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ABSTRACT: The development of solution-processable
fluorescent small molecules with highly efficient deep-blue  A-Ti-D-T-A 081
electroluminescence is of growing interest for organic light-
emitting diode (OLED) applications. However, high-perform-
ance deep-blue fluorescent emitters with external quantum
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efficiencies (EQEs) over 5% are still scarce in OLEDs. Herein,
a novel highly soluble oligo(p-phenyleneethynylene)-based
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small molecule, 1,4-bis((2-cyanophenyl)ethynyl)-2,5-bis(2- ;ZZI:;KE:;T::::::E e (D= 0.90) 1
ethylhexyloxy)benzene (2EHO—CNPE), is designed, synthe- v HLCT excited states 00l
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sized, and fully characterized as a wide band gap (2.98 eV)
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and highly fluorescent (®p; = 0.90 (solution) and 0.51 (solid-
state)) deep-blue emitter. The new molecule is functionalized with cyano (-CN)/2-ethylhexyloxy (-OCH,CH(C,H;)C,H,)
electron-withdrawing/-donating substituents, and ethynylene is used as a z-spacer to form an acceptor (A)—z—donor (D)—z—
acceptor (A) molecular architecture with hybridized local and charge transfer (HLCT) excited states. Physicochemical and
optoelectronic characterizations of the new emitter were performed in detail, and the single-crystal structure was determined.
The new molecule adopts a nearly coplanar 7-conjugated framework packed via intermolecular “C—H---z” and “C—H---N”
hydrogen bonding interactions without any 7z—x stacking. The OLED device based on 2EHO—CNPE shows an EQE,,,, of
7.06% (EQE = 6.30% at 200 cd/m?) and a maximum current efficiency (CE,,,,) of 5.91 cd/A (CE = 5.34 cd/A at 200 cd/m?)
with a deep-blue emission at CIE of (0.15, 0.09). The electroluminescence performances achieved here are among the highest
reported to date for a solution-processed deep-blue fluorescent small molecule, and, to the best of our knowledge, it is the first
time that a deep-blue OLED is reported based on the oligo(p-phenyleneethynylene) z-framework. TDDFT calculations point
to facile reverse intersystem crossing (RISC) processes in 2EHO—CNPE from high-lying triplet states to the first singlet excited
state (T,/T3 — S;) (hot-exciton channels) that enable a high radiative exciton yield (7, ~ 69%) breaking the theoretical limit of
25% in conventional fluorescent OLEDs. These results demonstrate that properly designed fluorescent oligo(p-
phenyleneethynylenes) can be a key player in high-performance deep-blue OLEDs.

KEYWORDS: deep-blue OLED, electroluminescence, fluorescent small molecule, oligo(p-phenylencethynylene),
hybridized local and charge transfer (HLCT) state, reverse intersystem crossing (RISC), hot-exciton

B INTRODUCTION

The development of solution-processable fluorescent small

compared to polymer-based materials,”® small molecules
typically offer unique benefits in terms of ease of synthesis/

molecules with deep-blue electroluminescence (EL) character-
istics is at the forefront of organic light-emitting diode
(OLED) research for high-resolution full-color displays and
solid-state lightings.'™* Designing and synthesizing new
molecular systems with highly efficient deep-blue emission
are very important not only to widen the color gamut and
reduce power consumption in full-color displays but also to
excite lower energy emissive sources to generate other color
coordinates and white lighting via energy cascade.”® As
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purification, ultrahigh material purity, monodispersity with
well-defined chemical structure, good solubility in common
solvents, and synthetic reproducibility (minimum batch-to-batch
variation).”™"” These advantages make fluorescent small
molecules a very attractive class of emissive material for the
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Figure 1. (A) Chemical structures of solution-processable deep-blue fluorescent small molecules reported in the literature with values of EQE,,,, >
5% in the OLEDs.””*"** (B) The chemical structure of 2EHO—CNPE developed in this study showing the corresponding donor (D), acceptor

(A), m-spacer, and solubilizing units.

development of OLED applications, especially for the
fabrication of cost-effective large-area display or lighting
devices via roll-to-roll processes such as inkjet printing
(noncontact patl‘erning).18_24 Since the demonstration of the
first electroluminescent device exploiting the fluorescent
metal—chelate complex tris(8-hydroxyquinolinato)aluminum
(Algs) more than 3 decades ago,25 a wide range of molecular
m-structures has been developed and studied to yield high-
performance OLEDs with varied color coordinates.”® Among
these, however, deep-blue emitting small molecules are still
scarce as far as color purity, device performance, and solution-
processability are concerned. The design of new molecular
architectures showing good solution processability, wide
optical band gap (>2.9 eV), deep-blue emission with
Commission Internationale de I'Eclairage (CIE) (x, y)
coordinates of (0.14, 0.08) as defined by the National
Television System Committee (NTSC), energetically/spatially
favorable frontier molecular orbitals, and good charge-trans-
port/electroluminescence remains to be very challenging. To
realize all of these properties in a single molecular system
requires rationally engineered m-structures. Until today, a
limited number of molecular systems employing fused/
heterocyclic aromatic z-units such as fluorene,””** naphtha-
lene/anthracene,””*° carbazole,*"* phenanthroimidazole,33
and triarylamine®* have simultaneously achieved all of these

properties to yield deep-blue emission in OLEDs (Supporting
Information Table S1). And, among these structures, only a
few of them could exhibit maximum external quantum
efficiencies (EQE,,,s) greater than 59%.77313%3% (Table S1)
It is noteworthy that, despite some intrinsic photophysical
limitations such as the presence of a nonradiative pathway via
metal d-orbitals and donor—acceptor configurations causing
intramolecular charge transfer transitions, > 738 phosphor-
escent and thermally activated delayed fluorescence (TADF)
emitters have also demonstrated great promise in deep-blue
OLEDs upon rational materials design.?’g_45 However, the
majority of these compounds have been processed into their
emissive thin films via physical vapor deposition (thermal
evaporation). Only recently, solution-processed films of
sulfone-based and adamantyl based deep-blue TADF emitters
are reported with EQE s over 5—6% in OLEDs.>**
Therefore, from a materials design and development
perspective, realizing highly efficient deep-blue fluorescence
based on solution-processed novel s-architectures is very
important both to advance the existing device performances
and to diversify the material properties in deep-blue OLED:s.

To this end, rod-shaped oligo(p-phenyleneethynylene)s
have yet to be explored in deep-blue emissive OLEDs despite
some earlier theoretical and experimental studies pointing out
their promising photophysical and charge-transport character-
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istics.” There are only a few examples of OLED devices
fabricated with an oligo(p-phenyleneethynylene)-based emis-
sive layer, and they typically emit in the blue/ green spectral
region with low EQE,s of ~0.5-2.4%."°7" Specifically,
earlier reports revealed that when these z-systems are
functionalized with donor (D) and/or acceptor (A) sub-
stituents, they could achieve tunable fluorescence emission
with high solution/solid-state quantum yields.”' > These
earlier findings with promising optoelectronic/photophysical
characteristics have prompted us to develop and study a novel
donor/acceptor functionalized oligo(p-phenyleneethynylene)
molecule for highly efficient deep-blue OLED:s.

In this report, we demonstrate the theory-aided molecular
design, synthesis, and full characterization of a new oligo(p-
phenyleneethynylene) molecule 1,4-bis((2-cyanophenyl)-
ethynyl)-2,5-bis(2-ethylhexyloxy)benzene (2EHO—CNPE)
(Figure 1). The new molecular backbone has a rod-shaped
m-conjugated system employing 2-cyanophenyl acceptor (A)
end units linked to a central bis(2-ethylhexyloxy)benzene
donor (D) via ethynylene z-spacers to form an A—z—D—7—A
molecular architecture. The single-crystal structure and
thermal, photophysical, and electrochemical properties as
well as the electroluminescence devices of the new molecule
have been studied. High-photoluminescence quantum efficien-
cies (®@p;s) of 0.90 and 0.51 were measured in chloroform
solution and as thin film in CBP host, respectively, by using an
integrating sphere method. OLEDs with a device architecture
of ITO/PEDOT:PSS/CBP:2EHO—CNPE/TPBI/Ca/Al, in
which the emissive layer is solution-processed, showed
excellent deep-blue electroluminescence (CIE(xy) = (0.1S,
0.09)) with an impressive maximum external quantum
efficiency of 7.06% (EQE = 6.30% at 200 cd/m?) and a
maximum current efficiency of 5.91 cd/A (CE = 5.34 cd/A at
200 cd/m?). In addition to showing the first time deep-blue
electroluminescence of an oligo(p-phenyleneethynylene) de-
rivative, the device performance shown here is among the
highest achieved to date for a deep-blue OLED based on a
solution-processed fluorescent molecule. TDDFT calculations
indicate that the observed high radiative exciton yield (7, ~
69%) originates from reverse intersystem crossing (RISC)
between the high-lying triplet states and the first singlet excited
state (T,/T; — S;), all having hybridized local and charge
transfer (HLCT) excited state characteristics.

B EXPERIMENTAL SECTION

Materials and Methods. In the reactions, conventional Schlenk
techniques were used, and the reactions were performed under N,
unless otherwise noted. All reagents were obtained from commercial
sources and used without any purification unless otherwise noted.
'H/BC NMR characterizations were performed on a Bruker 400
spectrometer ("H, 400 MHz; 3C, 100 MHz). Elemental analyses
were performed on a LecoTruspec Micro model instrument. MALDI-
TOF was performed on a Bruker Microflex LT MALDI-TOF-MS
instrument. Thermogravimetric analysis (TGA) and differential
scanning calorimetry (DSC) measurements were performed on
Mettler Toledo-TGA/STDA 851 and Mettler Toledo-DSC 822
model instruments, respectively, at a heating rate of 10 °C/min under
nitrogen. UV—vis absorption and photoluminescence emission
measurements were recorded on a Shimadzu, UV-1800 UV-—vis
spectrophotometer and a Fluoracle FSS spectrofluorometer (Edin-
burgh Instruments), respectively. The PL quantum yields in solution
and solid state were measured (4., = 350 nm) by an absolute method
(calibrated integrating sphere) using a Hamamatsu absolute PL
quantum yield spectrometer C11347. Electrochemistry was per-
formed on a C3 cell stand electrochemical station equipped with BAS-

Epsilon software (Bioanalytical Systems, Inc. Lafayette, IN, USA). All
theoretical calculations were carried out using density functional
theory (DFT) and time-dependent density functional theory
(TDDFT) at the B3LYP/6-311G** level by using Gaussian 09.>°

Synthesis and Structural Characterization. Synthesis of 1,4-
Dibromo-2,5-bis(2-ethylhexyloxy)benzene (1). To a mixture of
potassium carbonate (1.54S g, 11.18 mmol) and 2-ethylhexyl bromide
(3.03 g, 15.69 mmol) dissolved in 1S mL of DMF, 2,5-
dibromohydroquinone (1.55 g, 5.78 mmol) was slowly added under
nitrogen. The resulting reaction solution was stirred at 100 °C for 48
h. The mixture was then cooled to room temperature and quenched
with water. The reaction mixture was extracted with dichloromethane,
and the organic phase was washed with water, dried over Na,SO,,
filtered, and evaporated to dryness to give the crude product. The
crude was then purified by column chromatography on silica gel using
hexane as the eluent to give compound 1 as a colorless oil (2.51 g,
88% yield). '"H NMR (400 MHz, CDCly): § 7.09 (s, 2H), 3.84 (d,
4H, J = 4.0 Hz), 1.74—1.77 (m, 2H), 1.43—1.57 (m, 8H), 1.32—1.35
(m, 8H), 0.91-0.96 (m, 12H).

Synthesis of 1,4-Bis(ethynyltrimethylsilane)-2,5-bis(2-
ethylhexyloxy)benzene (2). A mixture of 1,4-dibromo-2,5-bis(2-
ethylhexyloxy)benzene (1; 2.5 g, 5.08 mmol), Pd(PPh;),Cl, (0.214 g,
0.305 mmol), and Cul (0.049 g, 0.254 mmol) in Et;N (50 mL) was
stirred for 10 min. Ethynyltrimethylsilane (1.247 g, 12.7 mmol) was
then added, and the reaction mixture was heated at 90 °C under
nitrogen for 48 h. Then, the reaction mixture was cooled to room
temperature and filtered; the filtrate was evaporated to dryness to
yield a crude mixture, which was then purified by column
chromatography on silica gel using hexane:ethyl acetate (30:1) eluent
to yield 2 as a yellow oil (1.56 g, 58% yield). 'H NMR (400 MHz,
CDCL,y): 5 6.89 (s, 2H), 3.82—3.87 (m, 4H), 1.72—1.75 (m, 2H),
1.44—1.58 (m, 8H), 1.32—1.34 (m, 8H), 0.91-0.96 (m, 12H), 0.26
(s, 18H).

Synthesis of 1,4-Bis(ethynyl)-2,5-bis(2-ethylhexyloxy)benzene
(3). The suspension of 1,4-bis(ethynyltrimethylsilane)-2,5-bis(2-
ethylhexyloxy)benzene (2; 1.56 g, 2.96 mmol) and KOH (4.99 g,
88.95 mmol) in THF:methanol (9:1; 150 mL) was stirred at room
temperature for 1 h. Next, the reaction mixture was quenched with
water, and the resulting solution was extracted with dichloromethane.
The organic phase was washed with water, dried over Na,SO,,
filtered, and evaporated to dryness to yield 3 as a yellow oil (1.07 g,
94.5% yield). "H NMR (400 MHz, CDCL,): § 6.96 (s, 2H), 3.85 (d,
4H, ] = 4.0 Hz), 3.32 (s, 2H), 1.75—1.78 (m, 2H), 1.46—1.57 (m,
8H), 1.27—1.34 (m, 8H), 0.91—0.96 (m, 12H).

Synthesis of 1,4-Bis((2-cyanophenyl)ethynyl)-2,5-bis(2-
ethylhexyloxy)benzene (2EHO—CNPE). The reagents 2-iodobenzoni-
trile (0.554 g, 2.42 mmol), Cul (0.009 g 0.048 mmol), and
Pd(PPh,),Cl, (0.068 g 0.097 mmol) in Et;N:THF (2:1; 30 mL) were
stirred for S min. Then, 1,4-bis(ethynyl)-2,5-bis(2-ethylhexyloxy)-
benzene (3; 0.37 g, 0.97 mmol) in S mL of THF was added, and the
resulting reaction mixture was heated at 80 °C under nitrogen for 24
h. Then, the solution was cooled to room temperature and evaporated
to dryness. The crude was then purified by column chromatography
on silica gel using hexane:ethyl acetate (3:1) as the eluent to give the
pure 2EHO—CNPE as a light yellow solid (0.283 g, 50%). 'H NMR
(400 MHz, CDCL,): § 7.69 (d, 2H, J = 8.0 Hz), 7.62 (d, 2H, ] = 8.0
Hz), 7.56—7.60 (m, 2H), 7.40—7.45 (m, 2H), 7.10 (s, 2H), 3.94—
3.96 (m, 4H), 1.82—1.85 (m, 2H), 1.54—1.57 (m, 8H), 1.32—1.37
(m, 8H), 0.97 (t, 6H, ] = 8.0 Hz), 0.88 (t, 6H, ] = 8.0 Hz). 13C NMR
(100 MHz, CDCL,): 6 154.1, 132.7, 132.4, 132.3, 128.2, 127.4, 117.6,
116.8, 114.9, 113.7, 92.6, 91.0, 72.0, 39.5, 30.6, 29.1, 24.0, 23.1, 14.1,
11.2. mp = 116—117 °C. MS(MALDI-TOF) m/z (M"). Calcd for
CyoHyN,0,: 584.34. Found: 584.951 for [M], 471.566 for [M —
2EH]Y, 359.359 for [M — 2(2EH)]*. Anal. Calcd for C,;H,,N,0,: C,
82.15; H, 7.58; N, 4.79. Found: C, 82.48; H, 7.73; N, 4.70.

Device Fabrication and Characterization. The light-emitting
diode device structure is ITO/PEDOT:PSS/CBP:2EHO—CNPE/
TPBI/Ca/Al. The patterned indium tin oxide (ITO)-coated (120
nm) glass (Kintec Co.) with a sheet resistance of 10 Q sq~' was used
as the substrate. The substrates were cleaned with detergent PCC-54
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Scheme 1. Synthesis of Deep-Blue Emissive Molecule 1,4-Bis((2-cyanophenyl)ethynyl)-2,5-bis(2-ethylhexyloxy)benzene

(2EHO-CNPE)
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solution (2 wt % dispersed in H,0), distilled water, acetone, ethanol,
and isopropanol in an ultrasonic solvent bath and treated by oxygen
plasma for 5 min. Poly(3,4ethylenedioxythiophene):poly-
(styrenesulfonate) (PEDOT:PSS, Heraeus Clevios GmbH) was
spin-coated (3000 rpm for 60 s) on ITO-glass substrates as the
hole injection layer (60 nm) and baked at 120 °C for 20 min. Next,
the emissive layer was spin-coated (800 rpm for 40 s) from a solution
of 0.4 mg of 2EHO—CNPE and 9.6 mg of CBP (2EHO—CNPE mole
fraction = 3.4%) in 1 mL of chloroform, which was annealed at 70 °C
for 10 min to remove residual solvent. Note that this mole fraction
was chosen as the optimum number to yield the best device
performance after trying a number of different ratios. The thickness of
the emissive layer was measured as 55 nm. In equivalent devices, the
emissive layer consisting of neat 2EHO—CNPE film (S0 nm) was
prepared by spin-coating (800 rpm for 40 s) 2EHO—CNPE solution
in chloroform (8.0 mg/mL) and annealing at 70 °C for 10 min to
remove residual solvent. Finally, an electron-transporting/hole-
blocking layer of 1,3,5-tris(phenyl-2-benzimidazolyl)benzene (TPBI,
40 nm) and a cathode composed of calcium (10 nm) and aluminum
(100 nm) were sequentially deposited via thermal evaporation under
high vacuum (2 X 107% mBar). The size of the active OLED area is 9
mm® as defined by shadow masks. The electroluminescence spectra
and current density—voltage—brightness of the devices were measured
with a Hamamatsu PMA-12 C10027 photonic multichannel analyzer
and digital multimeter (2427-C 3A Keithley). All of the measure-
ments were carried out at room temperature under ambient
conditions. A stylus profiler (KLA Tencor P-6) was used to measure
the thickness of the organic layers. The surface morphology of the
emissive CBP:2EHO—CNPE thin film spin-coated on ITO/
PEDOT:PSS was characterized by atomic force microscopy
(FlexAFM-NanoSurf, Abdullah Giil University-Central Research
Facility (AGU-CRF)).

B RESULTS AND DISCUSSION

Molecular Design, Synthesis, and Characterization. In
the molecular structure of 2EHO—CNPE, the terminal phenyl
rings are functionalized with cyano (-CN) electron-with-
drawing substituents and the central phenyl ring is function-
alized with 2-ethylhexyloxy (-OCH,CH(C,H;)C,H,) elec-

tron-donating substituents. Instead of forming direct D—A
bonds, ethynylene is used as a proper 7-conjugation spacer
group in an A—7—D—7—A molecular architecture. This design
is envisioned to enable a wide optical band gap and facilitate
efficient fluorescence emission in the high-energy spectral
region by governing the formation of local (LE) and charge-
transfer (CT) excited states. The simultaneous utilization of
LE and CT characteristics by forming a hybridized local and
charge-transfer excited state (HLCT) would allow for both
high quantum efficiency (®p — 1.0) and a large fraction of
singlet exciton generation (radiative exciton yield (77,) > 25%)
during electroluminescence.””*" Also, the presence of both
donor and acceptor 7-moieties in the same molecular structure
could yield ambipolar charge transport (ie. concurrent
conduction of electrons and holes) to benefit the EL
performance in OLEDs.”” Finally, 2-ethylhexyloxy
(-OCH,CH(C,H;)C,H,) substituents provide good solubility
for efficient synthesis/purification and emissive film fabrica-
tion. The presence of swallow-tailed bulky substituents at the
central unit in a relatively small-sized molecular dimension is
expected to impede undesired 7—7 interactions in the solid
state that could otherwise yield excimer formation (red shift in
emission) and induce nonradiative decay pathways (low
quantum yield). The quantum mechanical modeling (DFT,
B3LYP/6-311G**) performed on 2EHO—CNPE prior to the
synthesis shows the presence of delocalized HOMO and
LUMO frontier molecular orbitals (Figure S1). While the
LUMO delocalizes along the entire molecular n-system,
HOMO tends to delocalize on the dialkyloxyphenyl and
ethynylene units with minimal contributions from the
cyanophenyl end units. Therefore, it is very likely that both
LE and CT characteristics would be utilized during electronic
transitions. The theoretical HOMO and LUMO energies are
found to be —5.61 eV and —2.46 eV, respectively, and the
calculated absorption spectra indicate that S,— S; (HOMO —
LUMO; f = 1.03) electronic transition occurs at an energy
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value of 2.85 eV (Figure S1). These initial theoretical results,
as the first guess, indicate that the new molecule could yield an
efficient deep-blue electroluminescence with favorable emis-
sion characteristics and charge injection/transport from
conventional electron/hole-injection/transport layers. We
also note that these results are found to be in good agreement
with the experimental observations (vide infra).

As depicted in Scheme 1, the synthesis of 2EHO—CNPE
was carried out by successive Sonogashira cross-coupling
reactions. 2,5-Dibromohydroquinone was first reacted with 2-
ethylhexyl bromide in DMF in the presence of K,COj; base to
give 1 in 88% yield. Then, 1 underwent a double Sonogashira
cross-coupling reaction with ethynyltrimethylsilane (HC=C-—
SiMe,) in the presence of Pd(PPh,),Cl, catalyst and Cul/Et;N
co-catalyst/base mixture. Trimethylsilyl substituted compound
2 was obtained in 58% yield, which was then quantitatively
(94.5% yield) desilylated in the presence of a strong base
(KOH) in a THF/methanol mixture to afford hydrogen-ended
ethynyl groups in 3. In the final Sonogashira cross-coupling

44478

step, 3 was double reacted with the acceptor unit 2-
iodobenzonitrile in the presence of Pd(PPh;),Cl, catalyst
and Cul/Et;N co-catalyst/base mixture, which yielded the final
compound 2EHO—CNPE in 50% yield after chromatographic
purification. The well-defined structures and chemical purities
of the intermediate compounds and the final small molecule
were adequately verified by 'H/"C NMR spectroscopies
(Figures S2—S6, Supporting Information), MALDI-TOF mass
spectrometry (Figure S7, Supporting Information), and
elemental analysis.

Thermal Properties. Thermogravimetric analysis indi-
cated high thermal stability for 2EHO—CNPE with the
thermolysis onset temperature (corresponding to 5% weight
loss) of 346 °C (Figure 2A). The thermal transitions of
2EHO—CNPE were studied via differential scanning calorim-
etry (DSC) measurements (Figure 2B), which showed a sharp
endothermic peak (enthalpy of +89.16 J/g) at 115.84 °C
without any corresponding crystallization peak. The endother-
mic peak is assigned to a crystal to isotropic-liquid transition
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Figure 4. (A) Energy diagram showing theoretically calculated (blue) and experimentally estimated (red) HOMO/LUMO energy levels of
2EHO—CNPE as well as their topographical representations (B3LYP/6-311G** level of theory). (B) Optical absorption (black line) and
photoluminescence (blue line) spectra of 2EHO—CNPE in chloroform (1.0 X 10~ M), and as spin-coated neat and CBP-doped (4.0 wt %
2EHO—CNPE) thin films on glass. Inset: Optical images of 2EHO—CNPE solution in chloroform under room light and optical excitation. (C)
Transient photoluminescence decay profile measured at 430 nm for 2EHO—CNPE solution (10™° M) in chloroform upon excitation at 390 nm.
(D) Cyclic voltammograms of 2EHO—CNPE showing oxidation and reduction peaks in 0.1 M TBAPF,/CHCI, solution vs Ag/AgCl (3.0 M

NaCl) at a scan rate of 100 mV/s.

since it correlates well with the melting temperature (Tm‘},, =
116—117 °C) measured by conventional melting point
apparatus. The absence of exothermic peak during cooling
indicates that the isotropic liquid of 2EHO—CNPE does not
crystallize back to a crystalline phase, rather forms an
amorphous solid. This was confirmed by the successive heating
experiment performed on this heated—cooled solid, which did
not show a melting peak again. Despite the presence of two
highly flexible, swallow-tailed 2-ethylhexyloxy substituents at
the central benzene ring, high thermal stability and reasonably
good melting temperature of 2EHO—CNPE can be attributed
to z-rigidity of the rod-shaped acceptor—z—donor—m—accept-
or molecular structure. The good solubility in common organic
solvents along with the observed thermal characteristics should
enable solution-based fabrication of 2EHO—CNPE films with
the required thermal processing that is typically performed at
temperatures below 80 °C in OLEDs.

Single-Crystal Structure and Intermolecular Interac-
tions. The solid-state characteristics of 2EHO—CNPE were
studied by single-crystal X-ray analysis in order to gain more
insight into the molecular structure, packing, and intermo-
lecular interactions with regard to structure—property relation-
ships of photo-/electroluminescent materials. Clear yellow
needle-like crystals of 2EHO—CNPE suitable for X-ray
diffraction were obtained by slow evaporation of chloroform/
hexane mixture (1:1). The molecule adopts an S-shaped nearly
coplanar 7-conjugated molecular framework (Figure 3A) that
crystallizes in the C2/c space group (monoclinic) in a
herringbone pattern (Figure 3B). In the molecular structure,
cyanophenyl end units are found to employ an antiparallel
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arrangement with respect to each other providing a molecular
inversion center, and a small dihedral angle of 4.06° was
measured between cyanophenyl end units and the central
dialkyloxyphenyl unit. This matches well with the coplanar
conformations of previously reported functionalized phenyl-
eneethynylenes®**’ and indicates that the 7-conjugation could
extend over the complete molecular system. Strong inter-
molecular “C—H:-N (2.59 A)” hydrogen bonding interactions
are present (Figure 3C) between cyanophenyl end units of the
neighboring 2EHO—CNPE molecules. Each molecule is found
to be involved in four hydrogen bonding interactions from
both cyanophenyl end units, which helps the extension of a
one-dimensional slipped stacked m-network. Note that the
electropositive hydrogens (H3) involved in these interactions
are in ortho-positions to the electron withdrawing cyano
substituents, which enables the formation of hydrogen-bonded
dimers at each end (Figure 3C, inset). Despite the molecular
coplanarity and the extension of a one-dimensional 7z-network,
the presence of flexible -OCH,CH(C,H;)C,H, chains on the
central benzene ring was found to prevent efficient cofacial
7—r interactions (centroid-to-centroid distance = 7.73 A).
This is very consistent with our original design rationales to
avoid 77— interactions for efficient deep-blue emission. On the
other hand, centroid-to-centroid distances of 5.88 A were
measured between dialkyloxybenzene and cyanophenyl rings
for the neighboring tilted molecules in the herringbone-like
orientation (Figure 3B), which is considered to be too large for
an effective 7—7 interaction. In this arrangement, also “C—
H-n” interactions with distances of 2.99 A/3.35 A were
identified between the cyanophenyl rings and the aliphatic/
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aromatic hydrogens of the central dialkyloxyphenyl ring
(Figure 3B). The shortest C—H-x interaction was observed
at a distance of 2.68 and 2.77 A between the aliphatic
hydrogens of the hexyl chain (H20) and the cyanophenyl and
dialkyloxybenzene rings, respectively. On the other hand,
relatively weaker C—H:-z (3.94 A) interactions were found
between cyanophenyl aromatic hydrogens and the ethynylene
units. All of these interactions are found to play key roles in the
solid-state packing of 2EHO—CNPE to generate a herringbone
pattern with limited z-interactions and no specific 7—x
interactions. Similar herringbone crystal packings via C—
H---m interactions were previously observed in alkyloxy
substituted similar sized phenyleneethynylenes.>*

Photophysical and Electrochemical Properties. The
optical absorption and fluorescence properties of 2EHO—
CNPE are evaluated by UV-—vis absorption and photo-
luminescence spectroscopies both in chloroform solution
(1.0 X 107> M) and as thin films (Figure 4). In solution, the
absorption maximum (4,,,) is observed at 387 nm
corresponding to 7—z* (S, — S,) transition of the cyano-/
alkyloxy-functionalized oligo(p-phenyleneethynylene) back-
bone. The corresponding fluorescence spectrum shows a
sharp emission peak with a maximum at 434 nm and a
relatively narrow full width at half-maximum (fwhm) of 52 nm.
The Commission International de L’Eclairage (CIE) color
coordinates of (0.15, 0.09) are measured, which correspond to
the deep-blue spectral region. High-photoluminescence
quantum efficiency (®p.) of 0.90 was determined in
chloroform solution by using an integrating sphere method.
Note that the optical absorption/fluorescence spectra of the
nonfunctionalized parent oligo(p-phenyleneethynylene) 7-
system (Figure S8) were previously reported to be in the
UV spectral region (1,5, = 328 nm; A, = 348 nm).”>* Thus,
the observed deep-blue fluorescence for 2EHO—CNPE is
undoubtedly the result of rational donor (2EHO—)/acceptor-
(—CN) functionalization on the oligo(p-phenyleneethynylene)
m-system. The optical band gap is calculated as 2.98 eV from
the intersection of low-energy absorption (4,p4(0—0)) and high-
energy emission (/’{em(O—O)) spectral band edges, which
correlates perfectly with the theoretical S, — S, electronic
transition (2.85 eV) estimated by the TDDFT calculation. As
shown in Figure S9, upon increasing solvent polarity (toluene
(¢ = 2.38) — chloroform (¢ = 4.81) - THF (e = 7.52) —
dichloromethane (& = 9.08) — ethanol (¢ = 24.6)),°"%
although the absorption spectra barely change, the emission
spectra exhibit positive solvatochromism (4., = 432 nm
(toluene) — 440 nm (ethanol)) along with slight band
broadening (Adgnm ~ S nm) and disappearance of the
vibronic structure. This indicates that radiative local excited
state has some contribution from a charge-transfer moiety. The
excited-state properties were further investigated by studying
transient photoluminescence decay profile in solution (107> M
in chloroform) at 430 nm (4, = 390 nm), which showed a
single-exponential decay with a short lifetime of 2.32 ns; no
delayed component was observed (Figure 4C).

In view of all of these findings (i.e., high quantum yield, one
lifetime decay profile with no delayed component, and positive
solvatochromism in fluorescence), the emission seems to
originate from the prompt decay of the S, state that has a
hybridized local and charge-transfer character. This HLCT
state formation agrees well with the calculated natural
transition orbitals (NTOs) and excited-state properties (vide
infra), and it is clearly the result of our current molecular

design employing ethynylene sm-spacers between dialkylox-
ybenzene (D) and cyanophenyl (A) units forming large
frontier orbitals’ overlap across the molecular system (large
transition moment) with controlled spatial separation.””*® In
addition, the coplanar structure of the new molecule is very
likely to avoid the formation of pure charge-transfer states via
intramolecular twists that would deteriorate the fluorescence
quantum yield. The formation of HLCT excited states has
been demonstrated as an important approach for the design of
donor—acceptor fluorescent small molecules that can achieve a
combination of high fluorescence quantum yield (®p — 1)
and large radiative exciton yield (1, > 25%) in electro-
luminesce_nce by using T(s1) — S; reverse intersystem
crossings.ﬂ’58 Going from dilute solution to solid state (neat
thin film), although the absorption profile exhibited insignif-
icant change, the emission profile of the neat 2EHO—CNPE
film showed a red shift of ~37 nm (4, = 434 — 471 nm)
along with a spectral broadening (Adgm ~ 15—20 nm) and
vibronic-structure formation (Figure 4B). Despite the absence
of strong 77— interactions in the solid state, this moderate
spectral shift likely indicates the formation of weakly bound
excimer (energetically stabilized S;) via intermolecular C—H--
N/z interactions as identified in the single-crystal structure
(vide supra). Note that the presence of these intermolecular
interactions does not affect the ground state (S,) of 2EHO—
CNPE since the absorption profile remains the same going
from solution to solid state. Solid-state @y in thin-ilm phase
was determined as 0.41 using integrating-sphere method. As a
result of red-shifted emission spectrum, CIE color coordinate
for the neat thin-film emission is found to deviate from the
deep-blue region. However, when 2EHO—CNPE (4.0 wt %)
was doped into a 4,4’-bis(N-carbazolyl)-1,1’-biphenyl (CBP;
96.0 wt %) host, the photoluminescence profile was found to
be blue-shifted (4, = 471 — 455 nm) as compared to the neat
thin film yielding again deep-blue emission with increased
photoluminescence quantum efficiency of ®p = 0.51. The
absence of the emission peak from the host material CBP
(Figure S10, Aoy ~ 388 nm for A, = 355 nm) indicates very
efficient host-to-guest energy- or charge-transfer processes.
Since there is a strong spectral overlap between the emission
band of the CBP host and the absorption band of the 2EHO—
CNPE guest, the energy-transfer route is very likely to occur in
the current CBP:2EHO—CNPE host:guest system to confine
the radiative excitons on 2EHO—CNPE molecules. It is
noteworthy that although our original molecular design
approach is very effective in eliminating close 7—x stackings
(vide supra), solid-state interactions of other types (e.g., C—
H:N/7) clearly cause the emission to somewhat deviate from
the deep-blue spectral region. Therefore, the 2EHO—CNPE-
based emissive layer in the electroluminescent device is
fabricated with an energetically suitable host (i.e., CBP) to
fully avoid aggregation-induced emission characteristics.

The frontier molecular orbital energies and electrochemical
properties of 2EHO—CNPE were characterized by cyclic
voltammetry in solution. As shown in Figure 4D, clear
(quasi)reversible oxidation and reduction peaks at 1.43 and
—1.61 V (vs Ag/AgCl), respectively, were observed indicating
bipolar injection characteristics (p-/n-doping) of the current
molecule, which should facilitate both hole and electron
transport in the emissive layer. The HOMO and LUMO
energy levels are estimated to be —5.83 eV and —2.79 eV,
respectively, yielding an electrochemical band gap of 3.04 eV,
which matches well with the optical band gap and theoretical
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HOMO-LUMO energy gap. As compared to those of various
blue-emitting small molecules reported earlier,”'”*** the
relatively stabilized LUMO level of 2EHO—CNPE could be
ascribed to the presence of electron withdrawing -CN groups
and acetylene units having sp-hybridized carbons. The LUMO
level should be favorable for electron injection from electron-
transporting layers such as TPBI (LUMO = —2.7 eV) and
electron-transport within the emissive layer. Both HOMO and
LUMO are found to be fairly delocalized over the entire
molecular backbone, which should be advantageous for bipolar
charge-transport characteristics.

Electroluminescence Properties. On the basis of its
highly efficient deep-blue fluorescence emission and good
solubility in common organic solvents, electroluminescence
properties of 2EHO—CNPE are studied by fabricating
relatively simple OLED devices with a device architecture of
ITO/PEDOT:PSS(60 nm)/CBP:2EHO—CNPE(55 nm)/
TPBI(40 nm)/Ca(10 nm)/Al(100 nm), in which the emissive
layer (CBP:2EHO—CNPE) is prepared by spin-coating
chloroform solution of 2EHO—CNPE (4.0 wt %) and CBP
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(96.0 wt %). As shown in Figure SA, while PEDOT:PSS serves
as hole-injection layer, Ca and TPBI are used as electron-
injection and -transporting layers, respectively, based on their
favorable energetics with respect to those of 2EHO—CNPE.
CBP is used as the host material with good hole-transport
characteristics and matching frontier orbital energetics relative
to 2EHO—CNPE, which is expected to minimize undesirable
intermolecular interactions evident in the neat thin-film
fluorescence spectrum of 2EHO—CNPE (vide supra, Figure
4B). The atomic force microscopy (AFM) characterization of
the emissive CBP:2EHO—CNPE film spin-coated on ITO/
PEDOT:PSS(60 nm) shows the formation of a continuous
film morphology with highly interconnected nanosized (~50—
100 nm) granular domains and a smooth organic surface with
root mean square (RMS) roughness of 0.29—0.35 nm (Figure
SA).

As shown in Figure 5B,C, the device shows an emission with
a peak maximum located at 452 nm (at 200 cd/m?), which
corresponds to an excellent deep-blue CIE coordinate of (0.1,
0.09). The electroluminescence spectrum of the OLED device
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is identical to the photoluminescence spectra of CBP:2EHO—
CNPE (4 wt %) film indicating that the excitons yielding
electroluminescence and photoluminescence are essentially the
same and the formation of exciplex/excimer is effectively
prevented in the current emission layer of CBP:2EHO—CNPE
(4 wt %). As shown in Figure S10, the PL spectra for spin-
coated thin films of pristine CBP showed an emission peak
only at 388 nm with an onset at 430 nm, which indicated that
the observed electroluminescence peak at 452 nm originates
only from excitons confined on 2EHO—CNPE in the emission
layer with no contribution from the CBP host. This indicates
the presence of highly favorable charge-/energy-transfer
processes from the CBP host matrix to our emissive 2EHO—
CNPE molecular system during the electroluminescence
process as a result of favorable frontier orbital energetics
(Figure SA). As shown in Figure SB, the electroluminescence
profiles remain the same at various driving voltages from 4 to 9
V with almost no change in the corresponding CIE
coordinates. This suggests a voltage-independent, highly stable
deep-blue electroluminescence behavior for the current OLED
device.

The OLED devices turn-on (1 cd/m?) at a voltage of 4.1V,
which is as low as the band gap of the emissive small molecule
(Figure 6A). A maximum external quantum efficiency of 7.06%
(EQE = 6.30% at 200 cd/m?) and a maximum current
efficiency of 5.91 cd/A (CE = 5.34 cd/A at 200 cd/m?) are
recorded for the current 2EHO—CNPE-based OLED device.
These performances are among the highest reported to date for
a deep-blue OLED based on a solution-processed fluorescent
small molecule. Furthermore, to the best of our knowledge,
this is the first time that a deep-blue OLED device is reported
using an oligo(p-phenyleneethynylene) emitter. On the other
hand, in order to better understand the electroluminescence
characteristics of 2EHO—CNPE, equivalent OLED devices
were fabricated with a device architecture of ITO/
PEDOT:PSS(60 nm)/2EHO—CNPE(50 nm)/TPBI(40
nm)/Ca(10 nm)/Al(100 nm) in which the emissive layer
consists of neat 2EHO—CNPE film prepared by spin-coating.
As expected from the solid-state photoluminescence spectra as
neat film, the electroluminescence profile of this device showed
a red-shifted emission with a peak maxima at ~473 nm with
CIE coordinate of (0.20, 0.15) that is not in the deep-blue
region anymore (Figure S11). Furthermore, the optoelectronic
performance of this device was found to be much lower
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(EQE,,, = 2.36% (at 200 cd/m?) and CE,, = 2.23 cd/A (at
200 cd/m?)) than those fabricated with the CBP host. This is
probably due to more effective confinement of excitons in the
emissive layer, more balanced carrier injection/transport, and
elimination of undesired molecular aggregation when a proper
host material is used.”’ These results clearly show that solution
processable hosts with suitable molecular orbital energetics are
important for deep-blue color purity and high electro-
luminescence performance of 2EHO—CNPE, and further
improvements could possibly be achieved by using different
solution-processable host materials. The charge-transport
properties of the new fluorescent molecule were studied by
fabricating electron-only and hole-only devices with a
configuration of ITO/AI(100 nm)/2EHO—CNPE(S0 nm)/
Ca(10 nm)/Al(100 nm) and ITO/PEDOT:PSS(60 nm)/
2EHO—CNPE(50 nm)/V,04(10 nm)/AIl(100 nm), respec-
tively. The electron and hole mobilities were calculated to be
1.5 X 107° ecm?/(V's) and 7 X 107 ecm?/(V s), respectively, on
the basis of the current density—voltage (J—V) characteristics
(Figure S12). Although 2EHO—CNPE exhibits ambipolarity
with fairly balanced electron and hole transports, slightly better
electron-transport ability might reflect the presence of
relatively electron-deficient ethynylene and cyano moieties
along the molecular z-backbone yielding a highly delocalized
LUMO. The observed EQE,,,, for the current 2EHO—CNPE-
based electroluminescence is higher than the theoretical limit
(EQE = y®piion)’’ of ~5% typically calculated for
fluorescent emitters in OLEDs assuming that there is no
light-outcoupling enhancing structure (7, ~ 0.2) and
horizontal molecular alignrnent.64 Therefore, it is evident
that the current molecular design employed in our study could
promote a large ratio of radiative singlet exciton formation in
the emissive layer, and the radiative exciton yield (1) is
estimated to be ~69% (using Dy (cpp2rno—cner) = 0.51 and y
= 1) that far exceeds the 25% singlet branching ratio based on
spin statistics. One should first note that the T, — S,
conversion, typically observed for phosphorescent molecules,
is supposed to be ineffective in this new molecule due to lack
of heavy atoms (weak spin—orbit coupling). Also, the radiative
singlet exciton enhancement is not likely to originate from
thermally activated delayed fluorescence (TADF) or triplet—
triplet annihilation (TTA) since no delayed fluorescence was
observed in the transient PL profile (vide supra); the molecular
7-backbone does not adopt a twisted conformation to fully
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Figure 7. Energy levels and the natural transition orbitals (NTOs) for 2EHO—CNPE excited states calculated with TDDFT in S, geometry, and
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separate frontier orbitals, the S,—T energy gap is predicted to
be large (vide infra), and the electroluminescence intensity
shows a linear relationship with current density.’**” Therefore,
the observed high #, could be the result of RISC from high-
lying triplet excited states to the first singlet excited state
(T(us1) = S;) via hot-exciton process as previously observed
for non-TADF donor—acceptor molecules.”>*®

To further understand the photophysical properties of
2EHO—CNPE and the high radiative exciton ratio in
electroluminescence, excited-state energies, oscillator strengths,
configurations, and the corresponding natural transition
orbitals (NTOs) were calculated with TDDFT (B3LYP/6-
311G**) (Figure 7 and Table S3). The calculated energy gap
between S, and T| states is found to be quite large (AEg 1 =

0.89 eV) suggesting an inefficient TADF process for 2EHO—
CNPE.*>”” However, the energies of the high-lying triplet
excited states T, and T are found to be quite similar to that of
the S, state (AEs 1= 0.01 eV and AEs _r = 0.08 eV), which

could energetically enable hot-exciton processes T, — S, and
T; — S, via RISC. On the other hand, the energy gap between
T, and T, states is found to be as large as 0.81 eV, which,
according to the energy gap law, indicates a much lower T, —
T, internal conversion (IC) rate as compared with the T,,; —
S, RISC rate (kpisc 3> kic).*>%” As clearly seen from the NTO
analysis (Figure 7), at least one NTO wave function for each of
the S;, T,, and T; states shows a complete delocalization across
the molecular backbone, while its counterpart NTO wave
function exhibits a spatial separation. This indicates a good
balance of spatial separation (CT) and orbital overlap (LE),
showing the coexistence of CT and LE characteristics in the
form of HLCT for all of these three excited states. The
presence of the CT character in the excited state is particularly
key to the conversion of triplet excitons into singlet excitons.
Only in the T, state there is a pure LE character with a 38%
weight. Especially, the configuration of the T excited state is
found to be quite similar to the energetically matching S, state,
which is expected to provide a very effective RISC channel
between these states.”>*>*® The contribution of these high-
lying triplet excited states to the luminescence process was also
evident in the comparative (ambient vs nitrogen atmosphere)

photoluminescence quantum efficiency (®p;) measurements.
As compared with those recorded under ambient conditions,
increased ®ps were observed for nitrogen-flushed chloroform
solution (®p;, = 0.90 — 0.95), neat (®p; = 0.41 — 0.51), and
doped (4:96 wt % 2EHO—CNPE:CBP; @y = 0.51 — 0.58)
films under nitrogen atmosphere by using an integrating sphere
method. In other words, the reductions in ®p;s going from
nitrogen atmosphere to ambient conditions suggests that the
populated high-lying triplet excited states during photo-
luminescence process are quenched by triplet oxygen when
measured under ambient conditions.”>*” These theoretical
results along with the aforementioned photophysical observa-
tions clearly suggest that efficient hot-exciton RISC processes
between HLCT excited states (T,,; — S;) play an important
role in the simultaneous harvesting of triplet and singlet
excitons (17, ~ 69% > 25%) during electroluminescence. This
type of “hot-exciton” process was recently studied for a pure-
blue-emitting molecule consisting of phenanthroimidazole,
phenylcarbazole, and anthracene units by Ma et al,”® which is
verified to be a fast process occurring within several
nanoseconds. Studies on 2EHO—CNPE’s RISC channels via
triplet-state sensitization and nanosecond transient absorption
spectroscopy will be the subject of future research to provide
additional insights into radiative singlet-exciton enhancement
mechanism for deep-blue electroluminescence.

B CONCLUSIONS

In summary, a new highly soluble A—z—D—7—A-type oligo(p-
phenyleneethynylene)-based deep-blue emitter, 1,4-bis((2-
cyanophenyl)ethynyl)-2,5-bis(2-ethylhexyloxy)benzene
(2EHO—-CNPE), has been designed and synthesized. The
single-crystal structure and thermal, photophysical, and
electrochemical properties of the new molecule have been
studied in detail. High-photoluminescence quantum efficien-
cies (®@prs) of 0.90 and 0.51 were measured in chloroform
solution and as thin film in CBP host, respectively.
Intermolecular “C—H---z” and “C—H:--N” hydrogen bonding
interactions were found to govern the molecular packing in the
single-crystal structure without forming 7— stacking. OLEDs
exhibited excellent deep-blue electroluminescence (CIE(x,y) =
(0.1S, 0.09)) with an impressive maximum external quantum
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efficiency of 7.06% (EQE = 6.30% at 200 cd/m?) and a
maximum current efficiency of 5.91 cd/A (CE = 5.34 cd/A at
200 cd/m?). The experimental results agreed well with the
theoretical calculations, and TDDFT calculations indicated
that the observed high radiative exciton yield (n, ~ 69%)
originates from reverse intersystem crossing processes from the
high-lying triplet states to the first singlet excited state (T,/T5
— §,), all having HLCT characteristics. In addition to showing
the first time deep-blue emission of an oligo(p-phenyl-
eneethynylene) derivative, the electroluminescence perform-
ance shown here is among the highest achieved to date for a
deep-blue OLED device in which the emissive layer is solution-
processed. The findings presented herein clearly demonstrate
that oligo(p-phenyleneethynylenes) with proper donor/accept-
or functionalizations can play a pronounced role in the
development of high-performance deep-blue OLEDs. Fur-
thermore, since oligo(p-phenyleneethynylene) offers an
extensive z-framework with various positions available to
functionalizations, the promising results shown here may
stimulate future molecular design efforts for OLEDs. The
design rationales presented herein may open up new avenues
for the development of fluorescent oligo(p-phenyleneethyny-
lenes) with high radiative exciton yields (>>25%) in electro-
luminescence.
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