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Highlights

> Efficient organic light-emitting diodes (HyLEDSs) have been fabricated with pyrene
substituted phenanthroimidazole derivatives (Py-PPICN, Py-TPICN and Py-SPICN)
as emissive layer.

» Among the pyrene phenanthrimidazoles, Py-SPICN based device shows excellent
performances with maximum current efficiency of 3.41 cd A%, power efficiency of
2.80 Im W " and EQE of 1.48 %.

> Also hybrid local and charge transfer (HLCT) state molecules ( D-n-A, TPA-PPICN
and Cz-PPICN) have been designed by the incorporation of effective hot exciton
RISC and high PL efficiency to maximize the external quantum efficiency of
fluorescent OLEDs.

» The non doped device using Cz-TPICN dopant exhibits maximum current efficiency
of 3.65 cd A, power efficiency of 3.10 ImW? and external quantum efficiency of

1.64 % with CIE coordinates of (0.15, 0.10).

Abstract

A series of phenanthroimidazole derivatives have been synthesized and used as non-doped
blue emitters in organic light-emitting devices. Hybrid local and charge transfer (HLCT) state
molecules (D-n-A) have been designed by the incorporation of effective hot exciton RISC
and high PL efficiency to maximize the external quantum efficiency of fluorescent OLEDs.
These compounds show high fluorescent quantum yield as well as good thermal and film-
forming abilities. The emissive properties of the materials have been found to be related to
the dihedral angles in these compounds. Among the pyrene substituted phenanthrimidazoles,

Py-SPICN based device shows excellent performances with maximum current efficiency of



3.41 cd AL, power efficiency of 2.80 Im W ! and EQE of 1.48 %. The non doped device
using Cz-TPICN dopant exhibits a maximum current efficiency of 3.65 cd A, power
efficiency of 3.10 ImW and external quantum efficiency of 1.64 % with Commission

Internationale de’Eclairage (CIE) coordinates of (0.15, 0.10).

Key words: pyrene — phenanthrimidazoles; HLCT; hot exciton RISC; high quantum yield;

excellent efficiencies.



1. Introduction

Development of highly efficient blue fluorescent materials instead of metal based triplet
emitters is considered as an effective strategy for harvesting blue emission [1]. New
generation of fluorescent materials without metal capable of converting non emissive triplet
state excitons into emissive singlet excitons was developed to enhance the efficiency of
fluorescent OLEDs [2]. Adachi et al. reported the thermally activated delayed fluorescence
(TADF) materials with external quantum efficiency of 19.5% and CIE coordinates of (0.16,
0.20) [3]. However, internal electroluminescence quantum efficiency (7int) of fluorescent
materials is limited to 25% because of the singlet-triplet ratio. The three mechanisms namely,
(i) thermally activated delayed fluorescence (TADF) [4], (ii) hybridized local and charge-
transfer (HLCT) [5] as well as (iii) triplet-triplet annihilation (TTA) [6] are used to explain
up-conversion technique of triplet excitons to singlet excitons in fluorescent OLEDs. Among
them, TTA is considered as a promising triplet up-conversion technique providing a
theoretical #int of 62.5% only [7-10]. TADF is reported as an alternative of TTA to increase
nint after the efficient reverse intersystem crossing (RISC) with small energy gap between Si
and T1 (AEst) [11-15].

Organic donor-spacer-acceptor compounds with hybridized local and charge transfer
HLCT state exhibit high exciton utilization efficiency (#s) in fluorescent OLEDs which can
be attributed by hot exciton mechanism [16-18]. The external quantum efficiency (7eqe) of
devices can be calculated by: Mgor = Nige X Nout = Nrec X NpL X Ns X Noye, Where NiQe 1S
internal quantum efficiency; sout (~1/2n?) is light out coupling efficiency (n=1.5, #out ~20%);
nrec 1S efficiency for electron-hole recombination (100%); #eL is photoluminescence
efficiency of solid film and #s is exciton utilization efficiency [Ng = Nyee X Npr X Nowt +
ngL] [19]. The low lying LE dominated HLCT state provides a high radiative rate for high

photoluminescence efficiency (ypL) of solid film whereas the high-lying CT dominated



HLCT state is responsible for high #s through RISC process along with hot exciton
mechanism [20]. The ambipolar nature of phenanthrimidazole derivatives have been shown
as efficient deep blue emitters with fine color purities [21-24]. Devices with neutral pyrene
group possesses neither strong electron donating ability nor electron accepting ability at C(2)
of phenanthrimidazole are found rare, propensity to form excimers between pyrene in solid
state and strong intramolecular charge transfer (ICT) [5, 18, 25-27].

In this work, we report a novel design strategy to construct deep-blue materials (Scheme 1),
for highly efficient fluorescent devices. Among the Py-PPICN, Py-TPICN and Py-SPICN,
the styryl pyrene core in Py-SPICN is expected to result excellent performances. Moreover,
the twisted structure between the pyrene moiety and styryl group is beneficial to greatly
reduce the excimer generation of pyrene and thus increase the quantum efficiency [28, 29].
The Cz and TPA units are introduced in the newly designed blue fluorescent materials with
D-n-A architecture (TPA-TPICN and Cz-TPICN) to tune the emission toward the deep-blue
region and with small AEst for blue phosphorescence. Herein, we report efficient deep blue
emitters namely, pyren-4-(2-(4-phenyl)-1H-phenanthro[9,10-d]imidazol-1-yl)benzonitrile (Py-
PPICN), pyren-4-(2-(5-thiophen-2-yl)-1H-phenanthro[9,10-d]imidazol-1-yl)benzonitrile (Py-
TPICN) and pyren-4-(2-(4-styryl)-1H-phenanthro[9,10-d]imidazol-1-yl)benzonitrile (Py-
SPICN) exhibit high photoluminescence quantum efficiency (®rL). The HLCT materials
with strong donor, triphenylamine (TPA) in 4-(2-(5-(4-(diphenylamino)phenyl)thiophen-2-
yl)-1H-phenanthro[9,10-d]imidazol-1-yl)benzonitrile (TPA-TPICN) and weaker electron
donating carbazole (Cz) in 4-(2-(5-(9H-carbazol-9-yl)thiophen-2-yl)-1H-phenanthro[9,10-
d]imidazol-1-yl)benzonitrile (Cz-TPICN) have also been reported. The Cz-TPICN is expected
to decrease CT component with simultaneous increase of LE component in S1 HLCT state

results low AEst and high ¢pL. The #pL of Cz-TPICN film is enhanced compared to TPA-



TPICN film and thus combined effect of high #eL and high #s enhanced the #eqe of Cz-
TPICN based device.
2. Characterization:

Sigma-Aldrich supplied chemicals for synthesizing pyrene phenanthroimidazole
derivatives, Py-PPICN, Py-TPICN and Py-SPICN and donor-spacer-acceptor derivatives,
TPA-PPICN and Cz-PPICN (Scheme 1). NMR and mass spectroscopic measurements were
obtained on Bruker spectrometer (400 MHz) and Agilent LCMS VL SD, respectively. The
frontier energy levels are determined with oxidation potentials determined with CHI 630A
potentiostat electrochemical analyzer (platinum electrode- working electrode; platinum wire-
counter electrode; Ag/Ag* electrode - reference electrode; scan rate -100 mV s?; 0.1M
tetrabutylammoniumperchlorate in CH2Clz - supporting electrolyte). The Perkin Elmer
(Lambda 35) instrument was used to measure absorption wavelength and diffused reflectance
spectra (DRS) measurements were carried out using Lambda 35 spectrophotometer with
RSA-PE-20 integrating sphere. Solvatochromic emission shifts were measured using LS55
fluorescence spectrometer (Perkin Elmer). The PL quantum yield (QY) was calculated with

0.5 M H2SO4 solution of quinine (0.54) as reference using the following equation: ¢unk = ¢std

2
[:””k] [:tdj (”U"kj [dunk — QY of unknown material; ¢t - QY of standard; lunk - emission
std nk Tlstd

intensity of unknown material ; lIsw - emission intensity of standard; Aunk - absorbance of
unknown sample; Asw - absorbance of standard; munk- refractive index of the unknown
material; st - refractive index of standard solution]. The QY of film was measured with
integrating sphere (quartz plate). Decomposition temperature was measured with Perkin
Elmer thermal analysis system (10° C min*; nitrogen flow rate - 100 mL min™). Glass
transition temperature was recorded with NETZSCH (DSC-204) (10° C min! under nitrogen

atmosphere). The time correlated single photon counting (TCSPC) results fit to mono



exponential decay, f( t) = a exp (-t/t), where o and T are respectively, the pre-exponential
factor and lifetime of the various excited states involved. If Ni molecules are excited at zero
time, the quantum yield of the it component ai is proportional to the ratio aiti / Ni and the i
factors are related to the absorbance of the various substances at the excitation wavelength.
Laser excitation was set at 270 nm and the fluorescence signal was measured at emission
wavelength of individual compound. DAS6 software was used for the fit and the y? values are
less than 1.2.
3. Computational details:

All the density functional theory (DFT) calculations were carried out using Gaussian
09 package [30]. The density functional theory (DFT) and time-dependent DFT (TD-DFT)
were carried out for the geometry optimization and the frequency calculation of ground state
and excited state at the level of B3LYP/6-31G (d, p), respectively. In order to examine the
nature of electronic transitions for excited states, natural transition orbitals (NTOs) are
evaluated with the multifunctional wavefunction analyzer (Multiwfn) [31].

4. Fabrication of devices:

The devices based on the blue emitting phenanthrimidazoles were fabricated by vacuum
deposition of the materials at 5 x 107 torr onto a clean glass precoated with a layer of indium
tin oxide as the substrate with sheet resistance of 20 Q/square. The glass was cleaned by
sonication successively in a detergent solution, acetone, methanol and deionized water before
use. Organic layers were deposited onto the substrate at a rate of 0.1 nm s and LiF was
thermally evaporated onto the surface of organic layer. The thickness of the organic materials
and the cathode layers were controlled using a quartz crystal thickness monitor. The device
with the configuration of ITO/NPB (80 nm)/Py-PPICN (20 nm) or Py-TPICN (20 nm) or
TPA-TPICN (20 nm) or Cz-TPICN (20 nm) or Py-SPICN (20 nm)/ Bphen (40 nm)/LiF (1

nm)/Al (120 nm) have been fabricated. NPB (4, 4’-bis [N-(1- naphthyl)-N-phenyl amino]



biphenyl) and BPhen (4,7-diphenyl- 1,10-phenanthroline) were used respectively, as hole
transporting layer (HTL) and electron-transporting layer (ETL). Measurement of current,
voltage and light intensity were made simultaneously using a Keithley 2400 sourcemeter.
The EL spectra of the devices were carried out in ambient atmosphere without further
encapsulations.

5. Experimental:
51. 4-(2-(4-bromophenyl)-1H-phenanthro[9,10-d]imidazol-1-yl)benzonitrile (BPPICN)
The product BPPICN was prepared by refluxing 9, 10-phenanthrenequinone (5 mmol),
4-bromobenzaldehyde (5 mmol), 4-aminobenzonitrile (6 mmol) and ammonium acetate (61
mmol) in acetic acid (20 mL) for 12 h under nitrogen atmosphere. The solvent was distilled
off and the pure BPPICN was used. Yield 66%. M.P. 246 °C. Anal. calcd. for C2sH1sBrNs:
C, 70.90; H, 3.40; N, 8.86. Found: C, 70.82; H, 3.34; N, 8.79. 'H NMR (400 MHz, CDCls): §
7.28 (s, 2H), 7.32 (s, 1H), 7.41-7.44 (m, 4H), 7.72-7.75 (m, 4H), 7.89 (d, J=8.5 Hz, 2H), 8.59
(s, 2H). ®C NMR (100 MHz, CDCls): 112.74, 118.04, 119.32, 123.51, 123.53, 123.56,
123.53, 123.59, 123.63, 126.62, 126.65, 128.43, 132.47, 138.64, 146.34. MALDI-TOF MS:
m/z.474.36 [M+]. calcd.474.40.
5.2.  4-(2-(5-bromothiophen-2-yl)-1H-phenanthro[9,10-d]imidazol-1-yl)benzonitrile

(BTPICN)
The compound BTPICN was prepared using the methodology similar to that of BPPICN by
replacing 4-bromobenzaldehyde with 5-bromothiophene-2-carbaldehyde. Yield 67%.
M.P. 226 °C. Anal. calcd. for C2sH14BrNsS: C, 65.01; H, 2.95; N, 8.75;. Found: C, 65.21; H,
3.02; N, 8.68. 'H NMR (400 MHz, CDCls): & 6.62 (s, 2H), 6.83 (s, 1H), 7.34-7.39 (m, 4H),
7.69-7.72 (m, 4H), 7.92 (s, 2H), 8.48 (s, 2H). 3C NMR (100 MHz, CDCls): 109.13, 113.17,
119.72, 123.92, 123.94, 123.97, 124.03, 124.12, 124.96, 125.62, 126.43, 128.84, 128.86,

130.41, 130.44, 138.83, 139.03, 144.03. MALDI-TOF MS: m/z. 480.40 [M+]. calcd.480.45.



5.3.  4-(2-(4-bromostyryl)-1H-phenanthro[9,10-d]imidazol-1-yl)benzonitrile (BSPICN)
The compound BSPICN was prepared using the methodology similar to that of BPPICN by
replacing 4-bromobenzaldehyde with 4-bromocinnamaldehyde. Yield 64%. M.P. 258 °C.
Anal. calcd. for Ca0H1sBrNs: C, 72.06; H, 3.67; N, 8.47. Found: C, 72.73; H, 3.95; N 8.56. 'H
NMR (400 MHz, CDCl3): § 6.89 (d, J=8.6 Hz, 2H), 6.97 (d, J=16.2 Hz, 1H), 7.06-7.23 (m,
4H), 7.31 (d, J=14.6 Hz, 2H) 7.65-7.73 (m, 5H), 8.08 (d, J=9.4 Hz, 1H), 8.21 (d, J=8.8 Hz,
2H), 8.5 (d, J=8.4 Hz, 1H). 3C NMR (100 MHz, CDCls): 117.84, 122.59, 123.02, 123.47,
123.94, 124.28, 124.62, 126.01, 126.28, 127.09, 127.26, 128.33, 128.42, 128.57, 129.15,
129.43, 129.49, 129.72, 130.88, 132.89, 134.41, 149.83. MALDI-TOF MS: m/z 500.42 [M-
+]. calcd.500.38.

54.  Pyren-4-(2-(4-phenyl)-1H-phenanthro[9,10-d]imidazol-1-yl)benzonitrile (Py-PPICN)
A mixture of 4-(2-(4-bromophenyl)-1H-phenanthro[9,10-d]imidazol-1-yl)benzonitrile
(BPPICN) (4.5 mmol), pyren-4-yl-4-boronic acid (7.5 mmol), Pd(PPhs)4 (0.25 mmol) and
aqueous Na2COs (15 mL) in toluene:ethanol (20:15 mL) was refluxed in nitrogen atmosphere
for 18 h. The solvent was distilled off and the pure Py-PPICN was used further analysis.
Yield 62%. M.P. 289 °C. Anal. calcd. for CasH2sNs: C, 70.90; H, 3.40; N, 8.86. Found: C,
88.72; H, 4.23; N, 7.05. 'H NMR (400 MHz, CDCls): § 7.38 (s, 2H), 7.49 (s, 2H), 7.52-7.56
(m, 4H), 7.69 (s, 4H), 7.77-7.83 (m, 7H), 7.98 (s, 1H), 8.08-8.11(m,4H), 8.74(s,2H). 13C
NMR (100 MHz, CDCls): 113.17, 116.82, 121.99, 124.12, 125.96, 126.22, 126.45, 126.78,
127.32, 127.52, 127.57, 127.61, 127,63, 127.67, 128.51, 129.11, 129.39, 129.43, 129.82,
130.68, 132.15, 132.58, 133.37, 134.49, 135.12, 137.61, 142.78, 150.32. MALDI-TOF MS:

m/z 595.66 [M+]. calcd. 595.70.
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5.5.  Pyren-4-(2-(5-thiophen-2-yl)-1H-phenanthro[9,10-d]imidazol-1-yl)benzonitrile
(Py-TPICN)
The compound Py-TPICN was prepared using the methodology similar to that of Py-PPICN
by replacing BPPICN with BTPICN. Yield 58%. M.P. 256 °C. Anal. calcd. for Cs2H23N3S:
601.7; C, 83.83; H, 3.85; N, 6.98. Found: C, 70.82; H, 3.34; N, 8.79. 'H NMR (400 MHz,
CDCl3): 8 6.97(s, 2H), 7.38-7.41 (m, 4H), 7.68 (s, 3H), 7.76-7.81 (m, 6H), 7.92 (s, 1H), 8.01-
8.07 (m, 4H), 8.82 (s, 2H). 3C NMR (100 MHz, CDCls): 110.15, 114.19, 120.74, 124.97,
12499, 125.02, 125.05, 125.14, 125.98, 126.64, 127.45, 127.51, 127.54, 127.59, 127.63,
129.86, 129.88, 131.42, 131.46, 139.85, 140.05, 14.05. MALDI-TOF MS: m/z 601.78 [M+].
calcd. 601.70.
5.6. Pyren-4-(2-(4-styryl)-1H-phenanthro[9,10-d]imidazol-1-yl)benzonitrile (Py-SPICN)
The compound Py-SPICN was prepared using the methodology similar to that of Py-PPICN
by replacing BPPICN with BSPICN. Yield 61%. M.P. 296 °C. Anal. calcd. for CssH27Ns: C,
88.86; H, 4.38; N, 6.76. Found: C, 88.72; H, 4.33; N, 6.65. 'H NMR (400 MHz, CDCls): §
6.78 (d, J=16.6 Hz, 2H), 7.23 (d, J=15.4 Hz, 2H), 7.38-7.43 (m, 6H), 7.64 (s, 4H), 7.76-7.89
(m, 5H), 7.86 (s, 2H), 8.06 (d, J=8.2 Hz, 2H), 8.14 (s, 1H), 8.72(s, 2H). 3C NMR (100 MHz,
CDCl3): 110.61, 111.29, 114.33, 119.38, 120.92, 123.53, 124.79, 124.83, 125.04, 125.06,
125.10, 125.13, 125.16, 125.41, 126.09, 126.14, 126.30, 126.34, 126.81, 130.04, 130.78,
130.81, 131.59, 131.67, 134.21, 140.01, 124.21. MALDI-TOF MS: m/z 621.66 [M+]. calcd.
621.7.
5.7.  4-(2-(5-(4-(diphenylamino)phenyl)thiophen-2-yl)-1H-phenanthro[9,10-d]imidazol-
1-yl)benzonitrile (TPA-TPICN)
A mixture of 4-(2-(5-bromothiophen-2-yl)-1H-phenanthro[9,10-d]imidazol-1-yl)benzonitrile
(BTPICN) (4.5 mmol), 4-(diphenylamino)phenylboronic acid (7.5 mmol), Pd(PPhs)s (0.25

mmol) and aqueous Na2COs (15 mL) in toluene:ethanol (20:15 mL) was refluxed in nitrogen



11

atmosphere for 18 h. The reaction mixture was extracted with dichloromethane. The solvent
was distilled off and the pure TPA-TPICN was used further analysis. Yield 61%. M.P. 298
°C. Anal. calcd. for CssH22N4S: C, 80.54; H, 3.91; N, 9.89. Found: C, 80.42; H, 3.88; N,
9.76. 'H NMR (400 MHz, CDCls): 5 6.38-6.42 (m, 4H), 6.52 (s, 2H), 6.58 (s, 2H) 76.92-6.97
(m, 6H), 7.18 (s, 1H), 7.48 (s, 2H), 7.51 (s, 2H), 7.78-7.83 (m, 4H), 8.07 (s, 2H), 8.57 (s, 2H).
13C NMR (100 MHz, CDCls): 113.62, 116.53, 119.17, 121.26, 122.03, 122.10, 122.17,
124.71, 124.80, 124.97, 125.01, 125.76, 126.45, 127.27, 127.35, 127.40, 127.47, 127.52,
128.64, 129.78, 129.83, 131.27, 131.36, 138.65, 138.71, 139.88, 139.94, 141.28. MALDI-
TOF MS: m/z 644.78 [M+]. calcd. 644.72.

5.8.  4-(2-(5-(9H-carbazol-9-yl)thiophen-2-yl)-1H-phenanthro[9,10-d]imidazol-1-

yhbenzonitrile (Cz-TPICN)

A mixture of 4-(2-(5-bromothiophen-2-yl)-1H-phenanthro[9,10-d]imidazol-1-yl)benzonitrile
(BTPICN) (4.5 mmol), 9H-carbazole (7.5 mmol), Cul (10.0 mg, 0.05 mmol), 18-crown-6
(13.2 mg, 0.05 mmol), and K2COs (0.83 g, 6.0 mmol) in tetrahydro-1,3-dimethylpyrimidin-
2(1H)-one (2.0 mL) was refluxed in nitrogen atmosphere for 18 h. The solvent was distilled
off and the pure Cz-TPICN was used further analysis. Yield 57%. M.P. 300 °C. Anal. calcd.
for CssH22N4S: C, 80.54; H, 3.91; N, 9.89. Found: C, 80.42; H, 3.88; N, 9.76. 'H NMR (400
MHz, CDCls): § 6.89 (s, 2H), 6.92 (s, 1H), 7.38-7.42 (m, 6H), 7.48-7.56 (m, 4H), 7.76 (s,
1H), 7.89-7.94 (m, 4H), 8.02 (s, 2H), 8.62 (s, 2H). 3C NMR (100 MHz, CDCls): 108.27,
108.34, 114.72, 117.58, 117.67, 118.81, 118.88, 119.12, 121.37, 122.14, 122.21, 122.28,
124.82, 124.91, 125.08, 125.12, 125.87, 126.58, 127.38, 127.46, 127.51, 127.58, 127.63,
128.76, 129.81, 131.37, 131.41, 138.78, 139.97. MALDI-TOF MS: m/z 566.67 [M+]. calcd.

566.58.
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6. Results and Discussion

6.1. Photophysical properties of pyrene phenanthroimidazole derivatives

The synthetic route of pyrene phenanthroimidazole derivatives, Py-PPICN, Py-
TPICN and Py-SPICN and donor-spacer-acceptor derivatives, TPA-TPICN and Cz-TPICN
with their chemical structures are shown in Scheme 1. The pyrene phenanthroimidazole
derivatives (Py-PPICN, Py-TPICN and Py-SPICN) were prepared via Suzuki coupling
reaction between BPPICN or BTPICN or BSPICN and pyrenyl-1-boronic acid with a yield of
62, 58 and 60 % of Py-PPICN, Py-TPICN and Py-SPICN, respectively. BTPICN on reaction
with diphenylaminophenylboronic acid or 9H-carbazole with appropriate condition yield
TPA-TPICN and Cz-TPICN, respectively. All these synthesized materials were characterized
by *H and *C NMR, high resolution mass and elemental analysis. The thermal properties of
blue light emitting materials have been analysed using TGA and DSC under a nitrogen
atmosphere to understand the device stability. The pyrene phenanthroimidazole derivatives
(Py-PPICN, Py-TPICN and Py-SPICN) exhibit excellent thermal properties: decomposition
temperature (Tq) of 420, 404 and 422 °C, high melting temperature (Tm) of 289, 256 and 296,
°C and glass transition temperature (Tg) of 110, 130 and 150 °C due to the non-coplanar
geometry exhibited by bulky and rigid pyrene group. For Cz-TPICN, the glass transition
temperature (Tg) and thermal decomposition temperature (Tqd) were measured as 154 and 436
°C which are higher than that of TPA-TPICN ( Tg— 150 and Tq-— 428 °C ) (Figure 1). The
higher thermal stability of Cz-TPICN is due to the stronger rigidity of Cz than TPA which
will be in favour of OLED stability. From the cyclic voltammogram of Cz-TPICN and TPA-
TPICN, the HOMO and LUMO energies have been calculated (Figure 2). The LUMO
energies of both Cz-TPICN (-2.72 eV) and TPA- TPICN (-2.67 eV) are nearly same which
is attributed to their same acceptor TPICN unit. The HOMO energy (-5.38 eV) of Cz-TPICN

is lower than that of TPA-TPICN (-5.23 eV) corresponding to that of Cz and TPA group,
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respectively. The decreased HOMO energy of Cz-TPICN is due to the poor electron donating
ability of Cz relative to TPA and this observation was supported by DFT calculation. On
comparison with Py-TPICN and Py-SPICN, the weaker electron donating ability of the
phenyl ring in Py-PPICN rendering with a shallow HOMO energy level results higher energy
gap. Key thermal and photophysical data of the two compounds are summarized in Table 1.

The ground state (So) and excited state (Si) geometries were optimized using
DFT/B3LYP/6-31G (d, p) and TD-DFT/B3LYP/6-31G (d, p) methods for Py-PPICN,
Py-TPICN, Py-SPICN TPA-TPICN and Cz-TPICN are displayed in Figure 3. The optimized
geometry of Py-PPICN, Py-TPICN and Py-SPICN shows that the phenyl in Py-PPICN,
thiophene in Py-TPICN and styryl in Py-SPICN rings and the phenanthroimidazole ring
adopt an almost coplanar configuration with a dihedral angle (62) of 7.7, 3.8 and 2.2° leading
to an extended molecule. The bulky and rigid pyrene ring is twisted about the phenyl (Py-
PPICN), thiophene (Py-TPICN) and styryl (Py-SPICN) rings with dihedral angle (63) of
98.83, 106.2 and 110.6° (Table 2). The benzonitrile ring is twisted about the
phenanthroimidazole ring with a dihedral angle (61) of 62.5 (Py-PPICN), 73.4 (Py-TPICN)
and 88.6° (Py-SPICN). The electron donating aryl rings and the electron accepting
phenanthrimidazole moieties would lead to intermolecular electrostatic interaction [32]. The
dihedral angle (03) between the aryl rings and bulky pyrene moieties is an important
parameter, since large dihedral angle can suppress intermolecular n— 7 stacking in solid state
and thus prevent self-quenching of fluorescence.

In the ground state geometry of donor-spacer-acceptor materials (TPA-TPICN and
Cz-TPICN), the benzonitrile fragment (01) and thiaphene (02) are highly twisted about
phenanthrimidazole plane with dihedral angle of 01-72.6°; 62-26.6° for TPA-TPICN and 01-
76.5°; 62-30.2° for Cz-TPICN. The TPA moiety in TPA-TPICN and Cz moiety in Cz-TPICN

also twisted with dihedral angle of 40.5° and 39.8°, respectively [33]. The larger twist angle
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of Cz-TPICN when compared with TPA-TPICN is due to the stronger repulsion between
the two adjacent hydrogen atoms in carbazole and phenyl ring, as a result of the stronger
rigidity of Cz than TPA. The excited state twist angle 62 of Cz-TPICN and TPA-TPICN are
increased to 40.4° and 30.4°, respectively, when compared with ground state twist angle 01.
Similarly smaller twist angle 01 was obtained for Cz-TPICN when compared with TPA-
TPICN. The bond length (R1) of Cz-TPICN and TPA-TPICN are elongated by 0.04 and 0.09
A, respectively from So to S1. The smaller change of geometry from So to Sz in Cz moiety of
Cz-TPICN than that of TPA unit in TPA-TPICN may decrease the non radiative emission
(knr) results enhancement of photoluminance efficiency.

6.2. Photophysical properties:

The absorption spectra of Py-PPICN, Py-TPICN and Py-SPICN in solution and the
solid film spectra of pyrene substituted phenanthrimidazole suggest that intermolecular
interaction in solid is weak (Figure 4). The D-n-A derivatives TPA-TPICN and Cz-TPICN
exhibits higher blue shift with higher molar absorptivity when compared to pyrene
phenanthrimidazoles Py-PPICN, Py-TPICN and Py-SPICN and this might be due to the
presence of strong and weak electron donar triphenylamine and carbazole moieties [34]
expected to increase the efficiencies. Blue emission at 420, 440 and 450 nm and absorption at
260, 264 and 269 nm in solid film state was observed and the blue-shift of the PL spectra of
Py-PPICN compared with Py-TPICN and Py-SPICN might be due to the weaker electron
donating property of the phenyl ring rendering with a deeper HOMO energy and thus a
higher energy gap in Py-PPICN. Key thermal and photophysical data of the two compounds
are summarized in Table 1. It is well known that efficient carrier injection at interfaces
between different layers in OLED is essential for obtaining high performance devices. It is
thus important for the emissive layer to possess a shallow HOMO for facilitating hole-

injection. The electronic energies (HOMO and LUMO) of the non-doped blue emitters such
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as Py-PPICN, Py-TPICN and Py-SPICN have been examined by cyclic voltammetry (CV)
and the redox potentials have been measured from the plot potential versus current which is
shown in Figure 5a. CV analysis exhibits one quasi-reversible oxidation wave with an
oxidative onset potential of 0.40 VV (Py-PPICN), 0.36 V (Py-TPICN) and 0.30 V (Py-SPICN)
which gives the HOMO energies of -5.20 eV (Py-PPICN), -5.16 eV (Py-TPICN) and -5.10
eV (Py-SPICN) by comparison to ferrocene (Enomo = Eox + 4.8 eV) [35]. The LUMO
energies have been deduced from HOMO energies and the lowest-energy absorption edges of
the UV-vis absorption spectra [36]. The LUMO energies, -2.44 eV (Py-PPICN), -2.60 eV
(Py-TPICN) and -2.54eV (Py-SPICN) are almost close to that of 1, 3, 5-tris (N-
phenylimidazol-2-yl) benzene (TPBI) revealing that the electron injection abilities of Py-
PPICN, Py-TPICN and Py-SPICN are similar to TPBI. This reflects the more balanced
carrier injection properties of these materials. The electron density distribution of the HOMO
is localized predominantly on the electron rich pyrene with aryl rings and the HOMO values
are ranging from -5.20 to -5.10 eV. The electron density of LUMO is distributing on the
phenanthrimidazole plane (Figure 2) but their values are changed from -2.44 to -2.60 eV. As
our expectation, some degree of space charge separation ability is found which would be
benefit for the injection of carriers from electrode. To analyse the relative contribution of
radiative and non-radiative relaxation processes in the excited state deactivation the radiative
(tr) and nonradiative (tnr) decay time constants were calculated (Figure 5b and 5c). The
calculated constants [zr = 7/®: 9.33 ns (Py-PPICN); 9.60 ns (Py-TPICN) and 9.81 ns (Py-
SPICN); zor = 7/ (1-®):7.63 ns (Py-PPICN); 10.0 ns (Py-TPICN) and 12.0 ns (Py-SPICN).
These values reveal that increased polarity of the substituents was found to strongly affect z
of the phenanthrimidazole derivatives while influencing znr at a much lesser degree.

The excited state properties of TPA-TPICN and Cz-TPICN materials have been

investigated from their photophysical properties (Figure 4). The absorption peak at 248 and
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252 nm for TPA-TPICN and Cz-TPICN, respectively and their emission maxima was
observed at 410 and 401 nm in dichloromethane solution (Table 1). Compared with TPA-
TPICN, Cz-TPICN exhibit blue shift for both UV-vis (4 nm) and PL (9 nm) spectra which
can be attributed to poor electron donor ability of Cz relative to TPA. Increased LE
component with simultaneous decrease of CT component in S1 emissive state is likely to be
the reason for this blue shift. The full width at half maximum in absorption spectrum of Cz-
TPICN (32 nm) is narrowed relative to that of TPA-TPICN (42 nm). This observation also
supports the decrease CT component of Cz-TPICN in S: state which is in good agreement
with NTO description for So—Si transition [37]. This blue shift can be attributed to the
enhanced LE component which is equivalent to the suppressed CT component in the emissive
states of TPA-TPICN and Cz-TPICN. The extension of LE component expected to results red
shift of PL spectrum whereas suppressed CT component results blue shift of PL spectrum.
From the experimental observation it is known that the latter factor is more dominant than the
former one.
6.3.  Solvatochromic Effects

The intramolecular charge transfers of both TPA-TPICN and Cz-TPICN in excited
states have been analyzed by solvatochromic effect [17, 18]. The emission spectra of Cz-
TPICN exhibits solvatochromic effect with increase of solvent polarity and the total red shift
of 43 nm is smaller than that of TPA-TPICN (74 nm) (Figure S1). Similarly a small shift of
12 nm and 20 nm has been observed for Cz-TPICN and TPA-TPICN, respectively in the
absorption spectra. The solvatochromic shifts reveal that the low lying excited state (S1) of
the Cz-TPICN and TPA-TPICN must possesses CT character [38-40]. The percentage of CT
character of Cz-TPICN is lower than that in TPA-TPICN and the percentage of LE character
for Cz-TPICN is higher than that in TPA-TPICN. The solvatochromic shift of Cz-TPICN (43

nm) is smaller than that of TPA-TPICN (74 nm) from hexane to acetonitrile. In hexane, both
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TPA-TPICN and Cz-TPICN show LE like character because of the existence of the vibronic
PL spectrum. The quantum yield of Cz-TPICN (¢sorsiim : 0.70/0.65) is higher than that of
TPA-TPICN (¢ sorsitlm : 0.62/0.60) as a result of enhanced LE component in emissive state.
The large blue shift relative to TPA-TPICN indicates that Cz-TPICN is a potential pure blue
OLED emitter (Table 1).

The excited state dipole moment (ue) of TPA-TPICN and Cz-TPICN have been
calculated from the Lippert-Mataga plot of Stokes shift (va—vr) against orientation
polarizability, f (¢, n) (Figure 5d) (Tables S1 and S2) [41]. Both compounds show two
independent slopes of two section fitted lines which reveal the existence of two different
characters of excited state [42]. The dipolemoment was calculated to be 19.9 (R? - 0.95) and
9.1 D (R? - 0.96) (Cz-TPICN) and 21.4 (R? - 0.94) and 13.0 D (R? - 0.97) (TPA-TPICN) for
high and low polar solvents, respectively. In low polar solvents, the dipole moment of 9.1 D
(Cz-TPICN) and 13.0 D (TPA-TPICN) reveal that the Si state possessed CT character in
addition to LE. The quantum vyield of both TPA-TPICN and Cz-TPICN decreases with
increasing solvent polarity and high quantum yield was obtained between hexane and butyl
ether. These factors demonstrated that certain degree of locally excited (LE) character has
been introduced thus, Si state in low polar solvents contained both CT and LE components.
However, observation of single-exponential fluorescence decay (Figure 5c¢) for TPA-TPICN
and Cz-TPICN in low polar solvents reveal that a new and unique excited state i.e.,
hybridized local and charge-transfer (HLCT) state exists in the D-n-A architecture rather than
a mixture of LE and CT states [43, 44]. In low polarity solvent, the smaller ue of Cz-TPICN
relative to TPA-TPICN can be ascribed to weak donor ability of Cz than TPA corresponding
to the higher LE proportion as expected in molecule design of Cz-TPICN.

The two section linear relation between Stokes shift and solvent polarity indicating

that both Cz-TPICN and TPA-TPICN possess an intercrossed excited state of LE and CT: a
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higher contribution from CT state in high polarity solvents, whereas a dominant contribution
from LE state in low polarity solvents. The intercrossed excited state of the LE and CT may
occur in a moderate polarity between butyl ether and ethyl acetate. The hybridized local and
charge transfer (HLCT) state forms due to the intercrossing coupling between LE and CT
states. The lifetime measurement reveals that this intercrossed excited state in different polar
solvents should be a hybridized local and charge transfer state (HLCT) instead of two species
state through a simple addition of LE and CT (Figure 6). The emission wavelength of both
TPA-TPICN and Cz-TPICN in film is close to that in ethyl ether which supports the HLCT
state formed in TPA-TPICN and Cz-TPICN film. The radiative transition rate (kr) and the
non-radiative transition rate (knr) of TPA-TPICN and Cz-TPICN have been calculated from
lifetime and quantum yield. Compared with TPA-TPICN, the kr of Cz-TPICN is increased
and knr is decreased. This result is also in good agreement with the aim of our molecular
design.

The oscillator strength of Si state of Cz-TPICN (0.8861, Table S3) is higher than that
of TPA-TPICN (0.5123, Table S3) results higher photoluminance efficiency (#pL). Chemical
modification from TPA to Cz induces an increase of LE component in Si emissive state
together with rigid molecular skeleton. Both S1 and Sz states exhibit a character of hybridized
local and charge transfer state (HLCT) in which higher LE character of S: state enhance the
neL in Cz-TPICN. Density functional theory calculations combined with the natural transition
orbital analysis were used to describe the excited state properties of TPA-TPICN and Cz-
TPICN materials (Figure 7). For both the materials, the S state holes are delocalized over the
horizontal backbone while particles are mainly localized on the vertical benzonitrile. As a
comparison, a similar CT transition character is maintained from the horizontal backbone to
the vertical benzonitrile in the Si state of both TPA-TPICN and Cz-TPICN. The overlap

density between hole and particle is significantly expanded due to the insertion of spacer
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styryl moiety indicating an enhanced LE component in Si state (Figure 7).The NTO of S1 and
Sz excited states of both TPA-TPICN and Cz-TPICN exhibit a hybrid splitting state character
that derives from the interstate coupling between LE and CT states (Figure 7). NTO analysis
shows that both Si1 and Sz states demonstrate HLCT characters. The wave function symmetry
of the particle on the benzonitrile group are just in opposite phase between Si1 and S: states
indicating that the interstate hybirdization coupling occurs through the positive and negative
linear combination of horizontal LE and vertical CT respectively, Wsus2 = CLe - WLE £ CcT -
Wcr. The more similar hole-electron wave function between S1 and S2 is observed in both
TPA-TPICN and Cz-TPICN which indicates a quasi-equivalent hybridization between LE
and CT states, as a result of their almost isoenergies of initial LE and CT states (Figure 8).
Therefore, the degree of hybridization between LE and CT states is dependent not only the
initial ELe-Ect energy gap but also their interstate coupling strength [45]. Compared with the
non-equivalent hybridization, the quasi-equivalent hybridization is expected to achieve the
combination of high #pL and high #s to maximize the EL efficiency of the fluorescent OLED
materials due to the more balanced LE and CT components in HLCT state of TPA-TPICN
and Cz-TPICN.

The triplet excitons can be converted into the singlet excitons in TPA-TPICN and
Cz-TPICN through a RISC process with a high lying excited state (hot CT channel) [46, 47].
The hot CT channel is beneficial to the triplet exciton conversion in EL process without any
delayed fluorescence. In EL process, the intermolecular CT excitons are generated with weak
binding energy on the higher excited states and the triplet exciton can be converted into the
singlet one along the hot CT channel [48]. As a result, the exciton utilization can be harvested
in TPA-TPICN and Cz-TPICN like phosphorescent materials. The quasi-equivalently
hybridized material TPA-TPICN and Cz-TPICN exhibits excellent device performances, as a

result of fine modulation in excited states: due to the enhanced LE component and sufficient
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hybridization between LE and CT components high zeL and high #s are achieved. The
coexisting LE and CT characters in TPA-TPICN and Cz-TPICN harvested high »pL and high
ns and enhanced the OLEDs performances.
6.4.  Electroluminescent studies

Energy-level diagram of the materials used for the fabrication of device are shown in
Figure 9. The TADF material exhibit flat decay curve due to the time consuming TADF
process for the exciton conversion from triplet to singlet. In the present case TPA-TPICN and
Cz-TPICN shows sharp decay curve reveal that the radiative excitons in TPA-TPICN and Cz-
TPICN are short-lived component without TADF contribution (Figure S2). The exciton
utilization efficiency (ns) in TPA-TPICN and Cz-TPICN are of neither TTA nor TADF
mechanisms [49].

The non-doped EL device have been fabricated to investigate the relationship between
excited state properties and the EL performances of TPA-TPICN and Cz-TPICN are
displayed in Figure 10 (Table 3). The device with the configuration of ITO/NPB (80 nm)/Py-
PPICN (20 nm) or Py-TPICN (20 nm) or TPA-TPICN (20 nm) or Cz-TPICN (20 nm) or Py-
SPICN (20 nm)/ Bphen (40 nm)/LiF (1 nm)/Al (120 nm) have been fabricated. The
electroluminescence (EL) spectra of the three devices based on pyrene substituted
phenanthrimidazoles Py-PPICN, Py-TPICN and Py-SPICN and TPA-TPICN and Cz-TPICN
are similar to their PL spectra which shows both EL and PL originate from the same radiative
decay of the singlet excitons (Figure S2). Among the pyrene substituted phenanthrimidazoles,
Py-SPICN based device shows excellent performances with maximum current efficiency of
3.41 cd A%, maximum power efficiency of 2.80 Im W ! and maximum EQE of 1.48 %. The
fabricated devices exhibit blue EL emission with the CIE coordinates of TPA-TPICN (0.16,
0.12) and Cz-TPICN (0.15, 0.10). The Cz-TPICN based device shows excellent performances

with maximum current efficiency of 3.65 cd A%, maximum power efficiency of 3.10 ImW !



21

and maximum EQE of 1.64 %. The maximum #s 13.0 % (TPA-TPICN) and 12.6 % (Cz-
TPICN) of EL devices can be estimated using the equation #s =zres X#7pL X70ut +#EL, Where 1
out (=1/2n?) is the light out coupling efficiency (=20%); nrec is the efficiency for electron hole
recombination (100 %) [20]. The increased #s and #nige 7.8 % (TPA-TPICN); 8.2 % (Cz-
TPICN) harvested in TPA-TPICN and Cz-TPICN is due to the maintained CT component
from the cyano substitution. The device efficiencies are compared with already reported [50-
60] non-doped emitters efficiencies (Table S4), which shows that the newly synthesized blue-
emissive materials, Py-PPICN, Py-TPICN and Py-SPICN and D-n-A architecture, TPA-
TPICN and Cz-TPICN are among the best in terms of efficiencies.
7. Conclusion

Blue-emissive materials, Py-PPICN, Py-TPICN and Py-SPICN have been developed
based on pyrene and phenanthro[9,10-d]imidazole functional core. These materials exhibit
high fluorescence quantum yield as well as good thermal and film-forming abilities. Py-
SPICN based device shows excellent performances with maximum current efficiency of 3.41
cd AL, power efficiency of 2.80 Im W and EQE of 1.48 %. The photophysical and
electrochemical properties of blue fluorescent materials with D-n-A architecture, TPA-
TPICN and Cz-TPICN can be tuned by chemical modification of strong donor TPA moiety
by weak donor Cz moiety, which results HLCT as the emissive state with increased LE and
decreased CT which in turn increased the quantum efficiency. The Cz-TPICN based device
shows excellent performances with maximum current efficiency of 3.65 cd A%, maximum
power efficiency of 3.10 Im W and maximum EQE of 1.64 %. The devices exhibit blue EL
emission with the CIE coordinates of TPA-TPICN (0.16, 0.12) and Cz-TPICN (0.15,
0.10).The HLCT state molecules with hot exciton RISC provide a new strategy to design the
next-generation organic electroluminescent materials with low-cost and high device

performances.
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Figure 1: DSC and TGA graphs of Py-PPICN, Py-TPICN, Py-SPICN, TPA-TPICN and
Cz-TPICN.
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Figure 2: HOMO and LUMO contour map of Py-PPICN, Py-TPICN, Py-SPICN, TPA-
TPICN and Cz-TPICN
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Figure 3: The ground state geometries of Py-PPICN, Py-TPICN, Py-SPICN, TPA-TPICN
and Cz-TPICN.
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Figure 4: (a) Normalized absorption and (b) emission spectra of Py-PPICN, Py-TPICN, Py-

SPICN, TPA-TPICN and Cz-TPICN in dichloromethane and film
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Figure 5: (a) Cyclic voltamogram of Py-PPICN, Py-TPICN, Py-SPICN, TPA-TPICN and
Cz-TPICN; (b) The lifetime decay curve of Py-PPICN, Py-TPICN and Py-SPICN; (c) TPA-

TPICN and Cz-TPICN and (d) Lippert-Mataga plot of TPA-TPICN and Cz-TPICN in
different solvents
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Figure 6: a) Energy level of singlet (S) and triplet (T) states of TPA-TPICN and Cz-TPICN;
(b) Scheme of exciton decay process after hole and electron recombination in OLEDs of
twisting D-n-A molecules
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Figure 7: Computed natural transition orbital pairs for Si1-S3 and Ti-Tsof TPA-TPICN and
Cz-TPICN [f-oscillator strength]
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Figure 8: Schematic diagram of hybridization processes of LE and CT states of TPA-TPICN

and Cz-TPICN
TPA-TPICN
- ~ 7
36 - raf P . (C1¥Le- C2¥cr) rw ' o~ *
O om N ‘oY AN~
_ L—\;’ AW ke m/:LJ- h s B2 ?LW;? AT ~.M/%“-t~((L
[ Join . Jon —_
2 344 D, O | W L
Gi — §
2 LE \x !; CT
E 5.2 \ ;
. \ /
= /
mﬁ 3.0 4 "LS_II
(C1¥Le+ C2%¥c1)
4.8
5.6 - Cz-TPICN .

Excitation energy (ev)

:JI
L =
]

:JI
(& ]
]

:JI
=
1

4.8

':'.!N
r:pxil |:"’a::'i :| . +

~ Y - e -~ Y
LL-{_’%J;:&";J (C3¥Le- C4Fc1) L_.ﬁ{'%-i,h,ﬁ»lﬁr,ﬁ

- . J— /I'-.-M,\/ N r"t(::
r{___f'l /s F ’ SI A LY eL__»"' )
LE . P
X CT
S1 L7
\_/
(C3%¥re + Cs¥cr)



Figure 9:

Energy-level diagram of the materials used for the fabrication of devices.
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Figure 10: Electroluminescence performances: (a) Luminance versus Voltage; (b) External
quantum efficiency versus Current density; (c) Current efficiency versus Current density and
(d) Power efficiency versus Current density of non-doped EL device with Py-PPICN, Py-

TPICN, Py-SPICN, TPA-TPICN and Cz-TPICN as emitter
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Scheme 1: Synthetic route of Py-PPICN, Py-SPICN, Py-TPICN, TPA-TPICN, Cz-TPICN
and TPA-TPICN
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Table 1: Optical and thermal properties of Py-PPICN, Py-TPICN, Py-SPICN, TPA-TPICN and Cz-TPICN

Parameters

Py-PPICN

Py-TPICN

Py-SPICN

TPA-TPICN

Cz-TPICN

Aab (Nnm) (soln/film)

e (Mtcm?)

Xem (nm) (soln/film)
Ta/ Tg/Tm (°C)
HOMO/LUMO/ Eg (eV)
® (soln/film)

T (ns)

Ke/Knr (% 10_88_1)

230, 254, 310/
260, 320

16400

405/ 420

420/ 110/ 289
-5.20/ -2.44/ -2.76
0.45/ 0.42

4.2

1.07/1.31

235, 260, 320/
264, 335

15800

432/ 440

404/ 130/ 256
-5.16/ -2.60/ -2.50
0.51/0.48

4.9

1.04/1.00

238, 265, 325/
269, 340

17600

445/ 450

422/ 142/ 296
-5.10/ -2.54/ -2.56
0.55/0.50

5.4

1.21/0.52

232, 252, 305/
251, 312

29800

410/446

428/ 150/ 298
-5.23/ -2.67/ -2.56
0.62/ 0.60

6.1

1.02/ 0.62

231, 248, 291/
240,301

32400

401/425

436/ 154/ 300
-5.38/-2.72/ -2.66
0.70/ 0.65

5.8

1.20/ 0.83
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Table 2: Dihedral angles (°) in Py-PPICN, Py-TPICN, Py-SPICN, TPA-TPICN and Cz-

TPICN

01 02 03
Py-PPICN 62.50 7.70 98.83
Py-TPICN 73.40 3.80 106.20
Py-SPICN 88.60 2.20 110.60
TPA-TPICN 72.62 26.60 40.50
Cz-TPICN 76.50 30.20 39.80

01 — Dihedral angle between benzonitrile ring and imidazole ring; 6, — Dihedral angle between phenyl/
thiophene/ styryl ring and imidazole ring; 63 — Dihedral angle between phenyl/ thiophene/ styryl ring and
pyrene/ triphenyl amine/ carbazole ring
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Table 3: Device performances of Py-PPICN, Py-TPICN, Py-SPICN, TPA-TPICN and
Cz-TPICN

Parameters Py-PPICN Py-TPICN Py-SPICN TPA-TPICN Cz-TPICN
V1000 (V) 3.4 3.6 3.3 3.1 3.0

L (cd/m?) 12925 14592 15960 14625 14802

Nex (%) 1.42 1.34 1.48 1.56 1.64

ne(cd A 3.21 3.00 3.41 3.51 3.65

np (Im W) 2.50 2.62 2.80 2.89 3.10

EL (nm) 420 440 451 447 427

CIE (0.15, 0.16) (0.15, 0.18) (0.15,0.15)  (0.16,0.12)  (0.15,0.10)
niqe (%) - - - 7.8 8.2

s (%) - - - 13.0 12.6

Nne - luminous efficiency; mp - power efficiency; mex - external quantum efficiency;
EL - electroluminescence; mige - maximum internal quantum efficiency; (nioe=neoe/Mout), Ns - light out
coupling efficiency (nige/ neL).



