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ABSTRACT

A series of soluble conductive vinyl copolymers containing a hole-transporting N-(4-methoxyphenyl)-N-
phenylnaphthalen-1-amine (MeONPA) moiety and an electron-transporting/hole-blocking 2,5-diphenyl-
1,3,4-oxadiazole (OXA) moiety at different composition ratios were synthesized and characterized. The
copolymers were applied as the hole-transporting layer (HTL) for a series of heterojunction Organic
Light-emitting Diodes (OLEDs) employing the commonly used green emitter tris(8-hydroxy-
quinolinato)aluminum (AlQs) as the electron-transporting layer. AlQs is known to have inferior electron
mobility compared to most typical hole-transporting materials. As a result, oxidative degradation of the
AlQ3 emitters caused by the excessive holes accumulated at the interface led to deterioration of the
device over time. From the measurement of hole current only devices using electron blocking gold as
cathode (ITO/PEDOT:PSS/copolymer/Au), it was found that the hole current for the copolymers reduced
as the OXA composition increased. Optimum performance for the AlQs-based OLED (ITO/PEDOT:PSS/
copolymer/AlQs/Ca/Al) was achieved for a 82/18 (molar ratio) (MeONPA/OXA) copolymer. The maximum
current efficiency and luminance were 4.2 cd/A and ca 24,000 cd/m? respectively for the charge-balanced
copolymer compared to 3.5cd/A and 6600 cd/m? for similar device employing a homopolymer

P(MeONPA) as the HTL.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Since the discovery of heterojunction tris(8-hydroxyquinolinato)-
aluminum (AlQs)-based OLEDs by the Kodak’s group in 1987 [1], AlQ3
remained as one of the most important electron-transporting
materials for the fabrication of OLED display devices. Hetero-
junction OLED having superior efficiency due to exciton formation
was confined at or near the interface between the two organic
layers (hole and electron-transporting layers) with opposite charge
transporting properties. AlQs is a green emitting fluorescent dye
(Amax = 520 nm) and can be used as an electron-transporting layer
or a host for other bluish-green to red fluorescent dyes [2]. Its ease
of preparation, excellent thermal stability (Ty=172°C) [3] and
formation of uniform thin film using vacuum deposition technique
[4] are material properties highly sought for small molecule-based
OLEDs. AlQs, however, has electron mobility (1076-10"7 cm?/V s)
[5] one to two orders lower than the most hole-transporting small
molecules commonly used for OLED (e.g. TPD and NPB have hole
mobility in the range 1 x 10~ cm?/V s). The unbalanced hole and
electron currents not only reduced the OLED efficiency but also
caused the formation of degradative cationic AlQ3 species [3,6-11].
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These cationic species are fluorescence quenchers and trap for
charge as well. As a result, long-term performance of the device
gradually deteriorated.

Several approaches have been attempted to reduce the hole
current for AlQs-based OLEDs. They are: (i) doping the hole-
transporting layer (HTL) with rubrene or a salt-containing polymer
[12,13]; (ii) inserting a hole-retarding buffer layer between the ITO
anode and the HTL [14-16]; and (iii) using hole-transporting
material (HTM) with moderate hole mobility [17]. It is expected
that as the hole current is impeded, the concentration of holes at
the HTL/AIQs interface would be reduced. As the HOMO for most
HTL is higher than the HOMO for the ETL, leaking of holes into the
AlQs layer has been suggested the cause for the formation of the
cationic AlQ3 species. Recently, Thomas et al. incorporated some
electron-deficient segments into an arylamine moiety for the
preparation of various bipolar small molecules such as quinoxaline-
triarylamine and oxadiazole-triarylamine for use as HTL for AlQs-
based heterojunction devices [18-21]. Their results also indicated
a hole-impeding effect as non-emissive wide band-gap hole-
blocking elements were incorporated into the HTL.

Vinyl conductive copolymer has the advantage over traditional
main-chain conjugated conductive polymer that they are soluble
even at high molecular weight and can be easily solution processed
into thin film with excellent mechanical properties. Vinyl copoly-
mers containing triphenylamine, diphenyl-1,3,4-oxadiazole and
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diphenylqunioxaline has been reported as a host for fluorescent
additive [22a]. Side-chain copolymers containing boron emitter
and high emission efficiency phosphorescent dye have also been
reported for POLED [22b,c]. We have previously reported mobility
measurement for some N-phenyl-N-phenylnaphthalen-1-amine
(NPA) hole-transporting model compounds with different
substituted side groups (e.g. H-NPA, MeO-NPA, F-NPA) [23] and
their respective vinyl polymers [24]. The vinyl polymers were found
to be soluble in most common organic solvents despite their high
molecular weight (MW). They have high glass transition tempera-
ture (Tg midpoint = 161 °C for poly(H-NPA)) and good hole mobility
(0.5-2 x 104 cm?/V's) as well. In this manuscript, we shall report
the synthesis of a series of hole-limiting vinyl copolymers via free-radical
copolymerization of N-(4-methoxyphenyl)-N-(4-vinylphenyl)-
naphthalen-1-amine (vMeONPA) and 2-phenyl-5-(4-vinylph-
enyl)-1,3,4-oxadiazole (vOXA) [25], and their applications as
hole-limiting HTL for OLEDs [26,27]. The OXA moiety is a well-
known electron-transporting material but due to its wide band-gap
(or low-lying HOMO) is also a hole-blocking material. The hole-
limiting copolymers have several advantages compared to their
small molecules analogs. They are such as (i) the hole current for
the copolymer can be tailored simply by changing the MeONPA/
OXA monomer feed ratios in order to match the electron current of
the ETL; (ii) the highly soluble vinyl copolymers can be solution or
spin coat on large surface area under atmospheric conditions; and
(iii) the copolymers have better thermal stability than most of the
small molecule-based HTM. Blending a hole-transporting polymer
with hole-blocking small molecules (guest-host system) or
formation of alloys between hole-transporting and hole-blocking
polymers could lead to microphase segregation eventually, espe-
cially during high current device operation condition, whereas
a homogeneous copolymer would not [27,28].

2. Experimental section
2.1. General

All reactions were carried out under nitrogen atmosphere using
standard Schlenk techniques unless specified otherwise. Analytical
grade solvents were purified by distillation over appropriate drying
agents under an inert nitrogen atmosphere prior to use. All
reagents and chemicals, unless otherwise stated, were purchased
from commercial sources and used without further purification.
The positive-ion fast atom bombardment (FAB) mass spectra were
recorded in m-nitrobenzyl alcohol matrices in a Finnegan-MAT
SSQ710 mass spectrometer. Infrared spectra were recorded on
a Nicolet Magna 550 Series II FTIR spectrometer, using KBr pellets
for solid state spectroscopy. NMR spectra were measured using
deuterated solvent as the lock and reference on a JEOL JNM-EX270
FT NMR system or a Varian INOVA 400 MHz FT NMR spectrometer.
TH NMR chemical shifts were quoted relative to MeySi. Electronic
absorption spectra were obtained with a Hewlett Packard 8453
spectrometer. Solution photoluminescence measurements were
obtained by an LS50B fluorescent spectrometer. Cyclic voltammetry
measurements were performed on a BAS CV-50W electrochemical
analyzer. All CV measurements were carried out at room temper-
ature with a conventional three-electrode configuration consisting
a platinum working and counter electrodes and a Ag/AgCl reference
electrode. The supporting electrolyte was 0.1 M tetrabutylammo-
nium hexafluorophosphate ([BusyN]PFg) dissolved in ACN and each
measurement was calibrated with an internal standard, ferrocene/
ferrocenium (Fc/Fc™) redox couple. The molecular weights of the
polymers were determined by GPC (HP 1050 series HPLC with
visible wavelength and fluorescent detectors) using polystyrene
MW standards. Thermal analyses were performed on a Perkin-

Elmer Pyris Diamond DSC and a Perkin-Elmer TGA6 thermal
analyzers.

2.1.1. N-(4-Methoxyphenyl)-N-phenylnaphthalen-1-amine
(MeONPA)

N-Phenylnaphthalen-1-amine (10.0 g, 46.0 mmol), 4-iodoani-
sole (12.9 g, 52 mmol), Cul (0.9 g, 4.6 mmol) and 1,10-phenan-
throline (0.80g, 4.6 mmol) were dissolved and stirred with
overhead stirrer in 100 mL p-xylene under nitrogen pressure. The
mixture was heated to reflux. Potassium hydroxide (21.0g,
322.0 mmol) was added. The mixture was further refluxed for
another 6 h. The product was neutralized with acetic acid and
extracted with toluene. The solution passed through silica gel and
the yellowish solution was concentrated under reduced pressure.
Pale yellow crystals were obtained at 75% yield. '"H NMR (CDCl3):
0=3.74 (s, 3H), 6.75-6.83 (m, 4H), 7.05-7.15 (m, 4H), 7.22-7.48 (m,
6H), 7.69-7.72 (d, ] = 8.1 Hz, 1H), 7.83-7.86 (d, = 8.1 Hz, 2H), 7.93-
7.96 (d, J=8.1, 1H). MS (FAB): m/z 325 (M™"). Elemental Anal. Calcd
for Co3H1gNO: C, 84.89%; H, 5.89%; N, 4.30%; O, 4.92%. Found: C,
84.10%; H, 5.71%; N, 4.13%.

2.1.2. 4-((4-Methoxyphenyl)(naphthalen-1-yl)amino )benzaldehyde
(MeONPA-CHO)

To a two necked round-bottom flask, MeONPA (2.0 g, 6.2 mmol)
was dissolved in DMF with 1 equivalent POCl3. The reaction
mixture was heated to 65 °C and stirred overnight. The mixture was
then poured into ice water and neutralized by NayCOs. It was
extracted with dichloromethane and purified by column chroma-
tography using hexane/dichloromethane (3:7 v/v). The yield was
approx. 90%. 'H (CDCl3): 6=3.75 (s, 3H), 6.87 (d, J=8.1 Hz, 2H),
7.08-7.13 (m, 1H), 7.21-7.53 (m, 9H), 7.63 (d, J = 8.1 Hz, 2H), 7.82-
7.92 (m, 3H), 9.76 (s, 1H). MS (FAB): m/z 353 (M™").

2.1.3. N-(4-Methoxyphenyl)-N-(4-vinylphenyl)naphthalen-1-
amine (vMeONPA)

To a 250 mL round-bottom flask, methyl triphenyl phosphonium
(2.1 g, 51.0 mmol) was dissolved in 50 mL freshly distillated THF.
Potassium tert-butyl oxide (0.6 g, 51.0 mmol) was added and stirred
for 30 min. A reddish-yellow solution resulted. 4-((4-Methoxy-
phenyl)(naphthalen-1-yl)amino)benzaldehyde (1.5g, 42.0 mmol)
dissolved in THF was added and the solution turned to a white-
opaque color. The mixture was stirred at room temperature (r.t.) for
another 3 h. Finally a yellowish solution was obtained and comple-
tion of the reaction was indicated by TLC. For extraction, the mixture
was first neutralized by HCl and then extracted by dichloromethane.
Higher purity can be achieved by column chromatography using
hexane. A colorless liquid was obtained. White crystals were
formed at —4 °C. The yield was approx. 90%. 'H (CDCls): 6 =7.93
(d, J=8.1Hz, 1H), 7.86 (d, J=8.1 Hz, 1H), 7.73 (d, J=8.1 Hz, 1H),
741-747 (t, J=8.1 Hz, 2H), 7.32-7.37 (t, J="7.6 Hz, 1H), 7.08 (d,
J=81Hz, 2H), 711 (d, J=8.1 Hz, 2H), 7.27 (d, J=8.1 Hz, 1H), 6.79
(d, J=8.1 Hz, 4H), 6.56-6.66 (dd, J=10.8 and 17.5 Hz, 1H), 5.55 (d,
J=17.5Hz, 1H), 5.07 (d, J= 10.8 Hz, 1H), 3.77 (s, 3H). MS (FAB): m/z
351 (M™).

2.14. 4-(5-Phenyl-1,3,4-oxadiazol-2-yl)benzaldehyde (OXA-CHO)

4-Formylbenzoyl chloride (5.6 g, 37.0 mmol) and 5-phenyl-2H-
tetrazole (5.0 g, 34.0 mmol) were dissolved in 200 mL pyridine. The
solution was refluxed for 24 h. The solvent was evaporated under
reduced pressure and the residues were washed with ethanol
several times. A white solid resulted in 85% yield. 'H (CDCls):
0=7.53-7.55 (m, 3H), 8.03 (d, J=8.1 Hz, 2H), 8.12-8.15 (m, 2H),
8.30 (d, J=8.1 Hz, 2H), 10.08 (s, 1H). MS (FAB): m/z 351 (M" +1).
Elemental Anal. Calcd. for Ci5H1gN2O2: C, 71.99%; H, 4.03%; N,
11.19%; 0, 12.79%. Found: C, 72.22%; H, 4.00%; N, 12.92%.
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2.1.5. 2-Phenyl-5-(4-vinylphenyl)-1,3,4-oxadiazole (vOXA)

To a 250 mL round-bottom flask, the ylide (5.1 g, 14.4 mmol) was
dissolved in 50 mL freshly distillated THF. Potassium tert-butyl
oxide (13.2 g, 13.2 mmol) was added and stirred for 30 min in an ice
bath. A yellowish solution resulted. 4-(5-Phenyl-1,3,4-oxadiazol-2-
yl)benzaldehyde (3.0 g, 14.4 mmol) dissolved in THF was then
added. The mixture was stirred continuously until completion of
reaction as indicated by TLC. For extraction, the mixture was first
neutralized by HCI and then extracted by dichloromethane. Higher
purity can be achieved by column chromatography using hexane. A
colorless liquid was obtained. White crystals were formed at —4 °C
at 80% yield. 'H (CDCl3): 6=5.43 (d, J=10.8 Hz, 1H), 5.92 (d,
J=17.5Hz, 1H), 6.75-6.86 (dd, J=10.8 and 17.5 Hz, 1H), 7.56-7.61
(m, 5H), 8.12-8.19 (m, 4H). MS (FAB): m/z 249 (M" + 1). Elemental
Anal. Calcd for C16H12N20: C, 77.40%; H, 4.87%; N, 11.28%; O, 6.44%.
Found: C, 77.01%; H, 5.17%; N, 10.99%.

2.2. Free-radical polymerization

To a 10 mL one mouth glass apparatus charged with magnetic
stirring bar, the respective vinyl compound(s) at different feed
ratios (F; = molar percentage of MeONPA, F, = molar percentage of
OXA, total feed (F; + F;) = 1.1 mmol) and AIBN (3.6 mg, 0.02 mmol)
were dissolved in 2 mL toluene freshly distillated from sodium
metal. The reaction mixture was degassed by several freeze-pump-
thaw cycles and then sealed off. The reaction mixture was stirred at
80 °C for 10 h. Finally, a yellowish gel resulted. The polymer gel was
precipitated from excess acetone and re-dissolved in THF for
a second re-precipitation yielding a pale yellowish powder. The
compositions of the copolymer were determined by NMR and their
FT-IR and NMR characteristics are listed below.

2.2.1. P(MeONPA)

FT-IR (KBr pellet): 1117-1280 cm™' (C-N in aromatic amide). 'H
(CDy(Clp): 6=6.49-7.72 (aromatic H, 16H), 3.52 (MeO-H, 3H), 1.85
(aliphatic H), 1.48 (aliphatic H).

2.2.2. P(OXA)

FT-IR (KBr pellet): 962 cm™~! (C-0-C), 1073 cm™! (C-0) and
1619 cm ™! (C=N). 'H (CD,CL,): 6 = 6.62-7.90 (aromatic H, 9H), 1.79
(aliphatic H), 1.28 (aliphatic H).

2.2.3. P(MeONPA-co-0XA), F; =0.95

FI-IR (KBr pellet): 961 cm~! (C-0-C), 1072cm™! (C-0),
1617 cm~! (C=N) and 1237-1280 cm~! (C-N in aromatic amide).
H (CDCl3): 6 = 6.49-7.73 (aromatic H, 16.67H), 3.52 (MeO-H, 3H),
1.89 (aliphatic H), 1.47 (aliphatic H).

2.2.4. P(MeONPA-co-OXA), F1 =0.85

FT-IR (KBr pellet): 960cm™! (C-0-C), 1073cm™! (C-0),
1616 cm ™! (C=N) and 1236-1281 cm™! (C-N in aromatic amide).
TH (CD4Cly): 6 = 6.49-7.73 (aromatic H, 17.98H), 3.50 (MeO-H, 3H),
1.88 (aliphatic H), 1.46 (aliphatic H).

2.2.5. P(MeONPA-co-OXA), F1=0.70

FI-IR (KBr pellet): 958cm~! (C-0-C), 1071 cm~! (C-0),
1615 cm™~! (C=N) and 1237-1281 cm~! (C-N in aromatic amide).
H (CD,CL,): 6 = 6.49-7.73 (aromatic H, 20.03H), 3.57 (MeO-H, 3H),
1.89 (aliphatic H), 1.48 (aliphatic H).

2.2.6. P(MeONPA-co-OXA), F1=0.50

FI-IR (KBr pellet): 962cm™! (C-0-C), 1073 cm™! (C-0),
1619 cm™! (C=N) and 1238-1280 cm~! (C-N in aromatic amide).
TH (CD,Cly): 6 = 6.63-7.90 (aromatic H, 26.17H), 3.52 (MeO-H, 3H),
1.85 (aliphatic H), 1.45 (aliphatic H).

2.2.7. P(MeONPA-co-OXA), F;=0.30

FT-IR (KBr pellet): 959 cm~! (C-O-C), 1073cm~! (C-0),
1616 cm~! (C=N) and 1237-1281 cm~! (C-N in aromatic amide).
TH (CD,CL,): 6 = 6.65-7.79 (aromatic H, 41.61H), 3.58 (MeO-H, 3H),
1.89 (aliphatic H), 1.56 (aliphatic H).

2.3. OLED devices fabrication

ITO glass with 30 ohm/square sheet resistance was cleansed by
rubbing with industrial detergent and then heated in a bath con-
taining Deconex. It was then washed with distilled water, ethanol
and acetone sequentially in an ultrasonic bath for 10 min each. At
the end, the ITO glass was exposed to UV-ozone treatment for
10 min in order to remove all residue organic contaminants. A
25 nm hole-injecting layer poly(ethylenedioxythiophene)/poly-
(styrene sulfonic acid) (PEDOT:PSS) was spin cast (P6700 spin
coating system) onto the ITO substrate. The 1:1.6 PEDOT:PSS aq.
emulsion (Aldrich) was filtered with a 0.45 pm and then a 0.2 pm
PVDF filter before use. The PEDOT coated ITO glass was dried in an
oven at 150°C for 10 min under nitrogen environment. The
copolymers were dissolved in chlorobenzene to a concentration of
20 mg/mL. Prior to spin coating, the copolymer solutions were
filtered using a PTFE filter with 0.45 pm pore size. The copolymer
thin film was dried in an oven at 70 °C for 24 h under nitrogen and
then 90 °C for another 24 h under vacuum. The film thickness of the
copolymer was ca 100 nm. The film thickness was confirmed by
a Tencor profilometer. For the heterojunction OLED devices, 60 nm
of AlQ3 was vacuum evaporated onto the HT copolymer at a depo-
sition rate of 0.1 nmy/s using a Denton Vacuum Evaporator DV-502V.
The AlQs was purified by train-sublimation before use. Thirty nm of
calcium was vacuum deposited using a mask as the low work
function cathode and then encapsulated with 100 nm of aluminum
using an Edwards Auto 306 evaporator. The deposition rates were
0.2nm/s and 1 nm/s for Ca and Al respectively. The active device
area was about 0.0357 cm?. The Current-Voltage-Luminance (I-V-L)
and electroluminescence spectra of the device were measured with
a Keithley 236 meter, an IL 1400A light meter and a photo-multi-
plier tube. All device measurements took place at room tempera-
ture under ambient conditions.

3. Results and discussion
3.1. Synthesis

The synthetic pathway for the monomers, their respective homo-
polymers and their copolymers is shown in Scheme 1. The two vinyl
monomers prepared were the hole-transporting N-(4-methoxy-
phenyl)-N-(4-vinylphenyl)naphthalen-1-amine (vMeONPA) and the
hole-blocking 2-phenyl-5-(4-vinylphenyl)-1,3,4-oxadiazole (vOXA).
Unlike similar charge transporting vinyl monomer prepared using
addition reaction, the vinyl monomers presented here were derivat-
ized directly onto their respective charge transporting moieties and
therefore with high yield and purity. The hole-transporting vivieONPA
was synthesized in three reaction steps. It began with a modified
Ullmann condensation to produce the arylamine N-(methoxyphenyl)-
N-phenyl-1-naphthylamine (MeONPA), followed by a Vilsmeyer
formylation step for the aldehyde derivative N-(methoxyphenyl)-N-4-
formalphenyl-1-naphthylamine (MeONPA-CHO), and then a Wittig
coupling reaction to produce the vinyl monomer viMeONPA [7,8].
The 4-(5-phenyl-1,3,4-oxadiazol-2-yl)benzaldehyde derivative (OXA-
CHO) was synthesized directly from a ring-closure reaction between
4-formylbenzoyl chloride and 5-phenyl-2H-tetrazole with reasonable
good yield as well. The aldehyde OXA-CHO then reacted with methyl
triphenyl phosphonium via a Wittig coupling reaction to yield the
hole-blocking vinyl monomer vOXA.
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Scheme 1. Synthetic routes for the vinyl monomers, homopolymers and copolymers.

Copolymerization of the two vinyl monomers was conducted in an
oxygen-free environment prepared from repeated nitrogen purging
and freeze-thaw degassing cycles. Copolymerization was achieved by
a free-radical solution polymerization using AIBN as the initiator and
at different monomers molar feed ratios (F;, F», see Table 1).
Composition of the copolymers was determined from the aromatic/
aliphatic intensity peak ratios using their 'TH NMR spectra. The
experimentally determined composition and the molecular weight of
the homopolymers (P(MeONPA), P(OXA)) and the copolymers at
different feed ratios are given in Table 1. The results indicated vOXA

has higher reactivity then vMeONPA as the resulting copolymers
contained higher OXA composition then their feed ratios. The
homopolymer P(OXA) also has higher MW than the rest. This could
be due to planar OXA also has smaller steric hindrance compared to
the non-planar and bulkier MeONPA monomer. In general, poly-
dispersity index (PDI) for the polymers is relatively high, as compared
to the most probable distribution value (PDI = 2, for p = 1), and could
have been caused by chain transfer reaction to non-reactive small
MW species and to an extent contributed by the relatively high
monomer concentration employed in the polymerization process.
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Table 1
Composition and MW of P(MeONPA), P(OXA) and P(MeONPA-co-OXA).

MeONPA OXA MeONPA® OXA® MeONPA? OXA?® Yield M, M, PDI°
(feed, F;) (feed, (mol%) (mol%) (wt%) (Wt%) (%)

F)
100 0 100 0 100 0 98 27,000 60,000 2.2
95 5 93 7 95 5 85 25,000 50,000 2.0
85 15 82 18 87 13 80 30,000 87,000 2.9
70 30 69 31 76 24 65 31,000 84,000 2.7
50 50 47 53 56 44 75 40,000 96,000 2.4
30 70 26 74 33 67 56 24,000 69,000 2.9
0 100 0 100 0 100 97 80,000 168,000 2.0

2 The copolymer composition was determined by integration of '"H NMR peak
area.

> The weight-average (My) and number-average (M,) molecular weights were
determined by GPC using poly(styrene) MW standard in THF. Conditions: wave-
length 254 nm (detector), flow rate 1 mL/min, mobile phase THF.

3.2. Thermal properties

The thermal properties of the homopolymers and the copoly-
mers were measured by thermal gravimetric analysis (TGA) and
differential scanning calorimetry (DSC) all under nitrogen atmos-
phere. DSC thermograms for the homopolymers and the copoly-
mers are shown in Fig. 1. A single T; and comparable heat capacity
increment at the Ty (ACp) indicated the copolymers are homoge-
neous and do not contain mesophase separated segmental struc-
tures. The glass transition temperature (Tg midpoint) Of P(MeONPA)
and P(OXA) were 132 and 187 °C respectively. We have previously
reported Tg midpoint @S high as 161 °C was obtained for the non-
substituted P(H-NPA) [24], but the methoxy labeling enable us to
identify and to calculate the composition easily using either FT-IR or
TH NMR. There was no melting or re-crystallization detected for
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Fig. 1. DSC thermograms for P(MeONPA), P(OXA) and P(MeONPA-co-OXA) at different
composition ratios (given in bracket).
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Fig. 2. Variation of T, with copolymer composition for P(MeONPA-co-OXA). Experi-
mental data are shown as solid circles; theoretical calculation according to the Fox
equation shown in dashed line.

scanning temperature up to 250 °C indicating both the homopoly-
mer and the copolymers were amorphous in nature. By compar-
ison, the melting points (Ty,) of the model compound MeONPA and
diphenyl-1,3,4-oxadiazole were 110 and 138 °C respectively.

Glass transition temperature dependence on composition for
copolymers without specific interaction has been described by the
Fox equation [28]:

1/Tg = wy/Tg1 + W2 /Ty

in which wy and w, are the weight fractions of repeating unit for
monomers 1 and 2 respectively, and Ty and Ty are the glass
transition temperatures of the homopolymer for monomers 1 and 2
respectively. Fig. 2 shown the experimentally observed T, deviated
from the arithmetic mean values as predicted by the Fox equation.
A substantial positive deviation was observed indicating a favorable
positive interaction between the electron-rich MeONPA and elec-
tron-deficient OXA monomer pair. A small but discernible red-shift
in the photoluminescence spectra and a small variation in the redox
values in following cyclic voltammetry studies on the copolymers
(to discuss later) coincided with the results given here. The onset
degradation temperature of the homopolymers and copolymers
from TGA was in the range 317-421 °C. It was found that copoly-
mers with higher MeONPA contents in general have better thermal
stability than those with higher OXA contents. The results of the
thermal analyses are summarized in Table 2.

Table 2

Thermal properties of P(MeONPA), P(OXA) and P(MeONPA-co-OXA).

Polymers T4* (°C)  Weigh lost (%) Tgb (°C)  AG, (J/(g°C)
P(MeO-NPA) 421 75 132 0.21
P(MeONPA-co-OXA 93:7) 393 65 148 0.17
P(MeONPA-co-OXA 82:18) 398 80 158 0.18
P(MeONPA-co-OXA 69:31) 378 72 162 0.18
P(MeONPA-co-OXA 47:53) 339 79 173 0.19
P(MeONPA-co-OXA 26:74) 318 72 178 0.16

P(OXA) 317 85 187 0.20

2 Measured by TGA under nitrogen purge at a heating rate: 20 °C/min.
b Measured by DSC under nitrogen purge at a heating rate: 20 °C/min.
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Fig. 3. Optical absorption (dashed-lines) and photoluminescent spectra (solid lines) of
P(MeONPA), P(OXA) and P(MeONPA-co-OXA) at different MeONPA:OXA mole ratios.

3.3. Optical absorption and photoluminescence

The absorption and photoluminescence spectra of the polymers
were measured in dichloromethane. In general, the conductive
vinyl polymers and their copolymers were optically clear and do
not absorbed significantly in the visible region due to lack of long
range pi electron delocalization. P(OXA) emitted only in the UV
region (Amax =365 nm) while P(MeONPA) has a blue emission
(Amax =463 nm). According to Fig. 3, the photoluminescence
spectrum of P(OXA) overlapped significantly with the absorption
spectrum of P(MeONPA) indicating possibility of energy transfer
from P(OXA) to P(MeONPA). For copolymers with higher MeONPA
contents, only a blue emission was detected suggesting emission by
OXA has been absorbed by MeONPA units completely. Only for
copolymer with very higher OXA contents (74% OXA or above), two

Table 3
Optical properties of P(MeONPA), P(OXA) and P(MeONPA-co-OXA).

Polymers Amax absorption (nm) Amax €mission (nm)
P(MeO-NPA) 290, 356 463
P(MeONPA-co-OXA 93:7) 290, 356 465
P(MeONPA-co-OXA 82:18) 290, 356 466
P(MeONPA-co-OXA 69:31) 290, 356 466
P(MeONPA-co-OXA 47:53) 290, 356 467
P(MeONPA-co-OXA 26:74) 290, 356 467, 364

P(OXA) 285 365

The photoluminescence and optical absorption spectra of the homopolymers and
copolymers were measured in dilute dichloromethane solution (1 x 1076 M).
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Fig. 4. Cyclic voltammograms of P(MeONPA-co-OXA) thin-film cast on Pt working
electrode at different MeONPA:OXA monomer ratios. Experimental conditions: Pt
working and counter electrodes; Ag/AgCl reference electrode; ACN/TBAHFP 0.1 M, scan
rate 200 mV/s.

distinct emission maxima relating to OXA and MeONPA were
detected. Moreover, emission spectra of the copolymers were
slightly red-shifted (2-4 nm) compared to that of P(MeONPA). The
result can be attributed to interaction between the electron-defi-
cient OXA (acceptor) and electron-rich MeONPA (donor) units. A
summary for the optical properties are given in Table 3.

3.4. Electrochemical properties

The electrochemical properties of the homopolymers,
P(MeONPA) and P(OXA), and their copolymers in solid thin-film form
(cast on Pt working electrode) were studied by cyclic voltammetry
(see Fig. 4). In Fig. 5, a pair of reversible anodic oxidation wave with
the half-wave potential at 0.89 V (vs. Ag/AgCl) was detected for
P(MeONPA). The highest occupied molecular orbital (HOMO,
—5.23 eV) was determined from the oxidation potential with respect
to Fc: HOMO = Ef}; vs. Fc + 4.8 V [29,30]. The LUMO (lowest unoc-
cupied molecular orbital, —2.14 eV) was found by subtracting the
band-gap energy (determined from UV absorption edge) from the

T T T T T T
200 400

T T T T T
600 800 1000 1200 1400 1600

Potential v.s. Ag/AgCI (mV)
Fig. 5. Cyclic voltammogram of P(MeONPA) thin-film cast on the Pt working electrode.

Conditions: Pt working and counter electrodes; Ag/AgCl reference electrode; ACN/
TBAHFP 0.1 M, scan rate 500 mV/s.
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Table 4
Electrochemical properties of P(MeONPA), P(OXA) and P(MeONPA-co-OXA).

Polymers Eox Vs. Ag/ Eox VS. Fc HOMO  Ejeq vs. Ag/  Ereq VS. Fc LUMO®
AgCl* (mV) (mV) (eV) AgCl (mV) (mV) (eV)

P(MeO-NPA) 0.87 043 523> - - 2.14¢

P(MeONPA-co- 0.87 0.42 - - - -
OXA 93:7)

P(MeONPA-co- 0.87 0.44 - 2.14 2.58 -
OXA 82:18)

P(MeONPA-co- 0.85 041 - 2.17 2.61 -
OXA 69:31)

P(MeONPA-co- 0.84 0.40 - 2.15 2.59 -
OXA 47:53)

P(MeONPA-co- 0.86 0.42 - 2.13 2.57 -
OXA 26:74)

P(OXA) - - 6.04¢ 213 2.57 2.23°

2 Oxidation potential relative to Ag/AgCl electrode.

> HOMOs/LUMOs were calculated assuming HOMO of Fc = 4.8 eV.

¢ LUMOs/HOMOs were calculated by subtracting the Eg from their respective
HOMOs/LUMOs. Band-gap energies were determined from the UV absorption edge.

HOMO value. The results are similar to those previously measured
using a polymer solution (HOMO = 5.15 eV, LUMO = 2.11 eV) [24].
The redox reversibility of P(MeONPA) is excellent, repeated anodic
oxidations and reductions (after 64 cycles) did not change the peak
shape as seen from the cyclic voltammogram given in Fig. 5.
However, the voltammetric current became smaller during succes-
sive cycling due to dissolution of the polymer into the supporting
electrolyte. For P(OXA), the LUMO (—2.23 eV) was calculated from
the reduction potential vs. Fc: Eﬁ‘?g vs. Fc+4.8V [29,30]. As the
oxidation potential of P(OXA) lied outside the scan range, its HOMO
was calculated by adding the band-gap energy (determined from UV
absorption edge) with the LUMO. The high ionization potential of
OXA (HOMO = —-6.04 eV), making it an effective hole-blocking unit,
was induced by the electron-deficient oxadiazole ring [25]. As
a result, the inclusion of hole-blocking OXA in the copolymers
effectively limited the hole current in the copolymer-based HTL.

The redox properties of the copolymers were similar to that of
the homopolymers, such as the half-wave oxidation and reduction
(see Table 4). Only a slight variation in the values was detected,
indicating the electrochemical properties of the OXA and MeONPA
moieties do not interfere with each other significantly. As a result,
we can conclude that the copolymers were oxidized via the
MeONPA moieties and reduced via the oxidiazole moieties
independently.

3.5. Electroluminescent device properties

3.5.1. Heterojunction HOLEDs

Tang et al. have demonstrated by confining the recombination of
hole-electron pairs at the interface of the hole and electron-trans-
porting layers, the emission efficiency of the device can increase
drastically [1,2]. The multilayer device is known as heterojunction
OLED. The multilayer small molecule-based OLEDs were fabricated
using successive vacuum evaporation. In the followings, we fabri-
cated the heterojunction devices using two different processes —
solution spin coating for the hole-limiting copolymer layer and

Table 5

TH. Lee et al. / Polymer 50 (2009) 4602-4611

vacuum evaporation for the small molecule-based (AlQs) electron-
transporting layer (Fig. 5).

Oxidative degradation of AlQs, a commonly used electron-
transporting material and green emitter, is the main problem for
AlQs-based OLEDs. A low work function calcium cathode
(—=2.9 eV) [31,32] can facilitate the injection of electrons into the
AlQj3 layer thus reduced the formation of unstable cationic species
and led to better device stability [10]. In addition, a series of hole-
limiting copolymers containing different ratios of hole-trans-
porting (MeONPA) and hole-blocking (OXA) moieties were used as
the HTL in this report. It was expected that at a certain copolymer
composition, charge balance would be established. The properties
of the devices were reported with an attempt to relate their
performance with the copolymer composition. The configuration
for the heterojunction OLEDs adopted was ITO/PEDOT:PSS/copoly-
mer/AlQs/Ca/Al. The PEDOT:PSS (HOMO: —5.15 eV), a hole injection
layer (HIL), was applied mainly to facilitate the injection of holes
from the ITO anode (HOMO: —4.8 eV) to the organic hole-trans-
porting layer. As a result, the onset or turn-on voltage for the
diodes was lowered. A summary for the electroluminescent
results is given in Table 5.

The luminance (cd/m?) vs. current density (mA/cm?) curves for
the OLEDs at different copolymer compositions are shown in Fig. 6.
According to Fig. 6, highest luminance was observed for the
copolymer with 82/18 MeONPA/OXA mol ratio at 23,856 cd/m?. It is
suggested at this composition range, charge balance was achieved
for the AlQs-based OLED. For copolymers with either a higher or
lower OXA contents, lower luminance was detected under the same
applied current density. Compared to a device employing the
hole-transporting only homopolymer P(MeONPA), a maximum
luminance of only 6608 cd/m? was resulted. It confirmed our
speculation that higher hole current not necessary improved
emission luminance but rather incited rapid degradation of the
electron-transporting and emitting AlQs instead. For the copoly-
mers with OXA contents higher than 18 mol%, the decrease in
luminance was due to diminishing of the hole current. It was also
found that a higher turn-on voltage was required for the devices
with higher OXA composition (see Table 5) and could be related to
the low-lying HOMO for OXA (—6.04 eV) [33].

The current efficiency (cd/A) for the HOLED devices as a func-
tion of applied current density until failure is given in Fig. 7. The
inset in Fig. 7 shown the dependence of luminance with copoly-
mer composition at three different current densities (100, 200,
300 mA/cm?). Disregard the current density, a maximum lumi-
nous can be found near 15-20 mol% OXA for the copolymers
indicating an optimal composition existed. Examining in details of
the current efficiency curves given in Fig. 7, two distinct degra-
dation mechanisms at higher applied current density were found
according to the gradient of the decreasing slope. For polymers
(including the homopolymer P(MeONPA)) with less then 18 mol%
OXA, an additional turning point (indicated by arrows in Fig. 7) in
the decreasing slope was detected. The current efficiency decayed
initially with a steep slope then followed by a second single
exponential decay. The phenomenon has been observed previ-
ously and suggested relating to interface breakdown under high

HOLED device properties with configuration of ITO/PEDOT:PSS/polymer/AlQs/Ca/Al. The polymers were P(MeONPA) and P(MeONPA-co-OXA).

Polymers Turn-on voltage Max luminance Aem (NM) Max current efficiency Driving voltage at max Current density at max device
V) (cd/m?) (cd/A) luminance (V) efficiency (mA/cm?)

P(MeO-NPA) 85 6608 534 3.52 20.8 474

P(MeONPA-co-OXA 93:7) 9.0 9640 532 4.0 20.6 666

P(MeONPA-co-OXA 82:18) 9.2 23,856 532 4.2 17.8 1075

P(MeONPA-co-OXA 69:31) 10.2 14,756 534 3.49 18 715

P(MeONPA-co-OXA 47:53) 10.3 3668 528 1.89 21 314
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Fig. 6. Electroluminescent luminance (cd/m?) vs. current density (mAjcm?) of the
HOLEDs with the configuration ITO/PEDOT:PSS/polymer/AlQs/Ca/Al. The polymers
were P(MeONPA) and P(MeONPA-co-OXA) at different composition ratios.

operation current [11]. The same phenomenon, however, was not
detected for OLEDs employing copolymers with higher OXA
content indicating the multiple decaying slopes could be associ-
ated with the degradation of the AlQs; emitters. Although one can
not distinguish specifically whether the steep decrease in current
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efficiency was related to the formation of non-emitting cationic
AlQ3 species or a reduction in electron current due to traps
formation, it could be likely a combination of different causes. For
copolymers with higher OXA contents (18 mol% and above), the
initial steep exponential decay was not observed suggesting at
higher OXA contents, reducing the hole current and therefore the
possibility of holes leaking into the ETL contributed to the stability
of the devices as a whole. In Fig. 7, the charge-balance device with
the copolymer 82/18 MeONPA/OXA mol ratio, although the
copolymer does not have the highest Tg, tolerated the maximum
span in applied current density (ca 1200 mA/cm?) before failure.
The results against indicated the advantage of achieving charge-
balance for a heterojunction OLED.

All the OLEDs shown typical green AlQs emission except for
the device employing P(MeONPA-co-OXA 47:53) as the HTL (see
Fig. 8). A small blue emission shoulder (indicated by an arrow)
associated with MeONPA was detected for this copolymer indi-
cating some of the excessive electrons might have entered the
HTL. The LUMO of OXA (-2.23eV) is somewhat low-lying
compared to MeONPA (—-2.14eV) and OXA is liable to accept
electron releasing from AlQs. The formation of excitons in the HTL
layer resulted in the blue emission associated with MeONPA for
this device.

3.5.2. Hole current only devices

In order to verify the hole current was indeed limited by the
inclusion of OXA moieties in the copolymers, a series of hole
current only devices was prepared. The single layer devices have
the configuration ITO/PEDOT:PSS/copolymer/Au. Again a hole-
injecting PEDOT:PSS layer (HOMO -5.15eV) was applied to
facilitate the injection of holes into the organic layer (compared to
HOMO for the hole conducting P(MeONPA) is —5.23 eV) as well as
maintaining an ohmic contact. A high work function and electron
blocking Au metal was used as the cathode instead. The working
function for Au at —5.1 eV is much lower than the LUMO for the
copolymers (from —2.14 to —2.23 eV), and as a result the large
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Fig. 7. Current efficiency (cd/A) vs. current density (mA/cm?) of the HOLEDs over the full current density range until device failure. The polymers were P(MeONPA) and P(MeONPA-
co-0XA) at different composition ratios. The arrows indicated the position of the inflexion points associated with AlQ; degradation for polymers with high hole current. The inset
diagram shown variation of luminance with composition at three different current densities (100, 200, 300 mA/cm?).
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related to MeONPA.

energy barrier deterred the injection of electrons from the
cathode. Thus the currents measured and shown in Fig. 9 are
largely hole current only. The current density vs. voltage (log I vs.
V) for three such “hole current only” devices is given in Fig. 9
[34,35]. The results indicated the current measured decreased in
proportion to an increase of OXA contents in the copolymers.
Similar results have been observed for a series of carbazole/oxa-
diazole vinyl copolymers prepared by Jiang et al. [28]. A reduce in
hole transport ability with increased OXA was suggested to be the
result of reduction in hopping sites. The decrease in hole current
was found also not only related to an increase in the OXA
composition but also to their dispersion in the polymer matrix. A
continuous decrease in hole current with an increase in OXA
contents for our devices indicated random or statistical distribu-
tion of the OXA moieties in the copolymers. In an dark injection
space-charge-limited-current (DI-SCLC) experiment measuring
the I-V characteristics for a series of hole-transporting small
molecules with similar device configuration (except Ag was used
as the cathode) [33], the PEDOT:PSS HIL was found to be effective
in forming an ohmic or quasi-ohmic contact with the organic
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Fig. 9. Current density (mA/cm?) vs. voltage (V) for the “hole current only” devices
with the configuration ITO/PEDOT:PSS/polymer/Au. The polymers were P(MeONPA)
and P(MeONPA-co-OXA 69:31 and 47:53).

layer with low hole mobility. At the limit of high electric field
(>100 kV/cm), the conduction was trap free and space-charge-
limited-current was dominated by the bulk conduction of holes
only. Similarly, it has also been proposed for an injection energy
barrier height less than 0.3 eV, the metal/organic interface can be
treated as ohmic and capable of supplying the bulk with space-
charged-limited-current [36].

4. Conclusion

In this study, the synthesis of two vinyl monomers including
a hole-transporting N-(4-methoxyphenyl)-N-(4-vinylphenyl)naph-
thalen-1-amine (vMeONPA) and a hole-blocking 2-phenyl-5-(4-
vinylphenyl)-1,3,4-oxadiazole (vOXA) was presented. The synthetic
routes were specific, facile, and with high yield. A series of copoly-
mers with different MeONPA/OXA compositions and thus different
charge transporting properties were prepared using solution free-
radical polyaddition polymerization. The vinyl copolymers have
high MW and T; yet were soluble in most common organic solvents.
The hole current for the copolymers was verified to decrease with
an increase in OXA contents using “hole current only” devices.
Heterojunction OLEDs fabricated using the “hole-limiting” copoly-
mers as the HTL whereas the commonly used AlQs as the ETL were
studied. At the optimum MeONPA/OXA composition (82/18 mol
ratio), the hole current limited HTL effectively produced a charge-
balance device with outstanding performance (4.2 cd/A and ca
24,000 cd/m?). The results indicated the charge hopping process
between MeONPA moieties can be effectively blocked by the
presence of OXA moieties [37]. Improvement in stability of the
charge-balance device can be shown from the current efficiency vs.
current density curves (see Fig. 7). Not only the charge-balance
device tolerated up to ca 1200 mA/cm? before failure, the current
efficiency also decrease with a single slower decreasing slope. AlQ3
was used only as an example to illustrate the advantages of
achieving charge-balance for such electroluminescent device. As
the composition of the copolymer can be tailored easily by
adjusting the monomer feed ratio, the transport properties can be
easily matched with other ETL or emitters as well. The hole-limiting
copolymers are bipolar in nature, vinyl monomer with different
emission characteristic can be copolymerized to produce homo-
junction POLEDs with improved efficiency at different hue will be
a subject following.
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