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Abstract—In this work, a series of aryl-substituted pyrrole analogues were synthesized. These pyrrole analogues emit violet to blue light.
Fluorescence and amorphous glassy properties of these pyrrole analogues were induced by manipulating the peripheral aryl groups. These
crowded peripheral aryl groups would effectively prevent the fluorophores from aggregation, resulting in higher quantum efficiency and a sta-
ble emission spectrum in the solid state. One of the aryl-substituted pyrrole analogues, namely NPANPy can be used as hole-transporting
material or hole-transporting/emitting material. The devices would emit blue light when the fluorophore NPANPYy acts as the hole-transport-
ing/emitting material. Their CIE coordinate is around (0.16, 0.14), whereas the maximum brightness can reach 4300-5000 cd m™2. Apart
from that, when the fluorophore was used only as the hole-transporting material, better device performances, especially in low current density,

were found, as compared with the standard device.
© 2007 Elsevier Ltd. All rights reserved.

1. Introduction

Since the discovery of small molecule-based and polymer-
based organic electroluminescence (OEL) devices by
Tang’s! and Holmes’ groups,” there have been intense
research activities in organic EL devices. Major challenges
remain, however, including the need to significantly improve
the performance and durability of blue, green, red, and white
OLED:s for displays and lighting. Blue emitters for organic
EL devices remain the most sought-after materials.> By
modification of the molecular structures, the color and per-
formance can be manipulated.* From the structural aspect,
molecules with asymmetric and nonplanar structure can be
readily processed into amorphous films by either spin-
coating or vacuum deposition.> Complete amorphous mor-
phology of films can effectively prevent the formation of
aggregates, excimers, and exciplexes, which would result
in higher quantum efficiency and a stable emission spec-
trum. Some starburst and dendron-type conjugated mole-
cules have been proven to be effective molecular
construction blocks to inhibit the formation of molecular
aggregation or —7t stacking in the solid state.® In addition
to improving the quantum efficiency, film-forming proper-
ties and their temporal stability are prerequisites for the
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performance and longevity of devices.” Amorphous mate-
rials possessing high glass transition temperatures (1)
would be beneficial for forming glasses and avoiding crystal
formation which leads to grain boundary problems. By intro-
ducing sterically crowded substituents, such as tetraphenyl-
methyl® or tetraphenylsilyl moieties® into fluorophores, the
molecular self-aggregation would be inhibited in the film
state.®®!9 Such bulky structures can render these compounds
amorphous in nature and make it difficult for them to pack
into detrimental aggregates in the film state.!’

In this work, nitrogen-containing cyclic 7t-electron system,
pyrrole was used as a novel fluorescent platform. To induce
the fluorescent characteristics and prevent aggregation, sev-
eral aryl groups were grafted onto the pyrrole platform at 2-,
3-, 4-, and 5-position. In order to investigate the fluorescent
characteristics affected by the crowded steric effect of the
aryl substituents, a variety of aryl-substituted pyrrole fluoro-
phores were synthesized. Some pyrrole fluorophores would
be anticipated to exhibit amorphous solid behavior due
to the presence of peripheral aryl-substituted moieties, and
consequently enhance the luminance efficiency. In order
to evaluate the practicality of these fluorophores, double-
layer and triple-layer EL devices using these pyrrole-
containing compounds as hole-transporting layer and
emitting layer, and tris(8-quinolinolato)-aluminum (Alqz)'?
or 1,3,5-tris(N-phenylbenzimidazol-2-yl)benzene (TPBI)'3
as electron-transporting layer were fabricated.
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Chart 1. Chemical structures of the pyrrole-containing fluorophores.

2. Results and discussion

2.1. Synthesis and characterization of the aryl-
substituted pyrroles

Chart 1 shows the chemical structures of the aryl-substituted
pyrrole fluorophores. Suzuki-coupling reaction might be
employed in the synthesis of symmetric tetraarylpyrroles.
However, it not only failed to give asymmetric aryl-
substituted compounds, but generated several side products
as well. In order to effectively synthesize symmetric aryl-
substituted pyrroles, [24+2+1] cycloaddition reaction was
utilized in this work. In addition, Paal-Knorr condensation
reaction, which is an effective route to prepare symmetric
and asymmetric aryl-substituted pyrrole derivatives was
also employed. Scheme 1 shows the synthetic route to the
aryl-substituted pyrrole derivatives. Under iodine and
sodium methoxide, the deoxybenzoin analogues were oxi-
datively dimerized first into symmetric or asymmetric
tetraaryl-substituted buta-1,4-dione. The pyrrole ring was
subsequently formed with the addition of ammonium acetate
via the Paal-Knorr condensation reaction. As a result, the
aryl-substituted pyrrole analogues with active N-H were
obtained. These pyrroles exhibit strong fluorescent quench
in the solid state.'* After further ethylation, solid state
fluorescence was found for the pyrrole fluorophores.

NPAAPy

NPANPy

2.2. Photophysical properties and energy level

Figure 1 shows the absorption and fluorescence spectra of
these pyrrole fluorophores. The UV spectra show similar
absorptions around 286 nm caused by the 7t—7* excitation
of these pyrrole fluorophores. Large bathochromic shift in
emission wavelength was found in the emission spectra.
As compared to model compound TPPy (Chart 1), the max-
imum emission wavelengths of the fluorophores BPPy,
BAPy, and BNPy (Chart 1) were shifted to 400, 410, and
420 nm, respectively. Obviously, the maximum emission
wavelength of the fluorophores was affected by the periph-
eral aryl groups. By extending the conjugation length of
the peripheral aryl groups, i.e., introducing heteroatom func-
tionalized-aryl groups or naphthyl group, the maximum
emission wavelength of the pyrrole fluorophores would be
red-shifted. These pyrrole fluorophores in solid state exhibit
stronger fluorescence intensities than those in dichlorome-
thane solution as shown in the inset photo of Figure 1.
This phenomenon differs from many organic fluorophores.
They exhibit high fluorescent quantum yields in solution,
but the fluorescence is usually quenched in highly concen-
trated solution or in the solid films because of the existence
of more nonradiative decay channels associated with ag-
gregates, excimers, exciplexes, and impurities in the solid
state.'?

o  (1)SOCl, neat, o 2 NaOMe A A9
Ar' —— I — I
! /\(])//H (2) Ar-H, AICl Ar THF Ar
CH3NO; 1a~1d o Ar
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o Ar AcOH DMAc \
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Scheme 1. Synthesis of aryl-substituted pyrrole fluorophores.
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Figure 1. Normalized absorption (dotted line) and fluorescence spectra
(solid line) of pyrrole fluorophores in dichloromethane solution. Inset: photo
of the fluorophore BPPy luminescence in dichloromethane and solid
powder.

The above-mentioned pyrrole fluorophores emitted violet-
blue to blue light. To shift color of the emission light to
deep blue, the conjugation length would be elongated by in-
troducing arylamino group onto fluorophores. Pd-catalyzed
aromatic amination reactions are commonly employed in
the synthesis of triarylamines.'® Scheme 2 shows the synthe-
sis of the pyrrole-based arylamines, NPAPPy, NPAAPy, and
NPANPy. After amination, these aminated pyrrole fluoro-
phores bathochromically shifted the emitting light to
450 nm, which was a deep blue hue. Figure 2 shows absorp-
tion and emission spectra of the aminated fluorophores in the
same concentration. It is interesting that variations of the
peripheral aromatic substituents shifted the maximum
absorption wavelength slightly but were capable of enhanc-
ing their emission intensities in the same concentration
(1x1073 M) extensively. This fact may be attributed to the
effect of the crowded peripheral aryl groups at 2- and 5-
position, in addition to the strong delocalization between
the arylamino group and pyrrole platform.

Cyclic voltammetry (CV) was employed to examine the
electrochemical behaviors of these pyrrole fluorophores.
CV graphs were obtained with positive scan from —1 to
1.0 V using materials with 0.10 M of tetrabutylammonium
perchlorate (TBAP) in anhydrous CH,Cl, solution. The po-
tentials for oxidation were determined to be 0.74-1.17 V
(Fig. 3). Except BAPy, the oxidation potentials of other
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Scheme 2. Amination of aryl-substituted pyrrole fluorophores.
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Figure 2. Absorption (dotted line) and fluorescence spectra (solid line) of
the amino-pyrrole fluorophores in dichloromethane solution.

pyrroles exhibited insignificant variations by modifying
the peripheral aryl substituents. Evidently, the oxidation po-
tential of the pyrrole BAPy reduced slightly by introducing
methoxy group onto the peripheral phenyl group. By intro-
ducing arylamino group onto the phenyl group at 3- and
4-position in the pyrrole core, these fluorophores would
generate lower oxidation potentials. Based on the onset po-
tential for the oxidation and the band gap determined from
the optical absorption threshold, the HOMO and LUMO en-
ergy levels of the flourophores were estimated with regard
to the energy level of the ferrocene reference (4.8 eV below
the vacuum level).'” HOMO energy, LUMO energy, and
band gaps are shown in Table 1. The peripheral aryl groups
of the pyrrole fluorophores also affected the photophysical
and electrochemical properties. Fluorophores TPPy, BPPy,
and BNPy possess similar chemical structures and HOMO
levels. By replacing phenyl with naphthyl groups in the
periphery of the pyrrole platform, the LUMO level was low-
ered because of its small energy bandgap. After amination,
the HOMO levels of the fluorophores NPAPPy, NPAAPy,
and NPANPy were enhanced significantly. This is because
these aminated fluorophores generated lower oxidation
potentials.

2.3. Molecular architecture and thermal properties
Thermal properties of the pyrrole fluorophores were ana-

lyzed by DSC and TGA (Fig. 4). By introducing phenyl
groups onto the pyrrole platform, fluorophore TPPy
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Figure 3. The reduction cyclic voltammograms of pyrrole-containing fluorophores. The result was measured in a three electrode compartment cell with a Pt wire
counter electrode and an Ag/AgCl (0.1 M) reference electrode at a scan rate of 50 mV s'. The electrolyte was TBAP (tetrabutylammonium perchlorate)

(0.1 M) in dichloromethane solvent.

exhibited a broad melting peak. As compared with model
compound TPPy, the introduction of bromo or methoxy
group onto the peripheral aryl groups would enhance the
thermal stabilities of BPPy and BAPy. This implies that
strong intermolecular interactions among polar anisoles or
bromophenyl groups would certainly impart the BAPy and

Table 1. Thermal and photophysical characteristics of the fluorophores

BPPy molecules with higher melting points (7,,,s) and degra-
dation temperatures (74s). In addition, fluorophore BNPy
exhibited a conspicuous glass transition at 110 °C because
the coplanarity of the pyrrole platform was disrupted by
the incorporation of naphth-2-yl groups. After the introduc-
tion of naphthylphenylamino group, the glassy morphology

TPPy BPPy BAPy BNPy NPAPPy NPAAPy NPANPy
2o /nm® 256 260 258 268 306 304 309

Ao /nm® 385 392 401 413 455 458 452
En/eV® 3.54 3.59 3.49 3.02 2.58 2.59 2.61
bem” 0.19 0.20 4x107° 0.39 0.25 0.19 0.40
ES/eV? 1.14 117 1.03 1.16 0.79, 1.04 0.74, 1.04 0.79, 1.04
HOMO/eV*® 5.40 5.43 5.29 542 5.0 5.00 5.0
LUMO/eV® 1.86 1.84 1.80 2.40 247 241 244
T/°C" — — — 110 108 106 118
T./°C 160 242 260 268 — — —

Ty °C 248 300 295 336 407 415 419

# Photophysical properties of the molecules in ethyl acetate solution were examined by UV-vis spectra and fluorescence.

® Estimated from the tail of the absorption spectra. 1240/Acyofr=FEgap-

¢ Quantum yield was measured with reference to Coumarin 1 (99%) in ethyl acetate.

4 Determined from cyclic voltammetry in dichloromethane.

¢ HOMO calculated from CV potentials using ferrocene as standard [HOMO:4.8+(E‘|’}‘2—E1F/C2)]. LUMO derived from the relationship LUMO=HOMO—E|,,.
f T, Ty, were measured from DSC at a heating rate of 10 °C min ' Tys were defined as weight loss at 5 wt %, which was measured by TGA at a heating rate

of 10°C min .
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Figure 4. DSC thermograms of Pyrrole—containing fluorophores from
second heating cycle at 10 °C min~ .

was stabilized. For fluorophores NPAPPy, NPAAPy, and
NPANPy, no melting point was observed in the range from
room temperature to 7gs.

(@)

The molecular framework of the aryl-substituted pyrroles
can be unambiguously confirmed by single crystal X-ray dif-
fraction analysis. Figure 5a shows the single crystal X-ray
crystallographic structure of the fluorophore BPPy. The di-
hedral angle in the pyrrole platform (C1-C2-C3-C4) was
0.2°. This indicates that the pyrrole platform is planar. The
dihedral angles between pyrrole platform and phenyl substit-
uents at C1 (C2—-C1-C7-CS8) and C4 (C3—-C4—-C25-C26) are
124° and 116°, respectively, whereas the dihedral angles be-
tween pyrrole platform and phenyl substituents at C2 and C3
are 135° (C1-C2-C13-C18) and 123° (C2-C3-C19-C24),
respectively. According to the X-ray data, all the peripheral
phenyl groups were connected with the pyrrole platform in
a twisted manner. This would lead to amorphism, which fa-
cilitates the fabrication of devices. Figure 5b shows the mol-
ecules of the fluorophore BPPy interlaced with each other in
a bimolecular style in the lattice cell. This result indicates
that the peripheral phenyl groups not only restrict the pack-
ing of the molecules, but disturb the crystal style as well.
The crystal morphology accounts for the formation of glass
state for the fluorophores BNPy, NPABPy, NPAAPy, and
NPANPy. Because of the incorporation of various aryl
substituents onto the pyrrole platforms, the number of

Figure 5. Single crystal X-ray diffraction pattern of fluorophore BPPy (a) and its crystal cell (b).
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Figure 6. Energy level of the double-layer and triple-layer devices using fluorophore NPANPy as emitting layer, NPB as hole-transporting layer, Alq; or TPBI as

electron-transporting layer, and LiF as buffer layer.

conformers for these fluorophores would increase. These
polymorphic fluorophores with a nonplanar structure ex-
hibited less tendency to pack into crystal lattice, and hence,
favored amorphous morphology.'8

2.4. Device fabrication and EL performance

According to the study of Photophysical Properties and En-
ergy Level, fluorophore NPANPYy is a promising material for
OLED applications. In order to understand the capacity of
the fluorophore NPANPy, double-layer and triple-layer
devices were fabricated (Fig. 6). In double-layer device,
fluorophore NPANPy was used as hole-transporting layer,
and Alqs (tris(8-quinolinolato)aluminum) and TPBI (1,3,5-
tris(N-phenylbenzimidazol-2-yl)benzene) were used as elec-
tron-transporting layers for devices A and B, respectively. In
triple-layer, fluorophore NPANPy was inserted between
hole-transporting layer NPB  (4,4'-bis(N-naphth-1-yl-N-
phenylamino)-biphenyl) and electron-transporting layers
Alqgs and TPBI for devices C and D, respectively. The con-
figuration and energy levels of the double-layer and triple-
layer devices are shown in Figure 6.

After applying voltage on these devices, devices B and D
emitted blue light with maximum emission wavelength
around 460 nm, and devices A and C emit green light with
maximum emission wavelength around 525 nm. Figure 7
shows the electroluminescence spectra of the double-layer
and triple-layer devices. The Commission International de
I’Eclairage (CIE) chromaticity coordinates (x, y) for devices

1.0 4 —— Standard
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291 F v \N Device C
'g Device D
E 0.6+
°
(7]
N
T 0.4+
E
o
Z 02+
0.0
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Figure 7. Electroluminescence spectra of the double-layer and triple-layer
devices using fluorophore NPANPy as emitting layer.

A, B, C, and D at an operating voltage of 8 Vare (0.29, 0.57),
(0.16, 0.14), (0.30, 0.56), and (0.16, 0.17), respectively. This
result indicates that fluorophore NPANPy and Alq; acted as
hole-transporting layer and electron-transporting layer, re-
spectively. The light-emission was predominated by Alqs.
On the other hand, fluorophore NPANPy served not only
as hole-transporting layer, but as emitting layer as well,
when TPBI played the role as electron-transporting layer.
This phenomenon could be specified by their energy levels
(Fig. 6). In devices B and D, TPBI functioned as an effective
hole-blocker, due to the large barrier for holes to cross from
the HOMO of NPANPy to the HOMO of TPBI. Therefore,
the excitons were confined in the NPANPy layer. On the con-
trary, a larger barrier for electrons to cross from the LUMO
of Alqs to the LUMO of NPANPy confined the excitons in
the Alqs layer. From these results, it is concluded that fluo-
rophore NPANPYy is capable of acting as hole-transporting
material or hole-transporting/emitting material according
to the electron-transporting material.

Figures 8 and 9 show the current density—voltage (/-V) and
luminance—current density (L—I) characteristics of the
NPANPy-based devices. Devices B and D emitted blue light
with the maximum brightness of 3602 and 4748 cd m~? at
10.5 and 9.5 V, respectively, when the fluorophore NPANPy
served as the hole-transporting/emitting material. Devices
A and C emitted green light with the maximum brightness
of 43,226 and 49,505cdm~2 at 10.5 and 11.5V, re-
spectively, when the fluorophore NPANPy served as the
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—~ 20004 —°
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[
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Figure 8. Current density—voltage characteristics of the NPANPy-based
devices.
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Figure 9. Luminance—current density characteristics of the NPANPy-based
devices.

hole-transporting material. The device performance para-
meters are summarized in Table 2. It is important to note
that the brightness of devices A and C is larger than standard
device (maximum brightness 27,292 cdm=2 at 13.5V),
which was fabricated using NPB as hole-transporting layer
and Alqs; as electron-transporting/emitting layer. Especially,
better device performance was found at low current density
(Table 2). This implies that fluorophore NPANPYy is a better
hole-transporting material as compared with fluorophore
NPB.

3. Conclusion

A series of novel aryl-substituted pyrroles were synthesized.
Fluorescence and film-forming properties were enhanced by
grafting various aryl groups onto the pyrrole platforms.
These crowded peripheral aryl groups would be able to
restrict the packing of these fluorophores effectively.

Table 2. Performance of the NPANPy-based OLEDs

Moreover, these molecules interlaced with each other in
the lattice cell. Consequently, these fluorophores could
effectively prevent the formation of aggregates, resulting
in higher quantum efficiency and a stable emission spectrum
in the solid film. In addition, these asymmetric peripheral
aryl groups would make these fluorophores possess a number
of conformers and subsequently led to stable amorphous
glass morphology. In one example, fluorophore NPANPy
was capable of serving as hole-transporting material or
hole-transporting/emitting material. Devices B and D would
emit blue light when the fluorophore NPANPYy acted as hole-
transporting/emitting material. Their CIE coordinate is
around (0.16, 0.14), whereas the maximum brightness of
4300-5000 cd m~2 could be achieved. Better device perfor-
mances, especially in low current density, were found in
devices A and C (NPANPy as the hole-transporting material)
as compared with the standard device consisting of NPB as
hole-transporting material and Alq; as electron-transporting
material.

4. Experimental
4.1. General

'H and '3C NMR spectra were recorded on Varian Gemini
NMR 300 and 75.5 MHz. Thin-layer chromatography was
performed using commercially prepared 60-mesh silica gel
plates (Whatman K6F), and visualization was effected
with short wavelength UV light (254 nm). High resolution
mass spectra were recorded on a Finnigan/Thermo Quest
MAT mass spectrometer. Differential scanning calorimetry
(DSC) and thermogravimetric analysis (TGA) were per-
formed using a SEIKO SII Model SSC5200 unit at heating
and cooling rates of 10 °C min~'. All melting points are
uncorrected. UV—vis spectra were measured using a
SHIMADZU UV mini-1240 spectrophotometer. Photolumi-
nescence spectra were obtained using an Acton Research
Spectra Pro-150 luminescence spectrometer. Cyclic voltam-
metry (CV) spectra were measured using a PGSTAT30, Eco

Standard device

Device A

Device B Device C Device D

Turn-on voltage (Vy,)/V* 2.5
Maximum brightness (Ly,,x)/cd m~> 27,292 (at 13.5V)
Maximum external quantum efficiency (fexi, max)/% 0.95

Maximum current efficiency (7¢, max)/cd/A 3.15
Maximum power efficiency (7, ma)/Im/W 1.44
CIE,,” (031, 0.55)
/"{ﬁ.,';x/nmh 524
FWHM/nm" 96
Voltage/V© 3.4 (5.9)
Brightness (L)/cd m 4 (2711)
External quantum efficiency (7¢x)/%° 0.01 (0.81)
Current efficiency (nc)/cd/A° 0.02 (2.7)
Power efficiency (77p)/lm/Wc 0.02 (1.42)

(0.29, 0.57)

52 (7.1)
1040 (5557)
1.57 (1.69)
5.05 (5.58)
3.15 (2.47)

3.0 2.5 3.0

43,226 (at 12.5V) 3602 (at 10.5V) 49,505 (at 11.5V) 4748 (at 9.5V)

1.45 1.82 1.37

1.54 5.95 1.68

0.92 6.46 1.14

(0.16, 0.14) (0.30, 0.56) (0.16, 0.17)
458 524 460

70 91 90

5.5 (1.5) 4.7 (6.3) 4.6 (6.3)
297 (1483) 1122 (5943) 320 (1651)
1.39 (1.40) 1.71 (1.82) 1.30 (1.35)
1.48 (1.48) 5.58 (5.94) 1.59 (1.65)
0.84 (0.62) 3.77 (2.96) 1.08 (0.88)

Standard device: ITO/NPB (40 nm)/Alqz (40 nm)/LiF/Al.

Device A: ITO/NPANPy (40 nm)/Alqs (40 nm)/LiF/Al.

Device B: ITO/NPANPy (40 nm)/TPBI (40 nm)/LiF/Al

Device C: ITO/NPB (40 nm)/NPANPy (20 nm)/Alqs (40 nm)/LiF/Al.
Device D: ITO/NPB (40 nm)/NPANPy (20 nm)/TPBI (40 nm)/LiF/Al.
 Recorded at 2 cdm 2.

b Recorded at 8 V.

¢ Recorded at 20 mA cm’z, the data in parentheses were recorded at 100 mA cm™ ~.

2
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Chemie electrochemical analyzer operated at a scan rate of
50 mV s~ !; the solvent was anhydrous CH,Cl, and 0.1 M
tetrabutylammonium perchlorate (TBAP) was the support-
ing electrolyte. The potentials were measured against an
Ag/Ag* (0.01 M AgNOs) reference electrode using ferro-
cene as an internal standard. 1,2-Diphenylethanone (deoxy-
benzoin; la) and other reagents were used directly as
received unless otherwise noted.

4.1.1. Preparation of aryl-substituted pyrrole deriva-
tives.

4.1.1.1. General procedure for preparation of the 1,2-
diarylethanones (1). 2-Arylacetic acid (4.65 mmol) was
suspended in thionyl chloride (3 mL). The suspension solu-
tion was dissolved at elevated temperatures. The solution
was refluxed for 3 h. Excess of thionyl chloride was distilled
and dried under vacuum. The resultant brown oil was dis-
solved in anhydrous dichloromethane (5 mL), and then
aryl derivatives were added to the solution at 0 °C. Anhy-
drous AICl; (0.8 g; 6.0 mmol) was added in small portions
at the same temperature, and stirring was continued for
30 min. The reaction mixture was then refluxed for 2 h.
The mixture solution was poured into a mixture of crushed
ice (~5 g) and 12 M HCI (0.8 mL). The aqueous layer of the
mixture was extracted with ethyl acetate (EA; 3x20 mL).
The combined organic solution was washed with saturated
aqueous NaHCO; (1x100mL), dried over anhydrous
MgSO,, and filtered off. The solvent was then evaporated
under reduced pressure. Further purification was performed
by column chromatography on silica gel to afford the corre-
sponding product.

4.1.1.1.1. 2-(4-Bromophenyl)-1-phenylethanone (1b). 2-
(4-Bromophenyl)acetic acid (1.05g; 4.89 mmol) and
benzene (0.42 g; 5.4 mmol) were employed. Purification
by column chromatography (EA/n-hexane=1/9) afforded
1.17 g (yield: 87%) of the product as a clear liquid. 'H
NMR (CDCl3) 6 4.42 (s, 2H), 7.14 (dd, J=2.4, 8.4 Hz,
2H), 7.44-7.49 (m, 4H), 7.55 (t, J/=7.2 Hz, 1H), 7.99 (dd, J=
2.4, 6.6 Hz, 2H). '3C NMR (CDCls) 6 44.50, 55.50, 113.88,
120.84, 129.41, 130.86, 131.18, 131.70, 133.88, 163.68,
195.58. HRMS (FAB) m/z calcd for C 4H;;BrO: 273.9993.
Found: 273.9992.

4.1.1.1.2. 2-(4-Bromophenyl)- 1-(4-methoxyphenyl)etha-
none (Ic). 2-(4-Bromophenyl)acetic acid (0.83 g;
3.86 mmol) and anisole (0.46 g; 4.25 mmol) were em-
ployed. Purification by column chromatography (EA/n-
hexane=1/9) afforded 1.02 g of the product as a clear liquid
(yield: 87%). '"H NMR (CDCls) 6 3.87 (s, 3H), 4.19 (s, 2H),
6.93 (d, /=8.7Hz), 7.14 (d, J=8.1 Hz, 2H), 7.44 (d, J=
8.4 Hz, 2H), 7.97 (d, J=9.0 Hz, 2H). '3C NMR (CDCls)
0 44.49, 55.49, 113.87, 120.83, 129.41, 130.86, 131.17,
131.70, 133.87, 163.68, 195.58. HRMS (FAB) m/z calcd
for C;sH;3BrO,: 304.0099. Found: 304.0097.

4.1.1.1.3. 2-(4-Bromophenyl)-1-(naphthalen-2-yl)etha-
none (1d). 2-(4-Bromophenyl)acetic acid (0.98 g;
4.56 mmol) and naphthalene (0.64 g; 5.0 mmol) were
employed. Purification by column chromatography (EA/n-
hexane=1/9) afforded 1.21 g of the product as a clear liquid
(yield: 82%). 'H NMR (CDCl5) 6 4.19 (s, 2H), 7.19 (d, J=
8.1 Hz, 2H), 7.46 (d, /=8.4 Hz, 2H), 7.59 (m, 2H), 7.88 (t,

2H), 7.97 (d,J=7.8 Hz, 1H), 8.04 (d, /=6.9 Hz, 1H), 8.52 (s,
1H). '3C NMR (CDCls) 6 44.78, 120.97, 124.07, 126.88,
127.78, 128.62, 128.67, 129.58, 130.29, 131.26, 131.75,
132.46, 133.56, 133.73, 135.65, 196.94. HRMS (FAB) m/z
calcd for C,gH;3BrO: 324.0150. Found: 324.0153.

4.1.1.2. General procedure for preparation of the
1,2,3,4-tetraarylbutane-1,4-diones (2). Potassium ferz-
butoxide 0.41 g (3.65 mmol) was dissolved in 10 mL
anhydrous THF. The solution was cooled down to —60 °C.
1,2-Diarylethanone derivatives in 10 mL anhydrous THF
were then added dropwise to the solution. Subsequently,
iodine (0.93 g, 3.63 mmol) in anhydrous THF (20 mL) was
added. The reaction temperature was recovered to 0 °C,
and the mixture was stirred for 2 h. Aqueous sodium bisulfite
(1 M) was added to terminate the reaction. The aqueous layer
of the mixture was extracted with EA (3x20 mL). The com-
bined organic solution was washed with brine (2x20 mL),
deionized water, dried over anhydrous MgSQO,, and filtered
off. The solvent was then evaporated under reduced pressure.
Further purification was performed by column chromato-
graphy on silica gel to afford the corresponding product.

4.1.1.2.1. 1,2,3,4-Tetraphenylbutane-1,4-dione (2a).
Deoxybenzoin (1a; 1.00 g) was employed. Purification by
column chromatography (EA/n-hexane=1/5) afforded
0.73 g of the product in the form of white powder (73%).
'H NMR (CDCl) 6 5.78 (s, 2H), 7.10 (t, J=7.5 Hz, 2H),
7.21 (t, J=7.5Hz, 4H), 7.32 (t, J=7.5 Hz, 4H), 7.44 (t,
J=17.5 Hz, 2H), 7.53 (d, J/=6.9 Hz, 4H), 7.86 (d, /=6.9 Hz,
4H). 3C NMR (CDCl3) 56.19, 127.36, 128.44, 128.45,
128.77, 129.06, 132.93, 136.88, 198.39. HRMS (FAB) m/z
calcd for CogH»5,05: 390.1260. Found: 391.1708 (M*+H).

4.1.1.2.2. 2,3-Bis(4-bromophenyl)-1,4-diphenylbutane-
1,4-dione (2b). 2-(4-Bromophenyl)-1-phenylethanone (1b;
0.98) was employed. Purification by column chromato-
graphy (EA/n-hexane=1/5) afforded the product as white
powder (0.79 g; yield: 81%). "H NMR (CDCl3) 6 5.32 (s,
2H), 6.90 (d, J=8.4 Hz, 4H), 7.27 (t, /=8.7 Hz, 4H), 7.38
(t, J=72Hz, 4H), 749 (t, J=7.2Hz, 2H), 7.94 (d,
J=17.2 Hz, 4H). >*C NMR (CDCl5) 6 57.57, 121.63, 128.58,
128.84, 130.36, 132.04, 133.24, 135.12, 135.98, 198.80.
HRMS (FAB) m/z calcd for CogH»0Br,O5: 545.9830. Found:
546.9907 [M*+H].

4.1.1.2.3. 2,3-Bis(4-bromophenyl)-1,4-bis(4-methoxy-
phenyl)butane-1,4-dione (2¢). 2-(4-Bromophenyl)-1-(4-
methoxyphenyl)ethanone (lc; 0.92g) was employed.
Purification by column chromatography (EA/n-hexane=
1/5) afforded the product as white powder (0.77 g; yield:
84%). '"H NMR (CDCl3) 6 3.81 (s, 3H), 5.28 (s, 1H), 6.84
(d, /=7.8 Hz, 2H), 6.89 (d, /=7.8 Hz, 2H), 7.27 (d, J=
7.5 Hz, 2H), 7.92 (d, J=7.8 Hz, 2H). '3C NMR (CDCl5)
0 55.42, 57.11, 113.75, 121.39, 128.96, 130.30, 131.19,
131.91, 135.72, 163.52, 197.15. HRMS (FAB) m/z calcd for
C30H,4Br,04: 606.0041. Found: 607.0125 (M*+H). Anal.
Calcd for Cz;gHo4Br,O,: C, 59.23; H, 3.98. Found: C,
58.65; H, 3.89.

4.1.1.2.4. 2,3-Bis(4-bromophenyl)-1-(naphthalen-2-yl)-
4-(naphthalen-3-yl)butane-1,4-dione (2d). 2-(4-Bromo-
phenyl)-1-(naphthalen-2-yl)ethanone (1d; 1.10g) was
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employed. Purification by column chromatography (EA/
n-hexane=1/5) afforded the product as white powder
(0.94 g; yield: 86%). 'H NMR (CDCls) & 5.55 (s, 2H),
7.02 (d, J/=8.1 Hz, 4H), 7.31 (d, J/=8.1 Hz, 4H), 7.48-7.59
(m, 4H), 7.82 (d, J/=9.0 Hz, 4H), 7.91 (d, J=7.8 Hz, 2H),
7.99 (d, J=8.7Hz, 2H). '3*C NMR (CDCl3) é 57.71,
121.67, 124.38, 126.71, 127.68, 128.45, 128.59, 129.70,
130.42, 130.77, 132.09, 132.42, 133.35, 135.29, 135.60,
198.80. HRMS (FAB) m/z caled for C3¢Hy4Br;O;:
646.0143. Found: 647.0217 (M*+H).

4.1.1.3. General procedure for preparation of the
2,3,4,5-tetraarylpyrroles  (3). Ammonium  acetate
(6.49 mmol) and tetraarylbutane-1,4-dione (1.83 mmol,
1.0 equiv) were dissolved in 10 mL acetic acid. The mixture
was heated to 130 °C and kept stirring at this temperature for
24 h. When the reaction was completed, the solution was
poured into 100 mL deionized water. After filtering the pre-
cipitate, the crude solid was dissolved in EA (20 mL). The
EA solution was washed with saturated sodium carbonate
(2x20 mL) and deionized water (2x20 mL), dried over
anhydrous MgSQO,, and filtered off. The solvent was then
evaporated under reduced pressure. Further purification was
performed by column chromatography on silica gel to afford
the corresponding product.

4.1.1.3.1. 2,3,4,5-Tetraphenylpyrrole (3a). 1,2,3,4-Tetra-
phenylbutane-1,4-dione (2a; 0.72 g) was employed. Purifi-
cation by column chromatography (EA/n-hexane=1/13)
afforded the product as white powder (0.52 g; yield: 76%).
"H NMR (CDCl3) 6 7.10-7.27 (m, 20H), 8.40 (s, 1H). '3C
NMR (CDCl3) 6 123.20, 125.84, 125.92, 126.64, 127.13,
127.87, 128.82, 128.82, 128.58, 130.38, 130.96, 132.71,
135.35. HRMS (FAB) m/z caled for CygH,N: 371.1674.
Found: 371.1681.

4.1.1.3.2. 3,4-Bis(4-bromophenyl)-2,5-diphenyl-1H-pyr-
role (3b). 2,3-Bis(4-bromophenyl)-1,4-diphenylbutane-1,4-
dione (2b; 0.99 g) was employed. Purification by column
chromatography (EA/n-hexane=1/13) afforded 0.71g
(74%) of the product as white powder. '"H NMR (CDCl5)
0 6.84 (d, J=8.1 Hz, 4H), 7.18-7.24 (m, 14H), 8.37 (s,
1H). 13C NMR (CDCl5) 6 120.24, 127.30, 128.78, 131.26,
132.51, 134.10. HRMS (FAB) m/z calcd for C,ogH 9Br,N:
526.9884. Found: 526.9886.

4.1.1.3.3. 3,4-Bis(4-bromophenyl)-2,5-bis(4-methoxy-
phenyl)-1H-pyrrole  (3c).  2,3-Bis(4-bromophenyl)-1,4-
bis(4-methoxyphenyl)butane-1,4-dione (2¢; 0.82 g) was
employed. Purification by column chromatography (EA/n-
hexane=1/13) afforded the product as white powder (0.49 g;
yield: 62%). 'H NMR (CDCl3) 6 3.81 (s, 3H), 6.83 (d,
J=8.7 Hz, 2H), 6.99 (d, /=8.4 Hz, 2H), 7.39 (dd, /=24,
8.7 Hz, 4H). '3C NMR (CDCls) ¢ 55.24, 113.92, 119.25,
124.92, 128.87, 129.19, 131.10, 132.92, 135.41, 158.15.
HRMS (FAB) m/z calcd for C3gH,3Br,NO,: 587.0096.
Found: 587.0100. Anal. Calcd for C3oH»3BroNO,: C, 61.14;
H, 3.93; N, 2.38. Found: C, 61.27; H, 4.08; N, 2.03.

4.1.1.3.4. 3,4-Bis(4-bromophenyl)-2,5-bis(naphthalen-2-
yl)-1H-pyrrole (3d). 2,3-Bis(4-bromophenyl)-1-(naphtha-
len-2-yl)-4-(naphthalen-3-yl)butane-1,4-dione (2d; 0.91 g)
was employed. Purification by column chromatography

(EA/n-hexane=1/13) afforded the product as white powder
(0.66 g; yield: 75%). 'H NMR (CDCl3) ¢ 6.98 (d,
J=8.1 Hz, 6H), 7.32 (d, /=8.4 Hz, 6H), 7.42-7.55 (m,
4H), 7.73-7.80 (m, 6H), 8.76 (s, 1H). '3*C NMR (CDCl5)
0 120.39, 122.03, 126.42, 127.73, 131.32, 132.57. HRMS
(FAB) m/z caled for Cs36H3BroN: 627.0197. Found:
627.0199.

4.1.1.4. General procedure for preparation of the
N-ethyl-2,3,4,5-tetraarylpyrroles (4). Sodium hydride
(0.14 g, 60 wt % in mineral oil; 5.83 mol) was treated with
n-hexane, and then suspended in dry DMAc (5 mL). The so-
lution of tetraarylpyrrole (1.89 mmol) in dry DMAc (5 mL)
was added dropwise under nitrogen atmosphere at 0 °C for
1 h. After addition of bromoethane (0.25 g; 2.29 mmol),
the solution was stirred for 4 h at room temperature. Exces-
sive sodium hydride was terminated by addition of deionized
water, and the solution was subsequently extracted with EA
several times. The combined organic solution was washed
with deionized water several times, dried over anhydrous
MgSO,, and filtered off. The solvent was then evaporated
under reduced pressure. Further purification was performed
by column chromatography on silica gel to afford the corre-
sponding product.

4.1.1.4.1. 1-Ethyl-2,3,4,5-tetraphenylpyrrole (4a). 2,3,4,5-
Tetraphenylpyrrole (3a; 0.98 g) was employed. Purification
by column chromatography (EA/n-hexane=1/19) afforded
0.91 g (86%) of the product as white powder. 'H NMR
(CDCl3) 6 0.95-1.00 (t, J=7.2 Hz, 3H), 3.90 (q, /=7.2 Hz,
2H), 6.91-6.95 (m, 4H), 7.00-7.05 (m, 6H), 7.30-7.35 (m,
10H). '*C NMR (CDCl3) ¢ 16.61, 39.39, 122.11, 124.93,
127.33,128.13,130.82,130.96, 131.43, 133.21, 135.60. HRMS
(FAB) m/z calcd for C3oHpsN: 399.1987. Found: 399.1979.

4.1.1.4.2. 3,4-Bis(4-bromophenyl)-1-ethyl-2,5-diphenyl-
1H-pyrrole (4b). 3,4-Bis(4-bromophenyl)-2,5-diphenyl-
1H-pyrrole (3b; 1.00 g) was employed. Purification by
column chromatography (EA/n-hexane=1/19) afforded the
product as white powder (0.89 g; yield: 84%). 'H NMR
(CDCl3) 0 0.96 (t, /=7.2 Hz, 3H), 3.85 (d, /=7.2 Hz, 2H),
6.75 (d, J=4.5 Hz, 4H), 7.15 (d, J=4.5 Hz, 4H), 7.25-7.38
(m, 10H). '*C NMR (CDCls) 6 16.60, 39.45, 119.20,
120.65, 127.71, 128.34, 130.71, 131.22, 131.33, 132.26,
132.64, 134.34. HRMS (FAB) m/z calcd for C3qH,3Br,N:
555.0197. Found: 555.0196.

4.1.1.4.3. 3,4-Bis(4-bromophenyl)-1-ethyl-2,5-bis(4-
methoxyphenyl)-1H-pyrrole (4c). 3,4-Bis(4-bromophenyl)-
2,5-bis(4-methoxyphenyl)-1H-pyrrole (3c; 1.12g) was
employed. Purification by column chromatography (EA/
n-hexane=1/19) afforded the product as white powder
(0.97 g; yield: 83%). "H NMR (CDCls) 6 0.97 (t, J=7.2 Hz,
3H), 3.83 (m, 8H), 6.76 (d, J/=8.7 Hz, 4H), 6.88 (d, J=
8.7 Hz,4H), 7.16 (d, J/=8.7 Hz, 4H), 7.21 (d, J=8.7 Hz, 4H).
13C NMR (CDCl3) 6 16.66, 39.29, 55.19, 113.78, 119.03,
120.34, 124.86, 130.68, 130.75, 132.24, 132.51, 134.58,
159.07. HRMS (FAB) m/z caled for C3,H,7BroNO,:
615.0409. Found: 615.0410. Anal. Calcd for C3,H,7Br,NO,:
C, 62.25;H,4.41; N, 2.27. Found: C, 62.23; H,4.41; N, 1.92.

4.1.1.4.4. 3,4-Bis(4-bromophenyl)-1-ethyl-2,5-bis(naph-
thalen-2-yl)-1H-pyrrole (4d). 3,4-Bis(4-bromophenyl)-2,5-
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bis(naphthalen-2-yl)-1H-pyrrole (3d; 1.19 g) was employed.
Purification by column chromatography (EA/n-hexane=
1/19) afforded the product as white powder (1.07 g; yield:
86%). '"H NMR (CDCls) 6 0.97 (t, 3H), 3.95 (d, J/=7.2 Hz,
2H), 6.82 (d, J/=8.4 Hz, 4H), 7.13 (d, /=8.7 Hz, 4H), 7.39
(d, J=6.9 Hz, 2H), 7.50-7.53 (m, 4H), 7.80-7.88 (m, 8H).
13C NMR (CDCl3) 6 16.74, 39.65, 119.32, 121.20, 126.29,
126.38, 127.74, 127.97, 128.08, 129.07, 130.14, 130.35,
130.78, 131.31, 132.28, 132.62, 133.14, 134.26. HRMS
(FAB) m/z caled for CsgH,7BrpN: 655.0510. Found:
655.0516.

4.1.2. Preparation of the 3,4-bis(4-1-naphthylanilino-
phenyl)-1-ethyl-2,5-diaryl-1H-pyrrole. A single necked
100-mL round-bottomed flask was charged with the naphth-
1-ylphenylamine (0.438 g, 2 mmol), dibromoetraarylpyr-
role (4b—4d) (1 mmol), palladium(II) acetate (0.033 g,
0.05 mmol), and tri-tert-butylphosphine (0.02 g, 0.1 mmol).
Dry toluene (5 mL) and sodium fert-butoxide (0.023 g,
0.24 mmol) were added and heated at 110 °C for 24 h under
a nitrogen atmosphere. After cooling, the mixture was
quenched with water and the solution was then extracted
with dichloromethane (3x50 mL). The combined organic
solution was washed with water, dried over anhydrous
MgSO,, and filtered off. Evaporation of volatiles left a
dark solid. Further purification was performed by column
chromatography on silica gel to afford the corresponding
product.

4.1.2.1. 1-Ethyl-3,4-bis(4-1-naphthylanilinophenyl)-
2,5-di(naphthalen-2-yl)-1H-pyrrole (5b). 3,4-Bis(4-bro-
mophenyl)-1-ethyl-2,5-diphenyl-1H-pyrrole (4b; 0.56 g)
was employed. Purification by column chromatography
(EA/n-hexane=1/19) afforded the product as white powder
(0.64 g; yield: 76%). '"H NMR (500 MHz, DMSO-d):
0 0.773 (t, J=7.0 Hz, 3H), 3.753 (q, J/=7.0 Hz, 2H), 6.598
(d, J=8.5Hz, 4H), 6.721 (d, J=7.0 Hz, 4H), 6.770 (d,
J=8.0 Hz, 4H), 6.877 (t, J=7.5Hz, 2H), 7.118 (t, J=
7.5 Hz, 4H), 7.200 (t, J=7.5 Hz, 2H), 7.227 (d, J=7.0 Hz,
4H), 7.325 (m, 10H), 7.385 (t, J=7.5 Hz, 2H), 7.469 (t,
J=8.0 Hz, 2H), 7.687 (d, J=8.5Hz, 2H), 7.829 (d, J=
8.5 Hz, 2H), 7.926 (d, J/=8.0 Hz, 2H). '*C NMR (500 MHz,
DMSO-dg): 6 16.051, 120.538, 120.705, 121.310, 121.711,
123.461, 126.143, 126.260, 126.544, 127.018, 127.456,
128.199, 128.498, 129.176, 129.329, 130.240, 130.532,
131.028, 131.312, 132.595, 134.906, 142.692, 144.922,
147.838. HRMS (FAB) m/z calcd for Cg,H47N3: 834.0567.
Found: 833.3766 [M™].

4.1.2.2. 1-Ethyl-3,4-bis(4-1-naphthylanilinophenyl)-
2,5-di(naphthalen-2-yl)-1H-pyrrole (5c). 3,4-Bis(4-bro-
mophenyl)-1-ethyl-2,5-bis(4-methoxyphenyl)-1H-pyrrole (4c;
0.62 g) was employed. Purification by column chromato-
graphy (EA/n-hexane=1/19) afforded the product as white
powder (0.66 g; yield: 74%). "H NMR (500 MHz, DMSO-
de): 0 093 (t, J=11Hz, 3H), 3.82 (m, 8H), 6.73 (q,
J=9.0 Hz, 8H), 6.86 (dd, J=9.0, 12.5 Hz, 6H), 6.93 (d,
J=8.0 Hz, 4H), 7.12 (t, /=8.0 Hz, 4H), 7.18 (t, /=8.5 Hz,
2H), 7.24 (d, J=8.5 Hz, 6H), 7.33 (t, J=7.5 Hz, 2H), 7.39
(t, J=7.5Hz, 2H), 7.70 (d, J=7.5Hz, 2H), 7.81 (d,
J=8.5 Hz, 4H). '*C NMR (500 MHz, DMSO-dy): 6 16.62,
39.21, 55.14, 113.47, 121.25, 121.69, 124.50, 125.68,
125.93, 126.23, 126.91, 128.20, 128.86, 129.81, 129.99,

131.14, 131.39, 132.51, 135.20, 143.81, 145.25, 148.63,
158.66. HRMS (FAB) m/z caled for Cg4Hs5N30,:
893.3981. Found: 893.3978 [M™*].

4.1.2.3. 1-Ethyl-3,4-bis(4-1-naphthylanilinophenyl)-2,5-
di(naphthalen-2-yl)-1H-pyrrole (5d). 1-Ethyl-3,4-bis(4-bro-
mophenyl)-2,5-bis(naphthalen-2-yl)-1H-pyrrole (4d; 0.66 g)
was employed. Purification by column chromatography (EA/
n-hexane=1/19) afforded the product as white powder
(0.68 g; yield: 73%). 'H NMR (500 MHz, DMSO-d):
0 0.788 (t, J=7.0 Hz, 3H), 3.924 (q, /=7.0 Hz, 2H), 6.593 (d,
J=8.5 Hz, 4H), 6.738 (d, J=7.5 Hz, 4H), 6.811 (d, J=8.5 Hz,
4H), 6.855 (t, /=17.5 Hz, 2H), 7.099 (t, /=7.5 Hz, 4H), 7.190
(m, 4H), 7.374 (t, J=7.0 Hz, 2H), 7.438 (m, 4H), 7.532 (m,
4H), 7.663 (d, J=9.0 Hz, 2H), 7.802 (d, J==8.5 Hz, 2H),
7.84-7.92 (m, 10H). 'C NMR (500 MHz, DMSO-dp):
0 16.117, 120.676, 120.749, 121.318, 122.433, 123.432,
126.100, 126.238, 126.289, 126.493, 126.916, 127.543,
127.893, 128.462, 129.140, 129.293, 130.022, 130.452,
130.576, 131.429, 131.961, 132.763, 134.870, 142.677,
145.068, 147.838. HRMS (FAB) m/z caled for CyHs5Nj:
933.4083. Found: 933.4090.

4.2. Fabrication of Organic Light-Emitting Devices
(OLEDs) and measurement

The OLED device was fabricated by use of vacuum deposi-
tion of NPB, NPANPy, TPBI or Alqs, LiF, and the Al elec-
trode on top of the ITO glass substrate. The device structure
was made by ITO/NPB (20 nm)/Cz-NPh (20 nm)/TPBI
(40 nm) or Algs (40 nm)/LiF (0.5 nm)/Al (150 nm), where
ITO, NPB, Alqs, TPBI were indium tin oxide, 4,4’-bis[N-
(1-naphthyl)-N-phenylamino] biphenyl, tris(8-hydroxyqui-
nolinato)aluminum(IIl), and 1,3,5-tris(N-phenyl benzimidi-
zol-2-yl)benzene, respectively. The thermal evaporation of
organic materials was carried out by use of ULVAC Cryogen-
ics at a chamber pressure of 10~° torr. Current—voltage—lumi-
nescence (I-V-L) characteristics and CIE color coordinates
were measured simultaneously by use of a Keithley 2400
Source meter and a Newport 1835C optical meter equipped
with a Newport 818-ST silicon photodiode, respectively.
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