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a b s t r a c t

Film-forming property of organic semiconductors is one of crucial factors for the performance of flexible
organic light-emitting diode. In this work, two hole transporting materials based on triphenylamine
were synthesized, which showed an outstanding film-forming property and could form free-standing
films with a diameter of 4 mm. The spin-coated films on the flexible substrates showed an unobvious
mechanical failure bended with radius of curvature no less than 6 mm. Photoelectron yield spectroscopy
show that the two compounds embody suitable highest occupied molecular orbital levels (�5.14 eV
and �5.25 eV) for hole injection. The sandwiched organic light-emitting diodes use poly[2-(4-30 ,70-
dimethyloctyloxy)-phenyl]-p-phenylenevinylene) as emitting and electron transporting layer showed
higher stability with increasing operation current density, an maximum luminance level of
103,690 cd m�2. It demonstrate that the as-synthesized hole transporting materials hold a promising in
high brightness flexible organic light-emitting diodes.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Flexible organic light-emitting devices (FOLEDs) as next gener-
ation displayer not only can be used in full-color flexible flat-panel
displays and solid-state lighting, but also overture the traditional
interactive mode with computers [1e5]. The OLEDs were started
with simple sandwich structure [6]. In order to balance the hole
and electron injection and transition in device, the hole/electron
injection layers, hole/electron barrier layers were introduced
[7e11]. To date, most of OLEDs are fabricated with layer-by-layer
evaporation process to form the high quality ultra-thin films.
However, this technique still has problems such as requirement of
expensive equipment, high cost and low material utilization
[12,13]. Recently, the solution processing techniques such as spin-
coating, inject printing and spray coating were proposed to
realize FOLED cheaply and conveniently [14]. While, the
gineering and Technology,
2 2740 4208.
commercialized small molecular hole transporting materials
(HTMs) such as 1,4-bis(1-naphthylphenyl) amino)biphenyl (NPB)
and N,N0-bis(3-methylphenyl)-1,10-biphenyl-4,40-diamine (TPD)
does not fit for solution process due to the low glass transition
temperature (NPB: Tg z 99 �C, TPD: Tg z 50 �C) [15].

At present, in FOLEDs the hole transporting layer mainly use the
water-dispersible conducting polymer poly(3,4-ethylene-dioxy-
thiophene) poly(styrene sulfonate) (PEDOT:PSS) with spin-coating
process [16,17]. However, the acid of PEDOT:PSS will corrode the
ITO leading to the unstable of OLEDs during operation at high
current density [18]. In addition, the accumulation of excitons at
the interface of PEDOT:PSS and emitting layer resulted in the
decrease of interfacial luminescence quantum yield [19].

In this work, we designed and synthesized two hole transporting
materials N,N-di(phenyl)-N0,N0-di(4-(4-N,N-di(4-benzyl)amino)
phenyl)ethenyl)-1,10-biphenyl-4,40-diamine (p-(TPA-Et)4-TPB) and
N,N,N0,N0-tetra(4-(4-N,N-di(4-benzyl)amino)phenyl) ethenyl)-1,10-
biphenyl-4,40-diamine (p-(TPA-BD)2-TPA) to replace the PEDOT:PSS
layer in the all solution processing OLEDs. The molecular structures
are shown in Scheme 1. Here, TPA moieties are connected with
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Scheme 1. The synthetic procedure of p-(TPA-Et)4-TPB (5) and p-(TPA-BD)2-TPA (6).
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ethane (for p-(TPA-Et)4-TPB) or butadiene (for p-(TPA-BD)2-TPA) to
modify the HOMO levels and improve the morphology during spin-
coating [20]. The OLEDs with as-synthesized HTMs have been
fabricated by all solution processing with poly(2-(4-ethylexyl)
phenyl-1,4-phenylenevinylene (p-PPV) as electron transporting and
emitting layer [21]. The OLEDs with as-synthesized HTMs showed
an improvement on maximum luminance (Lmax) and turn-on
voltage (Vonset), as well as the stability at high operation current
compared with the OLED using PEDOT:PSS. The OLEDs based on p-
(TPA-Et)4-TPB showed Lmax of 103,690 cd m�2, which was much
larger than OLEDs based on PEDOT:PSS (Lmax of 55,219 cd m�2). It
demonstrates the as-synthesized HTMs hold a promising in high
brightness flexible OLEDs.
2. Experimental

2.1. Materials and methods

N,N,N0,N0-tetraphenyl-[1,10-biphenyl]-4,40-diamine (TPB), 4-
methyl-N,N-diphenylaniline (MeTPA), Poly(3,4-ethylenedioxy-thi-
ophene):poly(styrene-sulfonate) (PEDOT:PSS), Barium (Ba, 137.33,
99.9%) and Aluminum (Al, 26.98, 99%) were purchased from Tianjin
Heowns Biochemical Technology Co. LTD., poly[2-(4-30,70-dime-
thyloctyloxy)-phenyl]-p-phenylenevinylene) (p-PPV) was provided
by South China University of Technology. ITO glass was purchased
from South China Xiangcheng technology Co. LTD., other reagents
were purchased from Tianjin Guangfu Fine Chemical Research
Institute. N,N-dimethyl formamide (DMF), Phosphorus oxychloride
(POCl3), Tetrahydrofuran (THF) were freshly distilled before use.

As-synthesized HTMs were identified by NMR spectra, FT-IR
spectra, mass spectroscopy (MS) and elemental analysis. Fourier
transfer infrared spectra (FT-IR) were measured as a KBr disk on a
Thermo NICOLET380 spectrometer. Nuclear magnetic resonance
(NMR) spectra was obtained on a Varian INOVA 400, 500 MHz
spectrometer, with the chemical shifts reported in ppm using tet-
ramethylsilane (TMS) as an internal standard. Mass spectra (MS)
were recorded on a Thermo FINNIGAN LCQ Advantage mass spec-
trometer. Elemental analysis was performed on a VarioMICRO
CHNOS elemental analyzer. Decomposition temperature (Td) and
glass transition temperature (Tg) were determined under a nitrogen
atmosphere at a heating rate of 10 �C min�1 by the thermo gravi-
metric analysis (TGA) and differential scanning calorimeter (DSC)
on a TA Q500 thermo gravimetric analysis and TA Q20 thermal
analysis. Ultravioletevisible absorption (UVeVis) spectroscopy and
photoluminescence (PL) spectra were measured by the Thermo
Evolution 300 UVevisible spectrometer and a Cary Eclipse fluo-
rescence spectrometer, respectively. The thickness of spin-coating
films was measured by a TencorAlfa Step-500 terrace detector.
The photoelectron yield spectroscopy (PYS) was carried out on a
Sumitomo PYS-202 Ionization energy detection system. The
morphology of solid films were characterized by a Rigaku Miniflex
600 X-Ray diffraction (XRD) and Nanosurf AG Easyscan 2 atomic
force microscopy (AFM). The carrier mobility was measured on
Sumitomo TOF401 TOF measurement system. The topography of
thin films under different curvature radius was obtained by Hitachi
S-4800 field emission scanning electron microscopy (FESEM).

2.2. Synthesis

The designed synthetic route for p-(TPA-Et)4-TPB and p-(TPA-
BD)2-TPA are depicted in Scheme 1.

2.2.1. Synthesis of N,N,N0,N0- tetra(4-formylphenyl)-1,10-biphenyl-
4,40-diamine (1)

DMF (45 mmol) was weighed into a 100 mL round-bottom flask,
under the protection of nitrogen (N2). Then, POCl3 (45 mmol) was
added dropwise into above flask, stirred for 1 h at 0 �C. After that,
TPB 1,2-dichloroethane solution (4.5 mmol, 0.225 mol L�1) was
added dropwise into above solution at room-temperature, then
stirred for another 34 h at 95 �C. The reaction was stopped by ice
water. The compound 1 was purified by chromatographed on a
silica gel column (petroleum ether: ethyl acetate ¼ 15:1 as eluent)
with yield of 8% (0.21 g): Mp: 181e182 �C; 1H NMR (500 MHz,
CDCl3) d (ppm): 9.930 (s, 4H), 7.080 (d, J ¼ 9.0 Hz, 4H), 7.209e7.240
(m, 12H), 7.381 (d, J ¼ 9.0 Hz, 4H), 9.823 (s, 4H); MS (m/z): Found
601.4 [Mþ], Calcd. for C40H28N2O4:[(M þ H)þ], 601.2.
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2.2.2. Synthesis of 4-N,N-di(4-formylphenyl)tolylbenzenamine (2)
Compound 2 was synthesized according to the method

described in 2.2.1 with yield of 39%: Mp: 145e146 �C; 1H NMR
(500 MHz, CDCl3) d (ppm): 2.365 (s, 3H), 7.061 (d, J ¼ 8.0 Hz, 2H),
7.203 (d, J¼ 8.5 Hz, 2H), 7.168 (d, J¼ 8.5 Hz, 4H), 7.755 (d, J¼ 8.5 Hz,
4H), 9.886 (s, 2H); MS (m/z): Found 316.8 [Mþ], Calcd. for
C21H17NO2: [(M þ H)þ], 316.4.

2.2.3. Synthesis of 4-[N,N0-di-(p-tolyl)amino]benzyl(triphenyl)
phosphonium bromide (3)

Compound 3 was synthesized according to literature [20] with
yield of 96%: Mp: 231e233 �C; 1H NMR (500 MHz, CDCl3) d (ppm):
2.254 (s, 6H), 5.314 (s, 2H), 6.730 (d, J ¼ 8.5 Hz, 2H), 6.844 (d,
J ¼ 9.0 Hz, 2H), 6.896 (d, J ¼ 9.0 Hz, 4H), 7.031 (d, J ¼ 9.0 Hz, 4H),
7.622e7.782 (m, 15H); MS (m/z): Found 548.1 [(M�Br)þ], Calcd. for
C39H35BrNP: [(M�Br)þ], 548.3.

2.2.4. Synthesis of 1-{4-[N,N-di(p-tolyl)amino]phenyl}
allyl(triphenyl) phosphonium bromide (4)

Compound 4 was synthesized according to literature [20] with
yield of 97%: Mp: 111e113 �C; 1H NMR (500 MHz, CDCl3) d (ppm):
2.304 (s, 6H), 4.970 (d, J ¼ 15.0 Hz, 2H), 6.836 (d, J ¼ 8.5 Hz, 2H),
6.950e7.062 (m,12H), 7.663e7.904 (m,15H). MS (m/z): Found 573.3
[(M�Br)þ], Calcd. for C41H37BrNP: [(M�Br)þ], 573.3.

2.2.5. Synthesis of N,N-di(phenyl)-N0,N0-di(4-(4-N,N-di(4-benzyl)
amino) phenyl)ethenyl)-1,10-biphenyl-4,40-diamine (p-(TPA-Et)4-
TPB, 5)

Compound 1 (0.30 g, 0.5 mmol) and 3 (2.52 g, 4 mmol) syn-
thesized above were added into a 100 mL round-bottom flask with
protection of N2. Anhydrous THF (20 mL) was added to above flask,
then cooled to 0 �C. The THF solution of t-BuOK (16 mmol,
0.8 mol L�1) was added dropwise to above flask, stirred for 30 min
at 0 �C, followed with stirred at room temperature until the com-
pound 1 was consumed completely (monitored by thin-layer
chromatography). The reaction was terminated with ice water.
The crude product was heated under reflux for 8 h in THF with a
catalytic amount of iodine. Then the remaining iodinewas removed
by sodium hydroxide (NaOH) solution (Wt ¼ 10%, 100 mL) with
stirring for 2 h. After that, the product was purified by chromato-
graphed on a silica gel column (petroleum ether: ethyl
acetate ¼ 50:1 as eluent) to give the title compound as a pure E
stereoisomer p-(TPA-Et)4-TPB (0.61 g, 73%): IR (cm�1, KBr): 2928,
2853, 1603, 1500, 1321, 964, 823; 1H NMR (400 MHz, CDCl3) d 7.51
(d, J ¼ 8.6 Hz, 4H), 7.41 (d, J ¼ 8.6 Hz, 8H), 7.36 (d, J ¼ 8.7 Hz, 8H),
7.20 (d, J ¼ 8.5 Hz, 4H), 7.07 (ddd, J ¼ 30.4, 17.4 Hz, 11.7 Hz, 56H),
2.35 (s, 24H); MS (m/z): Found 1677.437 [Mþ], Calcd. for
C124H104N6: [(M þ H)þ], 1677.836. Elemental analysis: Found: C,
88.73; N, 5.04; H, 6.23%, Calcd. for C124H104N6: C, 88.75; N, 5.01; H,
6.25%.

2.2.6. Synthesis of N,N,N0,N0-tetra(4-(4-N,N-di(4-benzyl)amino)
phenyl) ethenyl)-1,10-biphenyl-4,40-diamine (p-(TPA-BD)2-TPA, 6)

p-(TPA-BD)2-TPA (6) was synthesized according to the method
described above with yield of 57%: IR (cm�1, KBr): 2910, 1597, 1500,
1322, 967, 807; 1H NMR (400 MHz, CDCl3) d 7.30e7.23 (m, 8H),
7.11e6.93 (m, 28H), 6.87e6.77 (m, 4H), 6.59e6.51 (m, 4H), 2.33 (s,
3H), 2.31 (s, 12H); MS (m/z): Found 905.840 [Mþ], Calcd. for
C67H59N3: [(MþH)þ], 905.471. Elemental analysis: Found: C, 88.83;
N, 4.62; H, 6.55%, Calcd. for C67H59N3: C, 88.80; N, 4.64; H, 6.56%.

2.3. Fabrication of free-standing films

The free-standing films were obtained on the airewater inter-
face with LangmuireBlodgett (LB) method. The peA curves are
shown in ESI Fig. S1. Isotherms at the airewater interface were
recorded using a 80 mm � 210 mm � 8 mm (W*L*H) PTFE Lang-
muir trough equipped with a compression barrier and a floating
barrier for the detection of surface pressure via the Langmuir
method (POWEREACH JML04C1, China). The as-synthesized HTMs
were spread from CH2Cl2 solution with 0.5 wt%. LB transfer was
made by the horizontal method described in the literature [22]. The
films were compressed to 45 mN m�1 before transfer was carried
out.

2.4. Fabrication of electroluminescent devices

Multilayer light-emitting diodes, with a configuration of ITO/
PEDOT: PSS/Alq3/LiF/Al were fabricated for the investigation of
optoelectronic characteristics. ITO-coated substrates (sheet resis-
tance: 10 U sq�1) was cleaned with following sequence: in
acetone, methanol, and diluted water [23]. After that, the sub-
strates were annealing at 120 �C for 20 min followed by O2 plasma
treatment. PEDOT:PSS colloidal solution was spin-coated on the
ITO (2000 rpm), then annealed at 60 �C for 30min to give HTL with
thickness <100 nm. p-PPV chlorobenzene solution (0.9 wt%) was
spin-coated on the top of HTL layer (2500 rpm), then annealed at
80 �C for 20min to give a EL with thickness of 80 nm. The Ba (3 nm)
and Al (100 nm) layers were thermally deposited as a cathode
under vacuum (P < 1 � 10�4 Pa). Device-p-(TPA-BD)2-TPA and
device-p-(TPA-Et)4-TPB were fabricated with same procedures
only replay the PEDOT:PSS colloidal solution with p-(TPA-BD)2-
TPA and p-(TPA-Et)4-TPB THF solution (1 wt%). FOLEDs with p-
(TPA-BD)2-TPA and PEDOT as HTL were fabricated with same
procedure. The EL spectra were measured by a Photo Research
SpectrScan PR705 spectra. Steady current density versus bias,
luminance versus bias were measured by a combination of a
Keithley 236 with silicon photodiode and a Photo Research PR705
spectra. All tests were performed under air atmosphere and at
room temperature.

3. Results and discussion

3.1. Characterization of p-(TPA-Et)4-TPB and p-(TPA-BD)2-TPA

The synthetic routes of p-(TPA-Et)4-TPB (5) and p-(TPA-BD)2-
TPA (6) are shown in Scheme 1. N,N,N0,N0-tetra(4-formylphenyl)-
1,10-biphenyl-4,40-diamine (1), 4-N,N-di(4-formylphenyl)tolylben-
zen-amine (2), 4-[N,N0-di-(p-tolyl)amino]benzyl (triphenyl)phos-
phonium bromide (3) and 1-{4-[N,N-di(p-tolyl)amino]phenyl}
allyl(triphenyl)phosphonium bromide (4) were prepared according
to the procedures reported previously [23]. The p-(TPA-Et)4-TPB
was synthesized from compound (1) and compound (3), by Wittig
reaction in 73% yield. The p-(TPA-BD)2-TPA was synthesized from
compound (2) and compound (4) in 57% yield with the same
method. The structure of p-(TPA-Et)4-TPB and p-(TPA-BD)2-TPA
were confirmed via FT-IR, 1H NMR, MS and elemental analysis,
which agreed well with the proposed molecular structure (See ESI
Fig. S2, Fig. S3).

The as-synthesized HTMs are soluble in common used organic
solvents such as toluene, tetrahydrofuran (THF), chloroform and
chlorobenzene, which is ensure they can deposited with solution
processing technique [24]. This result is probably due to the pres-
ence of methyl substituents on the TPA moieties and the non-
planar molecular structure.

3.2. Thermal properties

The decomposition temperatures (Td, which corresponds to the
temperature to decomposition of 5%) of as-synthesized HTMs were



Fig. 2. Normalized UVeVis absorption and PL spectra: (a) p-(TPA-Et)4-TPB; (b) p-(TPA-
BD)2-TPA (THF solution, 1.0 � 10�5 mol L�1).
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measured by thermal gravimetric analysis (TGA) at the heating rate
of 10 �C min�1 under N2. Both p-(TPA-Et)4-TPB and p-(TPA-BD)2-
TPA showed Td ~300 �C (298.9 �C for p-(TPA-BD)2-TPA; 303.6 �C for
p-(TPA-Et)4-TPB) which indicated the excellent thermal stability
(See ESI Fig. S4). The glass-transition temperatures (Tg) were
determined by differential scanning calorimetry (DSC) according to
the following procedure: the sample was heated to 250 �C at the
rate of 10 �C min�1, then cooled to 0 �C, after that scan from 0 to
250 �C at a rate of 10 �C min�1. As shown in Fig. 1, Tg of p-(TPA-Et)4-
TPB and p-(TPA-BD)2-TPA are determined to be 138.3 �C and
169.2 �C, respectively. The higher Tg of p-(TPA-Et)4-TPB was due to
the larger molecular weight [25].

3.3. Optical properties

The normalized UVeVis absorption and photoluminescence (PL)
spectra of as-synthesized HTMs in THF solution (1.0� 10�5mol L�1)
and spin-coated films are shown in Fig. 2, relevant data are sum-
marized in Table 1. As shown in Fig. 2, p-(TPA-Et)4-TPB and p-(TPA-
BD)2-TPA show two absorption bands at 300e310 nm and
400e450 nm. The absorption bands in 300e310 nm region can be
assigned to the nep* transition of the TPA moieties. The absorption
peaks in 400e450 nm attribute to the intramolecular charge
transfer (ICT) of pep* transition.

Compared with p-(TPA-Et)4-TPB, the red-shift (25 nm) of pep*
ICT bands mainly result from the extension of the pep conjugated
by butadiene group of p-(TPA-BD)2-TPA [20]. Compared the UVeVis
absorption and PL spectra of THF solutions and thin films, we can
find that in p-(TPA-Et)4-TPB the shape and peak position are similar.
No obvious red-shift of absorption peaks indicated that no signifi-
cant aggregation or crystallization occurs in the films [26]. In films,
the PL peak slightly widen due to the intermolecular interaction for
both p-(TPA-Et)4-TPB and p-(TPA-BD)2-TPA.

3.4. Ionization potentials

The photoelectron yield spectroscopy (PYS) method as a new
tool to study the energy distribution of electronic states can
determine the ionization potential (EIP) directly [27]. Mechanism of
PYS method is shown in ESI Fig. S5. The PYS of spin-coating films
are shown in Fig. 3.

As shown in Fig. 3, the threshold energies refer to the EIP of thin
films spin-coating with as-synthesized HTMs. The HOMO levels are
Fig. 1. DSC curves of as-synthesized HTMs at a heating rate of 10 �C min�1 under N2.
determined as the minus of EIP, which are �5.14 eV (p-(TPA-Et)4-
TPB) and�5.25 eV (p-(TPA-BD)2-TPA), respectively [28]. The HOMO
level of PEDOT:PSS thin films is reported to be �5.20 eV [29]. This
indicated that the as-synthesized HTMs hold the promise to replace
the PEDOT:PSS layer as HTL. The HOMO levels of p-(TPA-Et)4-TPB
and p-(TPA-BD)2-TPA are similar due to the same electron donor
group (TPA moieties). The LUMO level of p-(TPA-Et)4-TPB is much
higher than p-(TPA-BD)2-TPA film, which indicated that the buta-
diene units have stronger ability to increase conjugation in mole-
cule than ethane units [30].
3.5. Film-forming properties

Morphological property is a crucial factor determines the per-
formance of solution-processable OLEDs. Distinct crystallization in
films will suppress the exciton generation and transform which
resulted in device deteriorate [31]. Morphologies of spin-coating
films of as-synthesized HTMs were investigated with atomic force
microscopy (AFM) and X ray diffraction (XRD) measurements.
These results are shown in Fig. 4.

As shown in Fig. 4 (a, b), the surface root mean square (RMS)
roughness of p-(TPA-BD)2-TPA and p-(TPA-Et)4-TPB films are
0.401 nm and 0.546 nm respectively. This indicated that the surface
smoothness of spin-coating films are better than PEDOT:PSS spin-
coating films which reported to be 0.685 nm [32]. The amor-
phous properties of p-(TPA-Et)4-TPB and p-(TPA-BD)2-TPA films



Table 1
The optical, thermal properties and energy levels of as-synthesized HTMs.

Td
a (�C) Tg

b (�C) labs
c (nm) lonset

c (nm) PLd (nm) Eg
e (eV) HOMOf (eV) LUMOg (eV)

p-(TPA-Et)4-TPB 303.6 169.2 305, 406/309, 414h 455 456/471h 2.73 �5.14 �2.41
p-(TPA-BD)2-TPA 298.9 138.3 311, 431/311, 439h 583 492/535h 2.13 �5.25 �3.12

a Measured by TGA at a heating rate of 10 �C min�1 under nitrogen atmosphere.
b Measured by DSC according to the heatecooleheat procedure.
c Absorption spectra were recorded in the 1.0 � 10�5 mol L�1 THF solution.
d PL spectra were recorded in the 1.0 � 10�5 mol L�1 THF solution, with excitation wavelength at maximum absorption shown in Fig. 2.
e Optical energy gaps calculated from the absorption thresholds from UVeVis absorption spectra of films.
f Measured with PYS.
g jLUMOj ¼ jHOMOj�jEgj.
h Absorption peaks of thin films.

Fig. 3. Photoelectron yield spectroscopy curves of p-(TPA-BD)2-TPA and p-(TPA-Et)4-
TPB.

Fig. 5. Free-standing films obtained by LB technique: (a) p-(TPA-Et)4-TPB; (b) p-(TPA-
BD)2-TPA.
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were confirmed by the XRD curves in Fig. 4(c). These results indi-
cate that the as-synthesized HTMs are suitable for solution process.

As show in Fig. 5, free-standing films of p-(TPA-BD)2-TPA and p-
(TPA-Et)4-TPB were achieved for the first time. These films can be
supported on the metal rings with diameter of 4 mm. The breakage
is unobvious in both p-(TPA-BD)2-TPA and p-(TPA-Et)4-TPB free-
standing films on the 4 mm rings. These free-standing films
showed an emission of sky-blue (Fig. 5 (a)) and green (Fig. 5 (b))
light under irradiation of UV light, which is agreement with the
Fig. 4. The AFM images (a, b) and XRD curvature (c) of solid films: (a) p-
fluorescence emission spectra of spin-coating films (Fig. 2 (b)).
While using the same method, small molecular HTMs, for example:
NPB and TPD could not form free-standing films.

The mechanical properties of spin-coating films of as-
synthesized HTMs were investigated with method reported in
literature [33]. Brief description is shown in ESI Fig. S6. Typically,
the thickness of substrate is much larger than active layer
(approximately 100e200 nm) in FOLEDs. Therefore, the thickness
of active layer is negligible. The film strain (εf) and radius of cur-
vature have the relationship as εf ¼ d=2R [33]. Here, d is thickness
of substrate, R is radius of curvature.
(TPA-BD)2-TPA RMS: 0.401 nm; (b) p-(TPA-Et)4-TPB RMS: 0.546 nm.
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The surface morphologies of spin-coating films of as-
synthesized HTMs were measured by scan electronic microscope
(SEM, Fig. 6). The SEM images of spin-coating films after bended
with radius curvatures of 6mm and 4mm showed that, the fracture
become obvious. Therefore, the εf values of spin-coating films of as-
synthesized HTMs are in the region 0.024e0.021. It demonstrates
that the as-synthesized HTMs are suitable for FOLED, which can be
bend with radius curvature no less than 6 mm.

All above results demonstrate the outstanding film forming
capability of as-synthesized HTMs.
Fig. 7. Schematic of OLED structure (a) and EL spectra of PEDOT, p-(TPA-Et)4-TPB and
p-(TPA-BD)2-TPA based OLEDs (b); Photograph of p-(TPA-Et)4-TPB based FOLED (small
image in (a)).
3.6. Electroluminescent properties of solution processable OLEDs

The hole-injection and transporting properties of as-
synthesized HTMs were evaluated with the OLEDs fabricated
with spin-coating process. The device structure are ITO (185 nm)/
HTM (70 nm)/p-PPV (80 nm)/Ba (3 nm)/Al (120 nm) as shown in
Fig. 7 (a).

Here, poly[2-(4-30,70-dimethyloctyloxy)-phenyl]-p-phenyl-
enevinylene (p-PPV) was used as emitting and electron trans-
porting layer (E&ETL). The normalized electroluminance (EL)
spectra were shown in Fig. 7 (b). All these devices show the EL
peaks at the region of 500e550 nm, which are exclusive green
emission of p-PPV layer. This indicated no exciplex formation at the
interface of HTL/EML [21]. Compared with device-PEDOT and de-
vice-p-(TPA-Et)4-TPB, the EL spectra of device p-(TPA-BD)2-TPA
only showed a emission peak at ~540 nm. As discussed above, the
fluorescence emission peaks of p-(TPA-BD)2-TPA film is ~535 nm.
This phenomenon might be due to energy transfer from excited p-
PPV to p-(TPA-BD)2-TPA [34].

The current densityevoltageeluminance (JeVeL) characteristics
and current efficiency vs. current density curves of OLEDs are
showing in Fig. 8, corresponding parameters are summarized in
Table2.As shown inFig. 8 (a) andTable2, the turn-onvoltages (Vonset)
of device-PEDOT is 3.75V.With replacingHTL fromPEDOT top-(TPA-
Et)4-TPB and p-(TPA-BD)2-TPA, the Vonset is decreased 0.25 V and
0.5 V, respectively. As shown in Table 1, the HOMO level of PEDOT, p-
Fig. 6. The SEM map of flexural films of p-(TPA-Et)4-TPB and p-(TPA-BD)2-TPA: (a) p-(TPA-Et)
(TPA-BD)2-TPA, R ¼ 4 mm.
(TPA-Et)4-TPB and p-(TPA-BD)2-TPA are �5.30 eV, �5.14 eV
and �5.25 eV, respectively (Fig. 9).

In order to estimate the effect of HOMO level on Vonset, we def-
inite the injection barrier without bias voltage (△Einj) as the dif-
ference between ITO work function (�0.48 eV) and HOMO level of
HTL (Table 2). Apparently, the smaller △Einj lead to lower Vonset
[35]. The lower Vonset demonstrate the outstanding hole injection
capability of as-synthesized HTMs.
4-TPB, R ¼ 6 mm; (b) p-(TPA-Et)4-TPB, R ¼ 4 mm; (c) p-(TPA-BD)2-TPA, R ¼ 6 mm; (d) p-



Fig. 8. The current densityevoltageeluminance (JeVeL) curves (a) and current
efficiencies-current density (b).

Fig. 9. Energy band diagrams of PEDOT, p-(TPA-Et)4-TPB, p-(TPA-BD)2-TPA and p-PPV.
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Another obvious improvement with p-(TPA-Et)4-TPB and p-
(TPA-BD)2-TPA as HTL is maximum luminance (Lmax). The OLEDs
based on p-(TPB-Et)4-TPB showed Lmax of 103,690 cd m�2, which
was much larger than OLEDs based on PEDOT:PSS (Lmax of
55,219 cd m�2). This should be attribute to the LUMO level of p-
(TPA-Et)4-TPB (�2.41 eV) is higher than that of p-PPV (�2.90 eV).
The p-(TPA-Et)4-TPB can act as electron-blocking layer effectively
(See Fig. 9).

However, when the OLEDs are operated at the low voltage region
(5e12 V), the luminance of device-PEDOT is higher than device-p-
(TPA-BD)2-TPA and device-p-(TPA-Et)4-TPB. As shown in Table 2, the
Table 2
The photoelectric properties of devices.

Device Vonset
a (V) △Einj

b (eV) Lmax
c (cd m2)

PEDOT 3.75 0.50 55,219
p-(TPA-BD)2-TPA 3.50 0.35 70,941
p-(TPA-Et)4-TPB 3.25 0.34 103,690

a Vonset ¼ voltage at 1 cd m�2.
b △Einj ¼ jHOMOHTL � 4:80j.
c Maximum luminance and the corresponding voltage.
d Luminance efficiency.
e J0 ¼ the current density at which the LE drops to 50% of its maximum value.
f Maximum luminance efficiency.
g Luminance efficiency at 150 mA cm�2.
h Luminance efficiency at 200 mA cm�2.
i Luminance efficiency at 250 mA cm�2.
maximum luminance efficiency (LEmax) of device-PEDOT is higher
than OLEDs with as-synthesized HTMs. This phenomenon result in
the smaller hole mobility (mhole) of as-synthesized HTMs
(1.47 � 10�3 cm2 V�1 s�1 for p-(TPA-BD)2-TPA and
3.41 � 10�4 cm2 V�1 s�1 for p-(TPA-Et)4-TPB, measured by time-of-
flight (TOF) technique under the fields of 2.0 � 105 V cm�1 at room
temperature, ESI Fig. S7) than PEDOT (1.0 � 10�1 cm2 V�1 s�1) [36].
The electron-blocking effect of p-(TPA-Et)4-TPB let the Device-p-
(TPA-Et)4-TPB having higher LEmax and larger Lmax than device-p-
(TPA-BD)2-TPA, despite of the smaller mhole.

From Fig. 8, we noticed that the device-p-(TPA-BD)2-TPA and
device-p-(TPA-Et)4-TPB showed Lmax at 14 V, while the Lmax of
device-PEDOT is at 12 V. As reported, the PEDOT colloid solution is
acid. During spin-coating, the indium ion will be mixed into the
PEDOT layer. When the device operating, the indium ion will
transfer to the EL and quench exciton [37]. Apparently, p-(TPA-Et)4-
TPB and p-(TPA-BD)2-TPA as HTL can solve this problem.

As shown in the luminance efficiency (LE) vs. current density
curves (Fig. 8b), the device-PEDOT showed more serious decrease
of LE with higher operation current density than device-p-(TPA-
BD)2-TPA and device-p-(TPA-Et)4-TPB. The stability at high opera-
tion current density can be quantified by the critical current density
J0, that is, the current at which the LE drops to half of its maximum
value [38]. As shown in Table 2, the J0 of PEDOT appeared at
256 mA cm�2, while the J0 of p-(TPA-BD)2-TPA and p-(TPA-Et)4-TPB
appeared at 311 and 517 mA cm�2, respectively, which indicated
the improvement of stability with as-synthesized HTMs, and de-
vice-p-(TPA-Et)4-TPB have shown a larger LE than device-PEDOT
with operation current > 165 mA cm�2, which might be due to
the effect of indium ions we discussed above. In device-p-(TPA-
BD)2-TPA and device-p-(TPA-Et)4-TPB, the efficiency at high oper-
ation current density was improved.
LEd (cd A�1) J0
e (mA cm�2)

LEmax
f LE150

g LE200
h LE250

i

41.96 29.69 24.90 21.47 256.51
36.36 24.77 22.12 20.27 311.22
39.98 29.02 26.76 25.45 517.67
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4. Conclusions

In this work, two HTMs p-(TPA-BD)2-TPA and p-(TPA-Et)4-TPB
were synthesized as HTMs used in solution-processable FOLEDs.
Both p-(TPA-BD)2-TPA and p-(TPA-Et)4-TPB can form free-standing
films on the ring with diameter of 4mm. The spin-coated films of p-
(TPA-BD)2-TPA and p-(TPA-Et)4-TPB on PET-ITO substrates showed
unobvious mechanical failure after bended with radius of
curvature < 6mm. These results demonstrate the outstanding film-
forming capability of as-synthesized HTMs. The OLEDs with as-
synthesized HTMs as hole injection and transport layer (HIL and
HTL) showed an improvement of Lmax and stability at higher
operation current density, compared with commercialized
PEDOT:PSS. The device with p-(TPA-Et)4-TPB as HTL showed an
maximum luminance levels of 103,690 cd m�2, in which the p-
(TPA-Et)4-TPB layer showed an double function both as hole
transporting and electron blocking.
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