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a b s t r a c t

The utilization of a photoreactive hole injection/transport layer in multilayer electrophosphores-
cence polymer light-emitting diodes (PLEDs) is demonstrated in this study. A new photoreactive
polymer was synthesized using 3,6-dibromo-9-(6-((3-methyloxetan-3-yl)methoxy)hexyl)-9H-carbazole
and 2,4-dimethyl-N,N-bis(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)aniline via the Suzuki
coupling reaction. When oxetane groups were photopolymerized in the presence of a cationic pho-
toinitiator, the cured film showed good compatibility with PEDOT:PSS and the indium tin oxide
(ITO) layer due to the hydrophilic nature of the cross-linked section. The resulting green light-
emitting device bearing PVK:PBD:Ir(Cz-ppy)3 exhibits a maximum external quantum efficiency of 8.73%,
corresponding to a luminous efficiency of 28.2 cd/A when using the device configuration of ITO/POx-
Photocross-link
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TPACz/PEDOT:PSS/PVK:PBD:Ir(Cz-ppy)3/TAZ/Alq3/LiF/Al. These values are higher than those of PLEDs
using conventional PEDOT:PSS as a single hole injection layer (HIL). The slight degree of improvement in
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device efficiency is due to

. Introduction

Of the various light-emitting organic materials available, phos-
horescent dye molecules are particularly promising because both
inglet and triplet excitons can generate unique light emission
ith a theoretical internal quantum efficiency of 100% [1–3]. In
articular, cyclometalated Ir(III) complexes show high phospho-
escent efficiencies and are one of the most important classes
f phosphorescent dyes [4–9]. When preparing electrophospho-
escence devices, the multilayered device configuration is usually
esigned employing various auxiliary carrier transport and block-

ng layers to improve device efficiency. Among the various
uxiliary layers, the hole injection/transporting layer (HIL/HTL)
ost significantly affects the multilayer device performance of

olymer light-emitting diodes (PLEDs). It controls the efficiency
f hole injection and transport from the anode into a light-
mitting layer (EML). The interfacial contact between ITO/HIL

r HIL/HTL particularly limits charge injection and transport
10–13].

When developing highly efficient multilayer PLEDs, it is desir-
ble to develop robust hole transporting materials that possess an

∗ Corresponding author. Tel.: +82 2 3290 3140; fax: +82 2 924 3141.
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reduced hole injection barrier.
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energy level that corresponds with the indium tin oxide (ITO) anode
and the highest occupied molecular orbital (HOMO) of the light-
emitting material to facilitate efficient hole injection and transport.
In order to fabricate the device via solution processing, the HIL or
HTL material must possess good solvent resistance and compatibil-
ity with the other layers.

In green electrophosphorescent PLEDs, large bandgap host
materials, such as poly(N-vinylcarbazole), polyfluorene, etc., with
triplet energy higher than that of the phosphorescent Ir(III) com-
plex should be employed to avoid back energy transfer from the
Ir(III) complex to the host polymer. Because of the high HOMO
energy level of these large bandgap polymers (e.g., EPVK

g is ∼3.6 eV;
EPVK

HOMO is usually greater than 5.6 eV), the efficiency of the hole injec-
tion from ITO to the EML can be suppressed if only a single HIL is
employed in the device. Therefore, additional HTL (or HIL) is com-
bined with conventional HIL to form a facile cascade energy profile
for achieving efficient hole injection and charge confinement. For
fabricating multilayered devices solely by solution processing,
either photo- or thermally cross-linked hole transporting materi-
als are frequently employed [14–22]. In addition, for improving the

compatibility of poly(3,4-ethylenedioxythiophene)/(polystyrene
sulfonate) (PEDOT/PEDOT:PSS) with conventional hole transport-
ing materials, it is necessary to design HIL or HTL materials
having a hydrophilic nature after the photo- or thermal-curing
process.

http://www.sciencedirect.com/science/journal/03796779
http://www.elsevier.com/locate/synmet
mailto:dhchoi8803@korea.ac.kr
dx.doi.org/10.1016/j.synthmet.2009.08.009
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This paper describes the synthesis of a new photoreactive poly-
er (POx-TPACz) bearing oxetane moieties in the side chain. This

olymer was employed as a hole injecting or transporting material
n multilayer electrophosphorescence PLEDs. Several devices were
repared with different configurations and their performances
ere compared. In one device, the POx-TPACz was replaced with

EDOT:PSS. In two different devices, the photoreactive polymer
ayer was employed, not only for the hole injection layer on the
TO anode, but also for the hole transporting layer on PEDOT:PSS.

highly soluble Ir(III) complex, Ir(Cz-ppy)3 bearing a carbazolyl-
ubstituted 2-phenylpyridine ligand was used as the green emitting
opant, and a nonconjugated polymer [23], PVK was used as the
ost in this study.

In order to improve the charge transport balance, 30% 5-4-
ert-butylphenyl-1,3,4-oxadiazole (PBD) was doped in PVK as an
lectron transport molecule. The emission center in Ir(Cz-ppy)3
as observed to be fairly isolated and its properties were not much

ffected by the presence of a carbazolyl peripheral group. The func-
ion of an interlayer of POx-TPACz was investigated in terms of the
evice efficiency of electrophosphorescent PLEDs.

. Experimental

.1. Synthesis

Compounds 2 and 4 were synthesized by following the literature
ethod [24,25].

.1.1. 3,6-Dibromo-9-(6-((3-methyloxetan-3-yl)methoxy)hexyl)-
H-carbazole
3)

Sodium hydride (1.2 g, 23 mmol, 55% suspension in mineral oil)
as suspended in dried dimethylformamide (DMF, 100 mL) at 0 ◦C.

,6-Dibromo-9H-carbazole (7.0 g, 21 mmol) in DMF (50 mL) was
dded dropwise into the mother solution and stirred for 1 h. Then,
-((6-bromohexyloxy)methyl)-3-methyloxetane (5.71 g, 21 mmol)

n DMF (50 mL) was also added dropwise over a 30 min period and
he reaction mixture was kept stirring at room temperature for
2 h. After completion of the reaction, the solution was extracted
ith ethylacetate/water and its organic layer was dried under
a2SO4. The dried solution was concentrated. The resulting crude
ily product was purified by silica gel column chromatography
ethylacetate:hexane = 1:3) to yield 7.3 g (66%) of white powder.

1H NMR (400 MHz, CDCl3): ı (ppm) 8.14 (d, J = 2.4 Hz, 2H), 7.55
dd, J1 = 2.4 Hz, J2 = 8.4 Hz, 2H), 7.27 (d, J = 8.4 Hz, 2H), 4.47 (d, 2H),
.33 (d, 2H), 4.24 (t, 2H), 3.37–3.42 (m, 4H), 1.78–1.88 (m, 2H),
.48–1.56 (m, 2H), 1.33–1.39 (m, 4H), 1.27 (s, 3H).

.1.2. Suzuki coupling polymerization (5)
A solution of 3,6-dibromo-9-(6-((3-methyloxetan-3-

l)methoxy)hexyl)-9H-carbazole, 3 (1.53 g, 3.0 mmol),
,4-dimethyl-N,N-bis(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-
-yl)phenyl)aniline, 4 (1.58 g, 3.0 mmol), Pd(PPh3)4 (0.069 g,
.06 mmol), and aliquat 336 (0.5 g) in a mixture of toluene (25 mL)
nd aqueous 2 M K2CO3 (15 mL) was refluxed with vigorous
tirring 36 h under argon gas. The cooled mixture was poured into
ethanol (200 mL) and the precipitate was recovered by filtration.

urification of polymer by soxhlet extraction with methanol for
4 h afforded white solid 5 in 85% yield.
1H NMR (400 MHz, CDCl3): ı (ppm) 8.30 (s, 2H), 7.67 (m, 2H),
.57 (m, 4H), 7.41 (m, 2H), 7.11 (m, 7H), 4.46 (m, 2H), 4.31 (m,
H), 3.40 (m, 4H), 2.35 (s, 3H), 2.10 (s, 3H), 1.90 (m, 2H), 1.54 (m,
H), 1.40 (m, 4H), 1.26 (s, 3H). GPC (THF): Weight-average molec-
lar weight Mw = 7500 g mol−1, number-average molecular weight
n = 4300 g mol−1.
s 159 (2009) 2147–2152

2.2. Instrumental analysis

1H NMR spectra were recorded on a Varian Mercury NMR
400 MHz spectrometer using deuterated chloroform (CDCl3) pur-
chased from Cambridge Isotope Laboratories, Inc. Molecular weight
of the polymer, POx-TPACz was determined by gel permeation
chromatography (GPC, Waters) using polystyrene as a standard and
THF as an eluent.

Thermal properties were studied under a nitrogen atmosphere
on a Mettler DSC 821e instrument. Thermal gravimetric analysis
(TGA) was conducted on a Mettler TGA50 thermal analysis system
under a heating rate of 10 ◦C/min.

Absorption spectrum of chloroform solution was obtained using
a UV–vis spectrometer (HP 8453, PDA type) in the wavelength
range of 190–1100 nm. In order to prepare the film sample,
the POx-TPACz was dissolved in monochlorobenzene, 2 wt.%
of the cationic photoinitiator, [4-[(2-hydroxytetradecyl)oxy]-
phenyl]phenyliodonium hexafluoroantimonate was added and
finally the solution was spin-coated on a quartz glass. The films
were exposed to UV-light (�max = 254 nm, intensity = 40 mW/cm2)
for 120 s at 150–160 ◦C. In order to investigate the solvent resistivity
by using UV–vis absorption spectroscopy, the exposed films were
rinsed using monochlorobenzene as a solvent and the spectrum
was taken again.

2.3. Electroluminescence measurement

The multilayer diodes have a structure of ITO/(HIL and/or
HTL)/PVK:PBD with Ir(III) complex (40 nm)/TAZ (10 nm)/Alq3
(30 nm)/LiF (0.8 nm)/Al (80 nm), respectively. Generally, in Device
A, the conducting PEDOT:PSS layer was spin-coated onto the
ITO-coated glasses in an argon atmosphere. The emitting PVK/Ir-
complex layer then was spin-coated onto the thoroughly
dried PEDOT:PSS layer using the solution (conc.: 1.5 wt.%) in
monochlorobenzene. In the other devices, the POx-TPACz solution
in monochlorobenzene was spin-coated on ITO or PEDOT:PSS layer
and the polymer layer was exposed to the UV light (� = 254 nm,
I = 40 mW/cm2 for 150–160 ◦C, 120 s).

Four device configurations are as follows:

Device A: ITO/PEDOT:PSS/PVK:PBD:Ir(Cz-ppy)3/TAZ/Alq3/Lif/Al,
Device B: ITO/PEDOT:PSS/POx-TPACz/PVK:PBD:Ir(Cz-ppy)3/TAZ/
Alq3/Lif/Al,
Device C: ITO/POx-TPACz/PVK:PBD:Ir(Cz-ppy)3/TAZ/Alq3/Lif/Al,
Device D: ITO/POx-TPACz/PEDOT:PSS/PVK:PBD:Ir(Cz-ppy)3/TAZ/
Alq3/Lif/Al.

For multilayer devices, 3-(biphenyl-4-yl)-5-(4-tert-butylphe-
nyl)-4-phenyl-4H-1,2,4-triazole (TAZ) and tris(8-hydroxy-
quinoline) aluminium (Alq3) layer were vacuum-deposited
onto the emitting polymer layer. Finally, LiF (1 nm)/Al
(100 nm) electrodes were deposited onto the Alq3 layer.
Current–density–voltage characteristics were measured with
a Keithley 2400 source meter. The brightness and electrolu-
minscence spectra of the devices were measured with Spectra
Colorimeter PR-650.

3. Results and discussion
3.1. Synthesis of photoreactive main chain conjugated polymer
bearing oxetane moieties in the side chain (POx-TPACz)

A simple synthetic rout to the photoreactive polymer, Pox-
TPACz is shown in Scheme 1.
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Scheme 1. Synthetic procedure for photoreactive main chain conjugated polymer.
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gen revealed that the polymers had good thermal stabilities
and enhanced onset decomposition temperatures (∼300 ◦C). The
aliphatic chains between the main chain backbone and the side
chain oxetane moiety in the polymer were relatively weak against
thermal energy (Fig. 1).
Fig. 1. DSC (A) and TGA (

3,6-Dibromo-9H-carbazole and 3-((6-bromohexyloxy)methyl)-
-methyloxetane were prepared according to the method
iven in the literature [24]. The substitution reaction
f 3-((6-bromohexyloxy)methyl)-3-methyloxetane into
,6-dibromo-9H-carbazole yields 3,6-dibromo-9-(6-((3-
ethyloxetan-3-yl)methoxy)hexyl)-9H-carbazole (3) in the

resence of sodium hydride. The polymerization of 3 and
,4-dimethyl-N,N-bis(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-
-yl)phenyl)aniline (4) was performed by the Suzuki coupling
eaction with a yield of 85%. The resulting material was then
urified by Soxhlet extraction with methanol. The identi-
ies of the synthetic compounds were confirmed by proton
uclear magnetic resonance (1H NMR). The resulting poly-
er was found to have a good self-film forming property and
as well soluble in various organic solvents such as chlo-

oform, xylene, methylenechloride, monochlorobenzene, and
etrahydrofuran.

The thermal properties of the polymer were characterized by
ifferential scanning calorimetry (DSC) and thermogravimetric
nalysis (TGA). DSC measurement was performed at a heating
cooling) scan rate of 10 (−10) ◦C/min under nitrogen with the high-
st temperature limited to below the decomposition temperature.

he polymer exhibits no distinct crystalline-isotropic transitions
n the range of 25–220 ◦C, but shows clear glass transition temper-
tures (Tonset

g = 165 ◦C). The cationic photocross-linking reaction
as performed in the vicinity of the Tg.
rmograms of POx-TPACz.

TGA measurements at a heating rate of 10 ◦C/min under nitro-
Fig. 2. UV–vis absorption spectra of the film samples before and after photo-curing
under 254 nm UV light. The spectra were obtained after rinsing the photo-cured
films in monochlorobenzene.
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rent at a fixed applied voltage in devices C and D is due to the poor
Fig. 3. Energy band alignment in the electrophosphorescence devices.

.2. UV–vis absorption behavior of POx-TPACz

The absorption spectra of the samples of POx-TPACz in solution
nd film states are shown in Fig. 2. The solution and film samples
xhibit absorption bands at 300–400 nm. The absorption bands of
he spectra are ascribed to the �–�* transitions originating from
he conjugated polymer backbone.

The solubility change of the film before and after photo-curing
as investigated. The film was rinsed with monochlorobenzene

fter UV irradiation under a fixed irradiation time and the spectra
ere again recorded (e.g., 30, 60, and 120 s at 150 ◦C).

After 30 and 60 s curings, the samples showed decrement of
bsorbance due to partial dissolution. However, the film cured
nder 120 s UV exposure showed no decrement of absorbance,

ndicating that it was highly resistant to the solvent.
Using cyclic voltammetry (CV), the oxidation potential of POx-

PACz was measured to be 0.66 V. The HOMO level of POx-TPACz
as determined to be almost −5.06 eV. In order to determine

he lowest unoccupied molecular orbital (LUMO) level, the oxida-
ion potential from the CV was combined with the optical energy
andgap (Eg) resulting from the absorption edge in the absorp-
ion spectrum. The LUMO level of POx-TPACz was determined to
e −2.00 eV.
.3. Electrophosphorescence of multilayered devices

Multilayered diodes are structured as ITO/(HIL and/or HTL)/PVK:
BD with Ir(Cz-ppy)3 (40 nm)/TAZ (10 nm)/Alq3 (30 nm)/LiF

Fig. 4. The device configurations of electrophosphorescent PLEDs. Molecular struc
Fig. 5. Dependence of current density and luminance on the applied voltage. Open
symbol: luminance; filled symbol: current density. Inset: the electroluminescent EL
spectra of four devices.

(0.8 nm)/Al (80 nm) (see Fig. 4). Four different multilayered elec-
trophosphorescent devices (A–D) were fabricated using a different
layered structure in the hole injection/transport layer. In Fig. 3, the
energy level alignment of all of the layers comprising the PLEDs can
be seen. It should be noted that the HOMO level of POx-TPACz is
slightly lower than that of PEDOT:PSS (Fig. 3).

The devices were fabricated by doping Ir(Cz-ppy)3 (10 wt.%)
into a PVK:PBD (70:30 wt. ratio) host. Due to steric hindrance by
the carbazole groups, these complexes can be employed in devices
at high concentrations without incurring significant concentration
quenching of the photoluminescence (PL). There is a good over-
lap between the PL spectrum of PVK or PVK:PBD (30 wt.%) and the
metal-ligand charge transfer (MLCT) absorption bands of iridium
complexes [8,26]. This overlap should enable efficient energy trans-
fer from the singlet-excited state in the host to the MLCT band of
the guest. Detailed device performance is summarized in Table 1.

The current density–voltage luminance curves of the four
devices are shown in Fig. 5. Turn-on voltages for these devices
are typical for Ir(III) complex-doped PLEDs, falling in the 6.0–6.5 V
range. The higher turn-on voltage of 6.5 V might be attributed to
the dielectric nature of the cross-linked POx-TPACz. The lower cur-
hole injection/interfacial property through the cured POx-TPACz.
Among all devices, device D had the maximum brightness of around
31,000 cd/m2 (at 198.01 mA/cm2) and it was comparable to that of
device A.

tures of Ir(Cz-ppy)3, PVK, TAZ, POx-TPACz, PBD and cationic photoinitiator.
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Table 1
Measured parameters of electrophosphorescent devices.

Device Turn-on (V) Max. luminance/cd m−2

(corresponding J)
Max. luminous efficiency/cd A−1

(corresponding J)
Max. power efficiency/lm W−1

(corresponding J)
Max. external quantum
efficiency/�ext (corresponding J)

A 5.5 32,970 (288.24), at 17.5 V 25.39 (3.74), at 10.5 V 7.59 (3.74), at 10.5 V 8.11 (3.74), at 10.5 V
B 5.5 20,050 (163.22), at 16.5 V 24.36 (6.05), at 11 V 8.55 (0.38), at 8 V 7.68 (2.79) at 10 V
C 7.0 10,930 (222.18), at 18.5 V 12.47 (4.67), at 11.5 V 3.40 (4.67), at 11.5 V 4.38 (4.67), at 11.5 V
D 7.0 31,000 (198.01), at 20 V 28.18 (11.3), at 14.5 V 7.74 (0.51), at 10 V 8.73 (1.58), at 11.5 V
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Fig. 6. Dependence of luminous efficiency and

When the POx-TPACz layer was deposited on PEDOT:PSS, hole
ransport through the layers was difficult due to misalignment of
he HOMO levels of PEDOT:PSS and POx-TPACz. In contrast, the
erformance of the devices improved when a POx-TPACz layer was

nserted between the ITO and PEDOT:PSS layers. The HOMO level
f POx-TPACz is slightly lower than that of PEDOT:PSS; therefore,
he holes can be easily transported in a gradient energy pathway
nd this allows the holes to be injected into green emitting elec-
rophosphorescent devices.

Device C showed the lowest brightness at around 10,930 cd/m2,
hich was one-third that of device A (Lmax = 32,970 cd/m2), due

o the fact that device C showed only broader electrolumines-
ence spectra, changing the color coordinates, which strongly
overn device efficiency and other performances (see inset of
ig. 5).

Fig. 6 shows the dependence of the luminous efficiency and
xternal quantum efficiency on the current density for the four
evices. The doping of PBD into PVK can be attributed to the fact
hat electron transport was highly facilitated to exhibit balanced
mission in the emission layer. Well-balanced charge-carrier injec-
ion and transport and confinement of the emissive triplet excitons
ithin the emission layer were achieved, resulting in significantly

mproved device efficiency.
The maximum luminous efficiency of device D was determined

s 28.18 cd/A (at 11.3 mA/cm2, �EQE = 8.73% at 1.58 mA/cm2), which
s slightly higher than that of even device A. When the cross-linked
Ox-TPACz was used as the hole injection interlayer on the ITO
node with the PEDOT:PSS layer, the brightness and efficiency was
lightly improved.

Both light output and quantum efficiency in device D demon-
trate that the utilization of a bilayered HIL/HTL structure with
etter matched HOMO levels improved the efficiency of hole

njection from POx-TPACz/PEDOT:PSS to the PVK-based emitting
ayer. Due to the presence of a carbazolyl peripheral moiety, the
resent device has a slower decrease in efficiency with an increase

n current density, thereby suppressing triplet–triplet annihila-

ion.

Although the single HIL of cross-linked POx-TPACz demon-
trated poor efficiency in device C due to spectral broadening, the
ombination of PEDOT:PSS and POx-TPACz displayed some promis-
ng experimental results.
nal quantum efficiency on the current density.

Finally, it should be emphasized that the surface property of
cured POx-TPACz is quite compatible with that of PEDOT:PSS and
the ITO layer. Significant wetting of the cross-linked POx-TPACz
structure containing 2-methylpropylene oxide was exhibited on
top and underneath PEDOT:PSS. The compatibility between the
PEDOT:PSS layer and the cured POx-TPACz also significantly
affected the device characteristics and reproducibility.

4. Conclusions

The study herein demonstrated a new hole transport or injec-
tion layer, which facilitates hole injection/transport properties
and result in well-balanced charge recombination in the emit-
ting layer. The hydrophilic nature of the 2-methylpropylene oxide
in the structure of cross-linked POx-TPACz aided compatibil-
ity with the PEDOT:PSS and the ITO layer. In particular, the
efficiency of device D (ITO/POx-TPACz/PEDOT:PSS/Ir(ppy-Cz)3 in
PVK:PBD/TAZ/Alq3/LiF/Al) is better than that of the other conven-
tional devices. Conventional phosphorescent PLEDs are focused on
the device configuration using PEDOT:PSS only. Cascade HOMO
energy alignment helps to improve the hole transporting prop-
erty and the solvent resistance of HIL using the photocross-linkable
interlayer. Our study unambiguously describes a new POx-TPACz
interlayer that takes advantage of efficient hole transport and sol-
vent resistance. It can be fully utilized for fabricating better solution
processed phosphorescent EL devices.
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