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Thermally cross-linkable hole transporting polymer
synthesized by living anionic polymerization for
effective electron blocking and reduction of exciton
quenching in multilayer polymer light emitting diodes†

Beom-Goo Kang,ab Hongkyu Kang,ab Nam-Goo Kang,ab Chang-Lyoul Lee,*c

Kwanghee Leeab and Jae-Suk Lee*ab

A new cross-linkable polymer (d-PBAB), which has triphenylamine as the hole transporting moiety and

ethynyl group as the thermal cross-linker, was synthesized by a living anionic polymerization and

deprotection process. The thermally cross-linked d-PBAB layer had a smooth surface and excellent

solvent resistance. The PLED fabricated with cross-linked d-PBAB as hole transporting layer (HTL)

showed approximately one and half times higher luminance and four times higher luminous efficiency

than those obtained from PLED with PEDOT:PSS. This is ascribed to better abilities of cross-linked d-

PBAB to block electrons and prevent exciton quenching than those of PEDOT:PSS at the emitting layer

(EML) interface. These results strongly suggested that cross-linked d-PBAB can be a promising material

to replace conventional PEDOT:PSS.
Introduction

Polymer light emitting diodes (PLEDs) have been intensively
studied as next generation at panel displays due to their
advantages such as easy and low cost solution processing, high
brightness, fast response, and exibility.1–4 During the last two
decades, the efficiency and lifetime of PLEDs have been
dramatically improved as a result of extensive research efforts.

The efficiency of PLEDs strongly depends on the charge
balancing, charge blocking, and exciton quenching processes.
These requirements can be accomplished by multilayer device
structure consisting of several functional layers such as hole
injection and transporting layers (HILs and HTLs), electron
blocking layers (EBLs), emitting layers (EMLs), and hole
blocking and electron transporting layers (HBLs and ETLs).5 In
particular, to realize highly efficient PLEDs, the development of
suitable HTLs is strongly required to maximize the hole
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injection and electron blocking and thus to conne excitons
within the EMLs.6 In addition, preventing exciton quenching at
the interface of EMLs and near the electrode is another
important role of HTLs towards enhanced device efficiency.7

Compared with small molecule based organic light emitting
diodes (OLEDs) fabricated by vacuum deposition, the
construction of multilayer structured PLEDs is more difficult
because previously prepared layer can be harmed or dissolved
by the organic solvent used for spin-coating the subsequent
layer.8 Therefore, water soluble poly(3,4-ethylenedioxy-
thiophene):poly(styrenesulfonate) (PEDOT:PSS) has been widely
used for the HIL and HTL in PLEDs due to its ease of processing
without solubility issues as well as its high conductivity.7,9,10

Despite these advantages, this conducting polymer has many
drawbacks such as weak interface adhesion, inefficient hole
injection, poor electron blocking abilities, and exciton
quenching at the interface of the EML.7,11–14 Furthermore, the
acidity of PEDOT:PSS causes corrosion of the indium tin oxide
(ITO) surface, which raises serious questions concerning the
long term stability of devices.15,16

These drawbacks of PEDOT:PSS that lead to low device
performance in PLEDs have been compensated for by inserting
interlayers between the PEDOT:PSS and the EML.5,7,17 Morgado
et al. reported an almost two times improvement of the device
efficiency in a uorene based PLED by inserting poly(p-phe-
nylenevinylene) (PPV) between the PEDOT:PSS and EML.17 This
enhancement of device efficiency originated from an improved
charge balance within the EML due to the electron blocking
effect of the PPV interlayer. Kim et al. reported a signicant
Polym. Chem., 2013, 4, 969–977 | 969
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improvement of device efficiency in PLEDs with an added thin
semiconducting polymer interlayer (�10 nm) between the
PEDOT:PSS and EML.7 The poly(2,7-(9,9-di-n-octyluorene)-alt-
(1,4-phenylene-((4-sec-butylphenyl)imino)-1,4-phenylene) (TFB)
interlayer prevented the quenching of radiative excitons at the
PEDOT:PSS interface by acting as an efficient exciton blocking
layer.

The device performance of PLEDs has been improved by
compensating for the drawbacks of PEDOT:PSS, nevertheless,
fabrication of the PEDOT:PSS free PLEDs or the development of
new hole transporting materials to replace PEDOT:PSS is
strongly demanded in the aspect of device lifetime. Thermally
and photo-cross-linkable polymers that possess hole trans-
porting moiety have been extensively investigated in PLEDs
because of their good solvent resistance for multilayer pro-
cessing.6,8,18–34 Triphenylamine and its derivatives such as
N,N,N0,N0-tetraphenyl-1,10-biphenyl-4,40-diamine (TPD) and
N,N0-bis(1-naphthyl)-N,N0-diphenyl-1,10-biphenyl-4,40-diamine
(NPD) are well known hole transporting materials and consti-
tute a key feature of many HTLs in OLEDs due to their high hole
transporting and electron blocking/exciton blocking abilities
that originate from their relatively high-lying HOMO (highest
occupied molecular orbital) and large HOMO–LUMO gap
(LUMO is the lowest unoccupied molecular orbital).8,35

Several groups have reported PLEDs with materials con-
taining solution processable and thermally cross-linkable tri-
phenylamine as alternatives to PEDOT:PSS for HTL.20–24 Lim
et al. reported PLED using thermally cross-linkable arylamine
with triuorovinyl ethers (TFVE) as HTL without PEDOT:PSS.21

The cross-linked hole transporting polymeric layer was
obtained by cyclopolymerization of the monomer at 230 �C for
2 h. The PLED with cross-linked HTL showed approximately one
and half times higher device efficiency (cd A�1) and two times
higher luminance (cd m�2) relative to PLED with PEDOT:PSS.
Lim et al. synthesized an organosilicate polymer, based on N,N0-
diphenyl-N,N0-bis(4-((E)-2-(triethoxysilyl)vinyl)phenyl)biphenyl-
4,40-diamine (TEVS–TPD), as a hole injection and transporting
material using Heck and sol–gel chemistry.24 The TEVS–TPD is
fully cross-linked at 180 �C for 1 h. The performances of devices
with TEVS–TPD as the HTL (6.4%, 12 900 cd m�2) were
comparable and/or superior to those based on PEDOT:PSS
(6.4%, 8740 cd m�2).

In this study, a novel thermally cross-linkable hole trans-
porting polymer, which contains triphenylamine as a hole
transporting moiety and ethynyl groups as the thermal cross-
linker, was synthesized by living anionic polymerization and its
possible use as an effective replacement of PEDOT:PSS was
investigated by characterizing hole transporting, electron
blocking abilities, and exciton quenching characteristics at the
interface of EML. In general, well dened block copolymers,
which have precise molecular structures that can inuence lm
morphology and electronic device performance, can be
designed and synthesized by living anionic polymerization.36,37

Therefore, living anionic polymerization using a bidirectional
initiator, potassium naphthalenide (K-Naph), was selected for
the preparation of this hole transporting polymer in which
ethynyl groups were positioned exactly at both ends of polymer
970 | Polym. Chem., 2013, 4, 969–977
chains. In addition, the thermal cross-linking of three ethynyl
groups makes a benzene ring, which generates conjugation.38–40

This may be benecial for increasing the hole transporting
abilities of the resulting block copolymer.
Experimental section
Materials

4,40-Vinylphenyl-N,N-bis(4-tert-butylphenyl)benzenamine (A),
trimethyl(2-(4-vinylphenyl)ethynyl)silane (B), and potassium
naphthalenide (K-Naph) were prepared according to the litera-
ture.41–43 These materials were diluted with tetrahydrofuran
(THF) and divided into ampoules with break-seals on a vacuum
line.
Measurements
1H NMR spectra of the monomers and polymers were obtained
using CDCl3 as the solvent at 25 �C (JEOL JNM-ECX400).
Chemical shis were referred to tetramethylsilane (TMS) at
0 ppm. The FT-IR spectra were measured by a Perkins-Elmer
Spectrum 2000 using KBr pellets. The polymers were charac-
terized by size exclusion chromatography (SEC, Waters M77251,
M510). The molecular weight of the homopolymer was
measured by SEC with 4 columns (HR 0.5, HR 1, HR 3, and HR
4, Waters Styragel columns run in series; the pore sizes of the
columns are 50, 100, 103, and 104 Å, respectively) with a
refractive index detector at a ow rate of 1.0 mL min�1 using
THF containing 2% triethylamine as the eluent at 40 �C and
calibrated with polystyrene standards (American Polymer
Standards Corp.). The thermal properties were investigated by
thermogravimetric analysis (TA Instrument, TGA-Q50) and
differential scanning calorimetry (TA Instrument, DSC-Q20) at a
heating rate of 10 �C min�1 under nitrogen. UV-Vis absorption
spectra were obtained using an Agilent 8453 UV-Vis spectro-
photometer. Room temperature photoluminescence was
measured by using some collection optics and a mono-
chromator (Acton, SP-2150i) connected with a photomultiplier
tube (Acton, PD-174). The second harmonic (SHG ¼ 350 nm) of
a tunable Ti:sapphire laser (Mira900, Coherent) with �150 fs
pulse width and 76 MHz repetition rate was used as the exci-
tation source. The morphology of the cross-linked polymer lm
was investigated by atomic force microscopy (Nanoscope V,
Veeco) in tapping mode. The electrochemical properties of the
cross-linked lm were measured by cyclic voltammetry (solar-
tron analytical, SI 1280B) with a three-electrode cell consisting
of a square of ITO glass as the working electrode, a platinum
wire as the counter electrode, and Ag/AgCl as the reference
electrode in a 0.10 M solution of tetrabutylammonium
perchlorate in acetonitrile with a scan rate 50 mV s�1.
Block copolymerization

The polymerization of A (0.821 mmol) was performed with K-
Naph (0.0368 mmol) in THF at �78 �C for 0.5 h in an all glass
apparatus equipped with break-seals under vacuum. Aer
sampling for characterization of poly(A), B (0.307 mmol) was
added to the living poly(A) solution and the reaction continued
This journal is ª The Royal Society of Chemistry 2013
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Scheme 1 Synthesis routes of poly(B-b-A-b-B) (PBAB) and d-poly(B-b-A-b-B) (d-
PBAB) by living anionic polymerization and deprotection reaction.
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at �78 �C for 0.5 h. The reaction solutions were poured into a
large amount of methanol to obtain both poly(A) and poly(B-b-A-
b-B) (PBAB). The yield of the block copolymer was quantitative.
The resulting block copolymer was characterized by SEC, 1H
NMR, and FT-IR. PBAB (Mn(obsd) ¼ 25 300, Mw/Mn ¼ 1.11). 1H
NMR (400 MHz, CDCl3): d ¼ 0.25 (SiCH3), 1.05–2.25 (CH2–CH
and tert-butyl), 6.25–7.35 (triphenylamine and phenyl). FT-IR
(KBr, cm�1): 1250 (Si–CH3), 2159 (C^CSi(CH3)3).

Deprotection

PBAB (0.32 g) was stirred in 15 mL of dry THF. Aer tetra-n-
butylammonium uoride ((C4H9)4NF) in THF (1.0 M, 10 mL)
was added to the solution at 0 �C, the reaction mixture was
stirred at 0 �C for 3 h. The reaction solution was poured into
methanol to precipitate the polymer. The polymer was puried
by reprecipitation in THF/methanol two times and freeze dried
from a benzene solution under vacuum. The polymer yield was
quantitative. The resulting deprotected polymer was character-
ized by SEC, 1H NMR, and FT-IR. d-PBAB (Mn(obsd) ¼ 24 300,
Mw/Mn ¼ 1.12). 1H NMR (400 MHz, CDCl3): d ¼ 1.05–2.25 (CH2–

CH and tert-butyl), 3.03 (C^CH), 6.25–7.35 (triphenylamine and
phenyl). FT-IR (KBr, cm�1): 2109 (C^C of C^C–H), 3296 (C–H
of C^C–H).

Device fabrication

Glass substrate pre-coated with ITO was sequentially cleaned by
ultrasonication with a detergent, deionized water, acetone and
isopropyl alcohol. Surface treatment was performed by exposing
the ITO to UV ozone. Solution of d-PBAB in toluene (0.8 wt%)
was spin-coated at 5000 rpm for 20 s on ITO and then heated at
240 �C for 50 min under ambient conditions to complete the
thermal cross-linking of the d-PBAB layer. The PEDOT:PSS (Al
4083) layer was also spin-coated on ITO and annealed at 150 �C
for 10 min. The thicknesses of the cross-linked d-PBAB and
PEDOT:PSS layers were 20 and 30 nm, respectively. Aer spin-
coating the F8BT (35 nm, purchased from 1-material) on both
the cross-linked d-PBAB and PEDOT:PSS layers, calcium
(20 nm) and aluminum (80 nm) were sequentially deposited by
thermal evaporation at a base pressure of 10�6 Torr. The
multilayer PLEDs have structures of ITO/PEDOT:PSS (30 nm)/
F8BT (35 nm)/Ca (20 nm)/Al (80 nm) and ITO/cross-linked d-
PBAB (20 nm)/F8BT (35 nm)/Ca (20 nm)/Al (80 nm), respectively.
The sample spot diameter is 4.64 mm2. The device perfor-
mances of the two PLEDs were investigated using a Keithley
2400 programmable source meter and a Spectroscan PR 650.
The device fabrication and measurement were performed at
room temperature in a glove box except for the spin-coating and
annealing of PEDOT:PSS.

Time-correlated single photon counting (TCSPC)

TCPSC was performed to measure savr. The second harmonic
(SHG ¼ 350 nm for d-PBAB excitation, 420 nm for F8BT exci-
tation) of a tunable Ti:sapphire laser (Mira900, Coherent) with
�150 fs pulse width and 76 MHz repetition rate was used as the
excitation source. The PL emission was spectrally resolved using
some collection optics and a monochromator (Acton, SP-2150i).
This journal is ª The Royal Society of Chemistry 2013
A TCSPC module (PicoQuant, PicoHarp) with a MCP-PMT
(Hamamatsu, R3809U-59) was used for ultrafast detection. The
total instrument response function (IRF) for the PL decay was
less than 150 ps and the temporal time resolution was less than
10 ps. Deconvolution of the actual uorescence decay and IRF
was performed by using tting soware (FlouFit, PicoQuant) to
deduce the time constant associated with each exponential
decay.
Results and discussion
Block copolymerization

From a synthetic point of view, the successful living anionic
polymerization of 4,40-vinylphenyl-N,N-bis(4-tert-butylphenyl)
benzenamine (A) can provide a well-dened block copolymer
containing a poly(A) block by sequential block copolymeriza-
tion.41 Trimethyl(2-(4-vinylphenyl)ethynyl)silane (B) was chosen
as the co-monomer for the preparation of a novel thermally
cross-linkable polymer containing a triphenylamine moiety
because the deprotection of the trimethylsilyl group from
poly(B) offers an ethynyl group that can be used as a thermal
cross-linker.44 As shown in Scheme 1, poly(B-b-A-b-B) (PBAB) was
synthesized through the sequential addition of A as the rst
monomer and B as the second monomer in the absence of any
additives and the thermally cross-linkable polymer, d-poly(B-b-
A-b-B) (d-PBAB), was subsequently prepared by a deprotection
process.

As shown in Fig. 1a and b, the 1H NMR spectra of the
monomers and resulting block copolymer showed that poly-
merization proceeded exclusively. The signal of the vinyl group
of the monomers disappeared, while the broad signal of the
main polymer chain and the broad characteristic singlet of the
tert-butyl group (1.20 ppm) and trimethylsilyl group (0.25 ppm)
appeared. It was also shown by SEC measurements that the
block copolymerization proceeded quantitatively. The poly-
merization results are summarized in Table 1. The resulting
block copolymer had a predictable molecular weight (Mn) and
narrow molecular weight distribution (Mw/Mn). The observed
Mn value of PBAB was 25 300, which is close to the calculated
value (Mn ¼ 23 900). Furthermore, the SEC curve of PBAB was
unimodal and narrow (Mw/Mn ¼ 1.11) and completely shied
from the starting poly(A) toward the higherMn region, as shown
in Fig. 1d. These results suggest that the propagating chain-end
derived from A can completely polymerize B, indicating that the
polymerization of Bwas successfully conducted by living poly(A)
Polym. Chem., 2013, 4, 969–977 | 971
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Fig. 1 1H NMR spectra of (a) monomers and (b) PBAB before and after deprotection. (c) FT-IR spectra of PBAB before and after deprotection. (d) SEC curves of poly(A),
PBAB, and d-PBAB.

Table 1 Block copolymerization with K-Naph in THF at �78 �Ca

Initiator
mmol

Monomer

Block copolymer (homopolymer)

Mn � 10�3

Mw/Mn
d1st, mmol 2nd, mmol calcdb obsdc

0.0368 A, 0.821 B, 0.307 23.9 (20.5) 25.3 (22.0) 1.11 (1.09)

a Polymer yield was quantitative. Polymerization time was total 1 h, 0.5
h for A and 0.5 h for B. b Mn (calcd)¼ (molecular weight of monomer) �
[monomer] � 2/[initiator]. c Mn of the block copolymer was determined
by using Mn of the homopolymer and the molar ratio of each block
estimated by 1H NMR. d Mw/Mn was obtained by SEC calibration using
polystyrene standards in THF solution containing 2% triethylamine as
the eluent at 40 �C.
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without any side reactions under these polymerization
conditions.

Deprotection

The deprotection of the trimethylsilyl group from PBAB was
carried out to prepare the well-dened block copolymer with
thermally cross-linkable ethynyl groups. The success of the
deprotection was conrmed by 1H NMR, FT-IR and SEC. In the
1H NMR spectra shown in Fig. 1b, it was found that the signal of
the methyl proton of the trimethylsilyl group at 0.25 ppm dis-
appeared and the signal of the ethynyl proton newly appeared at
3.03 ppm. FT-IR spectra also exhibited complete conversion of
972 | Polym. Chem., 2013, 4, 969–977
the (trimethylsilyl)ethynyl group to the ethynyl group. Fig. 1c
showed that the new bands were observed at 2109 (C^C of
C^C–H) and 3296 cm�1 (C–H of C^C–H), respectively, while
the characteristic bands of the Si–CH3 and C^CSi(CH3)3 at
1250 and 2159 cm�1 disappeared. Additional evidence for the
deprotection was given by SEC. The SEC curve of the depro-
tected polymer was still unimodal and clearly shied from the
elution volume of PBAB toward the lowerMn region, as shown in
Fig. 1d. It was also observed that the Mw/Mn of d-PBAB was
almost same as that of PBAB, meaning that no side reactions
occurred during the course of the deprotection. Accordingly, it
can be indicated from these analytical results that the depro-
tection process was successfully performed to give a thermally
cross-linkable block copolymer containing triphenylamine
moieties.
Characterization of deprotected block copolymer

The thermal stability of d-PBAB (5 wt% loss at 392 �C) was
investigated by thermogravimetric analysis (TGA) under
nitrogen (Fig. S1 in the ESI†). As shown in Fig. 2a, the glass
transition temperature (Tg) and a large exothermic peak were
observed at �199 and �240 �C, respectively, on the 1st scan of
the DSC thermogram of d-PBAB. However, during the 2nd scan,
an intense exothermic peak was not observed until approxi-
mately 300 �C and the Tg was estimated to be �225 �C, which is
higher than that determined from the 1st scan due to a thermal
cross-linking reaction between the ethynyl groups. The DSC
This journal is ª The Royal Society of Chemistry 2013
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Fig. 2 (a) Differential scanning calorimetry (DSC) thermogram of d-PBAB under nitrogen with a heating rate of 10 �C min�1. (b) UV-Vis absorption spectra of d-PBAB
film cross-linked at 240 �C for 50 min before and after being washed with toluene (inset: UV-Vis absorption spectra of d-PBAB film cross-linked at 240 �C for 30 min
before and after being washed with toluene). (c) Photoluminescence (PL) spectra of d-PBAB solution, d-PBAB film before and after thermal cross-linking at 240 �C for
50 min. (d) Atomic force microscopy (AFM) image of d-PBAB film cross-linked at 240 �C for 50 min.
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results reects that the ethynyl groups in d-PBAB were cross-
linked during heating.45,46

The solvent resistance of cross-linked d-PBAB was investi-
gated by spin-coating a good solvent for d-PBAB. As shown in
the inset of Fig. 2b, the absorption spectrum of d-PBAB cross-
linked at 240 �C for 30 min changed aer rinsing with toluene,
however, no absorption spectral change was observed when d-
PBAB was heated at the same temperature for a longer time
(50 min). This unchanged absorption spectrum indicates that a
high solvent resistance for the cross-linked d-PBAB lm was
achieved by thermal treatment at 240 �C for 50 min.

Fig. 2c shows the PL spectra of the d-PBAB solution, d-PBAB
lm and cross-linked d-PBAB lm. The PL spectrum of the d-
PBAB lm became somewhat broadened and red-shied rela-
tive to the d-PBAB solution. Interestingly, the PL spectrum of the
cross-linked d-PBAB lm differed signicantly from that of the
d-PBAB lm. The major PL peak of cross-linked d-PBAB lm
(433 nm) was red-shied by approximately 30 nm from that of
the d-PBAB lm and the PL spectrum of cross-linked lm had a
full width at half maximum (FWHM) that broadened from 42 to
100 nm aer cross-linking. This result suggests that the thermal
cross-linking reaction resulted in an increase of lm density
and closer packing of the chromophores.47 These behaviours
might facilitate and/or enhance the hole transporting process
through hopping between chromophores as a result of the
enhanced p-electron overlap.19 Moreover, the poor PL intensity
of the cross-linked d-PBAB lm might prevent excimer and/or
exciplex formation, enhancing the color purity of device. The PL
This journal is ª The Royal Society of Chemistry 2013
lifetime of the d-PBAB solution, d-PBAB lm, and cross-linked
d-PBAB lm are summarized in Fig. S2 and Table S1 in the ESI.†
The savr of the d-PBAB solution at 430 nm was 1.10 ns, while savr
of the d-PBAB lm (0.55 ns) and cross-linked d-PBAB lm
(0.35 ns) drastically decreased. The signicant decrease in savr
of the cross-linked d-PBAB lm resulting from an increase of
lm density and closer packing of the chromophores led to the
poor PL intensity of the cross-linked d-PBAB lm.

The surface morphology of the HTLs is also a critical factor
for efficient PLEDs. The surface morphology of cross-linked d-
PBAB lm was studied by AFM, as shown in Fig. 2d. Aer cross-
linking, the root mean square (RMS) roughness of the d-PBAB
lm was 0.2 nm, which is sufficiently smooth for the effective
planarization of the ITO surface whose RMS roughness was
determined to be 3.0–3.7 nm by AFM.27

The HOMO and LUMO energy levels of the cross-linked d-
PBAB were calculated by cyclic voltammetry (CV) and using the
optical band gap (Fig. S3 in the ESI†).21,27,47 As shown in Fig. 3a,
the LUMO energy level of the cross-linked d-PBAB is �1.85 eV,
which is higher than that of PEDOT:PSS (�3.40 eV). Such a high-
lying LUMO level of cross-linked d-PBAB makes it an efficient
electron blocking layer for the emissive polymer, poly(9,90-
dinoctyluorene-alt-benzothiadiazole) (F8BT), and thus results
in improved efficiency for the PLED. Commercially available
F8BT, a polyuorene derivative, was used as the emissive poly-
mer due to its remarkable opto-electronic properties such as
good processability, air and thermal stability, high PL efficiency,
and high electron mobility.48–51 Furthermore, it is expected that
Polym. Chem., 2013, 4, 969–977 | 973
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Fig. 3 (a) Energy level diagrams. (b) Electroluminescence (EL) spectra, (c) current density and luminance versus voltage and (d) luminous efficiency versus current
density characteristics of device A (ITO/PEDOT:PSS/F8BT/Ca/Al) and B (ITO/cross-linked d-PBAB/F8BT/Ca/Al).
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the HOMO energy level of the cross-linked d-PBAB (�5.10 eV),
located between that of ITO (�4.80 eV) and F8BT (�5.90 eV), can
facilitate hole transport. From the results of various character-
izations, it was apparent that the high solvent resistance, defect
free surface, hole transporting properties, and excellent elec-
tron blocking properties allowed the cross-linked d-PBAB lm
to be a promising HTL for solution processed multilayer PLEDs
with high efficiency.
PLED device performance

Multilayer PLEDs with the device structures of ITO/PEDOT:PSS/
F8BT/Ca/Al and ITO/cross-linked d-PBAB/F8BT/Ca/Al were
fabricated to evaluate the hole transporting, electron and
exciton blocking abilities of cross-linked d-PBAB. The device
with PEDOT:PSS as the HIL and HTL was prepared for refer-
ence. The PEDOT:PSS based and cross-linked d-PBAB based
PLEDs hereaer are simply designated as devices A and B,
respectively.

As shown in Fig. 3b, the electroluminescence (EL) spectra of
both devices A and B were almost the same and no emission
from the cross-linked d-PBAB was observed. This indicates that
the recombination of holes and electrons occurred in the EML.
Fig. 3c and d show the current density and luminance versus
voltage and luminous efficiency versus current density charac-
teristics of devices A and B. Device B showed a maximum
luminance (Lmax) of 13 600 cd cm�2 and a maximum luminous
efficiency of 3.2 cd A�1, which are approximately one and a half
and four times higher than those of device A (8000 cd cm�2, 0.78
cd A�1), respectively. Device B also showed a lower current
974 | Polym. Chem., 2013, 4, 969–977
density (790 mA cm�2) and a slightly higher turn-on voltage
(3.5 V) than those of device A (1130 mA cm�2, 3.0 V). The device
performance of device A such as current density and luminous
efficiency is similar to the reported value.5 Therefore, the PLED
based on polyuorene derivative is qualied to evaluate the
difference in device performance based on the different hole
transporting materials.

The improved performance of device B can be explained by
two primary reasons. First, the excellent electron and exciton
blocking abilities of the cross-linked d-PBAB attributed to the
higher LUMO level lead to a balanced charge recombination in
the emissive layer. The outstanding electron blocking charac-
teristics of the cross-linked d-PBAB was veried by the lower
current density of device B. In contrast, in the device A,
considerable electrons pass through the F8BT without recom-
bination with holes and are drained at the ITO anode through
the highly conductive PEDOT:PSS layer due to its weak electron
blocking abilities, leading to a lower electron and hole recom-
bination efficiency and hence a lower overall device efficiency.
The cross-linked d-PBAB also showed effective electron blocking
abilities to MEH-PPV (LUMO: �2.80 eV). Second, less exciton
quenching at the interface between the cross-linked d-PBAB and
F8BT increases the radiative decay of the F8BT. The degree of
exciton quenching of F8BT will be explained in the time-corre-
lated single photon counting (TCSPC) results and discussion
section. A slightly higher turn-on voltage for device B might be
due to the relatively lower hole mobility of the cross-linked d-
PBAB than PEDOT:PSS (10�2 to 10�3 cm2 (V�1 s))52 originated
from the non-conjugated vinyl group.22,24 The lower turn-on
voltage of device B might be attained by blending a strong
This journal is ª The Royal Society of Chemistry 2013
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electron acceptor such as 1,1,2,2-tetrauorotetracyanoquinodi-
methane (F4-TCNQ),53,54 fullerene (C60),55,56 and [6,6]-phenyl C61

butyric acid methyl ester (PCBM)57 and thus further studies are
currently under investigation.
Table 2 Exciton lifetimes (savr) of F8BT on different HTLsa

Samples s1(f1), ns s2(f2), ns c2 savr, ns

Quartz/F8BTb 1.71 — 1.78 1.71
Cross-linked d-PBAB/F8BTb 1.85 (0.61) 0.90 (0.39) 1.50 1.48
PEDOT:PSS/F8BTb 1.05 (0.76) 0.42 (0.24) 1.19 0.90
Quartz/F8BTc 1.82 — 1.75 1.82
Cross-linked d-PBAB/F8BTc 1.82 (0.86) 0.83 (0.14) 1.62 1.69
PEDOT:PSS/F8BTc 1.50 (0.85) 0.60 (0.15) 1.54 1.37
Quartz/F8BTd 1.77 — 1.67 1.77
Cross-linked d-PBAB/F8BTd 1.80 (0.92) 0.65 (0.08) 1.62 1.70
PEDOT:PSS/F8BTd 1.55 (0.87) 0.57 (0.13) 1.50 1.42

a Monitored wavelength was 545 nm. The PL decay curves were tted
with either a monoexponential or a biexponential function to
calculate the lifetime of F8BT. The PL decay curves of quartz/F8BT
lms were tted with a monoexponential function and those of the
PEDOT:PSS/F8BT and cross-linked d-PBAB/F8BT lms were tted with
a biexponential function. The amplitude weighted average exciton
lifetime (savr) was f1s1 + f2s2, where f1 and f2 are fractional intensities
and s1 and s2 are lifetimes. b The thickness of F8BT is 10 nm. c The
thickness of F8BT is 35 nm. d The thickness of F8BT is 65 nm.
TCSPC characterization

To prove the abilities of the cross-linked d-PBAB for the
prevention and/or reduction of exciton quenching, the exciton
lifetime (savr) of F8BT with different HTLs was measured using
time-correlated single photon counting (TCSPC). For TCSPC
measurements, F8BT with thicknesses of 10, 35, and 65 nm
were spin-coated on PEDOT:PSS and the cross-linked d-PBAB
under the same conditions as device fabrication. A sample with
a conguration of quartz/F8BT was prepared for reference.
Fig. 4b shows the PL decay prole of F8BT with a thickness of
35 nm, which is same lm thickness of the F8BT in device. The
savr of F8BT at 545 nm dramatically decreased from 1.82 ns on
quartz to 1.37 ns on PEDOT:PSS. However, no signicant
decrease in savr was found when cross-linked d-PBAB was used
as the HTL. The savr of F8BT on cross-linked d-PBAB at 545 nm
was 1.69 ns, which is approximately 93% of the savr of F8BT on
quartz. This result demonstrates that exciton quenching of
F8BT at the interface of cross-linked d-PBAB is much less than
that at the interface of PEDOT:PSS, as shown in Fig. 4b and
Table 2.
Fig. 4 PL decay profiles of F8BTwith a thickness of (a) 10 nm, (b) 35 nm, and (c) 65 n
HTLs. The F8BT was excited at 420 nm and the monitored wavelength was 545 nm.
function to calculate the lifetime of F8BT. The PL decay curves of quartz/F8BT films
cross-linked d-PBAB/F8BT films were fitted with a biexponential function. The amp
fractional intensities and s1 and s2 are lifetimes.

This journal is ª The Royal Society of Chemistry 2013
The changes in savr of F8BT with different thickness were
also investigated (Fig. 4 and Table 2). The savr of F8BT on
PEDOT:PSS was considerably inuenced by the lm thickness
of F8BT, as shown in Fig. 4d. At the interface of PEDOT:PSS, less
exciton quenching of F8BT was found in the thicker lm
m. (d) Exciton lifetime (savr) of F8BTas a function of F8BT film thickness on different
The PL decay curves were fitted with either a monoexponential or a biexponential
were fitted with a monoexponential function and those of PEDOT:PSS/F8BT and
litude weighted average exciton lifetime (savr) was f1s1 + f2s2, where f1 and f2 are

Polym. Chem., 2013, 4, 969–977 | 975
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(65 nm) than in the thinner lm (10 nm). The reduction of savr
was 47% (20%) in 10 nm (65 nm) F8BT lms. This result
suggests that the exciton diffusion length of F8BT is �10 nm,
which is similar to that observed for other conjugated poly-
mers.58–62 The less exciton quenching of F8BT in thicker lm
might be explained by the reduction of any chemical and
physical quenching due to the increased distance of the F8BT
excitons from the PEDOT:PSS quenching interface. However,
the exciton quenching of F8BT was signicantly reduced even
with 10 nm thick F8BT when PEDOT:PSS was replaced by cross-
linked d-PBAB. The reduction of savr was only 13% (4%) in
10 nm (65 nm) lm. These results suggest excellent abilities of
the cross-linked d-PBAB to prevent and/or reduce exciton
quenching, leads to a strong reduction in the non-radiative
decay rate, which results in improved device performance.
Conclusions

A novel thermally cross-linkable polymer (d-PBAB) possessing
triphenylamine as a hole transporting moiety and ethynyl
groups as a thermal cross-linker was synthesized by the
combination of living anionic polymerization and a depro-
tection process. The d-PBAB showed excellent solvent resis-
tance, defect free surfaces, hole transporting and excellent
electron blocking properties. PLED with cross-linked d-PBAB as
the HTL exhibited approximately one and half and four times
higher luminance and luminous efficiency than those of device
with PEDOT:PSS. These results are ascribed to the excellent
abilities of the cross-linked d-PBAB to block electrons and
excitons as well as to prevent and/or reduce exciton quenching,
suggesting that the d-PBAB synthesized in this work is a
promising material for the replacement of conventional
PEDOT:PSS for realizing highly efficient PLEDs. It is also
expected that PLED with cross-linked d-PBAB will show longer
device lifetime than that of device with PEDOT:PSS due to the
no acidity of cross-linked d-PBAB.
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