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ABSTRACT: Methoxy-substituted poly(triphenylamine)s, poly-4-methoxytriphenylamine
(PMOTPA), and poly-N,N-bis(4-methoxyphenyl)-N',N’-diphenyl-p-phenylenediamine
(PMOPD), were synthesized from the nickel-catalyzed Yamamoto and oxidative
coupling reaction with FeCls. All synthesized polymers could be well characterized
by 'H and 2C NMR spectroscopy. These polymers possess good solubility in common
organic solvent, thermal stability with relatively high glass-transition temperatures
(Tgs) in the range of 152-273 °C, 10% weight-loss temperature in excess of 480 °C,
and char yield at 800 °C higher than 79% under a nitrogen atmosphere. They were
amorphous and showed bluish green light (430—487 nm) fluorescence with quantum
efficiency up to 45-62% in NMP solution. The hole-transporting and electrochromic
properties are examined by electrochemical and spectroelectrochemical methods. All
polymers exhibited reversible oxidation redox peaks and E,, around 0.44-0.69 V
versus Ag/AgCl and electrochromic characteristics with a color change under various
applied potentials. The series of PMOTPA and PMOPD also showed p-type charac-
teristics, and the estimated hole mobility of O-PMOTPA and Y-PMOPD were up to
1.5 x 107* and 5.6 x 107° cm? V™! 571, respectively. The FET results indicate that
the molecular weight, annealing temperature, and polymer structure could crucially
affect the charge transporting ability. This study suggests that triphenylamine-con-
taining conjugated polymer is a multifunctional material for various optoelectronic
device applications. © 2009 Wiley Periodicals, Inc. J Polym Sci Part A: Polym Chem 47: 4037—
4050, 2009
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They are mechanically flexible, fabricated in large
areas, and patterned with relative ease by casting
the semiconducting and luminescent polymer from
solution, and the color of the emitted light can be
tailored by various chemical modification of the
molecular structure. Generally, conjugated poly-
mers were prepared by several methods (Stille,
Yamamoto, Suzuki, Oxidative couplings, etc.)®™ to
acquire highly pure polymers with optimized phys-
ical properties. For instance, the synthesis of well-
defined polyacetylene,’® polythiophenes,' poly-
phenylenes,® polyfluorenes,'® ladder-conjugated
polymers,* and other aromatic polymers'® have
led to a significant improvement in the perform-
ance of these polymeric materials and a better
understanding of their structure-property rela-
tionships. However, the solubility of many highly
conjugated polymers is low, particularly for blue-
emitting species. Therefore, these targeted blue
emitting polymers were often designed to bear
large alkyl, alkoxy, or aryloxy groups to improve
solubility and thus lower their glass transition
temperatures (T,s) and thermal stability. To
obtain high T, polymers, incorporating triphenyl-
amine (TPA) units into the polymer main chain is
a feasible approach. Ogino et al. have successfully
prepared TPA-containing polymers having hole-
transporting ability.'®'” Kakimoto et al.'®!? also
reported that the charge injection and electrolumi-
nescent efficiency were improved remarkably by
the incorporation of the hole-transporting TPA
moieties into the polyimide backbone.
Triphenylamine and its derivatives are well-
known hole transport materials in organic photo-
electronic devices due to their ability to form sta-
ble radical cations and high drift mobility.?%2°
The combination of TPA with linear n-conjugated
systems could be expected to lead to amorphous
materials with isotropic optical and charge-trans-
port properties.?® In addition, the incorporation of
bulky and three-dimensional TPA moiety into the
polymer backbone leads to good solubility in
many aprotic solvents and exhibited excellent
thin-film-forming capability. The amorphous char-
acter of these materials offers the possibility to
develop organic semiconductors with isotropic op-
tical and charge-transport properties. We have
demonstrated that TPA derivatives exhibited
lower oxidation potential and the resulted TPA
cation radical could be stabilized when electro-
donating groups (methyl, methoxy) substituted at
the para-phenyl positions.?” Triphenylamine
(TPA) based polymers are not only widely used as
the hole-transport layer in electroluminescent

devices but also show interesting anodic electro-
chromic behavior. One of the interesting multi-
color systems is based upon the N,N,N',N'-tetra-
phenyl-p-phenylenediamine moiety.?®?° For the
past decades, intramolecular electron transfer
(ET) and electronic coupling effects in the oxidized
states have been studied extensively in mixed-
valence (MV) systems30*33 and were utilized to
design of new N,N,N'.N'-tetraphenyl-p-phenyl-
enediamine-based polymers for electrochromic
devices.?® The properties of one-dimensional MV
compounds containing two or more redox states
connected via o- or z-bridge molecule depend
strongly on the extent of electronic interaction
between the redox centers. An experimental and
theoretical study of the N,N,N',N'-tetraphenyl-p-
phenylenediamine cation radical has been
reported recently, and a symmetrical delocalized
class III structure (with strong electronic coupling
and the electron is delocalized over the two redox
centers) was proposed in accordance to the Robin-
Day classification.?*35 The redox properties, ion-
transfer process, electrochromism, and photoelec-
trochemical behavior of N,N,N’,N'-tetrasubsti-
tuted-1,4-phenylenediamine are important for
technological applications.?¢37

In this article, we report the two distinct syn-
thetic approaches to prepare a series soluble TPA-
based conjugated polymers with electro-donating
methoxy substituted at the para-phenyl positions,
which not only could prevent coupling reactions by
affording stable cationic radicals but also lower
their oxidation potentials. Some properties of poly-
mer could be improved by increasing of molecular
weight, include the possibility of extended p-conju-
gation, higher glass transition temperature (T),
excellent film-forming property, and stable film
morphology. For the purpose, the O-PMOTPA
with higher molecular weight could be obtained by
the simply chemical oxidative polymerization
using ferric chloride as catalyst. The general prop-
erties such as solubility and thermal properties
are described. The electrochemical, electrochromic,
photoluminescent, and field-effect transistor (FET)
properties of the polymers were also investigated
herein and compared the resulted polymers from
different synthetic method.

EXPERIMENTAL

Materials

4-Methoxytriphenylamine (MOTPA) (mp: 108-
110 °C; 1it.?%: 108-110 °C by DSC at 10 °C/min)
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and N,N-bis(4-methoxyphenyl)-N',N'-diphenyl-p-
phenylenediamine (MOPD) (mp: 97-98 °C; lit.?*:
100-104 °C by DSC at 10 °C/min) were synthe-
sized from 4-iodoanisole with diphenylamine and
N,N'-diphenyl-p-phenylenediamine, respectively,
by Ullmann condensation according to the previ-
ous studies.?® 4-Methoxy-N,N-bis(4-bromopheny-
Daniline (DBrMOTPA) was prepared according
to the published procedures®® by reaction with N-
bromosuccinimide (NBS) (99%, ACROS). Diphe-
nylamine (99%, ACROS), plladium on charcoal
(Pd/C) (FLUKA), sodium hydride (95%; dry
ALDRICH), 4-iodoanisole (98%, ACROS), copper
powder (99%, ACROS), potassium carbonate
(SCHARLAU), triethyleneglycol dimethyl ether
(TEGDME) (99%, ALFA AESAR), N-methyl-2-
pyrrolidinone (NMP) (TEDIA), N,N-dimethylace-
tamide (DMAc) (TEDIA), chloroform (CHCls)
(TEDIA), and tetrahydrofuran (THF) (TEDIA)
were used without further purification. Zinc
(ACROS), triphenylphosphine (ACROS), 2,2-
bipyridine (ACROS), and nickel chloride (STREM)
were purified according to previously reported
procedures.*® Tetrabutylammonium perchlorate
(TBAP) was obtained from TCI and recrystallized
twice from ethyl acetate and then dried in vacuo
before use. All other reagents were used as
received from commercial sources.

N,N-Bis(4-methoxyphenyl)-N',N'-diphenyl-p-
phenylenediamine (MOPD)

A mixture of 4-aminotriphenylamine (3.90 g,
15 mmol), 4-iodoanisole (8.66 g, 37 mmol), copper
powder (2.03 g, 32 mmol), potassium carbonate
(8.56 g, 62 mmol), and triethyleneglycol dimethyl
ether (TEGDME) (20 mL) was heated with stirring
at 160 °C for 48 h and then precipitated into
700 mL of ice water. Recrystallization from hexane
yielded 3.47 g of the desired compound (MOPD) as
dirt yellow powder in 49% yield; mp: 100-104 °C;
Anal. Caled for CsoHogINoOo (472.58): C, 81.33%;
H, 5.97%; N, 5.93%. Found: C, 81.28%; H, 5.56%;
N, 5.86%. 'H NMR (DMSO-dg, ppm): 3.71 (s, 6H,
OCHy), 6 6.76 (d, 2H), ¢ 6.87-7.01 (m, 16H), 6 7.24
(t, 4H); 3C NMR (DMSO-dg, ppm): 55.4, 115.08,
121.43, 122.20, 122.71, 126.30, 126.50, 129.50,
139.93, 140.55, 144.72, 147.65, 155.62.

N,N-Bis(4-methoxyphenyl)-N',N'-bis(4-bromo-
phenyl)-p-phenylenediamine (DBrMOPD)

N,N-Bis(4-methoxyphenyl)-N',N’-diphenyl-p-phenyl-
enediamine (MOPD) (2.84 g, 6.0 mmol) and N-bro-
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mosuccinimide (NBS) (2.31 g, 13 mmol) were fully
dissolved in DMF. The predissolved NBS solution
was dropped in to the solution of MOPD slowly in
the ice bath. The mixture solution then stirred at
room temperature for 48 h under nitrogen atmos-
phere. The reaction mixture was added to 150 mL
of water in a separatory funnel. The precipitate
was collected, purified by reflux in ethanol for
30 min, and then filtered and dried in vacuo at
80 °C for 24 h to acquire the final product
(DBrMOPD); yield: 60%; mp 202-203 °C; Anal.
Calcd for C32H26Br2N202 (63036) C, 6097%, H,
4.16%; N, 4.44%. Found: C, 60.60%; H: 4.33%; N:
4.17%. 'H NMR (DMSO-dg, ppm): 3.72 (s, 6H,
OCHy), ¢ 6.75 (d, 2H), ¢ 6.88 (m, 10H), 6 7.00 (d,
4H), 6 7.41 (d, 2H); 3C NMR (DMSO-dg, ppm):
55.2, 113.78, 114.96, 120.59, 124.23, 126.55,
126.85, 132.18, 138.27, 140.07, 145.46, 146.40,
155.71.

Polymer Synthesis
Polymerization via Yamamoto Coupling

Poly-4-methoxytriphenylamine (Y-PMOTPA) and
poly-N,N-bis(4-methoxyphenyl)-N',N'-diphenyl-p-
phenylenediamine (Y-PMOPD) were prepared by
Yamamoto coupling with NiCly as catalyst from
DBrMOTPA and DBrMOPD, respectively. All
the reactions were carried out under dry nitrogen
atmosphere using anhydrous DMAc as solvent.
The synthesis of polymer Y-PMOPD is used as
an example to illustrate the general synthetic
route. The typical procedure is as follows. In a
50-mL round-bottomed flask, NiCly (27.22 mg,
0.21 mmol), PPhs (1.30 g, 4.20 mmol), 2,2'-bipyri-
dine (32.80 mg, 0.21 mmol), zinc (0.85 g,
13.00 mmol), monomer DBrMOPD (1.89 g, 3.00
mmol), and anhydrous DMAc (3 mL) were placed
under nitrogen. The mixture was stirred at 80 °C
for 24 h and poured into a mixture of methanol
containing 10% hydrochloric acid. Then reprecipi-
tations of the filtered crude polymers from CHCl;
into methanol were carried out twice for further
purification, followed by drying in vacuo. The
resulting polymer Y-PMOPD is a greenish yellow
powder with highly yield (91%); 'H NMR (chloro-
form-d, 5, ppm): 3.79 (s, OCHjy), 6.81 (d, 4H),
6.88-7.02 (m, 4H), 7.06 (d, 4H), 7.14 (d, 4H), 7.44
(d, 4H); *C NMR (chloroform-d, 6, ppm): 55.5,
114.6, 122.1, 123.3, 126.1, 127.1, 128.9, 134.2,
140.4, 141.2, 144.6, 146.7, 155.5. Y- PMOTPA was
synthesized by a similar procedure as described
earlier. The color of Y-PMOTPA powder is
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yellowish green (yield: 84%); 'H NMR (chloro-
form-d, 6, ppm): 3.76 (s, OCHj), 6.85 (m, 6H),
6.94 (t, 2H), 7.04-7.14 (m, 18H), 7.21 (t, 4H), 7.41
(m, 8H); ¥C NMR (chloroform-d, , ppm): 55.5,
114.8, 122.0, 122.9, 123.0, 127.1, 127.3, 129.1,
134.0, 134.1, 140.5, 140.6, 146.8, 147.0, 148.0,
156.2.

Polymerization via Oxidative Coupling

Poly-4-methoxytriphenylamine (O-PMOTPA) was
synthesized as follows. To a two-necked 50 mL
flask equipped with a magnetic stirrer were placed
MOTPA (3 mmol) and chloroform (3 mL) under
nitrogen atmosphere. A quarter portion of FeClg
(8 mmol; total is 12 mmol) was added to the reac-
tion mixture at the interval of 1 h. The solution
was stirred at 45 °C for 24 h and poured into a
mixture of methanol containing 10% hydrochloric
acid to recover the product. Collected powder was
dissolved in chloroform and reprecipitated with
acetone containing small amount of aqueous am-
monia. The resulting polymer was filtered and
dried in vacuo at 100 °C for 24 h (yield: 85%).

Preparation of Polymer Film

A solution of polymer was made by dissolving
about 0.5 g of the polymer sample in 10 mL of
CHCIl;3. The homogeneous solution was poured
into a 9-cm glass Petri dish, which was placed in
the atmosphere for 8 h to remove most of the sol-
vent; then the semidried film was further dried
in vacuo at 100 °C for 4 h. The obtained films
were about 50—70 ym in thickness and were used
for molecular weights measurements, solubility
tests, and thermal analyses.

Organic Field Effect Transistor Fabrication

The organic field effect transistors (OFETs) of
PMOTPA series and PMOPD were fabricated
through the Dbottom-contact and bottom-gate
geometry. A thermally grown 200 nm SiOg on the
p-doped silicon wafers used as the gate dielectric
with a capacitance of 17 nF/ecm?. The aluminum
was used to create a common bottom-gate elec-
trode. The source/drain regions were defined by a
130 nm Au through a regular shadow mask, and
the channel length (L) and width (W) were 25 and
500 um, respectively. Afterward, the substrate
was modified with octyltrichlorosilane (OTS) as
silane coupling agents. 0.5 wt % polymer solutions
in chloroform were filtered through 0.45 ym pore

size PTFE membrane syringe filters, spin-coated
at a speed rate of 1000 rpm for 60 s onto the silan-
ized SiOs/Si substrate and annealed at 100 °C or
above Ty for 3 h, except for O-PMOTPA, under
vacuum. Output and transfer characteristics of
the OTFT devices were measured using a Keith-
ley 4200 semiconductor parametric analyzer. All
the electronic measurements were performed in
ambient atmosphere.

Measurements

'H and C NMR spectra were measured on a
Bruker Avance 300 MHz FT-NMR system. Ele-
mental analyses were run in an Elementar Vari-
oEL-III. Gel permeation chromatography (GPC)
was carried out on a Waters chromatography unit
interfaced with a Waters 2410 refractive index
detector. Two Waters 5 um Styragel HR-2 and
HR-4 columns (7.8 mm I. D. x 300 mm) were con-
nected in series with N-methyl-2-pyrrolidinone
(NMP) as the eluent at a flow rate of 1 mL/min
and were calibrated with narrow polystyrene
standards. Ultraviolet—visible (UV—vis) spectra of
the polymer films were recorded on a Varian Cary
50 Probe spectrometer. Thermogravimetric analy-
sis (TGA) was conducted with a PerkinElmer
Pyris 1 TGA. Experiments were carried out on
~6-8 mg film samples heated in flowing nitrogen
or air (flow rate = 40 cm®min) at a heating rate
of 20 °C/min. DSC analyses were performed on a
PerkinElmer Pyris Diamond DSC at a scan rate
of 20 °C/min in flowing nitrogen (20 cm?®/min).
Electrochemistry was performed with a CHI 611B
electrochemical analyzer. Voltammograms are
presented with the positive potential pointing to
the left and with increasing anodic currents point-
ing downwards. Cyclic voltammetry was per-
formed with the use of a three-electrode cell in
which ITO (polymer films area about 0.7 cm X
0.5 cm) was used as a working electrode. A plati-
num wire was used as an auxiliary electrode. All
cell potentials were taken with the use of a home-
made Ag/AgCl, KCl (sat.) reference -electrode.
Absorption spectra in the spectroelectrochemistry
experiments were measured with a HP 8453 UV-
visible spectrophotometer. Photoluminescence
spectra were measured with a Jasco FP-6300
spectrofluorometer. Irradiation of the photochemi-
cal reaction system with light was also carried out
by using Jasco FP-6300 as the source of light.
Output and transfer characteristics of the OFET
devices were measured using Keithley 4200 semi-
conductor parametric analyzer. All the prepared
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Synthesis routes for PMOTPA series and PMOPD. (i) Synthesis of

Y-PMOTPA and Y- PMOPD via Yamamoto coupling polymerization. (ii) Synthesis of
O-PMOTPA via oxidative coupling polymerization.

procedures and electronic measurements are per-
formed in ambient atmosphere. Atom force mi-
croscopy (AFM) measurements were obtained
with a NanoScope IIIa AFM (Digital Instruments,
Santa Barbara, CA) at room temperature. Com-
mercial silicon cantilevers (Nanosensors, Germany)
with typical spring constants of 21-78 N m ' were
used to operate the AFM in tapping mode. Images
were taken continuously with the scan rate of
1.0 Hz.

RESULTS AND DISCUSSION

Synthesis and Characterization

The novel monomer (DBrMOPD) was synthe-
sized through the bromination of MOPD with N-
bromosuccinimide (NBS) as described in Scheme
1. It was obtained in a high yield and character-
ized by 'H NMR, *C NMR as showed in Support-
ing Information Figure S1. Assignments of each
carbon and proton are assisted by the two-dimen-
sional H-H COSY and C-H HMQC NMR spectrum
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shown in Supporting Information Figures S2 and
S3, and these spectra agree well with the
proposed molecular structure of DBrMOPD. The
organo-soluble TPA-containing aromatic poly-
mers, poly-4-methoxy-triphenylamine (Y-PMOTPA)
and poly-N,N-bis(4-methoxyphenyl)-N',N'-di-
phenyl-p-phenylenediamine (Y-PMOPD), could
be readily prepared by palladium-catalyzed
Yamamoto coupling polymerization. Moreover,
the O-PMOTPA with a higher molecular weight
could be acquired by simply oxidative coupling
reaction, but in the case of polymerization of
N, N-bis(4-methoxyphenyl)-N',N'-diphenyl-p-phenyl-
enediamine (MOPD), leaving only monomers at
the end of polymerization. The results of no reac-
tion in the case of MOPD can be explained by the
fact that the MOPD have more radical of amino
nitrogen could stabilize their resonance to reduce
the reactivity.*' The synthetic routes of the key
monomer and target polymers were outlined in
Scheme 1. The 'H and *C NMR spectra of Y-
PMOTPA and the corresponding monomer in
CDCl; is showed in Supporting Information
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Table 1. Basic Properties of Polymers

Polymer Solvent?®
Code Ninn” (dl/g) NMP DMAc DMF THF CHCl; CHsCN Toluene M,°  PDI(M./M,)
Y-PMOTPA 0.13 ++ + + + + + + - - 3,300 1.36
O-PMOTPA 0.39 + + - - - + + - - 43,700 3.25
Y-PMOPD 0.11 + + ++ + + + + + - + + 6,500 1.80

2 Solubility: + +, soluble at room temperature; +, soluble on heating; —, insoluble even on heating.
b Measured at a polymer concentration of 0.5 g/dL in NMP at 30 °C.
¢Values estimated by GPC using NMP as an eluent (polystyrene standards).

Figure S4. The 'H NMR chemical shifts of the
polymer are similar to those of the corresponding
monomer but the peak is broader and not well
resolved. This is consistent with what had
observed in conjugated polymer and its corre-
sponding monomer reported in the literature.*?
The structural analysis of the Y-PMOTPA from
NMR spectroscopy revealed exclusive 4’,4”-linkage
between consecutive TPA repeat units on the poly-
mer chains.

The solubility behavior of resulting conjugated
polymers was tested qualitatively, and the results
are summarized in Table 1. All polymers exhib-
ited highly soluble in aportic solvent except for O-
PMOTPA which resulted from high molecular
weight. The solubility and electrochemical stabil-
ity of the TPA-containing polymer could be
enhanced by substituent effect when the electro-
donating substituents were incorporated at the
para-position of TPA repeat unit. These polymers
prepared by Yamamoto coupling polymerization
had weight-average molecular weights ranging
from 3300 to 6500 against polystyrene standards
and polydispersity (PDI) around 1.36-1.80 by gel

permeation chromatography (GPC) analysis. Fur-
thermore, the O-PMOTPA obtained from oxida-
tive polymerization possessed a higher weight-
average molecular weight up to 43,700 than that
by Yamamoto coupling polymerization. The photo-
oxidation of polymer proceeded through the reac-
tion of the photo-excited polymer with CHClI;
probably led to the higher molecular weight by
oxidative polymerization.

Polymer Properties
Thermal Properties

The thermal properties of all the obtained poly-
mers were investigated by TGA, TMA, and DSC
are summarized in Table 2. Typical TGA curves of
O-PMOTPA in both air and nitrogen atmos-
pheres are shown in Figure 1. All the aromatic
polymers exhibited good thermal stability with
insignificant weight loss up to 400 °C in nitrogen.
Their 10% weight-loss temperatures in nitrogen
and air were recorded at 485-520 and 485-—
500 °C, respectively, and carbonized residue (char

Table 2. Thermal Properties of PMOTPA Series and PMOPD?

Tq at 5% Ty at 10%
Weight Weight
Loss (°C)¢ Loss (°C)?
Polymer Char Yield
Code T, (°C>  T,(CF¥ Ny Air N, Air (wt %)°

Y-PMOTPA 193 200 470 470 520 500 72
0-PMOTPA 273 281 465 470 510 510 79
Y-PMOPD 152 167 400 455 485 485 70

2The polymer film sample were heated at 200 °C for 1 h before all the thermal analyses.

® Midpoint temperature of baseline shift on the second DSC heating trace (rate 20/min) of
the sample after quenching from 300 °C.

¢Softening temperature measured by TMA with a constant applied load of 10 mN at a heat-
ing rate of 10 °C/min.

4 Decomposition temperature, recorded via TGA at a heating rate of 20 °C/min.

¢ Residual weight percentage at 800 °C in nitrogen.
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Figure 1. TGA and TMA curves for O-PMOTPA (TGA: at a scan rate of 20 °C/
min; TMA: heating rate = 10 °C/min; applied force = 10 mN).

yield) of these aromatic polymers was more than
70% at 800 °C under nitrogen atmosphere. The
high char yields of these polymers could be
ascribed to their high aromatic content. The soft-
ening temperature (7) values of the polymer
films were determined from the onset tempera-
ture of the probe displacement on the TMA trace.
A typical TMA thermogram for O-PMOTPA is
illustrated in Figure 1. The T}s of all the polymers
could be easily measured by the DSC thermo-
grams; they were observed in the range of 152—
273 °C could be easily measured by the DSC
thermograms. All the polymers indicated no clear
melting endotherms up to the decomposition
temperatures on the DSC scans. This result also
supports the amorphous nature of these TPA-
containing polymers.

Optical and Electrochemical Properties

The electrochemical and optical properties of the
polymers were investigated by cyclic voltammetry,
UV-vis, and photoluminescence spectroscopy. The
results are summarized in Table 3. The UV-vis
absorption of 4-methoxy-substituted TPA-based

Journal of Polymer Science: Part A: Polymer Chemistry
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polymers exhibited maximum absorption at 369—
382 nm in NMP solution, due to the n-7* transi-
tion resulting from the conjugation between the
aromatic rings and nitrogen atoms. The photolu-
minescence emission maxima of the polymer solu-
tions were around 430-487 nm with fluorescence
quantum yield ranging from 23.6% for Y-PMOPD
to 61.5% for YYPMOTPA. The UV-vis absorption
of these polymer films also showed similar maxi-
mum absorbance at 365-382 nm, indicating
these polymers with bulky TPA units could be
effectively restricted intermolecular packing and
interactions. However, the absorption onset of
the PMOPD films showed a red shift result
than PMOTPA that could be attributed to the
extended conjugation between the aromatic rings
and nitrogen atoms through delocalization of
n-electrons along the polymer backbone. Figure 2
illustrates the absorption and PL spectra of the
solutions of Yamamoto coupling polymers in vari-
ous solvents, as well as the spectra of its thin solid
film. The absorption spectra of the four different
solvents were very similar to each other, but the
PL spectrum of Y-PMOPD progressively shifts to
red with an increase in the solvent polarity, and
PL emission maxima moving from 440 to 487 nm
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Table 3. Optical and Electrochemical Properties of Polymers

Solution / (nm)?

Film A (nm)

Oxidation (V)
(vs. Ag/AgCl)

Polymer Dpy, First First Second E, HOMO LUMO
Code ab Smax PLmaxb (%)c absmax absonset PLmaxb Eonset E1/2 E1/2 (eV)d (eV)e (eV)f
Y-PMOTPA 381 430 61.5 379 430 458 0.67 0.86 £ 2.88 5.03 2.15
O-PMOTPA 382 431 26.3 376 428 447 0.69 0.93 £ 2.90 5.05 2.15

Y-PMOPD 369 487  23.6 365 435

461 0.44 0.57 1.02 2.85 4.80 1.95

2 Polymer concentration of 107> M in NMP at room temperature.
bThey were excited at absya, for both solid and solution states.
°These values were measured by using 9,10-diphenylanrthance (dissolved in toluene with a concentration of 107> M, assum-

ing FPL of 0.90) as a standard at 24-25 °C.

dThe data were calculated by the equation: gap = 1240//nset 0f polymer film.
¢The HOMO energy levels were calculated from cyclic voltammetry and were referenced to ferrocene (4.8 eV).

fLUMO = HOMO-gap.
&_. No describe.

when the solvent is changed from toluene to NMP
(summarized in Table 4). All the PL spectra of
these polymers showed a blue shift when the sol-
vent was changed from NMP to THF or chloro-
form. Generally, solvation should increase the
interaction between polymer chain and solvent,
which may consume certain excitation energy and
lead to increase on the emission wavelength. On
the other hand, the solvatochromic shifts occur
merely in their emission spectra less than absorp-
tion spectra, implying that the excited-state
energy levels are influenced more than those in
the electronic ground state. The emission color
also changes from blue in toluene to bluish green
in NMP when the polymer solutions are irra-
diated under a 365 nm UV lamp (Fig. 2), which
accord with their PL spectra. Further, the quan-
tum efficiency of these polymers generally
decreases with increasing polarity of solvent
except for chloroform. It is interesting to note that
the original bluish green emission of the polymers
decreased dramatically in intensity in chloroform
solution, and this phenomenon was not observed
in other solvents such as NMP, THF, and toluene;
the color and emission properties of the polymer
solutions remained unchanged even after UV irra-
diation. This phenomenon could be explained by
the reaction between photogenerated TPA radical
cation and the halogenated solvent as known for
aromatic compounds containing the amino,
hydroxy, and mercapto substituents in halogen-
ated solvents.*> Photochemical reactions of some
n-conjugated polymers with CHCl3 had also been
studied by several research groups.**** Such as
photooxidation of =-conjugated poly(phenothia-

zine), Jenekhe*® proposed a reaction process
involving generation of phenothiazine radial cat-
ion and reaction of the radical cation with CHCls.
This result could be attributed to the phenothia-
zine is a highly electron-donating unit, facilitating
formation of the radial cation under irradiation
with light. TPA is also an electron-donating unit,
whose electron-donating ability is enhanced by
introducing the electron-donating methoxy group
at the p-position of TPA unit; on the basis of the
reported results, consequently, similar formation
of radical cation in PMOTPA and PMOPD under
irradiation with light is conceivable. This photoox-
idation reaction between polymer and CHCI; as
one of the possible conjecture for that the PL in-
tensity quenching in the CHCIl3 solution of these
polymer under UV irradiation.

The redox behavior was investigated with
cyclic voltammetry conducted by the cast film on
an ITO-coated glass substrate as working elec-
trode in dry acetonitrile contains 0.1 M of
TBAP as an electrolyte for YYPMOTPA. Because
of scanty adhesion between Y-PMOPD and ITO
substrate, the electrochemical analysis was car-
ried out in CH5Cly solution (5 x 10~* M). The
cyclic voltammograms for these polymers exhib-
ited reversible oxidation redox couples at E, .t
= 0.44-0.67 V showed in Figure 3. For Y- PMOPD
in Figure 3(b), there are two reversible oxidation
redox couples at E st = 0.44 (E5 = 0.57 V) and
Eis = 1.02 V, respectively. The first electron
removal for YPMOPD was assumed to occur at
the N atom on the pendent 4,4’-dimethoxydiphe-
nylamine groups to yield one stable delocalized
radical cation, which is more electron-richer than
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Figure 2. UV-vis and PL spectrums of (a) YPMOTPA and (b) YYPMOPD in vari-
ous solvents: NMP, CHCl;, THF, and toluene at a concentration of 107° M, as well as
its thin solid film. [Color figure can be viewed in the online issue, which is available
at www.interscience.wiley.com.]

the N atom on the main chain TPA unit, and then highest occupied molecular orbital (HOMO) and
further to form quinonoid-type dication with lowest unoccupied molecular orbital (LUMO) lev-
increasing applied potential. The energy of the els of the investigated polymer could be
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Table 4. Photophysical Properties of YPMOTPA
and Y-PMOPD in Different Solvents®

Y-PMOTPA Y-PMOPD

/PL, max PPL

j'abs APL, max (DPL /labs
(nm) (%)

Solvent (nm) (nm) (%) (nm)

Toluene 377 422 84.6 371 439 45.3
CHCl; 377 427 2.5 367 440 0.4
THF 377 423 79.7 367 453 39.6
NMP 381 430 61.5 369 487 23.6

2The concentration of polymer was 107° M in different
solvents.

P These values were measured by using 9,10-diphenylanr-
thance (dissolved in toluene with a concentration of 10~° M,
assuming FPL of 0.90) as a standard at 24-25 °C.

determined from their oxidation onset potentials
and the onset absorption wavelength, and the
results are listed in Table 3.

Re

0.5 MAI ’

Electrochromic Characteristics

Electrochromic materials exhibit different colors
depending upon the oxidation state, which was
determined by optically transparent thin-layer
electrode (OTTLE) coupled with a UV-vis spec-
troscopy. The electrode preparations and solution
conditions were identical to those used in cyclic
voltammetry. The typical electrochromic absorp-
tion spectra of YPMOTPA and Y-PMOPD are
shown in Figures 4 and 5, respectively. In the
neutral form, the film of Y-PMOTPA exhibited
strong characteristic absorption of TPA at wave-
length around 384 nm, which is almost transpar-
ent in the visible region. Upon oxidation (increas-
ing applied potential from 0 to 0.90 V), the inten-
sity of the absorption peak at 384 nm decreased
gradually, while two new bands grew up at 495
and 696 nm, respectively. The color of the polymer
was changed from neutral colorless to red (also

(a) OCH,

2 ,U,AI

N b e
=
P Rkl @

\ N I
Y-PMOTPA
(b)

OCH,

7

H3CO,

0|

1 1 L] T L)
1.6 1.4 1.2 1.0 0.8 0.6 0.4 0.2 0.0
Potential / V (v.s. Ag / AgCl)

Y-PMOPD

Figure 3. Cyclic voltammograms of (a) YYPMOTPA film on an ITO-coated substrate
in CH3CN containing 0.1 M TBAP (b) the first and second oxidation redox of
Y-PMOPD in CH,Cl, solution (10~3 M) containing 0.1 M TBAP. Scan rate = 50 mV/s.
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Figure 4. Electrochromic behavior of Y-PMOTPA
thin film (in CH3CN with 0.1 M TBAP as the support-
ing electrolyte) at 0.00 (H), 0.72 (@), 0.74 (A), 0.77 (V¥),
0.79 (¢), 0.82 (@), 0.84 (), 0.87 (O), 0.90 V (O).
[Color figure can be viewed in the online issue, which
is available at www.interscience.wiley.com.]

T * T o
900 1000 1100

shown in Fig. 4) with contrast of optical transmit-
tance change (AT%) up to 54% at 495 nm. The
electrochromic characteristic of YYPMOPD shown
in Figure 5 exhibited two coloration stages from
the change of absorption spectra. When the
applied potentials increased positively from 0.00
to 0.66 V during the first stage oxidation, the
peak of absorption at 367 nm, characteristic for
neutral form Y-PMOPD decreased gradually,
while two new bands grew up at 425 and 1033 nm
due to the formation of a stable monocation radi-
cal within the pendent 4,4'-dimethoxydiphenyl-
amine moiety. When the potential was adjusted to
a more positive value of 1.11 V, corresponding to
the second step oxidation, the peak of characteris-
tic absorbance decreased gradually while one new
band grew up at 719 nm. This spectral change
can be attributable to the formation of a dication
in N atom between para-phenylenediamine units.
Furthermore, the color of Y-PMOPD changed
from green to blue with high contrast of optical
transmittance change (AT%) up to 85% at 719 nm
(as shown in Fig. 5).

Organic Field Effect Transistor Characteristics

Figure 6(a) showed the transfer characteristic
curves of the O-PMOTPA and Y-PMOPD on
OTS-modified SiOy and Figure 6(b) exhibited the
output characteristic curve of the O-PMOTPA as
a representative. The charge carrier mobility was
calculated according to the transfer characteristic
curves using the following eq 1. All the related
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OFET results are summarized in Table 5. The I-V
curves showed that the PMOTPA and PMOPD-
based thin-film transistor has the p-type charac-
teristics with the accumulation operation. In the
saturation region (V4 > V, — V), the drain cur-
rent I can be described by the following equa-

I = (WC"“h) (Ve— W) (1)

Where 1, is the hole mobility, C, is the capaci-
tance of the gate insulator per unit area (SiOs,
200 nm, C, = 17 nF/cm?), W is the channel width,
L is the channel length, and V; is the threshold
voltage. The field-effect mobility of the saturation
region was calculated from the transfer charac-
teristics of the polymer devices. Furthermore, to
clarify the carrier mobility mechanism, their mor-
phology on the device surface was also investi-
gated by AFM. Furthermore, to clarify the influ-
ence of annealing temperature on hole mobility,
thermal treatment under two different tempera-
tures was conducted, where one was below the T,
and the other was above the T,. The saturated
hole mobility of Y-PMOTPA (T,: 193 °C), under
100 and 200 °C heat treatment is 5.0 x 10° and
9.0 x 10° em? V! 57! with the corresponding
on/off ratios of 110 and 190. For the O-PMOTPA
(Ty: 273 °C), the hole mobility under 100 and
275 °C heat treatment is 9.0 x 107° and 1.5
x 107% ecm® V! s71, and their on/off ratios are

Transmittance (%)

T T T T T T T
300 400 500 600 TFO0O BOO 900 1000 1100

Wavelength (nm)

Figure 5. Electorchromic behavior of YYPMOPD in
CH,Cl, solution (5 x 10™* M) containing 0.1 M TBAP
at 0.00 (M), 0.48 (@), 0.54 (A), 0.60 (V¥), 0.66 (@),
0.93 (0, 0.96 (O), 0.99 (A), 1.02 (V) and 1.11 ().
[Color figure can be viewed in the online issue, which
is available at www.interscience.wiley.com.]
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Figure 6. (a) The transfer characteristics of O-PMOTPA and Y-PMOPD devices,

where V3, = —100 V; (b) The output characteristic of O-PMOTPA baked at 100 °C.

Table 5. OTFT Characteristics of the Studied Polymers

CHCl3, Annealed at 100 °C for 3 h

CHCl3, Annealed Above T, for 3 h

Polymer Mobility On/Off V;  RMS Roughness Mobility On/Off V, RMS Roughness
Code (cm®V~1s™Y Ratios (V) (nm)? (cm®?V™'s ™Y Ratios (V) (nm)?
Y-PMOTPA 5.0E-05 110 -7 0.296 9.0E-05 190 -6 0.775
O-PMOTPA 9.0E-05 340 —11 0.307 1.5E-04" 450>  —19° 2.187
Y-PMOPD 5.6E-05 80 8 0.547 4.0E-05 100 8 0.613

2RMS: Root-mean-square.

»Only annealed above Tg for 10 min.
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Figure 7. Topographical AFM images of O-PMOTPA on OTS-modified SiOy surface,
under (A) 100 °C and (B) 275 °C heat treatment. The image size is 5 um x 5 ym. The
Z-range for (A) is 15 nm and for (B) is 50 nm.

340 and 450, respectively. The hole mobility was
increased after device annealed and it was appa-
rently correlated with the surface morphology.
After the devices were annealed, the surface
roughness obviously increased, especially for the
oxidative coupling one, as shown in Figure 7.
It revealed that O-PMOTPA had some struc-
tural rearrangements after annealed and then
enhanced the charge transport. When compared
with our previous work,*® we find the hole mobil-
ity of O-PMOTPA raises almost two order than
the previous low molecular weight PMeOTPA
(M.,,: 2000-3000).2® Also, the order of hole mobil-
ity (O-PMOTPA > Y-PMOTPA > PMeOTPA)
are consistent with the order of molecular weight.
It indicates that the molecular weight plays an
important role in the charge mobility. For
Y-PMOPD (T,: 152 °C), the estimated hole mobil-
ity under 100 and 160 °C treatment is 5.6 x 10~°
and 4.0 x 10 ° em? V! s~ ! and the corresponding
on/off ratios are 80 and 100. The device perform-
ance is similar before and after annealed. The sur-
face morphology without any significant variation
also confirms these results (Shown in Supporting
Information Fig. S1). The lower mobilities of
PMOPD than PMOTPA obviously originate from
the different oxidation position. For PMOTPA,
the only N atom on the polymer backbone form
stable cation after oxidation, which favor to form
p-channel. As for PMOPD, the first stable cation
formed on the side-chain position N atom, which
would become a drawer and difficult to form
stable p-channel. The above results suggest that
the molecular weight, annealing temperature,

Journal of Polymer Science: Part A: Polymer Chemistry
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and polymer structure significantly affect the
charge transporting ability.

CONCLUSIONS

Two kinds of soluble polymers containing TPA
unit with high fluorescence quantum yield in
NMP solution have been successfully synthesized
by the various coupling polymerization. These
polymers in chloroform solution exhibited PL in-
tensity relatively lower than other solvents, due
to the possible photo-oxidation of polymer in the
solvent. Similar phenomena led to the higher
molecular weight of the O-PMOTPA by oxidative
coupling polymerization. Attaching bulky and
electron-donating TPA units to the polymer main
chain and/or as pendent group not only facile the
color tuning of the electrochromic behaviors but
also disrupts the coplanarity of aromatic units in
chain packing. Thus, all of the polymers were
amorphous with good solubility in many polar
aprotic solvents and exhibited excellent thin film
formability. Field effect transistors fabricated
from PMOTPA series and PMOPD showed p-
type characteristics. The p-channel carrier mobil-
ity up to 1.5 x 10~* em® V! s7! was obtained for
the O-PMOTPA-based FET device. The FET
mobility of PMOTPA suggested that both the
molecular weight and the annealing effects played
important roles in charge mobility. This study
demonstrates that triphenylamine-containing
conjugated polymer is a multifunctional material
for various optoelectronic device applications.
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