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A series of vinyl copolymers (P1–P6) containing pendant hole-transporting triphenylamine (11–88 mol%)
and carbazole chromophores were synthesized by radical copolymerization to investigate the influence
of triphenylamine groups upon optoelectronic properties. The copolymers were readily soluble in
common organic solvents and their weight-average molecular weights (Mws) were between 1.41� 104

and 2.24� 104. They exhibited moderate thermal stability with Td¼ 402–432 �C at 5% weight loss. The
emission spectra (both PL and EL) of the blends [P1–P6 with 4 wt% Ir(ppy)3] showed dominant green
emission (517 nm) attributed to Ir(ppy)3 due to efficient energy transfer from P1–P6 to Ir(ppy)3. The
HOMO levels of P1–P6, estimated from onset oxidation potentials in cyclic voltammeter, were �5.42 to
�5.18 eV, which are much higher than �5.8 eV of conventional poly(9-vinylcarbazole) (PVK) host owing
to high hole-affinity of the triphenylamine groups. The optoelectronic performances of phosphorescent
EL devices, using P1–P6 as hosts and Ir(ppy)3 as dopant (ITO/PEDOT:PSS/P1–P6:Ir(ppy)3 (4 wt%):PBD
(40 wt%)/BCP/Ca/Al), were greatly improved relative to that of PVK. The best performance was obtained
with P4 device, in which the maximum luminance and luminance efficiency were 11501 cd/m2 and
10.6 cd/A, respectively.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Since the report on electroluminescence of poly(p-phenyl-
enevinylene) (PPV) by the Cambridge group [1], electroluminescent
conjugated polymers have been intensively investigated and
considered as one of the most promising materials for flat panel
displays due to several advantages such as tunable color by
molecular design, good processability by solution coating or ink-
jetting, and good thermal stability. One of the limitations of the
conventional fluorescence-based organic light-emitting diodes
(OLEDs) and polymer light-emitting diodes (PLEDs) is that the
radiation path for electron-hole recombination is limited to singlet
excitons formed. However, organic phosphorescent LEDs based on
heavy metal complexes from small organic molecules [2–6] and
polymers [7–13] have attracted great attention currently due to the
harvest of the both singlet and triplet excitons, which potentially
can reach 100% internal quantum efficiency. Recently, the litera-
tures of electroluminescent devices consisting of iridium [3], plat-
inum [14], or ruthenium [15] metal complexes have been reported.
The presence of heavy metal complexes would enhance phospho-
rescence because of the strong spin–orbit coupling that leads to
en).

All rights reserved.
rapid intersystem crossing (ISC) and short triplet state lifetime [16].
Baldo et al. reported high efficiency phosphorescent LEDs by
doping phosphorescent complex tris(2-phenylpyridine) iridium
[Ir(ppy)3] with small-molecular host material 4,40-N,N0-dicarba-
zole-biphenyl [5]. Phosphorescent LEDs fabricated using a carba-
zole-based polymer, poly(9-vinylcarbazole) (PVK), as the general
host material for the phosphorescent Ir(ppy)3 dopant by simple
solution process were reported [8–10]. Mechanistically, the photo-
excited energy from the host material (PVK) transfers to phos-
phorescent dopant [Ir(ppy)3] via Föster and/or Dexter transfer
processes. For efficient Förster energy transfer to phosphorescent
dopant, the spectral overlap between the photoluminescence (PL)
band of the host material and the absorption band of the phos-
phorescent dopant is indispensable. For Dexter transfer process,
relative position of triplet energy levels of the host materials and
phosphor should be taken into account. If the triplet energy level of
the phosphor is higher than that of the host, quenching of the
excited triplet state in phosphor will occur through back energy
transfer from triplet state in phosphor to that in host [17]. Of
particular importance regarding the efficiency of phosphorescent
LEDs is the selection of a proper host with high triplet state energy
to guarantee the confinement of the excited states on the phos-
phorescent dyes [18]. Although several kinds of phosphorescent
polymers possessing both host units and heavy metal complexes
have been synthesized and discussed [19–22], complicated
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synthetic procedures and high cost impede their commercial
development. Blending is one of the adaptable methods to
circumvent this difficulty, although there still remain some intrinsic
problems such as aggregation of the phosphor and inefficient
energy transfer [23–25]. In addition, compared with phosphores-
cent polymers, accurate composition control of the hosts and
phosphors is much easier for blend system.

Triphenylamine and its derivatives, such as 4,40-bis(phenyl-m-
tolylamino)biphenyl (TPD) and 4,40,400-tris(N,N-diphenylamino)-
triphenylamine (TDATA) [26,27], are effective electron donors and
widely used as a hole-transporting materials in OLEDs and other
optoelectronic applications. Recently, small-molecular host based
on triphenylamine chromophore has been developed, i.e. 4,40,400-
tris(N-carbazolyl)triphenylamine (TCTA), which is a star-shaped
molecule that consists of a triphenylamine core and three carba-
zolyl chromophores [28,29]. In order to enhance the hole trans-
porting ability of the conventional PVK, we introduced the
triphenylamine chromophore into the side chain by copolymeriz-
ing 9-vinylcarbazole and 4-vinyltriphenylamine. However, to the
best of our knowledge, using copolymers based on triphenylamine
and carbazole chromophores as the host material for the phos-
phorescent Ir(ppy)3 dopant has not been attempted so far. In this
work, we prepared a series of new vinyl copolymers (P1–P6) con-
taining pendant triphenylamine and carbazole chromophores with
a goal to develop effective host material for Ir(ppy)3 dopant. Optical
and electrochemical characteristics of P1–P6 were studied to
confirm their potential suitability as host material. The blend films
of hole-transporting host copolymers (P1–P6) and green phosphor
[Ir(ppy)3] were prepared by casting from their chlorobenzene
solution. Composition-dependent photoluminescent (PL) and
electroluminescent (EL) spectral properties of the blends were
investigated in detail.

2. Experimental

2.1. Materials and measurements

PVK and 2-(4-biphenyl)-5-(4-tert-butylphenyl)-1,3,4-oxadia-
zole (PBD) were purchased from Aldrich and used without further
purification. Poly(4-vinyltriphenylamine) (PTPA) was prepared by
free radical polymerization of 4-vinyltriphenylamine (1) [30]. 9-
Vinylcarbazole (2) was purchased from Aldrich and purified by
recrystallizing from ethanol/acetone and dried in vacuo. Iridium
complexes Ir(ppy)3 were purchased from American Dye Source
(ADS). The vinyl copolymers P1–P6 were prepared by free radical
copolymerization of 9-vinylcarbazole and 4-vinyltriphenylamine
using AIBN as an initiator. AIBN was purified by recrystallizing
twice from ethanol and dried at room temperature under vacuum.
Other reagents were of commercial sources and used without
further purification. The solvents were dried by the conventional
procedures. All new compounds were identified by 1H NMR, FT-IR,
and elemental analysis (EA). The 1H NMR spectra were recorded
with a Bruker AMX-400 MHz FT-NMR, and chemical shifts are
reported in parts per million using tetramethylsilane (TMS) as an
internal standard. The FT-IR spectra were measured as KBr disk on
a Fourier transform infrared spectrometer, model Valor Z from
Jasco. The elemental analysis was carried out on a Heraus CHN-
Rapid elemental analyzer. The molecular weight and molecular
weight distribution were determined by a gel permeation chro-
matography (GPC) using chloroform as eluent and monodisperse
polystyrenes as standard. The thermogravimetric analysis (TGA) of
the polymers was performed under nitrogen atmosphere at
a heating rate of 20 �C/min using a Perkin–Elmer TGA-7 thermal
analyzer. Thermal properties of the polymers were measured using
a differential scanning calorimeter (DSC), Perkin–Elmer DSC-7,
under nitrogen atmosphere at a heating rate of 10 �C/min.
Absorption spectra were measured with Jasco V-550 spectro-
photometer and PL spectra were obtained using a Hitachi F-4500
fluorescence spectrophotometer. The voltammograms were recor-
ded with a voltammetric analyzer (model CV-50W from BAS) at
room temperature under nitrogen atmosphere. The measuring cell
comprised glassy carbon as working electrode, Ag/AgCl electrode as
reference electrode and platinum wire as auxiliary electrode, which
were immersed in 0.1 M (n-Bu)4NClO4 in acetonitrile. The scan rate
was 100 mV/s. The energy levels were calculated using the ferro-
cene (FOC) value of �4.8 eV with respect to vacuum level, which is
defined as zero [31]. Atomic force microscope (AFM) images were
obtained with a Veeco/Digital Instrument Scanning Probe Micro-
scope (tapping mode) with Nanoscope IIIa controller.

The EL device configuration was ITO/PEDOT:PSS/P1–P6:Ir-
(ppy)3:PBD/BCP (10 nm)/Ca (50 nm)/Al (100 nm), in which PBD
(40 wt% of the copolymer) was incorporated to compensate for
poor ability of the host material to transport electrons [13], and BCP
[2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline] was used as the
hole-blocking layer [32]. The PLEDs were fabricated on pre-cleaned
indium tin oxide (ITO) substrates with a sheet resistance of 14 U per
square. The poly(3,4-ethylenedioxythiophene):poly(styrene sulfo-
nate) (PEDOT:PSS) was first coated onto ITO glass as the hole-
injection layer and annealed at 150 �C for 0.5 h in a dust-free
atmosphere. The emitting layer comprising copolymer (20 mg),
PBD (8 mg) and Ir(ppy)3 (0.8 mg) was spin-coated onto the
PEDOT:PSS layer from its solution in chlorobenzene (1 mL). And
then, the hole-blocking layer (BCP) was deposited onto the poly-
meric film via thermal evaporation under ca. 2�10�6 Torr. Finally,
the calcium and aluminum were deposited successively onto the
BCP film as cathode via thermal evaporation under ca. 5�10�7 Torr.
The film thicknesses of emissive layers were about 112–126 nm as
measured by the AFM. For the measurements of device character-
istics, the current density–voltage–luminance (J–V–L) changes and
EL spectra were measured using a power supply (Keithley 2400)
and a fluorescence spectrophotometer (Ocean Optics usb2000),
respectively.

2.2. Polymer synthesis (Scheme 1)

Copolymers P1–P6 were synthesized by free radical polymeri-
zation of 4-vinyltriphenylamine (1) and 9-vinylcarbazole (2) using
AIBN as an initiator. For example, to a solution of 1 (0.678 g,
2.5 mmol) and 2 (0.483 g, 2.5 mmol) in NMP (3 mL) was added with
AIBN (24 mg). The solution was purged with dry nitrogen for
30 min, stirred at 85 �C for 24 h, and then poured into 200 mL of
methanol. The appearing precipitates were collected by the
centrifugal sedimentation and then purified by extracting with
methanol for 24 h using a Soxhlet extractor. Thus-obtained poly-
mer was further purified by being dissolved in CHCl3 and repreci-
pitated from methanol several times. The product was collected by
the centrifugal sedimentation and dried in vacuo to give a white



Table 1
Polymerization results and characterization of P1–P6

No. Feed
ratioa

Composition in
copolymerb (x:y)

Yield
(%)

Mn
c

(�104)
Mw

c

(�104)
PDIc Td

d

(�C)
Tg

(�C)

P1 5:5 0.12:0.88 60 1.34 2.24 1.67 410 145.4
P2 6:4 0.26:0.74 50 1.18 1.81 1.53 407 146.4
P3 7:4 0.35:0.65 53 1.33 2.06 1.55 404 159.1
P4 7:3 0.55:0.45 84 0.89 1.50 1.69 402 185.4
P5 8:2 0.79:0.21 80 0.92 1.41 1.53 425 –e

P6 9:1 0.89:0.11 84 0.91 1.72 1.89 432 –e

a Feed molar ratio¼ 9-vinylcarbazole:4-vinyltriphenylamine.
b The compositions were estimated from 1H NMR spectra. x:y¼ the ratio of

pendant carbazole to triphenylamine.
c Mn, Mw, and PDI were determined by gel permeation chromatography using

polystyrene standard in CHCl3.
d The temperature at 5% weight loss.
e No obvious Tg was observed in DSC thermogram.
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Fig. 1. Chemical structures of the materials used in this work and structure of the
single-emitting-layer PLED.
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powder of P1. Yield was 60%. FT-IR (KBr pellet, cm�1): n 3083, 3062,
3028, 3003 (C–H stretch), 2922, 2852 (C–H stretch), 1589, 1509,
1490 (aromatic C]C). 1H NMR (CDCl3, ppm): d 7.27–6.56 (m, Ar H),
2.18–1.56 (m, –CH2–CH–). Anal. Calcd. (%) for (C19.28H16.52N)n: C,
88.34; H, 6.31; N, 5.35. Found: C, 87.73; H, 6.34; N, 5.56.

Other copolymers (P2–P6) were prepared by a procedure
analogous to P1 using different feed ratios of 1 and 2, and the
obtained products were white powders with yields around 50–84%.

2.2.1. Polymer P2
Yield¼ 50%. FT-IR (KBr pellet, cm�1): n 3085, 3063, 3034, 3026,

3006 (C–H stretch), 2925, 2852 (C–H stretch), 1590, 1505, 1493
(aromatic C]C). 1H NMR (CDCl3, ppm): d 7.25–6.55 (m, Ar H), 2.17–
1.56 (m, –CH2–CH–). Anal. Calcd. (%) for (C18.44H15.96N)n: C, 88.08; H,
6.35; N, 5.57. Found: C, 87.40; H, 6.32; N, 5.62.

2.2.2. Polymer P3
Yield¼ 53%. FT-IR (KBr pellet, cm�1): n 3082, 3057, 3035, 3025

(C–H stretch), 2925, 2855 (C–H stretch), 1593, 1508, 1490 (aromatic
C]C). 1H NMR (CDCl3, ppm): d 7.80–6.56 (m, Ar H), 1.95–1.28 (m,
–CH2–CH–). Anal. Calcd. (%) for (C17.9H15.6N)n: C, 87.89; H, 6.38; N,
5.73. Found: C, 86.76; H, 6.16; N, 5.98.

2.2.3. Polymer P4
Yield¼ 84%. FT-IR (KBr pellet, cm�1): n 3082, 3058, 3023 (C–H

stretch), 2925, 2852 (C–H stretch), 1593, 1508, 1487 (aromatic
C]C). 1H NMR (CDCl3, ppm): d 7.71–6.52 (m, Ar H), 2.04–1.22 (m,
–CH2–CH–). Anal. Calcd. (%) for (C16.7H14.8N)n: C, 87.43; H, 6.46; N,
6.11. Found: C, 86.84; H, 6.10; N, 6.58.

2.2.4. Polymer P5
Yield¼ 80%. FT-IR (KBr pellet, cm�1): n 3055, 3021, 2966 (C–H

stretch), 2931, 2852 (C–H stretch), 1596, 1508, 1483 (aromatic
C]C). 1H NMR (CDCl3, ppm): d 7.69–6.41 (m, Ar H), 2.09–1.25 (m,
–CH2–CH–). Anal. Calcd. (%) for (C15.26H13.84N)n: C, 86.80; H, 6.64; N,
6.56. Found: C, 86.12; H, 6.76; N, 5.98.

2.2.5. Polymer P6
Yield¼ 84%. FT-IR (KBr pellet, cm�1): n 3058, 3022, 2969 (C–H

stretch), 2928, 2855 (C–H stretch), 1596, 1508, 1482 (aromatic
C]C). 1H NMR (CDCl3, ppm): d 7.70–6.39 (m, Ar H), 2.04–1.24 (m,
–CH2–CH–). Anal. Calcd. (%) for (C14.66H13.44N)n: C, 86.50; H, 6.61; N,
6.89. Found: C, 86.33; H, 5.92; N, 7.10.

3. Results and discussion

3.1. Synthesis and characterization

The copolymers P1–P6 were successfully prepared by copoly-
merization of 9-vinylcarbzole (2) and 4-vinyltriphenylamine (1)
using AIBN as an initiator (Scheme 1). The polymerization results
and characterization of the copolymers are summarized in Table 1.
The actual compositions of 4-vinyltriphenylamine in copolymers
are greater than those in monomer feeds, indicating that 4-vinyl-
triphenylamine is more reactive than 9-vinylcarbazole in radical
copolymerization. The molar contents of 4-vinyltriphenylamine
unit in P1–P6 vary from 88 to 11%. The composition of the
copolymers was estimated from their 1H NMR spectra and
confirmed by the EA data. For example, 1H NMR spectra of copol-
ymer P5 and homopolymer PTPA are shown in Fig. 2. The chemical
shifts at 4.94 and 7.69 ppm are attributed to the aromatic ring of the
carbazole unit containing protons H-1, H-4 and H-5 [38], from
whose areas the ratios of the incorporated comonomers in host
copolymer were determined. The copolymers were readily soluble
in common organic solvents such as toluene, chloroform, THF, and
1,1,2,2-tetrachloroethane; their weight-average molecular weights
(Mws), determined by GPC using monodisperse polystyrene as
standard, were 2.24�104, 1.81�104, 2.06�104, 1.50�104,
1.41�104, and 1.72�104, respectively. These copolymers exhibited
good thermal stability with thermal decomposition temperature
(Td) above 400 �C under nitrogen atmosphere. On DSC thermo-
grams, P1–P4 revealed the glass transition temperatures (Tgs) at
145.4, 146.4, 159.1, and 185.4 �C, respectively. However, for P5 and
P6, no obvious glass transition temperature (Tg) was observed below
250 �C. The high Tg values of the present host copolymers (145.4–
185.4 �C) are expected to prevent morphology deformation and
degradation when used as emitting layer in PLEDs. Variations in
morphology due to low glass transition temperatures upon device
operation are believed to be the main causes of degradation [33].

3.2. Optical properties

Fig. 1 shows the chemical structures of the host materials (P1–
P6, PVK and PTPA), green phosphor [Ir(ppy)3], BCP, PBD and device
structure of the PLEDs fabricated for optoelectronic investigation.
Fig. 3(a) shows the absorption spectra of P1–P6, PVK and PTPA



Fig. 2. 1H NMR spectra of PTPA and P5.
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coated on quartz plate. The maximum absorption of PVK and PTPA
is 295 and 312 nm, respectively, which is originated from the p–p*

electronic transitions of the side chromophores (carbazole or
triphenylamine). Moreover, there are shoulders (ca. 320–350 nm)
in the absorption spectrum of the PVK. The maximum absorption
of the P1–P6 is 309, 307, 304, 298, 296 and 295 nm, respectively,
which can also be attributed to the p–p* electronic transitions of the
pendant chromophores. The absorption bands blue-shift gradually
with an increase in carbazole content (12 mol% / 89 mol%). The
spectra of P5 and P6 show extra shoulders at ca. 340 nm. Clearly, the
spectral features of the copolymers (P5, P6) become similar to that
of PVK at high carbazole content. As shown in Fig. 3(b), the
absorption spectrum of Ir(ppy)3 film shows strong absorption at
290 nm originated from the ligand-centered p–p* transition, with
weaker absorptions at 340–380 and 460 nm attributed to the
singlet metal-to-ligand charge transfer (1MLCT) and triplet metal-
to-ligand charge transfer (3MLCT) transitions, respectively. [34] The
PL spectrum of Ir(ppy)3 film shows an emission peak at 517 nm,
which is attributed to 3MLCT transition. The probability of Förster
energy transfer from the host to phosphor is enhanced by the
degree of spectral overlap between donor’s PL band and acceptor’s
absorption band. As shown in Fig. 3(b), PL band of P1–P6 overlaps
with absorption band of Ir(ppy)3 at ca. 350–500 nm (MLCT transi-
tions), suggesting that efficient energy transfer from P1–P6 to
Ir(ppy)3 would occur. In order to study the efficiency of Förster
energy transfer between P1–P6 and Ir(ppy)3, the PL spectra of the
blend films prepared from P1 to P6 doped with 4 wt% Ir(ppy)3

under photo-excitation were investigated (Fig. 4). The emissions of
P1–P6 (peaks at 375 and 440 nm) degenerate significantly and
mainly that of Ir(ppy)3 at 517 nm is observed. Moreover, the relative
PL spectral intensity of P1–P6 below 470 nm is smaller than that of
PTPA, suggesting that the energy transfer to Ir(ppy)3 is more
efficient for the copolymers containing triphenylamine groups.

In a phosphorescent device, triplet energy (ET) of host should be
larger than that of phosphor to improve the efficiency of triplet–
triplet energy transfer [35]. Therefore, it is required to determine
the ET of our hosts and compare with that of conventional PVK.
Phosphorescent spectra of P1–P6 and PVK were obtained at 77 K in
a frozen solution of CHCl3 as shown in Fig. 5. The peak of the
shortest wavelength of the phosphorescence spectra is assigned as
triplet energy state (ET). As summarized in Table 2, the ETs of P1–P6
are 2.73, 2.89, 2.89, 2.90, 2.89 and 2.89 eV, respectively, while that
of PVK is 2.49 eV [36]. When determined using film samples at
77 K, the ETs of P1–P6 are 2.59, 2.72, 2.73, 2.74, 2.74 and 2.74 eV,
respectively. The ETs of P1–P6 are higher than that of Ir(ppy)3

(2.6 eV) [37], ensuring that the triplet energy transfer from P1–P6
to Ir(ppy)3 is exothermic system and should be effective in
suppressing back energy transfer from Ir(ppy)3 to hosts P1–P6.



Wavelength (nm)

280 300 320 340 360 380 400 420 440

N
o

r
m

a
l
i
z
e
d

 
U

V
/
v
i
s
 

a
b

s
o

r
b

a
n

c
e
 
(
a
.
u

.
)
 

0.0

0.2

0.4

0.6

0.8

1.0

P1
P2
P3
P4
P5
P6

P1
P2
P3
P4
P5
P6

a

Wavelength (nm)

Wavelength (nm)

300 350 400

A
b

s
o

r
b

a
n

c
e
 
(
a
.
u

.
)

0.0

0.2

0.4

0.6

0.8

1.0
PVK
PTPA

Wavelength (nm)

250 300 350 400 450 500 550 600

N
o

r
m

a
l
i
z
e
d

 
A

b
s
o

r
b

a
n

c
e
 
a
n

d
 

P
L

 
I
n

t
e
n

s
i
t
y
 
(
a
.
u

.
)

0.0

0.2

0.4

0.6

0.8

1.0
b

350 400 450 500 550

P
L

 
I
n

t
e
n

s
i
t
y
 
(
a
.
u

.
)

0.0

0.2

0.4

0.6

0.8

1.0
PVKUV  [Ir(ppy)3]

PL

Fig. 3. (a) Absorption and (b) photoluminescence spectra of P1–P6 films coated on
quartz plate. The insets in (a) and (b) are the absorption of PVK, PTPA and PL spectra of
PVK, respectively.

Wavelength (nm)

350 400 450 500 550 600

N
o

r
m

a
l
i
z
e
d

 
P

L
 
I
n

t
e
n

s
i
t
y
 
(
a
.
u

.
)

PTPA
P1
P2
P3
P4
P5
P6

Fig. 4. PL spectra of the blend films prepared from P1 to P6 doped with 4 wt% Ir(ppy)3

(lex¼ 310 nm).

Wavelength (nm)

350 400 450 500 550 600

I
n

t
e
n

s
i
t
y
 
(
a
.
u

.
)

P1
P2
P3
P4
P5
P6

PVK

Fig. 5. Phosphorescent spectra of P1–P6 and PVK solutions in CHCl3 (measured at
77 K).

Table 2
Triplet energy state of P1–P6 and PVK

No. First peak in spectra (nm) ET (eV)

P1 454 2.73
P2 429 2.89
P3 429 2.89
P4 427 2.90
P5 429 2.89
P6 429 2.89
PVK 497 2.49
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Fig. 6. Cyclic voltammograms of P1–P6 films coated on carbon electrode (scan rate:
100 mV/s).

Table 3
Electrochemical data of P1–P6

No. Eonset (ox) (V) versus FOC EHOMO
a (eV) ELUMO

b (eV) Eg
opt c (eV)

P1 0.62 �5.42 �2.02 3.37
P2 0.52 �5.32 �1.92 3.40
P3 0.40 �5.20 �1.80 3.40
P4 0.38 �5.18 �1.79 3.39
P5 0.48 �5.28 �1.89 3.39
P6 0.53 �5.33 �1.96 3.37

a EHOMO¼�e(Eonset(ox),FOCþ 4.8 V).
b ELUMO¼ EHOMOþ Eg

opt.
c Optical band gaps obtained from UV–vis absorption spectra.
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3.3. Electrochemical properties

The HOMO energy levels of P1–P6 films were estimated from their
cyclic voltammograms using the equation EHOMO¼�(Eoxþ 4.8) eV,
where Eox is the onset oxidation potential relative to the ferrocene/
ferrocenium couple. Fig. 6 shows the cyclic voltammograms (CVs) of
P1–P6 films coated on a glassy carbon electrode in anodic scan, with
the corresponding electrochemical data summarized in Table 3. The
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onset oxidation potentials of P1–P6 are at 0.62, 0.52, 0.40, 0.38, 0.48,
and 0.53 V, respectively. The HOMO energy levels of P1–P6 calculated
from their onset oxidation potentials are�5.42,�5.32,�5.20,�5.18,
�5.28, and�5.33 eV, respectively, which are higher than that of PVK
(�5.8 eV). This seems be attributed to stronger hole-affinity of
pendant triphenylamine groups. The HOMO energy level of PTPA is
estimated to be �5.36 eV from the onset oxidation potential.
Accordingly, the energy barrier for hole injection between the
PEDOT:PSS and emitting layer can be effectively reduced. Moreover,
the HOMO levels of the copolymers (P1–P6) vary with their
compositions. Among them, P4 reveals the highest HOMO energy
level (�5.18 eV), suggesting that a higher HOMO energy level is
readily obtained when the molar contents of pendant carbazole and
triphenylamine groups are coming close to one another. The LUMO
energy levels of P1–P6, calculated from the HOMO energy levels and
the optical energy gaps are �2.02, �1.92, �1.80, �1.79, �1.89, and
�1.96 eV, respectively. The energy band diagrams of P4, PVK,
Ir(ppy)3, and BCP are shown in Fig. 7. The HOMO energy level of the
host PVK (�5.8 eV) [36] is lower than that of Ir(ppy)3 (�5.6 eV),
resulting in holes trapping in Ir(ppy)3. In contrast, higher HOMO
energy levels of P1–P6 (�5.18 to�5.42 eV) prevent the holes trapping
in phosphor to improve the holes injection and transport. Among
them, P4 shows the highest HOMO level (�5.18 eV), which should
result in better device performance than other copolymers.

3.4. Electroluminescent properties

Fig. 8 shows the EL spectra of the EL devices (ITO/PEDOT:PSS/
P1–P6:Ir(ppy)3:PBD/BCP/Ca/Al) containing blend films of P1–P6
and PBD (40 wt% of host copolymer) doped with Ir(ppy)3 (4 wt%) as
emitting layer. The emission peak at 517 nm is attributed exclu-
sively to Ir(ppy)3, indicating that the emissions of P1–P6 are
completely quenched (see Fig. 4). The shoulder peaks at short
wavelength (400–475 nm) in PL spectra disappear completely. This
is probably owing to simultaneous occurrence of carriers trapping
at Ir(ppy)3 in addition to normal energy transfer (Förster and
Dexter) from the host to Ir(ppy)3. The results suggest that P1–P6
are excellent host materials for these device systems, in which the
exciton energy can be completely transferred to the green phos-
phor Ir(ppy)3. Moreover, as shown in Fig. 8, the full width at half
maximum (FWHM) of P4 in EL spectra is the narrowest (80 nm), as
compared with ca. 90 nm of other copolymers (P1–P3, P5, P6).
Therefore, purer green light can be obtained using P4 as the host
material. Fig. 9 shows the current density versus bias characteristics
for the EL devices, with inset showing the luminance versus
current density characteristics. Under the same bias, an increase in
molar contents of triphenylamine groups (11 mol% / 88 mol% in
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P6 / P1) leads to increased current density of the EL devices,
confirming that the triphenylamine groups are effective in
enhancing hole transporting ability. The EL performance data of all
devices prepared from P1 to P6 or PVK doped with Ir(ppy)3 are
summarized in Table 4. The best performance was obtained for the
device based on P4, in which the maximum luminance (Lmax) and
the maximum luminance efficiency (LEmax) are 11501 cd/m2 and
10.6 cd/A, respectively. The Lmax and LEmax of P1–P6 are 4575, 6372,
10 286, 11501, 9581, 8906 cd/m2 and 3.8, 5.7, 9.4, 10.6, 8.6, 6.8 cd/A,
respectively. The Lmax and LEmax of PTPA device are 9219 cd/cm2
Table 4
Performance of the EL devices prepared from P1 to P6 or PVK doped with Ir(ppy)3

a

Host polymer Thickness
(nm)

Lmax
b

(cd/m2)
Biasc

(V)
LEmax

b

(cd/A)
CIE coordinatesd (x, y)

P1 126 4574 21.1 3.8 (0.38, 0.57)
P2 121 6372 20.8 5.7 (0.37, 0.57)
P3 124 10286 19.5 9.4 (0.38, 0.56)
P4 126 11501 23.6 10.6 (0.36, 0.58)
P5 120 9581 24.2 8.6 (0.37, 0.57)
P6 113 8906 26.9 6.8 (0.38, 0.57)
PVK 112 2560 22.9 2.4 (0.36, 0.58)

a EL configuration: ITO/PEDOT:PSS/P1–P6 or PVK:Ir(ppy)3:PBD/BCP/Ca/Al.
b Lmax: maximum luminance; LEmax: maximum luminance efficiency.
c Bias at maximum luminance.
d At a bias of 18.4 V.
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and 6.1 cd/A. The Lmax and LEmax of P4 device are almost four times to
those of PVK device, suggesting that the composition of P4 should
play an important role in enhancing the EL performance. Unfortu-
nately, the real mechanism of this composition-dependent opto-
electronic performance in P1–P6 devices has not been elucidated so
far. However, the enhancement in Lmax and LEmax for P4 (4-vinyl-
triphenylamine:9-vinylcarbazole¼ 45:55) is probably attributable
to reduced excimer/exciplex formation. The higher efficiency of the
devices based on P1–P6 (3.8–10.6 cd/A) than that of PVK (2.4 cd/A)
can also be attributed to easier hole injection and enhanced
hole transport, which is mainly contributed by hole-affinitive
triphenylamine groups.

4. Conclusion

We have successfully synthesized copolymers P1–P6 containing
pendant hole-transporting triphenylamine and carbazole groups by
radical copolymerization. The copolymers possess moderate
molecular weight (Mw¼ 14100–22 400, PDI¼ 1.53–1.89) and are
soluble in common organic solvents such as toluene, chloroform,
THF, and 1,1,2,2-tetrachloroethane. Their decomposition tempera-
tures (Tds) and glass transition temperatures (Tgs) are 402–432 �C
and 145.4–185.4 �C, respectively. The PL spectra of their blend with
green phosphor Ir(ppy)3 under photo-excitation (lex¼ 310 nm)
show evidence of efficient energy transfer from P1–P6 to Ir(ppy)3.
The higher triplet energy of P4 (ET¼ 2.90 eV) than that of Ir(ppy)3

(ET¼ 2.6 eV) ensures that the triplet energy transfer from P4 to
Ir(ppy)3 is exothermic system. The copolymers P1–P6 show higher
HOMO levels (�5.18 to �5.42 eV) relative to PVK (�5.8 eV) due to
high hole-affinity of the pendant triphenylamine groups. The
phosphorescent EL devices [ITO/PEDOT:PSS/P1–P6:Ir(ppy)3:PBD/
BCP/Ca/Al] emit 517 nm light attributed exclusively to Ir(ppy)3. Their
maximum luminance and luminance efficiencyare 4574–11501 cd/m2

and 3.8–10.6 cd/A, respectively, which are significantly enhanced
when compared with those of PVK device (2560 cd/m2, 2.4 cd/A).
Among them, P4 device shows the best performance (11501 cd/m2,
10.6 cd/A). Current results reveal that copolymers P1–P6 are
promising host materials for phosphorescent light-emitting diodes.
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