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y fabricated electrochromic films
from 4-(N-carbazolyl)triphenylamine and its
dimethoxy derivative†

Sheng-Huei Hsiao* and Hui-Min Wang

A carbazolyl-substituted triphenylamine derivative, 4-(N-carbazolyl)triphenylamine (TPACz), was synthesized

and used to build a fluorescent and electrochromic polymeric film (PTPACz) on the ITO-glass surface by

electrochemical oxidative coupling reactions. The electrodeposited PTPACz film showed blue emission

(lmax ¼ 424 nm) and exhibited reversible electrochemical redox processes and stable color changes upon

electro-oxidation, which can be switched by potential modulation. The remarkable electrochromic

behavior of the film is clearly interpreted on the basis of spectroelectrochemical studies. A dimethoxy-

substituted derivative of TPACz, namely 4,40-dimethoxy-400-(N-carbazolyl)triphenylamine (MeOTPACz), was

also synthesized and characterized for a comparative study. Repetitive cyclic voltammetry scanning of

MeOTPACz in an electrolyte/acetonitrile solution resulted in an electroactive dimeric film of (MeOTPACz)2
on the electrode surface. Electrochromic devices using PTPACz or (MeOTPACz)2 as an active layer were

also fabricated as preliminary investigations for electrochromic applications.
Introduction

Electrochromism is the phenomenon displayed by an electro-
active species that changes color reversibly in response to an
applied electrical charge.1 A vast number of electrochromic
materials have been studied, and transition metal oxides,2

molecular dyes,3 and p-conjugated polymers4 are the most
frequently investigated components. Some organic–inorganic
coordination polymers have also received great interest for elec-
trochromic applications.5 In general, p-conjugated polymers
show several advantages over the other types of electrochromics,
such as high coloration efficiency, rapid switching speeds, high
optical contrasts, ease of processing, and the possibility to tune
the properties through chemical modication.6 Potential appli-
cations of electrochromic materials include optical switching
devices, electrochromic displays, sunglasses, antiglare rear-view
mirrors, smart windows for cars or buildings, data storage,
electronic papers and adaptive camouage.7 Recent high-prole
commercialization of electrochromics includes the Boeing 787
Dreamliner windows manufactured by Gentex.8

Carbazole and triarylamine derivatives and polymers are well-
known for their electroactive and photoactive properties that may
nd optoelectronic applications in electrophotography, electro-
luminescent diodes, eld-effect transistors, solar cells, memory
devices, and electrochromic or electrouorochromic devices.9–14
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During the past decade, Liou's group has carried out extensive
studies on the design and synthesis of triarylamine-based high-
performance polymers such as aromatic polyamides and poly-
imides for potential electrochromic and memory applica-
tions.15,16 In general, these polymers exhibit good solubility to
organic solvents due to the introduction of bulky, packing-
disruptive triarylamine moieties. Therefore, the polymeric
layers used in the devices can be easily prepared by simple spin-
coating or drop-casting methods. As a class of excellent electro-
chromic and memory materials, these polymers have various
useful properties such as easily forming relatively stable polarons
(radical cations), high carrier mobility, high thermal stability,
and good mechanical properties. Recently, we have reported that
aromatic polyamides and polyimides containing 4-(N-carbazolyl)
triphenylamine (TPACz) segments show attractive electro-
chemical and electrochromic properties, and incorporating
sterically hindered tert-butyl or electron-donating methoxy
groups at the electrochemically active C-3 and C-6 sites of the
carbazole unit leads to a greatly enhanced redox and electro-
chromic stability of the polymers upon electro-oxidation.17 In
addition to visible absorption, the polarons of these TPACz-based
polymers also show strong absorption in near-infrared (NIR)
region due to the intervalence-charge transfer (IV-CT) between
the TPA and carbazole redox centers.18,19 Thus, the reported
TPACz-containing polymers could be candidates for the appli-
cations in organic visible/NIR electrochromic devices.

As reported in the pioneering works by Nelson and Adams
et al., unsubstituted triphenylamine (TPA) undergoes dimeriza-
tion (coupling) to tetraphenylbenzidine (TPB) aer the formation
of an unstable monocation radical.20 This is accompanied by the
This journal is © The Royal Society of Chemistry 2016
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loss of two protons per dimer and the dimer is more easily
oxidized than TPA and also can undergo further oxidations in two
discrete one-electron steps to give TPB+c monocation and nally
the quinoidal TPB2+. Quantitative data have been obtained for
several 4-substituted TPAs in the form of second-order coupling
rate constants, and it was generally found that electron-donating
substituents such asmethoxy group tended to stabilize the cation
radicals while the electron-withdrawing groups like nitro group
had the opposite effect. On the other hand, the electrochemical
oxidation of carbazole and N-substituted derivatives was rst
studied by Ambrose and Nelson.21a They further studied
systematically 76 ring-substituted carbazoles about their
substituent effects using electrochemical and spectroscopic
techniques.21b For the N-phenylcarbazoles (NPCs) with both the 3
and 6 carbazole ring positions unprotected, these compounds
underwent an initial one-electron oxidation to generate a very
reactive cation radical; two of these then coupled at the 3 posi-
tions to yield a N,N0-diphenyl-3,30-bicarbazyl. This species is then
oxidizedmore easily than the corresponding carbazole to a stable
dication. The basic difference between TPAs and NPCs is that the
carbazoles are planar across two benzene rings while the TPAs
have all three rings at angles to each other. Due to the planarity of
the carbazole system and the attendant high electron density at
the reactive sites, the coupling rate of NPCs has been found to be
much faster than for the TPAs. The TPA or carbazole electro-
chemically oxidative dimerization reaction has been employed
efficiently to fabricate electroactive polymer lms with potential
applications in electronic and optoelectronic devices.22

Electrochromic devices have been extensively prepared using
solution processable electroactive polymers.23 This is in part
because accurate assessment of optical and electrochemical
polymer properties rely on solution based techniques. Electro-
chromic devices also could be assembled using electrochromic
polymers electro-deposited on ITO glass electrodes.24 Electro-
chemical polymerization provides the unique advantage to
combine both synthesis and direct fabrication of electroactive
polymer lms on the electrode surface. This procedure signi-
cantly shortens the experimental time and avoids the solubility
issues oen encountered with conventional chemical methods,
thus enlarging the scope of candidate polymers for electro-
chromic applications. As a continuation of our recent efforts in
developing electrochromic materials by electrochemical
synthesis, herein we study the electrochemical polymerization
of a novel simple monomer TPACz and the electrochemical,
electro-optical, and electrochromic properties of its electro-
deposited polymer lms (PTPACz) on ITO-glass substrate. For
a comparative study, an analogous derivative MeOTPACz with
methoxy groups substituted on the active sites of the TPA unit
was also synthesized, and its electrochemical behavior was
investigated. Oxidative coupling reactions between MeOTPACz
molecules only produced a dimer (MeOTPACz)2. This work
provides a model to design TPACz derivatives capable to form
electrochemically active polymers with potential applications in
electronic and optoelectronic devices. Single layer electro-
chromic devices based on PTPACz and (MeOTPACz)2 are also
constructed and characterized. These devices show good elec-
trochromic stability and high optical contrast ratios.
This journal is © The Royal Society of Chemistry 2016
Experimental
Materials

According to the reported procedure,15b N-(4-aminophenyl)
carbazole was prepared by the cesium uoride-mediated
aromatic nucleophilic substitution reaction of 4-uoroni-
trobenzene with carbazole followed by Pd/C-catalyzed hydrazine
reduction in reuxing ethanol. Iodobenzene (TCI), 4-iodoanisole
(ACROS), copper powder (ACROS), potassium carbonate (K2CO3,
SHOWA), triethylene glycol dimethyl ether (TEGDME, ACROS),
iron(III) chloride (ACROS), nitrobenzene (ACROS), chloroform
(TEDIA) and tetrahydrofuran (THF, TEDIA) were used without
further purication. All electrochemical and spectroelec-
trochemical studies were performed using acetonitrile (ACN,
Tedia) solutions containing tetrabutylammonium perchlorate
(TBAP, TCI) as the supporting electrolyte. TBAP was recrystallized
twice from ethyl acetate under nitrogen atmosphere and then
dried in vacuo before use. Acetonitrile was dried over calcium
hydride for 24 h, distilled under reduced pressure, and stored
over 4 Å molecular sieves in a sealed bottle. All other reagents
were used as received from commercial sources.

Monomer synthesis

4-(N-Carbazolyl)triphenylamine (TPACz). A mixture of N-(4-
aminophenyl)carbazole (8.5 g, 33 mmol), iodobenzene (16.3 g,
80 mmol), copper powder (5.1 g, 80 mmol), potassium
carbonate (22.1 g, 160 mmol), and TEGDME (30 mL) was stirred
under nitrogen atmosphere at 180 �C for 24 h. The brown
precipitate was collected by ltration and washed thoroughly by
water. The crude product was ltered and recrystallized from
acetonitrile to afford 8.3 g (61% in yield) of brown crystals with
anmp of 172–174 �C (by DSC at a heating rate of 2 �Cmin�1). 1H
NMR (500 MHz, CDCl3, d, ppm): 7.14 (t, J ¼ 7.5 Hz, 2H, Hi), 7.27
(d, J¼ 7.5 Hz, 4H, Hg), 7.31 (d, J¼ 8.8 Hz, 2H, Hf), 7.33 (t, J¼ 7.5
Hz, 2H, Hb), 7.37 (t, J ¼ 7.5 Hz, 4H, Hh), 7.44 (d, J ¼ 9.5 Hz, 2H,
He), 7.47 (t, J ¼ 7.5 Hz, 2H, Hc), 7.50 (d, J ¼ 7.5 Hz, 2H, Hd).

13C
NMR (125 MHz, CDCl3, d, ppm): 109.8 (C5), 119.7 (C3), 120.2
(C2), 123.2 (C1), 123.5 (C14), 124.0 (C9), 124.7 (C12), 125.8 (C4),
127.8 (C8), 129.4 (C13), 131.4 (C7), 141.1 (C6), 147.1 (C10), 147.5
(C11). Crystal data: pale brown crystal grown during the slow
crystallization in acetonitrile, 0.40 � 0.34 � 0.14 mm, mono-
clinic C2/c with a ¼ 27.8714(16), b ¼ 9.7479(5), c ¼ 19.7603(9) Å;
a ¼ 90�, b ¼ 126.516(3)�, g ¼ 90�, where density of crystal Dc ¼
1.264 Mg m�3 for Z ¼ 8 and V ¼ 4314.7(4) Å3. The molecular
structure of TPACz by single crystal X-ray analysis is shown in
Fig. 1.
RSC Adv., 2016, 6, 43470–43479 | 43471
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Fig. 1 Molecular structures of TPACz and MeOTPACz by single crystal X-ray analysis.
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4,40-Dimethoxy-400-(N-carbazolyl)triphenylamine (MeOT-
PACz). Amixture of N-(4-aminophenyl)carbazole (8.5 g, 33 mmol),
4-iodoanisole (18.7 g, 80 mmol), copper powder (5.1 g, 80 mmol),
potassium carbonate (22.1 g, 160 mmol), and TEGDME (30 mL)
was stirred under nitrogen atmosphere at 180 �C for 24 h. The
brown precipitate was collected by ltration and washed thor-
oughly by water. The crude product was ltered and recrystallized
from acetonitrile to afford 8.5 g (55% in yield) of brown crystals
with anmp of 126–127 �C (by DSC at a heating rate of 2 �Cmin�1).
1H NMR (500 MHz, CDCl3, d, ppm): 3.84 (s, 6H, –OCH3), 6.92 (d, J
¼ 8.8 Hz, 4H, Hh), 7.12 (d, J ¼ 8.7 Hz, 2H, Hf), 7.20 (d, J ¼ 8.8 Hz,
4H, Hg), 7.30 (m, 2H, Hb), 7.33 (d, J¼ 8.7 Hz, 2H, He), 7.43 (m, 4H,
Hc +Hd), 8.16 (d, J¼ 7.7 Hz, 2H, Ha).

13C NMR (125MHz, CDCl3, d,
ppm): 55.49 (–OCH3), 109.84 (C5), 114.87 (C13), 119.53 (C3), 120.19
(C2), 120.58 (C9), 123.08 (C1), 125.74 (C4), 126.96 (C12), 127.72 (C8),
129.39 (C7), 140.62 (C11), 141.26 (C6), 148.14 (C10), 156.22 (C14).
Crystal data: pale brown crystal grown during the slow crystalli-
zation in acetonitrile, 0.44 � 0.24 � 0.14 mm, monoclinic C2/c
with a ¼ 9.2535(2), b ¼ 13.8327(3), c ¼ 19.4070(5) Å; a ¼ 90�, b ¼
90�, g¼ 90�, where density of crystal Dc ¼ 1.258 Mgm�3 for Z¼ 4
and V¼ 2484.03(10) Å3. The molecular structure ofMeOTPACz by
single crystal X-ray analysis is shown in Fig. 1.
43472 | RSC Adv., 2016, 6, 43470–43479
Electrochemical polymerization/dimerization

Electrochemical polymerization or dimerization was performed
with a CH Instruments 750A electrochemical analyzer. The
polymers were synthesized from 1.0 � 10�3 M TPACz or
MeOTPACz in 0.1 M TBAP/ACN solution via cyclic voltammetry
repetitive cycling at a scan rate of 150 mV s�1 during ten cycles.
The polymer was deposited onto the surface of the working
electrode (platinum disc or ITO/glass surface, polymer lms
area about 0.8 cm � 1.25 cm), and the lm was rinsed with
plenty of acetone for the removal of inorganic salts and other
organic impurities formed during the process.

Fabrication of electrochromic devices (ECDs)

The PTPACz polymer and (MeOTPACz)2 dimer lms were elec-
trodeposited on the ITO-coated glass substrate by the electro-
chemical oxidative coupling method described above. A gel
electrolyte based on PMMA (Mw: 120 000) and LiClO4 was
plasticized with propylene carbonate to form a highly trans-
parent and conductive gel. PMMA (1 g) was dissolved in dry ACN
(4 mL), and LiClO4 (0.1 g) was added to the polymer solution as
supporting electrolyte. Then propylene carbonate (1.5 g) was
added as plasticizer. The mixture was then gently heated until
gelation. The gel electrolyte was spread on the polymer-coated
side of the electrode, and the electrodes were sandwiched.
Finally, an epoxy resin was used to seal the device.

Instrumentation

Infrared (IR) spectra were recorded on a Horiba FT-720 FT-IR
spectrometer. 1H and 13C NMR spectra were measured on
a Bruker Avance 500 FT-NMR system with tetramethylsilane as
This journal is © The Royal Society of Chemistry 2016
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an internal standard. X-ray single crystal diffraction experiment
was carried out on a Norius Kappa CCD four-circle diffractom-
eter equipped with graphite-monochromated Mo-Ka radiation.
The structure was solved by direct methods using SHELXL-97
soware. Ultraviolet-visible (UV-vis) spectra of the polymer
lms were recorded on an Agilent 8453 UV-visible spectrometer.
The absorption spectra of monomers and polymers were
recorded in CH2Cl2 or as electrodeposited thin lms on ITO/
glass substrate. The optical band gaps (Eg) of monomers and
polymers were calculated from their absorption edges. Photo-
luminescence (PL) spectra were measured with a Varian Cary
Eclipse uorescence spectrophotometer. Fluorescence
quantum yields (FF) of the samples in different solvent were
measured by using quinine sulfate in 1 N H2SO4 as a reference
standard (FF ¼ 54.6%). Electrochemistry was performed with
a CHI 750A electrochemical analyzer. Cyclic voltammetry was
conducted with the use of a three-electrode cell in which ITO
(polymer lms area about 0.8 cm � 1.25 cm) was used as
a working electrode. A platinum wire was used as an auxiliary
electrode. All cell potentials were taken with the use of a ALS RE-
1B (Ag/AgCl, 3 M NaCl) reference electrode. Ferrocene was used
as an external reference for calibration (+0.48 V vs. Ag/AgCl).
Spectroelectrochemical experiments were carried out in a cell
built from a commercial UV-visible cuvette using an Agilent
8453 UV-visible diode array spectrophotometer. The cell was
composed of a 1 cm cuvette, ITO as a working electrode,
a platinum wire as an auxiliary electrode, and a Ag/AgCl refer-
ence electrode. Photographs of the polymer lms were taken by
using a Ricoh R7 digital camera.
Results and discussion
Monomer synthesis

The synthetic route of monomers is outlined in Scheme 1.
TPACz andMeOTPACz were prepared by Ullmann reaction from
Scheme 1 Synthetic route to monomers TPACz and MeOTPACz.

This journal is © The Royal Society of Chemistry 2016
N-(4-aminophenyl)carbazole with iodobenzene and 4-iodoani-
sole, respectively. IR, NMR spectroscopic techniques and X-ray
crystal analysis were used to conrm the structures of the ob-
tained monomers. IR spectra of TPACz and MeOTPACz are
included in ESI Fig. S1.† The methoxy groups of MeOTPACz
present characteristic absorption (–OCH3, sp

3 C–H stretching)
in the range 2837–2950 cm�1. No absorption bands due to the
NH2 stretching of N-(4-aminophenyl)carbazole around 3200–
3400 cm�1 can be observed in Fig. S1.† The 1H and 13C NMR
spectra of TPACz and MeOTPACz are illustrated in ESI Fig. S2
and S3,† respectively. Assignments of each proton and carbon
were assisted by the two dimensional H–H COSY and C–H
HMQC spectra given in ESI Fig. S4 and S5,† and the results
agreed well with the proposed molecular structures of TPACz
and MeOTPACz. The molecular structures of TPACz and
MeOTPACz were also conrmed by single-crystal X-ray acquired
from the single crystal obtained by slow crystallization of an
acetonitrile solution, and the bond length and angle data are
summarized in ESI Table S1.† As shown in Fig. 1, TPACz and
MeOTPACz display a coplanar structure of the carbazolyl unit
and a propeller-shaped conformation of the triphenylamine
core.
Electrochemical oxidative coupling

The electrochemical oxidative coupling reactions of monomers
were carried out on the ITO glass slides in 0.1 M TBAP/ACN
solution containing 1.0 � 10�3 M TPACz or MeOTPACz via
repetitive cycling at a potential scan rate of 150 mV s�1. Fig. 2(a)
displays the successive cyclic voltammograms (CV) of the TPACz
solution between 0 and 1.8 V. In the rst anodic half-cycle, two
peaks are observed at Epa ¼ 1.07 and 1.55 V, which are attrib-
uted to the oxidation of TPA and carbazole unit, respectively,
resulting in formation of oligomers/polymer in the vicinity of
electrode surface. In the reverse scan, two peaks are detected at
RSC Adv., 2016, 6, 43470–43479 | 43473
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Fig. 2 CV diagrams of the electrodeposition of (a) TPACz and (b)
MeOTPACz on ITO-glass, using 1.0 � 10�3 M monomer solutions in
0.1 M TBAP/ACN solution at 150 mV s�1 during 10 cycles.
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Epc ¼ 0.84 and 1.23 V, which correspond to reduction of lm
deposited in the preceding anodic scan. In the second and
subsequent voltammetric cycles, the anodic peaks gradually
shied to higher potentials and the cathodic peaks shied to
lower potentials with the increasing intensity of the peaks. At
the end of CV scan, a visible polymer lm was robustly depos-
ited on the working electrode surface. Aer being immersed in
water for a certain period of time, a free-standing polymer lm
could be detached from the ITO-glass surface. The electro-
deposited lm of monomer TPACz (coded with PTPACz) is
proposed to possess a crosslinked polymer structure formed by
the possible TPA–TPA, carbazole–carbazole, and TPA–carbazole
coupling reactions. The electrochemical property ofMeOTPACz
is completely different [Fig. 2(b)]. It is possible to identify three
anodic peaks at Epa ¼ 0.88, 1.35 and 1.63 V and three cathodic
peaks at Epc ¼ 0.55, 1.07 and 1.27 V in the rst CV scan. As the
CV scan continued, no signicant increase in intensity of these
peaks was observed and no polymer lm grew up on the elec-
trode surface. The rst oxidation process of MeOTPACz
occurred at a lower applied voltage than that of TPACz because
of the electron-donating methoxy groups substituted at the 4,40-
positions of the TPA unit. The subsequent second and third
anodic peaks indicate that the carbazole radical cations were
43474 | RSC Adv., 2016, 6, 43470–43479
involved in very fast electrochemical reactions that produced an
MeOTPACz dimer [(MeOTPACz)2] via the ring–ring coupling
reaction between the carbazole units (Scheme 2). The dimer
seemed to be the major product during the oxidation process of
MeOTPACz, due to the high stability of the oxidized states
(bicarbazylium cations).
Optical and electrochemical properties

Because the polymer lm of PTPACz prepared by the electro-
chemical polymerization is insoluble in organic solvents, we
prepared some of the PTPACz sample via the chemical oxidative
polymerization of PTPACz using FeCl3 in nitrobenzene (see
ESI†). Fig. S6† shows the absorption and emission proles of
the monomers and polymers, together with their PL images on
exposure to an UV light in both solution and solid states. The
relevant absorption and PL data are collected in Table 1. These
compounds and their derived polymers exhibited strong UV-vis
absorption bands at 289–347 nm in CH2Cl2 solutions, assign-
able to the p–p* and n–p* transitions of the carbazole and
triphenylamine moieties in the monomer or polymer backbone.
The solid state emission spectrum was similar to that recorded
from the CH2Cl2 solution. Although the solid-state emission of
PTPACz was found to be slightly red shied (ca. 13 nm) from
that in solution, the emission remained in the blue region. This
polymer in dilute CH2Cl2 solution exhibited a maximum blue
PL emission at 417 nm with PL quantum yield of 28.7%. The
red-shi of PL maxima of polymer PTPACz means an extended
conjugation length in comparison with the monomer TPACz.

The UV-vis absorption spectra of monomers TPACz and
polymer PTPACz both in CH2Cl2 and the polymer lms PTPACz
in solid state on an ITO electrode are shown in Fig. S7.† The UV-
vis spectrum of TPACz exhibits two main absorption peaks at
about 294 and 305 nm. Due to having extended p conjugation
over the polymer backbone, a new broad band was observed at
about 347 nm in the polymer. The red-shi and broadening of
the absorption prole of the polymer lm could be attributed to
the aggregation of the polymer chains, resulting in a different
energy level distribution and enhanced interchain p–p inter-
actions in the solid state. The optical band gap values of PTPACz
calculated from maximum absorption band edge of solid state
was found to be 2.81 eV.

The electrochemical behavior of the electrodeposited poly-
mer and dimer lms was investigated by CV in a monomer-free
TBAP/ACN solution. The quantitative details are summarized in
Table 1. As shown in Fig. 3, the CV diagram of PTPACz reveals
two reversible oxidation redox couples at half-wave potentials
(E1/2) of 0.88 V and 1.47 V. The rst anodic peak has been
assigned to the one-electron oxidation of the triphenylamine
units into the radical cation. When higher potentials are
reached, dicationic forms might be obtained in the polymer.
The CV curve of dimer (MeOTPACz)2 is essentially identical to
that shown in Fig. 2(b). According to the order of oxidation
peaks of polymer PTPACz and dimer (MeOTPACz)2, we propose
a possible sequence of reaction under electrochemical oxida-
tion which is shown in ESI Scheme S1.† The HOMO (highest
occupied molecular orbital) energy levels of the investigated
This journal is © The Royal Society of Chemistry 2016
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Scheme 2 Synthetic route of polymer PTPACz and dimer (MeOTPACz)2.

Table 1 Optical and electrochemical properties of monomers, dimer and polymer

Index

In solution As solid lmd Oxidation potential Energy levels

lmax
absa

(nm)
lmax

PLb

(nm)
FPL

c

(%)
lmax

abs

(nm)
lonset

abs

(nm)
lmax

PL

(nm)
EOx11/2

(V)
EOx21/2

(V)
EOx31/2

(V)
Eg

f

(eV)
HOMOg

(ev)
LUMOh

(ev)

TPACz 294, 305 392 4.5 298, 311 364 — 0.96 1.42 — 3.41 5.31 1.91
PTPACz 294, 347 417 28.7 298, 360 441 424 0.88 1.47 — 2.81 5.24 2.17
MeOTPACz 294 395 3.1 298, 310 375 — 0.71 1.30e — 3.30 5.07 1.77
(MeOTPACz)2 294 408 2.2 298, 310 390 — 0.71 1.20 1.46 3.18 5.07 1.89

a Measured in dilute solutions in CH2Cl2 at a concentration of about 1 � 10�5 mol L�1. b Excited at the absorption maximum. c The uorescent
quantum yield was calculated in an integrating sphere with quinine sulfate as the standard (FPL ¼ 54.6%). d Drop-coated from CH2Cl2 solution.
e Irreversible peak potential (Epa).

f Optical band gap obtained from Eg ¼ 1240/ledge.
g The HOMO energy levels were calculated from E1/2 and

were referenced to ferrocene (4.8 eV). h LUMO ¼ HOMO � Eg.
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monomers, dimer and polymer were calculated from the half-
wave potentials of the rst oxidation wave (EOx11/2 ) and by
comparison with ferrocene (4.8 eV). These data together with
absorption spectra were then used to obtain the LUMO (lowest
unoccupied molecular orbital) energy levels (Table 1).

Spectroelectrochemical and electrochromic properties

Spectroelectrochemistry were performed on the electro-
deposited polymeric and dimeric lms on ITO glass to clarify
their electronic structures and optical behaviors upon oxida-
tion. The result of polymer PTPACz lm is presented in Fig. 4(a)
as the UV-vis-NIR absorbance curves correlated to electrode
potentials. In the neutral form, at 0 V, PTPACz exhibited strong
This journal is © The Royal Society of Chemistry 2016
absorption at wavelength around 306 nm, characteristic for p–
p* transitions, but it was almost transparent in the visible and
near infrared (NIR) regions. Upon oxidation of the PTPACz lm
(increasing applied voltage from 0 to 1.00 V), the absorption
peak at 465 nm and a broadband from 800 nm extended to 1100
nm in the NIR region grew up. Since the potentials examined
are similar to the rst anodic process, the spectral changes are
assigned to the radical cation (polaron) formation arising from
the oxidation of the TPA unit. The absorption band in the NIR
region may be attributed to an intervalence charge transfer
(IVCT) between states in which the positive charge is centered at
different amino centers (TPA and carbazole). The IVCT
phenomenon of the family of triarylamines has been reported
RSC Adv., 2016, 6, 43470–43479 | 43475
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Fig. 3 Cyclic voltammograms of PTPACz and the (MeOTPACz)2 dimer
in monomer-free 0.1 M TBAP/ACN solution at scan rate 50 mV s�1.
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in literature.18,19 Upon further oxidation at applied voltages to
1.8 V, the dication (bipolaron) band at 740 nm formed.
Concurrently, the absorption peak at 465 nm decreased in
Fig. 4 Spectroelectrograms of (a) PTPACz and (b) (MeOTPACz)2 films
on ITO-glass substrate in 0.1 M TBAP/ACN solution at applied
potentials between 0 and +1.8 V.

43476 | RSC Adv., 2016, 6, 43470–43479
intensity during this process. The observed electronic absorp-
tion changes in the lm of PTPACz at various potentials are fully
reversible and are associated with strong color changes; indeed,
they even can be seen readily by the naked eye. As shown in
Fig. 4(a) inset, it can be seen that the lm of PTPACz switches
from a transmissive neutral state (nearly colorless) to a highly
absorbing semi-oxidized state (pale yellow or yellowish green)
and a fully oxidized state (blue). In Fig. 4(b) are depicted the
spectral changes of (MeOTPACz)2 during the oxidation in 0.1 M
TBAP/ACN. The dimeric lm showed strong absorption at
around 310 nm in the neutral form (0 V). Upon oxidation
(increasing applied voltage from 0 to 1.0 V), a new absorption
shoulder at 390 and a peak at 724 nm appeared due to the
formation of a stable monocation radical of the dimethoxy-
substituted TPA unit. Upon further oxidation at applied volt-
ages to 1.8 V, the absorption band at 724 nm increased gradu-
ally and a new broad band centered at around 520 nm appeared.
The dimer (MeOTPACz)2 changed color from a colorless neutral
state to light green semi-oxidized states and then to russet at the
fully oxidized state.

Electrochromic switching studies for PTPACz were per-
formed tomonitor the percent transmittance changes (D% T) as
a function of time at their absorption maximum (lmax) and to
determine the response time by stepping potential repeatedly
between the neutral and oxidized states. The active area of the
polymer lm on ITO glass is about 1 cm2. Fig. 5 depicts the
optical transmittance as a function of time at 740 nm by
applying square-wave potential steps of 14 s between 0 and 1.4 V
for the rst 10 cycles. The polymer lm still retained reasonable
electroactivity aer hundreds of cycles. The response time was
calculated at 90% of the full-transmittance change because it is
difficult to perceive any further color change with naked eye
beyond this point. The polymer PTPACz exhibited DT% up to
68% at 740 nm for blue coloring and required 4.4 s for the
Fig. 5 (a) Electrical current response and (b) transmittance change as
a function of time for the deposited film of PTPACz on the ITO-coated
glass slide (active area about 1 cm2) in 0.1 M TBAP/ACN by applying
a potential step between 0.0 and 1.4 V (versus Ag/AgCl).

This journal is © The Royal Society of Chemistry 2016
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Fig. 6 (a) Pictures of sandwich-type ITO-coated glass electrochromic
device, using PTPACz as active layer. (b) Schematic illustration of the
assembled ECD.

Fig. 7 (a) Photos of sandwich-type ITO-coated glass electrochromic
device, using (MeOTPACz)2 as active layer. (b) Schematic illustration of
the assembled ECD.
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coloring process and 1.3 s for the bleaching process. The elec-
trochromic coloring efficiency (CE) of blue coloring (h ¼
DOD750/Q) of the PTPACz lm was calculated to be 158 cm2 C�1.
Electrochromic devices

Finally, we fabricated the single layer electrochromic cells as
preliminary investigation for their electrochromic applications.
The polymeric and dimeric lms were electrodeposited onto
ITO-coated glass, thoroughly rinsed, and then dried. Aer-
wards, the gel electrolyte was spread on the polymer-coated side
of the electrode and the electrodes were sandwiched. To prevent
leakage, an epoxy resin was applied to seal the device. Fig. 6
shows the pictures and schematic illustration of the assembled
electrochromic device (ECD) using the PTPACz lm as electro-
active layer. When the voltage was applied (from 0.0 to 1.8 V, 2.0
This journal is © The Royal Society of Chemistry 2016
V and 2.4 V, respectively), the color changed to yellow, green,
and deep blue, respectively, the same as those were already
observed in the spectroelectrochemical experiments. The ECD
based on dimer (MeOTPACz)2 was also fabricated as shown in
Fig. 7. The device exhibited a russet-pink color while
(MeOTPACz)2 is in the oxidized state. When the potential was
subsequently set back at 0.0 V, the polymer and dimer lm
turned slowly back to original color.

Conclusions

Two carbazole and triphenylamine-containing monomers
TPACz and MeOTPACz were readily synthesized from the Ull-
mann reaction of N-(4-aminophenyl)carbazole with iodo-
benzene and 4-iodoanisole, respectively. Redox-active and
electrochromic polymer lm could be robustly deposited on the
electrode surface in an electrolyte solution by the electro-
chemical polymerization of TPACz via the arylamine oxidative
coupling reactions. However, MeOTPACz formed a dimer lm
during the CV scanning because the active sites of its TPA unit
are blocked with methoxy groups. Both lms revealed good
electrochemical stability and multi-electrochromic behavior,
exhibiting pale yellow, yellowish green, blue, or russet colors,
according to their oxidation state. The synthesized TPACz
derivatives are promising materials for visible/NIR electro-
chromic devices because they could be easily prepared from
cheap starting materials and could be facilely fabricated into
electrochromic lms via electrochemical polymerization.
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