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In this paper, two star-shaped fluorescent phenanthroimidazole fluorophores, tris(4-(1-(3-(trifluor-
omethyl)phenyl)-1H-phenanthro[9,10-d]imidazol-2-yl)phenyl)amine (PIMCFTPA) and tris(4-(1-(4-(tri-
fluoromethyl)phenyl)-1H-phenanthro[9,10-d]imidazol-2-yl)phenyl)amine (PIPCFTPA) with a D-m-A
structure were designed and synthesized by attaching a hole-transporting triphenylamine and an
electron transporting phenanthroimidazole moiety. A detailed photophysical, thermal, electrochemical
and related properties were systematically studied. Furthermore, theoretical investigations (DFT) were
performed to get a better understanding of the electronic structures. In particular, PIMCFTPA shows blue
shifted emission due to the most twisted conformation and reduced intermolecular interaction as
compared with PIPCFTPA. Both the fluorophores exhibit high glass transition temperatures and high
thermal stabilities with decomposition temperatures up to 377 °C. The excellent stability renders them
promising materials in electroluminescent devices. Non-doped organic light-emitting devices (OLEDs)
using these fluorophores as emissive materials display bluish green emissions with high efficiency
(6.58 cdA™", 5.91 ImW~", 3.62% at 100 cdm~2), low turn-on voltages (2.83 V) (PIMCFTPA) and excellent
spectral stability. Our results suggest that the molecular design strategy of integrating TPA with

phenthroimdazole play an important role in the device performance.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Organic materials applicable in organic light-emitting diodes
(OLEDs) have attracted wide attention since the breakthrough
work of Tang and Van Slyke because of their potential applications
in full-color displays and lighting applications [1,2]. For realizing
these applications, it is essential to have the three primary colors,
red, green and blue (RGB) [3-6]. Though a large number of efficient
red and green emitters have been reported in recent years, [7] the
progress in highly efficient blue emitters has remained a
formidable challenge to date [8-10]. Due to their inherent wide
energy band-gaps, blue emitters possess limited delocalization
which hampers the electron injection into the emitting layer [11].
In this context, highly efficient blue materials are considered as
promising substitutes to promote the commercialization of OLEDs.
Significant efforts have been made to design versatile blue
materials aiming at further improving device efficiency, chroma-
ticity and lifetime. Spin-statistics state that 75% of triplet excitons
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and 25% of singlet excitons are generated by the recombination of
electrons and holes in organic semiconductor materials. By
harvesting both singlet and triplet excitons through intersystem
crossing, phosphorescent OLEDs (PhOLEDs) approach 100% inter-
nal quantum efficiency (IQE), however, in fluorescent OLEDs, the
IQE is limited to 25% due to the deactivation of triplet excitons [ 12—
14]. Although PhOLEDs have reached their IQE limit [ 15], they have
some disadvantages, including lower electroluminescence (EL)
efficiency under high current densities [16], rather low reliability
in the blue region of the visible spectrum for practical applications
and more expensive. Fluorescent OLEDs have continued to attract
interest because of their long operational lifetimes, high colour
purity of EL and potential to be manufactured at low cost in next-
generation full-colour display and lighting applications. Most blue
EL devices reported previously involve the use of dopants.
However, to achieve an optimized device performance, careful
control of the dopant concentration is required [17]. On the other
hand, performance degradation due to phase separation upon
heating is also a problem encountered in these devices [18-20]. To
overcome these disadvantages, the fabrication of non-doped
fluorescent OLED device has been attracting considerable attention
and these devices have exhibited a high external quantum
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efficiency [21-23]. Also, by balancing the transport of charge
carriers, the OLED efficiency could be improved [24-27].
Recently some blue fluorophores with high Iuminescent
efficiency based on pyrene, anthracene, phosphine oxide, fluo-
ranthene, pyrazolo-quinoline, oxadiazoles, naphthalimide and
imidazole have been developed [28-40]. However, phenanthroi-
midazole continue to show considerable interest in organic
electronics, due to ease in fluorophore modification at N; and C,
position. On the other hand, these materials have the rigid
skeleton, show high carrier mobilities, high thermal stability, as
well as good film forming ability, leading to promising applications
as blue emitters in high-performance OLEDs [41-47]. In general,
hole mobility is higher than that of the electron mobility in the
device [48]. From the available literature, one can conclude that the
reported phenanthroimidazole based molecules are mainly having
shape of linear and bent (consist of both charges transporting
moieties) [49-51]. Nevertheless, so far, triphenylamine decorated
star shaped phenanthroimidazole molecules have not been
reported. We made an attempt to incorporate the three electron
deficient (phenanthroimidazole) moiety to the electron rich (TPA)
molecule to improve the electron mobility and the charge balance
in the device structure, which ultimately improve the overall
performance of the OLED device efficiency. In the present study, an
attempt has been made to functionalize the N; position of a
phenanthroimidazole moiety with the different functional group
(Php-CF3; and Phm-CF5) to fine tune the emission towards the blue
region. We have designed and synthesized two star shaped
fluorophores containing a hole-transporting triphenylamine

moiety and an electron-transporting phenanthroimidazole moiety
with different functional substitution in the N;-position of the
phenanthroimidazole molecule (Php-CF3 and Phm-CFs). Both the
fluorophores are structurally characterized by spectroscopic
methods. Electrochemical analysis has also been carried out in
order to obtain the HOMO-LUMO levels. The fluorophores
structures were optimized by using density functional theory
(DFT) calculation and the locations of the energy levels (singlet and
triplet) are calculated by using time-dependent DFT (TD-DFT)
method. Multilayer OLEDs have been fabricated with these
fluorophores as emissive materials.

2. Experimental section
2.1. General information and measurements

All the reactions were performed under nitrogen atmosphere.
Solvents were carefully dried and distilled from appropriate drying
agents prior to use. Commercially available reagents (Sigma
Aldrich) were used without further purification unless otherwise
stated. All the reactions were monitored by thin-layer chromatog-
raphy (TLC) with silica gel 60F;s4 Aluminium plates (Merck).
Column chromatography was carried out using silica gel (Sigma-
Aldrich). "H NMR and ®C NMR spectra were recorded using an AV
400 Avance-III 400 MHz FT-NMR Spectrometer (Bruker Biospin
International, Switzerland) with tetramethylsilane (TMS) as a
standard reference. Elemental analysis was obtained using
Elementary Analysis System, Germany/Vario EL spectrometer.

o, ,0
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+ O

CHO
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9,10-dione
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Scheme 1. Synthetic routes for the triphenylamine-phenanthreneimidazole derivatives.
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The mass spectra were recorded by LC-MS (Perkin-Elmer, USA/
Flexer SQ 300 M). The FTIR spectra were recorded on a Perkin-
Elmer RX-I FTIR spectrophotometer. Powder XRD data of the
fluorophores were recorded with Cu-Kal radiation (Rigaku,
ULTIMA 1V). DSC-TGA was performed using Netzshe, Germany,
STA449C/4/MFC/G. The absorption spectrum of the target com-
pound in solution phase and solid (DRS) were measured by using
UV-vis spectrometer (Shimadzu Corporation, Japan/UV-2450
Perkin Elmer, USA/Lamda 25). The photoluminescence emission
spectra were recorded by Horiba Jobin Yvon, USA/Fluoromax 4P
spectrophotometer. Thin films were prepared by a spin coating
method using a spin NXG P1A instrument and measured the PL by
spectrofluorimetry. The PL quantum yield (PLQY) of the fluo-
rophores in the form of, a thin film and solid were measured with
Edinburgh spectrofluorometer FS5. The life time of the fluoro-
phores was measured at 298 K with Edinburgh Instruments FLS
980 and a pulsed xenon lamp was as the excitation source. The
electrochemical properties of the target compound were per-
formed by Cyclic Voltammetry (CV), in DCM. For solution process,
CV analysis was done by using working, auxiliary (counter) and
reference electrodes. The corresponding electrodes are a glass-
carbon disk, Pt wire, and Ag/AgCl wire respectively. DCM
containing 0.1 M BuyNCIO, was used as reference electrolyte.
The optimize structures and HOMO-LUMO energy levels were
calculated by using DFT calculation with B3LYP/6-31G (d, p) basis
set.

2.2. Synthesis

The tris(4-formyl phenyl)amine (TPA-CHO) intermediates were
synthesized according to the literature with modified procedures
(SI1 in Supplementary information) [52]. The target PIPCFTPA and
PIMCFTPA fluorophores were synthesized by condensation be-
tween 9, 10-phenanthrenequinone, substituted amine and TPA-
CHO in the presence of ammonium acetate and acetic acid. The
synthetic strategy to obtain the target fluorophores is illustrated in
Scheme 1.

2.3. General procedure for the synthesis of the triphenylamine-
phenanthreneimidazole derivatives

Amine (0.51g, 3.1eq) was added to a stirred solution of TPA-
CHO (0.3 g, 1eq) in glacial acetic acid (20 ml) at room temperature
(RT). To this reaction mixture, subsequently ammonium acetate
(2.8 g,40eq) and 9, 10-phenanthrenequinone (0.66 g, 3.1 eq) were
added. The resulting mixture was stirred for 12h at 110°C. The
reaction was monitored by thin layer chromatography for the
completion of the reaction. After cooling, the reaction mixture was
poured into minimum amount of cold distilled water and then
ammonium hydroxide solution was added. The formed solid was
filtered and dissolved in dichloromethane. This was followed by
drying with anhydrous sodium sulphate and the solvent was
evaporated to get crude compound. The resultant compound was
purified with column chromatography by using silica gel (100-
200 mesh) and eluent methanol in dichloromethane (DCM) (1:9).
The solvent was evaporated and dissolved in minimum amount of
THF solution. To this solution, excess of hexane solvent was added
to form the solid. After the solid was settled, the solvent was
decanted.

2.4. tris(4-(1-(3-(trifluoromethyl )phenyl)-1H-phenanthro[9,10-d]
imidazol-2-1)phenyl) amine (PIMCFTPA)

Yield: 60%. 'H NMR (400 MHz, CDCl;, TMS, & ppm) 8.87 (d,
J=2Hz, 3H), 8.81 (d, J=8.4Hz, 3H), 8.73 (d, J=8.4Hz, 3H). 7.95 (d,
J=0.4Hz, 3H), 7.82-7.67 (m, 15H), 7.57-7.53 (m, 3H), 7.38-729 (m,

9H), 7.17 (d, J= 8 Hz, 3H). 6.96 (d, = 8.4 Hz, 6H). 3C NMR (100 MHz,
CDCls, TMS, 8 ppm) 150.09, 146.79, 138.89, 137.20, 132.11, 130.30,
129.99, 128.86, 127.86, 127.15, 126.92, 126.49, 126.06, 125.94,
125.72,125.37,124.61,123.85,123.36,122.65,122.33,122.12,119.98,
30.42. '°F NMR (400 MHz, CDCls, TMS, & ppm) —62.69 (s, 3F). IR
(KBr, v/cm-1): 3430, 3060, 1601, 1475, 1324, 1173, 1132, 1069, 857,
755. EI-MS: m/z=1327.00 [M+H]*. CHNS Analysis: Anal. Calc. for
Cg4H4sFoN7: C, 76.07; H, 3.65; N, 7.39; Found: C, 76.57; H, 3.80; N,
7.51%.

2.5. tris(4-(1-(4-(trifluoromethyl)phenyl)-1H-phenanthro[9,10-d]
imidazol-2-1)phenyl)amine (PIPCFTPA)

Yield: 69%. 'H NMR (400 MHz, CDCls, TMS, § ppm) 8.87 (d,
J=2Hz, 3H), 8.79 (d, J=8.4Hz, 3H), 8.72 (d, J=8.4Hz, 3H). 7.92 (d,
J=8.0Hz, 6H), 7.79-7.67 (m, 12H), 7.56-7.52 (m, 3H), 7.49-7.39 (m,
3H), 7.33-7.28 (m, 3H), 7.11-7.04 (m, 6H), 6.99-6.95 (m, 6H). '3>C
NMR (100 MHz, CDCls, TMS, & ppm) 149.90, 146.73, 141.58, 137.18,
129.90, 129. 31, 128.84, 127.85, 127.38, 126.93, 126.78, 126.46,
125.98,125.39,124.62,124.51,123.82,123.37,122.63,122.31,122.11,
119.97, 115.74, 30.42. F NMR (400 MHz, CDCls;, TMS, & ppm)
—62.38 (s, 3F). IR (KBr, v/cm-1): 3430, 3060, 1601, 1475, 1330, 1177,
1134, 838, 755. EI-MS: m/z=1326.99 [M + H|". CHNS Analysis: Anal.
Calc. for Cg4HugFgN7: 76.07; H, 3.65; N, 7.39; Found: C, 76.26; H,
3.75; N, 7.49%.

3. Results and discussion
3.1. Characterization of the fluorophores

The synthetic strategy to obtain the target fluorophores is
illustrated in Scheme 1. The compounds are characterized by
nuclear magnetic resonance spectroscopy ('H and 3C NMR), Mass
spectrometry, elemental analysis, and Fourier transform infrared
spectroscopy (FTIR). FTIR Spectroscopy results are given in
Supplementary information (SI3)

3.2. Powder X-ray diffraction (XRD) studies

Powder X-ray Diffraction studies were performed to evaluate
the crystalline or amorphous nature of the synthesized fluoro-
phores (Fig. 1). XRD pattern of the fluorophores was recorded in the
20 range between 10 and 60°. The diffraction peaks of both the
fluorophores show amorphous phase without the appearance of
any peak. General, amorphous fluorophores are highly required to
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Fig. 1. Powder X-ray diffraction patterns of PIPCFTPA and PIMCFTPA fluorophores.
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fabricate the OLEDs, where the fluorophores should not be
crystalline in the device working conditions. The currently
synthesized fluorophores showed potent to be used as emissive
materials for OLED device.

3.3. Thermal properties

The thermal behavior of PIMCFTPA and PIPCFTPA were
investigated by thermogravimetric analysis (TGA) and differential
scanning calorimetry (DSC) under nitrogen atmosphere. DSC-TGA
measurements were carried out from 0 to 700 °C at a scanning rate
of 10°C/min. DSC-TGA curves of synthesized fluorophores were
depicted in Fig. 2. The TGA curves reveal that the degradation
temperature (Tq) of 10% weight loss of PIMCFTPA and PIPCFTPA is
275°C and 377 °C, respectively. Fig. 2B shows the glass transition
temperatures of the synthesised compounds and has a hump
between 210 and 240 °C. These humps are indicating that the phase
change is occurring with respect to temperature. The exact values
of the glass transition temperature of the compounds were
determined by drawing a tangent at the hump (Fig. 2B), and their
glass-transition temperatures (Tg) are 235°C and 240°C, respec-
tively. The significant enhancement of T, can be attributed to the
introduction of two phenanthroimidazole moieties, which would
reduce the possibility of phase separation upon heating and may
prolong the lifetime of the devices. These DSC-TGA results suggest
that the currently investigated fluorophores possess high thermal
decomposition temperatures which is one of the essential
requirements for OLEDs.

3.4. Photophysical properties

The absorption and fluorescence spectra of the fluorophores in
chloroform (CHCls) solution (10~>mol L™ 1), (Fig. 3A) as well as in
film state on quartz substrates (Fig. 3B) were studied to investigate
the photophysical properties. Key photophysical parameters of the
two emitters are listed in Table 1. For both the fluorophores, the
absorption spectra exhibit no distinct differences and both exhibit
two peaks at around 265 nm and 376 nm in CHCl3 solution. The
absorption peaks at about 265 nm for both the fluorophores are
attributed to the 7m—7* transition of benzene ring [53], while the
absorption bands at 376 nm arise from the 7m—7™* transition from
the triphenylamine and the phenanthroimidazole moiety. The
optical bandgap of the fluorophores calculated from the solid-state
(DRS) absorption spectra (Fig. 3D) with the help of Kubelka-Munk

A)
100

80 {——PIMCFTPA
——PIPCFTPA

60

40

Weight loss (%)

20

T T T T T T
100 200 300 400 500 600 700
Temperature (°C)

function [54] are 2.82 eV (PIMCFTTPA) and 2.71 eV (PIPCFTPA). The
photoluminescence spectra for PIMCFTPA and PIPCFTTPA in CHCl3
show a sharp emission peak at approximately 440nm. The
absorption spectra of these films were found to be broad and
red-shifted as compared with a solution (303, 381 nm). The
photoluminescence spectra of the fluorophores in a neat film
peaked at 455 nm and 460 nm respectively, which are red shifted
(Table 1) by 15-20 nm from their solutions. Similar observations
were also observed for solid PL spectra (Fig. 3B). The observed
redshifts can be explained by their relative strong mw—1r stacking
interactions [55]. The CIE chromaticity coordinates for fluoro-
phores shown Fig. 3C.

Fluorescence quantum yield (®s) is an important parameter for
the quantitative characterization of fluorophores. The @ of the
fluorophores was calculated using 9,10-diphenyl anthracene as a
standard (P.r=0.90 in cyclohexane) according to equation [56],

S A nZ
P, — P ( sample) ( ref ) sample 1
f ref Sre'f Asample nfef M

Where Ssamplev Asamplev Nsampleand Srefy Arefy Nrer represent the
integrated emission band area, the absorbance at the exited
wavelength, and the refractive index of the solvent, respectively for
the standard reference and the sample. The quantum yields of the
fluorophores are 0.31 (PIPCFTPA) and 0.26 (PIMCFTPA).

The absolute quantum yield (QY) of the fluorophores was
calculated using an integrating sphere for both thin films and solid
samples. The absolute quantum yields (®) (integration sphere) of
the fluorophores calculated by the following Eq. (2) [57].

Loy — LV
LoV @

D=

_ Ei(\) = (1= DP)Eo(N)
n= Eo(\)®

Where, Lo(\) is the integrated excitation profile (sample is directly
excited by the incident beam) and Lij(\) are the integrated
excitation profile attained from the empty integrated sphere.
Eo(A) is the integrated luminescence of powder caused by direct
excitation and Ei(\) is indirect illumination from the sphere,
respectively. The calculated QY of the fluorophores, PIPCFTPA and
PIMCFTPA are 14.81 and 16.36% in thin film, respectively. In the
case of solid fluorophores showed is 24 and 25.4% for PIPCFTPA and
PIMCFTPA, respectively. The measured QY results are tabulated in

(B)
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T T
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Fig. 2. (A) TGA and (B) DSC curves of PIMCFTPA and PIPCFTTPA.
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Fig. 3. (A) UV absorption and PL spectra of PIPCFTPA and PIMCFTPA in CHCls; solution, (B) in the film and solid state, (C) The CIE chromaticity coordinates for fluorophores and
(D) optical bandgap of the fluorophores calculated from the solid-state diffuse reflectance spectra.

Table 1

Key photophysical properties of PIPCFTPA and PIMCFTPA.

Compounds Tg*Tq™°C Solution P Absolute quantum yield Film Solid PL (nm) Nabs (nm) (calculated) (f)©
Abs (nm) PL (nm) Film (%) Solid (%) Abs (nm) PL (nm)

PIPCFTPA 220/377 265, 376 441 0.31 14.81 24 303, 381 460 520 414 (0.828)

PIMCFTPA 190/275 273, 376 432 0.26 16.36 254 303, 381 455 493 404 (0.879)

@ Glass transition temperature, thermal decomposition temperature.
® Fluorescent quantum yield in solution measured with respect to 9,10-diphenyl anthracene.
¢ Calculated at B3LYP/6-31G (d,p) basis set, in the gas phase, f=Oscillator Strength.
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Fig. 4. Fluorescence lifetime decay curves.

Table 1. The measured QY digital images are shown in Figs. S12 and
S$13 in Supplementary information.

3.5. Fluorescence lifetime

The fluorescence lifetime of fluorophores PIPCFTPA and
PIMCFTPA at 10~*M concentrations were measured using time-
correlated single photon counting technique and the decays are
shown in Fig. 4. The decays were fitted mono-exponential function
given by the equation (t)=Ip+A; exp(—t/T), where I=0 is the
offset value, A; is the scalar quantity obtained from the curve
fitting, t is the time in ws and T is the decay time value for the
exponential component and the fluorescence lifetime of fluoro-
phores PIPCFTPA and PIMCFTPA were found to be between 1 and
6 s (Table 2) [58-60].

3.6. Solvatochromism study
Solvatochromism study was also carried out for PIPCFTPA and

PIMCFTPA. Interaction of solvent-dependent emission spectra
appear simple but it is complicating due to the fluorophores’
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Table 2
Fluorescence lifetimes of PIPCFTPA and PIMCFTPA.

Compounds Excitation wavelength (nm) Emission wavelength (nm) Life time (7¢) in s
PIPCFTPA 328 441 1.96

416 441 3.40
PIMCFTPA 332 432 1.70

413 432 6.04

multiple interactions with their local environment, which results
in spectral (either red or blue) shifts. The emission of the
fluorophores was accomplished under different solvents: acetoni-
trile (ACN) dimethylformamide (DMF), dichloromethane (DCM),
chloroform (CHCls), tetrahydrofuran (THF), and toluene, and their
Stokes shifts were measured. The solvatochromism of fluorophores
was interpreted in terms of Lippert-Mataga equation. It defines the
Stokes shift in terms of the changes that occur in the dipole
moment during excitation. By increasing the polarity of the
solvent, the red (bathochromic) shift was observed, which are
showed in Fig. 5 (PIPCFTPA) and Fig. 6 (PIMCFTPA). The Egs. ((3)
and (4)) of Lippert—Mataga describes the Stokes shift Av
(expressed in wavenumbers) as a function of the change of the
dipole moment (Apge = e — [g) Of the fluorophore. Solvents with
dissimilar dielectric constants (&) and refractive indices (n) are
used in the Eq. (4) and the plot was drawn Stokes shift (A7) as a
function of Af [61].

20f

Av = 4mreohcal

(M — Mg) + Constant 3)

fle) = Mandf(nz) _ ((”2 -1) 4)

fe+1) 2n% 1)
where, AT=AV,,s — ATen, is the solvatochromic shift (incm™1)
between the maxima of absorption and fluorescence emission
[AD 2ps = 1/Naps (Max), AVem = 1/Nem (Max)], h is Planck’s constant, ¢
is the velocity of light, € is the permittivity of vacuum (signifies the
radius of the cavity in which the solute resides); e and g are
dipole moments in the excited and ground states. The solvato-
chromism data is tabulated in Table S2 (Supplementary informa-
tion). It was also verified using Lippert-Mataga equation (Fig. S14
in Supplementary information). Fig. S14 represents the Lip-
pert—Mataga plot for PIPCFTPA and PIMCFTPA in different solvents
and the corresponding data is listed in Table S2. Fig. S14 (A)
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indicates the linear relationship [correlation coefficient r=0.460,
slope=(0.588) x 10>cm™~!, intercept=(7.052) x 10>cm~!] of the
Stokes shift, ATV verses Af for different solvents of PIPCFTPA.
Similarly, Fig. S14 (B) indicates the linear relationship [correlation
coefficient r=0.499, slope=(3.862) x 10>cm !, intercept=(0.340)
x 10> cm™!] of the Stokes shift, A verses Af for PIMCFTPA.

3.7. Theoretical calculations

To gain insight into the electronic structures of the fluoro-
phores, density functional theory (DFT) calculation was performed
at the B3LYP/6-31G (d,p) basis set. The DFT-calculated optimized
geometries of these fluorophores (Fig. 7) in gas phase show slightly
twisted conformations [62]. In PIMCFTPA, dihedral angles between
Phenanthroimidazole and triphenylamine plane (28.41°) is slightly
more than PIPCFTPA (27.03°), due to a twisted substituent on the 1-
imidazole position. As shown in Fig. 7. The electron density
contours of the lowest unoccupied (LUMO) and the highest
occupied molecular orbitals (HOMO) for fluorophores are pre-
sented. The HOMO levels mainly populate on the triphenylamine
(TPA) for both the fluorophores, whereas, the LUMO were
exclusively located on phenanthroimidazole moiety (Table 4).
The calculated HOMO/LUMO values of the fluorophores are -4.93/-
1.43 eV (PIMCFTPA) and —4.94/-1.52 eV (PIPCFTPA), respectively.
The predicted HOMO-LUMO energy gaps of 3.50 (PIMCFTPA) and
3.42 eV (PIPCFTPA) are in good alignment with the experimental
results (Table 5). The singlet and triplet energy levels were
calculated by using time-dependent density functional theory (TD-
DFT) analysis and are included in Table 3. The most intense peak in
PIPCFTPA is at 414nm with oscillator strength f=0.828. In
PIMCFTPA, it is at 404nm with f=0.879 are shown Fig. S15 in
the Supplementary information. The substituent at N; position
showed less impact on the absorption phenomenon in these
fluorophores. In addition, atom coordinates and absolute energies
of PIMCFTPA and PIPCFTPA were given in Supplementary
information. (SI7 in Supplementary information)
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Table 3
Calculated Frontier Molecular Energy Levels.

Molecule HOMO (eV) LUMO (eV) Eg(eV) S1 (gas)(eV) T1 (gas)(eV)
PIPCFTPA  —-4.94 -1.52 3.42 2.98 2.48
PIMCFTPA  —-4.93 -143 3.50 3.05 2.48

3.8. Electrochemical properties

The electrochemical properties of the fluorophores were
investigated by cyclic voltammetry (CV) using 0.1 M Tetrabuty-
lammonium perchlorate (BusNClO,4) as a supporting electrolyte in
acetonitrile solution at a scan rate of 100mVs~! The cyclic
voltammograms are shown in Fig. 8 and the corresponding
electrochemical data is summarized in Table 5. Fig. 8 shows that
both the fluorophores have distinct oxidation and reduction
behaviors. According to the onset potentials, we calculated the
highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) energy levels by using the
Egs. (5) and (6) reported by de Leeuw et al. [63]

EHOMO = — (Eggse[ + 44) eV (4)

ELUMO = 7( ggdset —+ 44)6\/ (5)

The HOMO/LUMO energy levels of the fluorophores are —5.62/
—3.34eV (PIMCFTPA) and —5.62/—-3.36 eV (PIMCFTPA), respective-
ly with energy bandgap of 2.28 (PIMCFTPA) and 2.26eV
(PIPCFTPA). The HOMO-LUMO results of both the fluorophores
suggest that they can be used as host materials as their HOMO/
LUMO energy levels are similar to commercially available host
materials like CBP [64]. The comparison of HOMO-LUMO energy
gap of both the fluorophores is shown in Fig. 9. It clearly indicates
that the band gaps calculated using both optical and electrochem-
ical analysis almost match.

3.9. Electroluminescence studies

As the final part of the investigation, OLED devices with TPA
derivatives (PIPCFTPA and PIMCFTPA) as emissive materials, were
fabricated with the device configuration: ITO (120 nm)/F,TCNQ
(4nm)/a-NPD (40 nm)/TPA derivatives (30nm)/BCP (6 nm)/LiF
(0.5nm)/Al (150 nm). For the convenience of discussion, the two
OLED devices were named device A and device B for the OLEDs
based on PIPCFTPA and PIMCFTPA, respectively. The schematic of
the OLED structure and related HOMO/LUMO energy levels of the
derivatives along with other materials used in the electrolumines-
cent devices are illustrated in Fig. 10. Here ITO (indium-tin oxide)
served as a transparent anode. F,TCNQ (2,3,5,6-Tetrafluoro-7,7,8,8-
tetracyano quinodimethane) was chosen as hole-injection layer
(HIL) as it efficiently injects holes from the ITO anode to hole-
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Table 4
Electron Density Contours of frontier molecular orbitals (FMO).
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Table 5
Electrochemical properties of PIPCFTPA and PIMCFTPA.
Compounds Eox” (V) Ered® (V) HOMO (eV) LUMO (eV) E,” (eV) E, (eV) Eg! (eV)
PIMCFTPA 1.22 -1.06 -5.62 -3.34 2.82 2.28 3.50
PIPCFTPA 1.22 -1.04 -5.62 -3.36 2.71 2.26 3.42

2 The onset potential.

b Optical energy bandgap estimated from the solid-state DRS spectra.
¢ Electrochemical bandgap determined from cyclic voltammetry.

4 Theoretical bandgap.
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Fig. 8. Cyclic voltammograms of PIPCFTPA and PIMCFTPA.

transport-layer. An optimized thickness of F4,TCNQ was used for
better hole injection as reported earlier. [65], a-NPD (4,4’-bis[N-
(1-naphthyl)-N-phenyl-L-amino]-biphenyl) was chosen as the
hole-transporting layer (HTL) because of its high HOMO energy
(similar to the fluorophores); in addition, considering the energy
levels (shown in Fig. 10) of materials used in the OLEDs, o-NPD

with a higher LUMO level also plays a role of an effective electron-
blocking material. By using BCP (bathocuproine) as hole-blocking
layer (HBL), the reductant holes are confined in the emitting layer
which didn’t recombine with the electrons in the emitting zone
[66]. LiF (lithium fluoride) and Al (aluminum) were used as the
electron-injecting layer (EIL) and cathode, respectively.

Fig. 11(a) depicts the steady-state electroluminescence (EL)
spectra of the devices at the driving voltages of 10V for device A
and device B with bluish green light emission with peaks centred at
511 (shoulder peak: 436) and 505 (shoulder peak: 442) nm
respectively with full-width at half maxima (FWHM) of 72 and
60 nm. The EL peaks show bathochromic shifts with respect to the
thin film PL peaks. This bathochromic shift of EL peaks with respect
to PL can be due to the result of exciplexes formation [55,67,68].
Furthermore, as shown in Fig. 11(b), the EL spectra of both the
devices showed the same profile without any effect on the shape
and EL spectra peak under various driving voltages. Hence, both
the devices exhibited excellent spectral stability over a wide range
of operating voltages. The Commission Internationale de I'Eclair-
age (CIE) chromaticity coordinates of the derivatives as EL
materials are determined using the EL spectra of the devices at
10V. The chromaticity diagram is shown in Fig. 11(c) and the CIE
coordinates are tabulated in Table 6. Fig. 11(d) displays the current
density-voltage-luminance (J-V-L) characteristics of the fabricated
OLEDs. The characteristics of the current density as a function of
applied voltage reveal good diode behavior. Both the devices
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exhibited good current density demonstrating good charge
transport capability. The devices A and B turns on at very low
bias voltages (corresponding to 1cd/m?) of 2.98 and 2.83V,
respectively indicating low charge injection barriers. The devices
showed maximum luminance (Lmax) of 1261 cd/m? (device A) and
2132 cd/m? (device B) at 10V. The current, output power and
external quantum efficiencies for both the devices along with other
parameters of the devices are summarized in Table 6. In assessing
the performance of the two devices, device B (based on PIMCFTPA)
showed better performance with current efficiency (7.) of 6.58 cd/
A, power efficiency (77,) of 5911m/W and external quantum
efficiency (77ex) of 3.62% corresponding to 100 cd/m?. The device
efficiency versus luminance curves of the devices are shown in
Fig. S15 in Supplementary information. As you can see, in the EL
spectra of the fluorophores, the PIMCFTPA fluorophore shows blue
shift emission in the EL spectra. This can be attributed to the strong
electron withdrawing (CF3) linked at the m-position of Ni-
substitution which restricts the free conjugation more than p-
position Ny-substitution, thus leads to an increase in the band gap
of the PIMCFTPA fluorophore and in term, causing blue shift in the
EL spectra. The results suggest that though the derivatives have
comparatively moderate PL quantum efficiency, the charge carrier
balance is significantly strong (injection barrier for holes and

(a) Cathode
Contact
Metal
lectron Injection Layer
Hole Blocking Layer
Emissive Layer Anode
Contact
Hole Injection Layer ._

ITO
Glass Substrate

X

_~
=2
N’

electrons), which results in high EQE (EQE ="y X Mpi Moc, Where 1y is
the recombination efficiency of injected holes and electrons, ¥ is
the fraction of excitons that can potentially radiatively decay due to
restriction of multiplicity, np; is the PL yield and mq. is the out-
coupling efficiency) [69]. It appears that the devices possess
balanced charge transport for holes and electrons. This may arise
from the relatively low barrier for the hole and electron injection
from the HTL and ETL, respectively into the active layers. To the
best of our knowledge, these values are among the best comparing
the reported non-doped OLEDs [40,45,70,71]. It is noteworthy that,
during the measurements, both the devices did not damage at
higher applied electrical voltages, perhaps due to the high thermal
stabilities of the fluorophores. This observation offers the potential
use of the fluorophores in OLED applications.

4. Conclusion

In summary, we have successfully designed and synthesized
star shaped electroluminescent phenanthroimidazole-based fluo-
rophores (donor—1r-acceptor) by integrating the triphenylamine
core (electron-donating moiety) to the phenanthroimidazole
(electron-accepting moiety) with different linkers in N;-position
(Php-CF3 and Phm-CF3). The fluorophores show good thermal
stability as well as high glass transition temperatures. The
electrochemical analysis reveals that both the fluorophores have
distinct oxidation and reduction behaviors. Device with PIMCFTPA
emitter exhibits high efficiencies (6.58 cd/A, 5.91 Im/W, and 3.62%)
with low turn-on voltage of 2.83 V than that of PIPCFTPA (5.99 cd/A,
4.531m/W, 3.49%). Both the fluorophores show bluish green
emission with CIE coordinates of x=0.223, y=0.405 (PIMCFTPA)
and x=0.281, y=0.415 (PIPCFTPA), respectively. These results
demonstrate that these derivatives are promising candidates and
could play an important role in the development of OLEDs.

4.1. Fabrication and characterization of OLEDs

To fabricate OLED devices, pre-patterned ITO (Kintec, Hong
Kong) coated glass substrates, with a sheet resistance of 15 {)/[]
and ITO thickness of 120 nm, were used as the anode. Prior to the
deposition of organic materials, ITO substrates were cleaned and
UV-Ozone treated according to the procedure reported earlier [7].
All organic materials and cathode layers were deposited by
thermal evaporation at a base pressure of 5 x 10~ Torr. On the ITO
substrate, the HIL, HTL, emitting layer, HBL, EIL, and cathode were
deposited sequentially without breaking the vacuum. F4TCNQ
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Fig. 10. (a) Schematic diagram of the OLED structure and (b) Energy-level diagram of the materials used in this study.
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with TPA as emissive materials.

Table 6

Electroluminescent performance data of OLEDs using TPA derivatives as emissive materials.
Device® Vonset (V)b Lmax (Cd m—Z)c Nc (Cd Ai])d 7Ip (lm W71 )d Next (%)d )\em (FWHM) (nm)e CIE (x,y)r
PIPCFTPA 2.98 1261 5.99 4.53 3.49 436, 511 (72) (0.281, 0.415)
PIMCFTPA 2.83 2132 6.58 591 3.62 442, 505 (60) (0.223, 0.405)

2 Device Configuration: ITO (120 nm)/F,TCNQ (4 nm)/a-NPD (40 nm)/TPA (30 nm)/BCP (6 nm)/LiF (0.5 nm)/Al (150 nm).

> Vonset: turn-on voltage at luminance of 1cd m™2.

€ Limax: Maximum luminance at 10V.
9 e Current, power and external quantum efficiencies measured at 100 cdm

€ Nem: Emission wavelength maximum. FWHM: full-width half maximum at 10V.

f CIE color coordinates.

(LUMTEC) was used as HIL, a-NPD (LUMTEC) was used as the HTL,
BCP (Sigma-Aldrich) was used as HBL, LiF (Sigma-Aldrich) was
used as EIL and Al (Alfa Aesar) was used as the cathode. All the
organic materials were used as received without further purifica-
tion. The deposition rate of organic materials was maintained at
0.5As~!, whereas the deposition rates of LiF and Al were 0.1 As™!
and 6 As~! respectively. The deposition rates and thickness of the
deposited layers were controlled in situ by a quartz crystal
thickness monitor placed near the substrate. The cathode was
deposited on the top of the structure through a shadow mask. The
light-emitting area was 1.6 mm as defined by the overlap of the
cathode and anode. All the electro-optical characteristics/proper-
ties of OLEDs such as EL spectra and J-V-L characteristics of the
devices were measured using a spectrophotometer (Horiba Jobin
Yvon iHR320), a computer-controlled, programmable source-
meter (Keithley 2400) and calibrated Si photodiode (SM1PD2A).
CIE coordinates were calculated from the EL spectra. Devices were

-2

driven under dc conditions. All the measurements were carried out
at room temperature under dark and ambient conditions without
any encapsulation.
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