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ABSTRACT: Two ester derivatives featuring anthraquinone as an
interior core and terminal electroactive triphenylamine or carbazole groups were prepared by the condensation of 2,6-dihydroxyanthraquinone with 4-(diphenylamino)benzoyl chloride
and 4-(9H-carbazol-9-yl)benzoyl chloride, respectively. The electrochemistry and electropolymerization of these monomers
were investigated. The polymeric films were built onto ITO/
glass surface by repetitive cyclic voltammetry scanning of the
monomer solutions containing an electrolyte. The electrogenerated polymer films exhibited reversible electrochemical processes and strong color changes upon electro-oxidation or

electro-reduction, which can be switched by potential modulation. The remarkable electrochromic behavior of the film was
clearly interpreted on the basis of spectroelectrochemical studies, and the electrochromic stability was evaluated by the elecC 2015 Wiley Periodicals, Inc. J.
trochromic switching studies. V
Polym. Sci., Part A: Polym. Chem. 2016, 54, 644–655

INTRODUCTION Electrochromism is defined as a reversible
spectroelectrochemical absorbance/transmittance and color
change resulting from the electrochemical oxidation or
reduction of the material in response to an externally
applied potential.1 This interesting property led to the development of many technological applications such as smart
windows,2 electrochromic displays,3 optical switching
devices,4 camouflage materials,5 sensors,6 memory elements,7 and antiglare rear-view mirrors.8 Examples of commercially available electrochromic technology includes the
Boeing 787 Dreamliner where the manually operated window blinds has been substituted by electrochromic technology allowing the passengers to block out sunlight by the
push a button.9 The most studied electrochromic materials
including transition metal oxides,10 inorganic coordination
complexes,11 small organic molecules,12 and conjugated polymers.13 In recent years, conjugated polymers have been a
popular choice for electrochromic materials because they
combine several advantages such as fast response times,
high optical contrast ratios, long-term redox stability, color
tunability through structural control as well as mechanical
deformability.14 Over the past decades, much work has been
focused on the design and synthesis of new electrochromic
polymers.15 In the last decade, a new family of electrochromic materials based on condensation-type, high performance

polymers, typically aromatic polyamides and polyimides, containing an electroactive triarylamine moiety have been developed by Liou’s and our groups.16,17
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As reported in the pioneering works by Nelson and Adams
et al., unsubstituted triphenylamine (TPA) undergoes dimerization (coupling) to tetraphenylbenzidine (TPB) after the formation of a monocation radical.18 This is accompanied by
the 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 TPB1• monocation and finally the quinoidal TPB12. 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 as
methoxy 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 first
studied by Ambrose and Nelson.19(a)They further studied
systematically 76 ring-substituted carbazoles about their
substituent effects using electrochemical and spectroscopic
techniques.19(b) 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

Additional Supporting Information may be found in the online version of this article.
C 2015 Wiley Periodicals, Inc.
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SCHEME 1 Synthetic route to compounds AQ(TPA)2, AQ(Cz)2, M1 and M2.

at the 3 positions to yield a N,N0 -diphenyl-3,30 -bicarbazyl.
This species is then oxidized more 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 electrochemically oxidative dimerization reaction has been
employed efficiently to fabricate electroactive polymer films
with potential applications in electronic and optoelectronic
devices.20,21
Anthraquinone (AQ) derivatives and polymers have been
reported to be candidates as redox-active and near-infrared
(NIR) electrochromic materials because they exhibit intense
NIR absorptions when the AQ units are electrochemically
reduced to a radical anionic state or a dianionic state.22
While the electropolymerization of triphenylamine or carbazole derivatives has been extensively investigated, there is
no report on the electrosynthesis and electrochromic properties of electroactive polymers from bipolar monomers containing both anthraquinone (AQ) and triphenylamine (TPA)
or carbazole (Cz) segments. In this study, two ester derivatives featuring AQ as an interior core and terminal electroactive TPA or Cz groups were prepared, and their
electrochemistry and electropolymerization were investigated. The electrochromic properties of the electrogenerated

films were evaluated by the spectroelectrochemical and electrochromic switching studies.
EXPERIMENTAL

Materials
4-(Diphenylamino)benzoyl chloride (2) and 4-(9H-carbazol9-yl)benzoyl chloride (3) and their tert-butyl substituted
derivatives 20 and 30 could be easily prepared on the basis of
a well-known chemistry. The synthetic scheme is shown in
Supporting Information Scheme S1. Model compounds M1
and M2 were prepared from the esterification reactions
between 2,6-dihydroxyanthraquinone (1) with 4-(di(4-tertbutylphenyl)amino)benzoyl chloride (20 ) and 4-(3,6-di-tertrespectively
butylcarbazol-9-yl)benzoyl
chloride
(30 ),
(Scheme 1). Model compound M3 (Scheme 2) was synthesized from the esterification of 2-hydroxyanthraquinone and
4-(9H-carbazol-9-yl)benzoyl chloride (3). The synthetic
details and characterization data of these model compounds
are included in the Supporting Information. Supporting Information Figure S1 illustrates FT-IR spectra of all the model
compounds. The IR spectra of model compounds M1–M3
give characteristic ester and keto C@O absorption bands at
around 1725–1737 cm21 and 1666–1685 cm21, respectively.
Model compounds M1 and M2 showed additional aliphatic
CAH stretching absorptions at 2958 and 2954 cm21, respectively, due to the presence of t-butyl groups. The 1H NMR
and 2-D COSY spectrum of model compounds M3 are illustrated in Supporting Information Figure S2. Full assignments

SCHEME 2 Synthetic route to model compound M3.
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of all peaks can be done with the aid of two-dimensional
(2D) COSY NMR spectra.
Monomer Synthesis
2,6-Bis[4-(Diphenylamino)Benzoyloxy]Anthraquinone
AQ(TPA)2
A mixture of 2,6-dihydroxyanthraquinone (2.4 g, 0.01 mol),
4-(diphenylamino)benzoyl chloride (6.17 g, 0.02 mol) and
triethylamine (2.02 g, 0.02 mol) in DMAc (50 mL) was
stirred at room temperature for 24 h. The mixture was
poured into 200 mL of methanol, and the precipitated product was collected by filtration and then recrystallized from
DMAc to give 6.18 g (79% in yield) of red crystals with a
melting point of 271–273 8C (by DSC at a heating rate of 10
8C/min) (Supporting Information Fig. S3). IR (KBr):
1727 cm21 (ester C@O stretch), 1672 cm21 (keto C@O
stretch). 1H NMR (500 MHz, DMSO-d6, d, ppm): 7.05 (d,
J 5 9.0 Hz, 4H, He), 7.18 (t, J 5 7.5 Hz, 4H, Hh), 7.21 (d J 5 7.5
Hz, 8H, Hf), 7.36 (t, J 5 7.0 Hz, 8H, Hg), 7.66 (dd, J 5 8.5, 2.5
Hz, 2H, Hb), 8.03 (d, J 5 9.0 Hz, 4H, Hd), 8.14 (d, J 5 2.5 Hz,
2H, Hc), 8.40 (d, J 5 8.5 Hz, 2H, Ha). 13C NMR (125 MHz,
DMSO-d6, d, ppm): 119.3 (C9), 119.7 (C7), 120.4 (C5), 125.0
(C14), 126.2 (C12), 127.7 (C3), 129.4 (C2), 129.7 (C13), 130.9
(C1), 131.8 (C8), 135.2 (C6), 146.2 (C11), 153.1 (C10), 156.1
(C4), 164.0 (ester C@O), 181.5 (keto C@O). The assignments
of all NMR signals are shown in Figure 1.
2,6-Bis[4-(carbazol-9-yl)Benzoyloxy]Anthraquinone
AQ(Cz)2
A mixture of 2,6-dihydroxyanthraquinone (2.4 g, 0.01 mol),
4-(9H-carbazol-9-yl)benzoyl chloride (6.12 g, 0.02 mol), and
triethylamine (2.02 g, 0.02 mol) in DMAc (50 mL) was
stirred at room temperature for 24 h. The mixture was
allowed to pour into 200 mL of methanol. The precipitated
product was collected by filtration and to give 6.54 g (84%
in yield) of yellow powders with a melting point of 355–357
8C (by DSC at a heating rate of 10 8C/min) (Supporting Information Fig. S3). IR (KBr): 1734 cm21 (ester C@O stretch),
1670 cm21 (keto C@O stretch). 1H NMR (600 MHz, DMSOd6, d, ppm): 7.32 (t, J 5 7.2 Hz, 4H, Hh), 7.46 (t, J 5 7.2 Hz,
4H, Hg), 7.50 (d, J 5 8.4 Hz, 4H, Hf), 7.79 (d, J 5 8.4 Hz, 4H,
He), 7.94 (d, J 5 8.4 Hz, 2H, Hb), 8.13 (s, 2H, Hc), 8.23 (d,
J 5 8.4 Hz, 4H, Hd), 8.26 (d, J 5 7.2 Hz, 4H, Hi), 8.47 (d,
J 5 8.4 Hz, 2H, Ha). 13C NMR (150 MHz, DMSO-d6; d, ppm):
109.8 (C12), 119.7 (C5), 120.5 (C15), 120.6 (C14), 123.1 (C16),
123.3 (C7), 126.3 (C13), 126.4 (C9), 126.6 (C3), 129.4 (C1),
131.3 (C8), 132.1 (C2), 139.5 (C6), 139.6 (C11), 140.8 (C10),
155.2 (C4), 163.4 (ester C@O), 181.8 (keto C@O). The assignments of all NMR signals are shown in Figure 2.
Electrochemical Polymerization
Electrochemical polymerization was performed with a CH
Instruments 750A electrochemical analyzer. The polymers
were synthesized from 5 3 1024 M monomers in 0.1 M
Bu4NClO4–acetonitrile (MeCN) solutions via cyclic voltammetry repetitive cycling at a scan rate of 50 mV/s for ten cycles.
The polymer was deposited onto the surface of the working
electrode (ITO/glass surface, the polymer film area of about
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FIGURE 1 (a) 1H NMR and (b) 13C NMR spectra of AQ(TPA)2 in
CDCl3. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

0.8 cm 3 1.25 cm), and the deposited polymer film was
rinsed with plenty of acetone for the removal of un-reacted
monomer, inorganic salts and other organic impurities
formed during the process.
Fabrication of Electrochromic Devices
The polymer films were electrodeposted on the ITO-coated
glass substrate by the electropolymerization method
described above. A gel electrolyte based on PMMA and
LiClO4 was plasticized with propylene carbonate to form a
highly transparent and conductive gel. PMMA (1 g) was dissolved in dry MeCN (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
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AQ(Cz)2 were prepared by the esterification from 2,6-dihydroxyanthraquinone (1) with benzoyl chlorides 2 and 3,
respectively, using triethylamine as HCl scavenger. Model
compounds coded as M1 and M2 were also synthesized by
condensation of 1 with acid chlorides 20 and 30 , respectively.
Model compound M3 (Scheme 2) was synthesized from the
esterification of 2-hydroxyanthraquinone and 4-(9H-carbazol9-yl)benzoyl chloride (3).

FIGURE 2 (a) 1H NMR and (b) 13C NMR spectra of AQ(Cz)2 in
DMSO-d6. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

the electrodes were sandwiched. Finally, an epoxy resin was
used to seal the device.
Instrumentation
Fourier transform infrared spectroscopy was recorded on a
Horiba FT-720 FT-IR spectrometer. 1H and 13C NMR spectra
were measured on a Bruker AVANCE 500 or 600 MHz FTNMR system with tetramethylsilane as an internal standard.
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 film
area  0.8 cm 3 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 home-made Ag/AgCl,
KCl (sat.) reference electrode. Ferrocene was used as an
external reference for calibration (10.48 V vs. Ag/AgCl). Voltammograms are presented with the positive potential pointing to the left and with increasing anodic currents pointing
downwards. On the other side, voltammograms are presented with the negative potential pointing to the right and
with increasing cathodic currents pointing upwards. Spectroelectrochemistry analyses were carried out with an electrolytic cell, which was composed of a 1 cm cuvette, ITO as a
working electrode, a platinum wire as an auxiliary electrode,
and a Ag/AgCl reference electrode. Absorption spectra in the
spectroelectrochemical experiments were measured with an
Agilent 8453 UV–visible spectrophotometer.
RESULTS AND DISCUSSION

Monomer Synthesis
As shown in Scheme 1, two AQ derivatives end-capped with
electroactive TPA or Cz groups coded as AQ(TPA)2 and

WWW.MATERIALSVIEWS.COM

Supporting Information Figure S4 illustrates FT-IR spectra of
2,6-hydroxyanthraquinone, AQ(TPA)2, and AQ(Cz)2. The IR
spectrum of the starting AQ-diol 1 gives rise to a broad
absorption at about 3300–3500 cm21 (AOH stretch) and a
strong absorption at 1662 cm21 (keto CAO stretch). After
esterification to AQ(TPA)2 and AQ(Cz)2, new absorption
peaks at 1727 and 1734 cm21 due to the ester carbonyl
stretching vibration appeared and the original broad absorption at high frequency disappeared. The 1H NMR and 13C
NMR spectra of compounds AQ(TPA)2 and AQ(Cz)2 are compiled in Figures 1 and 2. Assignments of all proton and carbon signals assisted by the two-dimensional (2-D) NMR
spectra (Supporting Information Figs. S5 and S6) are also
indicated in these spectra, which agree well with their proposed molecular structures. The 13C NMR spectra showed
resonance peaks at around 164 ppm that are strong evidence for the formation of ester linkages. The resonance signals of AQ carbonyl carbons appeared at a further downfield
region of about 181 ppm. Assisted by the two-dimensional
(2-D) experiment, all other resonance peaks are well
assigned to all the aromatic carbons in the structure of compounds AQ(TPA)2 and AQ(Cz)2. Thus, the IR and NMR
results clearly confirm the target compounds prepared
herein are consistent with the proposed structures.
Electrochemical Polymerization
All electrochemical polymerization processes of monomers
were performed on the ITO glass slides using a 5 3 1024 M
monomer solution in 0.1 M Bu4NClO4/MeCN via repetitive
cycling at a potential scan rate of 50 mV/s. Figure 3(a) displays the successive cyclic voltammograms (CV) of the
AQ(TPA)2 solution between 0 and 1.8 V. As the CV scan continued, the PAQ(TPA)2 polymer film was formed on the
working electrode surface (Supporting Information Fig. S7).
The increase in the redox wave current densities implied
that the amount of PAQ(TPA)2 deposited on the electrode
was increasing. The polymerization of AQ(TPA)2 showed
two oxidation peaks (Eox 5 1.30 and 1.61 V), which are
attributed to their polaronic and bipolaronic states, respectively. The inset in Figure 3(a) displays the first three consecutive CV scans of AQ(TPA)2. In the first scan, only one
oxidation peak (Eox) at 1.61 V is observed, which is attributed to the oxidation of TPA. A new oxidation wave appeared
as a shoulder at 1.30 V during the second scan, and the
wave shifted to a more positive potential with increased current during the third scan. This is a typical oxidation wave
of the benzidine group, indicating the occurrence of the oxidative coupling between the TPA units. The oxidative coupling of TPA oxidation produces a tetraphenylbenzidine
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FIGURE 3 Repeated CV scanning of (a) AQ(TPA)2 and (b) the
referenced compound M1 between 0 and 1.8 V in 0.1 M Bu4NClO4/MeCN with a scan rate of 50 mV/s. The inset in (a) displays the first, second, and third CV scans of AQ(TPA)2. [Color
figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

(TPB) unit that shows a more extended p-conjugation. As a
result, TPB has a lower oxidation potential than the original
TPA unit (Scheme S2).
The electrochemical properties of the referenced compound
M1 are completely different. Figure 3(b) displays its reversible electrochemical behavior, which indicates that the intermediate produced in the oxidation process of M1 is stable on
the time scale of the CV scan. Repetitive scans between 0
and 1.8 V produced almost the same patterns as those
observed in the first scan, and no new peaks were detected
under these experimental conditions. This reversible process
suggests that the radical cation of M1 is more stable than
that produced from the oxidation of AQ(TPA)2. Therefore, no
polymer films were built on the electrode surface. The electrochemical stability of the M1 can be explained by the fact
that the active sites of its TPA units are blocked by the bulky
tert-butyl group.
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FIGURE 4 Repeated CV scanning of (a) AQ(Cz)2 and (b) the referenced compound M2 between 0 and 1.6 V in 0.1 M Bu4NClO4/MeCN with a scan rate of 50 mV/s. The inset in (a)
displays the first, second, and third CV scans of AQ(Cz)2. [Color
figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

Figure 4(a) displays the successive cyclic voltammograms
(CV) of the AQ(Cz)2 solution between 0 and 1.6 V. As the CV
scan continued, the PAQ(Cz)2 polymer film was formed on
the working electrode surface. The increase in the redox
wave current densities implied that the amount of PAQ(Cz)2
deposited on the electrode was increasing. The polymerization of AQ(Cz)2 showed two oxidation peaks (E1/2 5 1.14
and 1.36 V), which are attributed to their polaronic and
bipolaronic states, respectively. The inset in Figure 4(a) displays the first three consecutive CV scans of AQ(Cz)2. In the
first scan, only one oxidation peak (Eox) at 1.49 V is
observed, which is attributed to the oxidation of Cz. A new
oxidation wave appeared as a shoulder at 1.06 V during the
second scan, and the wave shifted to a more positive potential with increased current during the third scan. The oxidation process of AQ(Cz)2 is not reversible, with the oxidation
potential gradually shifting to lower potentials and the current increasing during repeated CV scans. The characteristics
are signatures of electrochemical polymerization of Cz
through the active sites (Supporting Information Scheme S3),
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TABLE 1 Optical and Electrochemical Properties of Monomers and the Electrochemically Synthesized Polymers
UV–vis
Absorption (nm)a

Oxidation Potential
(V)b

Monomer and
Polymer Code

kmaxabs

konsetabs

Ox
Eonset

Ox:1
E1=2

AQ(TPA)2

348

400

1.20

1.20

PAQ(TPA)2

354

430

0.94

1.08

AQ(Cz)2

338

390

1.28

1.28

PAQ(Cz)2

353

445

0.98

1.14

Ox:2
E1=2

–
1.36

Reduction Potential
(V)c

d

Energy Level
(eV)e

Red
Eonset

Red:1
E1=2

Red:2
E1=2

Optical Bandgap (eV)
Egopt

HOMO

LUMO

20.59

20.68

21.20

3.10

25.63

22.53

20.55

20.65

21.20

2.88

25.37

22.49

20.59

20.65

21.20

3.18

25.71

22.53

20.50

20.65

21.20

2.79

25.41

22.62

a

UV–vis absorption maximum and onset for the polymer thin films.
Versus Ag/AgCl in MeCN. E1/2 5 average potential of the redox couple
peaks.
c
Versus Ag/AgCl in DMF. E1/2 5 average potential of the redox couple
peaks.

d
Bandgaps calculated from absorption edge of the polymer films:
Egopt 5 1240/konset.
e
Ox
The HOMO and LUMO energy levels were calculated from Eonset
values of CV curves and were referenced to ferrocene (24.8 eV;
Ox
1 0.37 2 4.8;
Eonset 5 0.37 V; E1/2 5 0.44 V in MeCN): EHOMO 5 2Eonset
ELUMO 5 EHOMO 1 Egopt .

indicating the occurrence of the oxidative coupling between
the Cz units. The oxidative coupling of Cz oxidation produces
a biscabazole unit that shows a more extended pconjugation.

tive details are summarized in Table 1. For comparison, the
CV curves of both AQ(TPA)2 and PAQ(TPA)2 are included in
Figure 5. As shown in Figure 5(b), PAQ(TPA)2 revealed only
one oxidation peak at 1.22 V, although two oxidation processes of the TBP moiety were expected. This may be
explained by the overlapping of these two oxidative waves.
However, the PAQ(Cz)2 polymer film exhibited two separated oxidation peaks at 1.21 and 1.44 V attributed to polaronic and bipolaronic states [Fig. 6(b)]. Furthermore, quasireversible reduction waves for the formation of radical
anions and dianions of the AQ units in these monomers and
polymers (Scheme S4) were observed in the negative side of
the voltammograms at peaks potentials Epc 5 20.66 to
20.75 and 21.23 to 21.25 V, respectively. The energy levels
of the highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) energy levels of
the investigated polymers were estimated from the Eonset
values. The CV diagram of ferrocene standard is shown in
Supporting Information Figure S9, and its oxidation onset
Ox
(Eonset
) value is estimated to be 0.37 V. Assuming that the
HOMO energy level for the ferrocene/ferrocenium (Fc/Fc1)
standard is 24.80 eV, the HOMO levels for PAQ(TPA)2 and
PAQ(Cz)2 were calculated to be 25.37 and 25.41 eV, respectively. The LUMO/HOMO energy gap estimated from the
absorption spectra (Supporting Information Fig. S10,) were
then used to obtain the LUMO energy levels (22.49 eV for
PAQ(TPA)2 and 22.62 eV for PAQ(Cz)2). As can be seen in
Supporting Information Figure S10, the red-shift of absorption maxima and onsets of the polymer films means higher
conjugation backbone in comparison with the monomers.

b

Similar to compound M1, the CV behavior of the referenced
compound M2 is completely different from that of AQ(Cz)2
monomer. Figure 4(b) displays its reversible electrochemical
behavior, which indicates that the intermediate produced in
the oxidation process of M2 is stable on the time scale of the
CV scan. Repetitive scans between 0 and 1.6 V produced
almost the same patterns as that observed in the first scan,
and no new peaks were detected under these experimental
conditions. This reversible process suggests that the radical
cation of M2 is more stable than that produced from the oxidation of AQ(Cz)2. Therefore, no polymer films were built on
the electrode surface. The electrochemical stability of the M2
can be explained by the fact that the active sites of its Cz
units are protected by the bulky tert-butyl group.
Supporting Information Figure S8 displays the successive
cyclic voltammograms (CV) of the model compound M3 solution between 0 and 1.8 V. In the first scan, only one oxidation peak (Eox) at 1.65 V is observed, which is attributed to
the oxidation of Cz. A new oxidation wave appeared as a
shoulder at 1.15 V during the second scan, which can be
attributed to the first oxidation process of the biscarbazole
unit that formed in situ during the first CV scan. As shown in
Supporting Information Figure S8(b), no significant increase
in redox wave current density was observed as the CV scan
continued. It is worthy to note that no polymer film was
built on the electrode surface. These results indicates that
the mono-carbazole model compound M3 seemed to couple
to a dimer during the oxidative process. Thus, it is supposed
that the molecular chain of the PAQ(Cz)2 produced by the
electrochemical polymerization is most linear.
Electrochemistry of the Polymer Films
The electrochemical behavior of the electrodeposited polymer films was investigated by cyclic voltammetry in a
monomer-free 0.1 M Bu4NClO4/MeCN solution. The quantita-
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Supporting Information Figures S11(a) and (b) respectively
displays the CV curves of the PAQ(TPA)2 and PAQ(Cz)2 at
different scanning rates between 50 and 350 mV/s. The
PAQ(TPA)2 film showed one broad redox couple during the
oxidation processes. The anodic peak corresponds to
electron-oxidation of the TPB units to form radical cations,
followed by the oxidation to dicationic species. The PAQ(Cz)2
film exhibited two reversible redox couples at E1/2 value of
1.14 and 1.36 V, attributed to the radical cation and dication
states of biscarbazole, respectively. In the scan rate
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spectral changes of the electrodeposited PAQ(TPA)2 film
upon incremental oxidative scans from 0 to 1.55 V. Before
electrical potential was applied, the PAQ(TPA)2 films showed
a strong absorption at 354 nm, but it almost colorless in the
visible region. As the applied voltage was stepped from 0.0
to 1.05 V, the intensity of the absorption band around
354 nm decreased gradually, and the growth of new peaks
at 495 and 713 nm was observed. In the same time, the film
turned into orange. As the potential increased more positively to 1.55 V, the absorbance at 495 nm slightly decreased
and the absorption at 713 nm further intensified. Meanwhile,
the film changed color from orange to blue. We attribute the
development of bands at 495 and 713 nm to the formation
of TPB radical cations and dications, respectively. The inset
of Figure 7(a) shows photographs of the PAQ(TPA)2 film in
uncharged (neutral, very pale yellow), semioxidized (orange)
and fully oxidized states (blue).

FIGURE 5 Cyclic voltammograms of (a) 5 3 1024 M AQ(TPA)2
solution and (b) the PAQ(TPA)2 polymer film on the ITO-coated
glass slide in 0.1 M Bu4NClO4/MeCN (for anodic process) and
DMF (for cathodic process) at a scan rate of 50 mV/s. [Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

dependence experiments for PAQ(TPA)2 and PAQ(Cz)2 films,
both anodic and cathodic peak current values increase linearly with an increasing scan rate [insets of Supporting Information Figs. S11(a) and (b)], indicating that the
electrochemical processes are reversible and not diffusion
limited, and the electroactive polymer is well adhered to the
working electrode (ITO glass) surface.
Electrochromic Properties of the Polymer Films
Spectroelectrochemistry was used to study the changes in
the absorption spectra and the information about the electronic structures of the polymers as a function of the applied
potential. During the test, a three-electrode configuration
was still used for applying potential to the polymer films in
a 0.1 M Bu4NClO4/MeCN (oxidation) or 0.1 M Bu4NClO4/
DMF (reduction) electrolyte solution. When the films were
electrochemically oxidized or reduced, a strong color change
of them was generally observed. Figure 7(a) shows the
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FIGURE 6 Cyclic voltammograms of (a) 5 3 1024 M AQ(Cz)2
and (b) PAQ(Cz)2 polymer films on the ITO-coated glass slide
in 0.1 M Bu4NClO4/MeCN (for anodic process) and DMF (for
cathodic process) at a scan rate of 50 mV/s. [Color figure can
be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 8 shows the spectral changes of the polymer films
upon electroreduction (n-doping). The result of the
PAQ(TPA)2 is presented in Figure 8(a) as a series of UV–vis–
NIR absorption curves correlated to electrode potentials.
When the applied voltage was stepped from 0.00 to 20.65 V,
the intensity of the new peaks at 446 and 559 nm gradually
increased in intensity. In the same time, the film turned from
colorless to pink. Further reduction at 21.20 V causes a
simultaneous intensifying in the bands at 446 and 559 nm.
Meanwhile, the color of the polymer film turns into red. We
attribute the development of bands at 446 and 559 nm to
the formation of AQ radical-anion and radical-dianion (Supporting Information Scheme S4). A very similar result was
observed for the PAQ(Cz)2 films upon electro-reduction (ndoping) as presented in Figure 8(b).
Electrochromic switching studies for the electrogenerated
polymer films were performed to monitor the percent transmittance changes (D%T) as a function of time at their

FIGURE 7 Spectroelectrograms of (a) PAQ(TPA)2 and (b)
PAQ(Cz)2 thin films on the ITO-coated glass substrate in 0.1 M
Bu4NClO4/MeCN. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

Figure 7(b) shows the spectral changes of the electrodeposited PAQ(Cz)2 film upon incremental oxidative scans
from 0 to 1.44 V. In the neutral form, the PAQ(Cz)2 exhibited
strong absorption at kmax of 353 nm. As the applied voltage
was stepped from 0.0 to 1.21 V, the absorbance at 353 nm
decreased, and new peak at 428 nm gradually increased in
intensity. In the same time, the film turned into yellowish
green. We attribute these spectral changes to the formation
of a stable cation radical of biscarbazole. At higher oxidation
levels 1.44 V, the absorbance at 428 nm decreased and a
new broad absorption band at 757 nm started to intensify
and extended into the near-IR region, which indicates the
formation of dication states of biscarbazole. Meanwhile, the
film changed color from yellowish green to dark green. The
inset of Figure 7(b) shows photographs of the PAQ(Cz)2 film
in uncharged (neutral, very pale yellow), semioxidized
(yellowish green), and fully oxidized states (dark green).

WWW.MATERIALSVIEWS.COM

FIGURE 8 Spectroelectrograms of (a) PAQ(TPA)2 and (b)
PAQ(Cz)2 thin films on the ITO-coated glass substrate in 0.1 M
Bu4NClO4/DMF. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]
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FIGURE 9 Potential step absorptometry of the cast films of PAQ(TPA)2 on the ITO glass slide (coated area: 1 cm2) (in MeCN with
0.1 M Bu4NClO4 as the supporting electrolyte) by applying a potential step: (a) optical switching for PAQ(TPA)2 at potential 0.00
V
1.05 V (20 cycles) with a switching time of 13 s, monitored at kmax 5 495 nm; (b) the 1st cycle transmittance change for the
PAQ(TPA)2 thin film. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

absorption maximum (kmax) and to determine the response
time by stepping potential repeatedly between extreme electrochromic states (neutral and oxidized states). Figures 9
and 10 depict the optical transmittance of PAQ(TPA)2 film
as a function of time at 495 and 713 nm by applying squarewave potential steps between 0.00 and 1.05 V for a resident
time of 13 s and between 0.00 and 1.55 V for a resident
time of 15.5 s. The response time was calculated at 90% of
the full switch because it is difficult to perceive any further
color change with the naked eye beyond this point. As
shown in Figure 9(b), PAQ(TPA)2 film attained 90% of a
complete coloring and bleaching in 5.4 and 1.4 s, respectively. The optical contrast measured as DT% between neutral colorless and oxidized orange states was found to be
22% at 495 nm. The PAQ(TPA)2 film attained 90% of a
complete coloring and bleaching in 2.06 and 0.97 s, respectively [Fig. 10(b)]. The optical contrast measured as DT%
between neutral colorless and oxidized blue states was up to
73% at 713 nm. In addition, the electrochromic coloration
efficiency (CE; g) can be calculated via optical density using
the following equation:
g5DOD=Qd
where DOD is the optical absorbance change, and Qd (mC/
cm2) is the inject/ejected charge during a redox step. On the
basis of this equation, the CE values of PAQ(TPA)2 estimated
from the data shown in Table 2 were found to be 80 cm2/C
at 493 nm and 74 cm2/C at 713 nm.
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The long-term stability of PAQ(Cz)2 at yellowish green coloring (kmax 5 428 nm) and dark green coloring (kmax 5
757 nm) were investigated by monitoring the electrochromic
contrast (D%T) of the thin film upon repeated square-wave
potential steps between 0.0 and 1.20 V for a resident time of
17 s, and between 0.0 and 1.44 V for a resident time of 20 s,
respectively, as shown in Supporting Information Figures
S12 and S13. In this case, a response time required for 90%
full-transmittance change of 3.11 s for the coloration step
and 0.91 s for the bleaching step at 428 nm, and 4.36 s for
the coloration step and 1.21 s for the bleaching step at
757 nm. In addition, the optical contrast measured as D%T
recorded at neutral and oxidized forms was found to be
20% at 428 nm and 50% at 757 nm. The CE values of
PAQ(Cz)2 were calculated as 41 cm2/C at 428 nm and
32 cm2/C at 757 nm (Table 2) by chronoamperometry. The
carbazole-based polymer film has lower CE as compared to
TPA-based polymer film might be explained by its lower
chemical stability during the electrochromic switching.
Electrochromic Devices
Based on the foregoing results, it can be concluded that
these polymers can be used in the construction of electrochromic devices and optical display. Therefore, we fabricated
as preliminary investigations single layer electrochromic cells
(Fig. 11). The polymer films were cast onto the ITO-coated
glass and then dried. Afterwards, the gel electrolyte was
spread on the polymer-coated side of the electrode and the
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FIGURE 10 Potential step absorptometry of the cast films of PAQ(TPA)2 on the ITO glass slide (coated area: 1 cm2) (in MeCN with
0.1 M Bu4NClO4 as the supporting electrolyte) by applying a potential step: (a) optical switching for PAQ(TPA)2 at potential 0.00
V
1.55 V (30 cycles) with a switching time of 15.5 s, monitored at kmax 5 713 nm; (b) the first cycle transmittance change for the
PAQ(TPA)2 thin film. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

electrodes were sandwiched. To prevent leakage, and epoxy
resin was applied to seal the device. As a typical example, an
electrochromic cell based on polymer AQ(TPA)2 was fabricated. The polymer AQ(TPA)2 film is colorless or pale yellow
in the neutral form. When the applied voltage was increased
to 1.8 V, the color changed to blue due to electro-oxidation.
When the potential was subsequently set back at 0 V, the
polymer AQ(TPA)2 film turned back to original colorless or
pale yellow in the neutral form. Then, when the applied voltage was reduced to 21.5 V, the color changed to red due to
electro-reduction. In the other case, the polymer AQ(Cz)2
film is colorless or pale yellow in the neutral form. When
the applied voltage was increased to 1.7 V, the color changed

to green due to electro-oxidation. When the potential was
subsequently set back at 0 V, the polymer AQ(Cz)2 film
turned back to original colorless or pale yellow in the neutral form. Then, when the applied voltage was reduced to
21.5 V, the color changed to red due to electro-reduction.
CONCLUSIONS

Triphenylamine-endcapped or N-phenylcarbazole-endcapped
monomers containing anthraquinone as an interior core
were successfully synthesized. Polymer films with TPB or
biscarbazole groups were successfully electrodeposited onto
the ITO electrode surface by electropolymerization of the

TABLE 2 Electrochromic Properties of the Polymer Films
Response Timeb
D%T

tc (s)

tb (s)

DOD

495

22

5.37

1.41

0.178

2.23

80

713

73

2.06

0.97

0.734

9.92

74

428

20

3.11

0.91

0.133

3.23

41

757

50

4.36

1.21

0.359

11.4

32

Polymer
PAQ(TPA)2
PAQ(Cz)2

CEe
(cm2/C)

Qdd
(mC/cm2)

kmaxa

(nm)

a

d

b

e

Wavelength of absorption maximum.
Time for 90% of the full-transmittance change.
c
Optical density (DOD) 5 log[Tbleached/Tcolored], where Tcolored and
Tbleached are the maximum transmittance in the oxidized and neutral
states, respectively.
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c

Qd is ejected charge, determined from the in situ experiments.
Coloration efficiency (CE) 5 DOD/Qd.
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FIGURE 11 Photos of sandwich-type ITO-coated glass electrochromic device (ECD), using (a) AQ(TPA)2 (b) AQ(Cz)2 as active layer.
(c) Schematic illustration of the ECD sandwich cell. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

monomers in Bu4NClO4/MeCN. The electrochemically generated polymer films exhibited two reversible oxidation redox
couples due to successive oxidations of the TPB and biscarbazole unit, respectively. The electrochemically generated
polymer films also exhibited two quasi-reversible one-electron reductions of the anthraquinone unit. These polymer
films displayed ambipolar electrochromic behavior, with coloration change from a colorless neutral state to orange and
yellowish green, blue and green oxidized forms, pink and
red reduced forms, respectively. Thus, these characteristics
suggest that the electrogenerated polymer films might be
suitable materials for electrochromic devices.
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Electrosynthesis of Ambipolar Electrochromic Polymer Films from
Anthraquinone-triarylamine Hybrids
by
Sheng-Huei Hsiao, Jhe-Yong Lin
Department of Chemical Engineering and Biotechnology, National Taipei
University of Technology, Taipei 10608, Taiwan

Synthesis of Model Compounds
2,6-Bis[4-(4,4’-di-tert-butyldiphenylamino)benzoyloxy]anthraquinone (M1)
A mixture of 2,6-hydroxyanthraquinone (1.0 g, 4.2 mmol), 4-(di(4-tert-butylphenyl)amino)benzoyl
chloride (4.38 g, 10.50 mmol), and triethylamine (1.06 g, 10.50 mmol) in DMAc (20 mL) was stirred at
room temperature for 24 h. The mixture was allowed to pour into 200 mL of methanol. The precipitated
product was collected by filtration and to give 3.43 g (81 % in yield) of light yellow powder with a
melting point of 269 – 276 oC (by DSC at a heating rate of 10 oC/min). IR (KBr): 2958 cm-1 (t-butyl
C-H stretch), 1725 cm-1 (ester C=O stretch), 1666 cm-1 (keto C=O stretch).

1

2,6-Bis[4-(3,6-di-tert-butylcarbazol-9-yl)benzoyloxy]anthraquinone (M2)
A mixture of 2,6-hydroxyanthraquinone (1.0 g, 4.2 mmol), 4-(3,6-di-tert-butylcarbazol-9-yl)benzoyl
chloride (4.40 g, 10.50 mmol), and triethylamine (1.06 g, 10.50 mmol) in DMAc (20 mL) was stirred at
room temperature for 24 h. The mixture was allowed to pour into 200 mL of methanol. The precipitated
product was collected by filtration and to give 3.54 g (84 % in yield) orange powder with a melting
point of 307 – 314 oC (by DSC at a heating rate of 10 oC/min). IR (KBr): 2954 cm-1 (t-butyl C-H
stretch), 1737 cm-1 (ester C=O stretch), 1685 cm-1 (keto C=O stretch).

2-[4-(carbazol-9-yl)benzoyloxy]anthraquinone (M3)
A mixture of 2-hydroxyanthraquinone (2.2 g, 0.01 mol), 4-(9H-carbazol-9-yl)benzoyl chloride (3.05 g,
0.01 mol), and triethylamine (1.01 g, 0.01 mol) in DMAc (50mL) was stirred at room temperature for
24 h. The mixture was allowed to pour into 200 mL of methanol. The precipitated product was
collected by filtration and to give 4.24 g (86 % in yield) yellow powder with mp = 253 – 256 oC (by
DSC at a heating rate of 10 oC/min). IR (KBr): 1736 cm-1 (ester C=O stretch), 1668 cm-1 (keto C=O
stretch). 1H NMR (600 MHz, DMSO-d6, δ, ppm): 7.35 (t, J = 7.2 Hz, 2H, Hh), 7.46 (t, J = 7.2 Hz, 2H,
Hg), 7.54 (d, J = 7.8 Hz, 2H, Hf), 7.74 (dd, J = 8.4, 2.4 Hz, 1H, Hb), 7.82 (d, J = 8.4 Hz, 2H, He), 7.84
(m, 2H, Hk), 8.16 (d, J = 7.8 Hz, 2H, Hi), 8.22 (d, J = 2.4 Hz, 1H, Hc), 8.35 (m, 2H, Hj), 8.46 (d, J = 8.4
Hz, 1H, Ha), 8.49 (d, J = 8.4 Hz, 2H, Hd).

2

FIGURE S1 IR spectra of model compounds M1-M3.

3

FIGURE S2 (a) 1H NMR and (b) H-H COSY spectra of M3 in CDCl3.

4

SCHEME S1 Synthetic route to the acid chloride compounds.
5

FIGURE S3 DSC curves of AQ(TPA)2 and AQ(Cz)2 with heating rate of
o

10 C /min in nitrogen.

6

FIGURE S4 IR spectra of the starting AQ-diol 1 and compounds AQ(TPA)2 and
AQ(Cz)2.
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FIGURE S5 (a) H-H COSY and (b) C-H HMQC spectra of AQ(TPA)2 in CDCl3.
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FIGURE S6 (a) H-H COSY and (b) C-H HMQC spectra of AQ(Cz)2 in
DMSO-d6.
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SCHEME S2 Electropolymerization and anodic oxidation pathways of the TPB unit.

SCHEME S3 Electropolymerization and anodic oxidation pathways of the biscarbazole unit.
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(a)
(b)
(c)
FIGURE S7 (a), (b) Electrodeposited polymer films on ITO glass from
AQ(TPA)2; (c) the polymer film removed from ITO glass substrate.

SCHEME S4 Postulated redox chemistry of the AQ segment.
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FIGURE S8 Repeated CV scanning of model compound M3 between 0 and 1.8
V in 0.1 M Bu4NClO4/MeCN with a scan rate of 50 mV/s. The first CV curves
were marked in red.
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FIGURE S9 The CV diagram of 5 x 10−4 M ferrocene standard in 0.1 M
Bu4NClO4/MeCN with a scan rate of 50 mV/s.

FIGURE S10 UV-vis absorption spectra of AQ(TPA)2 and AQ(Cz)2 in MeCN
and PAQ(TPA)2 and PAQ(Cz)2 polymer films on ITO-glass.
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FIGURE S11 Scan rate dependence of the electrodeposited films of (a)
PAQ(TPA)2 and (b) PAQ(Cz)2 on the ITO-coated glass slide in MeCN
containing 0.1 M Bu4NClO4 at different scan rates between 50 and 350 mV/s.
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FIGURE S12 Potential step absorptometry of the cast films of PAQ(Cz)2 on the ITO-glass slide (coated area: 1 cm2)(in MeCN with
0.1 M Bu4NClO4 as the supporting electrolyte) by applying a potential step: (a) optical switching for PAQ(Cz)2 at potential 0.00 V
↹1.20 V (20 cycles) with a switching time of 17 s, monitored at λmax = 428 nm; (b) the 1st cycle transmittance change for the
PAQ(Cz)2 thin film.
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FIGURE S13 Potential step absorptometry of the cast films of PAQ(Cz)2 on the ITO-glass slide (coated area: 1 cm2)(in MeCN with
0.1 M Bu4NClO4 as the supporting electrolyte) by applying a potential step: (a) optical switching for PAQ(Cz)2 at potential 0.00 V
↹1.44 V (10 cycles) with a switching time of 15 s, monitored at λmax = 757 nm; (b) the 1st cycle transmittance change for the
PAQ(Cz)2 thin film.
16

