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Triphenylamine-containing electrochromic materials revealing significant color changes by electrochemi-
cally induced redox reactions are attractive with great potential for low energy-consumption displays,
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light-adapting mirrors in vehicles, and smart window applications. These materials have experienced an
exponential growth of research interests and have rapidly developed into an emerging field. In this review,
the newly developed triphenylamine-based derivatives and polymers in the past few years are summar-
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ized, with emphasis on the synthetic approaches as well as their potential applications.

1. Introduction

The propeller-shaped triphenylamine (TPA) has become a
promising optoelectronic molecule for emergent electronic
applications owing to the prerequisites of its good thermal
and morphological stability."™® To date, a huge number of
TPA-based electrochromic (EC) materials have been explored
and suggested for use in practical applications.’** They have a
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broad range of material systems, including high-performance
polymers (aromatic polyimides or polyamides), conjugated
polymers, epoxy resins, polysiloxane gels, metal complexes,
and small molecules and nearly all these EC materials revealed
specific and interesting EC behaviors.

Although TPA-based EC materials have been extensively
studied for more than one decade, there is still no other com-
prehensive review since 2012."* Thus, we try to highlight the
latest advancements of different EC systems with the perspec-
tives and future opportunities in this review, and focus on the
structural design concepts, basic electrochemical behaviors
and EC performances.

2. Triphenylamine-based polyimides

Among the high-performance polymers,"*>® aromatic polyi-
mides (PIs) can be categorized as an important class of materials
because of their outstanding and desirable characteristics. In
addition, aromatic PIs can be considered as an alternative to
glass and metals in many industrial applications, especially in
the semiconductor and electric packaging industry. The charge
transfer (CT) complex formation could be attributed to the
strong intramolecular and intermolecular interactions between
electron-donating (diamine moiety) and electron-accepting (di-
anhydride moiety) segments. TPA-based PIs P1 were first pre-
pared in 1991 from 4,4'-diaminoTPA and various tetracarboxylic
dianhydrides (Scheme 1).*”*° These thermally stable PIs were
mostly soluble in many polar solvents associated with high
glass-transition temperatures (T,) and high char yields.

In 2005, our group prepared the first EC aromatic PIs P2
with pendent TPA units from the newly synthesized diamine,
N,N-bis(4-aminophenyl)-N',N'-diphenyl-1,4-phenylenediamine,
and various tetracarboxylic dianhydrides by either a one-step
or a conventional two-step polymerization process.’® Most of
the thermally stable PIs were organosoluble and can be solu-
tion cast into tough and flexible films. The P2 films exhibited
two reversible oxidation redox couples and good EC stability
with obvious color changes from pale yellowish to green and
blue related to their oxidation states.

Afterwards, Liou and Hsiao continuously reported the syn-
thesis of high-performance PIs carrying the TPA or triaryl-
amine derivatives as electroactive functional moieties
(Scheme 2). Two series of PIs with piperidine (P3-a) and mor-
pholine (P3-b) substituents were reported and exhibited lower

o ove o ot
P Sl
oo

3002 | Polym. Chem., 2018, 9, 3001-3018

View Article Online

Polymer Chemistry

oxidation potential with enhanced electrochemical stabi-
lity.*"*? In addition, bulky tert-butyl (P3-c) or electron-donating
methoxy (P3-d) substituents incorporated at the electrochemi-
cally active C-3 and C-6 sites of the carbazole unit also could
prevent the coupling reactions of carbazoles, resulting in
greatly improved redox and EC stability of the obtained PIs.*

Three novel solution-processable PIs P3e containing TPA and
pendant viologen moieties were prepared from the newly syn-
thesized diamine and three commercially available dianhydrides.**
The obtained multi-colored EC PI films revealed ambipolar electro-
chemical behavior with coloration changes from a transmissive
neutral state to the cyan/magenta/yellow redox states, implying
great potential for application in smart windows and displays.

Three series of new ambipolar EC PIs containing aniline
derivatives were prepared from the polycondensation of three
diamine monomers with different degrees of 4-methoxyphenyl
substitution.®® The series of diphenylamine (DPA)-based PIs,
P4 and P5, could not effectively stabilize the cationic radicals
of the oxidized form compared to the corresponding TPA-
based polymer P6 due to the lack of the extra phenyl rings for
resonance. Furthermore, the lower electrochemical stability of
DPA-based PIs P4 than TPA-based PIs P6 also could be attribu-
ted to the unrecoverable protons at the amino groups in the
nonacidic electrolyte solution.

Our group also fabricated flexible and multi-colored EC
devices from electroactive aromatic PIs P7 with a starburst
triarylamine unit (Fig. 1).>*?” The organosoluble PIs P7
showed useful levels of thermal stability and high glass-tran-
sition temperatures. The P7 films exhibited reversible electro-
chemical oxidation and electrochromism both in the visible
light and near-infrared (NIR) regions with a high contrast
ratio, coloration efficiency, low switching time, and outstand-
ing stability for long-term EC operation. These characteristics
suggest that the starburst triarylamine-based PIs P7 have great
potential for flexible electronics applications.

3. Triphenylamine-based polyamides

Aromatic polyamides (PAs) are also well known as microelec-
tronic materials due to their outstanding thermal and mechan-
ical resistance. Incorporation of packing-disruptive TPA units
into PAs not only could preserve high thermal stability and
glass transition temperature, but enhance the solubility and
film-forming ability, which is beneficial for the fabrication of
large-area optoelectronic devices. PAs P8 containing TPA
groups were first reported in 1990 from 4,4-diaminoTPA and
various dicarboxylic acids by Imai et al. via the phosphoryl-
ation polyamidation (Scheme 3).*

To date, Liou, Hsiao,**"® and other groups®*~® have devel-
oped various TPA-containing PAs with interesting EC coloring
behaviors (Scheme 3). These organosoluble PAs were thermally
stable with high glass-transition temperatures. Some of the PA
films exhibited good electrochemical reversibility with a high
contrast ratio, high coloration efficiency, fast switching pro-
perties, and remarkable EC stability.

This journal is © The Royal Society of Chemistry 2018
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Fig. 1 Cyclic voltammetric diagrams of P7 and its EC behaviors at

various applied potentials. Reproduced from ref. 37 with permission
from The Royal Society of Chemistry.

This journal is © The Royal Society of Chemistry 2018

Various electron-donating or electron-withdrawing groups
could also be incorporated into TPA-based PAs. The electro-
withdrawing group, such as cyano (P9-a),’° trifluoromethyl
(P9-b),>” and methylsulfonyl (P9-c),°® substituted TPA-based
PAs exhibited higher oxidation potentials while increasing the
optical transparency and high contrast ratio in the visible light
range. Besides, electron-donating groups, piperidine (P9-d)*°
and morpholine (P9-e),>” were also incorporated to reduce the
oxidation potential and increase the electrochemical stability
of the resulting PAs (Scheme 4).

By incorporating bulky tert-butyl (P9-f) or electron-donating
methoxy (P9-g) units into the electrochemically active sites, C-3
and C-6 of the carbazole units, the coupling reactions of carba-
zoles could be effectively prevented (Fig. 2).*** Thus, the
obtained PAs revealed valuable EC characteristics such as
enhanced absorption in the NIR region, green/blue EC color-
ing changes, fast switching behaviors, and high electro-
chemical/EC reversibility.

Polym. Chem., 2018, 9, 3001-3018 | 3003
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Scheme 4

A series of fluorescent PAs, P10-a and P10-b, with fluorene-
based TPA units in the backbone were prepared and applied
as EC and electrofluorescent dual-switching materials.®"%3:>
The obtained polymer films revealed high EC coloration
efficiency and exhibited EC stability over continuous 500

cycles. The introduction of an electron-withdrawing -CF;

3004 | Polym. Chem., 2018, 9, 3001-3018

group increased the oxidation potential of the PAs P10-c and
decreased the electrochemical and EC stability of the
PAs,””%%% while the CH;TPA-containing PAs P10-d exhibited
higher redox stability.

Two series of EC TPA-based PAs with anthraquinone (AQ)
units (P10-e) and additional phenoxy linkage (P10-f) were

This journal is © The Royal Society of Chemistry 2018
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Fig. 2 CV diagrams and potential step absorptometry of the PA P9-g
film as well as the EC behaviors. Reproduced from ref. 53 with per-
mission of Wiley Interscience.
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readily synthesized via low-temperature solution polyconden-
sation.”” In addition to high T,, thermal stability and good
solubility, these PAs revealed valuable ambipolar and revers-
ible redox couples with a high contrast ratio both in the visible
range and the NIR region.

Three TPA-based diamine monomers with methoxy substitu-
ents at the ortho, meta, and para positions, respectively, were also
synthesized.®® The energy band gap and oxidation onset potential
(Eonset) Of the corresponding PA films were in the order of P10-p-
OMe < P10-0-OMe < P10-m-OMe. In addition, the different EC
behaviors of PAs P10 were also measured and discussed accord-
ing to the chemical structures of different diamines.

4. Electropolymerized poly
(triphenylamine)s

Liou and Hsiao have reported that introducing electron-donat-
ing species as protecting groups to triarylamine moieties can
efficiently prevent the well-known formation of TPB®**®° from
the unstable cation radical of TPA moieties through tail to tail
coupling, while the coupling reaction can be used to design
electropolymerizable monomers by attaching two or more
unsubstituted TPA or carbazole units into an electron-with-
drawing core. In addition, TPA as the core can also be fused
with thiophene, ethylenedioxythiophene, dithienylpyrrole, and
chalcogenophene (Se, Te) derivatives via an electrochemical
process (Schemes 5 and 6).”°7° Carbazole is another type of

w5

N

Xl

&
@\@J@/@ N\
@

N
e \/

— - Y A ome A
ne¥en 21@,« J@/%J (\L@N J@)\%Me
¢ ¢

CN

R: OMe, CN

Scheme 5

This journal is © The Royal Society of Chemistry 2018

Polym. Chem., 2018, 9, 3001-3018 | 3005


http://dx.doi.org/10.1039/C8PY00367J

Published on 17 April 2018. Downloaded by National Taiwan University on 06/06/2018 05:20:00.

Review

7\
N
/ \ 7
\ / N \ /, =
<X
=\
y
Electropolymerized Polymers
4
[/
X

R
3BSeCC9; X=Se; R=nonyl
3BTeCC8; X=Te; R=octyl
3BTeCC4; X=Te; R=butyl

2BSeCC9; X=Se; R=nonyl
2BTeCCS8; X=Te; R=octyl
2BTeCC9; X=Te; R=nonyl

View Article Online

Polymer Chemistry

0T 000,

o) ‘\* oo " 00 QL

CH;

Scheme 6

arylamine with dehydrocyclized diphenylamine at the ortho
position of the diphenyl group, and the substituent effects of
carbazole and its N-substituted derivatives were first studied
systematically by Ambrose and Nelson in 1968.%° The electro-
polymerization of unprotected TPA and N-phenylcarbazole
compounds via the oxidative dimerization reaction has been
efficiently employed to provide the unique advantages by com-
bining both one-step facile synthesis and direct fabrication of
electroactive polymer films on the electrode surface. Hsiao’s
group first reported a series of TPA and N-phenylcarbazole
compounds with amide, imide, and ester units to achieve the
EC polymer films via this facile electropolymerization
(Scheme 7).>>8178¢

Besides, amide and imide functional groups can also act as
linkages between TPA, carbazole and triptycene/AQ groups as
precursors of new EC polymers (Scheme 8).5”%% The electro-
polymerization approach significantly saves the experimental
time and solves the solubility problems that are usually
encountered with the conventional methods. Notably, the
ambipolar polymers with imide and TPA moieties exhibited
interesting multi-color EC behaviors and thus could enlarge
the scope for EC applications.

5. Triphenylamine-based conjugate
polymers

Four TPA-based conjugate polymers P11 were synthesized and
applied in EC devices (Scheme 9).%° The obtained conjugated

3006 | Polym. Chem., 2018, 9, 3001-3018

polymers exhibited good thermal stabilities with the color
changes from neutral to oxidized form as follows (Fig. 3):
orange to dark green for P11a; light yellow to reddish brown
for P11b; light blue to grey for P11c; and green to bluish green
for P11d.

Skene et al. prepared P12 by immobilizing a monomer com-
posed of a TPA-based benzothiadiazole core with two styrene
pendant moieties on ITO-coated glass substrates.”® The
immobilized P12 film was 15% thinner than the corres-
ponding monomer deposited by spray-/spin-coating. The
typical absorption of P12 at 460 nm bleached after oxidization
with a broad absorption centered at 880 nm and color changes
from yellow to gray, which is similar to its monomer.

Toppare’s group synthesized a series of copolymers P13 and
P14 based on TPA, benzotriazole, and thiophene via Stille
coupling. The organosoluble polymers with high film-forming
quality were used to investigate the effect of the TPA unit and
n-bridges on electrochemical/EC properties.”’ The oxidation
potentials were significantly affected by the n-bridges and elec-
tron density of the polymer backbone.

Xu reported two series of donor-n-bridge-acceptor type con-
jugated polymers P15°> and P16°> by using Stille coupling
polymerization. As shown in Scheme 10, the pendant aldehyde
group could be further converted to cyanoacetic acid for
obtaining another cyano-pendant polymer. Each of the new
polymers is soluble in organic solvents and can be cast onto
glass or flexible substrates. The polymers with different elec-
trophilic groups exhibited different EC behaviors, including
color changes, driving voltages, and transmittances. With the

This journal is © The Royal Society of Chemistry 2018
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contribution of counter electrodes, devices derived from poly-
mers with similar color changes could be merged to generate
higher optical contrast than their corresponding single
polymer film.

A novel conjugated polymer P17 with bulky hexaphenylben-
zene and pyrene fluorescent moieties was successfully pre-
pared by Liaw et al.”* and exhibited noticeable solvatochromic

This journal is © The Royal Society of Chemistry 2018

behavior. The anodically EC behavior of P17 on the ITO-glass
or graphene-PET substrates was also well-developed and
revealed intense NIR absorption.

The synthesis of conjugated polymer P18 grafted side
chains of oligo-N-(2-hydroxyethyl)carbazolyl methacrylate was
performed in two steps.”> A macro-monomer containing
dibromo-TPA as an end group was first prepared for atom-

Polym. Chem., 2018, 9, 3001-3018 | 3007
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transfer radical polymerization with N-(2-hydroxyethyl)carbazo-
lyl methacrylate, and then further reacted with 9,9-dioctylfluo-
rene-2,7-diboronic acid by the Suzuki polycondensation.
Cyclic voltammetry showed that the redox processes were
accompanied by the dimerization of carbazole pendant groups
thus forming an insoluble crosslinking network. Therefore,
this polymer P18 could be post-modified by electrochemical
oxidation and result in EC materials with high solvent
resistance.

ITO glass
Polymer P11 Spacer
Gel electrolyte
= % ITO glass

B ¢

P11a P11c

P11d

Fig. 3 Schematic configuration of EC cell and EC behaviors of P11.
Reproduced from ref. 89 with permission from The Royal Society of
Chemistry.
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6. Other polymers derived from
triphenylamine
6.1. Epoxy

Epoxy resin is a commercially available material for many
industrial applications, such as adhesives, coatings, and
composite materials, with valuable properties of excellent
adhesion, corrosion resistance, low shrinkage, and tough-
ness.’® The epoxy groups usually react with amines, isocya-
nates, mercaptans, phenols, anhydrides, and acids as hard-
eners to produce thermoset epoxy materials. According to
environmental threats, TPA groups have been expected to
impart flame retardant behaviors due to their high aro-
matic content and the resulting systems could be con-
sidered as “green” since they are halogen-free and phos-
phorus-free.

Therefore, our group prepared thermoset epoxy materials
with anodically EC characteristics by the thermal curing reac-
tion of the TPA-based diamine monomers with diglycidyl
ether of bisphenol A (Scheme 11).°” These TPA-based EC
epoxy materials exhibited good electrochemical stability,
multicolored EC, and high optical contrast both in the visible
and NIR regions. Furthermore, the absorption in the NIR can
also be tuned by adjusting the IV-CT capability of the
diamine curing agents. This study successfully opens up the
potential optoelectronic application of functional thermoset
epoxy materials.

This journal is © The Royal Society of Chemistry 2018
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6.2. Polyurethanes
In the past 30 years, consideration about energy conservation

has led high-performance polyurethanes to a worldwide use as
thermal insulators, such as flexible substrates, plastic films,

This journal is © The Royal Society of Chemistry 2018

textile, coating, and rubber. The broad range of applications
was mainly due to their excellent elasticity, abrasion resis-
tance, and extensive substrate suitability.

Recently, several series of TPA-based polyurethanes syn-
thesized by the polycondensation of N,N-bis(4-isocyanato-

Polym. Chem., 2018, 9, 3001-3018 | 3009
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phenyl)aniline (P19), 4,4"-diisocyanato-4"-N-carbazolyltriphenyl-
amine (P20), N,N-bis(4-isocyanatophenyl)-N',N'-diphenyl-1,4-
phenylenediamine  (P21),  N',N’-bis(1-naphthyl)-N,N-bis(4-
phenylisocyanate)biphenyl (P22) or N,N'-diphenyl-N,N"-bis(4-
phenylisocyanate)biphenyl (P23) with various diphenol mono-
mers were reported by Niu and Wang (Scheme 12).°7'%° The
thermally stable polyurethanes exhibited reversible electro-
chemical behaviors and continuous cycling stability of anodi-
cally EC characteristics.

6.3. Polyazomethines

Poly(azomethine)s or poly(Schiff-base)s with a high aromatic
content were considered as high performance polymers due to
their excellent mechanical strength, high thermal stability,
and great potential for optoelectronic applications. Recently,
poly(azomethine)s have also been developed for organic elec-
tronics, such as light-emitting materials, pH sensors, and
metal-collecting materials. Though the insolubility limited
their processability and application, our group has successfully
incorporated TPA units into poly(azomethine)s P24 to enhance
the solubility and the resultant film-forming ability without
sacrificing favorable properties such as high thermal stability
or glass transition temperature (Scheme 13).%*

Skene et al. reported that the preparation of polymer P25
can be directly performed on the working electrode by heating
the mixture of monomers.'®> This on-substrate polymerization
boosts the advantages of either commercially available or
easily synthesized monomers that can be applied for preparing
stable electroactive polymers. This method is capable for large-
scale fabrication and can also be considered as an environ-
mentally friendly approach because the main by-product is
water.

Niu and Bai successfully tuned the band gap of poly(azo-
methine)s P26-P29 by copolymerizing the diamines with
different dialdehydes.'®™% The organosoluble poly(azo-

3010 | Polym. Chem., 2018, 9, 3001-3018

methine)s showed excellent thermal resistance and reversible
EC properties with significant color changes. During electro-
chemical oxidation or acid doping procedures, the color of
poly(azomethine) films can be fine-tuned from initial yellow-
ish to red, violet or blue, suggesting the potential applications
of pH sensors, solar cells, and flexible electronic devices.

6.4. Polybenzoxazine

Poly(benzoxazine) is a well-developed phenolic material with
interesting features to overcome several drawbacks of traditional
resole and novolac type phenolic resins, which is widely used in
the areas of electrical insulation, electrical encapsulation, and
aeronautical and astronautical technologies.

Our group successfully prepared two kinds of TPA-based EC
poly(benzoxazine)s by the thermal curing reaction of the
corresponding poly(benzoxazine) precursors, which were syn-
thesized by reacting bisphenol A with paraformaldehyde and
TPA-based diamines (Scheme 14).'°® These thermally stable
TPA-based poly(benzoxazine)s revealed multi-colored EC with
high optical contrast in both visible and NIR regions.
Compared to the corresponding PAs, these two TPA-based poly
(benzoxazine) precursors revealed increased oxidation stages
and lower oxidative potentials.

6.5. Polysiloxane

Niu and Wang reported a series of TPA-based polysiloxanes
synthesized by a normal hydrosilylation through poly(methyl-
hydrosiloxane) with four TPA-based alkenes (Scheme 15).'"
Grafting TPA onto polysiloxanes was employed as a strategy to
ameliorate the thermal stability and EC stability due to the
enhanced adhesion between the polymer films and ITO sub-
strate. These polymers can be mixed to generate the other
colors based on the color mixing theory. In addition, the elec-
tric switching properties of the polymers at 150 °C have been
investigated for the first time, indicating high thermal stability

This journal is © The Royal Society of Chemistry 2018
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and great potential for relatively high temperature operation
and/or long term cycling applications.

6.6. Polymethacrylate

TPA-based polymethacrylate with a well-defined molecular
weight and low polydispersity was prepared by atom transfer
radical polymerization using 4-(diphenylamino)benzyl-2-
bromo-2-methyl-propanoate as an initiator and CuBr/2,2"-
bipyridine as a catalytic complex (Scheme 16)."%® The cyclic
voltammetric study revealed that the dimerization of TPA
pendant groups occurred during redox processes.
Consequently, these initial polymers can be post-modified
both in solution and bulk states by electrochemical oxidation,

This journal is © The Royal Society of Chemistry 2018

leading to a crosslinked and insoluble network with interest-
ing EC behaviors and high coloration efficiency.

6.7. Poly(pyridinium salt)

Toppare et al. reported a series of new EC conjugated poly-
meric pyridinium salts containing TPA moieties in the main
chain (Scheme 17).'°® The EC properties of the resulting
polymer films were investigated by using electrochemical and
spectroelectrochemical measurements. The color changes were
also studied by colorimetric analyses. The polymer films were
highly transmissive at the neutral state and exhibited revers-
ible redox cycles with multi-EC characteristics in the applied
potential range of 0-1.2 V.

Polym. Chem., 2018, 9, 3001-3018 | 3011
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Scheme 17

7. Triphenylamine-based metal
complexes

Smart switching molecules that exhibit multiple redox pro-
cesses at low driving voltages with distinguishable redox states

have received great attention recently.''*™""* It is also impor-
tant that the significantly increased information density in the

3012 | Polym. Chem., 2018, 9, 3001-3018

form of multistate memory is promising for information
storage applications.'™"** Until now, the finding and under-
standing of four or more redox states have been challenging.
To obtain multistate redox switches, molecules have to display
multiple redox processes at relatively low potentials. More
importantly, these solution-based measurements should be
converted to surface-confined technologies for practical
applications."">™*®

Polypyridyl ruthenium complexes with a Ru-C bond,
denoted as cyclometalated ruthenium complexes, are particu-
larly capable of achieving multistate redox processes in mole-
cular switches.''®'*® The presence of the Ru-C bond in
cyclometalated ruthenium complexes could greatly lower
the Ru(m/um) potential and give rise to diruthenium'™' or
ruthenium-amine'®*™"** complexes with three redox states.
These complexes with strong absorptions in the visible and
NIR regions are promising as EC materials for fiber-optic
communications.'*>*°

Recently, Zhong et al. have successfully prepared a star-
shaped tris-cyclometalated ruthenium complex M1 with a
redox-active triarylamine core, which showed four redox states
in a low potential region (Scheme 18)."*' The complex M1 and
the electropolymerized films of the vinyl-functionalized
complex M2 both displayed four consecutive one-electron
anodic redox couples at low potentials, functioning as a mole-
cular redox switch with up to five well-separated states. In
addition, a high contrast ratio of 63% was achieved at the
optic telecommunication wavelength (1550 nm) (Fig. 4). This
is one of the highest contrast ratios ever achieved at this wave-
length on the basis of molecular EC materials, and it is poten-
tially useful as active materials for variable optical attenuators
in optic telecommunication.

Leung and Su reported a convenient and effective method
to access conjugated polymers containing electron donating-
accepting pairs from a TPA-based ruthenium complex M3.""
The diphenylamino group in M3 is beneficial for electropoly-
merization to give donor-acceptor polymers, and the resulting
polymerized-M3 also demonstrated interesting EC and photo-
responsive behavior.

This journal is © The Royal Society of Chemistry 2018
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spectra and photos of the poly-M2"*/ITO film at different redox states.
Reproduced from ref. 133 with permission of Springer Nature.
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Zhong also designed and synthesized six metallic terpyri-
dine-based complexes M4 with two TPA end groups that could
produce four terminal active sites for the purpose of following
electrochemical ~polymerization.”*® Interestingly, the EC
memory ability was found depending on both the rigidity and
length of these TPA-based moieties. Meanwhile, the TPA-based
moieties with more rigid and conjugated linkages could effec-
tively increase intramolecular CT from the TPA group (D) to
the metallic terpyridine (A) that is beneficial for stabilizing the
oxidized states (i.e., Ru*", Fe’*) of metallic terpyridine and
thus enhance the memory ability of the EC films. In addition,
cyclometalated ruthenium complex M5 with a redox-active
arylamine substituent and three carboxylic acid groups also
demonstrated feasibility as a self-assembling monolayer on
ITO electrode surfaces for fabricating NIR EC three state
switching.”*® The obtained monolayer film exhibited intense
NIR absorption with long optical retention time at each oxi-
dation state. Thus, this approach can provide an excellent
molecular platform for the construction of a surface-confined
flip-flop system with high ON/OFF ratios, which is attractive
for the preparation of NIR EC and memory devices at the mole-
cular scale.

8. Triphenylamine-based molecules

Molecules revealing physical responses under stimuli have
been widely investigated as promising functional switching

Polym. Chem., 2018, 9, 3001-3018 | 3013
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and memory devices."**'** Among them, redox-active
materials have received great attention due to the prospects as
nano-sized electronic devices.'** ™!

The prototype redox-flow EC window employs a TPA deriva-
tive M6 anchored to a mesoporous TiO, scaffold as an EC com-
ponent (Scheme 19)."*> M6 can be rapidly oxidized in aqueous
I~ solution to generate the colored form, M6™" radical cation,
and then reduced back to the original colorless M6 by aqueous
I” solution. Aqueous I;~ or I" electrochemically generated in
an external two-compartment cell could be pumped through
the window cavity to form the redox-flow EC window between
colored and colorless states (Fig. 5).

Hiroto and Shinokubo reported the synthesis of n-extended
N,N'-diaryldihydrophenazines M7, which exhibited dramatic
conformational and three-state NIR absorption changes by
both chemical and electrochemical stimuli.'** Upon chemical

2 R
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oxidation, the change of optical absorption was confirmed in a
two-step procedure, and the NMR analysis demonstrated a
conformational change upon oxidation, which was also sup-
ported by theoretical calculations. Such molecules with inter-
esting NIR EC behavior and dramatic conformational changes
caused by an electrochemical stimulus are promising for
applying in low-energy molecular memory and molecular
actuator devices.

A series of dyes M8 with intramolecular CT between AQ and
TPA units have been synthesized by the Suzuki reaction, which
are ideal candidates as probes for the detection of less polar
solvents."** The cyclic voltammetry and DFT calculations
imply that these dyes could be potentially applied in the wide
field of optoelectronics. In addition, the dyes without substitu-
ents would be potentially a host for complexation due to the
formation of cavity structures in crystals.

Schiff bases
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Window Counter electrode

compartment compartment

Fig. 5 Photographs of the redox-flow M6-based EC window. (a)
Decolored state and (b) colored state. (c) Schematic diagram of the
redox-flow EC window. Reproduced from ref. 144 with permission of
American Chemical Society.

Another TPA derivative M9 was synthesized by the cross-
coupling reaction and its photophysical and electrochemical
properties were studied.'*® In order to obtain several redox
and protonation states, three amino groups were incorporated
into M9 as well as two biphenyl linkages, which allow an
extended electron delocalization and a better stabilization of
its redox states. M9 was found to exhibit three redox states
(with EC of colorless, yellow, green, and blue), and three proto-
nated states. In addition, the fluorescence switches at different
oxidation and protonation states were also investigated.

A series of TPA-based chalcones M10 were synthesized by
the Aldol reaction and their photophysical, electrochemical,
and EC properties were studied."*® The molecular orbital
energy levels and excitation energies were calculated and we
found that the fluorescence intensity decreases with the for-
mation of the CT state. The spectroelectrochemical results
indicated that M10 revealed good EC stability with color
changes from yellow to blue. By this token, chalcone-contain-
ing TPA moiety is another new approach for tuning EC
behaviors.

Wan et al. reported three D-A molecules M11 with different
AQ imide arms connected to the TPA core.'”” These com-
pounds showed high solubility in common organic solvents
due to the propeller-like structures. CV results revealed that all
these compounds exhibit three redox peaks, two in the catho-
dic regime owing to the formation of AQ imide radical
anions and dianions, respectively, and one in the positive
regime corresponding to the TPA radical -cations.
Spectroelectrochemical measurements demonstrated that the

This journal is © The Royal Society of Chemistry 2018
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intramolecular CT absorption could be tuned electrochemi-
cally. In addition, the multiple EC color and intensive NIR
absorptions can be achieved in one single ambipolar molecule
due to the formation of radical cations and radical anions in
the oxidation and reduction process, respectively.

TPA-based Schiff bases containing pyrrole, thiophene, or
furan moieties were also synthesized and revealed interesting
EC behaviors with an obvious color change from pale yellow at
neutral form to red at oxidative form. In addition, all the
obtained compounds displayed multiple color changes at
different pH values and the results showed a perfect linear
relationship between the absorption and proton concentration.
Thus, these new Schiff bases can be used as proton detection
and EC materials due to their sensitive acidochromic
properties.'*8713°

In addition, the Pt-ethynyl complexes containing up to four
redox-active TPA cores were prepared by oxidative addition fol-
lowed by the Cul-catalyzed dehydrohalogenation reaction. The
complexes undergo a single electrochemical process for each
chemically distinct type of TPA in the molecular backbone.
The perfect reversibility of the larger systems indicates that
they can be used as charge storage materials and are capable
of releasing up to four electrons. The combination of electro-
chemical, spectroelectrochemical, and quantum chemical ana-
lyses demonstrated that only a weakly electronic coupling
between the amine moieties at the redox states generated from
one-electron oxidation.™*

9. Conclusions

In this review, we mainly summarized the recent development
of TPA-based EC materials with emphasis on the synthetic
approaches and the resultant EC behaviors. TPA-based EC
materials with promising optical and electrical properties are
of great potential for practical applications. Based on the excel-
lent and interesting results of these EC materials, we believe
that the optimization of their devices could further improve
the performance and fully explore the potential of these multi-
colored EC devices as shutters of transparent displays, smart
windows for building construction and aircraft, wearable appli-
cations, and electronic tag.
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