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ABSTRACT: A novel charged green-emitting organic small
molecule, PPP, was synthesized and characterized by thermal,
photophysical, electrochemical, and electroluminescence in-
vestigations. The theoretical properties of PPP were confirmed
by means of computational studies. PPP exhibits a good
thermal decomposition temperature of 355 °C. The
compound PPP shows positive solvatochromism upon
increasing the solvent polarity due to the more polarized
excited state arising from the intramolecular charge transfer in
the excited state. Solid-state emission of PPP was slightly red-
shifted compared to that of its solution emission spectrum,

showing the reduced intermolecular interaction in the solid state. Solution-processed LEC devices were fabricated using PPP as a
neat light-emitting layer. The fabricated single-component light-emitting electrochemical cell devices exhibited green
electroluminescence centered at 530 nm with the CIE coordinates of (0.32, 0.58). Electroluminescent devices operated at
very low turn-on voltages reveal a maximum luminance of 499 cd/m® These promising results are highly desirable for the

development of low-cost lighting devices.

B INTRODUCTION

Solid-state fluorescent organic materials have received great
interest in recent years owing to their promising functional
applications in optoelectronic devices. The pioneering work of
Tang and VanSlyke' on multilayered organic light-emitting
diodes (OLEDs) has reached quite promising levels of
performance and is now commercialized even though the
manufacturing cost remains a challenge. The multistack OLEDs
are constructed by the thermal evaporation of active species
under high vacuum. Light-emitting electrochemical cells
(LECs) are another category of electroluminescent devices
which converts electric current to light within an active layer
and are the most anticipated alternative for the aforementioned
OLED devices. LECs have several attractive features such as
simple device structure and are fabricated from solution under
ambient conditions for low-cost electroluminescent devices, as
compared to OLEDs.””> The independent work function of
electrodes, because the carrier injection is less sensitive, makes
LECs more cost-efficient. In LECs, single organic emitters,
either neutral conjugated polymer (CP)®’ or an ionic
transition-metal complex (iTMC),*”"> enable both ionic and
electronic conduction which performs carrier injection upon
applied bias.”"? These unique potential features make LECs
more impressive as compared to OLEDs.

Biscyclometalated iridium(III) complexes are the most
utilized material in LEC devices. A huge number of solution-
processed high-performance LECs were reported for blue-
green, yellow, and red light emission based on ionic
iridium(III) complexes.'*~** Laborious synthesis and purifica-
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tion of polymers hinders device performance.”* However, the
best-performing LECs were reported for conjugated polymers
with a blend of ion-conducting polymer and an inorganic salt in
the active layer.”** The laborious synthesis of polymers and low
abundance and high cost of iridium prevents large-scale, low-
cost application of LEC devices. Nowadays considerable
attention has been focused on organic small molecules for
developing high-performance full-color flat panel displays and
solid-state lighting technologies. Therefore, the development of
organic small molecules and the endowment of their structural
properties are essential for realizing commercially cheaper
products. The first solid-state light-emitting electrochemical
cells based on organic small molecules were reported by Hill et
al,*® and the device structure was the same as that of the
polymer LECs. Edman and co-workers® reported LECs by
exploring organic small molecules, and the architecture of the
device was same as that of polymer LECs in 2013. More
recently, our research group has shown that neutral
phenanthroimidazole-based fluorophores are active candidates
for solution-processed LECs.”” In addition to the neutral
organic small molecules, to simplify the thin-film architecture,
Chen et al. reports LEC devices based on an ionic terfluorene
derivative as an active emitter.”” These results increase great
attention to develop charged organic small molecules for low-
cost, efficient lighting devices. Recently, solution-processed
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Scheme 1. (i) NaH, 1,6-Dibromohexane, DMF; (ii) NBS, Toluene, AcOH; (iii) Pd(PPh;),, TBAB, K,CO;, THF/H,0; (iv) 1-
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LECs using pure organic small molecules, mostly charged as an
efficient material, serve the dual role of charge transport and
emitter in the fabricated LECs with efficient emission.””

Organic materials with multifunctional groups are promising
candidates for developing high-performance electroluminescent
devices. The beneficial structural entities of pyrene molecules
have great attraction because of their rigidity and ordered
arrangement in solids. However, planar organic semiconducting
materials affect the device performance because of the
formation of s-aggregation in the solid thin films. In this
regard, phenothiazine had drawn immense research attention
because of its strong electron donor nature, and the butterfly
conformation prevents molecular aggregation and reduces the
intermolecular interactions in solution as well as in the solid
state.”” By encompassing these properties, phenothiazine had
wide potential applications in dye-sensitized solar cells,”®
mechanochromism,””* and solid-state lighting applica-
tions.""** We have chosen pyrene and phenothiazine entities
to build organic semiconducting materials and to explore their
favorable properties to evaluate their performance in electro-
luminescent devices.

In this work, we utilized a phenothiazine—pyrene hybrid
design strategy to synthesize the new green emitter PPP, and its
photophysical and electroluminescence characteristics were
investigated. PPP shows high thermal stability and positive
solvatochromism in the emission spectrum due to the
intramolecular charge transfer (ICT) in the excited state of
the molecule. In particular, solution-processed single-compo-
nent LECs with PPP as an emitter achieved green light
emissions centered at 530 nm with CIE, , of (0.32, 0.58). The
results suggest that the phenothiazine derivatives could be a
promising building block for the development of energy-saving
full color displays and lighting. This is the first ever study on
charged phenothiazine small molecules for constructing
electroluminescence devices.

B EXPERIMENTAL SECTION

General Information. 'H and "CNMR spectra were
measured with Varian unity Inova-300 MHz spectrometer at
room temperature. Purification and a spin coating process were
carried out under ambient conditions. Differential scanning
calorimetry (DSC) was performed using a TA Instruments
Q200 KBSI operated at a heating rate of 10 °C min™". The glass
transition temperature (Tg) was determined from the second
heating scan. Thermogravimetric analysis (TGA) was under-
taken using a Netzsch TG 209 instrument. The thermal
stability of the samples under nitrogen atmosphere was
determined by measuring their weight losses while at a heating
rate of 20 °Cmin~'. The ultraviolet—visible (UV—vis)

absorption and photoluminescence spectra of the compound
were recorded on a UV-—vis spectrometer, Lamda-20,
PerkinElmer and Hitachi F-7000 FL spectrophotometer,
respectively. Photoluminescence quantum yield (PLQY) was
measured in dichloromethane solution using 9,10-diphenyl-
anthracene as a standard. The optical band gap (E,) energy
level was obtained from the absorption onset potential.
Transient PL measurements were carried out using compact
fluorescence lifetime spectrometer C11367 at room temper-
ature. Cyclic voltammetry (CV) measurements were performed
on CV model of potentiostat/galvanostat (Iviumstat) voltam-
metric analyzer with platinum as the working electrode,
platinum wire as the counter electrode, and Ag/AgCl as the
reference electrode at a scanning rate 100 mVs™'. Tetra-n-
butylammonium hexafluorophosphate (TBAPF,, 0.10 M) was
used as the supporting electrolyte, and acetonitrile was used as
the solvent. The experiments were calibrated with the standard
ferrocenium/ferrocene (Fc*/Fc) system. The highest occupied
molecular orbital (HOMO) energy level of the molecule
calculated from the onset of oxidation potentials using the
formula Eyopo = —440 — Ego (0x),” and the lowest
unoccupied molecular orbital (LUMO) was obtained by
summing the E, to the calculated HOMO energy level.

Synthesis. All reagents and solvents used for synthesis were
purchased from commercial suppliers and used as received
without further purification. The green emitter PPP were
designed and synthesized by multistep reactions, as depicted in
Scheme 1.

Synthesis of 1. A 100 mL three-necked flask was charged
with NaH (0.29 g, 12.04 mmol); 30 mL of DMF were stirred
for 10 min under an inert atmosphere, and phenothiazine (2.00
g, 10.03 mmol) was added. The resulting mixture was stirred
for 30 min. Then 1,6-dibromohexane (1.85 mL, 12.04 mmol)
was added, and the mixture was stirred overnight at room
temperature. The reaction mixture was quenched with ice—
water and extracted with ethyl acetate. The organic fractions
were washed with brine solution and dried over Na,SO,. After
the solvent was removed, the residue was purified by column
chromatography on silica gel eluted with n-hexane/ethyl acetate
(9/1; v/v) to give compound 1 as viscous liquid. Yield: 72%.
'H NMR (300 MHz, CDCl,, §): 7.22—7.08 (t, 4H), 6.98—6.90
(d, 2H), 6.88—6.78 (d, 2H), 3.85 (t, 2H,), 3.38 (t, 2H,), 1.91—
1.74 (m, 4H), 1.54—1.47 (m, 4H).

Synthesis of 2. To a solution of compound 1 (2.6 g, 7.17
mmol) in toluene (10 mL) and acetic acid (35 mL) was added
N-bromosuccinimide (2.68 g, 15.06 mmol) under nitrogen
atmosphere. The reaction mixture was stirred at room
temperature overnight. The resulting mixture was diluted
with water and extracted with dichloromethane. The organic
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layer was washed with water and brine, dried over Na,SO,, and
concentrated under reduced pressure. The crude product was
purified by column chromatography on silica gel eluted with
hexane to afford compound 2. Yield: 69%. '"HNMR (300 MHz,
CDCl,, 8): 7.36—7.18 (m, 4H), 6.78—6.62 (d, 2H), 3.80 (t,
2H), 335 (t, 2H), 1.91—1.66 (m, 4H), 1.51—1.35 (m, 4H).

Synthesis of 3. Compound 2 (0.50 g, 0.96 mmol), 1-
pyreneboronic acid (0.59 g, 2.40 mmol), Pd(PPh;), (0.04 g,
0.04 mmol), TBAB (0.03 g, 0.10 mmol), and K,CO; (0.66 g,
5.00 mmol) were added to 2:1 (V/V) mixture of tetrahy-
drofuran/water under argon atmosphere. The reaction mixture
was stirred at 70 °C for 24 h. Upon completion of the reaction,
the mass was cooled to room temperature; the mixture was
extracted with dichloromethane and dried over Na,SO,. The
solvent was concentrated under reduced pressure, and the
residue was purified by column chromatography on silica gel
eluted with n-hexane/ethyl acetate (9/1; v/v) to afford
compound 3 as yellow solid. Yield: 71%. 'H NMR (300
MHz, CDCl,, 5): 8.40—8.15 (m, 8H), 8.15-7.90 (m, 10H),
7.60—7.40 (m, 4H), 7.20—7.05 (s, 2H), 4.10 (t, 2H), 3.4S (4,
2H), 2.10—1.90 (m, 4H), 1.75—1.50 (m, 4H).

Synthesis of PPP. To a solution of compound 3 (0.50 g, 0.65
mmol) in § mL toluene was added excess 1-methylimidazole (2
mL), and the resulting reaction mixture was stirred to reflux
overnight under argon atmosphere. After completion of the
reaction, the mass was concentrated and the final product was
obtained by adding saturated KPF solution; the mixture was
stirred for 2 h. Then the resulting solid was filtered and washed
several times with water and hexane. The product was dried in
vacuum at 45 °C for 16 h. The product was purified by
recrystallization in DCM with diethyl ether to give target
compound PPP. Yield: 76%. 'H NMR (300 MHz, d-DMSO,
8): 9.12-9.05 (s, 1H), 8.38—8.24 (m, 6H), 823—7.95 (m,
12H), 7.80—7.72 (s, 1H), 7.70—7.64 (s, 1H), 7.54—7.40 (m,
4H), 7.35-7.20 (d, 2H), 4.20 (t, 2H), 4.10 (t, 2H), 3.80 (s,
3H), 1.95—1.75 (m, 4H), 1.60—1.30 (m, 4H). *C NMR (300
MHz, de-DMSO, §): 144.37, 136.89, 136.37, 135.13, 13141,
130.84, 130.51, 130.28, 129.17, 128.18, 128.07, 128.01, 127.83,
126.92, 125.85, 125.45, 124.96, 124.62, 124.49, 124.00, 122.69,
116.28, 49.18, 47.10, 36.18, 29.82, 26.66, 26.22, 25.73.

Device Fabrication and Characterization. Indium tin
oxide (ITO) coated glass substrates were thoroughly cleaned in
an ultrasonic bath of acetone, ethanol, and isopropyl alcohol
and dried in an oven at 120 °C. After eing dried, a poly(3,4-
ethylenedioxythiophene)-poly(styrenesulfonate) (PE-
DOT:PSS) layer was spin-coated onto the ITO anode as a
buffer layer, and then the sample was dried in a vacuum over
120 °C for an hour. Then the active layer was spin-coated on
top of PEDOT/PSS layer, 2 wt % solution in acetonitrile
solution followed by annealing at 80 °C for 1 h in vacuum.
Sequentially, aluminum cathode contacts were deposited by
thermal evaporation at high vacuum through a shadow mask on
top of the active layer. Constant voltage scans were used to
evaluate the device properties. Electroluminescence spectra and
CIE color coordinates were measured using an Avantes
luminance spectrum. The current density and luminance versus
voltage characteristics were measured using a Keithley 2400
source meter coupled with an OPC 2100 optical spectrum
analyzer.

B RESULTS AND DISCUSSION

Thermal Properties. Thermal stability of developed
material was evaluated by thermal gravimetric analysis and

differential scanning calorimetry. The PPP exhibited high
thermal decomposition temperatures (T;) (corresponding to
5% weight loss) of 355 °C, as shown in Figure 1.
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Figure 1. TGA curve (inset: DSC curve) of PPP.

In addition, as shown in Figure 1, the high glass transition
temperatures (T,) of 139 °C was also obtained via differential
scanning calorimetry (DSC). High T, of the molecule arises
from the rigidity of the molecular structure which indicates
their high morphological stability in the deposited thin films
which would benefit the LEC applications. PPP exhibits good
thermal stability, which is a highly desired prerequisite for
application in organic electroluminescence devices.

Optical Properties. The photophysical properties of PPP
were analyzed using ultraviolet—visible and photoluminescence
(PL) spectrometers. Figure 2 depicts the UV—vis absorption
and photoluminescence spectra of PPP in dilute toluene
solution at room temperature. The values are summarized in
Table 1.

Absorbance (a. u.)
PL Intensity (a. u.)

300 400 500 600 700 800
Wavelength (nm)

Figure 2. Normalized absorption and PL spectra of PPP in toluene
solution.

In the absorption spectrum, compound PPP in toluene
solution shows absorption bands around 280 and 345 nm
which could be ascribed to the ICT transition and 7—n*
transition of the molecular backbone. The optical energy gap
(Eg) of PPP was evaluated from the onset of absorption
spectrum of PPP, estimated to be 2.92 eV, which was calculated
from the threshold of the absorption spectrum in toluene
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Table 1. Photophysical and Thermal Properties of PPP

ﬂuv,maxa (nm) A’PL,maxa (nm) ]'UV,maxb (nm)

PPP 345 507 349

compound

APL,maxb (nm)

Aot e’ (nm) o (ns)  Ef(eV)  TE(°C)
531 0.10/0.03 1.15 292 355

“Measured in toluene (10~ M) solution. “Measured in film state. “Measured in solid state. “Photoluminescence quantum yield measured in toluene
and film state. “Lifetime of fluorescence as determined in an oxygen-free toluene solution. “Optical band gap as determined from onset of absorption

edge. *Thermal decomposition (T;) temperature.

solution. The compound was excited at its maximum
absorption and exhibited emission peak around 507 nm in
toluene solution. In addition, the fluorescence quantum yield of
PPP was measured to be 0.10 in toluene solution using 9,10-
diphenylanthracene as a standard (®; = 0.90 in cyclohexane).**
Thin-film absorption and photoluminescence spectra of PPP
were measured and are shown in Figure S3. The thin-film
fluorescence spectrum of PPP was slightly red-shifted up to 7
nm as compared to its toluene spectrum. The fluorescence
quantum yield of PPP in neat film was measured to be 0.03.
UV—vis and PL spectra of PPP were measured in dichloro-
methane solution and are shown in Figure S4. The absorption
bands were similar to that of the bands observed in toluene
solution, whereas the emission spectrum in dichloromethane
solution was shifted to longer wavelength. The quantum yield
of PPP was gradually decreased from 0.10 in toluene (507 nm)
to 0.07 in dichloromethane (528 nm). This behavior of the
molecule was due to the stabilization of the excited state by
solvent molecules, and relaxation occurs through the charge-
transfer state radiatively or nonradiatively.”® Figure S5 shows
the transient PL spectrum of PPP in an oxygen-free toluene
solution. The compound shows fluorescence lifetime (7) of
1.15 ns. The solvatochromic behaviors were examined in
different solvents with different polarities. PPP exhibited
positive solvatochromism upon increasing the polarity of the
solvents (Figure S6), showing the intramolecular charge
transfer in the excited state. The examined result shows
positive solvatochromism with broad red-shifted emissions
upon increasing the polarity of the solvent, which shows the
sensitivity of the compound to the solvent’s polarity. In general,
such a broad and structureless pattern of the molecule was
attributed to the electronic perturbations by charge transfer or
structural reorganization.””*> PPP exhibits large Stokes shift in
polar solvents up to 83 nm indicating the presence of dipolar
nature in the excited state of the compound. The reason for this
positive Stokes shift in compound PPP was assigned to the
dominant role of intramolecular charge transfer from the strong
donor phenothiazine ring to acceptor pyrene molecules.

As shown in Figure 3, the solid-state emission spectrum of
compound PPP shows a featureless emission band located at
530 nm. The PL spectrum of the solid was shifted to longer
wavelength compared to its thin-film spectrum, indicating the
less pronounced self-aggregation of the molecules in the solid
state arising from the intermolecular interactions. The
phenothiazine-linked compound was not planar, which would
efficiently prevent the intermolecular interactions. These results
highly suggest that the molecule PPP is most suitable to be
used as emitting material in single-component electrolumines-
cent devices.

Electrochemical Properties. Electrochemical behaviors of
PPP were investigated by cyclic voltammetry to measure the
HOMO levels of the PPP. The oxidation potential of PPP was
measured in acetonitrile solution containing tetra-butylammo-
nium hexafluorophosphate as supporting electrolyte, as shown
in Figure 4.
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Figure 3. Solid PL spectrum of PPP.
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Figure 4. Cyclic voltammogram of PPP.

The HOMO level was estimated from the onset of oxidation
curves to be —5.03 eV for compound PPP. This HOMO level
suggest that the compound has a good hole-injection ability due
to strong electron-donating ability of phenothiazine.*>*°
During negative scan, no reduction peaks were observed for
PPP in CV measurements. The absence of reduction potential
would affect the n-doping during the operation of LECs. So the
LUMO energy levels were calculated by summing the HOMO
and the energy gaps (E,) determined from their absorption
edges of the solution UV—vis spectrum. The estimated LUMO
level was found to be —2.11 eV.

Theoretical Investigations. To gain further insight into
the electronic structure of PPP, density functional theory
(DFT) calculations were performed at the B3LYP/6-31G (d)
level.*”** Figure S7 shows the optimized geometry of PPP. The
molecule has nonplanar geometry with a butterfly shape. The
bond angles at sulfur (99.4°) and nitrogen (121.7°) were in
good agreement with the previously reported results.”” The
methyl group on the imidazole and the counterion (PFg) was
not included in the simulations to avoid complexity. Figure 5
depicts the electrochemical comparison of experimental and
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theoretical data, as well as the electron density distribution in
the frontier molecular orbitals of the compound.
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Figure S. Comparison of experimental and theoretical electrochemical
data. Electron density distribution of HOMO and LUMOs.

The electron densities of HOMO and LUMO energy levels
were dominantly located on phenothiazine and pyrene rings.
The alkyl chain and imidazole ring have no role in the electron
density contour plots. The HOMO and LUMO energies of
PPP were calculated as —4.96 and —1.73 eV, which were similar
to experimentally obtained values. TDDFT were performed at
CAM-B3LYP®/6-31G(d) level to obtain the UV—vis absorption
spectrum of the PPP. To obtain the electronic absorption
spectrum, the experimental dichloromethane solution was
mimicked by using the polarizable continuum model.””!
Figure S8 shows absorption spectrum, and the data are listed in
Table S1. As shown in Figure S8, it can be seen that the
TDDFT simulations reproduced the main bands that were
observed in the experimental absorption spectrum. The
simulated low-energy absorption peaks were observed at 351
nm, which were in good agreement with experimental
absorption maxima at 345 nm. The low-energy absorption
occurred predominantly because of the transitions from
HOMO to LUMO (57%).

Electroluminescence Properties. To evaluate the electro-
luminescence (EL) performance of PPP, single-component
single-layered LECs were fabricated with a configuration of
ITO/PEDOT:PSS/active layer/Al, in which ITO and Al were
used as anode and cathode, respectively. Active layer was spin
coated from acetonitrile solution under ambient conditions.
The fabricated LEC devices were subjected to a Keithley 2400
source meter to determine LEC device performance.

Figure 6 depicts the green electroluminescence spectrum of
PPP in single-layered LECs. The single-component LECs
exhibited green EL with maximum at 530 nm with the CIE
coordinates of (0.32, 0.58) for PPP. The electroluminescence
emission of PPP can be assigned to its intramolecular charge-
transfer excited states. The obtained result shows that the
electroluminescence spectrum of the compound was red-shifted
up to 15 nm compared to its thin-film PL spectrum, which
arises from intermolecular interaction of the molecules in the
solid state. However, green light emission is of interest to
construct white light-emitting devices by blending of red—
green—blue emitters in light-emitting devices.”” Figure 7 shows
the time-independent brightness (L—V) and current density
(J-V) plots of the single-layered LEC devices. The devices
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Figure 6. Electroluminescence spectrum of PPP.
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Figure 7. Current density—voltage—luminescence (J—V—L) character-
istics of LECs based on PPP.

were investigated by voltage scanning with a sweep rate of 0.5
V/s. It should be noted that PPP-based LEC devices exhibited
the low turn-on voltage (Figure S9) of 4.0 V (at B > 1 cd/m?),
maximum brightness of 499 cd/m? and maximum current
density of 105 mA/cm? at 9.0 V.

The attainment of such a low turn-on voltage and maximum
brightness at 9.0 V in a solution-processed LEC device shows
the charge-transporting ability of PPP due to the D—A
character of the compound.*® The low turn-on voltage depends
on the lower injection barrier and charge-transfer phenomena
of the material. In comparison to the previously reported
nonionic small molecule, PPP shows reasonable performances
in terms of brightness.3 However, the observed results
demonstrate the potential of an ionic phenothiazine derivative
as green emitter in single-layered LECs.

B CONCLUSIONS

We have designed and synthesized a new green light-emitting
molecule, PPP, containing electron-donating phenothiazine and
electron-accepting pyrene cores. The synthesized compound
was intrinsically ionic to mediate the charge transport in single-
layered electroluminescence devices. Thermal, photophysical,
electrochemical, and electroluminescence characteristics of PPP
were investigated. The geometrical, electronic, and optical
properties of the compound were obtained by employing DFT
and TDDFT studies. Compound PPP exhibited a high
decomposition temperature of 355 °C. Large solvatochromism
was exhibited in solution because of the strong intramolecular
charge transfer in the molecule. The observed thin-film
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photoluminescence spectra were shifted to longer wavelength
than that of solution PL spectra, which arises from the
intermolecular interaction in the solid state. The single-
component single-layered LEC devices show green electro-
luminescence centered at 530 nm, which is similar to its solid
PL spectra with the CIE coordinates of (0.32, 0.58). The LEC
device shows low turn-on voltage of 4.0 V and maximum
brightness of 499 cd/m?* at 9.0 V. A detailed investigation is in
progress toward improving the electroluminescence device
performance.
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