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ABSTRACT:

A hyperbranched polymer (HBP) was prepared by the condensation polymerization of 4-hydroxy-

methylphenyldiphenylamine (TPA—-CH,OH) and was compared with the corresponding linear polymer (LP) prepared
by condensation polymerization of 4-methyltriphenylamine (MTPA) and formaldehyde (FA). It was found that the HBP
had higher molecular weight with same molecular volume by using gel permeation chromatography (GPC) equipped

with low angle laser light scattering (LALLS) and refractive index (RI) detectors. Electronic and optical properties of

the two types of polymers were also examined. The two types of polymers showed almost same absorption in the UV—

visible region, while HBP showed stronger emission than LP and a new excimer band at 470 nm. The cyclic voltam-
mography showed that HBP had a redox peak around 1.22V versus Ag/AgCl electrode, indicating that it has hole
transporting ability. HBP is soluble in common organic solvents and forms good quality thin films. Their excellent mor-

phological and thermal stability renders them advantageous for electroluminescence applications.

KEY WORDS

Organic charge transporting materials play an im-
portant role in many electrical and optical applications
such as organic photo conductors (OPC), electrolumi-
nescence (EL), and electrochromic devices.'” The
charge transporting materials are divided into two
groups: hole and electron transporting materials, ab-
breviated as HTM and ETM. HTM easily donates
electrons to other molecules and possesses positive
charge, while ETM tends to receive electrons. HTM
is exclusively used as the charge transporting material
because of better solubility, higher charge mobility
and the ability of form stable radical cations. Almost
all HTM are aromatic amine derivatives such as tri-
phenylamine (TPA) and tetraphenyldiaminobenzi-
dine. A significant amount of synthetic effort has been
devoted to low molecular weight compounds.*~

Most TPA derivatives are used as vapour deposited
thin films, or composite materials dispersed in an inert
polymer binder. However, it is difficult to maintain
long-term morphological stability due to crystalliza-
tion or phase seperation. One of the methods to over-
come this problem could be the introduction of TPA
derivatives into the polymer backbone or into its side
chains.!*!2 Extensive investigations on the polymeric
materials have shown the possibility of enhancing de-
vice durability due to increased morphological stabil-
ity. Additionally, the polymeric materials have other
advantages, such as good processability and variety
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of possible chemical modifications.

So far, most of the work reported on polymers has
been focused on linear one-dimensional polymers. A
few multi-dimensional conjugated polymers, such as
hyperbranched polymers (HBP), have been reported
to exhibit charge transport and processing properties
comparable to their linear counterparts,'*~!> and mul-
ti-dimensional conjugated light emitting polymers
have also been discussed in the literature.!®!’

Among multi-dimensional polymers, dendrimers
have attracted considerable attention because of their
unique physical and chemical properties.'®2! Such
dendritic macromolecules are molecular species with
a large number of hyperbranched chains of precise
length and constitution surrounding a central core.??
Dendrimers have a well-defined and perfect branching
structure, are non-cross-linked and, in contrast to lin-
ear polymers, possess a large number of branching
points and endgroups and have to be prepared by mul-
tistep reaction requiring time-consuming purification.
On the other hand, structurally less-defined HBP can
be synthesized in one or two steps, and this could
prove an important advantage in practical applica-
tions.

In this work, we synthesized a novel hyperbranched
polymer composed of TPA units, investigated its elec-
trochemical and optical properties, and applied it to an
EL device.

"To whom correspondence should be addressed (E-mail: h-sato@cc.tuat.ac.jp).
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Scheme 1. The syntheses routes of the monomer and polymer.

EXPERIMENTAL

General

All the reagents for the synthesis were commercial-
ly obtained and were used without further purification
unless otherwise noted. Chlorobenzene used as poly-
merization solvent was distilled over calcium hydride
before use. The syntheses routes of the monomer and
polymer are shown in Scheme 1.

The monomer, N-(4-hydroxymethylphenyl)diphen-
ylamine (TPA-CH,OH), was prepared by the method
reported previously.??

Optimized Polymerization of Hyperbranched Polymer
(HBP)

A 50mL two-necked round bottomed flask was
charged with 0.245 g (1 mmol) of TPA, 1 mL of chlo-
robenzene and 4 mol% of p-toluenesulfonic acid as a
catalyst. A solution of TPA-CH,OH (11 g, 40 mmol;
monomer:core = 40:1, molar ratio) dissolved in 30
mL of chlorobenzene was added by syringe driver at
the rate of 3 mL/h for the initial 2h and 6 mL/h for
the rest. The reaction temperature was 90 °C. After
the complete addition of monomer solution, the stir-
ring was continued for one more hour. The resulting
solution was poured into 200mL of methanol. The
precipitate was filtered and washed with acetone con-
taining small amount of ammonium hydroxide. The
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HBP was obtained with the yield of 73% and dried
in vacuum. The polymer without core was synthesized
under the same conditions.

As a reference sample, the corresponding linear
polymer (LP) was prepared by condensation polymer-
ization of 4-methyltriphenylamine (MTPA) and para-
formaldehyde (FA).>*

Instrumentation and Measurements

NMR measurements were conducted at 50 °C with
JEOL «-500 spectrometer operating at 500 MHz for
'H in CDCl; with tetramethylsilane (TMS) as an in-
ternal standard. The molecular weights of polymers
were estimated by gel permeation chromatography
(GPC) using a 880-PU pump by JASCO Corp., a col-
umn packed with styrene-divinylbenzene gel beads,
and a JASCO UV-970 detector. Chloroform was used
as an eluent, and the molecular weight was calibrated
using polystyrene standards (Shodex by SHOWA
DENKO K.K.). In the case of GPC with a low-angle
laser-light-scattering (LALLS) detector (KMX 6,
Chromatix) and refractive index (RI) detector (Shodex
RI 71), the mobile phase was THF. Glass transition
temperatures (7,) were measured by Rigaku Thermo
DSC 8230 instrument at the scan rate of 10K/min.
The redox potential was measured with cyclic voltam-
metry in a one-compartment cell with a polarization
unit (TOHO PS-06). The measurement was conducted
for a film cast on a platinum working electrode in dry
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acetonitrile containing 0.1 M tetra-n-butylammonium
perchlorate (BuyNClO,) as an electrolyte under nitro-
gen atmosphere at the scanning rate of 2mV/s. Plati-
num spiral was used as a counter electrode and Ag/
AgCl as a reference electrode. UV-visible spectra
were obtained by a JASCO Ubest-30 UV-VIS spec-
trometer. Photoluminescence (PL) spectra were meas-
ured using JASCO FT-6500 spectrofluorometer.

The EL device used in this study was fabricated by
the following method. ITO glass substrates with a
sheet resistance of 8 /] were cleaned by ultra sonic
treatment in a detergent solution, de-ionized water,
isopropanol, and methanol and then dried with nitro-
gen gas. EL devices were fabricated with LP or
HBP as hole-transport materials and Alqs (50nm) as
electron-transport and emissive material. The polymer
dissolved in toluene (25 mg/mL) was spin coated onto
the clean ITO glass substrates. Alqs; layer was fabri-
cated by thermal evaporation at 5 x 10~*Pa and cath-
ode (Mg:Ag) at 2 x 10~* Pa, respectively.

The EL device was operated using a PSR-60M DC
power supply by KENWOOD Corp. The current den-
sity was measured with an Advantest R5451 auto
ranging multimeter and the EL intensity with a LS-
100 luminance meter by MINOLTA Co., Ltd. All
measurements were carried out in air at room temper-
ature.

RESULTS AND DISCUSSION

Polymerization Results

HBP was prepared by condensation polymerization
of TPA-CH,0OH with or without core of TPA. When
the monomer, TPA—-CH,OH (AB, type), is added all
at once to the reaction medium in the presence of acid
catalyst, an important side reaction is intramolecular
cyclization which terminates the polymerization by
eliminating the focal point of functional group. To
compare the effect of presence or absence of core
TPA on the condensation polymerization and to re-
search the relationship between feeding rate (reaction
time) and molecular weight distribution (MWD), the
polymers were synthesized by various monomer feed-
ing rates which were controlled by changing the drop-
ping rate of syringe driver. The results of the polymer-
ization measured by GPC are shown in Tables I and II.

The results of GPC measurement (Table 1) showed
that slow addition of AB, monomer to the reaction
mixture without core generally lead to higher molecu-
lar weight polymers with larger polydispersity (PDI).
When the slow monomer addition was carried out in
the presence of core molecule, HBP having narrower
MWD was obtained as shown in Table II. The num-
ber-average molecular weight (M) is almost inde-
pendent of the presence or absence of the core, and in-
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Table I. Results of GPC measurement (polymer without core)

Reaction time M, M,,
(/h) g1y gion P!
2.5 1.63 2.54 15.6
3.5 2.06 3.02 14.7
4.5 2.39 3.07 12.8
5.5 242 2.94 12.1
7.0 2.93 2.66 9.1

Table II. Results of GPC measurement (polymer with core)

Reaction time M, M.,
(/h) g1y oy
2.5 1.15 0.64 5.6
3.5 2.08 1.04 5.0
4.5 2.36 1.18 5.0
5.5 2.52 1.21 4.8
7.0 2.78 1.38 5.0

creases with reaction time for both types of polymers.
The weight-average molecular weight (M,,), on the
other hand, increases with reaction time for the poly-
mer with core but reaches a maximum value at an in-
termediate reaction time for the polymer without core.
The PDI of the polymer without core showed a de-
creasing tendency with increasing reaction time. Ad-
ditional narrowing of PDI could be obtained for the
polymer with core when the monomer was added
slowly enough to keep its concentration very low so
that it could only react with the polymer already
formed on the core but not with each other. In our
preparation, monomer TPA-CH,OH was added in
successive portions to keep the concentration of
TPA-CH,OH as low as possible, thus enabling reac-
tion only with the end groups of growing chain con-
taining core. Therefore, a reasonable approach to
maintain the growth of polymerization is to add the
AB, type monomer slowly to core TPA (B3 type) so-
lution.

A recent kinetic analysis by Miiller et al. showed
that the extremely broad MWD could be understood
on the basis that each growing chain could couple
with another chain.® The rate at which the given
polymer chain adds to another chain is proportional
to the number of its functional groups, which is iden-
tical to its degree of polymerization. Thus, larger
molecules will grow faster than smaller ones, giving
an additional rise in the PDI. Theoretical works as
well as computer simulations had shown that the in-
troduction of core molecules in the synthesis of HBPs
leads to considerably lower PDI.?>7

GPC Measurement with Two Detectors

GPC equipped with two detectors (LALLS and RI)
provides information on the relationship between mo-
lecular volume and molecular size. The LALLS and
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Figure 1. GPC/LALLS and RI traces of LP and HBP:
(a) LALLS of LP, (b) RI of LP, (c) LALLS of HBP, and (d) RI
of HBP.

RI traces of LP and HBP are shown in Figure 1. The
RI signal is proportional to the concentration of the
polymer and LALLS signal to the product of molecu-
lar weight and concentration of the polymer. At the
elution volume of 12mL, which corresponds to the
molecular weight of 150000 with respect to polysty-
rene, HBP showed about 2 times higher response for
LALLS than LP, and about 0.6 times of RI response
than LP. These results indicate that HBP had higher
molecular weight than LP at the same elution volume,
i.e. at the same molecular volume. This is a direct evi-
dence of the hyperbranching effect in the synthesized
polymer.

Structural Characterization of LP and HBP

The structure of LP and HBP was determined by
NMR spectroscopy. Figure 2 shows their 'HNMR
spectra. According to the chemical shifts of a linear
polymer synthesized from TPA and paraformalde-
hyde,?® the signals in the aromatic range around
6.95 to 7.23 ppm can be assigned to the aromatic pro-
tons. LP showed two types of aliphatic proton signals
at 2.4 and 3.8 ppm which can be assigned to methyl
(CH3) and methylene (CH;) groups. HBP showed on-
ly the methylene group signal at 3.8 ppm. For both LP
and HBP the methylene proton signals were further
split into doublets at 3.8 and 3.6 ppm with the intensi-
ty ratio of 95:5. It is reported that the signal at 3.8 ppm
can be assigned to a methylene proton linked with
para position and the signal at 3.6 ppm to a methylene
proton linked with meta positions.?

Optical Properties Measured by UV-Vis and PL
Measurements

Figure 3 shows UV absorption spectra of LP and
HBP in toluene solution. The UV spectra are similar,
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Figure 2. 'HNMR spectra of LP and HBP: (a) LP, and
(b) HBP.
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Figure 3. UV absorption spectra of LP and HBP dissolved in
toluene at the concentration of 0.01 g/L.

with an absorption maximum at 319 nm. In addition,
HBP exhibits a small tail in the visible region at about
380nm. The cut-off wavelengths are at 360nm
(=3.5eV).

Figure 4 shows the PL emission spectra of HBP and
LP (excitation at 319 nm) dissolved in toluene at var-
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Figure 4. PL emission spectra of LP and HBP dissolved in toluene with various concentration: (a) to (c) are HBP and (d) to (f) are LP;
(a) and (d) are 1 g/L, (b) and (e) are 0.1 g/L, and (c) and (f) are 0.01 g/L.

ious concentration ranging from 1 g/L to 0.01 g/L. At
the lowest concentration of 0.01 g/L both HBP and
LP show a peak at about 380 nm. This peak is accom-
panied by a shoulder at 470 nm in case of LP, or by
additional peak at 470 nm in case of HBP. With in-
creasing concentration the intensity of PL at 470 nm
increases for both LP and HBP. At the highest concen-
tration, both spectra are dominated by a single peak at
470nm. These results indicate that the emission at
470nm is due to excimer emission from TPA. Exci-
mer formation is more efficient in HBP because of
closer proximity between TPA units.

Other Characterizations

LP and HBP have been further characterized by dif-
ferental scanning calorimetry (DSC) and cyclic vol-
tammetry (CV).

The glass transition temperature (7,) was measured
in the range of 50 to 300 °C. LP had T, of 137°C, and
HBP of 170°C, respectively. These T, values com-
pare favourably with low molecular weight com-
pounds where the low T is a limitting factor in device
applications.*® LP and HBP had good thermal stabili-
ty, showed no melting points and were amorphous.

In general, HBP or dendrimers are easily distin-
guished from LP upon dissolving in common organic
solvents. For the same weights of HBP and LP, more
solvent is needed to dissolve LP than HBP. Here, bet-
ter solubility of HBP has also been confirmed in tol-
uene, chloroform, and THF. For these solvents, the
amounts to dissolve LP were 1.5-1.75 times larger
that those to dissolve HBP. The polymers are soluble
in many other organic solvents and have sufficient sta-
bility after film formation.

Charge transport in organic materials is believed to
be governed by the hopping process involving redox
reaction of charge transport molecules. Cyclic voltam-
metry (CV) is a routine characterization technique for
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determining the redox properties of organic and poly-
meric materials. The characterization is derived from
the measurement of current as a function of applied
potential obtained in an electrochemical cell.

The redox behavior of LP and HBP was investigat-
ed for films cast on a carbon working electrode in dry
acetonitrile containing 0.1 M BuyNCIOy as an electro-
lyte, under nitrogen atmosphere. Figure 5 shows cy-
clic voltammograms of LP and HBP recorded at scan-
ning rate of 2mVs~!. The redox cycle of LP
exhibited a large oxidation wave with a maximum
electropotential at 1.0V and two small reduction
waves at 0.77 and 0.9V (Figure 5a). The redox cycle
of HBP was more symmetrical and exhibited an oxi-
dation wave at 1.22V and a reduction wave at
0.62V (Figure 5b). These values were used to calcu-
late the ionization potential (IP) and the electron affin-
ity (EA) for both polymers. For LP, we obtained IP =
5.72eV and EA = 2.28eV. The IP value for the HBP
was slightly lower at 5.94eV while the EA was
2.5eV. The CV results indicate that both LP and
HBP possess hole transporting ability.

Application to EL Device

The multilayer EL devices were fabricated using
LP or HBP as a hole transport layer and Alqs as an
electron transport and emitting layer. Under forward
bias (a positive voltage on the ITO electrode), the cur-
rent increased with increasing applied voltage
(Figure 6), indicating typical rectifying characteris-
tics. The turn-on voltage was about 7 V. The device
using HBP showed slightly higher current density at
the same voltage. The luminance—voltage (L-V) char-
acteristics of each EL device are shown in Figure 7.
The maximum luminance reached 10562cd/m? at
15V when LP was used, and 9805cd/m? at 16.5V
when HBP was used. If we exclude the effect of de-
vice preparation, the slightly lower luminance value
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Figure 5. Cyclic voltammograms of polymers: (a) LP, and (b)
HBP.
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Figure 6. Current—voltage characteristics of ITO/polymer/
Algs/Mg:Ag EL devices.

of the HBP device could be due to excimer formation.
Excimer formation in HBP during EL was confirmed
by measuring EL spectra, as shown in Figure 8, where
the spectrum of LP shows a single band due to Alqs
emission, while the HBP spectrum is composed of
two overlapping bands due to excimer emission at
470nm and Alqs emission at 515 nm. Other reasons
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Figure 7. Luminance-voltage characteristics of ITO/poly-
mer/Alqs/Mg:Ag EL devices.
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Figure 8. EL emission spectra of LP and HBP.

for the lower luminance of HBP may include lower ef-
ficiency of hole injection due to the lower IP value.

CONCLUSIONS

We have synthesized a novel hyperbranched poly-
mer with triphenylamine (TPA) units by condensation
polymerization of TPA—-CH,OH (AB, type) with core
molecules of TPA (B3 type). The monomer TPA-
CH,OH was added in successive portions to keep
the concentration of TPA—CH,OH as low as possible,
so that the monomer could react only with the end
group of the growing chain containing the core. Due
to the slow monomer addition and the presence of
TPA core molecule, hyperbranched polymer having
a narrow molecular weight distribution was obtained.
Compared to LP, HBP had higher molecular weight
with the same molecular volume. Results of the UV
absorption and PL emission spectroscopy revealed
that LP and HBP had almost the same UV absorption,
but excimer emission of HBP was much more effi-
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cient.

The investigation of electrochemical properties

showed that LP and HBP have hole transporting abil-
ity. HBP is soluble in common organic solvents and
forms thin films with good quality. Their excellent
morphological and thermal stability renders them ad-
vantageous for electroluminesce applications. Two-
layer EL devices of the structure of ITO/polymer/
Algqs/Mg:Ag showed high luminance (of about
10000 cd/m?), indicating excellent hole transporting
properties of these polymers.

N =

11.
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