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without excimer emissiony
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Aromatically substituted phenanthroimidazoles at the C6 and C9 positions enhanced the thermal,
photochemical and electroluminescence properties due to extension of conjugation. These new
materials exhibit good photophysical properties with high thermal stability, good film-forming property

and high luminous efficiency. The electroluminescence performances of C6 and C9 modified

phenanthroimidazoles as host emitters were evaluated as well as the dopant in the fabricated devices.
Among the non-doped devices, pyrene substituted PPI-Py or PPICN-Py based devices show maximum
efficiency: PPI-Py/PPICN-Py: n. (cd A™%) - 9.20/9.98; 7p (IM WY - 8.50/9.16; nex (%) — 5.56/5.80. The
doped OLEDs, m-MTDATA/TAPC:PPI-Cz (4.81/4.85%), m-MTDATA/TAPC:PPICN-Cz (5.23/5.26%), m-
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MTDATA/TAPC:PPI-An (5.01/5.04%), m-MTDATA/TAPC:PPICN-An (5.25/5.28%), m-MTDATA/TAPC:PPI-

Py (5.61/5.65%) and m-MTDATA/TAPC:PPICN-Py (5.76/5.78%) show improved device efficiencies
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1. Introduction

Efficient organic m-conjugated materials are very important in
flat-panel displays due to their easy synthesis and tunable
electrical properties with low power consumption’ and energy
source to sensitize the dopants for white emission.*® The
development of blue OLEDs lags behind compared to green and
red counterparts due to the wider energy gap which leads to
shorter operation lifetime, higher operation voltage and
unbalanced charge injection/transportation, resulting in poor
efficiency.®"® Restriction of -conjugation length reduces the
quantum yield and carrier transportation and leads to poor
electroluminescence (EL) performance.'*> Therefore, system-
atic investigation of the structure-property relationship of blue
emissive materials deserves consideration."*™**
Phenanthrimidazole (PI) with hole and electron transporting
abilities is found to be an important building block for highly
efficient NUV light emitting materials with high quantum
yield.**?® Phenanthrimidazole with C2 substitution induced
extension of conjugation and results in intramolecular charge
transfer (ICT):>*° electron rich arylamine at C2 of 1,2-diphenyl-
1H-phenanthro[9,10-d]imidazole leads to red-shifted UV emis-
sion to deep-blue emission,> > however, N1 substitution does
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compared to non-doped devices. Designing C6/C9 modified phenanthrimidazole fluorophores is an
efficient strategy for constructing highly efficient OLEDs.

not promote significant photophysical change because of
perpendicular configuration. The C2 and N1 substitution of
phenanthrimidazole shifted far away from violet region.**** To
date, numerous reports have been published on phenan-
thrimidazole with C2 and N1 substitution, but substitution at
C6 and C9 positions have not been widely studied.**** There-
fore, it is aimed to synthesise a series of different aromatically
substituted (weak donors-N-phenylcarbazole, anthracene and
pyrene) phenanthrimidazole (acceptor) at C6 and C9 positions
to analyse luminous efficiency. Herein, we report series of blue
emitters namely, 9-(8,9-dihydro-9-phenyl-4H-carbazol-3-yl)-1-
(naphthalene-1-yl)-6-(9-phenyl-9H-carbazol-3-yl)-2-styryl-1H-
phenanthro[9,10-d]imidazole  (PPI-Cz), 4-(9-(8,9-dihydro-9-
phenyl-4H-carbazol-3-yl)-6-(9-phenyl-9H-carbazol-3-yl)-2-styryl-
1H-phenanthro[9,10-d]imidazole-1-yl}-naphthalene-1-carbonitrile

(PPICN-Cz), (E)-6,9-bis(4,5-dihydropyren-2-yl)-1-(naphthalen-1-yl)-
2-styryl-1H-phenanthro[9,10-dJimidazole ~ (PPL-Py),  (E)-4-(6,9-
bis(4,5a1-dihydropyren-2-yl)-2-styryl-1H-phenanthro[9,10-d]-
imidazol-1-yl)-1-naphthonitrile (PPICN-Py), (E)-6,9-di(a-
nthracen-9-yl)-1-(naphthalen-1-yl)-2-styryl-1H-phenanthro[9,10-
dlimidazole (PPI-An) and (E)-4-(6,9-di(anthracen-9-yl)-2-styryl-
1H-phenanthro[9,10-dJimidazol-1-yl)-1-naphthonitrile (PPICN-
An) and characterize them. Experimental results reveal that
C6/C9 substitution provides moderate conjugated extension
relative to C2 modification. The non-doped devices with pyrene
substituted PPI-Py/PPICN-Py show maximum efficiency: 7. (cd
A1) -9.20/9.98; 1, (Im W) - 8.50/9.16; Nex (%) — 5.56/5.80. The
doped OLEDs show improved device efficiencies with 20 wt%:
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m-MTDATA:PPI-Py/m-MTDATA:PPICN-Py: 7. - 8.56/9.13 cd A™%;
np — 8.23/8.87 Im W5 ey - 5.61/5.76%.

2. Experimental section

2.1. Materials and measurements

4,4’ 4"-Tris(carbazol-9-yl)-triphenylamine (TCTA), 2,2',2"-(1,3,5-
benzinetriyl)-tris(1-phenyl-1H-benzimidazole) (TPBi) and N,N'-
bis(naphthalen-1-yl)-N,N'-bis(phenyl)-benzidine ~ (NPB) and
other chemicals and solvents are purchased from Sigma-
Aldrich. The H' and *C NMR spectra were recorded on
Bruker 400 MHz spectrometer and mass spectra were recorded
on Agilent LCMS VL SD. The UV-spectra was measured on
Lambda 35 PerkinElmer (solution)/Lambda 35 spectropho-
tometer (RSA-PE-20) (film) instrument and emission spectra
was recorded with PerkinElmer LS55 spectrometer. The
quantum yield was calculated with fluorescence spectrometer
Model-F7100 with integrating sphere. The decomposition
temperature (Tq) and T, (glass transition temperature) was
measured with PerkinElmer thermal analysis system
(10 °C min™"; N, flow rate - 100 ml min~') and NETZSCH (DSC-
204) (10 °C min~'; N, atmosphere), respectively. Fluorescence
lifetime was estimated by time correlated single-photon
counting (TCSPC) method on Horiba Fluorocube-01-NL life-
time system: nano LED is excitation source with TBX-PS is
detector; DAS6 software was employed to analyze the decay by
reconvolution method. Oxidation potential of emissive mate-
rials were measured from potentiostat electrochemical analyzer
(CHI 630A). Ferrocene was used as internal standard with
HOMO of —4.80 eV and 0.1 M tetrabutylammonium perchlorate
in CH,Cl, as supporting electrolyte.

2.2. Computational details

The ground (S,) (DFT)/excited (S;) (TD-DFT) characteristics
were examined by Gaussian 09 program® and multifunctional
wavefunction analyzer (Multiwfn).**

2.3. Synthesis of emissive materials

2.3.1. 6,9-Dibromo-1-(naphthalene-1-yl)-2-styryl-1H-phe-
nanthro[9,10-d]limidazole (DNSPI). A mixture of 3,6-
dibromophenanthrene-9,10-dione (2.08 g, 10 mmol), cinna-
maldehyde (1.51 g, 10 mmol), 1-naphthylamine (4.65 g, 50
mmol) with ammonium acetate (3.08 g, 40 mmol) in acetic acid
(25 ml) was refluxed (120 °C; 12 h; N, stream) and poured into
methanol. The separated pale yellow crude was purified by
column chromatography on silica gel (petroleum ether-
: dichloromethane - 3 : 1) (Scheme S1%). Yield, 65.5%; 'H NMR
(400 MHz, CDCl;): 6(ppm): 6.99 (s, 2H), 7.14-7.21 (m, 4H), 7.30~
7.77 (m, 8H), 7.99-8.01 (t, 4H), 9.10 (d, 2H). '*C NMR (100 MHz,
CDCl,): 6(ppm): 112.8, 120.9, 124.1, 125.7, 126.4, 127.8, 128.0,
128.3, 129.4, 130.5, 132.2, 133.4, 133.7, 134.6,135.2, 141.5.

2.3.2. 4-(6,9-Dibromo-2-styryl-1H-phenanthro[9,10-d[imidazole-
1-yl)}-naphthalene-1-carbonitrile (DSINC). A mixture of 3,6-
dibromophenanthrene-9,10-dione (2.08 g, 10 mmol), cinna-
maldehyde (1.51 g, 10 mmol), 4-aminonaphthalene-1-carbonitrile
(4.65 g, 50 mmol) with ammonium acetate (3.08 g, 40 mmol) in
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acetic acid (25 ml) was refluxed (120 °C; 12 h; N, stream) and poured
into methanol. The separated pale yellow crude was purified by
column chromatography (petroleum ether : dichloromethane -
3:1) on silica gel (Scheme S17). Yield, 75%; "H NMR (400 MHz,
CDCly): 6(ppm): 6.70 (s, 2H), 6.92-7.30 (m, 4H), 7.40 (s, 1H), 7.50~
7.80 (m, 4H), 7.85-7.98 (t, 4H), 8.20 (d, 2H), 9.00 (d, 2H). *C NMR
(100 MHz, CDCL,): 6(ppm): 108.3, 109.5, 111.1, 112.8, 115.8, 117.0,
118.1, 119.0, 120.1, 121.6, 122.2, 123.8, 125.2, 126.6, 127.5, 127.7,
127.8, 132.0, 132.7.

2.3.3. 9-(8,9-Dihydro-9-phenyl-4H-carbazol-3-yl)-1-(naph-
thalene-1-yl)-6-(9-phenyl-9H-carbazol-3-yl)-2-styryl-1H-phenan-
thro[9,10-d]imidazole (PPI-Cz). A solution of DNSPI (1.95
mmol), 9-phenyl-9H-carbazol-3-yl boronic acid (4.29 mmol),
Pd(PPh;), (0.20 mmol) and aqueous Na,CO; (2 M, 6 ml) in
toluene (25 ml) and ethanol (10 ml) was refluxed (N, stream; 32
h). The solution was extracted with dichloromethane and the
residue was purified by column chromatography (petroleum
ether : dichloromethane - 2 : 1) to obtain white powder. Yield,
65.5%; "H NMR (400 MHz, CDCl;): 6(ppm): 6.21 (s, 2H), 7.0~
7.21 (m, 7H), 7.22-7.29 (m, 6H) 7.3-7.30 (m, 6H) 7.40-7.46 (m,
7H), 7.55 (d, 2H), 7.70 (d, 3H), 7.82 (s, 2H), 8.04 (d, 2H), 8.18 (t,
5H), 9.15 (s, 2H). *C NMR (100 MHz, CDCl;): 6(ppm): 108.3,
111.1, 112.8, 117.0, 118.1, 119.0, 120.1, 121.6, 124.1, 125.2,
125.6, 126.3, 126.5, 127.8, 128.0, 128.3, 129.4, 130.7, 132.2,
133.0,133.8,135.2,137.7, 141.1, 143.7, 144.3, 145.4. Anal. caled
CeoH,aNy4: C, 89.20; H, 4.77; N, 6.03. Found: C, 89.06; H, 4.28; N,
5.68. MS: m/z. 929.37 [M + 1]; caled: 928.36.

2.3.4. 4-(9-(8,9-Dihydro-9-phenyl-4H-carbazol-3-yl)-6-(9-
phenyl-9H-carbazol-3-yl)-2-styryl-1H-phenanthro[9,10-d|imidazole-
1-yl)-naphthalene-1-carbonitrile (PPICN-Cz). The compound
PPICN-Cz was prepared using the methodology similar to that of
PPI-Cz by replacing DNSPI with DSPINC. Yield, 71%; "H NMR (400
MHz, CDCL,): 6(ppm) 6.63 (s, 2H), 6.89-7.04 (m, 7H), 7.13-7.21 (m,
6H) 7.28-7.35 (m, 12H), 7.48-7.60 (m, 4H), 7.65-7.71 (m, 4H), 7.78
(d, 3H), 7.91-8.12 (t, 3H), 8.45 (s, 2H). *C NMR (100 MHz, CDCl,):
6(ppm): 108.3,109.5, 111.1, 112.8, 115.8, 117.0, 118.1, 119.0, 120.1,
121.6, 122.2, 123.8, 125.2, 126.6, 127.5, 127.7, 127.8, 132.0, 132.7.
Anal. caled C,oH,3Ns: C, 88.12; H, 4.54; N, 7.34. Found: C, 88.06; H,
4.26; N, 7.10. MS: m/z. 954.36 [M + 1]; caled: 953.35.

2.3.5. (E)-1-(Naphthalen-1-yl)-9-(pyren-10-yl)-6-(pyren-2-yl)-
2-styryl-1H-phenanthro[9,10-d]imidazole (PPI-Py). Yield, 71%j;
'H NMR (400 MHz, CDCl,): §(ppm): 6.78 (s, 2H), 7.14-7.21 (m,
3H), 7.30-7.51 (m, 6H), 7.60 (t, 6H), 7.71-7.79 (m, 9H) 7.82 (d,
2H), 8.0-8.40 (m, 2H), 8.18-8.22 (t, 6H), 9.15 (s, 2H). *C NMR
(100 MHz, CDCl,): §(ppm): 112.8, 118.1, 123.0, 123.8, 124.9,
126.3, 126.5, 126.6, 127.2, 127.3, 127.8, 128.3, 128.7, 128.8,
129.5, 130.0, 130.7, 132.2, 134.6, 135.2, 137.7, 141.5. Anal. caled
CesHssNo: C, 92.17; H, 4.52; N, 3.31. Found: C, 91.06; H, 4.06; N,
2.92. MS: m/z. 848.02 [M + 1]; calcd: 847.01.

2.3.6. (E)-4-(6,9-Di(dipyren-2-yl)-2-styryl-1H-phenanthro-
[9,10-d]imidazol-1-yl)-napthalene-1-carbonitrile (PPICN-Py).
Yield, 71%; "H NMR (400 MHz, CDCl,): 6(ppm): 6.65 (s, 2H),
6.91-7.06 (m, 3H), 7.18 (d, 2H), 7.29 (d, 2H), 7.50-7.63 (m, 8H),
7.72 (s, 2H), 7.82-8.00 (m, 6H), 8.08-8.12 (t, 6H), 8.81 (s, 2H), *C
NMR (100 MHz, CDCl;): é(ppm): 112.8, 118.1, 123.0, 123.8,
124.9, 126.3, 126.5, 126.6, 127.2, 127.3, 127.8, 128.3, 128.7,
128.8,129.5, 130.0, 130.7, 132.2, 134.6, 135.2, 137.7, 141.5. Anal.

This journal is © The Royal Society of Chemistry 2020
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caled CesHs,Ns: C, 90.90; H, 4.28; N, 4.82. Found: C, 89.80; H,
4.26; N, 4.10. MS: m/z. 873.03 [M + 1]; calcd: 872.02.

2.3.7. (E)-6,9-Di(anthracen-9-yl)-1-(naphthalen-1-yl)-2-styryl-
1H-phenanthro[9,10-d]imidazole (PPI-An). Yield, 71%; "H NMR
(400 MHz, CDCL): §(ppm): 6.82 (s, 2H), 7.14-7.20 (m, 4H), 7.30-
7.34 (m, 6H) 7.40-7.62 (m, 12H), 7.70-7.84 (m, 6H), 8.04 (d, 2H),
8.15 (d, 2H), 9.21 (s, 2H). *C NMR (100 MHz, CDCl,): é(ppm):
112.8,118.1,124.1, 125.2, 126.3, 126.5, 126.6, 127.3, 127.6, 128.0,
128.7,128.8,130.3, 132.0, 132.2, 133.4, 134.6, 134.8, 137.7, 141.5.
Anal. caled Cg;H3gN,: C, 91.70; H, 4.79; N, 3.51. Found: C, 90.06;
H, 4.26; N, 3.10. MS: m/z. 799.99 [M + 1]; calcd: 798.97.

2.3.8. (E)-4-(6,9-Di(anthracen-9-yl)-2-styryl-1H-phenanthro-
[9,10-d]imidazol-1-yl)-1-naphthonitrile (PPICN-An). Yield: 71%;
"H NMR (400 MHz, CDCl,): 6(ppm): 6.71 (s, 2H), 6.85-7.10 (m,
3H), 7.21-7.28 (m, 6H), 7.31-7.48 (m, 6H), 7.50-7.60 (m, 6H),
7.74 (t, 5H), 7.92 (d, 2H), 8.03-8.15 (t, 3H), 8.75 (s, 2H). ">*C NMR
(100 MHz, CDCl,): é(ppm): 109.5, 112.8, 115.8, 118.1, 121.7,
125.2, 126.3, 126.4, 127.3, 127.5, 127.6, 128.3, 128.5, 128.7,
130.3, 132.7, 135.2, 136.0, 137.7, 141.5. Anal. caled Cg,Hs,Ns: C,
90.37; H, 4.53; N, 5.10. Found: C, 90.06; H, 4.26; N, 4.56. MS: m/
z. 824.99 [M + 1]; caled: 823.98.

2.4. Device fabrication and measurement

ITO glass (resistance 20 Q sq ') was cleaned with acetone,
deionized water and isopropanol, dried (120 °C) followed by UV-
zone treatment (20 min) and transferred into deposition
system. The devices were fabricated by multiple source beam
deposition method in a vacuum at a pressure of 4 x 10> mbar.
Evaporation rate of 2-4 A s~* (organic materials) and 0.1 and 4 A
s ' for LiF and metal electrodes were applied, respectively. The
thickness of each deposition layer was monitored with quartz
crystal thickness monitor. The EL measurement with CIE
coordinates was recorded with USB-650-VIS-NIR spectrometer
(Ocean Optics, Inc, USA). The current density-voltage-lumi-
nance (J-V-L) characteristics were performed using source
meter (Keithley 2450) equipped with LS-110 light intensity
meter. The external quantum efficiency was determined from
luminance, current density and EL spectrum assuming Lam-
bertian distribution.

3. Results and discussion

The synthetic route for the emissive materials is displayed in
Scheme S1:7 efficient emitters namely, 9-(8,9-dihydro-9-phenyl-4H-
carbazol-3-yl)-1-(naphthalene-1-yl)-6-(9-phenyl-9H-carbazol-3-
yl)-2-styryl-1H-phenanthro[9,10-d]imidazole (PPI-Cz), 4-(9-(8,9-
dihydro-9-phenyl-4H-carbazol-3-yl)-6-(9-phenyl-9H-carbazol-3-yl)-2-
styryl-1H-phenanthro[9,10-dJimidazole-1-yl}-naphthalene-1-carbo-
nitrile  (PPICN-Cz), (E)-6,9-bis(4,5-dihydropyren-2-yl)-1-(naph-
thalen-1-yl)-2-styryl-1H-phenanthro[9,10-d]imidazole (PPI-Py), (E)-
4+(6,9-bis(4,5a1-dihydropyren-2-yl)-2-styryl-1H-phenanthro[9,10-d]-
imidazol-1-yl)-1-naphthonitrile (PPICN-Py), (E)-6,9-di(a-
nthracen-9-yl)-1-(naphthalen-1-yl)-2-styryl-1H-phenanthro[9,10-
dlimidazole (PPI-An) and (E)-4-(6,9-di(anthracen-9-yl)-2-styryl-
1H-phenanthro[9,10-d]imidazol-1-yl)-1-naphthonitrile (PPICN-
An) were synthesized by condensation followed by Suzuki-
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coupling reaction with appreciable yield and characterized by
spectral techniques (Schemes S2-S57).

3.1. Thermal and electrochemical properties

The twist angle between C6/C9 substituent and phenan-
thrimidazole plane in PPI-Cz, PPICN-Cz, PPI-Py, PPICN-Py, PPI-
An and PPICN-An is about 55° which effectively suppress the
conjugation and intermolecular w-m stacking. The twisted
molecular architecture enhanced the thermal stability (Tq4/Ty):
PPI-Cz (492/213 °C), PPICN-Cz (502/215 °C), PPI-Py (550/261 °C),
PPICN-Py (556/265 °C), PPI-An (490/180 °C) and PPICN-An (498/
196 °C); high T4 reveal that these compounds would be capable
of enduring vacuum thermal sublimation process. The high
glass transition temperature (Ty) reveal that N-phenylcarbazole,
pyrene and anthracene substituents at C6 and C9 positions
enhanced their thermal and morphological stability, which are
important for applications in organic electronic devices (Table 1
and Fig. 1). The relatively low T4 of anthracene compounds PPI-
An/PPICN-An (490/492 °C) is attributed to steric hindrance
which limits the conjugation. Among all compounds, pyrene
derivatives (PPI-Py/PPICN-Py - 261/265 °C) show higher thermal
stability and all these new born compounds exhibit higher T4
and T, compared to C2-substituted Py-BPI (Ty4/T, - 431/137 °C).%
These newly synthesized compounds show excellent thermal
stability indicating that substitution at C6 and C9 position of
phenanthrimidazole is a possible approach for enhancing
thermal property. Such excellent thermal stability should be
attributed to the incorporation of rigid pyrene, anthracene and
N-phenylcarbazole unit at C6 and C9 position of bulky phe-
nanthrimidazole. The higher thermal stability is beneficial for
uniform amorphous film formation which is highly important
for fabrication of devices.

The root-mean-square values (0.21 nm-PPI-Cz; 0.18 nm-
PPICN-Cz, 0.23 nm-PPI-Py, 0.24 nm-PPICN-Py, 0.18 nm-PPI-An
and 0.22 nm-PPICN-An) reveal absence of remarkable surface
modification before and after annealing (30 °C: 90 °C; 12 h)
which further supports the suitability of these materials for
fabrication (Fig. Slat). These compounds show reversible
oxidation and reduction process implying that these materials
are electrochemically stable and are bipolar carrier-transporting
materials.

All these compounds show similar onset oxidation potentials
but distinguishable CV curves due to different substituted
aromatic rings.*® The Egomo[—(Eonset + 4-8)] €V/Erumol[Exomo —
1239/Aonset] have been calculated as: PPI-Cz (5.22/1.28 eV),
PPICN-Cz (5.17/1.32 eV), PPI-An (5.05/1.46 V), PPICN-An (5.00/
1.58 eV), PPI-Py (4.96/2.04 ¢V) and PPICN-Py (4.92/2.16 eV). The
HOMO energy of C6/C9 modified phenanthrimidazole deriva-
tives are nearly same as that of TPI (~5.0 eV) which implies that
the aromatic substitution at C6 and C9 positions would deepen
LUMO level and leads to easier electron injection.

3.2. Molecular design

To gain a better insight into the electric properties of PPI-Cz,
PPICN-Cz, PPI-Py, PPICN-Py, PPI-An and PPICN-An at molec-
ular level, DFT calculation was performed. The HOMO of PPI-Cz

RSC Adv, 2020, 10, 25059-25072 | 25061
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Table 1 Optical and thermal properties phenanthrimidazole derivatives
Properties PPI-Cz PPICN-Cz PPI-An PPICN-An PPI-Py PPICN-Py
Jabs (nm) (soln/film) 252, 293, 330/256, 294 249, 286, 326/252, 288 313, 356, 370/331,373 308, 365/327, 370 342/354 340/351
Aem (nm) (Soln/ﬁlm] 400, 416/410, 420 398, 406/406, 416 403/439 393/427 430/463 425/456
¢ (soln/film) (%) 70/80/82 80/83/85 73/80/89 80/84/91 85/88/93 90/92/95
Tg/Td (°C) 213/492 215/502 180/490 196/498 261/550 265/556
HOMO/LUMO/Eg (eV) 5.22/1.28/3.46 5.17/1.32/3.35 5.05/1.46/3.30 5.00/1.58/3.28 4.96/2.04/2.88 4.92/2.16/2.82
7 (ns) 6.2 6.0 5.5 5.0 3.5 3.1
ke x 10°% (s71) 0.11 0.13 0.13 0.16 0.24 0.29
Fnr x 10° (s71) 0.05 0.04 0.05 0.04 0.05 0.03
120
(@) (b)
100+
? 80'
$ 3
= 601 213°C =
sh oo _e-00215C =
Y 40{ & _—0130°C g
2 A GRS 2D © “PPICN-An
o—o—o- 00261 3
201 ——0—-_e0265°C wn =
...... PPI-Py
0 T T T T =
0 200 400 600 800 PPICN-Py
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Fig. 1 (a) TGA and DSC; (b) cyclic voltammogram of emissive materials.
and PPICN-Cz populates on phenanthrimidazole core with substituted phenanthrimidazole derivatives. Tuning the

partially on N-phenylcarbazole at C6/C9 except naphthyl frag-
ment and the electron clouds in LUMO of PPI-Cz localized on
C2 and N1 substituent with minor contribution on phenan-
thrimidazole core and LUMO of PPICN-Cz localized only on N1
substituent. The HOMO and LUMO of PPI-Py populates on C6
and C9 substituent, respectively whereas HOMO of PPICN-Py
populates on both C6 and C9 substituents and LUMO mainly
distributed on N1 substituent with partially on imidazole ring.
The HOMO of PPICN-An populates on one phenyl of phenan-
thrimidazole core with partially on one phenyl of anthracene
whereas the electron clouds in LUMO of PPICN-An localized
mainly on C6 substituent (Fig. 2). Obviously, the HOMO and
LUMO distribution implies that these materials are bipolar
materials with charge transporting ability and become more
efficient emitters in OLEDs.*” The benzimidazole with C4 and
C7 brominated molecule show dissimilar reactivity towards
Suzuki coupling due to two different nitrogen atoms in imid-
azole ring leads to asymmetry in C4/C7 - modified benzimid-
azole derivative.*® Similar trend was observed in C6/C7

25062 | RSC Adv, 2020, 10, 25059-25072

substituent at C6/C9 positions make small influence on twist
angles between phenanthrimidazole plane and naphthyl group
and much larger variation in 3 and 64 angle (6,-PPI and C-
coupling; 6,-PPI and N-coupling; #3-C6 and PPI; #4-C9 and
PPI-N-coupling). The synthesized emitters show more twisted
configuration (f; ~ 25°% 6, ~ 75°% 03 ~ 55°% 6, ~ 56.0°) due to
larger steric hindrance between the substituent with phenan-
thrimidazole core (Fig. 2).

Phenanthrimidazole is an aromatic moiety with sextet of
electrons in the conjugated system and the lone pair at N1
involved in the formation of conjugated system whereas the
lone pair on N3 has no contribution. The conjugated lone pair
can be transferred toward C6 or C9: electron migration toward
C6 is more favourable since it results in largest charge separa-
tion (red arrow) than C9 (blue arrow) (Fig. S1bt). This preferred
electronic structure leads to charge accumulation at C6 position
and this unique electronic structure induced electron delocali-
sation on HOMO and LUMO at C6 and C9 substitutions,
respectively and hence, this asymmetry enhanced the electron

This journal is © The Royal Society of Chemistry 2020
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injection,* however, there is small overlap in HOMO and LUMO
orbitals which endow the newborn emitters are efficient bipolar
charge transporting materials leads to enhance the efficiency.

3.3. Photophysical properties

These new emitters show a weak absorption around ~249 nm
attributed to 7t—7t* transition of aryl ring in the imidazole core.***
The strong absorption around ~286 nm and weak shoulder peak
at longer wavelength (~326 nm) (Table 1 and Fig. 3) is assigned to
m-1* transition of weak donor and phenanthrimidazole frag-
ments and charge transfer transitions, respectively.** The

This journal is © The Royal Society of Chemistry 2020

absorption of the synthesized compounds is red-shifted relative to
parent due to the highly conjugated anthracene/pyrene/N-
phenylcarbazole with phenanthrimidazole core. Anthracene
substituted phenanthroimidazoles PPI-An/PPICN-An show char-
acteristic anthracene absorption bands 313, 356, 370/308, 365 nm.
The pyrene substituted PPI-Py/PPICN-Py show vibronic broad
absorption at 342/340 nm with high intensity which supports the
charge transfer electronic interactions. Furthermore, red-shifted
absorption implies the conjugation of N-phenylcarbazole, anthra-
cene and pyrene with phenanthrimidazole core. The film absorp-
tion spectra of PPI-Cz, PPICN-Cz, PPI-Py, PPICN-Py, PPI-An and
PPICN-An is comparable to those of solution. The optical energy

RSC Adv, 2020, 10, 25059-25072 | 25063
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gap (Eg) of 3.14, 3.11, 2.95, 2.92 2.90 and 2.88 eV for PPI-Cz, PPICN-
Cz, PPI-An, PPICN-An, PPI-Py and PPICN-Py, respectively calculated
from absorption onset. Although one more pyrene ring is incor-
porated to phenanthrimidazole moiety in PPI-Py or PPICN-Py, its
absorption does not significantly red-shifted and comparable Ej to
that of 1-(4-tert-butylphenyl)-2-(4-(pyren-1-yl)phenyl)-1H-phenan-
thro[9,10-dJimidazole (Py-BPI). Also these compounds show
intense absorption with higher molar extinction coefficient (¢) of
2.9 x 10° M ' em™! (PPI-Py) and 3.0 x 10° M~ " cm ™" (PPICN-Py).
Similar trend was observed for other emitters: 3.4 x 10°M ™" ecm ™"
(PPI-Cz), 3.5 x 10° M~ em™" (PPICN-Cz) or 2.8 x 10° M~ " em™"
(PPI-An), 2.7 x 10° M " ecm™* (PPICN-An) or PPI-Py or PPICN-Py.
The effect of C6 and C9 modification on emission follows varia-
tion as shown in absorption spectra (Fig. 3).

The PL spectra of PPI-Cz (400 nm), PPICN-Cz (398 nm), PPI-
An (403 nm), PPICN-An (393 nm), PPI-Py (430 nm) and PPICN-Py
(425 nm) show strong violet emission and weak shoulder peak
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(a) Normalized absorption; (b) emission and (c) decay curve of emissive materials.

at 416 nm (PPI-Cz) and 406 nm (PPICN-Cz). The PL spectra of
solid film PPI-Cz (410, 420 nm), PPICN-Cz (406, 416 nm), PPI-AN
(439 nm), PPICN-An (427 nm), PPI-Py (463 nm) and PPICN-Py
(456 nm) is also in violet region. The film of PPI-Cz, PPICN-
Cz, PPI-An, PPICN-An, PPI-Py and PPICN-Py show wide bath-
ochromically shifted emission relative to solution (Fig. 3). The
PL spectrum of solid thin film of PPI-Cz and PPICN-Cz, is
located in the NUV region, with only ~14 nm (PPI-Cz) and
~10 nm (PPICN-Cz) red shifts, in which peak at 410 nm (PPI-Cz)
and 406 nm (PPICN-Cz) is weak with respect to that in solution
and the high intensity peak at 420 nm (PPI-Cz) and 416 nm
(PPICN-Cz) become the main emission peak due to the polari-
zation effect existed in the solid state. The emissive spectra of
the fluorophore can be tuned from violet-blue to deep-blue
region through modification of TPI with N-phenylcarbazole,
anthracene and pyrene. These new compounds show narrow
FWHM of around ~45 nm which is similar to that of isolated

P

10
o Hole only (b)
g
=
=
10
]
g
'E @ee PPICN-Py
E 3 +e® PPI-Py
E 10” e PPICN-An
g PPICNCz
= i 0@ PPL-An
= d #%e PPLCz
10° -

T T T
0 2 4 6 8 10 12 14
Electric field intensity (V/cm)

(a) Hole-only and; (b) electron-only devices of emissive materials.

This journal is © The Royal Society of Chemistry 2020


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra03463k

Open Access Article. Published on 01 July 2020. Downloaded on 7/27/2025 7:22:33 PM.

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

(cc)

Paper

@)

Energy (eV)

@9*@

O

View Article Online

RSC Advances

§ ATA / TAPC (:2.0¢V)  -2.70

g

2 1

- E m: Tal
m-MADATA (-5.1¢V) 4.10
5.17 -5.05 -5.00 -4.96 -4.92

v )
540 g 40 S22 TAPC (-5.5¢V) .20

mem PPI-Cz : m-MADATA/TAPC

- PPICN-Cz :m-MADATA/TAPC

9 PPI-An : m-MADATA/TAPC

- PPICN-An: m-MADATA/TAPC
PPI-Py : m-MADATA/TAPC

- PPICN-Py:m-MADATA/TAPC

QU
Q@@O

© m-MADATA

S GO

TPBi

L
QQ

Fig. 5 Energy level diagram of non doped (a) and doped devices (b).

phenanthrimidazole (51 nm) and it is different from C2- and
N1-substituted phenanthrimidazole derivatives.***> These
derivatives show broaden emission peak with larger red shift in
film. The film of anthracene based PPI-An and PPICN-An
emitters exhibit broad emission with long tail in longer wave-
length region mainly due to intermolecular stacking induced by
peripheral anthracene groups. All these materials emit prompt
fluorescence with lifetime shorter than 10 ns. The fluorescence
lifetime of C6/C9 substituted compounds are comparable to
that of parent indicating that C6/C9 modification does not
affect fluorescence decay significantly (Table 1 and Fig. 3). The
new born blue emitters show high quantum yield (solution/
film) of PPI-Cz (0.70/0.80), PPICN-Cz (0.80/0.83), PPI-An (0.73/
0.80), PPICN-An (0.80/0.84), PPI-Py (0.85/0.88) and PPICN-Py
(0.90/0.92). The C6 and C9 modification show improved pho-
toluminescence quantum yield (PLQY) in film to assess the
substitution effect on photophysical properties: pyrene
substituted PPI-Py (0.85/0.88) and PPICN-Py (0.90/0.92) has
taken as a model C6, C9- substituted derivative compared to C2-
modified Py-BPI molecule.*®

To further investigate the excited state properties, solvent
effect on photophysical properties was studied (Fig. S2 and S37).
The PPI-Cz, PPICN-Cz, PPI-An, PPICN-An, PPI-Py and PPICN-Py
show red shifted emission with gradually widened and struc-
tureless profile along with increasing orientation polarization of
the medium due to intramolecular charge transfer electronic

This journal is © The Royal Society of Chemistry 2020

TAPC

interaction in the excited states.”” The photophysical properties
are also in agreement with DFT calculation, both experimental
and theoretical results imply that phenanthrimidazole group
serve as central emitting core as well as an ICT inducer. The ICT
behaviour of phenanthroimidazoles was studied by sol-
vatochromic studies (Tables S1-S61). Interaction between
solvent and dipole moment of solute can be described by Lip-
pert-Mataga model.*” hc(Oaps — Oqu) = he(he0shs — heOgy) + 2(ue
— pue)’lay’ [(e — 1/2e + 1) — 1\2(n® — 1/2n* + 1)] [y and g -
ground state and excited state dipole moment, O,,s and U5 -
solvent-equilibrated absorption maxima (4,,5) and extrapolated
to gas phase, Og, and 0fy - solvent equilibrated fluorescence
maxima (Aem;) and extrapolated to gas-phase, respectively, a, -
Onsager cavity and ¢ and n-solvent dielectric constant and
refractive index, respectively].

The linear variation of Stokes shift with fle,n) has been
shown in Fig. S41 where double linear correlation is obtained.
Polar protic solvents fall on a separate line indicating that the
mode of solvation of the emitting state is different from that in
polar aprotic solvents. For polar protic solvents, the gradual
increment of stokes shift is due to intermolecular hydrogen
bonding interactions. Although small u. is obtained in solvents
with low Af(<0.17) 10.11 D-PPI-Cz; 12.98 D-PPICN-Cz; 10.87 D-
PPI-An, 13.46 D-PPICN-An; 11.08 D-PPI-Py; 13.88 D-PPICN-Py;
high w. of 20.11 D-PPI-Cz; 26.87 D-PPICN-Cz; 22.31 D-PPI-An,
26.12 D-PPICN-An; 22.48 D-PPI-Py; 26.92 D-PPICN-Py is

RSC Adv, 2020, 10, 25059-25072 | 25065
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obtained in high Af (>0.17). This ICT property is expected to
enhance the EL performances of these compounds.*** These
studied compounds exhibit overall increase of Stokes shift from
non-polar to polar aprotic solvents mainly due to the combined
effect of increasing polarity of the medium and intramolecular
charge transfer state. The charge transfer properties of all
emissive materials were supported theoretically (Fig. S5-S11
and Tables S7-S15%).

3.4. Electroluminescence properties

N-phenylcarbazole, anthracene and pyrene substituted phe-
nanthroimidazoles are expected to have good electron transport
properties irrespective of aromatic substituents and also close
packing in the solid state which is supported by optical prop-
erties. These compounds show good hole conductivity due to
excellent hole transport property of phenanthrimidazole
moiety.>

View Article Online
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Single-carrier devices were fabricated to confirm the elec-
trical properties: (a) ITO/NPB (10 nm)/PPI-Cz or PPICN-Cz or
PPI-An or PPICN-An or PPI-Py or PPICN-Py (60 nm)/NPB (10
nm)/LiF (1 nm)/Al (100 nm) (hole-only device): (b) ITO/TPBi (10
nm)/PPI-Cz or PPICN-Cz or PPI-An or PPICN-An or PPI-Py or
PPICN-Py (60 nm)/TPBi (10 nm)/LiF (1 nm)/Al (100 nm)
(electron-only device). Fig. 4 shows the current density versus
voltage characteristics of hole-only and electron-only devices
and reveal that these materials have better electron injection
and transport properties. The difference in current density
between hole-only and electron-only devices is negligible, sug-
gesting that these materials are potential bipolar materials
capable of transporting electrons and holes in devices.**>¢

3.5. Electroluminescence performances

The non-doped OLEDs with configuration of ITO/NPB (60 nm)/
TCTA (25 nm)/PPI-Cz or PPICN-Cz or PPI-An or PPICN-An or PPI-
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Table 2 Electroluminescent performances of non-doped devices
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Properties PPI-Cz PPICN-Cz PPI-An PPICN-An PPI-Py PPICN-Py
Von (V) 2.6 2.5 2.6 2.6 2.4 2.4

ne (ed A7) 1.40 2.10 5.89 5.98 9.20 9.98

np (Im W1) 1.32 1.98 4.62 5.03 8.50 9.16

Nex (%) 3.56 5.02 4.08 5.10 5.56 5.80

EL (nm) 410 406 420 418 461 450

CIE (x,y) 0.15, 0.06 0.15, 0.05 0.15, 0.06 0.20, 0.06 0.15, 0.08 0.15, 0.08
L (cd m?) 2956 3168 3805 4186 4016 4546

Py or PPICN-Py (30 nm)/TPBi (25 nm)/LiF (1 nm)/Al (100 nm)
have been fabricated (Fig. 5): NPB (N,N-di-1-naphthyl-N,N'-
diphenylbenzidine) and 1,3,5-tris(N-phenylbenzimidazol-2-yl)-
benzene (TPBi) have been functioned as electron- and hole-
blocking materials, respectively. 4,4’ A"-tris[3-
methylphenyl(phenyl)amino]triphenylamine (m-MTDATA) was
employed as hole-transporting as well as electron-blocking
layers.

The low turn-on voltage of the nondoped devices using PPI-Cz
(2.6 V), PPICN-Cz (2.5 V), PPI-An (2.6 V), PPICN-An (2.6 V), PPI-Py
(2.4 V) and PPICN-Py (2.6 V) is because of good charge trans-
portation and small E, of emitters (Table 1). A low energy barrier
among the devices promotes the charge injection. The formed
exciton is well confined within the emissive layer due to large
energy gap of TCTA and TPBi. The TPBi layer block the hole
because of shallow HOMO energy (—6.3 €V). The non-doped
devices exhibit linear current density-luminance characteristics
and show typical photoelectric characteristics (Fig. 6).

Current density of the fabricated devices increased steeply with
increase of voltage due to smaller energy gap and shallow LUMO
energy. The non-doped devices show maximum efficiency: PPI-Cz/
PPICN-Cz: . (cd A™") - 1.40/2.10; 7, (Im W) - 1.32/1.98; 1ex (%) -
3.56/5.02, PPI-An/PPICN-An: 7. (cd A™") - 5.89/5.98; 7, (Im W) -
4.62/5.03; Nex (%) - 4.08/5.10 and PPI-Py/PPICN-Py: 7. (cd A™") -
9.20/9.98; 1, (Im W) - 8.50/9.16; 1ex (%) - 5.56/5.80 (Table 2 and
Fig. 6). Among all the emitters, pyrene substituted PPI-Py and
PPICN-Py shows excellent efficiencies at low driving voltage due to
small injection barrier. The energy level diagram shown that the
hole injection barrier at TCTA:PPI-Py (0.34 €V) and TCTA:PPICN-Py
(0.38 eV) junction and electron injection barrier at TPBI:PPI-Py
(0.66 eV) and TPBLPPICN-Py (0.54 eV) junction is negligible.
Such suitable energy levels and small injection barrier would
promote both balanced hole and electron balanced injection and
transportation leads to enhanced efficiency.” The PPI-Py/PPICN-Py
based non-doped device emission of 461/450 nm with CIE of (0.15,
0.08). The PPI-Cz/PPICN-Cz based devices show stable near ultra-
violet emission at 410/406 nm with CIE coordinates of (0.15, 0.06/
0.15, 0.05) and no excimer or exciplex peak can be observed
implying that hole and electron recombination is well confined
within the emissive layer.® The OLED using PPI-An/PPICN-An
shows greenish blue emission 420/418 nm (CIE: 0.15, 0.06). The
hypochromatic shift in the EL spectra (Fig. 6) compared to the PL
spectra is probably due to weak microcavity effects.**

This journal is © The Royal Society of Chemistry 2020

The non-doped devices based on PPI-Cz, PPICN-Cz, PPI-An,
PPICN-An, PPI-Py and PPICN-Py show stable blue emission
with CIE (0.15, 0.06), (0.15, 0.05), (0.15, 0.06), (0.15, 0.06), (0.15,
0.08) and (0.15, 0.08), respectively. To further improve the effi-
ciency and colour purity, we have used PPI-Cz, PPICN-Cz, PPI-
An, PPICN-An, PPI-Py and PPICN-Py as emissive dopants and
4’ 4"-tris[3-methylphenyl(phenyl)amino]triphenylamine (m-
MTDATA) and 1,1-bis((di-4-tolylamino)phenyl)cyclohexane
(TAPC) as host to fabricate OLEDs.

In this host-guest system, the emissive materials are diluted in
the host matrix, device efficiency and colour purity is enhanced via
efficient Forster energy transfer. Compared to pristine thin film, it
is evident that the doped film display hypochromatically shifted
and narrow PL spectra showing improved PLQY of 0.82, 0.85, 0.89,
0.91, 0.93 and 0.95 for m-MTDATA:PPI-Cz or PPICN-Cz or PPI-An or
PPICN-An or PPI-Py or PPICN-Py, respectively. Then, electrolumi-
nescent devices based on doped light-emitting layers with ITO/
NPB (40 nm)/m-MTDATA:PPI-Cz or PPICN-Cz or PPI-An or
PPICN-An or PPI-Py or PPICN-Py (20 nm)/TPBi (25 nm)/LiF (1 nm)/
Al (100 nm) have been fabricated. The PL spectra of the doped
devices (m-MTDATA:PPI-Cz or PPICN-Cz or PPI-Anor PPICN-An or
PPI-Py or PPICN-Py) were similar to PL spectra of pure PPI-Cz or
PPICN-Cz or PPI-An or PPICN-An or PPI-Py or PPICN-Py and did
not contain bands at wavelength close to low energy band observed
in EL spectra of doped OLEDs. The similarity of shape and position
of PL spectra of the mixtures compared to PL spectra of pure
emitters confirm energy transfer from host to emitters. The EL
spectra of the doped devices are much more stable than the cor-
responding nondoped devices. Furthermore, blue-shifted EL
emission was observed when compared to the corresponding
nondoped devices especially for the OLEDs employing TPI-An or
TPI-Py. Diluting the emitter molecules in the host eliminates the
effect of intermolecular close stacking and decreased medium
polarity because m-MTDATA is generally used as a nonpolar host
material. The m-MTDATA:PPI-Cz/PPICN-Cz, m-MTDATA:PPI-An/
PPICN-An and m-MTDATA:PPI-Py/PPICN-Py based OLEDs show
improved device efficiencies (Fig. 7): nex (%) — 4.81/5.23, 5.01/5.25
and 5.61/5.76; . (cd A™") - 1.03/2.01, 4.90/5.00, 8.56/9.13: 7, (Im
W) - 1.00/1.38, 4.02/4.83 and 8.23/8.87, respectively. The doped
device based on TAPC host TAPC:PPI-Cz/PPICN-Cz, PPI-An/PPICN-
An and PPI-Py/PPICN-Py exhibit maximum efficiencies of 7. - 1.08/
2.03, 4.93/5.02 and 8.58/9.15 cd A; 7, - 1.04/1.40, 4.04/4.85 and
8.26/8.90 Im W% 7. - 4.85/5.26, 5.04/5.28 and 5.65/5.78%
(20 wt%). The doped OLEDs, m-MTDATA/TAPC:PPI-Cz (4.81/
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Fig. 7 Doped device efficiencies: (a) luminance/current density—voltage; (b) current efficiency—current density; (c) power efficiency—current
density; (d) external quantum efficiency—current density of emissive materials.

Table 3 Electroluminescent performances of doped devices

m-MTDATA/ m-MTDATA/ m-MTDATA/ m-MTDATA/ m-MTDATA/ m-MTDATA/
Efficiency TAPC-PPI-Cz TAPC-PPICN-Cz TAPC-PPI-An TAPC-PPICN-An TAPC-PPI-Py TAPC -PPICN-Py
Von (V) 3.1/3.0 3.0/2.8 3.7/3.6 2.8/2.6 3.0/2.6 2.8/2.5
Ne (Cd Afl] 1.03/1.08 2.01/2.03 4.90/4.93 5.00/5.02 8.56/8.58 9.13/9.15
Mp (lm W_l) 1.00/1.04 1.38/1.40 4.02/4.04 4.83/4.85 8.23/8.26 8.87/8.90
Nex (%) 4.81/4.85 5.23/5.26 5.01/5.04 5.25/5.28 5.61/5.65 5.76/5.78
EL (nm) 403, 540/402, 539 400, 538/400, 540 413, 539/414, 538 412, 536/410, 540 453, 540/450, 544 441, 539/436, 542
CIE (x,) 0.15, 0.09 0.158, 0.08 0.15, 0.09 0.15, 0.08 0.15, 0.09 0.15, 0.08
L (cd m_z) 2036/2083 3183/3267 4146/4208 4252/4270 4201/4219 4703/4742

4.85%), m-MTDATA/TAPC:PPICN-Cz (5.23/5.26%), m-MTDATA/
TAPC:PPI-An (5.01/5.04%), m-MTDATA/TAPC:PPICN-An (5.25/
5.28%), m-MTDATA/TAPC:PPI-Py (5.61/5.65%) and m-MTDATA/
TAPC:PPICN-Py (5.76/5.78) show improved efficiencies compared
to that of nondoped devices, PPI-Cz (3.56%), PPICN-Cz (5.02%),
PPI-An (4.08%), PPICN-An (5.10%), PPI-Py (5.56%) and PPICN-Py

25068 | RSC Adv, 2020, 10, 25059-25072

(5.80%). The V,, is raised from 2.4 to 3.7 V because of larger
energy gap of the host (Table 3).

The electroluminescent efficiency is improved upon
increasing the doping level (20 wt%) and these improved
photometric efficiencies are partly ascribed to bathochromically
shifted EL spectra in the heavily doped OLEDs. These improved
performances are due to the absence of excimer emission by

This journal is © The Royal Society of Chemistry 2020
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using doping technique compared to TPI-Py based doped
OLEDs with negligible excimer. It is observed that the current
density in the heavily doped OLEDs increases faster than the
devices with low dopant concentration. The doped devices with
high performances show deep-blue emission in the series. The
doped devices with PPI-Py and PPICN-Py show the best perfor-
mances with deep-blue emission in the series. These experi-
mental results reveal that non-doped and doped devices based
on PPI-Cz, PPICN-Cz, PPI-An, PPICN-An, PPI-Py and PPICN-Py
showing the accuracy for our molecular-design-strategy.

4. Conclusion

We have reported different aromatically substituted phenan-
throimidazoles at C6 and C9 positions, PPI-Cz, PPICN-Cz, PPI-
An, PPICN-An, PPI-Py and PPICN-Py for efficient OLEDs. The
intramolecular charge transfer between N-phenylcarbazole/
anthracene/pyrene fragments at C6/C9 positions and phenan-
thrimidazole core has been confirmed by experimental and
theoretical studies. Photophysical studies reveal that C6 and C9
substituents induced moderate conjugation relative to C2
modification. Among the non-doped devices, pyrene
substituted PPI-Py or PPICN-Py based devices show maximum
efficiency: PPI-Py/PPICN-Py: n. (cd A™") - 9.20/9.98; 1, (Im W)
- 8.50/9.16; nex (%) — 5.56/5.80. The doped OLEDs, m-MTDATA/
TAPC:PPI-Cz (4.81/4.85%), m-MTDATA/TAPC:PPICN-Cz (5.23/
5.26%), m-MTDATA/TAPC:PPI-An (5.01/5.04%), m-MTDATA/
TAPC:PPICN-An (5.25/5.28%), m-MTDATA/TAPC:PPI-Py (5.61/
5.65%) and m-MTDATA/TAPC:PPICN-Py (5.76/5.78%) show
improved device efficiencies compared to that of nondoped
devices. Designing C6/C9-modified phenanthrimidazole fluo-
rophores is an efficient approach for constructing highly effi-
cient OLEDs.
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