIAPPB (0.53 eV)
arising from the same phenanthrimidazole acceptor and the
energy gap between T1 and T2 of CADPPI is larger than DPIAPPB
ii) carrier hopping through both Ir(ppy)3 and CADPPI and DPIAPPB and
rials.

This journal is © The Royal Society of Chemistry 2019
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(Fig. 3).69,70 A very small DEST z 0 is observed between S1 and T2

states facilitating RISC (T2 / S1) process as a result of their
HLCT character.

Excited state characters play a key role in PL and electrolu-
minescence (EL) properties of OLEDs. Charge-transfer state is
benecial to enhance the singlet exciton utilization (hs) in
uorescent OLEDs by RISC due to small singlet and triplet
energy splitting (DEST) in CT exciton. However, the dominant CT
component in the emissive state reduces the PL efficiency in
such materials. Here, the strategy is to carry out for ne excited
state modulation to achieve the combined effect of high hPL

using LE component and high hs utilizing CT component in
single emissive HLCT state. As a result, a quasi-equivalent
hybridization of LE and CT components obtained in the emis-
sive state upon addition of anthracene bridge in the newly
synthesized material.
3.6. Single carrier devices

To understand the hole and electron transport abilities of
DPIAPPB and CADPPI, hole-only device (HOD) and electron-
only device (EOD) have been fabricated with a structure of
ITO/NPB (8 nm)/DPIAPPB/CADPPI (50 nm)/NPB (8 nm)/LiF (1
nm)/Al (100 nm) (Hole-only device) and ITO/TPBi (8 nm)/
DPIAPPB/CADPPI (40 nm)/TPBi (8 nm)/Al (100 nm) (Electron-
only device). Fig. 4 shows the current density versus voltage
characteristics of hole-only and electron-only devices. The
Fig. 6 Device efficiencies: (a) luminance–voltage; (b) external quantum
current density and (d) AFM images (at room temperature (i) and after an

This journal is © The Royal Society of Chemistry 2019
electron current density of DPIAPPB and CADPPI based device
is higher than CBP-based device which reveal that these
DPIAPPB and CADPPI compounds are bipolar-transporting
materials with effectively transporting both electrons and
holes than CBP.71–73

In CBP: 5 wt% Ir(ppy)3 device the carrier current decreases
signicantly since the carrier may undergo deep trapping at the
HOMO level of Ir(ppy)3. However, in DPIAPPB (30 nm): 5 wt%
Ir(ppy)3 or CADPPI (30 nm): 5 wt% Ir(ppy)3 based devices, the
carrier current increased which may be attributed to the effect
of direct injection into the dopant HOMO levels and the
hopping transport thorough both CADPPI and DPIAPPB dopant
sites (Fig. 5).
3.7. Electroluminescent studies

The effective lm forming properties of emissive materials are
important for device efficiency. The better nanoscale
morphology of annealed DPIAPPB and CADPPI thin lm (Fig. 6)
is attributed to low turn-on voltage. Energy-level diagram of the
materials used for the fabrication of devices are shown in Fig. 4.
The TADF materials will show at decay curve due to the time
consuming TADF process for the exciton conversion from triplet
to singlet, however, the observed single-exponential sharp decay
of DPIAPPB and CADPPI shows that the radiative exciton are
short-lived component without TADF contribution (Fig. S2†).
efficiency–current density; (c) current efficiency/power efficiency–
nealing at 90 �C (ii)) of CADPPI and DPIAPPB.

RSC Adv., 2019, 9, 33693–33709 | 33703
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Themono-exponential lifetimemeasurement reveal that this
intercrossed excited state in moderate polar solvents should be
a HLCT instead of two species state through a addition of LE
and CT which also supports the molecular design (Scheme S1†).
Therefore, the exciton utilization efficiency (hS) in DPIAPPB and
CADPPI are of neither TTA nor TADF mechanism.

The vacuum processed blue OLEDs with conguration of
ITO/NPB (60 nm)/DPIAPPB/CADPPI (20 nm)/LiF (1 nm)/Al (100
nm) have been fabricated (Fig. 4). The electroluminescence (EL)
spectra of the devices are similar to their PL spectra which
shows both EL and PL originates from the same radiative decay
of the singlet exciton. High device performances at low-turn on
voltage are extracted from non-doped devices based on
DPIAPPB and CADPPI (Fig. 6; Table 1). The CADPPI based
device (EL – 467 nm) shows high efficiencies (hc – 9.85 cd A�1; hp
– 10.84 lm W�1; hex – 4.78%) at 2.8 V with CIE (0.15, 0.10)
compared to DPIAPPB device (EL – 472 nm) (hc – 6.56 cd A�1; hp
�6.16 lm W�1; hex – 4.15%) at 2.8 V with CIE (0.15, 0.12). The
high hex harvested from CADPPI and DPIAPPB based device is
due to the co-emission from intercrossed excited state of LE and
Table 3 Summary of device efficiencies with reported non-doped emit

Emitter Von (V) L (cd m�2) EL (nm

CADPPI 2.3 52 823 467
DPIAPPB 2.3 38 625 472
Cz-DPVI 3.4 13 629 419
Cz-DMPVI 3.2 13 841 430
Cz-DEPVI 2.8 13 955 439
TPA-DEPVI 2.9 13 856 442
PPI 3.8 3307 412
mTPA-PPI 3.2 4065 404
L-BPPI (50 nm) 8.5 70 440
L-BPPI (40 nm) 6.5 295 440
L-BPPI (30 nm) 5.0 420 440
L-BPPI (20 nm) 4.5 391 440
Z-BPPI (50 nm) 6.5 105 440
Z-BPPI (40 nm) 5.0 502 440
Z-BPPI (30 nm) 4.5 267 440
Z-BPPI (20 nm) 5.0 100 440
CPBPMCN (HTL-40P + 10 nm) 3.4 10 800 —
CPBPMCN (HTL-20P + 40 nm) 3.8 9755 —
TPA-PIM — 4510 420
TPA-An 24 910 468
TPA-PA 11 970 428
Py-BPI (bilayer-BPhen) 3.4 — 468
Py-BPI (bilayer-TPBi) 3.2 — 468
PhBPI 2.8 — 450
MADN 3.2 — —
TPA-BPI 4.7 — 448
BPA-BPI 3.6 428
PATPA 5.3 424
TPA-TPI 4.4 496
DPVBi 7.5 — 457
DPVICz 4.2 — 470
DPVTCz 3.8 — 470
3,6-DPVTCz 5.0 — 449
3 4.0 2800 460
4 3 10 600 407
5 2.5 21 200 392

33704 | RSC Adv., 2019, 9, 33693–33709
CT; the isoenergies of singlet (1CT) and triplet (3CT) make 3CT
/ 1CT transition as spin-allowed transition.74 The inevitable
vibration splitting in the strongly rigid phenanthro-9,10-d-
imidazole structure of DPIAPPB and CADPPI may be enhanced
in OLEDs to show large full peak width with red-shied CIE.
Actually, the quantum yield of CADPPI and DPIAPPB lms are
83.0% and 70.0%, respectively. Thus, the upper limit of EQE
calculated from the following equation: EQE ¼ hout � hrc � hg

� FPL.75,76 Using the quantum yield of CADPPI (83.0%) and
DPIAPPB (70.0%) the calculated theoretical maximum EQE are
of 4.15% and 3.50%. While the experiment EQE are of 4.78%
and 4.15%, respectively. The hr calculated for DPIAPPB (40–
50%) and CADPPI (29–36%) indicates g is less than 100% due to
very small unbalanced carrier transportation.77 This result
could be attributed more balanced charge-transporting prop-
erties within the emissive layer achieved by better charge
injection provided by hole transport layer. The hIQE can be
calculated from hEQE O hout as DPIAPPB (20.1%) and CADPPI
(23%) and maximum hs of DPIAPPB (35.1%) and CADPPI
(42.9%) of EL devices can be estimated using the equation, hs ¼
ters

) hc (cd A�1) hp (lm W�1) CIE (x, y) Ref.

9.85 10.84 (0.15, 0.10) This work
6.56 6.16 (0.15, 0.12) This work
4.9 4.3 (0.15, 0.08) 67
5.4 5.0 (0.15, 0.08) 67
6.0 5.4 (0.15, 0.08) 67
5.7 5.2 (0.15, 0.07) 67
0.71 0.40 (0.161, 0.065) 79
0.84 0.48 (0.161, 0.049) 79
0.01 — (0.16, 0.11) 80
0.13 — (0.16, 0.11) 80
0.40 — (0.16, 0.10) 80
0.68 — (0.16, 0.10) 80
0.07 — (0.17, 0.12) 80
0.34 — (0.16, 0.12) 80
0.45 — (0.16, 0.12) 80
0.31 — (0.16, 0.11) 80
3.11 2.21 (0.15, 0.08) 78
3.82 2.86 (0.15, 0.08) 78
1.14 0.79 (0.161, 0.046) 78
4.54 4.02 (0.15, 0.19) 81
4.07 3.36 (0.157, 0.073) 81
3.93 3.2 (0.15, 0.20) 82
2.03 1.00 (0.15, 0.15) 82
1.87 1.85 — 83
2.00 0.7 (0.15, 0.10) 84
1.83 1.58 (0.15, 0.09) 85
3.6 0.55 (0.15, 0.05) 85
0.34 0.20 (0.15, 0.06) 85
4.0 2.8 (0.18, 0.40) 85
0.03 — (0.15, 0.13) 86
0.92 — (0.15, 0.22) 86
1.94 — (0.14, 0.22) 86
0.11 — (0.15, 0.11) 86
0.61 0.14 (0.15, 0.14) 87
1.68 1.10 (0.16, 0.13) 87
1.90 1.55 (0.16, 0.14) 87

This journal is © The Royal Society of Chemistry 2019
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hres � hPL � hout O hEL, The enhanced hs and hIQE is probably
due to the maintained CT component of D–P–A compounds.
The maximum hs of DPIAPPB (35.1%) and CADPPI (42.9%) was
breaking through the limit of 25% according to spin statistics,
these two molecules exhibit light emitting mechanism as HLCT
(Fig. 3): 10.1% of triplet translate to singlet excitons by reverse
intersystem crossing progress to enhance the uorescence
emission and the rest lie away through non-radiative progress
for DPIAPPB. As for CADPPI, there are 17.9% of the triplet
excitons translating to singlet excitons. This provides the
possibility of high efficiency blue OLEDs. The device efficiencies
are compared with already reported non-doped emitters effi-
ciencies67,78–87 (Table 3; Fig. S12†) which shows that the newly
synthesized non-doped devices based on DPIAPPB and CADPPI
are the best in terms of efficiencies. These experimental results
demonstrated that the additional triplet exciton have been
utilized in the OLED applications for the HLCT character of
DPIAPPB and CADPPI as shown in Scheme S1† and showing the
accuracy for our molecular design strategy. Devices with
DPIAPPB and CADPPI show maximum luminance (L) of 38 625
and 52 823 cd m�2, respectively. The EL brightness has a linear
relationship with current density for these compounds indi-
cating that the contribution from triplet–triplet annihilation
was insignicant.88 The emission wavelength of DPIAPPB and
CADPPI in lm is close to that in ethyl ether which supports the
HLCT state formed in DPIAPPB and CADPPI lm.

The calculated triplet energy (ET) of DPIAPPB (2.48 eV) and
CADPPI (2.57 eV) shows that they have high triplet energy to
sensitize phosphorescent dopants with ET below 2.3 eV. These
DPIAPPB and CADPPI are also employed as host materials for
Fig. 7 Energy level diagram of green (a) and red (b) devices with molec

This journal is © The Royal Society of Chemistry 2019
green and red phosphorescent dopants. The vacuum processed
green and red devices are with conguration of ITO/NPB (40
nm)/TCTA (5 nm)/DPIAPPB (30 nm): 5 wt% Ir(ppy)3 or CADPPI
(30 nm): 5 wt% Ir(ppy)3/TPBi (50 nm)/LiF (1 nm)/Al (100 nm)]:
ITO/NPB (40 nm)/TCTA (5 nm)/DPIAPPB (30 nm): 8 wt%
Ir(MDQ)2(acac) or CADPPI (30 nm): 8 wt% Ir(MDQ)2(acac)/TPBi
(50 nm)/LiF (1 nm)/Al (100 nm)], respectively have been fabri-
cated (Fig. 7). The device performances are shown in Fig. 8. The
EL spectra are similar to PL spectra of the doped thin lm
(Fig. 2). The green device (432 nm) with CADPPI (30 nm): 5 wt%
Ir(ppy)3 exhibits maximum luminance of 39 012 cd m�2,
maximum current and power efficiencies are of 80.1 cd A�1 and
87.3 lmW�1, respectively, at 2.6 V with CIE (0.27, 0.62) (Table 4).
The maximum external quantum efficiencies of the devices
based on CADPPI:Ir(ppy)3 and DPIAPPB: Ir(ppy)3 [hc �76.2 cd
A�1; hp – 86.5 lm W�1; L – 38 765 cd m�2; CIE (0.27, 0.62)] are of
23.0 and 22.1%, respectively. Similar to green device, red device
(630 nm) with CADPPI: Ir(MDQ)2(acac) exhibits maximum
luminance of 30 456 cd m�2 and excellent EL efficiencies (hex –
21.9%; hc – 26.0 cd A�1; hp – 26.2 lm W�1) with CIE (0.64, 0.35)
compared to DPIAPPB: Ir(MDQ)2(acac) based device (L – 31 068
cd m�2; hex – 20.6%; hc – 25.1 cd A�1; hp – 25.3 lm W�1); CIE
(0.64, 0.35) with EL 636 nm. The fabricated green and red device
efficiencies are compared with reference green device
CBP:Ir(ppy)3 (L – 33 128 cd m�2; hex – 12.3%; hc – 26.2 cd A�1; hp
– 26.7 lmW�1) and red device- CBP: Ir(MQ)2(acac) (L – 30 568 cd
m�2; hex – 10.8%; hc – 22.0 cd A�1; hp – 22.4 lm W�1). The above
experimental results demonstrate that CADPPI and DPIAPPB
are universal host materials for green and red phosphorescent
emitters (Table 4).
ular structures of functional materials.

RSC Adv., 2019, 9, 33693–33709 | 33705
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Table 4 Optoelectric efficiencies of various PHOLED devices

Emitters V (V) L (cd m�2) hex (%) hc (cd A�1) hp (lm W�1) CIE (x, y) EL (nm)

CADPPI:Ir(ppy)3 2.6 39 012 23.0 80.1 87.3 0.27, 0.62 518
DPIAPPB:Ir(ppy)3 2.8 38 765 22.1 76.2 86.5 0.27, 0.62 524
CBP:Ir(ppy)3 3.0 33 128 12.3 26.2 26.7 0.31, 0.63 531
CADPPI:Ir(MDQ)2(acac) 3.0 30 456 21.9 26.0 26.2 0.64, 0.35 630
DPIAPPB:Ir(MDQ)2(acac) 3.1 31 068 20.6 25.1 25.3 0.64, 0.35 636
CBP:Ir(MDQ)2(acac) 4.0 30 568 10.8 22.0 22.4 0.64, 0.40 643

Fig. 8 Device efficiencies: (a) luminance–voltage; (b) external quantum efficiency–current density; (c) current efficiency–current density and (d)
power efficiency–current density of CADPPI, DPIAPPB and green devices based on CADPPI:Ir(ppy)3, DPIAPPB:Ir(ppy)3, and red devices with
CADPPI:Ir(MDQ)2(acac) and DPIAPPB:Ir(MDQ)2(acac).
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4. Conclusion

We have developed new donor–spacer–acceptor compounds,
CADPPI and DPIAPPB with bipolar properties and exhibit supe-
rior thermal characteristics. The part of the triplet excitons of the
blue uorophores can be utilized to realize reverse intersystem
crossing (RISC) from triplet excited states to singlet excited states
for blue emission (CADPPI T2 ��!17:9%

S1; DPIAPPB T2 ��!10:1%
S1) and

the diffusion volume range of the triplet excitons is reduced
signicantly. The CADPPI based device (EL – 467 nm) shows high
efficiencies (hc – 9.85 cd A�1; hp – 10.84 lm W�1; hex – 4.78%) at
2.8 V with CIE (0.15, 0.10) compared to DPIAPPB device (EL – 472
nm) (hc – 6.56 cd A�1; hp �6.16 lmW�1; hex – 4.15%) at 2.8 V with
CIE (0.15, 0.12). The CADPPI and DPIAPPB are employed as host
for green and red phosphorescent devices. The green device based
on CADPPI:Ir(ppy)3 exhibit maximum L – 39 012 cd m�2; hex –
33706 | RSC Adv., 2019, 9, 33693–33709
23.0%; hc�80.1 cd A�1; hp – 87.3 lmW�1 with CIE (0.27, 0.62) and
red device with CADPPI:Ir(MDQ)2(acac) exhibit maximum L –

30 456 cdm�2; hex – 21.9%; hc – 26.0 cd A�1; hp – 26.2 lmW�1 with
CIE (0.64, 0.35). We have developed a chemical modication
strategy to harvest high-performance full-color OLEDs by bipolar
luminescent materials having D–p–A molecular structure.
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