Novel Aromatic Polymers from Benzaldehyde and
Triphenylamine Derivatives: Synthesis, Electrochromic,

and Photochemical Properties

GUEY-SHENG LIOU," HUI-WEN CHANG," KAI-HAN LIN,> YUHLONG OLIVER SU?

Institute of Polymer Science and Engineering, National Taiwan University, 1 Roosevelt Road, 4th Sec.,

Taipei 10617, Taiwan

“Department of Applied Chemistry, National Chi Nan University, 1 University Road, Puli,

Nantou Hsien 54561, Taiwan

Received 20 December 2008; accepted 24 January 2009
DOI: 10.1002 / pola.23319

Published online in Wiley InterScience (www.interscience.wiley.com).

ABSTRACT: A series of novel triphenylamine-based polymers were synthesized from
benzaldehyde and triphenylamine derivatives. All the polymers having high molecu-
lar weight are readily soluble in many organic solvents and could be solution-cast
into amorphous films. They had glass transition temperatures (T,s) in the range of
193-217 °C, and 10% weight loss temperatures in excess of 475 °C. Cyclic voltammo-
grams of all polymers showed reversible oxidation redox peaks and E,.. around
0.42-0.90 V, indicating that the polymers are electrochemically active and stable. In
addition, all these polymers revealed photochemical characteristics in conformity
with their electrochromic characteristics. © 2009 Wiley Periodicals, Inc. J Polym Sci Part

A: Polym Chem 47: 2118-2131, 2009

Keywords: benzaldehyde; electrochemistry; electrochromic polymers; functiona-
lization of polymers; high temperature materials; triphenylamine

INTRODUCTION

Electrochromism is an interesting property of
materials that change color reversibly in different
oxidation or reduction states.’? Electroactive con-
ducting polymers such as polyanilines,® polypyr-
roles,* polythiophenes,” and other derivatives
have been investigated. Compared to small inor-
ganic electrochromic materials (bipyridium salt,
WO53),2 electroactive conducting polymers pro-
vided higher thermal stability, faster response
time, and large area easy processing, which have
more potential for industry application. One of
electrochromic materials attractive properties
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would be multicolor display. Reynolds group con-
trolled different color changes by bipotentiostatic
technique with dual polymers®; Wudl group also
reported the full color goal by preparing a red,
green, and blue (RGB) cathodic polymeric electro-
chromic device.” Moreover, preparing electroac-
tive polymers with multiredox states also prom-
ises as multiple colors materials.?

Recently, triphenylamine (TPA) derivatives
materials, including small molecules and macro-
molecules, have extensively been investigated for
hole transporters,” light emitters.'®'® TPA can
also be considered as a good electrochromic mate-
rial as it easily oxidizes to form radical cation
with a noticeable change of coloration.’* 7 There-
fore, we have reported many TPA-based high
performance polymers such as aromatic polyary-
lates,’® polyamides,'®?? and polyimides.?>2°
They reveal excellent reversible electrochromism
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upon redox switching and also can reach multiple
colors change between their oxidative states by
applied different voltage. Although TPA has many
advantages, Adams and coworkers®®?? reported
that TPA could be easily dimerized to form tetra-
phenylbenzidine during the anodic oxidation
pathway. For electrochromic materials, this dime-
rization could be considered as an undesired side
reaction, which might cause irreversible defect af-
ter several redox switches. To avoid such behav-
ior, incorporating electron-donating substituents
like methyl or methoxyl at the para-position of
TPA group could prevent the coupling reactions
and afford stable cationic radicals with lower
potential.?® TPA-based polymers could be pre-
pared by many methods, like Ullmann reac-
tions,?® palladium®® or nickel-catalyzed®! coupling
reactions. However, these synthetic methods
required multiple steps to prepare the low-yield
monomers, or might need highly cost catalysts.
Our strategy in this article is to synthesize high-
yield TPA-containing monomers by easier proce-
dure, and then react with the commercially avail-
able commodity benzaldehyde through an acid
catalyzed polymerization. Sato and coworkers®%33
and Shikatani et al.3* reported that reaction of
TPA derivatives with various aldehydes provided
hole transporting materials, but the electrochro-
mic properties of the obtained polymers were not
investigated. Nishikitani et al.>® also reported the
similar result; however, they introduced alkyl
group in N-position that might cause not only less
conjugation cation radical form but also lower
their glass transition temperatures (Tzs) and ther-
mal stability. In this report, we prepared TPA-con-
taining monomers with electron-donating group
such as methyl or methoxy, and their correspond-
ing polymers were obtained by addition condensa-
tion reaction of the TPA derivatives with benzalde-
hyde. The general properties such as solubility and
thermal properties are described. The electrochem-
ical and electrochromic characteristics of these
polymers are also investigated herein. In addition,
the photochemical reaction and photochromic phe-
nomenon of the TPA-based polymer solutions in
CHCI; under irradiation were also studied.

EXPERIMENTAL

Materials

4-Methyltriphenylamine (MTPA)?? and 4-methoxy-
triphenylamine (MOTPA)'®* were synthesized by
Ullmann reaction from commercially available
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diphenylamine with 4-iodotoluene and 4-iodoani-
sole, respectively. Triphenylamine (ACROS), benz-
aldehyde (ACROS), chlorobenzene (TEDIA), acetic
anhydride (TEDIA), N-methyl-2-pyrrolidinone
(NMP) (TEDIA), N,N-dimethylacetamide (DMAc)
(TEDIA), chloroform (TEDIA), and tetrahydrofu-
ran (THF) (TEDIA) were used without further
purification. Tetrabutylammonium perchlorate
(TBAP) was obtained from TCI and recrystallized
twice from ethyl acetate and then dried in vacuo
prior to use. All other reagents were used as
received from commercial sources.

Monomer Synthesis

N,N-Bis(4-methoxyphenyl)-N',N -diphenyl-p-
phenylenediamine (MOPD1)

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 stir-
ring at 160 °C for 48 h and then precipitated into
700 mL of ice water. Recrystallization from hex-
ane yielded 3.47 g of the desired compound
(MOPDL1) as yellow powder in 49% yield; mp:
100-104 °C. 'H NMR (DMSO-dg, ppm): 3.71 (s,
6H, —OCHy), 6.76 (d, 2H, J = 6.0 Hz; H,), 6.87—
7.01 (m, 16H, H, + H;, + Hy + H, + Hy), 7.24 (t,
4H, J = 15.0 Hz; Hp; '*C NMR (DMSO-ds, ppm):
55.4 (—OCHjy), 115.1 (C?), 121.4 (C°), 122.2 (C'®),
122.7 (C'), 126.3 (C?), 126.5 (C7), 129.5 (C'),
139.9 (C®), 140.6 (C*), 144.7 (C®), 147.6 (C°), 155.6
(Cl) ErLEm. Anan. Caled. for C32H28N202I C,
81.33%; H, 5.97%; N, 5.93%. Found: C, 81.28%;
H, 5.76%; N, 5.86%. ESI-MS: caled for
(C39HosNoOg) "t m /2 472.5; found: m/z 472.5.
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N, N -Bis(4-methoxyphenyl)-N,N -diphenyl-p-
phenylenediamine (MOPD2)

MOPD2 was synthesized by the reaction of N,N'-
diphenyl-p-phenylenediamine with 4-iodoanisole
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by a similar procedure described as above; yield:
56%, mp: 146-150 °C. "H NMR (DMSO-dg, ppm):
3.77 (s, 6H, —OCHj;), 6.91-6.96 (m, 14H, H, + H,
+ Hy + Hp, 7.06 (d, 4H, J = 9.0 Hz; Hy), 7.25 (t,
4H, J = 15.0 Hz; H,); *C NMR (DMSO-dg, ppm):
55.2 (—OCHj;), 115.0 (C?), 121.1 (C® + C0), 124.3
(C%), 127.0 (C?), 129.2 (C?), 139.9 (C*), 142.2 (C?),
147.9 (C"), 155.9 (CY. Erem. AnaL. Caled. for
C3oHogNoOs: C, 81.33%; H, 5.97%; N, 5.93%.
Found: C, 80.75%; H, 6.17%; N, 5.79%. ESI-MS:
caled for (C3oHosNoOo)t: m/z 472.5; found: m/z

472.4.
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Polymer Synthesis

Polymerizations were carried out in sealed glass
ampoules under a dry nitrogen atmosphere, and
p-toluenesulfonic acid was used as a catalyst. The
synthesis of polymer Ic is used as an example to
illustrate the general synthetic route. The typical
procedure is as follows. A mixture of 1.377 g
(5 mmol) of the 4-methoxytriphenylamine, 0.637 g
(6 mmol) of benzaldehyde, 0.034 g of p-toluenesul-
fonic acid (0.2 mmol), and 3.9 mL of chloroben-
zene was heated with stirring at 110 °C for 2 h.
After polymerization, 2 mL acetic anhydride was
added and refluxed for 30 min to cap hydroxyl
end groups. The resulting viscous polymer solu-
tion was poured slowly into acetone and then
purified by reprecipitating the polymer chloro-
form solution into acetone containing two or three
drops of aqueous ammonia solution two or three
times, followed by drying in vacuo. The inherent
viscosity and weight-average molecular weights
(M,) of the obtained polyamide Ic was 0.43 dL/g
(measured at a concentration of 0.5 g/dL in NMP
at 30 °C) and 175,600 Da, respectively. IR (film):
3025 (aromatic —C—H stretch), 2949, 2833 (—CHs;
stretch), 1602, 1504 (C=C stretch), 1242, 1034
em ' (aromatic C—O—C stretch). 'H NMR
(CDCls, ppm): 3.78 (s, 3H, —OCHsy), 5.39 (s, 1H,
—CH), 6.82 (d, 2H, J = 9.0 Hz; H,), 6.95 (s, 8H,
H, + Hy), 7.07 (d, 2H, J = 9.0 Hz; H,), 7.20 (t, 3H,

J = 18.0 Hz; Hy + H,), 7.26 (d, 2H, J = 9.0 Hz;

H,). '3C NMR (CDCls;, ppm): 55.4 (—OCHs), 55.6
(—CH), 114.7 (C"), 122.4 (C?), 126.1 (C'?), 127.3
(C%, 128.2 (C'9, 129.3 (C'Y), 129.9 (C?), 137.4
(ChH, 140.7 (C?), 144.5 (C?), 146.2 (C*), 156.0 (C®).
ErEM. AnaL. Caled. for (Co6H91NO),: C, 85.92%;
H, 5.82%; N, 3.85%. Found: C, 85.03%; H, 5.66%;
N, 3.76%. Other polymers were synthesized by a
similar procedure described as above.
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Measurements

Infrared spectra were recorded on a PerkinElmer
RXI FTIR spectrometer. 'H and *C NMR spectra
were measured on a Bruker Avance 300 MHz FT-
NMR system. Elemental analyses were run in an
Elementar VarioEL-III. A Finnigan LCQ Advan-
tage MAX LC/MS/MS ion trap mass spectrometer
(ESI-MS; Thermo Finnigan, San Jose, CA) was
used in the electrospray ionization (ESI) mode.
The spray voltage was 2.4 kV with a current of
about 20 mA. Samples were introduced to the
source by direct insert probe. Gel permeation
chromatographic (GPC) analysis was performed
on a Lab Alliance RI2000 instrument (two col-
umn, MIXED-C and D from Polymer Laborato-
ries) connected with one refractive index detector
from Schambeck SFD Gmbh. All GPC analyses
were performed using a polymer/THF solution at
a flow rate of 1 mL/min at 40 °C and calibrated
with polystyrene standards. Thermogravimetric
analysis (TGA) was conducted with a Perkin-
Elmer Pyris 1 TGA. Experiments were carried out
on ~ 6-8 mg film samples heated in flowing nitro-
gen or air (flow rate = 20 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
pointing downward. Cyclic voltammetry was
performed 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.
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Scheme 1. Synthesis routes of monomers and polymers in this study.

A platinum wire was used as an auxiliary elec-
trode. All cell potentials were taken with the use
of a homemade Ag/AgCl, KCI (sat.) reference elec-
trode. Absorption spectra in the spectroelectro-
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chemistry experiments were measured with a HP
8453 UV-visible spectrophotometer and Jasco V-
570 UV/Vis/NIR spectrophotometer. Irradiation of
the photochemical reaction system with light also
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Figure 1. (a) 'H NMR and (b) **C NMR spectra of MOPD1 in DMSO-d.
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Figure 2. (a) 'H NMR and (b) **C NMR spectra of MOPD2 in DMSO-ds.
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Table 1. Reaction Conditions® and Molecular Weights® of Polymers
Polymer Catalyst Reaction Reaction PDI
Code mol % Temp (°C) Time (h) M, M, M,/M,
Ia 4 65 2.0 25,200 73,300 2.9
Ib 4 110 2.0 13,800 37,500 2.7
Ic 4 110 2.0 23,700 175,600 74
Id 8 110 12.0 10,300 33,200 3.2
4 110 25.0 1,600 2,600 1.5
Ie 8 110 3.0 12,300 30,500 2.5
4 110 10.0 3,700 7,600 2.0

2 Conditions: solvent, chlorobenzene; benzaldehyde/TPA (or MOPD) mole ratio, 1.2; TPA (or MOPD) mole concentration, 1.3

mol 171,

®Values estimated by GPC using THF as an eluent (polystyrene standards).

was carried out by using Jasco FP-6300 as the
source of light.

RESULTS AND DISCUSSION

Monomer Synthesis

The synthetic route of monomers is outlined in
Scheme 1. MOPD1 and MOPD2 were prepared
by Ullmann reaction from 4-iodoanisole with
4-aminotriphenylamine and N,N’-diphenyl-p-
phenylenediamine, respectively, according to our
previous study.®® Elemental analyses and NMR
spectroscopic techniques were used to confirm the
structures of the obtained monomers. The 'H and
13C NMR spectra of MOPD1 and MOPD2 were
illustrated in Figures 1 and 2. Assignments of
each proton and carbon were assisted by the two-
dimensional H—H COSY (Correlation Spectros-
copy) and C—H HMQC (Heteronuclear Multiple
Quantum Correlation) spectra given in Support-
ing Information Figures S(1-4), and the results
agreed well with the proposed molecular struc-
ture of MOPD1 and MOPD2.

Polymer Synthesis

A series of polymers were prepared from various
aromatic TPA derivatives and benzaldehyde by
using p-toluenesulfonic acid as a catalyst (Sch-
eme 1). All the polymerizations proceeded homo-
geneously throughout the reaction and afforded
dark-green and viscous polymer solutions. Table 1
summarizes all the polymerization conditions,
and all obtained polymers Ia-Ie were in almost
quantitative yield. The GPC results indicated
that weight-average molecular weights (M)

Journal of Polymer Science: Part A: Polymer Chemistry
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values and polydispersity values (PDI) were in
the range of 30,500-175,600 and 2.5-7.4, respec-
tively. The average molecular weight of polymers
decrease in the order of Ic>Ib that could be
attributed to the different electron-donating effect
between methoxy and methyl group, which
increases the reactivity of electrophilic substitu-
tion process because of higher electron density for
Ic moieties. Polymer Ia with high molecular
weight was also obtained because TPA could be
considered as a trifunctional groups monomer
which might enhance the reactivity. The low reac-
tivity of Id and Ie is probably caused by the
MOPD structure which has higher conjugation
system than TPA. The resonance effect with more
conjugation may reduce the electrophilicity of the
phenyl rings that need double catalyst amount to
get higher molecular weight polymer Id and Ie.

3025 (CH, stretch)

(a omatic C-H StrBtCh)
/ »
/ 1242, 1034

Transmittance (%)

1602, 1504 (C=C aromatic ring stretch)  (C-O-C stretch)|

4000 3500 3000 2500 2000 1500 1000 500

Wavelength (cm'1)
Figure 3. The FTIR spectrum of Iec.
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Figure 4. (a) 'H NMR and (b) *C NMR spectra of Ic in chloroform-d.

The formation of polymers was confirmed by
means of IR and NMR spectroscopy. The typical
FTIR spectrum of Ic (Fig. 3) exhibited character-
istic absorption band in the region of 1242 and
1034 cm ! (C—O—C stretching). Figure 4 illus-
trates the 'H and *C NMR spectra of the polymer
Ic. The signal at 5.39 ppm is assigned to methine
proton and another signal at 3.78 ppm could be
attributed to the methoxy proton. Assignment of
each carbon and proton were assisted by the two-
dimensional H—H COSY and C—H HMQC spec-
tra showed in Figures 5 and 6, respectively, and

all these spectra revealed that the polymerization
occurred only at p-position of phenyl group.

Polymer Properties
Basic Characterization

The solubility behavior of Ia-Ie was tested quali-
tatively, and the results are summarized in Ta-
ble 2. All these polymers were highly soluble in
common solvents such as NMP, toluene, and even
in chloroform and THF. Polymer Id-Ie showed

Journal of Polymer Science: Part A: Polymer Chemistry
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Figure 5. H—H COSY spectrum of polymer Ic in Figure 6. C—H HMQC spectrum of polymer Ic in
chloroform-d. chloroform-d.

the excellent solubility could be attributed to the nitrogen. Their 10% weight-loss temperatures in
introduction of the bulky pendent MOPD moiety nitrogen and air were recorded at 480-565 and
into the repeat unit. Thus, the excellent solubility 475-565 °C, respectively. The carbonized residue

makes these polymers potential candidates for (char yield) of these aromatic polymers was more
practical applications by spin- or dip-coating proc- than 40% at 800 °C in nitrogen atmosphere. The
esses. glass-transition temperatures (T,s) of polymers

The thermal properties of all the obtained poly- Ia-Ie could be easily measured in the DSC ther-

mers were investigated by TGA and TMA. The mograms; they were observed in the range of
results are summarized in Table 3. The softening 193217 °C, depending upon the stiffness of the

temperatures (7T) values of the polymers films polymer chain. Our previously study indicated
were determined from the onset temperature of that TPA-based polymers showed decreased T
the probe displacement on the TMA traces. Typi- value while substitutes becoming more bulky.”
cal TGA curves of polymer Ia in both air and However, in the case of this series of polymer Ia-
nitrogen atmospheres are shown in Figure 7. Id, no obvious T, changes could be observed but
These polymers exhibited good thermal stability only Ie with a slightly decreased Ty at 193 °C. All
with insignificant weight loss up to 300 °C in polymers indicated no clear melting endotherms

Table 2. Inherent Viscosities® and Solubility of Polymers®

Polymer Solvent
Code Ninh® (dL/g) NMP DMAc DMF THF CHCl3 CH3CN Toluene
Ia 0.31 + - — ++ ++ - ++
Ib 0.22 + — — + 4t _ +
Ic 0.43 ++ - - ++ ++ - ++
Id 0.18 ++ ++ ++ ++ ++ — ++
Ie 0.43 ++ ++ ++ ++ ++ - ++

?Measured at a polymer concentration of 0.5 g/dL in NMP at 30 °C.
PThe solubility was determined with a 1 mg sample in 1 mL of a solvent.
++, soluble at room temperature; +, soluble on heating; —, insoluble even on heating.

Journal of Polymer Science: Part A: Polymer Chemistry
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Table 3. Thermal Properties of Polymers*

Ty at 10%
T4 at 5% Weight Weight Loss
Loss (°C)¢ ccy
- Char Yield
Code T, (°C)P T, (°C)° N. Air No Air (wt %)°©

Ia 212 197 400 385 485 490 60
Ib 217 214 480 500 565 565 40
Ie 213 213 475 485 505 515 52
Id 211 215 470 460 495 490 57
Ie 193 210 455 445 480 475 52

2The polymer film samples were heated at 200 °C for 30 min prior to the TGA and TMA analyses.
> Midpoint temperature of baseline shift on the second DSC heating trace (rate: 20 °C/min) of the sample after quenching

from 300 °C.

¢Softening temperature measured by TMA with a constant applied load of 10 mN at a heating 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 under nitrogen flow.

up to the decomposition temperatures on the DSC
thermograms. This result supports the amor-
phous nature of these polymers.

Electrochemical Properties

The electrochemical and optical properties of
these polymers were investigated by cyclic vol-
tammetry and UV-vis spectroscopy; the results
are summarized in Table 4. The electrochemical
behavior of these polymers in CHyCly solution

(1073 M) was conducted by using ITO-coated glass
substrate as working electrode with 0.1 M TBAP
as an electrolyte under nitrogen atmosphere. The
typical cyclic voltammograms for polymers Ia-Ic
are shown in Figure 8. Except polymer Ia, all
other polymers Ib-Ie exhibited reversible oxi-
dation redox couples at E,,.; = 0.42-0.84 V and
Es = 0.52-0.93 V, respectively. As mentioned
above, 252" TPA-based polymer Ia also could be
oxidized to form an unstable cationic radical at
first scan, then dimerizes (couples) to form

100 4o —e— Air|
J —o—N
2
80
§ e0d : 58 %
= =
o e £
O £ E
= a0 ¢os :
4 E 0.6 §
20 - E 0.4 %
T 0.2 | g
0 - 100 125 150 175 225 250-0'7
Temperature (°C)
T T r T ¥ T T ’ T p T y
100 200 300 400 500 600 700 800

Temperature (°C)

Figure 7. TGA and TMA curves for Ia (TGA: at a scan rate of 20 °C/min; TMA:
heating rate = 10 °C/min; applied force = 10 mN).
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Table 4. Redox Potentials and Energy Levels of Polymers

2127

UV-Vis Absorption
of the Polymer
Films (nm)

Oxidation (V) (vs. Ag/AgCl)

Index Abs max Absonset First E, ¢ First E15 Second Eip  Eg” (eV) HOMOP (eV) LUMO® (eV)
Ia 312 355 0.90 1.06 - 3.49 5.16 1.67
Ib 313 358 0.84 0.93 - 3.46 5.10 1.64
Ic 308 360 0.76 0.86 - 3.44 5.02 1.58
Id 319 385 0.42 0.52 1.00 3.22 4.68 1.46
Ie 315 385 0.44 0.52 0.96 3.22 4.70 1.48

2The data were calculated by the equation: gap = 1240/, of polymer films.
®The HOMO energy levels were calculated from cyclic voltammetry and were referenced to ferrocene (4.8 V).

‘LUMO = HOMO-E,.

tetraphenylbenzidine (TPB). TPB formation dur-
ing oxidation of the polymer Ia was also proved
by spectroelectrochemistry using an optically
transparent thin-layer electrode (OTTLE) cell

—la 1stscan

la 2nd scan
------ Ib 1st scan
----lc 1stscan

—Id 1st scan
------ le 1st scan

Ll 1

14 12 10 08 06 04 02 00
Potential / V (v.s. Ag / AgClI)

Figure 8. Cyclic voltammograms of (a) polymer Ia-
Ic (b) polymer Id and Ie in CH,Cl, solution (103 M)
containing 0.1 M TBAP. Scan rate = 0.05 V/s.
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coupled with UV/Vis/NIR spectroscopy, and the
results are shown in Figure 9. The characteristic
peak of TPA at 310 nm decreased and three new
bands at 484, 686 and 1444 nm grew up. The new
bands at 484, and 1444 nm are corresponding to
the one-electron oxidation form of TPB".2® The
electron-donating substituent’s effect is also
clearly identified from the E,,. values by the
decreasing order Ic<Ib<Ia. The first electron re-
moval for polymer Id was assumed to occur at the
N atom on the pendent 4,4’-dimethoxydiphenyl-
amine groups, which was more electron-richer
than the N atom on the main chain TPA unit. For
polymer Ie, the first electron removal should
occur at either one of the N atoms due to the two
nitrogen sites have the same chemical condition.
Although polymers Id and Ie have different mo-
lecular geometries, their electrochemical proper-
ties do not notably different. This result is also
similar in our previous study.®® The energy of the
HOMO and LUMO levels of the investigated poly-
mer Ia-Ie could be determined from their oxida-
tion onset potentials and the onset absorption
wavelengths, and the results are tabulated in
Table 4.

Electrochromic Characteristics

Electrochromism of the polymer was conducted in
CH,Cl, solution (5 x 10~* M), and the electro-
chromic absorption spectra were also examined
by an OTTLE coupled with UV-vis spectroscopy at
different applied potentials. Figure 10 showed the
spectral changes for Ie at various electrode poten-
tials. After one-electron oxidation, the peak at
314 nm decreased gradually while new peaks at
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Figure 9. Electrochromic behavior of Ia in CHyCl,
solution (5 x 10™* M) containing 0.1 M TBAP. E pp1-
= 0.00 (W), 0.55 (@), 0.58 (A), 0.61 (¥), and 0.64 (&)
(V vs. Ag/AgCl).

420 and a very intense broad with peak at 992 nm
appeared due to the first stage oxidation. The
spectrum of Ie could be recovered when the
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Figure 10. Electrochromic behavior of Ie in CH,Cl,
solution (5 x 10~* M) containing 0.1 M TBAP. E, .
= 0.00 (W), 0.46 (@), 0.52 (A), 0.55 (V¥), 0.58 (@), 0.61
(%), 0.96 (), 0.99 (O), 1.02 (A), 1.05 (), and 1.08
(&) (V vs. Ag/AgCl).
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Figure 11. (a) Electrochromic behavior of Ie¢ in
CH,Cl, solution (5 x 10~* M). E,pp. = 0.00 (W), 0.74
(@), 0.77 (A), 0.80 (V¥), 0.83 (@), and 0.86 (%) (V vs.
Ag/AgCl). (b) Photochromism of Ic in CHCI3 solution
(10~* M) after UV irradiation (Excited 330 nm); irra-
diation time = 0 s (H), 200 s (@), 400 s (A), 600 s (V)
and 800 s ().

applied potential was stepped back to 0.00 V. The
reversibility was 98% based on the absorbance at
314 nm. When the potential was adjusted to more
positive values, it was corresponding to the second
electron oxidation. The characteristic peak at 992
nm for Ie™ decreased and new bands at 562 and
762 nm appeared. When the applied potential was
stepped back to 0.00 V, still 96% absorbance
remained at 314 nm, implying electron-donating
methoxy groups could effectively contribute to the
stability of corresponding dications.

Photochromic Characteristics

An interesting photochromic phenomenon was
observed when a freshly prepared CHCl; solution
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Figure 12. Photochromism and electorchromism of
Ic in CH,Cl; solution containing 0.1 M TBAP, and
hold at —1.0 V (V vs. Ag/AgCl) for 200 s (A), 600 s
(W), 1600 s (@), and 2500 s (¥%). [Color figure can be
viewed in the online issue, which is available at
www.interscience.wiley.com.].

of polymer Ic was irradiated by UV light. Figure
11(b) showed changes of the UV-vis spectra during
the photochemical reaction of Iec with CHCI;
under 330 nm UV irradiation, we find that origi-
nal peak at about 310 nm decreased with time,
while two new peaks around 487 and 698 nm
gradually increased which was in conformity to
the electrochromic behavior shown in Fig-
ure 11(a). After UV irradiation of Ic in CHyCl,
solution for 800 s, the spectrum of Ic could be
reversible by holding at —1.0 V for 2500 s as
showed in Figure 12.

To understand this photochromism, the struc-
turally related polymer (PMeOTPA)>! prepared
by oxidation coupling with FeCl; was also studied
for comparison. The photochromic phenomenon of
PMeOTPA is likely due to the reaction between
excited state of TPA moiety and the halogenated
solvent as known for aromatic compounds con-
taining the amino, hydroxy, and mercapto sub-
stituents in halogenated solvents.?” However the
color of PMeOTPA solution in chloroform was
only slightly changed to light yellow after UV irra-
diation as shown in Figure 13, and its UV-vis
spectrum was not similar with polymer Ic per-
haps due to the radical cation of TPA easily
decomposes after it is formed photochemically,
and was unavailable to produce stable TPA oxida-
tion form in the room temperature.?® Therefore,
the photochemical phenomenon of polymer Ic
appreciably not only involved TPA unit. Consider-
ing the methine group of polymer Ic, we believe
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the highly stable triphenylmethyl (or trityl) cation
formation during UV irradiation.®® The high sta-
bility of the trityl cation in polymer Ic may be con-
tributed to the extensive delocalization of the
charge onto the phenyl rings and TPA via reso-
nance as shown in Scheme 2. The halocarbon-sen-
sitized photooxidation mechanism of triphenyl-
methane have already be described.*>*! The new
absorption band at 698 nm of Ic¢ in Figure 11(b) is
another strong evidence that the methine protons
of TPA derivatives-benzaldehyde polymers could
be completely eliminated by UV light, which Sato
also reported the similar absorption result by the
reaction of polymer Ib with oxidant.*?

CONCLUSIONS

TPA and MOPD derivatives containing electron-
donating group could be easily polymerized with
benzaldehyde in the presence of p-toluenesulfonic
acid. Soluble polymers containing TPA units in
the main chain were successfully prepared with
molecular weight over 10* in high yields. In addi-
tion to the solubility and thin film formability,
high T, values and good thermal stability, poly-
mers e also showed excellent electrochromic sta-
bility with 98 and 96% reversibility at the first
and second oxidation state, respectively. Besides,
the photochemical reaction and photochromic
phenomenon of the resulted TPA-containing poly-
mers in chloroform solution under irradiation
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Figure 13. Photochromism of PMeOTPA in CHCl;
solution (10~* M) after UV irradiation (Excited 365
nm); irradiation time = 0 s (H), 100 s (@), 200 s (A),
400 s (V¥), 600 s (@), 800 s (¥%). [Color figure can be
viewed in the online issue, which is available at
www.interscience.wiley.com.].
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Scheme 2. The halocarbon-sensitized photooxidation mechanism of Iec.
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