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ABSTRACT: New hole transport polymers were prepared by polyaddition of N, N'-diphenyl-N, N'-bis(4-

methylphenyll-1,4-phenylenediamine (PDA) with divinyl or diisopropenyl benzene and were characterized by 1H NMR, 

differential scanning calorimetry (DSC), UV absorption spectra and cyclic voltammetry. These polymers exhibit high 

glass transition temperatures and low oxidation potentials. Two-layer electroluminescent (EL) devices, in which the 

polymers were spin cast on ITO anode as the hole transport layer and aluminum tris(8-hydroxyquinoline) (Alq) was used 

as the emitting layer, gave a high brightness of above 10000 cd m - 2 with an operating voltage ofless than 15 V. 
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There has been considerable interest attracted in the 
field of organic electroluminescent (EL) devices because 
of their potential application as full-color flat panel dis
plays.1-8 Over the past few years, much progress has 
been made concerning the improvement of efficiency and 
stability of organic EL devices. The use of charge trans
port materials, hole transport materials or/and electron 
transport materials, between emitter and electrode has 
been proved to be an efficient way to achieve high device 
efficiency, due to the improved balance of hole and elec
tron injection. Therefore, present research is focused on 
charge transport materials as well as light-emitting ma
terials. 

In an EL device, the hole transport material facilitates 
the hole injection and blocks the electrons, thus confines 
the emission away from the metal electrode, which leads 
to increase the device performance. Triarylamines have 
been most widely studied as hole transport materials in 
organic EL device, based on the fact that they can form 
stable aminium radical cations.1·9

-
12 The vacuum

deposited triarylamines are difficult to maintain the 
long-term stability due to recrystallization and low glass 
transition temperature. Polymeric materials are a good 
choice to improve the device stability. And they are able 
to form a film through spin casting. Guest-host system 
has been used to achieve polymeric materials, however, 
phase separation may occur even at ambient conditions. 
Thus, the synthesis of polymers containing triarylamine 
is of particular interest, from the standpoints of process
ing and improving device performance. There have been 
some reports related to this issue.13 - 19 To prepare poly
mers, triarylamines have been usually functionized with 
specific groups, e.g., vinyl group. This approach involves 
the complicated processes in monomer synthesis, corre
spondingly results in a relatively low yield. 

In our previous attempt,2° 4-tolydiphenylamine 
(TDPA) was polymerized with diolefin in the presence of 
an acid catalyst. Soluble polymers were obtained in a 
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high yield, suggesting that the polyaddition provides a 
simple route for the preparation of new triarylamine
based polymers. Moreover, structure characterization 
showed that the reaction occurred at meta-position of 
TDPA as well as para-position. 

We report herein on the synthesis of new hole trans
port polymers through the polyaddition between N, N'
diphenyl-N, N'-bis( 4-methylphenyl)-1,4-phenylenediamine 
(PDA) and di olefin. Furthermore, the performance of EL 
devices based on these polymers as a hole transport 
layer is described. 

EXPERIMENTAL 

Materials 
1,3-Diisopropenylbenzene (IPB, purity over 95%, TO

KYO KASEI) was used as received. Solvents used in po
lymerization and acetonitrile were distilled over NaH 
and kept under nitrogen. Other reagents and solvents 
were used without further purification, unless otherwise 
noted. N, N'-diphenyl-N, N'-bis(4-methylphenyl)-l,4-ph
enylenediamine and l,4°divinylbenzene were synthe
sized as described below. 

Synthesis of Monomers 
N, N'-diphenyl-N, N'-bis( 4-methylpheny l)-1,4-phenylene

diamine (PDA). PDA was synthesized by Tosoh 
method. 21 A 500 mL dried flask fitted with a magnetic 
stirrer and a condenser was charged with 21.92 g (80.0 
mmol) of N, N'-diphenyl-1,4-phenylenediamine, 27.36 g 
(160 mmol) of 4-bromotoluene, 18.39 g (192 mmol) oft

BuONa, 0.0359 g (0.16 mmol) of palladium acetate, 0.64 
mmol of p(t-Bu)a and 200 mL of dry xylene under a nitro
gen atmosphere. The resulting mixture was heated to 
120°C for 3 h. After cooling, distilled water was added to 
the flask. The organic phase was separated, washed with 
water for three times, and evaporated to remove the sol
vent. The crude product was purified by fresh silica gel 
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column (toluene/hexane: 1/1) to afford a white solid in 
62% yield. 1H NMR (in CDC13) 8 from tetrametheyl
silane (TMS), 2.3 ppm (6H, s), 6.8-7.4 ppm (22H, m). 
13C NMR (in CDC13) 8 from TMS, 20.8, 121.8, 123.1, 
124.6, 125.1, 129.1, 129.9, 132.4, 142.9, 145.4, 148.3 
ppm. 

1,4-Divinylbenzene (DVB). The mixture of chlorometh
ylstyrene (30.5 g, 0.2 mol) and sodium iodide (30 g, 
0.2 mol) in 250 mL of acetone was stirred at room tem
perature for 12 h. After filtration, the solution was 
added to triphenylphosphine (52 g, 0.2 mol) dissolved in 
150 mL of acetone. The white solid was collected and 
dried under vacuum after stirring for an additional 24 h. 
Then 50 g (0.1 mol) of white solid was dissolved in 250 
mL of dichloromethane, followed by gradual addition of 
formaldehyde solution (37%, 50 mL) and the aqueous so
lution of NaOH (2 M, 200 mL). The resulting solution 
was stirred for 5 h. Thereafter, organic phase was sepa
rated by a separatory funnel and washed with water for 
three times. Removal of the solvent by rotary evapora
tion resulted in a white solid, which was then poured 
into hexane. The solution was filtered to remove the in
soluble portion. After evaporating the solvent, the resi
due was distilled under reduced pressure to afford prod
uct as a white solid in 73% yield. B.p. 50°C/3 mmHg. 1H 
NMR (in CDC13) 8 from TMS, 5.22 ppm (2H,d), 5. 72 ppm 
(2H,d), 6.68 ppm (2H,m), 7.35 ppm (4H,s). 13C NMR (in 
CDC13) 8 from TMS, 113.7, 126.4, 136.6, 137.3 ppm. 

General Polymerization Procedure 
The polymerization of PDA with diolefin was per

formed in a glass ampoule flushed with dry nitrogen. p
Toluenesulfonic acid (purity over 98%) was used as a 
catalyst and chlorobenzene as a solvent. The reaction 
mixture was poured into an excess amount of acetone. 
Then recovered polymer was purified by reprecipitation 
of toluene solution into acetone twice, followed by drying 
under vacuum. 

Measurements 
NMR spectra were recorded on a JEOL a-500 spec

trometer operating at 500 MHz for 1H and 125 MHz for 
13C. All spectra were taken in CDC13 at 50'C with TMS 
as a standard. Gel permeation chromatograms (GPC) 
were obtained by using a column packed with styrene/ 
divinylbenzene gel beads, and CHC13 as an eluent at a 
0.5 mL min -l flow rate. The molecular weight was cali
brated by using polystyrene standards (Shodex). UV 
spectra were recorded in chloroform solutions on a 
JASCO Ubset-30 UV-VIS spectrometer. Differential 
scanning calorimetry (DSC) was carried out at a scan 
rate of l0°C min -l under nitrogen atmosphere using the 
Rigaku Thermoplus 2 DSC 8230 910 instrument. Cyclic 
voltammetry was conducted on a typical three-electrode 
cell with a Pt wire as the counter electrode and an Ag/ 
AgCl electrode as the reference electrode, and polymer
coated Pt as the working electrode, which was prepared 
by coating from the toluene solution of polymer. Sup
porting electrolyte is 0.1 M tetrabutylammonium per
chlorate (Bu4NC1O4) in dry acetonitrile. All measure
ments were conducted at room temperature under nitro
gen atmosphere. 

EL devices were fabricated on ITO-coated glass sub-
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strates with a sheet resistance of 20 Q/sq, which was ul
trasonically cleaned successively in hydrochloric acid 
(3 M), isopropanol and methanol. Polymer layer (50 nm) 
was prepared by spin coating from chlorobenzene solu
tion (12 g L - 1). Aluminum tris(8-hydroxyquinoline) (50 
nm) was coated onto the polymer film by vacuum vapor 
deposition. The Mg : Ag alloy cathode with a thickness 
of 200 nm was thermally evaporated at a pressure of 
10- 5 Torr. The light emission was measured using a lu
minance meter (MINOLTA LS-100), and an I-V charac
teristic using an electrometer (AD-VANTEST, R6451A). 

RESULTS AND DISCUSSION 

Polymerization 
The reaction of benzene with olefin, in the presence of 

Lewis acid or protonic acid, has been known to yield al
kylate benzene.22 The amino group in triarylamine is an 
activating group for the electrophilic substitution of ben
zene ring. It was, therefore, anticipated that polymers 
could be obtained by the electrophilic aromatic substitu
tion of triarylamine with diolefin. Our previous work, in 
which the reaction ofTDPA with diolefin yielded soluble 
polymers, indicated that this method is effective to syn
thesize triarylamine-based polymers. 

The polymerization of PDA with DVB or IPB was per
formed using p-toluenesulfonic acid as a catalyst in chlo
robenzene, as outlined in Scheme 1. In both cases, the 
reaction mixtures became green-black during polymeri
zation, due to the protonation of amine from the acid 
catalyst. When the polymerization solutions were pre
cipitated into acetone, the products were yielded as 
white solids. Table I shows results for various polymeri
zation conditions. 

PDA was polymerized with DVB at 60, 90, and 105°C 
to investigate the temperature dependence of the polym
erization. The results indicate both molecular weight 
and yield of resulting polymer increase as the reaction 
temperature increases. At 60°C, when the polymeriza
tion was carried out for 24 h, the Mw of polymer is 0.59 
X 104, while it becomes 0.87 X 104 at 90°C only for 6 h. 
When using 3 mol% catalyst for 3 h, the polymer was ob
tained with an increased yield of 73% at 105 'C in com
parison with the 56% yield at 90°C. On the other hand, 
increasing the catalyst amount enhances the yield as 
well as the molecular weight of PDA-DVB polymer. The 
yield increased from 33 to 71 % with the increase of cata
lyst amount from 1 mol% to 5 mol%, when the reaction 
temperature was set at 90°C. The polymer, prepared us
ing 5 mol% catalyst at 105°C for 3 h, has a molecular 
weight of7.51 X 104 at a yield of89%. 

o-A-o-A-o y y 
l'H1 CH1 

PDA 

diolcfin 

p-toluenesulfonic acid 
chlorobenzene 

PlJA-lJVB 

_/, Clh (~ 

-- \PDA)-{7')-~·;, J.. 
Clhv CH, 11 

PDA-IPB 

Scheme 1. Synthetic route of polymers. 
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Table I. Polymerization conditions and results 

Cone. a Temp. Catalyst Time Yield MW 

mo!L- 1 oc mo!% h % x10- 4 
MJMn b 

PDA-DVB 2 60 1 24 31 0.59 3.24 
2 90 1 6 33 0.87 1.64 
2 90 3 3 56 5.21 4.78 
2 90 5 3 71 6.18 4.72 
2 105 3 3 73 5.71 4.14 
2 105 5 3 89 7.51 4.06 

PDA-IPB 2 90 3 24 38 0.22 1.45 
2 105 3 24 67 0.53 1.51 
4 105 3 24 75 1.20 1.49 
2 105 5 24 92 1.16 1.67 

a Total monomer concentration. b Determined by gel permeation chromatography using polystyrene standards. 
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Figure 1. 1H NMR spectrum (CDCl3, 500 MHz, 50°C) of polymer PDA-DVB. 

Similar observations were obtained in the polymeriza
tion of PDA with IPB. However, the molecular weights of 
PDA-IPB polymers were much lower than those of PDA
DVB polymers, even at a longer reaction time, indicating 
relatively low reactivity of IPB. This can be explained 
that the tertiary cation produced by the protonation of 
IPB is more stable than the secondary cation derived 
from DVB. The PDA-IPB polymer having a Mw of 
0.53 X 104 was obtained as the polymerization was car
ried out using a total monomer concentration of 
2 mol L - l and 3 mol% catalyst at 105 °C for 24 h. Use of a 
higher monomer concentration of 4 mol L - l was found to 
yield the polymer with a higher Mw of 1.20 X 104

. How
ever, the increase of either reaction time or monomer 
concentration results in insoluble gel for the preparation 
of PDA-DVB polymer. In addition, the synthesized PDA
IPB polymers show narrow molecular weight distribu
tion between 1.4 and 1.7, in contrast with those of PDA
DVB polymers (1.6-4.8). Both polymers are soluble in 
common organic solvents such as chloroform, tetrahy
drofuran and toluene to be light green solutions. 

Structural Characterization 
The 1H NMR spectrum of PDA-DVB polymer is shown 

in Figure 1. More signals than those expected for the 
Scheme 1 are observed in the spectrum of PDA-DVB 
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polymer. On the basis of the results of our previous 
work,20 it can be deduced that the polymerization of 
PDA with DVB occurs not only at the para position but 
also at meta position of phenyl group in PDA unit. The 
large signal at 1.6 ppm is assigned to methyl protons 
from DVB unit linked at para position, and the signal of 
corresponding methine protons appears at 4.0 ppm. 
While the small signals detected at 1.3 and 4.3 ppm are 
assigned to methyl protons and methine protons from 
DVB unit linked at meta position, respectively. The 
presence of meta linkage can be considered the reason 
for the broader molecular weight distribution and the 
formation of cross linked polymer, which finally lead to 
an insoluble gel as the product. In addition, a compari
son of a series of spectra revealed that the intensity of 
signals at meta position increases with increasing the 
polymer molecular weight. 

As shown in Figure 2, the spectrum of PDA-IPB poly
mer is less complex and in agreement with the para
linked structure. The large signal at 1.6 ppm is assigned 
to the methyl protons from IPB unit linked at para posi
tion. The methyl protons in PDA unit and the aromatic 
protons exhibited signals at 2.3 ppm and 6.8-7.2 ppm, 
respectively. Also, relative intensity of each signal is 
consistent with the expected structure. 

Polym. J., Vol. 32, No. 9. 2000 
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Figure 2. 1H NMR spectrum (CDC13, 500 MHz, 50°C) of polymer PDA-IPB. 
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Figure 3. Cyclic voltammograms for films of PDA-DVB (a) and 
PDA-IPB (b) polymers on a Pt electrode scanning from 0.0 to+ 1.5 
Vat a scan rate of200 mV s- 1

. 

Other Characterizations 
The resulting polymers of PDA-DVB and PDA-IPB 

showed glass transition temperatures (Tg) at 174 and 
151 °C, respectively, which are higher than those of typi
cal triarylamine monomers. 12

• 
23 UV absorption spectra 

of both polymers were measured in CHC13 solution. The 
maximum absorption of PDA-DVB polymer appeared at 
317 nm, and PDA-IPB polymer showed the maximum 
absorption at 318 nm. The peak absorption around 
315 nm is a characteristic of PDA monomer, indicating 
that incorporation of PDA into polymer main chain does 
not greatly change its electronic structure. 

Polym. J., Vol. 32. No. 9, 2000 

Table II. Characteristics of the synthesized polymers 

T a 
Amax 

b Redox potential ' 
Polymer 

g 

oc nm Epa1,/V Ep,1,/V 

PDA-DVB 174 317 0.68, 1.03 0.57, 0.94 
PDA-IPB 151 318 0.65, 0.98 0.59, 0.95 
(PDA) 315 0.58, 1.02 0,52, 0.95 

a Determined by differential scanning calorimetry with a scan 
rate of l0°C min-,. h Absorption spectrum in chloroform solu
tion. 'Determined by cyclic voltammetry in 0.1 M Bu4NC1O,lace
tonitrile us. Ag/AgCL 

The charge transport occurs through hoping involving 
redox reaction of charge transport molecules. The redox 
properties of the polymers have been examined by cyclic 
voltammetry in acetonitrile containing 0.1 M tetrabu
tylammonium perchlorate (Bu4NC1O4) us. Ag/AgCl. Fig
ure 3 shows cyclic voltammograms of polymer films 
coated onto Pt working electrode. Both films showed two 
one-electron processes, which have been attributed to 
the removal of two electrons from each PDA unit.24

• 
25 

For the PDA-DVB case, two anodic waves were observed 
at 0.68 and 1.03 V us. Ag/AgCl, associated with two 
cathodic peaks at 0.57 and 0.94 V (Figure 3a). PDA-IPB 
polymer film displayed two redox processes at 0.65/0.59 
and 0.98/0.95 V (Figure 3b). These peak potentials are 
similar to those of PDA monomer as shown in Table II. 
It revealed that redox behavior of PDA is retained after 
polymerization with diolefin. 

Characteristics of EL Devices 
Two-layer EL devices were prepared using PDA-DVB 

and PDA-IPB polymers as hole transport layer (RTL) 
and aluminum tris(8-hydroxyquinoline) (Alq) as the 
electron transport and emitting layer. Polymer layer 
was spin-coated on ITO anode with a thickness of 50 nm. 
The peak position of PL for both PDA-DVB and PDA
IPB polymers was observed at ca. 420 nm. The EL spec
tra of two-layer devices are shown in Figure 4. Both de-
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Figure 4. Electroluminescence spectra of ITO/polymer/Alq/Mg: 
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Figure 5. Current-voltage characteristics of ITO/polymer/Alq/ 
Mg : Ag EL devices. 

vices yielded light-green EL with emission maximum at 
ca. 525 nm, which corresponds to the Alq emission spec
trum, indicating that excitons are generated from Alq 
and the polymers function only as a hole transport layer. 

Figure 5 shows the current vs. voltage curves of de
vices fabricated using PDA-DVB and PDA-IPB. In these 
devices, similar current-voltage dependences are ob
tained. Current injection started from as low as about 
2.5 V and increased with increasing the operating volt
age. The PDA-DVB device showed a slightly high cur
rent density, compared to the PDA-IPB device. The char
acteristics of brightness vs. voltage are presented in Fig
ure 6. Both EL devices exhibit high brightness (above 
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Figure 6. Brightness-voltage characteristics of ITO/polymer/ Alq/ 
Mg : Ag EL devices. 

Table III. EL performance for ITO/polymer/Alq/Mg : Ag devices 

Turn-on voltage a Max. EL intensity Max. luminous efficiency 
HTL polymer ---------

2
-----

1
m-w-_-

1
--

V cdm 

PDA-DVB 
PDA-IPB 

3.2 
3.3 

11280 
17960 

1.50 
2.40 

a Light emission at this voltage equals 0.1 cd m - 2
. 

10000 cd m - 2
) at an operating voltage of less than 15 V . 

For polymer PDA-DVB, the turn-on voltage, defined as a 
voltage for light emission of 0.1 cd m - 2

, is 3.2 V, and the 
light intensity increased rapidly with an increase in op
erating voltage up to 13 V. This device showed a maxi
mum intensity of 11280 cd m- 2 at 13 V. A similar turn
on voltage for light emission was observed in the device 
using PDA-IPB polymer. However, at relatively high op
erating voltage, the brightness of PDA-IPB device is 
stronger than that of PDA-DVB device. A maximum in
tensity of 17960 cd m - 2 was achieved at 14 V. Moreover, 
the maximum luminous efficiency is 2.40 lm w- 1 near 
200 cd m - 2 for PDA-IPB device and 1.50 lm w -I near 
100 cd m - 2 for PDA-DVB device. The device perform
ances of both polymers are comparable to those of mo
lecular triarylamines.23 In addition, the higher EL per
formance observed in PDA-IPB device may be due to the 
smooth film of high quality in comparison to PDA-DVB 
polymer film, in which the impurities result in the for
mation of a slight amount of granule. Table III summa
rizes the device data for these polymers as a hole trans
port layer. 

CONCLUSION 

We have synthesized new polymers containing tri
arylamine units in main chain by one-step reaction from 
N, N'-diphenyl-N, N'-bis(4-methylphenyl)-1,4-phenylene
diamine (PDA) and diolefin. The resulting polymers, 
PDA-DVB and PDA-IPB, exhibit high glass transition 

Polym. J .• Vol. 32. No. 9, 2000 
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temperatures and electroactivity. Both polymers are sol
uble in common organic solvents, which allows yielding 
thin films of good quality through spin casting. Two
layer EL devices were fabricated with a hole transport 
layer of the synthesized polymers, an emitting layer of 
Alq, an ITO anode and Mg : Ag alloy cathode. These de
vices showed a higher brightness than 10000 cd m- 2 

with an operating voltage of less than 15 V and a low 
turn-on voltage around 3 V, which suggest that the pre
sent polymers are promising candidates for hole trans
port materials. 
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