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Phenanthroimidazole-based bipolar carbazoles
featuring cyano substituents to realize efficient
deep-blue electroluminescence with an external
quantum efficiency of nearly 6%

Anuj Sharma,® K. R. Justin Thomas, {2 *® Mangey Ram Nagar® and
Jwo-Huei Jou

Developing deep-blue bipolar materials with high quantum yields remains a crucial issue in organic
light-emitting diodes. The excited-state characteristics of dyes play a pivotal role in controlling the
photoluminescence (PL) and electroluminescence (EL) outcomes. Here, a series of carbazole—
phenanthroimidazole dyads with and without phenyl spacer units have been designed and synthesized. The
functional properties are tunable by substitution of cyano units at various positions on the carbazole. The cyano-
featured dyes exhibit a bathochromic shift in their emission spectra that is attributable to the contribution of a
charge-transfer component in the excited state, which is further confirmed by solvatochromism studies.
Accordingly, the dyes showed larger Stokes shifts due to a significant reorganization of the molecular structure in
the excited state. The enhanced CT component is expected to benefit the exciton utilization efficiency of singlet
energy states, thereby offering better EL performances. All dyes showed excellent thermal stability upon
cyanation of carbazole—phenanthroimidazole derivatives. Electrochemical studies revealed stabilization of the
lowest unoccupied molecular orbitals (LUMOs) upon the addition of cyano units to the central carbazole and
realized maximum stabilization for the dyes containing cyano units at the C2 and C7 positions. The dyes were
utilized as dopant emitters in solution-processed OLED devices and exhibited pure blue emission with a CIE,,

rsc.li/materials-advances

Introduction

Over the past three decades, significant advancements have
been made in the development of efficient organic emitters for
accessing highly performing organic light-emitting diodes.
However, designing fluorescent organic small molecules with
highly efficient deep-blue electroluminescence has remained a
primary challenge for materials chemists." Developing new and
advanced blue-emitting molecular systems increases the color
gamut and decreases the power consumption in solid-state
lighting sources.” Notably, small organic fluorescent emitters are
an attractive class of molecular systems with unique advantages
such as a facile synthetic methodology, high purity, monodispersity,
good solubility and easy purification techniques.’™ All these
qualities make them a potential candidate for electronic
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coordinate of (0.16, 0.06) and an external quantum efficiency of 5.7%.

devices such as organic light-emitting diodes, light-emitting
electrochemical cells, etc.®

Recently, phenanthroimidazole-based organic materials
have gained significant attention in optoelectronic devices
due to their excellent rigidity to offer high thermal stability, a
facile synthesis for large-scale production, and efficient PLQY
values for better exciton utilization.”” All of these properties
make these molecules a superior class of bipolar materials and
can provide blue-emitting OLED devices."®™"*> It has been
observed in the literature that substitution at the C2 position
of phenanthroimidazole enhances the degree of m-conjugation
in the molecular structure.”®** Also, some unique phenomena
have been observed in these phenanthroimidazole derivatives,
such as the hybridized local and charge transfer (HLCT) state
and thermally activated delayed fluorescence (TADF) to rapid
upconversion of triplet excitons into singlet excited states.'*"®
This excited state upconversion allows the enhancement of exciton
utilization efficiency (EUE) that enables exciton relaxation through
radiative pathways. However, the excited state based on HLCT
characteristics offers co-existing LE (locally excited) and CT
(charge transfer) excited states.'””'® The locally excited state com-
ponent offers efficient radiative fluorescence decay due to a large

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Chart 1 Structures of the synthesized dyes 27PI, 27PI36CN, 27PHPI, 27CN3PI, 27PHPI3CN and 27PHPI36CN.

transition moment, while the charge-transfer excited state allows a
small energy splitting between the singlet and triplet states for an
efficient reverse intersystem crossing (RISC) process in higher-lying
excited states.'®” Thus, using HLCT materials as the emitter in
OLED devices may provide a better EL performance.>* As observed
in the literature, the incorporation of cyano groups in the molecular
framework increases the charge-transfer (CT) characteristics in the
excited state.”*® The CT contribution, however, is expected to
decrease the internal quantum efficiency. Still, at the same time, it
increases the production of singlet excitons, and hence a high EL
efficiency in the HLCT molecules can be expected. Therefore, it
remains a challenge to access a balanced contribution of LE and CT
emissive states.”* >

So far, the substitution effect of cyano groups at the N1
position of phenanthroimidazole has been investigated in fluores-
cence- or phosphorescence-based OLED devices to explore the
concept of HLCT or quasi-HLCT.>” However, varying the donor-
acceptor strength of substituents attached at the C2 position of
phenanthroimidazole has rarely been investigated. Hence, under-
standing the structure-property fundamentals of the substitution
effect becomes essential in designing efficient organic light-
emitting devices.?*® On the other hand, carbazole-based materi-
als possessing a good hole-transporting nature, favorable triplet
energies and multi-functionalized ability have been extensively
investigated in the development of highly efficient OLED
devices.*" Although the symmetrical bipolar properties of multi-
functionalized carbazoles are well known in the literature,
unsymmetrical derivatives that feature donor and acceptor units
remain elusive. Moreover, the cyano group is also a promising
electron-accepting unit for an improved EL performance.
Recently, our group has reported the multi-substituted asymme-
trical bipolar carbazole derivatives featuring triphenylamine as
the donor and cyano as the acceptor to unravel the position-
dependent hybrid local and charge-transfer energy states.*** There

© 2021 The Author(s). Published by the Royal Society of Chemistry

are only a few reports on carbazole- and phenanthroimidazole-
based bipolar materials that are known with a D-A-type or D-A-D-
type architecture. For example, Peng et al synthesized
phenanthroimidazole-based derivatives bearing terminal carba-
zole linked by spacer groups, such as phenylvinyl, 1,4-phenylene,
and phenylvinylcarbazolylvinyl, which exhibited bluish green
electroluminescence.**” Butkute et al. reported multi-substituted
phenanthroimidazole-based solid-state emissive bipolar materials
containing carbazole and diphenylamino as donor groups and
elaborated electroplex formation in host-guest systems.**
Recently, Sharma et al designed cyano-decorated carbazole-
based bipolar derivatives featuring phenanthroimidazole, and
they investigated the beneficial role of appended cyano chromo-
phores in balanced charge transport and efficient charge
recombination in doped-OLED devices.**

In this article, we propose a donor-acceptor strategy to
design cyano-incorporated carbazole-phenanthroimidazole
derivatives (Chart 1) and compared their excited state with
the non-cyano-substituted dyes. The substitution of a cyano
chromophore at the C2, C7, C3 and C6 positions of carbazole
reveals interesting absorption and emission properties
depending upon the nature of the n-conjugation. Moreover, it
also explains the role of the cyano chromophore in inducing
the charge-transfer contribution in the molecular system.
The hybrid system of carbazole substituted with cyano and
phenanthroimidazole fragments helps to study the functional
properties and investigate the structure-property relationship.

Results and discussion
Synthesis and characterization

A unique molecular design strategy was adopted to unravel the
effect of cyano substitution at the C3, C2, C7 and/or C6 position
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Scheme 1 Synthetic protocol of the dyes 27PI, 27PHPI, 27PI36CN, 27PHPI3CN and 27PHPI36CN.

of the phenanthroimidazole-decorated carbazole core. In the
dyes, except for 27CN3PI, the C2 and C7 positions of the
carbazole core were substituted with phenanthroimidazole
chromophores enabled with or without a phenyl spacer. The
synthetic protocol employed to access the target molecules is
shown in Schemes 1 and 2. The key starting materials 9-butyl-
9H-carbazole-2,7-dicarbaldehyde (1), 4,4"-(9-butyl-9H-carbazole-
2,7-diyl)dibenzaldehyde (4) and 2,7-dibromo-9-butyl-9H-
carbazole (9) were synthesized by following the literature
procedure.®* The final dyes, 27PI and 27PHPI, were chiefly
synthesized via a one-pot condensation reaction of 9,10-
phenanthrenequinone, p-toluidine and the respective carbazole
dicarbaldehyde (1 and 4) under reflux conditions in the

9,10-phenanthrenequinone,

presence of NH,OAc and acetic acid for 2 h. This simple
strategy of making the phenanthroimidazole derivative was
facile and allowed a wide scope for tuning the photophysical
properties by using different aldehydes.?® The dibromo inter-
mediates 2 and 6 were obtained using liquid bromine in
chloroform, whereas compound 5 was synthesized via selective
bromination using N-bromosuccinimide. The formylation of
compound 9 using the Vilsmeier-Haack reagent gave the mono-
formylated product 10. The phenanthroimidazole precursors (3, 7,
8 and 11) were obtained using the same one-step condensation
strategy. The synthesis of the target dyes (27PI36CN, 27PHPI3CN,
27PHPI36CN and 27CN3PI) from the aforementioned mono or
dibromo derivatives (3, 7, 8 and 11) was accomplished via the

O, OQ
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Scheme 2 Synthetic protocol of the dye 27CN3PI.
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Fig. 1 (a) Absorption and (b) emission spectra of the dyes recorded in dichloromethane solution.

cyanation reaction using CuCN in DMF in good yield. Finally, all
of the dyes were comprehensively characterized using proton (*H)
and carbon (**C) nuclear magnetic resonance (NMR) spectroscopy
and high-resolution mass spectroscopy (HRMS). The dyes
exhibited good solubility in common organic solvents except for
alcohol.

Photophysical properties

The UV-visible absorption characteristics of the dyes were
investigated in dichloromethane solution (1 x 107> M)
(Fig. 1). The photophysical parameters are summarized in
Table 1. The absorption profiles feature at least three
prominent absorption bands with some weak shoulder peaks.
The high-energy absorption bands at around 260 nm and
290 nm correspond to the phenyl group attached to the N1
position of phenanthroimidazole and the n-n* transition of
the carbazole core, respectively.*®*” The longer wavelength
absorption peaks between 308 nm and 389 nm are attributable
to the delocalized m—r* transition between the cyano-substituted
carbazole chromophores and the phenanthroimidazole unit. The
parent molecules 27PI and 27PHPI exhibit similar absorption
maxima; however, the latter compound shows a significant
increment in the molar extinction coefficient. The incorporation

of the phenyl spacer does not change the absorption significantly,
which indicates poor electronic communication between the
carbazole and the PI chromophores. This might occur due to
the increased dihedral angle in 27PHPI (~37°) in comparison
with 27PI (~29°), attributed to reduced m-conjugation in the
former. The incorporation of the cyano chromophore at the C3
and/or C6 positions of these parent dyes results in the blue-shifted
absorption maxima in 27PI36CN, 27PHPI3CN and 27PHPI36CN.
This could be due to increased steric hindrance in the molecules
leading to a larger dihedral angle between the carbazole and PI
units and poor conjugation (see Fig. S4, ESIT). It also reveals the
role of the auxiliary chromophore on the absorption spectra of
the dyes 27PI36CN, 27PHPI3CN and 27PHPI36CN. Importantly,
the dye 27CN3PI showed a red-shifted band with a weaker
absorption intensity. This might arise due to the weak
intramolecular charge transfer from phenanthroimidazole to
2,7-dicyanocarbazole. The dye 27CN3PI also exhibits a small
molar extinction coefficient between 330 nm and 390 nm, which
is attributed to the availability of one phenanthroimidazole unit
for m-conjugation when compared with the two phenanthroimi-
dazole groups in the other dyes. By comparing the absorption
profile of the dye 27CN3PI with the known compound 2-(9-hexyl-
9H-carbazol-3-yl)-1-phenyl-1H-phenanthro[9,10-dJimidazole (H1),*®

Table 1 Photophysical parameters of the dyes recorded in dichloromethane

Jem solb/fllmD (nm) Stokes T4’/ Ty E,J/ HOMO! LUMO" E,,
Dye Jmax” (MM (Emaxy M~ em ™" x 10%)) (@ (sol/film)) shift (em™") (°C) V) (ev) (ev) (ev) 7 (ns)
27PI 376 (68.50), 313 (sh), 263 (143.05) 424, 449/479 (0.81/0.51) 3011 486/150 0.58 —5.38 —2.34 3.04 1.87
27PHPI 372 (113.45), 351 (sh), 264 (151.09) 421, 444/498 (0.87/0.58) 3129 516/152 0.69 —5.49 —2.41 3.08 0.77
27PI36CN 361 (39.45), 308 (sh), 282 (sh), 259 (158.98) 435/446 (0.86/0.63) 4712 494/153 1.09 —5.89 —2.83 3.06 1.14
27PHPI3CN 368 (44.11), 350 (sh), 291 (44.58), 262 (64.93)  436/474 (0.85/0.59) 4238 548/154 1.10 —5.90 —2.75 3.15 —
27PHPI36CN 366 (90.62), 351 (sh), 290 (136.66), 262 (147.24) 452/471 (0.84/0.62) 5199 555/155 1.13 —5.93 —2.85 3.08 1.26
27CN3PI 389 (5.67), 355 (9.19), 317 (44.47), 260 (94.12) 470/459 (0.58/0.34) 4430 435/152 1.08 —5.88 —2.91 2.97 1.38
“ Absorption spectra recorded in dichloromethane (1 x 10~ ) Emission spectra recorded in dlchloromethane (1 x 107° M). € Measured for

drop-cast thin films. ¢ Absolute quantum yields measured using the calibrated integrated sphere method. ¢ Temperature corresponding to 10%
weight loss. / Measured for 0.1 mM dichloromethane solution and the potentials are quoted with reference to the ferrocene internal standard.
£ HOMO = —(4.8 + E,). " LUMO = HOMO + E,_,. | Optical band gaps obtained from the intersection of the absorption and emission spectra. PL
decay lifetimes recorded in toluene solution.
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Fig. 2 Absorption and emission spectra of the dyes 27PI36CN (a and c) and 27CN3PI (b and d) recorded in different polarity solvents, and the Lippert—
Mataga plots for the dyes (e).

an additional red-shifted weakly intense band is seen in the
former dye that probably originates from the enhanced intra-
molecular charge transfer from the phenanthroimidazole to the
It also defines the role of the cyano

chromophore in extending the conjugation of the n-electrons
in 27CN3PI. To understand the effect of a polar environment on
the ground state of the dyes, we evaluated the absorption

cyanocarbazole. spectra of all the dyes in different polarity solvents (low polar

6330 | Mater. Adv., 2021, 2, 6326-6338 © 2021 The Author(s). Published by the Royal Society of Chemistry
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cyclohexane to high polar acetonitrile). All the dyes exhibited
similar absorption profiles, independent of the polarity of the
solvents, suggesting the non-polar nature of the dyes in the
ground state (Fig. 2 and Fig. S1, ESI¥).>°

The emission spectra of the dyes were recorded in dichloro-
methane solution (1 x 10~° M) and are displayed in Fig. 1 with
the relevant data tabulated in Table 1. In the emission spectra,
all the dyes emit light from the deep-blue to the cyan blue
regions in solution with a peak maximum ranging from 422 to
470 nm depending on the extent of conjugation between the
donor and the acceptor units. It is observed that the parent dyes
27PI and 27PHPI displayed a structured emission with two
distinguishable vibronic peaks, suggesting the rigidity of the
molecules in the excited state. Meanwhile, the substitution of
the cyano chromophore at the 3 and/or 6 positions of the
carbazole in the 27PI36CN, 27PHPI3CN and 27PHPI36CN dyes
leads to the red-shifted emission spectra compared with their
parent compounds (27PI and 27PHPI). This is attributed to the
greater structural reorientation of the dyes in the excited state,
which is further supported by the larger Stokes shift values
observed for the cyano-substituted dyes. On the other hand, the
derivative 27CN3PI that contains the cyano groups at the C2
and C7 positions of the carbazole exhibits the most red-shifted
emission peak at 470 nm among the dyes, which suggests the
significant role of changing the position of the substituents in
controlling the emission energies. When compared with the
known compound 2-(9-hexyl-9H-carbazol-3-yl)-1-phenyl-1H-
phenanthro[9,10-dJimidazole (H1),*® the emission of 27CN3PI
is red-shifted by 65 nm. This is attributable to the intra-
molecular charge transfer in the excited state from the mild
electron-donating phenanthroimidazole group to the electron-
withdrawing cyano group on the carbazole core. This observation
confirms the role of the cyano chromophore in developing the
dipolar character in the dyes.

The solvent polarity effect on the excited state of the dyes is
understood via the emission solvatochromism (Fig. 2 and
Fig. S2, ESIt). The parent dyes 27PI and 27PHPI showed a less
significant change in the emission spectra on increasing the
solvent polarity from low polar cyclohexane to high polar
acetonitrile and displayed the same vibronic features in all
the solvents. This indicates the absence of ICT transition in the
excited state of these dyes and the resulting emission is
obtained from the locally excited state of the molecules.
However, the incorporation of the cyano unit changes the
emission pattern in different polarity solvents. The dyes
27PHPI3CN and 27PHPI36CN displayed a positive response to
the emission solvatochromism spectra with the vibronic
structured emissive spectra in low polarity solvents originating
from the locally excited (LE) state of the dyes converted to broad
featureless emission spectra in more polar solvents. This indicates
the presence of the charge-transfer (CT) excited state (Table ST1,
ESIt). Hence, it suggests a significant role of the cyano chromo-
phoric unit in the fine tuning of contribution of the LE and CT
excited states when compared with their parent compound
27PHPI, which is emitting mainly through the LE component.
Interestingly, the change in the spectral shift observed for the dye

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Photoluminescence spectra of the dyes in thin films prepared
using the drop-casting method.

27PHPI36CN is larger than 27PHPI3CN, attributable to a greater
dipolar relaxation of the former dye in the excited state. Similarly,
the substitution of cyano units at the C3 and C6 positions of the
carbazole in the dye 27PI36CN showed a similar spectral change
under the influence of solvent polarity with a smaller spectral shift
(20 nm). However, the 27CN3PI dye featuring cyano substitution
at the C2 and C7 positions offers a more significant spectral shift
(42 nm), indicating the greater stabilization of the excited state in
the polar environment to induce photo-excited charge transfer in
the molecule.

To further analyze the solvatochromism data, a correlation
between the orientation polarizability and the Stokes shift was
plotted as per the Lippert-Mataga model and is shown in
Fig. 2e. It is observed that the parent dyes 27PI and 27PHPI
exhibited a small slope in the LM plots, which indicates that
they possess LE character with a smaller contribution of CT.
However, the cyano-substituted dyes 27PHPI3CN and
27PHPI36CN possess a larger slope with good correlation
between the solvent polarity and the Stokes shift, suggesting
a significant contribution from the dominant CT component in
the excited state. However, in the dye lacking the phenyl spacer
between the carbazole and phenanthroimidazole units
(27PI36CN), the data are divided into two separate fitted lines.
A smaller slope appears in the lower polarity solvents witnessing
the structured emission from the locally excited (LE) state of
different chromophores attached to the central carbazole. On the
other hand, the CT state emission dominates in the higher
polarity solvents with a larger slope indicating the stabilization
of the excited state in the polar environment. Meanwhile, the dye
27CN3PI showed a complete CT-dominated excited state with a
large dipole moment. This hybridization of two different excited
states helps in improving the electroluminescence properties of
the dyes.*°

The solid-state emission of the dyes (Fig. 3 and Table 1) was
recorded on thin films obtained using the drop-casting
method. All the dyes except 27CN3PI exhibited a red-shifted

Mater. Adv,, 2021, 2, 6326-6338 | 6331
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emission compared with their solution spectra (in DCM),
attributed to the formation of aggregates in the solid-state.
Interestingly, a blue shift of 11 nm was observed in the dye
27CN3PI, which suggests the twisted intramolecular charge
transfer (TICT) state in polar dichloromethane solution and
the involvement of the locally excited state in the aggregated
state by restricting the intramolecular rotation.*** The
absolute photoluminescence quantum yield (PLQY) was
measured in solution and in the solid state using a calibrated
integrated sphere method (Table 1). In the DCM solution, all
the blue-emitting dyes exhibited a quantum yield higher than
0.80. The PLQY values of the cyano-substituted dyes
27PHPI3CN and 27PHPI36CN were slightly lower than their
parent dye 27PHPI, again confirming the intramolecular charge
transfer, which facilitates non-radiative transitions. However,
the PLQY values of the dyes 27PI36CN and 27CN3PI were
estimated to be the highest among all the dyes.

Thermal properties

The thermal stability of the dyes was estimated using thermo-
gravimetric analysis (TGA) and differential scanning calorimetry
(DSC) in the presence of an inert (N,) atmosphere with a heating
rate of 10 °C min~". The thermograms are displayed in Fig. 4
with the thermal decomposition temperature T;,q (onset Ty
corresponding to 10% weight loss) and the glass transition
temperature presented in Table 1. As depicted in the TGA
spectra, all the dyes exhibited excellent thermal stability with
the Tyoq values ranging between 435 and 548 °C. The dyes
27PHPI, 27PHPI3CN and 27PHPI36CN exhibited a superior
thermal stability over their congeners where carbazole and
phenanthroimidazole are not separated by the additional phenyl
group. However, the dye 27CN3PI showed a lower thermal
decomposition temperature than the other dyes, which is
attributable to the lower number of phenanthroimidazole units.
However, it is interesting to compare the thermal stability of
27CN3PI with the reported dye 2-(9-hexyl-9H-carbazol-3-yl)-1-
phenyl-1H-phenanthro[9,10-dJimidazole (H1)*® where no cyano
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{ —~— 27CN3PI
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Temperature (°C)

T
25 175

Fig. 4 (a) Thermograms and (b) DSC curves of the dyes.
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chromophores are available at the C2 and C7 positions of the
carbazole core. The cyano-decorated dye exhibits a higher Ty
value than its known derivative H1 and suggests a key role of the
cyano chromophores in improving the thermal stability of the
molecules. The superior thermal robustness of the cyano-
decorated dyes over their parent dyes is attributed to the
functionalization at the C3 and/or the C6 position of the
carbazole core, leading to an enhanced molecular dipole.*?
The higher robustness of the dyes suggests excellent thermal
stability, which is essential for organic electronic applications.

The DSC curves reveal high glass-transition temperatures (7y)
in the range of 150-155 °C, indicating the high morphological
stability of the compounds. These high T, values are attributable
to the rigid and bulky nature of the carbazole and phenanthroi-
midazole groups, respectively. High thermal stability guarantees
stable and homogeneous film formation and therefore alleviates
the potential applicability of these materials in solution-
processed OLED devices.

Electrochemical properties

The electrochemical stability of the dyes was investigated via
cyclic voltammetry and differential pulse voltammetry analysis
in dichloromethane solution (1 x 10~* M) (Fig. S3, ESI{). The
HOMO energy levels of the dyes were calculated with respect to
the ionization potential of ferrocene (HOMO = —(4.8 + E,),
where E,, is the first oxidation potential) (Table 1). The band
gaps of the dyes were obtained from the optical edges of the
absorption and emission spectra, which were further utilized to
calculate the LUMO energy levels (LUMO = HOMO + Eg_).
An irreversible oxidation curve was displayed by all the dyes,
which is attributed to the greater reorganization energy during the
oxidation of the rigid framework.** The higher oxidation ability of
the dyes 27PI and 27PHPI over the cyano-substituted derivatives
arises due to the absence of electron-withdrawing cyano groups in
the former cases. However, it is also observed that the oxidation
potential of the dyes increases upon increasing the number of
cyano groups as the E, follows the trend 27PHPI < 27PHPI3CN

—0—27PI1

" —o—27PI36CN

2 1s2°c  ——2TCN6PI
— —— 27PHPI
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E 11
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27PI

27PI136CN

27CN3PI

27PHPI36CN

Fig. 5 Frontier molecular orbitals of the dyes at the B3LYP/6-31G(d,p) level.

< 27PHPI36CN and 27PI < 27PI36CN. This illustrates the key
role of the cyano groups in depleting the electron richness of the
dyes by the removal of electron density.

The highest occupied molecular orbital (HOMO) was
obtained in the range of —5.38 to —5.93 eV, whereas the lowest
unoccupied molecular orbital (LUMO) falls in the range of
—2.34 to 2.91 eV. The dye 27CN3PI exhibits the lowest-lying
LUMO in the series, which is attributed to the strong n-accepting
ability of the cyano groups at the 2 and 7 positions of the
central carbazole. The increasing order of LUMO energy
levels is as follows: 27PI < 27PHPI < 27PHPI3CN < 27PI36CN
< 27PHPI36CN < 27CN3PI. Thus, this confirms that the
cyano-substituted dyes allow better stabilization of the LUMO
energy levels when compared with those dyes that are lacking it,
and the effect is directly proportional to the number of
cyano units.

Theoretical investigation

To understand the electronic and geometric properties of the
dyes at the molecular level, density functional theory (DFT)
calculations were performed using the B3LYP functional and
the 6-31G(d,p) basis set implemented in Gaussian 16.*” The
optimized geometry of the dyes with different dihedral angles is
shown in Fig. S4 (ESI{). The increased dihedral angle in the dye
27PHPI (~37°) as compared with 27PI (~29°) is attributed to
the twisted nature of the additional phenyl group between the
carbazole and the PI unit in the former dye. The cyano
substitution at the C3 and/or the C6 position of the carbazole
in 27PI36CN (~60°), 27PHPI3CN and 27PHPI36CN (~47°)

© 2021 The Author(s). Published by the Royal Society of Chemistry
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LUMO+1

leads to larger dihedral angles when compared with their
parent molecules (27PI and 27PHPI). This is attributed to the
increased steric hindrance between the cyano group and the
bulky phenanthroimidazole or phenylphenanthroimidazole
unit, resulting in twisting of the PI chromophore. However,
the twisting between the appended chromophores is less in
27PHPI3CN or 27PHPI36CN when compared with 27PI36CN,
which indicates the steric relief offered by the phenyl spacer
between the carbazole and the PI unit.

The spatial electronic distribution in the frontier molecular
orbitals, i.e., the HOMO and LUMO, of the dyes in the ground
state is represented in Fig. 5. The linearly substituted phenan-
throimidazole derivatives (27PI and 27PHPI) acquired the

-2.34 -2.41 3%
-2.83 -2.91 275 2.85 2
3.3
w
2 z 1z
-]
& = RIS LiF/Al
8 & SEEEE IR &8
2 S s = = & -4.3
ITO S &
—_— 4.9 a =
5.2
5.38 -5.49
-5.89 -5.88 5.90 593 ——

CBP (-6.0,, -2.9)

Fig. 6 Energy-level diagrams of the materials used in the fabrication of
the OLED devices.
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dispersion of frontier molecular orbitals (HOMO and LUMO) the phenanthroimidazole or its C2-linked phenylphenanthroi-
over the entire molecule. Meanwhile, the well-separable HOMO midazole moieties and slightly extended to the central carbazole,
and LUMO of the cyano-substituted derivatives indicate the whereas the LUMO is dispersed over the cyanocarbazole
possibility of charge transfer. The HOMO of the dyes 27PI36CN, fragment. This clearly demonstrates the shifting of the electronic
27PHPI3CN, 27PHPI36CN and 27CN3PI is mainly located over density from phenanthroimidazole to the electron-deficient
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Fig. 7 Current density—voltage—luminance relationship of the dyes (a) 27PI36CN, (b) 27CN3PI, (c) 27PI, (d) 27PHPI, () 27PHPI3CN and (f) 27PHPI36CN.
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Table 2 EL characteristics of the dyes
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Concentraton  PE;00/CE;9o/EQE100 PE1000/CE1000/EQE1000 Max. luminescence
Dye (Wt%)* (Im W 'ed A Y/%)  (Im W™ '/ed A™"/%) CIE® (cdm™?) EL max. (nm)
27CN3PI 1 0.4/0.6/4.1 0.5/0.7/4.3 (0.16, 0.05)/(0.18, 0.11) 1129 392
3 0.9/1.8/5.7 0.9/1.8/5.7 (0.16, 0.06)/(0.16, 0.08) 2124 420
5 1.2/2.5/4.4 1.4/2.7/4.8 (0.15, 0.07)/(0.16, 0.07) 2728 432
27PI36CN 1 0.5/0.9/2.3 0.4/0.8/1.8 (0.16, 0.07)/(0.16, 0.08) 1953 388
3 0.9/1.6/2.3 0.7/1.5/2.4 (0.15, 0.08)/(0.15, 0.08) 3375 428
5 1.0/2.0/2.4 0.8/1.8/2.4 (0.16, 0.10)/(0.16, 0.10) 3875 432
27PL 1 0.2/0.3/0.5 —/—I— (0.16, 0.08)/— 984 428
3 0.2/0.4/0.5 0.4/0.9/0.9 (0.15, 0.11)/(0.15, 0.12) 2069 432
5 0.3/0.6/0.5 0.5/1.1/1 (0.16, 0.14)/(0.16, 0.13) 2736 432
27PHPI 1 0.2/0.4/0.7 —/—/— (0.16, 0.09)/— 622 420
3 0.2/0.5/0.7 0.3/0.7/1.0 (0.16, 0.09)/(0.16, 0.09) 1588 428
5 0.3/0.6/0.8 0.3/0.9/1.2 (0.16, 0.09)/(0.16, 0.09) 1856 428
27PHPI3CN 1 0.2/0.5/0.9 0.2/0.5/0.9 (0.16, 0.08)/— 1148 420
3 0.3/0.8/1.1 0.3/0.9/1.4 (0.16, 0.09)/(0.16, 0.09) 2149 424
5 0.3/0.8/1.0 0.4/1.0/1.3 (0.16, 0.09)/(0.16, 0.10) 2379 428
27PHPI36CN 1 0.2/0.5/0.9 0.2/0.5/0.6 (0.15, 0.10)/(0.15, 0.10) 1250 432
3 0.5/1.2/1.7 0.5/1.4/2.0 (0.16, 0.09)/(0.16, 0.09) 2897 432
5 0.5/1.1/1.3 0.5/1.4/1.8 (0.16, 0.10)/(0.16, 0.10) 3009 436

“ Concentration of the dyes for doped devices.

cyanocarbazole upon excitation. The computed HOMO and
LUMO energy levels, orbital contribution, band gap and vertical
excitation transitions with their oscillator strength are given in
Table ST2 (ESIt). The calculated physiochemical parameters of
the dyes are comparable to those obtained from experimental
studies.

Electroluminescence characteristics

Encouraged by the promising photophysical characteristics,
good thermal stability and good electrochemical stability of
the dyes, we attempted to utilize these dyes as fluorescent
dopant emitters in a multilayer solution-processed OLED
device. To eliminate the risk of concentration quenching in the
device, and thus improving the efficacy of electroluminescence,
the materials were used at different doping concentrations
ranging from 1 wt% to 5 wt% with a wide-energy gap host
material, namely 4,4’-bis(9H-carbazol-9-yl)biphenyl (CBP). The
optimized OLED device configuration is ITO/PEDOT:PSS/CBP +
(27PI or 27PI36CN or 27CN3PI or 27PHPI or 27PHPI3CN or
27PHPI36CN)/TPBi/LiF:Al. Here, PDOT:PSS (poly(3,4-ethylenedi-
oxythiophene)poly(styrenesulfonate)) and TPBi (1,3,5-tris(V-
phenylbenzimidazol-2-yl)benzene) served as the device hole- and
electron-transporting materials, respectively. Meanwhile, an
indium tin oxide (ITO)-coated glass substrate and Al (aluminum)
fulfilled the role of anode and cathode, respectively, and LiF
helps in facilitating the injection of electrons entering from the
cathode side. The hole-only and electron-only devices were also
fabricated with the configuration of ITO/PEDOT:PSS/TAPC/
Emitters/TAPC/LiF/Al and ITO/TPBi/Emitters/TPBi/LiF/Al,
respectively. The corresponding current density vs. voltage spectra
are represented in Fig. S5 (ESIf). The single-carrier devices
demonstrate the bipolar charge-transporting properties of the
designed fluorophores materials. Fig. 6 depicts the energy level
alignments of various layers of the device along with the
electrodes.

© 2021 The Author(s). Published by the Royal Society of Chemistry

b value at 100/1000 c¢d m 2.

The current density-voltage-luminance (J-V-L) plot of the
OLED device is shown in Fig. 7 and the respective data are
listed in Table 2. The higher current densities of the cyano-
substituted dyes over their parent congeners are attributed to the
facile transportation of charge carriers originating from the
balanced charge transport due to the cyano substitution. This is
probably due to the low-lying LUMO energy levels of the cyano-
substituted-based devices enabling the balanced injection of holes
and electrons to generate excitons in the emissive layer (EML).
Also, they displayed better luminance characteristics when com-
pared with dyes lacking the cyano chromophores, which further
confirms the efficient charge recombination in the EML.

The electroluminescence spectra of the devices based on the
synthesized emitters are displayed in Fig. 8 and the relevant
parameters are shown in Table 2. The EL spectra of the dyes
exhibit deep-blue emission with maxima ranging between
420 nm and 436 nm. They are in close proximity with the
photoluminescence spectrum of the dyes measured in the
toluene solution. This suggests the favorable energy transfer
from the excitons generated by CBP and captured effectively by
the emitters. However, the 27PI36CN- and 27CN3PI-based
devices displayed the emission originating from the host
molecule at the 1 wt% dopant concentration, indicating
insufficient energy transfer from the host to the dopant emitter
at the lower doping concentration. Moreover, a red shift of EL
emission for the 27CN3PI-based device was observed at higher
dopant concentrations (1 wt% to 3 wt% to 5 wt%), which is
attributable to aggregation. The OLED device fabricated using
the cyano-substituted dyes displayed a higher current efficiency
and power efficiency along with enhanced luminance when
compared with the non-cyano-based doped devices. This is
attributed to well-balanced charge transport occurring in the
device, resulting in the facile recombination of holes and
electrons in the emissive layer. Overall, the device constructed
using 27CN3PI as the dopant emitter performed best, which

Mater. Adv,, 2021, 2, 6326-6338 | 6335
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Fig. 8 EL and PL spectral comparison of the dyes (a) 27PI36CN, (b) 27CN3PI, (c) 27PI, (d) 27PHPI, (e) 27PHPI3CN and (f) 27PHPI36CN.

can be explained by its low-lying LUMO enabling effective
electron injection from the adjacent ETL. The maximum EQE
obtained from the 27CN3PI-based device is 5.7% at the 3 wt%
doping concentration and with a maximum luminance of
2124 cd m™2, a current efficiency of 1.8 cd A™* and a power

6336 | Mater. Adv, 2021, 2, 6326-6338

efficiency of 0.9 Im W~'. The molecules 27PI, 27PHPI,
27PI36CN, 27PHPI3CN, 27PHPI36CN, and 27CN3PI display
EUE values of 9.8, 10.3, 19.0, 11.9, 16.1, and 83.8%, respectively.
Accordingly, the 27CN3PI-based device exhibit a high EQE of
5.7% due to the higher EUE.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Conclusions

In conclusion, we have successfully synthesized efficient deep-blue
emitters based on carbazole-phenanthroimidazole bipolar
materials by fine tuning the position and number of cyano
groups on the carbazole core. The structure-property relationships
of the dyes have been thoroughly investigated via physiochemical
measurements. The emission spectra revealed a blue to cyan color
depending upon the position of the cyano units. The dyes exhibited
a red shift by switching the cyano acceptor from the C3 and C6
positions of the carbazole to the C2 and C7 positions of the
carbazole, which attributed to increased charge transfer in the
latter dyes. The absorption solvatochromism studies revealed
the ground state of the dyes to be less sensitive to the solvent
polarity, whereas the dyes except for 27PI and 27PHPI showed
positive emission solvatochromism, suggesting the increase of the
charge-transfer component upon increasing the polarity of the
medium. Moreover, the role of a number of phenanthroimidazole
and cyano chromophoric units has been deduced via thermal
analysis, where the thermal stability increases upon increasing
the PI and cyano substituents. The electrochemical properties also
indicate the crucial role of cyano substitution in lowering the
LUMO energy levels and hence decreasing the band gap of the
molecules. Simple modulation of the emissive state energy has
been investigated via the cyano unit functionalization, leading to a
better electroluminescence performance and a maximum EQE
reaching nearly 6% with good current and power efficiency in the
CBP-doped OLED device. We believe this strategy of cyano
incorporation and modulation of the charge-transfer state to be a
practical approach for the design of efficient and low-cost materials
that are applicable for OLED devices.
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