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ABSTRACT: Albeit their easy accessibility and low cost, small organic
molecules are not known for their high electroluminescence in light-emitting
electrochemical cells (LECs). To construct a bright low-cost LEC device, the
functions of charge transport and charge recombination should be separated in
the active layer of LEC devices. Herein, we demonstrate that the widely used
host—dopant strategy in organic light-emitting diodes (OLEDs) can significantly
improve the electroluminescence from small organic molecule fueled LEC
devices, provided the host molecules are carefully selected. Furthermore,
performance of host—dopant small-molecule LEC devices hugely relies on the
properties of host materials rather than the emitting luminophores. Conversely to
the high performance of intramolecular charge-transfer (ICT) molecular systems
in OLEDs, doped ICT fluorophores having a low-lying charge-transfer state can
behave like exciton loss channels in the high ionic environment of LEC-active
layers. Similar to the behavior of previously reported ICT molecules in polar

solvents, our synthesized D—7z-A—7-D phenanthroimidazole derivative exhibited fluorescence quenching and a huge blue shift of
emission in the doped thin film of the ionic host. However, even with a less efficient emitter, high electroluminescence was
achieved from a host—dopant LEC system. Our best device exhibited a maximum brightness of 5016 cd/m?® at a current
efficiency of 0.73 cd/A. This device outplays our previously reported nondoped LEC (ihpypn-LEC) with a 7-fold increase in the
maximum brightness and over a 3-fold increase in the current efficiency at peak brightness. To the best of our knowledge, these
peak brightness values recorded here (device 2) are the best among those reported by small organic molecule LEC devices so far.
This report reveals the potential of small organic molecules, especially phenanthroimidazole derivatives, in casting bright and

efficient low-cost host—dopant LECs with minimum effort and appreciable sustainability.

B INTRODUCTION

The technological revolutions in the lighting area for the past
few years have been fueled mainly by significant findings in
organic semiconductor materials, especially those materials
applicable in organic light-emitting diodes.' ™ The urge for low-
cost solid-state lighting has strengthened at present more than
ever before. As a result, one could even anticipate the comeback
of the world’s cheapest lighting source ever, the incandescent
lamp, in a totally different outlook. Within a decade or so, a
huge part of the point lighting sources used at present will be
replaced by flat panel eye-friendly lighting devices, and the
impact of these changes will be a huge relief on the increasing
global energy demand. For the establishment of low-cost
lighting techniques, attention has to focus on the development
of cheap and sustainable materials utilizing simple lighting
devices. Ever since the discovery of light-emitting electro-
chemical cells (LECs), a huge amount of devoted research has
been focused on its development.” Several studies published on
LECs have been construed as sufficient to validate them as

-4 ACS Publications  © 2016 American Chemical Society

promising lighting sources.” Confinement of the LEC library to
jonic transition metal complexes (iTMCs) and conjugated
polymers is considered as a major limitation for its growth.’
However, both of this class of emitters have achieved several
promising performances under the configuration of LECs.” ™
Intense research on materials that can be utilized in LECs
and the technological revolution in the device engineering
processes have presented increased efficiency for this potential
lighting application.”'°~"* Nonetheless, LECs still lack so many
features that must be achieved for a future generation lighting
source. Most LEC devices reported to date are more efficient
rather than being bright, not relying on the class of active
materials used, achieving strong electroluminescence from
LECs is still a challenging endeavor.'” It is highly advantageous
to have high luminescence from LEC devices to find its way for
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Scheme 1. Synthetic Routes for ibpbn and itpbn
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practical applications. It will be better to have a brighter, less
efficient LEC device than a low-luminescent efficient device.
Due to its low cost and simple manufacturing processes, with
conditions, LECs can sacrifice their efficiency for brightness."
Even in the beginning stage, a neutral green emitting organic
small-molecule-based LEC device presented a reasonable
brightness of ~3000 cd/ m?, which clearly indicated thelr
potential to lead the development in this area of research. In
this regard, very few reports have been published on conjugated
polymers and iTMCs.”"*~'® For the past few years, organic
small-molecule LECs are getting much recognition at present
than ever before."”'”~" These are progressive materials added
into the LEC domain to supersede conjugated polymers and
iTMCs. Furthermore, the availability of a wide range of
photofunctional small organic molecule with attractive proper-
ties along with known synthetic procedures made them more
open to find application in ultramodern lighting technolo-
gies.”’"** Despite its significance, methods for utilizing organic
scaffolds remain particularly underdeveloped in LECs. The loss
of electrically generated dark triplet excitons in the active layer
hampers the harvesting of high performance from organic
small-molecule endorsed LECs.”> To help address this
technological gap, LECs can look into the recent developments
in OLEDs with thermally activated delayed fluorescence
(TADF) emitters.”* However, to enhance the overall perform-
ance of the device, so many limitations still have to be resolved
like high brightness, color purity, efficiency, and lifetime.”> For
satisfying all these needs, LECs can mimic the strategies that
are widely used in OLEDs, viz., host—dopant system,”* exciplex
emission,'”*® and triplet—triplet annihilation,”” just to name a
few. In sharp contrast to OLEDs, very few efforts have been
made to explore these methods in LEC devices.”® To apply the
host—dopant system in LECs, identifying a suitable host
material having desired properties like stable oxidized and
reduced states is uttermost important to realize efficient charge
injection and transport into the active layer.”” Moreover,
balanced charge transport and efficient charge transfer from
host to guest have to be recognized for obtaining strong and
efficient electroluminescence from guest molecules.™

Recent reports on small organic molecule LECs (smLECs),
including ours, suggest that small organic molecular ions add
much easiness in the device fabrication processes, and the
intrinsic ionic nature of those materials favors single-
component solution processing of the active layers.”*" Since
device performance relies on the p—i—n junction formation
during operation, optimization of mass ratios of the
tricomponent blend used in the fabrication of neutral molecule
based devices often turns to a complex process,””*> whereas
small organic molecular ions can utilize their covalently bonded
charged groups to satisfy the requirement for electrochemical
doping and formation of the p—i—n junction during operations.
Moreover, the ionic side chain incorporated molecules may
show reduced intermolecular interactions in the solid state,
thereby decreasing its quenching of fluorescence in the active
layers.”>** So far, different types of molecular design and device
fabrication steps have been adopted for the highest performing
host—dopant LECs;** ™ this diversity clearly indicates that an
ideal multiemitter-compatible host has not yet been realized. In
other words, the performance of those LEC devices is still not
fully optimized. Developing a general high band gap host
having enough electrochemical stability can bring about a
change in the molecular design concept and performance of the
next-generation LEC devices.”’

The reports on phenanthroimidazole derivatives as host as
well as nondoped blue emitters in OLEDs*>** along with the
previous performances of these materials in LECs makes us to
accord this class of compound as active material for this
investigation. Like a typical host—dopant system, herein too, we
selected a high-energy host and a guest having low energy.
Additionally, hosts having deep-blue and sky-blue emission
were selected to compare their performances. Since several
factors have to be satisfied for host materials in LECs, namely,
solubility and ionic nature, our selected compounds are totally
different from conventional host materials used in OLEDs. All
the molecules selected were designed to have ionic groups
attached to the distal ends of their alkyl dendrons to make sure
it can be processed from a single solvent. Donor—acceptor
molecular design has been widely used in OLEDs to generate
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efficient molecular scaffolds.”* Those molecular systems are
known to have a reasonably high ratio of radiative singlet
excitons rather than exothermic triplets when excited electri-
cally in photonic devices due to their high probability for
reverse intersystem crossing (RISC) from the triplet state to
singlet states. Importantly, the relative orientation of donor and
acceptor moieties plays a nontrivial role in governing the
efficiency of these molecular systems.”* A phenanthroimida-
zole—benzothiadiazole-based archetypal D—z-A—z-D molec-
ular design has been adopted for obtaining the dopant for this
case. The ability of phenanthroimidazole to act like a weak
electron acceptor when connected to a strong donor or weak
donor when bonded with strong acceptor is utilized here for
generating a D—A system.”” Longer wavelength emission from
the guest molecule is assured by including a strong electron-
accepting benzothiadiazole moiety in the molecular design.
Similar organic molecular systems have achieved better
performance in electroluminescent devices.”' Unfortunately,
the synthesized molecule shows poor luminescence and low
quantum yields, vide infra. However, even with a less efficient
emitter, high electroluminescence was observed from the
fabricated host—dopant LEC device. Furthermore, peak
brightness values observed here are the best among reported
smLECs so far.”'#***%13¢ This new strategy adopted in this
report can present a new design direction toward the next
generation of LEC devices, and thereby those high performance
can be possible to achieve for the future generation of easily
accessible, cost-effective smLECs.

B RESULT AND DISCUSSION

Synthesis. Synthesis of ibpbn was achieved through a
Sonogashira coupling of 4-ethynylbenzaldehyde and 4,7-
dibromobenzo[c]-1,2,5-thiadiazole, followed by a Debus—
Radziszewski synthesis to generate a D—m-A—7-D core in
excellent yields (Scheme 1).*” Alkylation of the free N position
of imidazole was tricky at low base concentrations. However,
after numerous reactions, we finally found that the reaction
proceeds in the presence of excess strong base in refluxing
temperatures; especially, sodium hydride gives best results. The
reason for this problem was found to be the presence of an
electronegative ethyne bridge along with the electron-deficient
acceptor moiety in the core structure, which was later
confirmed by carrying out alkylation on compound 4. The
same difficulty in forming the desired product was observed in
that case too. Finally the emitter, ibpbn, was obtained by
introducing an imidazolium ionic group to the distal end of the
side chains followed by an ion-exchange reaction with
hexafluorophosphate to remove unstable and reactive bromide
counterion. Like a typical phenanthroimidazole dimer, our
synthesized compound also showed limited solubility in low-
boiling common organic solvents.>” However, our strategy of
increasing solubility of phenanthroimidazole derivatives by
incorporating ionic side chains into the core structure™ has
worked to some extent in here as well, and solubilities were
observed in DMF, DMSO, 2-methoxyethanol, and 1-butanol,
etc. The host 1 (ihpypn) was synthesized using our own
previous report,” while host 2 (itpbn) was obtained through a
modified previous report,”® as shown in Scheme 1. The same
method utilized in the cyclization step of our target emitter was
used to obtain the key intermediate (compound 4) in good
yields. Sequentially, bulky Mullen dendrons were attached to
the chromophore through a Diels—Alder reaction between
compound 4 and 2,3,4,5-tetraphenylcyclopenta-2,4-dienone to

generate the fluorescent core (). Finally, following our
previous report, itpbn was obtained from intermediate § as a
white solid in reasonable yields. All the synthesized compounds
were fully characterized by NMR, mass spectrometry (MS),
and elemental analysis.

The photophysical properties of all the molecules were
investigated in dilute solutions (Figure 1). To nearly match the
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Figure 1. UV—vis absorption (plain lines) and PL spectra (dotted
lines): ibpbn (red), itpbn (blue), and ihpypn (cyan) in dilute

acetonitrile solutions.

highly polar environment in the LEC active layer, absorption
and emission properties were measured in polar acetonitrile
solutions. Due to their structural similarity, both the molecules
(itpbn and ihpypn) presented similar absorption characteristics.
As expected, our emitter turned host molecules itpbn and
ihpypn exhibited good photoluminescence quantum yields
(Table 1) in dilute acetonitrile solutions.*® And the absorption

Table 1. Key Photophysical Properties of the Compounds

compd  Apme’ @  HOMO (eV)° ES  LUMO (eV)
ibpbn 506 0.002 534 2.59 -2.75
itpbn 409 0.95 532 333 -2.0
ihpypn 461 0.63 -5.33 3.09 —2.24

“Maximum luminescence in dilute acetonitrile solutions. bPLQY
measured in acetonitrile (107 M). ‘Calculated from cyclic
voltammetric measurements in DMSO. “Optical energy gap calculated
from onset of absorbance spectra. “Calculated by adding optical energy
gap to the HOMO energy level calculated from cyclic voltammetry.

and emission spectra of the these molecules show only
negligible change from comparatively less polar tetrahydrofuran
to polar acetonitrile, which implies that these molecules have a
very small dipolar change in the ground and excited states in
polar solvents.” This might be due to the less charge-transfer
(CT) character of excited states in the molecules, and the
energy level responsible for the radiative transition is the locally
excited state (LE). Conversely, ibpbn showed a remarkable shift
in its emission peak when the solvent polarity was changed. As
reported for D—A molecules by several groups, this shift of
emission maximum with the solvent polarity may be due to the
stabilization of CT excited states.”"* In general, emissions can
be blue-shifted or red-shifted according to the relative
orientation of LE and CT states, if both the states are emissive.
In polar solvents, due to its large dipole moment, the CT
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Figure 2. Electron density distribution in the frontier molecular orbitals of the compounds obtained at B3LYP/6-31G (d) level.

excited state can be highly stabilized by solvent molecules and
relaxation of the excited state can occur through the CT state
radiatively or nonradiatively depending on the level of
stabilization of the CT state. This process can occur only
when the CT state has lower energy than the LE state.” In the
case of ibpbn, photoluminescence quantum yield (PLQY) was
quenched in polar solvents. With increasing solvent polarity,
the fluorescence quantum yield gradually decreased from 0.3 in
toluene (489 nm) to 0.002 (506 nm) in acetonitrile. In addition
to the typical 7—z* absorption bands of phenanthroimidazole
derivatives, a low-energy typical broad CT peak at 421 nm was
observed in the absorption spectrum of ibpbn.”> When
measured in polar acetonitrile, emissions were observed around
506 nm. On the other hand, in moderately polar dichloro-
methane as solvent, the emission spectra exhibited a dual peak
rather than a single maximum indicating an equal contribution
from LE and CT excited states (Figure S1); with further
decrease in polarity, the emission maximum shifted toward the
longer wavelength region (hexane, 591 nm), probably due to
more productive relaxation from low-lying CT excited states,
which are less stabilized by neutral solvent molecules at this
state. From these observations along with previous re-
ports,”**?* we concluded that a dominant low-lying CT
state exists in this molecule, which is stabilized by solvent
dipoles in the highly polar environment, causing nonradiative
relaxation from CT excited states. On the other hand, in neutral
solvents, the CT state becomes the dominant channel for
emission. This observation is problematic considering that the
active layer of LECs may act like a high-polarity solvent, and
quenching of fluorescence can occur when ibpbn is used as a
guest emitter in ionic hosts. However, even in the polar
acetonitrile, ibpbn shows less intense emission peak ca. 506 nm,
which obviously indicates its radiative LE character in polar
environments. Nevertheless, its high performance in LEC
devices can be hindered by the deleterious nonradiative
relaxation channel existing in this molecule. In the case of
host molecules, emission in acetonitrile was centered around
409 and 461 nm, respectively, for ibpbn and itpbn. Consistent
with their molecular design, the optical band gaps calculated
from the onset of absorption spectra were 2.59, 3.33, and 3.09
eV for ibpbn, itpbn, and ihpypn, respectively. Interestingly,
ibpbn exhibited a sharp emission peak at 583 nm (Figure S2) in
its thin film, full width at half-maximum (fwhm) around 11 nm
when excited at 292 nm. Since the excitation wavelength is
exactly the half of the emission peak, the observed signal may
be due to a harmonic of the excitation source rather than lasing
action of this dye in thin film.*" Further analysis revealed that
this interesting property can be observed only in its thin solid
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film, not in solution state. Since the strategies to utilize this
property of dyes in LECs are unknown so far and thus, we
decided not to investigate it further.

To better understand the electronic properties of synthesized
molecules, density functional theory (DFT) calculations were
performed with the B3LYP*** functional in conjugation with
the 6-31G(d) basis set. Similar to our previous report, herein
too, the ionic end groups were omitted to avoid misleading
results.”® For comparative purpose, electronic structures of
ihpypn were recalculated in this report. The calculated
vibrational spectra have no imaginary frequencies, which
indicates that the three optimized structures are located at a
minimum point on the potential energy surface. Using the
optimized ground-state geometries obtained at the B3LYP/6-
31G(d) level, the electronic absorption spectra and emission
data were obtained with time-dependent DFT (TDDFT)
formalism at the CAM-B3LYPS/6-31G(d) level of theory. The
experimental acetonitrile solution was mimicked by using the
polarizable continuum model*™** to obtain the UV-vis
absorption spectra (Figure S3). The DFT-optimized structures
of our target molecules are presented in Figure S4. As expected
from photophysical studies, both the blue emitters do not show
well-segregated highest occupied molecular orbital (HOMO)
and lowest unoccupied molecular orbital (LUMO) distribu-
tions (Figure 2). The deep-blue host, itpbn, adopted a highly
twisted configuration. Along with the ionic side chain, this
twisted structure of itpbn may reduce intermolecular
interactions in the solid state.”” Even though intermolecular
interactions are detrimental in solution-processable electro-
luminescent devices due to aggregation-induced quenching of
fluorescence in the solid state, host materials having controlled
intermolecular interactions are highly desirable to regulate
charge transport in the active layer of LEC devices.” Being our
previous best emitter, ihpypn has already proven to be a
potential candidate to the LEC domain. Compared to itpbn,
ihpypn may show more intermolecular interactions in the solid
state due to the fused rings of pyrene and phenanthroimidazole
moieties.”> The calculated dihedral angles are depicted in
Figure S4. In the case of ibpbn, DFT-calculated electronic
distributions indicate a separated HOMO and LUMO energy
distribution with reasonable overlaps. According to DFT, the
HOMO is distributed mainly over the phenanthroimidazole
donor, while the LUMO is segregated over the electron-
deficient benzothiadiazole acceptor and acetylene bridges. The
acceptor and phenyl 7 bridge are positioned nearly planar in
this molecule due to the ethylene bridge, which decreases steric
hindrance between peripheral hydrogen atoms. Additionally,
the dihedral angle calculated between donor phenanthroimida-
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zole and z-bridge was only 31°. This finding underlines the fact
that a low-energy CT excited state dominates in the molecule.
In polar solvents like acetonitrile the CT state is stabilized and
allows a nonradiative relaxation path into the ground state,
while maintaining a less dominant productive LE state intact.”
The calculated HOMO energies (ca. —5.40 eV) of the three
compounds are in line with the experimentally determined
HOMO energy levels from cyclic voltammetric studies. The
DFT-calculated LUMO energy levels (Table S1) of the three
compounds have shown little deviation from the experimental
results, maybe due to the unreliability of the Kohn—Sham
LUMO eigenvalues.””*” Absorption spectra of all the
compounds were predicted by TDDFT (see Figure S3 and
Table S2). The singlet energy gaps were calculated to be 2.12,
3.58, and 3.17 eV for ibpbn, itpbn, and ihpypn, respectively.
The corresponding triplet energy levels are estimated to be
1.44, 2.79, and 2.06 eV, respectively, for ibpbn, itpbn, and
ihpypn. As expected from the molecular orientation and
distribution of frontier molecular orbitals, increased energy
differences were found between the lowest singlet (S;) and
triplet excited state (T) for all the target molecules. Therefore,
thermally activated delayed fluorescence (TADF) is less likely
to happen in these molecules.”

Furthermore, the findings from DFT calculations of all the
molecules were confirmed experimentally through cyclic
voltammetry studies using ferrocene as internal standard. All
the measurements were carried out in high-purity DMSO
solvent with tetrabutylammonium hexafluorophosphate as
electrolyte. For all the molecules, oxidation onset was found
similar around 1.0, 0.98, and 0.99 V, respectively, for ibpbn,
itpbn, and ihpypn (Figure SS). Thus, this confirmed the finding
from DFT, that is, HOMO energy levels are distributed mainly
on the common phenanthroimidazole moieties. The corre-
sponding HOMO energy levels were calculated using the
equation Eygpo = —4.34 — Eonset(Ox)32 and found to be —5.34,
—5.32, and —5.33 eV for ibpbn, itpbn, and ihpypn, respectively.
Additionally, the LUMO energy levels were estimated by
adding the optical energy gap (Eg) to the calculated HOMO
values. The corresponding LUMO levels are —2.75, —2.0, and
—2.24 eV, respectively, for ibpbn, itpbn, and ihpypn.

The application of these molecules in LEC devices was
investigated in the device configuration of indium—tin oxide
(ITO)/PEDOT:PSS/active layer/Al On the basis of compo-
nents in the active layer, three different types of devices were
fabricated: (1) ibpbn doped in ihpypn, (2) ibpbn doped in
itpbn, and (3) ibpbn as a sole component. Since the molecules
used in our devices do not meet the qualities to present
thermally activated delayed fluorescence, the majority of
electroluminescence may occur through energy transfer from
host to dopant via Forster energy transfer due to sufficient
spectral overlap between host emission and guest absorption.*®
However, both Forster and Dexter energy transfers are possible
to happen. In the absence of RISC, the latter mechanism may
act like one among the exciton loss channels in our host—
dopant LEC devices. Devices 1—4 have the ihpypn (host)—
dopant (ibpbn) system in varying ratios of guest molecules
(ibpbn), whereas devices S and 6 have itpbn as host and ibpbn
as doped emitter. Additionally, an LEC device with ibpbn as a
single component was fabricated to investigate its properties as
an active material in LECs (device 7). Ratios of ibpbn in these
devices were tuned to get maximum luminescence: the active
layer of the devices contain 0.3%, 0.6%, 0.9%, and 1.2% of
emitter doped in ihpypn, respectively, for devices 1, 2, 3, and 4.

For devices 5 and 6, respectively, 0.6% and 0.9% of emitters
were used. Except the solvent used to process the active layer
for device 7, a general procedure was adopted to engineer all
the devices from 1 to 7. It involves spin-casting a layer of
PEDOT:PSS [poly(3,4-ethylenedioxythiophene)—poly-
(styrenesulfonate)] on top of an ITO anode, followed by
depositing an active layer of our organic molecules from
solution. Sequentially, a 100 nm aluminum layer was vacuum-
vaporized on top of the active layer to complete the target LEC
device structure.

On bias, the constructed LEC devices 1—4 revealed the
majority of emission from the doped guest with a shoulder on
its left corresponding to the host emissions. When increasing
the dopant concentration from devices 1—4, there is an obvious
red shift of the emission spectrum, which is common among
typical D—A intramolecular charge-transfer (ICT) organic
molecules.”” Furthermore, the emission intensity from the
host was observed to be decreasing with increasing emitter
ratio. This is a clear indication of increased energy transfer from
host to dopant.*” Particularly in this case, the effects of
environmental polarity on the emission spectrum of ibpbn were
expected from photophysical characterizations. The electro-
luminescence (EL) spectra of these LECs are portrayed in
Figure 3, and the corresponding data are compiled in Table 2.
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Figure 3. Electroluminescence spectra of LEC devices 1—4.

In comparatively very dilute state (in devices 1 and 2) the EL
emission of the ibpbn spectrum marginally changed from its

Table 2. EL Characteristics of the Fabricated LEC Devices
1-7

device EL,,* Vo, (V) Ly (cdm™2)° eff,. (cd A7) CIE (x, y)°

1 496 6 3795 (0.30) 0.62 (2986) 0.20, 0.33
2 496 7 5016 (0.73) 1.35 (1609)  0.23, 0.37
3 509 72 2239 (0.48) 0.81 (434) 0.23, 0.39
4 532 9.2 2166 (0.37) 1.38 (221) 0.29, 0.43
S 10.5 92 (0.04) 0.04 (92) 0.22, 023
6 10.5 54 (0.02) 0.02 (54) 0.23, 0.28
7 622 4 30 (0.005)  0.005 (30) 0.54, 0.45

“Maximum luminescence. “Turn-on voltages at 1 ¢d m™2 “Maximum
luminescence (current efficiency in cd A™' at maximum luminescence
is given in parentheses). “Maximum efficiency (brightness in cd m™ at
maximum efficiency is in parentheses). “Commission International de
I'Eclairage coordinates (CIE) measured at S0 mA.
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Figure 4. Current density—voltage—luminescence (J—V—L) characteristics, brightness (red line), and current density (blue line) of the LECs devices
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Figure S. Current efficiency vs brightness of LECs (a) devices 1—4 and (b) devices S and 6.

solution emission in acetonitrile, whereas the EL spectrum
shows a red shift of 13 and 36 nm in devices 3 and 4,
respectively, vide supra. The corresponding CIE (Commission
International de I'Eclairage) coordinates were found to be
(0.20, 0.33), (0.23, 0.37), (0.23, 0.39), and (0.29, 0.43),
respectively, for devices 1, 2, 3, and 4. Depending on the
intensity of emission from the host, CIE coordinates of these
devices shift from the blue-green to green spectral region. As a
result of emission from the host, the color purity exhibited by
these devices was poor. Nevertheless, bright electrolumines-
cence was observed from these devices. The maximum
brightness exhibited from devices 1, 2, 3, and 4 was 3795,
5016, 2239, and 2166 cd/m? respectively (Figure 4). The
decreased brightness of devices 3 and 4 may have occurred due
to aggre§atlon—induced quenching of fluorescence of emitting
species.”” The turn-on voltage [defined as voltage at which
brightness (B) > 1 cd/m*] was calculated to be 6, 7, 7.2, and 9.2
V for devices 1, 2, 3, and 4, respectively. In addition, maximum
current efficiencies were calculated to be 0.62 (B = 2986 cd/

12212

m?), 1.35 (B = 1609 cd/m?*), 0.81 (B = 434 cd/m?), and 1.38
cd/A (B = 221 cd/m?), respectively, for devices 1—4 (Figure
5). Comparatively, high efficiencies at reasonable brightness of
device 2 indicate the need for low emitter concentration in the
active layer to obtain an efficient and bright host—dopant LEC
devices with a D—A emitter. Even then, a generalized
conclusion shall not be produced by this single report.
However, these maximum brightness and efficiency values
exceeded our previous best nondoped LEC device functioned
with ihpypn as active material.”® It is noteworthy that the peak
luminescence (device 2) achieved in here is the best among
small organic molecule based LECs reported so

ar®!323283L3650 41 d is comparable to the highest luminescent
polymer light-emitting electrochemical cells (PLECs)'*"® and
iTMC-LECs.”*!

To investigate the possibilities of reverse energy transfer
from guest to host having close energy gaps, we fabricated
LECs with itpbn as the high band gap host and ibpbn as the

emissive component. In contrast to the previous devices,
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electroluminescent performances were poor, and in this case
too, the emission from the host molecules was sustained in
their EL spectra (Figure S6). Dual-wavelength emission pushed
the CIE coordinates toward the white region, (0.22, 0.23) and
(0.23, 0.28) for devices S and 6, respectively. Maximum
brightness and maximum efficiencies achieved for the device
having 0.6% emitter (device S) were only around 92 cd/m?* and
0.4 cd/A, respectively. With further increase in concentration
up to 0.9% of emitter (device 6), maximum electro-
luminescence and maximum efficiency got reduced to 54 cd/
m® and 0.02 cd/A, respectively. By consolidating the electro-
luminescent data from devices 1—6, we concluded that
undesired emissions from the host can be due to high quantum
efficiencies of host molecules compared to guest emitters. A
similar, but nonsevere case was observed earlier in quantum
dot—polymer (host—dopant) LECs.”* As reported previously
for host materials, the low performance of itpbn devices is
attributed to their inability to undergo redox reactions in the
active layer of LEC devices.”” Unlike devices 1—4, LECs
fabricated with itpbn show pronounced fluctuations in current
density with the increase of voltage. Additionally, I-V—L
characteristics of devices S and 6 clearly demonstrate that
charge transport through the active layer of itpbn is not an easy
process (Figure 4). Further scrutinized studies are necessary to
identify whether its highly twisted structure has any influence
on its low performance in LECs. Finally, an LEC device was
fabricated with ibpbn to understand the effect of the host on
the performance of those host—dopant LECs. The maximum
brightness of this device was only 30 cd/m? at a rather low
efficiency of 0.005 cd/A (Figure S7). Low luminescence at high
current density indicates that quenching of fluorescence may be
dominant in this D—A-type emitter, which is intrinsic among
D—A semiconductors.”* Interestingly, the emission color of
device 7 (Figure S8) shows similar characteristics to ibpbn in
nonpolar hexane, i.e., the majority of emission originated from
its CT states, just like its fluorescence from the unpolarized CT
state in nonpolar solvents. Thus, aggregation-induced quench-
ing in the active layer is likely to be the competent mechanism
of quenching in this red-emitting LEC device (A, = 622 nm,
CIE= 0.54, 0.45).

B CONCLUSIONS

Bright electroluminescence from LEC devices can be achieved
with potential phenanthroimidazole derivatives. Doping a
suitable emitter in an LEC-compatible host is the key in
realizing bright electroluminescence from these low-cost
solution-processable lighting devices. The performance of
these devices is hugely relied on the properties of the host
material used rather than the guest emitter; therefore, our host
material (ihpypn) can be used to generate strong electro-
luminescence from a wide range of suitable luminescent
materials. Polarization of the CT state can happen when D—
A molecules are doped in an ionic host, and thus their CT
transfer excited state may act like exciton loss channels in LEC:s.
Fine modulation of CT energy levels in D—A small molecular
systems is inevitable in realizing efficient and bright
monochromatic light emission from doped D—A LECs.
Significant brightness with a less efficient fluorescent emitter
indicates the importance of separating the functions of charge
transport and recombination in LECs when small fluorescent
molecules are used as functional materials. It is noteworthy that
all the devices in the ihpypn series (devices 1—4) exhibited
much better performance than our previously reported

nondoped ihpypn-only LEC. Notably, being the best perform-
er, device 2 has presented a maximum brightness of 5016 cd/
m? at an efficiency of 0.73 cd/A. Furthermore, the same device
achieved a maximum efliciency of 1.35 cd/A at a brightness of
1609 cd/m™ In comparison to its host-only device, around a 7-
fold increase in the maximum brightness and over a 3-fold
increase in the current efficiency at peak brightness were
presented by device 2. Irrespective of the color and charge of
material used, the maximum brightness achieved by device 2 is
the best reported brightness for small organic molecule light-
emitting electrochemical cells. Even though the prototype
device performance was promising, the design strategy adopted
for our emitter may not be satisfactory to meet the
requirements for a state-of-the-art D—m-A—7-D due to the
flattening of the acceptor and Ph-bridge. Therefore, further
efforts should be focused on suppressing undesirable non-
radiative relaxational channels by controlling the twisting angles
between the aromatic z-segments. In addition, designing a
D—n-A—7-D intermolecular charge transferring chromaphoric
system with a small energy gap between the lowest singlet and
triplet energy levels (AE) as well as a large fluorescence rate
(kg) can significantly improve the device performance.

B EXPERIMENTAL SECTION

Materials and Methods. All the chemicals and solvents
were purchased from commercial suppliers and used without
further purifications. Reactions were all carried out under an
argon atmosphere using Schlenk apparatus. '"H NMR spectra
were recorded on a Varian Unity Inova 500 MHz FT-NMR
spectrometer using [Ds]DMSO as solvent. Elemental analyses
were measured on a Vario LE-III microanalyzer. Mass spectra
were obtained from an FAB high-resolution MS/MS system.
Absorption spectra were measured using a 8453 UV-—vis
Agilent spectrophotometer. Thin-film and solution photo-
luminescence spectra were recorded with an F-7000 FL
spectrophotometer. The solution PLQYs were measured in
anhydrous acetonitrile (107> M) with diphenyl anthracene as
standard (@ = 0.9 in cyclohexane) for itpbn and ihpypn,
whereas solution quantum yield measurements were performed
with rhodamine 6G (®p = 0.95 in ethanol) as standard for
ibpbn. Thin films for PL measurements were prepared by spin-
casting a solution (20 mg/mL in butanol/DMF, 1:3) of ibpbn
onto glass substrate, sequentially annealed at 80 °C under
vacuum. The onset of absorption spectra was calculated as the
intersection of the baseline with the tangent of the longest
wavelength peak at the half-maximum of its peak value. The
thin-film thickness was measured using an interferometer.
Voltammetric measurements were performed in a potentiostat/
galvanostat (Iviumstat) voltammetric analyzer using a 107> M
solution of DMSO at a scan rate of 50 mV s™". The electrolytic
cell consisted of glassy carbon as the working electrode,
platinum wire as the counter electrode, and Ag/AgCl as the
reference electrode. The supporting electrolyte was 0.1 M
tetrabutylammonium hexafluorophosphate (TBAPF) in
DMSO, and the redox potentials were measured against the
ferrocenium/ferrocene (Fc*/Fc) couple as the internal stand-
ard.

The ground-state geometries of the three compounds were
estimated by employing DFT with the B3LYP1-3 functional in
conjugation with the 6-31G(d) basis set. All the simulations
were performed with the Gaussian 09 quantum chemical
program. The electronic absorption spectra and emission data
were obtained with TDDFT formalism at the CAM-B3LYPS/6-
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31G(d) level of theory. The experimental acetonitrile solution
was mimicked by using the polarizable continuum model to
obtain the UV—vis absorption spectra.

Device Fabrication and Characterization. All the device
fabrication and characterizations were carried out in ambient air
and moisture conditions. LECs were prepared on commercially
available ITO-coated glass substrates. Area for each LEC device
is (2 X S) mm. Initially, ITO patterned glass substrates were
ultrasonicated sequentially in detergent, acetone, ethanol, and
isopropyl alcohol. After drying at 100 °C, a 60—90 nm
PEDOT:PSS layer was spin-coated on top of the ITO anode as
a buffer layer and then dried in a vacuum oven at 100 °C for 30
min. For preparing active layers of devices 1—4, a 2 wt %
solution of ihpypn in acetonitrile was prepared and the
corresponding volume of stock solution (0.12 wt %) of ibpbn
in acetonitrile was added. Correspondingly, solutions for
devices S and 6 were prepared replacing ihpypn with itpbn.
For device 7, a 2 wt % solution of ibpbn was prepared in DMF/
butanone (3:1) mixture. All the solutions were freshly prepared
prior to spin coating of active layers (2000 rpm, 20 s). The
resulting active layers were dried at 80 °C for 1 h in high
vacuum. On top of the active layers, aluminum cathodes were
thermally evaporated using a ULVAC VPC-260 machine at a
pressure of 8 X 107° Pa.

Constant voltage scan was employed for investigating the
performance of our devices. The electroluminescence proper-
ties of those fabricated LEC devices were measured using a
Keithley 2400 source coupled with an OPC 2100 optical
spectrum analyzer.

Synthesis and Characterization. 4,4'-(Benzo[c][1,2,5]-
thiadiazole-4,7-diylbis(ethyne-2,1-diyl))dibenzaldehyde (1).
4-Ethynylbenzaldehyde (0.3 g, 2.31 mmol), 4,7-dibromobenzo-
[c]-1,2,5-thiadiazole (0.339 g, 1.15 mmol), bis-
(triphenylphosphine)palladium(II) dichloride (0.03 g, 0.04
mmol), and copper iodide (0.03 g, 0.16 mmol) were added
to a Schlenk tube and stirred at 60 °C in a mixture of 20 mL of
tetrahydrofuran/triethylamine (1:1) under an argon atmos-
phere. After a stirring period of 12 h, the precipitated solid was
filtered and dissolved in boiling THF and insoluble materials
were filtered off. The resultant solution was passed through a
silica plug to obtain the product as a yellow solid. Yield: 0.225 g
(50%). '"H NMR (400 MHz, [Ds]DMSO) & (ppm): 7.86 (d, J
=8 Hz, 4 H),7.99 (d,] = 84 Hz, 4 H), 8.05 (s, 2 H), 10.04 (s,
2 H). MS (FAB, m/z): [M + H]" caled for C,,H;,N,0,S,
393.06; found, 393.08. Anal. Calcd for C,,H;,N,0,S: C, 73.45;
H, 3.08; N, 7.14. Found: C, 71.13; H, 3.10; N, 7.20.

4,7-Bis((4-(1H-phenanthro[9,10-d]imidazol-2-yl)phenyl)-
ethynyl)benzolc][1,2,5]thiadiazole (2). 9,10-Phenanthrenequi-
none (0.637 g, 3.06 mmol) and ammonium acetate (1.8 g,
23.35 mmol) were added to a round-bottomed flask containing
compound 1 (0.3 g, 0.765 mmol). The mixture was refluxed in
40 mL of glacial acetic acid under an argon cover for 24 h. The
obtained red solid was filtered and washed with methanol,
dissolved in boiling THF, and insoluble materials were filtered
off. Finally, the crude product was obtained as a red solid after
precipitating in methanol, filtered, and dried in vacuum. Yield:
041 g (70%). '"H NMR (400 MHz, [Ds]DMSO) & (ppm):
7.64 (t, ] = 7.6 Hz, 4 H), 7.74 (t, ] = 7.4 Hz, 4 H), 7.88 (d, ] =
8.4 Hz, 4 H), 8.04 (s, 2 H), 8.41 (d, ] = 8.4 Hz, 4 H), 8.55 (d, ]
=7.6 Hz, 4 H), 8.85 (d, ] = 8.4 Hz, 4 H), 13.59 (brs, 2 H). MS
(FAB, m/z): [M + H]" caled for C5,HpgNgS, 769.21; found,
769.21. Anal. Caled for C,H,N,S: C, 81.23; H, 3.67; N, 10.93.
Found: C, 81.02; H, 3.55; N, 9.88.

4,7-Bis((4-(1-(6-bromohexyl)-1H-phenanthro[9,10-d]-
imidazol-2-yl)phenyl)ethynyl)benzo[c][1,2,5]thiadiazole (3).
To a solution of compound 2 (0.25 g, 0.33 mmol) in 25 mL
of THF under an argon atmosphere was added sodium hydride
(60% in mineral oil, 0.45 g, 18.75 mmol) in batches. After the
mixture was refluxed for 30 min, 1,6-dibromohexane (1 mL, 6.5
mmol) was added dropwise via syringe. Following a stirring
period of 12 h at 60 °C, another portion of sodium hydride
(60% in mineral oil, 0.45 g, 18.75 mmol) was added and stirred
until the color of the solution turned brown to yellow
(approximately 12 h from the second addition of base). The
reaction was quenched by slow addition of methanol (vigorous
reaction); the resultant mixture was dissolved in dichloro-
methane, and the organic layer was washed several times with
water; after drying over anhydrous sodium sulfate and
concentrating under reduced pressure, the residue was purified
by column chromatography on basic alumina (ethyl acetate/
hexane, 70:30). Yield: 0.16 g (44%). '"H NMR (400 MHz,
[D¢]DMSO) 6 (ppm): 1.26—1.19 (m, 8 H), 1.13—1.13 (m, 4
H), 1.78—1.70 (m, 4 H), 1.98—1.91 (m, 4 H), 4.68 (t,] = 7.2
Hz, 4 H), 7.71-7.62 (m, 9 H), 7.89—7.81 (m, 9 H), 824 (d, ] =
8.0 Hz, 2 H), 8.69 (d, ] = 7.7 Hz, 2 H), 8.79 (d, ] = 7.2 Hz, 2
H), 8.84 (d, ] = 7.6 Hz, 2 H). MS (FAB, m/z): [M + H]" calcd
for CgHgoBr,N¢S, 1095.22; found, 1095.23. Anal. Caled for
CoHyoBr,N,S: C, 70.20; H, 4.60; N, 7.67. Found: C, 69.78; H,
4.63; N, 7.60.

1,1-((2,2'-((Benzo[c][1,2,5]thiadiazole-4,7-diylbis(ethyne-
2,1-diyl))bis(4,1-phenylene))bis(1H-phenanthro[9,10-d]-
imidazole-2,1-diyl))bis(hexane-6, 1-diyl))bis(3-methyl-1H-imi-
dazol-3-ium) Hexafluorophosphate(V) (ibpbn). Compound 3
(0.15 g, 0.13 mmol) was dissolved in S mL of 1-
methylimidazole under an argon atmosphere and heated to
reflux. After 3 h, the reaction mixture was poured into excess
ethyl acetate, the precipitate was filtered, dissolved in a
minimum amount of methanol, and ammonium hexafluor-
ophosphate (0.04 g, 0.26 mmol) was added to the stirring
solution. After 30 min, the solid was filtered; purification was
done by column chromatography on alumina (2—10%
methanol in dichloromethane). Yield: 0.1 g (55%). '"H NMR
(400 MHz, [D4]DMSO) § (ppm): 1.12—1.0 (m, 8 H), 1.63—
1.55 (m, 4 H), 1.88—1.74 (m, 4 H), 3.76 (s, 6 H), 3.99 (t, ] =
7.2 Hz, 4 H), 4.74 (t, ] = 6.4 Hz, 4 H), 7.79—7.59 (m, 12 H),
7.94—7.88 (m, 8 H), 8.08 (s, 2 H), 8.42 (d, J = 8.4 Hz, 2 H),
8.59 (d, J = 7.6 Hz, 2 H), 8.86 (d, ] = 8.4 Hz, 2 H), 8.98 (d, ] =
8.8 Hz, 4 H). MS (FAB, m/z): [M — PF]* caled for
C,,H, N, (S**, 549.24; found, 549.24. Anal. Calcd for
C,Ho,F N P,S: C, 62.24; H, 4.50; N, 10.08. Found: C,
62.20; H, 4.33; N, 9.90.

2-(4-Ethynylphenyl)-1H-phenanthro[9,10-d]Jimidazole (4).
9,10-Phenanthrenequinone (1 g, 4.8 mmol) and ammonium
acetate (4.5 g, 58.38 mmol) were added to a round-bottomed
flask containing 4-ethynylbenzaldehyde (0.62 g, 4.8 mmol).
The mixture was refluxed for 12 h in 25 mL of glacial acetic acid
under an argon atmosphere. The precipitated solid was filtered,
washed with hexane, and purified through column chromatog-
raphy on silica (ethyl acetate/hexane, 25:75). Yield: 1.07 g
(70%). "H NMR (400 MHz, [D4]DMSO) & (ppm): 4.33 (s, 1
H), 7.64—7.59 (m, 2 H), 7.73—7.67 (m, 4 H), 8.32—8.28 (m, 2
H), 8.54 (d, ] = 8.0 Hz, 2 H), 8.82 (d, ] = 8.0 Hz, 2 H), 13.52
(brs, 1 H). MS (FAB, m/z): [M + H]" calcd for Cy3H 4N,
319.12; found, 319.12. Anal. Calcd for C,3H,N,: C, 86.77; H,
4.43; N, 8.80. Found: C, 86.22; H, 4.33; N, 8.85.
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2-(3',4',5'-Triphenyl-[1,1':2',1"-terphenyl]-4-yl)-1H-
phenanthro[9,10-d]imidazole (5). Compound 4 (0.7 g, 2.2
mmol) and tetraphenylcyclopentadienone (0.84 g, 2.2 mmol)
were added to a round-bottomed flask, which were then
refluxed for 24 h in 35 mL of o-xylene under an argon cover.
After completion of the reaction, hexane was added, and the
precipitated solid was filtered and purified through column
chromatography on silica (ethyl acetate/hexane, 50:50). Yield:
0.71 g (48%). '"H NMR (400 MHz, [D¢]DMSO) & (ppm):
6.99—6.78 (m, 15 H), 7.19=7.11 (m, 5 H), 7.34 (d, ] = 8.4 Hz,
2 H),7.52 (s, 1H), 7.59 (t, ] = 7.2 Hz, 2 H), 7.69 (t, ] = 6.8 Hz,
2 H), 805 (d, ] =88 Hz 2 H), 85 (d, ] = 6.8 Hz, 2 H), 8.82
(d, ] = 7.2 Hz, 2 H), 1334 (br s, 1H). MS (FAB, m/z): [M +
H]* caled for C5;,H;,N,, 675.27; found, 675.30. Anal. Calcd for
CyHyN,: C, 90.77; H, 5.08; N, 4.15. Found: C, 90.78; H,
5.04; N, 4.25.

2-(3',4',5'-Triphenyl-[1,1':2',1"-terphenyl]-4-yl)-1H-
phenanthro[9,10-d]imidazole (6). A mixture of compound $§
(0.7 g, 1.03 mmol) and potassium fert-butoxide (0.28 g, 2.5
mmol) in 25 mL of THF was stirred under an argon
atmosphere at 50 °C. After 30 min, 1,6-dibromohexane (1.3
mL, 8.24 mmol) was added to the reaction mixture and stirring
continued for another 12 h. The resultant mixture was extracted
several times with dichloromethane, and the organic phase was
washed with water and dried over anhydrous sodium sulfate.
Further purification was done by column chromatography on
silica (ethyl acetate/hexane, 30:70). Yield: 0.60 g (70%). 'H
NMR (400 MHz, [D;]DMSO) § (ppm): 1.06—0.99 (m, 2 H),
1.18—=1.11 (m, 2 H), 1.63—1.56 (m, 2 H), 1.82—1.67 (m, 2 H),
335 (t, ] = 6.8 Hz, 2 H), 4.57 (t, ] = 6.8 Hz, 2 H), 6.99—6.79
(m, 15 H), 7.19—7.09 (m, 5 H), 7.39—7.37(m, 2 H), 7.76—7.52
(m,7 H), 835(d,J =84 Hz, 1 H),851(dd, J=8, 1.6 Hz, 1
H), 8.81 (d,J=8 Hz, 1 H), 8.9 (dd, ] = 8.4, 0.8 Hz, 1 H). MS
(FAB, m/z): [M + H]* caled for Cs;H,BrN,, 837.28; found,
837.31. Anal. Calced for C;H,BrN,: C, 81.71; H, 5.41; N, 3.34.
Found: C, 81.50; H, 5.34; N, 3.35.

3-Methyl-1-(6-(2-(3',4',5'-triphenyl-[1,1':2',1"-terphenyl]-
4-yl)-1H-phenanthro[9,10-d]imidazol-1-yl)hexyl)-1H-imida-
zol-3-ium Hexafluorophosphate(V) (7) (itpbn). Compound 6
(0.5 g, 0.60 mmol) was added to a round-bottomed flask. The
mixture was heated at 100 °C in S mL of 1-methylimidzole for
3 h. After being brought back to room temperature, ammonium
hexafluorophosphate (0.1956 g, 1.2 mmol) in distilled water
(10 mL) was added with stirring, the mixture was diluted with
excess water, stirred for another 30 min, filtered, and purified
through column chromatography on basic alumina (2%
methanol in dichloromethane). Yield: 0.35 g (60%). 'H
NMR (400 MHz, [Dg]DMSO) & (ppm): 1.03—0.95 (m, 4
H) 1.60—1.51 (m, 2 H), 1.76—1.66 (m, 2 H), 3.74 (s, 2 H),
3.97 (t, ] = 7.2 Hz, 2 H), 457 (t, ] = 6.8 Hz, 2 H), 6.97—6.82
(m, 15 H), 7.19—-7.13(m, S H), 7.37 (d, ] = 8.4 Hz, 2 H), 7.51
(s, 1 H), 7.75—7.54 (m, 9 H), 8.35 (d, ] = 8 Hz, 1 H), 8.52 (dd,
J=8,1.2Hz, 1 H),881(d,J=8Hz 1 H),894(dd, ] =72,
0.8 Hz, 2 H). MS (FAB, m/z): [M — PF¢]" caled for
Cs1HsN,*, 839.41; found, 839.41. Anal. Calcd for
CeHy FN,P: C, 74.38; H, 522; N, 5.69. Found: C, 75.02;
H, 5.20; N, 5.61.
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