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Triphenylamine-based conjugated polymers are a class of organic
semiconductor compounds used in a variety of devices in the field
of organic and hybrid optoelectronics, owing to a number of
properties such as high hole mobility, efficient luminescence, high
stability, and the ability to form films from solutions. The modern
methods of organic and polymer synthesis make it possible to
implement a variety of molecular designs for these polymers,
ranging from simple conjugated macromolecules to intricate
branched and cross-linked copolymers. This review analyzes the
currently existing diversity of triphenylamine-based polymer
structures, proposes their classification for the first time, considers
the main approaches to the polymer synthesis, and, using numerous
examples, demonstrates how the properties of such materials can
be tuned using molecular design. Examples of application of these
polymers in various modern devices are given, including perovskite
solar cells, metal-ion batteries, electrochromic devices, organic
light-emitting diodes, and sensors of various types.

The bibliography includes 281 references.
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1. Introduction

The development of organic electronics began in the 1960s
when the first conducting polymer, polyacetylene, was
synthesized as a dark powder."2 In the 1970s, chemists
succeeded in obtaining polyacetylene as a thin film. However,
this conducting polymer could not be processed and was unstable
in air. Active research of semiconducting properties of
n-conjugated polymers such as polythiophene, polypyrrole, and
polyaniline started in the early 1980s.4~¢ This gave stimulus to
further development of organic electronics. In 1987, an
electroluminescent device was manufactured, in which organic
oligomer materials were used as light-emitting elements.” In
1990, poly(p-phenylene vinylene) was synthesized and tested in
a light-emitting diode, bulk heterojunction photovoltaic cell,
and a solid-state laser.3~1° This was followed by the discovery
of the charge-transport properties of conjugated arylamines.
They started to be used as hole-transport materials in various
devices.!-12 Polymers containing arylamine blocks were easier
to process because of increased solubility and had enhanced
mechanical properties.

As a rule, poly(triarylamine)s can be reversibly oxidized to
form stable radical cations. Owing to this feature and to high
stability in the environment, they have been actively investigated
as hole-transport layers in organic and hybrid electronic devices.
Conjugated polymers based on triphenylamine (TPA),
particularly  their  simplest representative,  poly(4,4-
triphenylamine) (PTPA), which were synthesized by Yasuhiko
Ohsawa’s group in 1991, showed high thermal and
morphological stability in combination with good hole-transport
properties.!? Further studies were directed toward the use of
triphenylamine-based — materials as  hole-transport and
electrochemically active layers in electrochromic devices 413
and charge-transport layers in organic light-emitting diodes
(OLEDs) and organic field effect transistors (OFETs).!0-19

Quite a few TPA-based hole-transport materials, ranging
from low-molecular-weight compounds to polymers, have been
studied over the past three decades.2?~2* The introduction of the
propeller-shaped TPA block into molecules decreases m—mn
interactions and tendency for crystallization.?>2¢ Materials of
this type are, most often, amorphous and readily soluble and
have high glass transition temperatures. An advantage of TPA-
based polymers over similar low-molecular-weight compounds
is that these materials are more thermally stable and have better
film-forming and mechanical properties.?’~2°

Examples of simple and commercially available TPA-based
polymers are poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine]
(PTAA)3%31 and poly(4-butylphenyldiphenylamine) (poly-
TPD).3233 The PTAA and poly-TPD polymers are most
commonly used as hole-transport layers in perovskite solar
cells.30-32.34-36 I the case of definite film deposition procedure
and device optimization, these polymers as hole-transport
materials show a relatively high hole mobility for amorphous
materials equal to 4 x 103 cm? V! 57! (measured by the OFET
method).3%-32.37 However, their further application is restricted
by the lack of possibility of fine tuning of their physicochemical
properties, e.g., phase transition temperature, light absorption
and emission spectra, and energies of the frontier molecular
orbitals, over wide ranges. Therefore, a relevant task for
researchers specializing in this field is to design new molecular
structures of TPA-based polymers with optimal characteristics.
A possible way of molecular design and, as a consequence,
tuning of polymer properties is the introduction of various
electron-withdrawing groups into the monomer unit of

homoconjugated polytriphenylamines 33:3% or the preparation of
copolymers containing, apart from TPA, an additional electron-
withdrawing aromatic group conjugated with TPA.#0

Currently, there are a number of reviews addressing TPA-
based polymers;*'=% however, the diversity of these polymers
has markedly expanded in recent years: new molecular designs,
methods of synthesis, and applications appeared; this makes it
difficult to navigate these issues even for specialists. Therefore,
comprehensive analysis of the currently available publications
in this field is required. Analysis of the data published mainly
since 2010 would not only highlight the history of development
of this field, but also give rise to the first classification of TPA-
based polymers in terms of their chemical structure, methods of
synthesis, and current applications. The present review considers
TPA-based polymers of various structures ranging from simple
homopolymers to cross-linked polymers, giving vivid examples
illustrating both the early stage of development and the latest
achievements; demonstrates ways for tuning the properties of
these materials using various molecular design tools; and
describes the main methods for their synthesis and the existing
practical applications. Comparative analysis of the methods of
synthesis of a representative series of TPA-based polymers
would identify the benefits and drawbacks of each approach,
while comparison of polymer properties would help to
understand the key regularities in the variation of their
characteristics depending on the chemical structure. The final
chapter addressing the applications of the title polymers informs
the reader about the modern promising areas in which these
materials are used.

2. Types of triphenylamine-based polymers

Poly(triphenylamine)s are amorphous polymers possessing
relatively high mobility of positive charges (holes), good thermal
stability, and high glass transition temperature. They are readily
soluble in various organic solvents and have good film-forming
properties. The above features of poly(triphenylamine)s allow
for their wide use as hole-transport layers in various
optoelectronic devices.*! 43

There are various types of triphenylamine-containing
polymers. In this review, we propose a classification of these
polymers, which is shown in Fig. 1. Among the polymers, it is
possible to distinguish main groups, in which TPA blocks are
incorporated into the backbone as repeating units: linear
homopolymers30:32.46-48 ‘and copolymers#—3! and polymers
with a nonlinear architecture including branched >2~>* and cross-
linked polymers.>>~>7 Linear polymers, in which the TPA block
is attached to the backbone as a side group, can be considered as
a separate type.>8~% Each type of the triphenylamine-containing
polymers has advantages and disadvantages. The homopolymers
are, most often, easily synthesized,*® as their synthesis requires
only one monomer, whereas the preparation of copolymers
requires two or more monomers; this complicates the production
of materials and increases their cost. Meanwhile, synthesis of
the copolymers makes it possible to combine the properties of
structurally different blocks, which significantly expands the
possibilities of modification.*” Branched TPA-based polymers,
unlike the linear polymers, have a high free radical density and
large surface area, which is favourable for charge transfer.5*
Most often, linear and branched polymers are readily soluble,
unlike cross-linked polymers,>’ which is convenient for polymer
processing and for the formation of polymer coatings and thin
films from solutions. Poor solubility of cross-linked polymers
can also be beneficial. For some devices, it is important that the
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functional layer deposited after the TPA-based polymer does not
dissolve it during the deposition of the next layer from a solution.
Films of poorly soluble cross-linked polymers can be deposited
directly on the substrate of an optoelectronic device,>’ which
facilitates the technique by decreasing the number of production
stages. Polymers containing TPA side groups are usually
prepared to improve the properties of a base polymer, for
example, to increase the solubility or decrease the melting point
and also to introduce one more hole-conducting moiety into the
macromolecule. This Section addresses polymers of various
structures: the ways of tuning the polymer properties are given
and the structure—property relationships are analyzed.

2.1. Linear polymers

2.1.1. Homopolymers

The simplest representative of TPA-based homopolymers is
poly(triphenylamine) PTPA!3 (structures P1-P11, PTPA,
PTAA, poly-TPD). This polymer has no solubilizing groups in
the macromolecule, which results in poor solubility and restricts
the scope of its application. The solubility problem was solved
by introducing various solubilizing groups into PTPA; e.g.,
methyl or n-butyl groups in the most well-known and
commercially available TPA-based homopolymers,
PTAA30:34-36 and poly-TPD.3>61-% These polymers are
promising for industrial application in optoelectronic devices,
owing to easy synthesis, amorphous structure, good solubility in
a wide range of organic solvents, and relatively high hole
mobility measured by the space charge limited current (SCLC)
method  (3-4x 1073 cm? V1s! for PTAA  and
1x10*cm? V-1 s7! for poly-TPD).5%% Over the last several
years, the number of works using PTAA and poly-TPD as hole-
transport layers (HTLs) has increased. However, PTAA and

poly-TPD have some drawbacks related to the limited possibility
of tuning the properties of materials, which are selected
depending on the particular application of the polymers in
specific devices. In particular, important characteristics of
PTAA and poly-TPD that should be tuned are the energy levels
of the highest occupied molecular orbital (HOMO) (-5.2 eV)
and band gap (E,) (~2.8 eV) and the light absorption spectra (in
the 300400 nm range).3%.32,33-36,61-64

The properties of polymer materials based on triphenylamine
can be tuned by a relatively easy, but still effective method,
namely, by introducing various electron-withdrawing (EW) or
electron-donating (ED) groups into the monomer unit. By
introducing EW groups into the macromolecules, it is possible
to vary the frontier molecular orbital levels, which determine the
band gap width.57 For semiconductors, E, is an important value
affecting the conductivity and the range of the light absorption
and emission spectra.

For example, it was shown®® that EW groups reduce the
energy level of the highest occupied molecular orbital (HOMO)
of the polymer and, conversely, ED groups increase this energy
level. For example, the HOMO energy of the polymer containing
the electron-withdrawing cyano group (P1) is —5.33 eV, which
is lower than the HOMO energy of PTAA and poly-TPD by
0.17 eV. Conversely, the HOMO energy of polymer P4
containing the electron-donating methoxy group increases to
—4.89 eV compared to PTAA and poly-TPD.

The introduction of EW groups into the donor triphenylamine
moiety can also be used to red-shift the absorption spectra of
polymers. For example, as compared with PTAA the major
absorption band of which (refers to the m—=n* transition) occurs
in the range of 325—362 nm, analogous polymers P1, P2, P3,
and PS show strong absorption bands corresponding to the
intramolecular charge transfer in the range of 412—543 nm. In
the series PTAA — P1 — P2 — P3, the band gap considerably
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Structures P1-P11, PTPA, PTAA, poly-TPD
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decreases from 2.98 to 1.72 ¢V with increasing number of cyano
groups.*

Electron-withdrawing groups containing fluorine atoms are
often used because they affect not only the HOMO energy, but
also the lowest unoccupied molecular orbital (LUMO)
energy,® and because of the steric factor, they can also shift
the absorption spectrum to shorter wavelengths 7% and increase
the solubility of target compounds.”’ Polymers P6 and P7
(Ref. 72) showed excellent solubility in DMF, chloroform, and
THF, which enabled the preparation of thin films of these
compounds by solution processing. They also exhibit
luminescent properties and have a much higher glass transition
temperature 7, (209-225°C) than PTAA (7, = 73°C),” which
can certainly expand the scope of applicability of
poly(triphenylamine)s and improve the durability of devices
based on them.

In order to enhance the conjugation in the molecule, ED and
EW groups are linked to each other via a conjugated m-spacer,
for example, 1,4-phenylene or 2,5-thiophene one. The
introduction of a conjugated n-spacer between the ED and EW
groups in the molecule leads to a decrease in the HOMO energy
and the band gap width and to a red shift of the absorption
bands.”-7¢ For example, TPA-based homopolymers containing
electron-withdrawing alkyldicyanovinyl groups connected to
TPA through 2,5-thiophene m-spacers have recently been
obtained. The synthesized polymers P8 and P9 had high thermal
stability (the degradation temperature reached 558°C for P9),
reversible electrochemical reduction, HOMO levels of —5.37
and —5.35¢V, and relatively low E,=2.00 and 193¢V,
respectively; the absorption edges (4.q) reached 617 and
641 nm. For comparison, in the case of polymer P2 containing
the electron-withdrawing dicyanovinyl group directly connected
to TPA, Aegee = 535 nm.*¥ Also, the hole mobility of P8 and P9
measured by the SCLC method amounted to 2.1x107 and
7.5%1075 cm? V! 71, respectively.?”-77

Another example of TPA-based D—A polymers containing a
n-spacer between ED and EW groups was reported by Sun and
Liang.”® The polymers have a 1,4-phenylene spacer in the
molecules and differ by the presence of keto (P10) or cyano
(P11) electron-withdrawing group. Polymer P10 shows two
absorption peaks at 255 and 384 nm, which were assigned to
n—nt* transitions and intramolecular charge transfer, respectively.
Both absorption bands slightly change upon variation of the
solvent polarity. Polymer P11 also exhibits two absorption
bands at 329 nm and in the range from 400 to 417 nm. The latter
band, unlike the bands of P10, is blue-shifted from 417 to
400 nm with increasing solvent polarity, which implies that P11
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has a more pronounced intramolecular charge transfer even in
the ground state due to the strong electron-withdrawing
properties of the CN group. Both polymers show luminescence
behaviour. The photoluminescence spectra were measured in
various solvents. The spectra of P10 are red-shifted from 480 to
564 nm on going from a low-polarity solvent (toluene) to polar
solvents such as acetonitrile and DMF, while a more pronounced
red shift of luminescence in the 552—647 nm range is observed
for P11 upon increase in the solvent polarity. The difference
between the solvatochromism observed in the photoluminescence
spectra is related to the difference in the dipole moments of the
macromolecules. Evidently, the dipole moment of P11 is greater
due to the presence of stronger EW substituent (cyano group)
compared to that of P10, in which the EW properties are
provided by a carbonyl group.

2.1.2. Copolymers

The addition of EW groups or conjugated m-spacers into the
monomer unit is often insufficient to attain the desired
characteristics of the polymers such as the optimal HOMO and
LUMO levels, light absorption or emission in a particular
spectral region, high decomposition and glass transition
temperatures, etc. Therefore, researchers pay attention to another
class of TPA-based macromolecules, that is, copolymers in
which the chemical structure makes it possible to combine
several different building blocks with diverse properties in one
molecule. As an example, let us consider some recent studies
dealing with the TPA-based copolymers.

For example, well-known poly(3-hexylthiophene) (P3HT),
which has useful optical and electrical properties and good
solubility in organic solvents, has a drawback of having poor
oxidation stability at high temperatures. In order to increase the
stability of P3HT, Nakashita et a/.*° synthesized a copolymer of
3-hexylthiophene  with triphenylamine (P12), because
poly(triphenylamine) derivatives are more stable against
oxidation at high temperatures.’-8% The loss of mass of P3HT
starts at 325°C, and at a temperature of 450°C, the coke residue
amounts to 40%. Copolymer P12 demonstrates excellent
thermal stability, particularly, the loss of mass by this polymer is
less than 5% at 400°C in air. This result demonstrated that the
presence of TPA in the polymer backbone markedly improves
the thermal stability of the copolymer.

Like those of TPA-based homopolymers, the properties of
the copolymers can be tuned by introducing EW groups into
their macromolecules. The EW group can be represented by one
of the monomers, which is most often the case. More rarely, the
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properties of these copolymers are tuned by attaching EW side
groups to a TPA benzene ring. For example, Mi et al.>° obtained
a series of copolymers (P13—P16) based on triphenylamine and
thiophene with EW groups of various strengths in the TPA para-
position, namely, carbonyl (CHO), dicyanovinyl (DCV), and
nitro (NO,) groups. The use of EW groups in TPA resulted in a
substantial decrease in the LUMO energy from —2.67 ¢V (P13)
to —3.27 eV (P16), but barely affected the HOMO energy. This,
in turn, induced a gradual decrease in £, from 2.71 eV (P13) to
2.29 eV (P16). Owing to the long alkoxy groups at the thiophene
unit, all of the polymers had good solubility in organic solvents
and were able to produce thin films of acceptable quality by
solution processing.

Wang et al.>! prepared copolymers based on the TPA electron
donor and isoindigotin (P17) or naphthalene diimide (P18 and
P19) electron acceptor. By varying the electron-withdrawing
properties and planarity of the acceptor blocks via the
replacement of isoindigotin by naphthalene diimide, the
molecular orbital energies of the conjugated polymers were
changed. The HOMO energies of P17, P18, and P19 were
—5.57, =5.72, and —5.65 eV, while the LUMO energies were
-3.68, -3.78, and -3.81 eV, respectively. Finally, the £, values
calculated from cyclic voltammetry (CV) data were 1.89, 1.94,
and 1.84 eV, respectively. The introduction of a naphthalene
diimide block also induced a red shift of the absorption spectrum
compared to the spectra of the other two polymers described in
that study, because of more pronounced electron-withdrawing
properties. In dilute solutions, P17 exhibits two absorption
peaks at 326 and 580 nm, while P18 and P19 show two peaks at
approximately 357 and 620 nm. The variation of alkyl groups
from 2-octyldodecyl to 2-hexyldecyl improved the current—
voltage characteristics of organic photovoltaic devices based on
these polymers, which may be attributable to differences in the
thin film morphology and molecular packing influencing the
charge transfer efficinecy.®!-82

Among both homopolymers and copolymers, there are
examples in which the electron-withdrawing side group is
attached to TPA through a m-conjugated spacer rather than
directly. For example, Wang et al.®? synthesized a number of
conjugated polymers P20, P21, and P22 based on
poly(triphenylamine-phenothiazine) with EW cyanoacetic side
chains. In this case, phenothiazine was chosen in order to
increase the conjugation in the backbone of the macromolecule.
The polymers have a conjugated side chain consisting of a
thiophene unit (P20), which alternates with either
3,4-ethylenedioxythiophene (EDOT) (P21) or EDOT-thiophene
(P22) as a m-spacer. As in the previous cases, the goal of this
strategy is to adjust the frontier molecular orbital energy and to
broaden and red-shift the absorption spectra of the polymers.
The HOMO levels of P20, P21, and P22 derived from CV data
were —5.04, =5.03, and —5.15 eV, respectively. The addition of
various m-spacers between the ED and EW blocks in order to
increase the conjugation in the macromolecules affected the
optical properties of polymers. All polymers exhibit two sharp
absorption peaks: the peak at ~350 nm is due to the m—n*
transition of conjugated polymer chains and the peak at ~500 nm
corresponds to the intramolecular charge transfer between the
ED polymer backbone and the EW side groups. The two-band
absorption is typical of compounds composed of conjugated
D—A type chains. The absorption peaks of P22 are red-shifted
relative to those of P20 or P21. This effect can be attributed to
elongation of the m-spacer when the EDOT-thiophene unit is
used rather than thiophene or EDOT alone. Meanwhile,
the absorption spectrum of P21 is virtually not red-shifted
compared to that of P20, which is apparently due to the fact that
the m-spacers in these polymers have the same length.

2.1.3. Polymers with triphenylamine side groups

One more group of triphenylamine-containing polymers include
polymers with TPA side chains. The backbone of these polymers
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may be composed of either non-conjugated3®-% or Among the copolymers, there are also compounds in which

conjugated 3*#° units. In the former case, polymers are meant to
combine the mechanical properties of known polyolefins,
synthesized by radical polymerization widely used in industry,
with the conducting properties of triphenylamine. In the latter
case, TPA is more often introduced as an additional hole-
transporting block.

A few vivid examples of polymers with TPA side chains are
presented below. Fang et al.%® prepared two polyolefin-based
homopolymers: P23 containing TPA groups and P24 in which
the TPA group is substituted with two EW cyano groups.
Polymer P24 has higher degradation temperature 7y (404°C)
and glass transition temperature 7, (211°C) than P23
(T3 =387°C, T,=140°C) due to the presence of EW cyano
groups, which enhance the intermolecular interactions. The
peaks in the absorption spectra of P23 and P24 are located at
306 and 353 nm, while the emission peaks are at 437 and
429 nm, respectively. Both polymers exhibit luminescence, but
the luminescence quantum yield in films is much higher for P24
than for P23: 20.3% vs. 3.7%. The HOMO energy level in P24
is —5.63 eV, which is 0.28 eV lower than that of P23. This
HOMO energy level of P24 promotes more efficient hole
injection and improves the performance of the iridium-
containing phosphorescent OLEDs investigated by Fang et al.>

Polyacrylate-based polymers with TPA side groups (P25 and
P26)% were prepared for photorefractive (PR) devices. The
photoconductive TPA-containing polymers P25 or P26 serve as
a dispersion matrix for other components and provide a charge
transfer medium. The desired properties of a photoconductive
polymer used in such devices include high hole mobility, high
HOMO energy, and low T, which favours better reorientation
of the chromophore in the composite. If the polymer has a high
glass transition temperature, a plasticizer is added to the
composite.’® Polymers P26 and P25 have relatively low 7}, (75
and 74°C, respectively). In this case, polyacrylate backbone was
chosen exactly to reduce 7, and to obtain a low-viscosity
polymer. The introduction of methoxy groups into P25 shifts the
HOMO level from —5.69 to —5.57 V.0

TPA is a side group at the conjugated backbone of the
macromolecule. Lian ef al.3* synthesized a copolymer based on
2,7-silafluorene and 5,6-bis(octyloxy)-4,7-di(thiophen-2-yl)-
benzo[c][1,2,5]thiadiazole decorated with triphenylamine side
groups (P27). In this design, triphenylamine groups endow the
material with a lower melting temperature and higher solubility
in most organic solvents. This influences the miscibility of the
material in thin films with other organic semiconductors, which
is important, for example, to achieve an optimal morphology in
the photoactive layer of organic solar cells. In addition, in these
polymers, TPA groups can form channels for efficient hole
transport.

Lee et al.® reported another example of D—A conjugated
polymers with TPA side groups containing different numbers of
fluorine atoms: P28, P29, and P30. As the ED unit, the authors
chose 4-hexylphenyl-substituted indacenodithiophene, because
this rigid planar structure facilitates the charge transfer. The
second monomer used as a basic block to form the EW unit is
quinoxaline with two TPA side groups. The appearance of TPA
in this copolymer induces additional charge transfer in the
vertical direction towards the EW quinoxiline unit, together
with the horizontal charge transfer from the ED unit of the
copolymer. The hole mobility of monofluorinated P29, measured
by the SCLC method, was 1.62x 1073 cm? V-! s, which was
higher than that of P28 (1.27x103cm?V-'s!) or P30
(1.47x103 ecm? V' s71). The mobility data proved to be
comparable with those of commercial PTAA. The HOMO
levels in fluorinated polymers P29 and P30 were at —5.24 and
—5.30 eV, which is lower than that of non-fluorinated reference
polymer P28 (—5.20 eV).

2.2. Non-linear polymers

2.2.1. Branched polymers

The next group of TPA-based polymers are polymers
consisting of branched macromolecules.’?>*%7 Branched
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polymers have a set of interesting properties. For example, they
can be used to obtain meso- or microporous materials.5* 88:89
Conjugated microporous polymers have attracted a lot of
attention owing to their high specific surface area, small pore
size (<2 nm), and high chemical and thermal stability in harsh
environments. These polymers are often used as electrode
materials for metal-ion batteries. Owing to their large specific
surface area, microporous organic polymers possess enhanced
electrochemical activities.

Branched polymers P31 (Ref. 54) and P32 (Ref. 88) have
specific surface areas of 561 m? g~! and 594 m? g~!, respectively,
which is two orders of magnitude greater than that of linear
PTPA (5.6 m?g1).9%-°! The branched polymer structure can
provide enhanced electrolyte diffusion and may ultimately
improve the performance of lithium-ion batteries, for example,
increase the specific capacity, which is 143.5 mAh g! for P31
vs. 109 mAh g~! for linear PTPA.>* The synthesized triazine-
containing micro/mesoporous polymer P33 (Ref. 89) has an
even greater specific surface area (930 m? g!). As a cathode
material for lithium-ion battery, compound P33 showed a stable
capacity of ~123 mAh g~'.

Furthermore, some branched polymers are readily soluble in
organic solvents; therefore, solution methods can be used to
fabricate functional layers based on them.%? It is known that
aromatic polyamides have excellent thermal, mechanical, and
chemical properties. However, the rigidity of molecules and
strong hydrogen bonds result in high melting temperatures or
glass transition temperatures and sparing solubility of polymers

Structures P31-P38
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in most organic solvents. One of the methods for improving the
solubility is to prepare these polymers with a branched structure
and with a TPA block as the aromatic unit. For example, Wang
et al.” synthesized branched polymers P34 and P35a—d, readily
soluble in a number of solvents such as N-methyl-2-pyrrolidone
(NMP), dimethylacetamide (DMA), DMF, and DMSO. The
branched polymers P35a—d are of interest due to the fact that
they contain different EW and ED terminal groups that affect
optical, electrochemical, and thermal properties of the materials.
The photoluminescence of these branched polyamides is blue-
green emission in the 430—510 nm range. Poly(triphenylamine
amide) with the electron-withdrawing p-nitrobenzene terminal
group emits at the shortest wavelength of 433 nm, while
poly(triphenylamine amide) with the strong electron-donating
amino terminal group (P34) has the longest-wavelength
emission at 505 nm. The band gap width of the polymers with
different terminal groups is approximately 2.93 eV irrespective
of the terminal groups, since the absorption of these polymers
occurs in the same spectral region, with peaks being at
354—358 nm. Meanwhile, the HOMO and LUMO energy levels
do depend on the terminal groups. Polymer P34 with ED amino
groups is characterized by the highest HOMO and LUMO
energies (—4.99 and —2.07 eV, respectively). Conversely, the
polymer P35c¢ containing the EW p-nitrobenzene terminal group
demonstrates the lowest energies of HOMO (—5.34 e¢V) and
LUMO (-2.42 eV). The presence of terminal groups influences
the thermal properties of the polymers. Polymer P35b with a
phenyl terminal group proved to be the most thermally stable: its
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degradation temperature for a mass loss of 5% was 338°C, while
that for polymer P34 was 270°C.

Among the branched copolymers, one can also find D—A
polymers, e.g., branched conjugated polymer P36,°* which
contains TPA and 3,4-didecyloxythiophene units as electron
donors and 1,3,4-oxadiazole units as electron acceptors. The
introduction of the 1,3,4-oxadiazole ring into the polymer
backbone enhances the polymer ability to transfer electrons. The
properties of the resulting branched polymer were compared
with those of analogous linear polymer P37. Both polymers had
a good thermal stability; however, the temperature of the
degradation onset proved to be higher for P36 (375°C) than for
P37 (325°C). While comparing the optical properties, note that
the absorption maximum for P36 films (4,,,, ~ 560 nm) is red-
shifted compared to that of P3 (4,,,x ~ 510 nm). In addition, P36
has a smaller band gap than P37. This may be due to the branched
structure of P36, which increases the conjugation in the polymer.
Polymers P36 and P37 also exhibit luminescent properties. The
emission maximum of P36 is red-shifted compared to that of
P37 by approximately 30 nm. The colour of the emitted light
changes from yellow for P37 to orange for P36. The HOMO
(LUMO) energy levels estimated from CV data were —5.33
(=3.73) eV and —5.20 (-3.74) eV for P37 and P36, respectively.
The high HOMO levels and the low LUMO levels are caused by
the alternating arrangement of the ED and EW units along the
polymer chain. The E, values amount to 1.60 (P37) and 1.47
(P36) eV. These D—A conjugated polymers containing strong
ED and EW units are promising for the use in optical and
photonic devices.

One more interesting example of branched polymer based on
TBA and benzo[1,2-b:4,5-b]dithiophene (BDT) is P38.%° BDT
has a symmetrical and planar structure, which is favourable for
stronger m—7 interactions and for ordered packing of molecules,
thus facilitating the charge transport. This polymer has a
relatively narrow band gap of 1.69 eV, with the HOMO and
LUMO levels being —5.29 and —3.60 eV, respectively. The
thermal stability of the polymer is relatively high (7; = 385°C).

g &
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It is worth noting that thin films of P38 exhibit a fairly high hole
mobility, which varies depending on the annealing temperature.
Organic field-effect transistors with the active layer made of
P38 as an encapsulated top gate/bottom contact were fabricated
to measure the hole mobility. The highest attained hole mobilities
were  2.08x10%cm?V-lsl ~ 1.22x1073 cm? V! s,
1.02x103 em? V1s!, and 7.28x10%cm? V-'!s! at 0°C,
100°C, 150°C, and 200°C, respectively, which is comparable
with the hole mobility of commercially available PTAA and
poly-TPD.

2.2.2. Cross-linked polymers

Cross-linked polymers based on TPA are also promising
materials for organic and hybrid electronics. The poor solubility
or lack of solubility of cross-linked polymers in organic solvents
and electrolytes allows the production of strong films resistant
to dissolution. Therefore, they can be used as functional
materials for the fabrication of organic and hybrid electronic
devices, in which successive deposition of layers by solution-
based methods is required, as the cross-linked polymer layer
cannot be washed away or corroded during the deposition of a
subsequent layer from a solution.

Perhaps, of most interest is the use of cross-linked TPA-
based polymers as organic electrodes for metal-ion batteries
because of their resistance to direct contact with the electrolyte,
which improves the stability of batteries during the charge/
discharge cycling. For example, films of cross-linked polymer
P39 (Ref. 55) retain the initial morphology after a few charge
and discharge cycles, indicating that the cathode based on this
compound is free from clear structural damages or breaks. The
capacity of the battery in which P39 is used as the cathode
remains high (125 mAh g') even after 100 cycles. Strong and
solvent-resistant films of polymers P40 (Ref. 56) and P41 (Ref.
57) proved to be promising for the hole-transport layers of
OLEDs. Polymer P41 has a HOMO energy level of —=5.30 ¢V,
while the HOMO energy level of P40 is —5.16 ¢V. The HOMO

Structures P39-P43
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energy levels of these polymers indicate that they can perform
hole injection and transport from the anode to the emission
layer. The cross-linked polymer structure can enhance the
charge transport properties. This fact was demonstrated in
relation to polymer P40 and its monomer (16) (the structure is
presented in Scheme 10 in Section 3.3) used in ITO/HTL/Al
devices. The current density was higher for the device using P40
than in the case of monomer 16, which implies higher capacity
for hole injection/transport in the former case. It should be noted
that the HOMO energy levels for monomer 16 and P41 are
almost identical (-=5.17 and —5.16 eV, respectively). Hence, the
hole injection/transport performance is largely related to the
formation of the cross-linked structure.

The D-A cross-linked polymers P42 and P43 for
electrochromic devices were obtained by electrochemical
polymerization of the monomers on the ITO surface.’® Using
D—A type polymers, it is possible to attain high optical contrast
and short response time in combination with the longer cycling
stability and high specific capacity. Polymers P42 and P43
showed noticeable colour changes with a considerable optical
contrast in both visible and infrared regions. The polymers
exhibited electrochromic switching from light yellow to blue-
grey colour with high optical contrast, fast response time, high
colouration efficiency, and robust cycling stability. Both
polymers provided high specific capacitance (12 mF cm2 for
P42 and 9.97 mF cm™? for P43) for a current density of
0.1 mA cm2. Efficient electrochromic energy storage devices
based on these polymers have been fabricated. These devices
not only powered a red LED for 25 s, but also showed obvious
colour changes during the charge/discharge process.

Thus, to summarize this Section, it can be concluded that
there is a wide range of triphenylamine-based polymers, each of
which has certain benefits and drawbacks. Considering the
target application of TPA-based polymers, researchers can
select the desired structure that would be the most suitable.

3. Methods for the synthesis
of triphenylamine-based polymers

The design of functional polymers based on TPA is an actively
developing field of materials science. An integral part of these
studies is the search for versatile and scalable methods for the
synthesis of polymers, which in turn enable the design of new
efficient and inexpensive functional materials for practical
applications.

Usually, in the first step of the polymer synthesis,
triphenylamine monomers are prepared.”” There are various
methods for the synthesis of triphenylamines. Among them, the
Ullmann or Buchwald—Hartwig coupling reactions are used
most frequently for this purpose.”®% The reactions differ in the
bases, solvents, and catalysts they involve. The Ullmann
amination (Goldberg reaction) is the Cu(I)-catalyzed reaction of
aryl halides with amines in the presence of a base. In the
Buchwald—Hartwig C—N cross-coupling, nickel or palladium
complexes with suitable ligands are used as the catalysts instead
of copper. Currently, TPA is a cheap and commercially available
substrate. Triphenylamine derivatives (in particular, monomers)
are prepared using various reactions. For example, TPA-based
monomers with EW groups can be synthesized by the
Knoevenagel condensation of compounds containing active
methylene groups with TPA carbonyl derivatives.*® The
attachment of various m-spacers to TPA is performed, most
often, via the Suzuki?’ or Stille® cross-coupling reactions;
branched monomers can be obtained by the Ullmann

reaction.”®% The synthesis of monomers is mainly a trivial
reaction and is described in detail in the papers surveyed in this
review; therefore, we do not consider the synthesis of monomers
in detail and pass to a more detailed discussion of the polymer
synthesis.

Among the wide diversity of synthetic routes to
triphenylamine-based polymers (Fig.2), two main groups of
reactions can be distinguished: cross-coupling and oxidative
polymerization reactions. The C—C cross-coupling reactions
include Suzuki, Stille, and Yamamoto polycondensations. The
Ullmann and Buchwald—Hartwig polycondensations are
classified as C—N cross-coupling. There are also other methods
of synthesis such as Knoevenagel polycondensation, radical
polymerization, Friedel—Crafts reaction, and thermal cross-
linking.

Homopolymers and copolymers are obtained, most often, by
chemical oxidative polymerization or Suzuki and Stille
polycondensations.*3~3! Branched polymers based on TPA can
be obtained by chemical and -electrochemical oxidative
polymerization or by cross-coupling reactions.’*%>100 In the
case of polymers with TPA side groups, radical polymerization
is used.>8-0 Conjugated polymers in which TPA is a side group
are also prepared by cross-coupling methods, e.g., by the Stille
polycondensation.®5 The most popular method for the synthesis
of cross-linked polymers is thermal cross-linking;>%>7 however,
cross-linked polymers are often prepared by oxidative
polymerization.> The methods of synthesis are considered
below in more detail in relation to the above TPA-based
polymers.

3.1. Coupling reactions

A method for the synthesis of TPA-based polymers is based on
coupling reactions (see Fig.2), which include C-C cross-
coupling reactions such as Stille,’%8 Suzuki,>'-!'0" and
Yamamoto 46192 cross-coupling and Ullmann arylation 01103
and the Buchwald—Hartwig C—N cross-coupling.!04-106

An important and obvious requirement for the polymer
synthesis by cross-coupling reactions is the presence of two or
more bifunctional compounds, except for the Yamamoto
reaction, which requires only one type of bifunctional compound.
When monomers with more than two functional groups are
used, cross-coupling can give branched or cross-linked
polymers.

METHODS FOR THE SYNTHESIS OF
TRIPHENYLAMINE-CONTAINING POLYMERS

1. COUPLING REACTIONS| | 2. OXIDATIVE POLYMERIZATION |

1.1. C—C coupling reactions | Chemical polymerization I

__| Suzuki polycondensation I Electrochemical polymerization |

- stille polycondensation | [3. OTHER SYNTHESIS METHODS|

-+ Yamamoto polycondensation| o Polycondensation

—-| Thermal cross-linking

1.2. C-N coupling reactions]

+{Ulimann polycondensation| L

Buchwald—Hartwig
polycondensation

Radical polymerization

J
|
Friedel—-Crafts reaction |
]
l

—-[ Anionic polymerization

Figure 2. Synthetic routes to TPA-based polymers.
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The Suzuki cross-coupling is a highly important reaction for
the formation of C—C bonds, which is used to obtain
n-conjugated polymers. The C—C bond formation by the Suzuki
reaction has a number of benefits such as high yields of products
under relatively mild reaction conditions, good reproducibility,
high stereo- and regioselectivity, and the use of readily available
reactants.!”” One monomer in this reaction is usually an
organohalogen compound, while the other one is an organoboron
compound. Organoboron compounds are markedly less toxic
than organotin derivatives used in the similar Stille cross-
coupling reactions. Furthermore, they have high thermal and
chemical stability and are relatively inert to moisture and
oxygen. These advantages make Suzuki cross-coupling one of
the most potent tools for the synthesis of conjugated
polymers.31,107-111

Section 2 of the review considers some polymers obtained
by the Suzuki polycondensation, for example, series of
polymers P17—-P19 (Ref. 51) or P20-P22.3% Scheme 1
depicts the synthesis of TPA-based copolymers by this
method. The copolymerization involved two monomers, one
of which is TPA organoboron derivative (1) and the other is
brominated isoindigotin (2). The reaction was carried out in
the presence of rris(dibenzylideneacetone)dipalladium(0)
Pd,(dba); and tris(o-tolyl)phosphine P(o-tol); in toluene and
water. The polymer was purified in a Soxhlet extractor and
isolated in 66% yield. The number-average molecular weight
(M,) was 36.2 kDa and the polydispersity index (Py;) was
3.2.51

In the case of synthesis of TPA-based homopolymers, only
TPA-based monomers (3, 4) are used, but they differ in the type
of functional groups. For example, homopolymer P44 was
synthesized in THF in the presence of aqueous K,COj; solution
as a base and DMF using palladium catalysts, tetrakis-
(triphenylphosphine)palladium Pd(PPh;), and palladium(II)
acetate Pd(OAc), (see Scheme 1).!12 After purification, the
product yield was 66% [M,=10.3 kDa, weight-average
molecular weight (M,,) is 15.8 kDa].

The catalytic system and the solvent are important factors for
the Suzuki polycondensation. They have a pronounced effect on
the cross-coupling product yield and molecular-weight
characteristics. The polycondensation of triphenylamine
derivatives described in the literature is performed, most often,
with catalytic systems such as Pd(OAc),/PPh; and Pd,(dba),/
P(o-tol);.1% The standard solvents for Suzuki polycondensation
are toluene, THF, or 1,2,4-trichlorobenzene, but the choice of

solvent is usually dictated by the solubility of the reactants and
products.

An alternative to the Suzuki reaction is the Stille cross-
coupling. In the previous Sections, we described polymers
obtained by this method, namely, copolymers P13—-P16
(Ref. 50) and polymers with TPA side groups P28-P30.%°
Branched polymers, for example P38, can also be prepared in
this way.?> An example of Stille polycondensation is shown in
Scheme 2. The reaction was carried out between tris(4-
bromophenyl)amine (5) and bis(trimethyltin)-4,8-bis[5-(2-
ethylhexyl)thiophen-2-yl]benzo[ 1,2-b;4,5-b’]dithiophene (6) in
the presence of Pd(PPhs), in a mixture of dry DMF and dry
toluene (the product yield was 76%; M,=11.8kDa,
M, =22.7 kDa).

In the Stille reaction, an organotin compound reacts with an
organohalogen compound in the presence of a palladium catalyst
to give a new C—C bond. Organotin compounds are more stable
than organoboron compounds. This advantage makes it possible
to prepare polymers with higher molecular weights and narrower
molecular weight distributions. One more advantage of the Stille
polycondensation is the absence of bases, which could affect the
reactivity and stability of the monomers sensitive to an alkaline
medium. 13,114

A significant problem faced by the Stille polycondensation is
the toxicity of tin-containing monomers. Improper handling and
disposal of these compounds can cause environmental pollution
and be harmful to human health. In addition, it is difficult to
completely remove the remaining tin-containing impurities
from the final products and chemical ware.!'> One more
problem, which is, by the way, also inherent in the Suzuki
polycondensation, is the presence of phosphine ligands in the
catalytic system. They are sensitive to air and water, expensive,
and toxic, although still less toxic than organotin
compounds. !4 116

An important issue concerns the stoichiometry of the Stille
and Suzuki cross-coupling reactions. To achieve high molecular
weights, a precise stoichiometric balance between the monomers
is needed. This requires monomers with a high degree of purity,
which necessitates additional purification. Furthermore, under
cross-coupling conditions, some monomers may be involved in
the side homocoupling reactions, which may give rise to defects
in the main chain of conjugation, thus affecting the properties of
the resulting polymers. An additional difficulty is to purify the
product from the palladium catalyst, because the remainder of
the catalyst is known to affect the electronic properties of the
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final product. It is noteworthy that both the Suzuki and Stille
polycondensations require removing of the terminal functional
groups that influence the properties and stability of the target
polymers. This is usually achieved by blocking the terminal
groups with a monofunctional halogen-, tin-, or boron-containing
compound such as p-bromobenzene and phenylboronic
acid. 114-116

Using different catalytic complexes, it is possible to vary the
molecular weight of polymers. For example, it was shown that
the palladium catalyst Pd(PPhs), often used in the Stille
polycondensation is susceptible to oxidation, resulting in the
formation of Ph;PO, which inhibits the polycondensation
reaction. In one study, this catalyst was replaced by
more stable  dichlorobis(tri-o-tolylphosphine)palladium(II)
PdCl,[P(0-Tol);],, which promoted the formation of high-
molecular-weight (M,, = 48.4 kDa, M, =47.3 kDa) polymers
based on TPA containing 1,2,3-benzotriazole and thiophene
moieties.!!® In some cases, the length of polymer chains is
controlled by varying the duration of synthesis. For example,
carrying out the Stille polycondensation for 4, 24, and 48 h was
accompanied by increasing M, . This gave poly(triphenylamine-
2,2"-bithiophene) polymers with cyanoacrylic acid moieties as
acceptors with M, of 1.7, 2.9, and 3.5 kDa, respectively.!!”

One more way to produce conjugated polymers is the
Yamamoto polycondensation. 6102118119 A5 mentioned above,
the advantage of this reaction is that only one type of monomer,
a bifunctional halogen-containing monomer, is needed for the
Yamamoto cross-coupling, unlike the Stille or Suzuki
polycondensations, which additionally require the presence of
monomers with tin- or boron-based functional groups. However,
in this method, it is very important to maintain the stoichiometry
of compounds incorporated in the cross-coupling catalytic
complex.

The Yamamoto reaction is usually catalyzed by nickel
complexes. A popular catalytic system is a solution of bis(1,5-
cyclooctadiene) nickel(0) Ni(COD),, 1,5-cyclooctadiene
(COD), and 2,2-bipyridine (BPY) in THF.*¢192 Bjs(1,5-
cyclooctadiene) nickel(0) and BPY are used in a slight excess
with respect to 1,5-cyclooctadiene.!'® Alternatively, a catalytic
system consisting of NiCl,, BPY, and zinc dust can be used. In
this case, the nickel complex with BPY is formed in situ.''® In
some cases, DMF is employed as a solvent. Zinc dust, which
serves as a reducing agent, should be taken in a large excess. In

Scheme 2

some cases, apart from these components, triphenylphosphine is
added and DMA serves as the solvent.'?°

An example of preparation of triphenylamine-based polymers
by the Yamamoto polycondensation is shown in Scheme 3.
Polymers P45a—c¢ were obtained by adding the monomers in
THF to a solution of the catalyst consisting of Ni(COD),, COD,
and BPY in dry THF.!0?

Scheme 3
Z
X | Ni(COD),,
BPY COD
©/ THF, reflux ©/

P45a—c R!

P45a: R = CH3, R% = CHg; 51% yield, M,, = 17.6 kDa, 1.94 Dy;
P45b: R = F, R2 = CH3; 52% yield, M,, = 25.0 kDa, 1.90 By;
P45c: R = F, R2 = F; 53% yield, My, = 27.9 kDa, 2.00 Dy,

An alternative method for the synthesis of polymers by the
C—C cross-coupling is N-arylation, e.g., the Ullmann (Goldberg
reaction) ! or Buchwald—Hartwig amination.!%#-19 These
reactions are also classified as C—N cross-coupling.

The Ullmann reaction is used more rarely to obtain
triphenylamine  polymers than the Suzuki or Stille
polycondensations. The classical copper-catalyzed Ullmann
reaction between a secondary diamine and a diiodide '?! at high
temperatures of about 200°C is unsuitable for the preparation of
some polymers, since in this case, numerous side reactions take
place to give insoluble oligomeric products. An example of
Ullmann synthesis of TPA-based polymers!'® is shown in
Scheme 4. Three TPA-based polymers were synthesized from
stoichiometric amounts of N,N'-diphenylbenzidine (7) and the
corresponding bis(iodophenoxy)alkanes 8a—c in the presence of
copper metal and K,CO; and 18-crown-6 in dry o-dichloro-
benzene (o-DHB). After purification, poly[bis(triphenylamine)
ethers] P46a—c were isolated in more than 80% yields
(M, varied from 8 to 15 kDa, M,, was from 50 to 60 kDa.

One more synthetic approach to TPA-based polymers is the
Buchwald—Hartwig C—N  cross-coupling.'%4-19  Typical
components of these reactions include palladium catalysts,
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Pd(dba), or Pd(OAc),, phosphine ligands such as
dicyclohexyl[2',4",6 "-tris(propan-2-yl)[1,1"-biphenyl]-2-yl]-
phosphane (XPhos) or tris(tert-butyl)phosphine PBuj, and
sodium fert-butoxide NaOBu'; most often, toluene is used as the
solvent. Polymer P47 was synthesized in this way from tris(4-
bromophenyl)amine 10 and 2,6-diaminoanthra-9,10-quinone 11
in 75% yield (Scheme 5).'% No data on the polymer MW are
given, probably, due to the poor solubility of the cross-linked
polymer.

3.2. Oxidative polymerization reactions

Oxidative polymerization is another method to prepare
conducting polymers based on arylamines. The oxidative
polymerization of arylamines can be induced by various oxidants
such as S,0%, Cr,0%, ClO3, VO3, MnOy, 10;, H,0,, Ce*,
Fe3*, Cu?*, Ag", or hydrogen tetrachloroaurate(I11) H{AuCl,].!??
A commonly used oxidant is iron(III) chloride (Refs 27, 33, 48,
49, 54, 55, 88, 89, 123—128). It is applicable to the synthesis of
TPA-based polymers of all classes described in the review:
homopolymers,?7-33:48,123-125,129 ¢opnolymers,**-126:127 branched
polymers containing triphenylamine units,>*88:8%128 and even
cross-linked polymers.>® The simplicity of synthesis and the use
of available FeCl; oxidant make this method least costly,>
unlike the cross-coupling reactions, which require expensive
palladium catalysts,’! or the same oxidative polymerization, but
using the complex CuCl(OH)TMEDA oxidant.!30

The procedure of oxidative polymerization has a significant
effect on the polymer yield, molecular weight, and the amount
of soluble fraction. A number of publications '23-125 describe the
synthesis of TPA-based polymers (Scheme 6) containing
various alkyl substituents (P48a—c) or the electron-donating
methoxy group (P48d) using chloroform as the solvent. It was
noticed that when the catalyst is added in the beginning of the
reaction, a heterogeneous system is produced, resulting in the
formation of an oligomeric product. The formation of a high-

o

HoN *+N
B e D
o (11),
N (11)

Pd(dba),, XPhos

NaOBU!, toluene,
reflux

10

T QL0 T,

molecular-weight product requires fractional supply of the
catalyst at 1-hour intervals during the reaction.!®-!' The
additional feeding of iron(III) chloride to the reaction mixture
may also be attributed to the fact that the catalyst is partly
soluble in chloroform, while formation of the polymer requires
a heterogeneous system. Moreover, hydrochloric acid released
upon the polymerization reacts with FeCl; to give iron(III)
complexes and thus decreases the content of the active oxidant
in the system.!3!

SWe
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Takahashi et al.'?3> demonstrated that the product yield and
molecular weight are influenced by the FeCls/monomer molar
ratio. It was found that at a low ratio equal to 2:1, no high-
molecular-weight product is formed. When the ratio is too high
(5:1), a large amount of gel fraction is produced; this implies
cross-linking of macromolecules or attainment of too high
molecular weight. As a result, the amount of insoluble fraction
of the polymer increases under these conditions and the
resulting polymer cannot be investigated or used in practice.
According to this study, the optimal FeCl; to monomer ratio
was 4:1.123

Study of the effect of temperature and reaction time on the
polymer molecular weight 123 demonstrated that low temperature
(30 to 40°C) does not provide high MW of the polymer even
when the reaction time is long. Meanwhile, at 60°C, high
molecular weight and high yield (>96%) of the soluble polymer
were attained in 4 h, while longer reaction times at this
temperature led to gelation of up to ~96% and low molecular
weight.

One more, less common, solvent used in the oxidative
polymerization is nitrobenzene.?” 123 It was used, for example,
to prepare triphenylamine polymers (P48e—f) containing an
electron-donating methoxy group and electron-withdrawing
cyano and nitro groups (see Scheme 6). In this case, the reaction
was carried out for 18—24 h at room temperature, with the
polymer MW being controlled by introducing electron-
withdrawing groups. The EW groups effectively increase the
rate of oxidative coupling, as they increase the oxidation
potentials and decrease the electrochemical stability of
molecules. Thus, conjugated polymers with cyano

Scheme 5

H Q : '
N NH ! ¥
X0 O
o} ! ;

P47

.....................



I.A.Chuyko, P.A.Troshin, S.A.Ponomarenko, Yu.N.Luponosov
Russ. Chem. Rev., 2025, 94 (1) RCR5152

13 of 32

(M, =262kDa, M,=144kDa) and nitro  groups
(M, =1260 kDa, M, =365kDa) have markedly higher
molecular weights that the polymer with a methoxy group
(M, =3.3 kDa, M, = 1.9 kDa).'?°

The oxidative polymerization can be induced not only
by chemical reagents (oxidants),!?%132  but also
by electrochemical methods (electrochemical poly-
merization).!90:133-136 The electrochemical polymerization is
often used for simultaneous polymer synthesis and fabrication
of films on the electrode surface. The electrochemical
polymerization technique allows the polymer to form a layer
with  high adhesion on the electrode surface.
Electropolymerization considerably decreases the time of
experiment and usually can solve the solubility problem
arising when the traditional solution-based methods are used
to fabricate the polymer films. The production of polymers
by electrochemical polymerization can also be regarded as a
green method, because the monomer oxidation is controlled
by the voltage and current and does not require the use of a
solvent or catalyst and their subsequent disposal.!3” This
method is often employed to obtain triphenylamine-based
branched polymers,!90:134.138 cross-linked polymers,!39-141
and, in some cases, linear homopolymers 42143 from the
corresponding monomers. For example, in the synthesis of
polymer P49 (Scheme 7), the electropolymerization was
carried out on ITO-coated glass plates using a 1 mM solution
of monomer 12 in a toluene—acetonitrile mixture (4:1 v/v)
containing 0.1 M tetrabutylammonium hexafluorophosphate
(NBU}PFg). The polymer layer on the electrode surface was
formed via 30 successive oxidation—reduction cycles in the
potential range from 0 to 1.7 V. Polymers P50 and P51 were
prepared in the same way '*? (see Scheme 7).

A drawback of thismethod is the fact that upon electrochemical
synthesis, various structural defects may appear in the conjugated
polymer and doping counter-ions may remain in the product,
which markedly deteriorates the properties of the resulting
materials, 144146

L

Electropolymerization

Scheme 7
* / *
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N
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3.3. Miscellaneous methods for the preparation
of triphenylamine-based polymers

Apart from cross-coupling and oxidative polymerization, there
are also other methods for the preparation of triphenylamine-
containing polymers. One such method is conventional
polycondensation. At least from the environmental standpoint,
the preparation of conjugated polymers by conventional
polycondensation has advantages over the methods of synthesis
described above. For example, the Knoevenagel condensation is
sometimes used, in which an aldehyde group reacts with an
activated methylene group in the presence of a base.'4-148 The
methylene group is often activated using the EW cyano group.!4°
The Knoevenagel polycondensation has a high potential for the
synthesis of conjugated polymers for several reasons. First, the
reaction does not involve organometallic reagents and, hence,
the formation of toxic organic by-products is ruled out. The only
by-product is water. Second, the Knoevenagel polycondensation
does not require expensive catalysts based on noble metals or
phosphorus-containing ligands; therefore, the total cost of the
synthesis is lower. Third, the base used as a catalyst for the
Knoevenagel polycondensation can be easily removed after the
reaction and the catalyst impurity in the copolymer can be
avoided.'#7:150 The bases commonly used in the Knoevenagel
polycondensation include tetra-n-butyammonium hydroxide
(Bu3NOH) or piperidine, while THF, ethanol, zert-butyl alcohol,
and xylene are used as solvents.

This reaction also has drawbacks including the appearance of
structural defects, which, in turn, deteriorates the optical
properties of the obtained compounds ¥ and the difficulty of
achieving high molecular weight of the polymers due to the
steric factor and the difficulty of precise control of the molar
ratio between the two monomers.!S! Examples of the
Knoevenagel polycondensation used to prepare TPA-based
polymers 13! are presented in Scheme 8. Polymers P52—P54
were obtained by the condensation of 4,4'-[(4-butylphenyl)
imido]dibenzaldehyde 14 with para-, meta-, or ortho-
phenylenediacetonitrile 13 in THF in the presence of "Bu,NOH.
The decrease in MW of polymers along the above series of
isomers is mainly caused by steric hindrances.

Among the ways to produce TPA-based polymers, mention
should be made of the formation of polyimides and
polyamides.®3-152-154 For example, polycondensation reactions
to produce TPA-containing polyamides involve aromatic
dianhydrides and TPA derivatives containing amino groups in
the molecules. Polymer P55 was obtained in this way
(Scheme 9). The polycondensation was conducted for piomellitic
acid dianhydride (PMDA) and N,N-bis(4-aminophenyl)-

Scheme 8
N —
_a_ ~
N
n
CaHg
14 CsHg P52-P54

@) NCHZC@CHZCN (13: p-/m-/o-), BUYNOH, THF:
P52: p- (65% yield, M, = 11.5 kDa, My, = 31 kDa);

P53: m- (61% yield, M, = 6.2 kDa, M,, = 14 kDa);

P54: o- (57% yield, M, = 2 kDa, M, = 3 kDa)
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benzene-1,4-diamine (15) in m-cresol in the presence of
isoquinoline as the catalyst. After purification, the target
polymer was obtained in 64% yield.'>3

Cross-linked polymers are prepared by thermal cross-
linking.'#1-155 This approach was used, for example, to obtain
polymers P40 and P41 (Scheme 10) described in Section
2.2.2.3%57 This process gives strong films that are resistant to
solvents. Polymer P40 results from benzoxazine ring opening in
monomer 16 on heating at 220°C for 30 min (see Scheme 10).5¢
The thermal cross-linking is performed directly on the substrate
of the device being manufactured; in this particular case, this
was a glass substrate for OLED with the ITO/P40/NPB/Alqs/
LiF/Al structure,

Scheme 10

220°C % A §
—_— B — 2 <

30 min  x N ann VY

™~ R R B %

o AL
16 Prepolymer P40 P40

Polymer P41 was synthesized by the Suzukipolycondensation,
and the cross-linked polymer was formed after spin casting of
copolymer films from a solution in chlorobenzene and
subsequent thermal annealing of the film at 150°C for 24 min
(Scheme 11).57

The thermal cross-linking can also be accomplished by
treatment of monomers that have styrene terminal groups in the
molecules. For example, two TPA-based derivatives 17 and 18
or two tetraphenylethylene-based derivatives 19 and 20
functionalized with terminal styrene groups were subjected to

fNPB is N,N'-di(1-naphthyl)-N,N"-diphenyl-(1,1"-biphenyl)-4,4"-
diamine (hole-transport layer), Alq; is aluminium tris(8-
hydroxyquinoline) (emitting layer and electron-transport layer) in
which P40 acted as the hole-injecting and hole-transport layer.

x=05y=04;z=0.1

heat treatment to give cross-linked polymers P56 and P57
(Scheme 12).156

One more approach to the synthesis of TPA-based polymers
is the Friedel—Crafts acylation. This gave microporous cross-
linked polymers P58—P60 (Scheme 13).'37 The polymers were
prepared by the reaction of N,N,N' N'-tetraphenylbenzene-1,4-
diamine with cyanuric chloride, 1,4-dimethoxybenzene, and
dimethoxymethane, respectively. Anhydrous FeCl; or AlCI,
was used as the catalyst. The authors note that the structures of
P59 and P60 can be more complex than those depicted in the
Scheme because of the possible homocoupling and cross-linking
reactions.

Considering polymers with TPA side chains such as P23 and
P24 (Scheme 14), these polymers are mainly obtained by radical
polymerization,®®~% in this particular case, using benzoyl
peroxide (BPO) as the initiator in the presence of
2,2,6,6-tetramethylpiperidin-1-oxyl (TEMPO).’8

The molecular weight of these polymers can be controlled if
living anionic polymerization is used instead of the radical
polymerization (Scheme 15, polymer P61). In this case, sec-
butyllithium or potassium naphthalenide is used to initiate
polymerization in THF at —30 or —78°C. This procedure
gives polymers with low Dy < 1.12.158:159

As can be seen, numerous methods are used for the
synthesis of triphenylamine-based polymers. There are
versatile methods that are suitable for the preparation of both
homopolymers and copolymers and also branched and cross-
linked polymers. These methods include Suzuki and Stille
polycondensations and the oxidative polymerization. There
are methods that make it possible to obtain the polymer
directly on the substrate of a future device, which is especially
relevant to the synthesis of branched and cross-linked
polymers. In the former case, electrochemical polymerization
is used, while in the latter case, thermal cross-linking is
utilized. When choosing the method for the preparation of
polymers, researchers usually proceed from the desired
structure and also pay attention to the ease of synthesis,
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availability and toxicity of reagents, reproducibility, and the

ease of purification of the products. The oxidative

polymerization in the presence of FeCl; is perhaps the most

versatile and accessible method for the synthesis of
triphenylamine-based polymers.

4. Applications of triphenylamine-based
polymers

The electron-donating properties of TPA derivatives, which
are attributable to the presence of nitrogen lone pairs of
electrons, make it possible to use the materials based on these
compounds as hole-transport layers (HTLs).!60-163 [t is
known that HTLs play a crucial role in achieving high
performance and long service life of various optoelectronic
devices.'®* Owing to the simple synthesis and easy
modification of TPA derivatives and the possibility of fine
tuning of various characteristics of materials based on
them,!65-167 they can be used as HTLs in perovskite solar
cells (PSC), electrochromic devices, and OLEDs. The
electron-rich nature of triphenylamine also enables the use of
this material as an organic cathode for metal-ion batteries,
i.e., for electrochemical energy storage and for the design of
high-performance memory devices. 68169
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4.1. Perovskite solar cells

In recent decades, the attention of researchers has been drawn to
the methods for efficient conversion of solar energy that could
replace traditional fossil fuels.!70~173 Perovskite solar cells are
photoelectric systems that certainly mark the most significant
breakthrough in photoelectric technologies since the 1970s.174 A
typical cell structure of a perovskite solar battery is shown in
Fig. 3. A basic perovskite solar cell consists of a film of
perovskite material sandwiched between two electrodes.!¢%175
However, additional layers are used to improve the stability and
efficiency of these devices. In recent years, the attention of
researchers has been focused on the search for appropriate hole-
transport materials, which not only provide the transport of
positive charges from the perovskite layer to the anode, but also
prevent direct contact between the perovskite and the metallic
electrode, thus minimizing charge recombination and preventing
degradation processes at the metal—perovskite interface.!7®
Hole-transport materials (HTMs) should meet certain criteria.
They should be thermally and photochemically stable, and their
HOMO energy level should be slightly higher than that of the
active layer to provide for efficient hole transport. For example,
top of the valence band of perovskite materials such as MAPbI;
and (FAPbIL;),¢s(MAPbBr;), sf are —5.40 and -5.65¢eV,
respectively, whereas HOMO energy levels for poly-
(triphenylamine)s, which are often used as hole-transport layers
in combination with perovskites, range from —5.50¢eV to
—5.10 eV. Hole-transport materials should possess a reasonable
hole mobility for effective charge transfer to the electrode. Most
often, the hole mobility varies from 103 to 10> cm? V-1 sl A
good solubility of the polymer is also desirable to ensure good
film-forming properties; furthermore, if the polymer layer is
deposited over the perovskite layer, the solubility in orthogonal
(usually non-polar) solvents is important. In order to avoid
phase transitions during the device operation, polymers must
have high 7, (>100°C)."”" In this Section, we consider relevant
examples of such HTLs and analyze how the structure of
polymers affects their performance as HTLs and output
parameters of perovskite solar cells.

1.8
ETL
PCE 24.49% Perovskite
' - [_TPA polymer (HTL)
| Glass/ITO
p-i-n

— ©
- +

[ BCP

|
|

Figure 3. Structure of a perovskite solar cell. Designations: ITO is
indium tin oxide (anode), HTL is the hole-transport layer, ETL is the
electron-transport layer, BCP (bathocuproine or 2,9-dimethyl-4,7-
diphenyl-1,10-phenanthroline) is the hole-blocking layer, Ag is the
silver cathode, PCE is power conversion efficiency.

#The perovskite has a structure ABX;, where A is a monovalent
cation [caesium, methylammonium (MA"), or formamidinium
(FA")], B is the divalent metal cation (Pb%"), and X is halogen (CI, I,
or Br)

TPA-based polymers are promising hole-transport materials
for perovskite solar cells.31-33.73.109.178.179 power conversion
efficiency of PSCs using commercially available PTAA as
HTL is as high as 23.8%,3° which makes them comparable with
traditional silicon-based solar cells. However, to attain high
PCE for these PTAA-based PSCs, additional components are
required to enhance the charge transfer efficiency. Traditionally,
lithium  bis(trifluoromethanesulfonyl)imide (LiTFSI) and
4-tert-butylpyridine (#~-BPy) are used as dopants for this
purpose; they increase the hole conductivity of PTAA and
decrease the HOMO level down to the top of the valence band
of perovskites (-5.4 to -5.9¢V).!80-182 However, the
introduction of LiTFSI deteriorates the stability of devices and
decreases the adhesion of PTAA to the substrate.!'80-181.183
4-tert-Butylpyridine has a low boiling point (196°C); therefore,
it is volatile and unstable at elevated temperatures during the
manufacture and long operation.!8* Also, +-BPy is corrosive: it
reacts with Pbl,, and this causes chemical decomposition of
the perovskite film.'®5 Therefore, researchers look for new
structures of triphenylamine hole-transport materials that
would have high efficiency in perovskite solar cells without
any dopants. '8¢

A lot of efforts have been made to develop new polymer
HTMs, but most PSCs based on undoped triphenylamine
polymers showed PCE around 12—18%,!87-190 in some cases,
PCE was 20%,33191-193 and only in few studies, PCE of more
than 20% were attained.'*~197 The enhancement of performance
of the device by an optimal combination of molecular orbital
energy levels, hole mobility, layer morphology, and stability of
the triphenylamine polymer is still a challenging and relevant
task. A potent strategy for the design of highly efficient
polymeric semiconductors is the use of conjugated D—A
polymers,198-201

Table 1. HOMO and LUMO energy levels, hole mobilities of TPA
polymers and PCE for PSCs with HTLs based on TPA polymers.

Polymer H(zi\fo’ Uf\\/}o’ i1 PCE(%)  Ref
PTAA 520 180  400x10° 1810 30,45,
(23.80) 210,211
Poly-TPD 540 240  1.00x10% 1924 62,65,
22.10) 212
P62 544 245  200x10° 1440 201
P63 552 249 3.00x104 1110 201
P64 526 235 9.07x10° 1854 194
P65 528 242 351x10% 2100 194
P66 549 241 389x104  17.60 203
P67 550 246  666x10% 1923 203
P68 553 254 9.44x104 2230 195
P69 522 225 195x104 2449 196
P70 524 229 154x10% 2317 196
P71 510 320 5.06x102 1933 208
P72 526 243 ma 2086 204
P73 530 222 427x105 1866 197
P74 530 224 242x104 2002 197
P75 521 208 805x10° 1872 197
P76 533 231 625x10° 2025 209
P77 532 227 447x105 2009 209

Note. The values in parentheses are PCEs for devices manufactured
using dopants in HTLs y is the hole mobility.
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H17C8 C8H17

P62: R =H; P63: R=CF3

R = (CH,),SO3N*(CH3)4; RY: x = 4; R x = 6

We will consider the most vivid examples of studies using
undoped HTLs based on TPA polymers (structures P62—P77,
Table 1). Zhang et al?°! obtained donor-acceptor copolymers
P62 and P63. After the introduction of one or two electronegative
trifluoromethyl groups into the TPA unit, the HOMO levels of
P62 and P63 were reduced to —5.44 and —5.52 eV, respectively.
This increased the open-circuit voltage (V) to 1.28 and 1.30 V,
respectively (as compared to the model copolymer without
fluoromethyl groups, which had V. = 1.23 V in PSC), while the
energy loss decreased from 0.69 eV for the copolymer without a
fluoromethyl group to 0.64 and 0.62 eV for P62 and P63,
respectively. The power conversion efficiency of PSC based on
polymer P61 reached 14.4%, whereas the device based on P62
showed PCE of only 11.1%, which is apparently related to the
decrease in the hole mobility of the polymer caused by
introduction of a larger number of trifluoromethyl groups. The
hole mobility of copolymer P63 (3x 104 cm? V-! s proved
to be an order of magnitude lower than that for P62
(2x103 ecm? V1sh,

Recently, D-A copolymers based on TPA were
synthesized; they showed the highest PCE value among PSCs
based on undoped HTLs: approximately 18% for P64 and
21% for P65 (see Table 1).!°* Both copolymers contain
thiophene-imide derivatives as electron-withdrawing units.
Owing to the EW character and planar and rigid structure of

Structures P62—P77

e L
J (PeS)

(0]
NS
N—CsH11
S\ﬁ

these units, both polymers demonstrate well-matched HOMO
(-5.26 and —5.28 eV, respectively) and LUMO (-2.35 and
—2.42 eV, respectively) energy levels and an acceptable
hole mobility (9.07x107° and 3.51x107%cm? V'!s7!,
respectively), which makes them promising as undoped HTLs
in PSCs.

Recently, researchers have paid attention to the applicability
of TPA-based polymers with so-called anchor groups for p-i-n
type perovskite solar cells.!95-197.202-204 The anchor groups are
able to form chemical bonds with contacting materials (in this
case, perovskite, metallic electrode, or metal oxide charge
transport layer) and to passivate surface defects. As anchor
groups, fragments of acids or bases, in particular carboxylic or
organophosphorus acids, or various amines can be used.20>-206
The introduction of anchor groups also results in the fact that,
unlike PTAA or poly-TPD, which have high hydrophobicity,
polymers containing anchor groups are hydrophilic, which
facilitates the perovskite crystallization on HTLs. Crystallization
of perovskite films on the surface of commonly used hydrophobic
PTAA or poly-TPD with alkyl substituents is a fairly
complicated task. The successful formation of perovskite usually
requires the use of additional hydrophilic interfacial layers, for
example, poly[9,9-bis(3"-(N,N-dimethyl)-N-ethylammonium-
propyl-2,7-fluorene]-alt-2,7-(9,9-dioctylfluorene)  dibromide
(PFN-Br).207
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The introduction into the polymer of anchor groups capable
of non-covalent interactions with perovskite makes it possible to
deposit the photoactive layer on top of HTL without the use of
additional interfacial layers. For example, a series of polymers
(structures P62—P77, Table 1) in which an anchor pyridine
group was attached to TPA in the ortho- (P65), meta- (P66), or
para-position (P68), have recently been obtained.!?-203 This not
only decreased the HOMO energies, but also increased the film
wettability and endowed HTM with the ability to passivate
defects. It was shown that the hydrophilicity and passivation
efficiency gradually increase from P66 to P67 and to P68
because of increasing effect of the lone electron pair of the
nitrogen atom of the pyridine group, which enhances the
interfacial contact and interaction with the perovskite. As the
result, the interlayer non-radiative recombination is suppressed,
which results in increasing open-circuit voltage and PCE for
p-i-n type devices. The highest PCE of more than 22% was
attained for a device with HTL based on P68.

High PCE values were attained for PSCs in which copolymers
P69 and P70,'% containing pyridine moieties in the backbone,
were used as HTLs (see Table 1). It was found that bonds
between the pyridine units and Pb2" ions in the perovskite
material affect simultaneously the molecular conformation of
HTM and the crystallinity of the resulting perovskite film. It was
found that P68 has a more ordered molecular regularity than
P70. Perovskite films formed on the surface of P69 exhibit
higher crystallinity and lower density of defects than perovskites
deposited on P70 or PTAA. Perovskite solar cells with p-i-n
architecture based on undoped P69 showed an impressively
high PCE of 24.89%. Moreover, devices based on P69 have
long durability, and the unencapsulated device retains more than
93% of the original efficiency after 800 h of operation.

Quite recently, Wang et al?%® synthesized a TPA polymer
P71, modified with a rhodanine group (see Table 1), which
proved to be moderately hydrophobic. The water contact angle
of'a P71 film is 46.23°, while that of the perovskite/ITO layer is
57.5°. Meanwhile the contact angle between P71 and perovskite/
ITO is 7.44°. Moreover, the P71 contact angle on ITO is only
7.24°C, indicating good wettability, which is related to the
formation of weak non-covalent bonds between nitrogen and
sulfur atoms with the lone pair on rhodanine and In,O5; SnO,
(ITO). In addition, the authors noted that P71 improves the
crystallinity of perovskites and passivates defects in the
perovskite film to a certain extent. The device based on P71 had
PCE of 19.33%.

Another type of anchor group was applied in the synthesis of
polymer P72 (Table 1), which has SO; and N(CH;), terminal
ionic groups.?** The enhanced wettability (or compatibility) of
perovskite deposited on P72 expands the possibility of scalable
manufacture of large-area devices. Polymer P72 showed not
only good hole extraction from the perovskite due to good
relationship between the HOMO level of the polymer (—5.26 eV)
and the perovskite valence band (-5.36 eV), but also effective
passivation of interfacial defects due to the presence of side-
chain ionic groups; this increases the crystallinity of perovskite
material and reduces the number of surface defects and/or traps.
A 1 cm? module fabricated using P72 as HTL had PCE of
20.86%.

The use of HTMs with a defect passivation function is an
efficient method for suppressing the non-radiative recombination
in PSCs caused by the defects in the perovskite structure. As can
be seen from the above examples, most of these materials are
meant for passivation of coordinatively unsaturated Pb>* ions on
the perovskite layer. The migration processes of MA*, FA", or

halides also cause a number of adverse effects, which sharply
decrease the efficiency and stability of devices.

Recently, Luo et al.'%7 presented polymers P73—P75 (see
Table 1), which are able to simultaneously passivate both the
MA*/Pb%* cations and the I~ anionic defects in perovskite. The
carbonyl group in P75 is favourable for the passivation of low-
coordinate Pb>* and defectsrelated to halide ions. Simultaneously,
F atoms interact with MA™ in perovskite via the formation of the
NH-F hydrogen bonds. Also, polymer P74 was found to
contain the O=CNH--F intermolecular hydrogen bonds, which
may be favourable for the existence of a more planar
conformation; this made it possible to attain a relatively high
hole mobility (2.42x10* cm? V! s71). The devices with P75-
based HTLs demonstrated PCE of more than 20.5% and long
durability and, hence, they surpass devices based on P73
(PCE = 19.03%) or P74 (PCE = 19.07%).

Zhao et al?% synthesized two polymers P76 and P77
structurally similar to P73—P75 described above (see Table 1).
The authors demonstrated how the problem related to the use of
toxic solvents during the manufacture of PSCs can be efficiently
solved, because an important condition for commercialization of
these compounds is to develop environmentally benign
production processes. It is known that the introduction of large
conjugated units into the polymer chain with the goal to provide
high hole mobility inevitably deteriorates HTM solubility in
green solvents. In polymers P76 and P77, the amide group is a
flexible polymer base, while the 3,4-ethylenedioxythiophene
and thiophene units serve as m-spacers. The results demonstrate
that the combination of amide bonds and thiophene units
increases the solubility of HTM in green 2-methylanisole (the
solubility of both polymers in this solvent is greater than
10gL"). It was also noticed that the polymers effectively
passivate defects on the surface of polycrystalline perovskite
due to the anchor carbonyl groups. In addition, the electron-
withdrawing properties of carbonyl groups enhance the
intermolecular hydrogen bond initiated by amide bonds and thus
provide high hole mobility (see Table 1). Owing to the excellent
hole mobility and passivation effect, high efficiency of
perovskite solar cells was achieved: PCE was 20.25% for P76
and 20.09% for P77, respectively. In addition, the devices had
good durability compared to the reference PTAA.

While considering polymers as HTLs, it is important to note
the influence of molecular weight on the properties of materials
and output characteristics of the devices. For example, it was
found that PTAA with high MW has a better mechanical
resistance to damage.?'3 As regards the efficiency of the device,
it was found that PCE tends to increase with increasing MW. Ko
et al.'8! investigated the effect of PTAA molecular weight in the
range from 10 to 50 kDa.'8! The highest PCE (~17%) was
attained when MW was 40 kDa. Another research group?'4
investigated a wider range of MW from 10 to 115 kDa. They
were able to attain a higher PCE (~18%) for a device based on
PTAA with the highest MW (115 kDa). The authors found that
the polymer with higher MW formed a more homogeneous film.
It is of interest that systems based on high-molecular-weight
PTAA exhibit a lower charge mobility than undoped systems
based on low-molecular-weight PTAA, but, conversely, a
higher charge mobility than the systems based on low-molecular-
weight PTAA when doped.2!? The molecular-weight distribution
(MWD) is also important. The more narrow MWDs provide the
better output characteristics of the devices.?!

Thus, study of TPA-based polymers as HTLs in PSCs is an
actively developing field. The use of various methods of
molecular design allows the synthesis of polymers with optimal
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properties compared to those of well-known commercially
available analogues such as PTAA and poly-TPD, thus
providing high output characteristics of PSCs without the use of
dopants in HTLs. Of special note are D—-A polymers and
compounds containing anchor groups in the molecules. The
efficiency of the best devices based on undoped TPA polymers
exceeds today 24%.

4.2. Metal-ion batteries

The modern society is characterized by rapidly increasing
demand for the use of electrical devices such as electrical cars,
laptop computers, and cell phones, which necessitates the
manufacture of new rechargeable batteries with improved
performance. The cathode materials for lithium-ion batteries are
traditionally manufactured using lithium compounds (e.g.,
LiCo0O,, LiMn,0,, LiFePO,), but rapid progress of electrical
devices is restricted by a number of problems such as toxicity,
moderate capacity, limited natural resources of lithium, and
difficulty of recycling and disposal of battery components.?!3-217
The switching from inorganic to organic electrode materials
may increase the specific characteristics of batteries and
charging rate, and, what is most important, enable their
manufacture from renewable non-toxic resources.32~34.8%.218

High redox stability, ease of synthesis, and good hole-
transport properties make TPA-based polymers quite promising
organic cathode materials not only for lithium-ion batteries but
also for sodium- and potassium-based batteries.?!?22> A few
interesting examples of the application of TPA polymers in this
field are considered below.

The capacities of lithium-ion batteries based on classical
linear TPA polymers are moderate. For example, the battery
using P48a (see Scheme 6) has a capacity of approximately
100 mA h g'!, with the capacity of 90 mA h g'! being retained
after 1000 cycles.?20:227 This value is lower than that of the
commonly used LiCoO, (approximately 140 mA h g-!), which
thus hinders further studies of polymers of this type as cathodes
for high-energy batteries. Compound P78 (Ref. 228) is
structurally similar to P48a, but has a higher density of free

radicals than PTPA, due to the higher proportion of tertiary
nitrogen atoms per repeating unit; this provides a higher capacity
for this compound, which reaches 130 mA h g-!. However, even
this type of polymers still suffers from certain drawbacks, such
as poor long-term cyclability. The discharge capacity of P79
drops from 130 to 110.6 mA h g ! as soon as after 50 cycles.??

In order to increase the capacity characteristics, additional
groups with theoretically high specific capacity are introduced
into the molecules of TPA-based polymers. For example, Huang
et al.*® introduced anthraquinone units into the side chain and
thus obtained polymer P79 with a high theoretical specific
capacity of 214 mA h g1, which is approximately two times as
high as that of PTPA. It is noteworthy that comparison of the
performances of P79 and the starting monomer, carried out by
the authors, showed that the battery capacity can be influenced
by the solubility of the cathode material, usually dialkyl or
alkylene carbonate, in the electrolyte. A lower solubility of the
material in the electrolyte results in increased stability and
capacity performance of the device. Both the monomer and
polymer P79 had a high starting specific capacity of
approximately 129 and 159 mA h g!, respectively; however,
the cycling stability and rate performance were better for
polymer P79 than for the monomer. The rate performance of the
monomer and polymer P79 were estimated by charging and
discharging the cells with the monomer and the polymer as
electrode material at current densities from 0.1C to 2C and then
back to 0.1C. In the range from 0.1C to 2C, the discharge
capacity of the monomer decreases from 129 to 38 mA h g™,
while when the current density returns to 0.1C, the capacity can
recover up to 71 mA h g, In the case of polymer P79, the
capacity decreases from 151 to 50 mA h g!, while the repeated
discharge to 0.1C may result in the capacity recovery up to
106 mAhg!. It was also emphasized that the polymer
degradation was much slower due to the lower solubility of the
polymer in the electrolyte.

Copolymer P80 has an initial specific capacity
of 1221.8 mA h g'!, which decreases to 854.9 mA h g ! after
50 charge cycles up to 2.5 V. Subsequently, the capacity slowly
decreases, being at a 772.4 mA h g! level after 500 cycles. As
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the charge increases up to 4V, the capacity decreases to
210 mA h g!. This pronounced decrease in the capacity is due
to the damage of the electrode material structure related to the
dissolution in the electrolyte.?!8

Of most interest for the application in lithium-ion batteries
are branched?>—3* and cross-linked polymers.?39-232 Since
polymers of this type have low solubility and a large surface
area providing enhanced diffusion of the electrolyte, this can
finally improve the performance of lithium-ion batteries
compared to those using linear polymers. For example, branched
polymer P31 obtained by Kang et al.,’? which had a mesoporous
structure with a surface area of 560.58 m? g1, showed a capacity
of 133.1 mA h g'!, equal to 92.8% of the theoretical capacity
(143.5mA h g!). Furthermore, the problem of decreasing
capacity of the batteries caused by the partial solubility of the
cathode material in the electrolyte is absent in the case of cross-
linked polymers, because they are completely insoluble. For
example, cross-linked polymer P81 (Ref. 230) used as the
material can provide a reversible capacity of up to 220 mA h g!
with a minor degradation after 1000 cycles.

Copolymers based on TPA derivatives and imides are
promising as electrode materials for lithium-ion batteries due to
known properties of polyimides such as high thermal and
thermooxidative stability, solvent resistance, good mechanical
properties, and high chemical stability. Recently, Labasan
et al.'> reported the synthesis of compounds P82 and P83 by
polycondensation of 4,4'-diamino-3",4"-dicyanotriphenylamine
(DiCN-TPA)  with  pyromellitic dianhydride = and
1,4,5,8-naphthalenetetracarboxylic dianhydride, respectively.!5?
The incorporation of DICN-TPA into the polymer molecule
resulted in a disordered arrangement of chains, which was
reflected as high glass transition temperatures of 205°C and
480°C for P83 and P82, respectively. The electrochemical
testing of these polymers as cathode materials showed that P82
provides a reversible specific capacity of 150 mA hg'! at
0.1 A g !and stability for up to 1000 cycles, which is presumably
related to the polymer structure and greater m-conjugation.
Compound P83 used as an anode provides a high specific
capacity of up to 1600 mA h g™! at 0.1 A g! after 100 cycles.
Good cyclability and excellent battery performance indicate that
P82 and P83 are promising organic materials for next-generation
lithium-ion batteries.

Among branched TPA-based copolymers, interesting
examples are porous three-dimensional polymers P55 (see
Scheme 9) and P84, which were prepared by introducing a
binding TPA unit into polyimides based on pyromellitic acid
(P85) and naphthalene-1,4,5,8-tetracarboxylic acid (P86).!5
These polymers were studied as anodes for lithium-ion batteries,
they both had a large surface area (738 m? g! for P85 and
456 m?> ¢! for P86) and a well-formed porosity. The porous
structure with a large surface area provides a better diffusion of
Li*. The polymers had a high reversible capacity and good rate
performance. It is of interest that the capacity of porous polymer
P55 gradually increased from 385 to 420.3mAhg! after
100 cycles. Polymer P84 demonstrated a reasonable stability
during cycling, but the capacity decreased by 4.65% after
100 cycles (from 312 to 297.5 mA h g").

Thus, the application of TPA-based polymers as cathode
materials for metal-ion batteries has been widely developed in
recent years and has already achieved some success. In relation
to the polymer materials discussed in this Section, it can be
noticed that branched and cross-linked polymers and often
polyimides are materials of choice. The devices based on these

polymers show high capacity and cycling stability compared to
the devices based on linear TPA homopolymers.

4.3. Electrochromic devices

Compounds that possess electrochromism, that is, reversibly
change their light absorption spectra as a result of redox reactions
induced by application of an external potential, are of interest
for the possible use in smart windows, displays, electron skin,
and self-dimming mirrors for cars.>33-235 Triphenylamine and
its derivatives are propeller-shaped molecules in which the
central nitrogen atom is an electrically active site and is linked
to three aromatic rings. This nitrogen atom is easily oxidized to
give a coloured radical cation, which is highly stable. The
polymers in which arylamine moieties contain two or more non-
equivalent nitrogen atoms undergo the corresponding number
(two or more) of colour change processes. In addition, the
electrochemical properties of TPA vary upon the introduction of
ED and EW groups into the benzene rings, which allows fine
tuning of electrochromic properties as well. This largely
accounts for the fact that TPA-based conjugated polymers have
been actively investigated for many years as electrochromic
materials and are distinguished among other classes by their
high electrochemical stability, bright colour over a broad range,
high optical contrast, and short response time.133,236-239

The polymers meant for the electrochromic devices are
usually formed as uniform thin films on a substrate coated with
a semitransparent ITO electrode. The quality of the film affects
the electrochromic properties of the devices. A smooth and
uniform film surface may increase the contact area with the
electrodes and facilitate the ion diffusion. As a rule, the films are
obtained by electrochemical polymerization 100.136,240.241 or by
solution-based methods, e.g., spin coating.>% 135,242

In order to obtain high-quality films by spin coating, polymers
must have good solubility. For example, Ma et al.23° prepared
six electrochromic polymers containing triphenylamine and
benzothiadiazole units: P85a—d, P86, and P87.23° All polymers
were readily soluble in polar aprotic solvents such as nmP,
DMA, and DMF. The films of these polymers exhibited
reversible electrochromic colour change, high optical
transparency, and good colouration efficiency. The colour of the
P87-based film changed from reddish-brown (neutral form) to
blue (oxidized state). The P85a—d and P86 films demonstrated
a colour change from yellow (neutral form) to green (oxidized
state) upon the application of the external potential. The highest
colouration efficiency (270 cm? C') was found for polymer
P85b. The best colouration time (3.8 s) and bleaching time
(3.6 s) was found for polymer P85c.

The polymers P10 and P11 obtained by oxidative
polymerization also proved to be readily soluble in common
organic solvents.”® The films were spin-coated on glass
substrates from solutions of the polymers in chloroform
(20 g L. The D—A structure of these polymers provides for
intramolecular charge transfer, which affects both the
electrochemical redox process and the ion insertion/extraction
processes, thus determining the oxidation/reduction rates of
films based on these materials. Polymer P10 containing the EW
carbonyl group has a markedly higher ion diffusion coefficient
than P11, which results in an almost four times shorter response
time (0.19 s). It was found that this fast response is determined
by the ion diffusion coefficient related to the character of
intramolecular charge transfer. This difference is probably
attributable to various interactions between electrolyte ions and
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polar polymer molecules with different intramolecular charge
transfer characteristics.

Recently, Chern et al.'>* obtained polyamides P88—P90), the
backbone of which includes TPA blocks. Polymer P88 contains
ortho- and para-methoxy groups and three electroactive nitrogen
sites in four benzene rings; P89 has para-methyl groups and
three electroactive nitrogen sites; and P90 has two electroactive
nitrogen sites and methoxy-substituents in the para-position.
The solubility of the polymers was tested in various solvents. In
this series, polymer P88 showed a good solubility in NMP,
DMA, o-chlorophenol, m-cresol, and cyclohexanone. Polymer
P90 proved to be soluble in NMP, DMA, DMF, DMSO, and
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m-cresol.?3 Polymer P89 was soluble only in NMP and
o-chlorophenol; this can be attributed to the presence of
methoxyphenyl side groups preventing an ordered packing of
the molecules in the two first-mentioned polymers. Polymer
P88 exhibited pronounced electrochromic behaviour, including
multiple colour changes (from colourless to grass green, green,
and blue), fast response, high contrast of the change in the
optical transmittance, and stability. The introduction of electron-
donating methoxy substituents in the ortho- and para-positions
of the TPA benzene rings and three electroactive nitrogen sites
increases the stability of the electrochromic behaviour of P88
compared to P89, which has a weaker ED substituent (methyl).
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The decrease in the colouration efficiency was only 4.1 and
2.5% at 422 and 1252 nm, respectively, after 15000 switching
cycles. The colour changes of P88 and P89 during the
electrochemical oxidation differ, which indicates that
introduction of substituents with different ED strengths into the
benzene ring can be used for fine tuning of the colour. In the first
oxidation step, polymer P88, containing larger number of
electroactive nitrogen sites than P90, absorbs light at longer
wavelength in the near IR range because of the transfer of
electrons from the neutral to radical-cation centre of TPA,
resulting in enhanced electrochemical stability. Remarkably, the
stability of each radical-cation centre of TPA-based polymers
depends on both the electron-donating ability of substituents and
the resonance delocalization of electrons over the electroactive
nitrogen sites.

To obtain mechanically stable solvent-resistant films,
methods in which the film is formed during the polymer
synthesis are chosen.?3%-244 The electrochemical polymerization
has a number of advantages for polymer synthesis such as high
rate and the fact that the film is formed directly on the electrode
surface. This feature not only expands the range of polymers
candidates, but also eliminates the film casting procedure. Films
obtained by electropolymerization have good adhesion and
electrical contact to the electrode surface. The materials exhibit
fast response time, high optical contrast, good electrochromic
efficiency, and robust stability.?*>-246 This method, for example,
was used to obtain films of polymer P91, which can reversibly
change colour between orange (neutral state) and blue (oxidized
state), with the high colouration efficiency (229 cm? C~! at
750 nm) being retained in the electrolyte solution.'*? Guven
et al.133 used electrochemical polymerization to obtain polymer
P92 and P93 films, which showed colour change from yellow to
dark blue (P93) and from pale yellow to pale blue (P92). These
films have the record-fast switching time: 1.61 s at 362 nm
(P93) and 0.69s at 390 nm (P92) and high colouration
efficiency: 114 cm? C! (P93) and 192 cm? C! (P92).

The D—A homopolymers P49—P51 considered above (see
Scheme 7) were synthesized for the use in electrochromic

devices.!®3 They demonstrated fast and reversible eletrochromic
colour switching. The colour of polymers both in the neutral and
oxidized states was controlled by varying the m-spacer between
TPA and the EW group. Neutral P49 film (0 V) is orange-
coloured, and a new peak in the light absorption spectrum
appears at 720 nm at a potential above 0.8 V, with the peak
intensity gradually increasing upon increase in the applied
voltage (Fig. 4). When a voltage of 1.2 V is applied, the colour
becomes dark green. When there is additional n-spacer between
TPA and the EW group, the absorption spectra of polymers P50
and P51 are red-shifted compared to that of their analogue P49.
Polymer P50 shows a light pink colour, and P51 proved to be
light brown. As the applied voltage increases, a new absorption
band appears at approximately 810 nm, and the band intensity
gradually increases. As a result, both polymers P50 and P51 are
grey at applied voltages of 1.1 and 1.2 V, respectively.

Electrochromic supercapacitors with polymers P49-P51
became the subject of research owing to their ability to combine
electrochromic behaviour and energy storage process, and the
energy storage state of the supercapacitor can be monitored via
colour changes during charge/discharge cycles.247-248
Supercapacitors based on these polymers exhibited reversible
colour change during charge/discharge processes (Fig. 5), which
makes them promising materials for smart windows.

One more way to obtain polymer films directly on the
substrate surface is the interfacial Suzuki polycondensation.!!
The triphenylamine-containing film of P94 obtained by this
method showed a high optical contrast (72.8%), good
electrochromic efficiency (138.26 cm? C'), and robust stability.
The P94 film was transparent and yellow in the neutral state,
orange-red in the intermediate state, and blue-green in the
oxidized state.

Thus, electrochromic materials based on TPA polymers
have fast response time, high contrast, and colour diversity
and can be effectively used in a broad range of electrochemical
devices. These materials are sensitive to external stimuli and
are applicable for smart windows, displays, efc. Although
considerable advances have already been made along this
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Figure 4. Colour change (a—c) and light absorption spectra (d—f) of thin films of P49, P50, and P51, respectively, on the glass/ITO surface in
0.1 M PryNPF4/toluene and acetonitrile (4: 1 v/v) at various applied voltages.'43 Published with permission from Elsevier.
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line, much remains to be done to bring a variety of
electrochromic devices into everyday use. For example,
challenges related to the scalability and durability of devices
have to be resolved.

4.4. Miscellaneous applications

Organic light-emitting diodes attract a lot of attention due to
their application in TV and phone displays and light
sources.?**~231 Currently, considerable progress has been
achieved in this area, including the development of structurally
diverse conjugated polymers that perform various functions in
OLED devices.??2 The performance of these devices is largely
determined by the efficiency of charge carrier injection and
transport. The high LUMO (=-2.30eV) and HOMO
(=—5.00 eV) levels and high hole mobilities in the vertical
direction make TPA-based polymers promising materials for
hole transport and blocking the electrons. In combination with
the fact that TPA-based hole-conducting polymers have high
chemical and thermal stability, amorphous nature, good film-
forming properties, and solubility in organic solvents, they are
being actively investigated for the development of high-

performance  organic and  perovskite  light-emitting
devices,57-63.111,253-257

HoC

@M @

HgC4

H9C4
HoCy

Crosslinked P95

O (e}
C4H9 E \/\O F HgC4
H11Cs CsHip

For example, cross-linked polymer P95 was synthesized for
the use as HTL in OLEDs and perovskite light-emitting diodes
(PeLEDs).258 The use of cross-linked polymers in these devices
gives rise to HTLs resistant to the action of solvents, which is
important for implementing solution-based methods of
manufacture of multilayer devices. In this case, it becomes
possible to deposit subsequent layers on top of HTLs from
organic solvents without partial dissolution of the underlying
film or component mixing. Moreover, a denser and more
uniform cross-linked film implies an optimal morphology,
which improves the charge transport, decreases the number of
defects, and enhances the performance of the device.
The HOMO energy level for cross-linked polymer P95 was
—5.25 eV, which is between the PEDOT:PSS level (-5.00 eV)
and the emitting layer (in this case, CsPbBr;) (—6.20 ¢V); this
results in better hole injection compared to that for light-emitting
diodes without P95. The LUMO energy level of P95 is also
suitable for suppressing the back electron transfer from the
emitting layer to the anode. The polymer has a relatively high
hole mobility of 1.22x10%cm? V'!'s!. The films of P95,
unlike that of non-cross-linked P96, were highly stable to
solvents and provided a better external quantum efficiency of
light-emitting diodes and operational stability. Both PeLED and
OLED fabricated using cross-linked P95 had the maximum
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luminance of 175 and 4260 cd m2 and the highest external
quantum efficiency of 4.16 and 10.86%, respectively. These
data indicate that TPA polymers are promising materials for
HTLs of efficient polymer light-emitting devices.

The use of TPA-based polymers in OLEDs is not limited to
only the fabrication of HTLs. There are quite a few examples in
which these polymers act as emission materials with different
emission colours and high quantum efficiency.?*~2! The
problem of fabrication of efficient and stable large-area blue
OLEDs is well known. A recent study reports the synthesis of
originally designed polymer P97.2¢! In essence, this polymer is
a polyfluorene with spiro-coupled TPA units to improve the
hole injection from electrodes and hole transport. The P97 films
provide a better transport than the model polyfluorene without
TPA (PODPF). The good solubility of P97 made it possible to
fabricate large-area OLEDs (9 cm?) by the blade coating
method, which implies uniform deposition of a solution of the
material on the substrate using a moving blade;?%? the OLEDs
showed ultradeep-blue stable emission with a very narrow
electroluminescence band (only 36 nm width at half height).
The external quantum efficiency of the best P97-based devices
was 1.54%, which is markedly higher than that of the model
polyfluorene PODPF (1.17%). Moreover, passive matrix
displays of 20 x20 pixels were manufactured by 3D printing,
which confirmed the efficiency of spiro-functionalization in
optoelectronics.

One more emerging application of hole-conducting TPA
polymers is their use in photorefractive (PR) composites for
holographic purposes: displays and memory devices.263-268
Characteristics of PR polymers such as high photoelectric
sensitivity, two-beam coupling gain, modulation of the refractive
index, diffraction efficiency, and short (millisecond range)
hologram recording times, as well as the possibility of multiple
real-time recording and erasing of holograms make these
materials promising for photonic applications.2®® As a rule,
typical photorefractive composites include photoconductive
polymers, non-linear optical chromophores, plasticizers, and
sensitizers. The photoconductive polymer performs the key
function providing the medium for charge transfer. For example,
Giang et al?% used the following system: poly((4-di-
phenylamino)benzyl acrylate) (P26) as a photoconductive TPA
polymer; (4-(azapan-1-yl)-benzylidene)malononitrile (7DCST)
as a chromophore; (4-(diphenylamino)phenyl)-methanol
(TPAOH) or 2,4,6-trimethyl-N,N-diphenylaniline (TAA) as a
plasticizer; and methyl [6,6]-phenyl-Cg;-butyrate (PCBM) as a
sensitizer (Fig. 6).26° The characteristics of the PR composite
based on P26 photoconductive polymer were found to be
improved by the addition of the TPAOH triphenylamine
plasticizer. The plasticizer increases the free volume of the
polymer and increases the orientational mobility of the

chromophore.?’ For example, the response time decreases with
increasing concentration of TPAOH because of increasing
softness of the composite material and increasing orientation
mobility of the chromophore. The addition of the plasticizer also
induces the highly efficient charge transfer in the photoconductive
matrix. The replacement of TPAOH by TAA decreases the
photocurrent (by a factor of up to 100) and impairs the response
time of the diffraction light beam due to the low scattering
effect.

The photoconductive polymer with a higher HOMO level,
i.e., the more easily ionizing polymer, is preferable for attaining
the desirable photoconductivity. In addition, the use of high-
HOMO polymer for PR composites helps to avoid the
accumulation of traps, which deteriorate the performance of PR
devices. The photorefractive characteristics of the composites
were compared using two types of photoconductive polymers—
P26 and its full analogue P25, but containing an ED methoxy
group in the p-position of the benzene ring (see Fig. 6). The
methoxy group in P25 not only elevates the HOMO level of the
polymer, but also increases the chromophore orientation, thus
improving the performance of devices.

Apart from the above applications, TPA-based polymers are
widely used in a variety of sensors: humidity sensors2"! (e.g. for
agriculture), sensors for acid vapour detection,?’> chemosensors
for selective detection of metal ions?”> needed at industrial
plants, sensors for detection of nitroaromatic explosives,?’+275
and biosensors for medicine.?’6:277

For example, Dong et al.?’* fabricated sensors based on
poly(triphenylamine) derivatives P98 and P99 (Fig. 7) to detect
2,4,6-trinitrotoluene ~ (TNT).  The  incorporation  of
tetraphenylethylene units into the backbone and side chain
endows polymers with the so-called aggregation-induced
emission enhancement (AIE) effect and high fluorescence
quantum yields in the solid state. The electron-donating TPA
blocks are incorporated into polymer backbone to enhance
binding of the polymer to an analyte with potent EW groups. For
TNT detection, disperse nanoaggregates of the polymers were
prepared in a water/THF mixture. It was found that the
fluorescence intensity of P98 and P99 gradually decreases with
increasing TNT concentration, indicating a sensitive reaction
between the polymer and the analyte. When the TNT
concentration was 93 mM, the fluorescence of both polymers
was quenched by more than 85%. The limit of detection was 0.8
and 0.5 mM for P99 and P98, respectively. It is noteworthy that
no considerable spectral changes take place during fluorescence
quenching, which means that no new emitting molecular centres
are formed. The mechanism of photoluminescence quenching of
the polymers under the action of TNT includes an electron
transfer between the excited states of P98/P99 and TNT, since
there is no overlap between the absorption spectra of the polymer
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Figure 6. Structures of components of the PR composite.
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and the analyte, which is a necessary condition for the Forster
type energy transfer. The tests using paper strips impregnated
with solutions of polymers showed good prospects for their
practical use as solid-state sensors to detect nitroaromatic
explosives. The original emission of the paper strips was bright
green; however, on contact with both dilute TNT solutions of
various concentrations and TNT vapour, fluorescence of P98
and P99 was gradually quenched (Fig. 8).

Cheng et al?™' described a flexible air humidity sensor
characterized by high sensitivity and robustness, which was
fabricated by electrospinning of the PTPA-containing
polyvinylidene fluoride (PVDF) nanowires (see Fig. 7). The
experiments showed that the addition of conductive PTPA
increases the dielectric constant and water adsorption due to the
extensive PVDF surface and the reaction of PTPA with water.
The PVDF/PTPA film has a broad range of sensitivity
(20-90%), short response/reduction time (33/28 s), and long-
term stability (more than 100 cycles), being superior to most of
known polymer-based humidity sensors. This publication opens
a new way for the design of sensitive, flexible, and robust
humidity sensors.

Other interesting applications of triphenylamine polymers
include the development of a photocatalytic system for efficient
carbon dioxide conversion and hydrogen generation,?’8 UV-
sensitive organic memory phototransistors,”’” and highly
efficient hydrophobic coatings.?8%-28! For example, polymer
P100 is deposited on the iron surface as a corrosion-protective
layer.28! First, P100 was spin-coated on a pretreated iron plate,
and then the plate was heat-treated at various temperatures (up
to 80°C) in order to study the effect of heat treatment of P100 on
the corrosion behaviour of iron. According to the results, the
contact angle of the P100 film increased from 81.6° at room
temperature to 100° after heat treatment at 80°C. In addition, it
was found that the heat treatment improves the P100 adhesion to

the iron plate and gives rise to a thin passivating iron oxide film.
The efficiency of corrosion protection increases from 90% for
pure P100 to 99.9% for P100 pretreated at 80°C.

The brief insight into the applications demonstrates that TPA
polymers are versatile compounds that can be used not only as
hole-transport materials, but also as emitting layers in OLEDs,
photorefractive materials in holographic devices, active
components in various sensors, and even as anti-corrosive
coatings. There is every reason to believe that these research
areas would develop and expand in the future.

5. Conclusion

The chemistry, physical chemistry, and physics of
triphenylamine-based polymers have been actively investigated
in recent years. The variability of modern methods of synthesis
and molecular design techniques, together with the relatively
simple and diversified chemistry of triphenylamines, makes it
possible to obtain a variety of unique structures of these
compounds. In this review, the first classification of TPA
polymers and methods for their synthesis were proposed.

A molecular design area actively developed in recent years is
related to D—A polymers. The use of electron-withdrawing and
electron-donating groups of various nature provides the
possibility of fine tuning of HOMO and LUMO energies, the
ranges of absorption and emission spectra, and the hole mobility
of these polymers.

While considering various approaches to the synthesis of
TPA-based polymers, one can distinguish the most popular
methods such as Suzuki and Stille polycondensations and
oxidative polymerization. The latter is perhaps the most facile
and simultaneously the most versatile method, because it is
suitable for the synthesis of homopolymers, copolymers,
branched and cross-linked polymers. However, despite the

original 0.001 0.005 0.01 0.05

“
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see o
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Figure 8. Paper test strips impreg-
nated with P98 or P99 before and
after application of TNT solutions
in THF on the strips (0.001, 0.005,
0.01,0.05, 0.1, and 0.2 mg mL~! con-
centration, respectively) and after the
strips were kept over TNT vapour for
5 min.?’# Published with permission
from the Royal Society of Chemistry.
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variety of methods for the polymer synthesis, the real scaling-up
of processes remains a challenge, as the synthesis of monomers
is very labour-intensive for most of the promising materials.
Nevertheless, poly(triphenylamine)s still comply with the
criteria of industrial applicability more than other classes of
conjugated polymers.

Polymers of this type are widely used in the fields of organic
and hybrid electronics and photonics. In numerous studies, these
polymers are tested as HTLs in perovskite solar cells. Currently,
there is a broad range of TPA-based polymers, which are
successfully used as HTLs in perovskite solar cells, and the
resulting devices have PCEs of up to 24.49%, which is
comparable with traditional silicon-based solar cells. It is
noteworthy that, unlike commercially known PTAA and poly-
TPD homopolymers, structurally similar D—A polymers,
including those with anchor groups, can be successfully used as
undoped HTLs in perovskite solar cells owing to their higher
hole mobility, which markedly increases the durability of these
devices.

Triphenylamine-based polymers, especially branched and
cross-linked ones, are also of interest as electrode materials for
lithium-ion batteries, because they can replace traditional
cathode materials based on inorganic transition metal oxides and
solve the problems of toxicity of inorganic materials, moderate
capacity, difficulty of processing and disposal of battery
components. Due to the high density of redox-active centres and
high specific surface area favourable for electrolyte diffusion,
the devices using TPA-based polymers are characterized by
high performance, high capacity, and stability during charge/
discharge processes over a large number of cycles.

The ability to change colour allows the use of TPA-based
polymers in electrochromic devices. Polymers exhibit a broad
scale of colours, fast response time, redox stability, and high
coloration efficiency. These properties of the polymers make
them promising for the application in displays, sensors, and
smart windows. In addition, these polymers find their
applications as hole-transport and light-emitting layers in
OLEDs, in sensors and transducers, and in photorefractive
devices, which attests to the importance of further studies of
TPA-based polymers and their good prospects in the future.

From the chemistry standpoint, further research into TPA
polymers should be aimed at the synthesis of polymers and
monomers by less expensive and environmentally benign
methods that can be scaled-up for industrial production. As
regards devices, optimization of particular characteristics and
switching from laboratory prototypes to industrial products are
important areas for further investigations. The issues concerning
the stability and durability also remain open for some directions.
It can be expected that active studies of these materials in the
coming years would be concerned with biotechnology and
medicine.

The study was supported by the Ministry of Science and
Higher Education of the Russian Federation (grant No. 075-15-
2024-532).

6. The list of abbreviations and symbols

The following abbreviations and symbols are used in the
review:

Dy — polydispersity index,

E,— band gap,

M, — number-average molecular weight,

M, — weight-average molecular weight,

T4— degradation temperature,
T,— glass transition temperature,
41— hole mobility,
Aedge — absorption edge,
Amax — absorption maximum.
CV — cyclic voltammetry,
D—-A — donor—acceptor,
DMA — dimethylacetamide,
ED — electron-donating,
EW — electron-withdrawing,
HOMO — the highest occupied molecular orbital,
HTM — hole-transport material,
HTL — hole-transport layer,
ITO — indium tin oxide,
LUMO — the lowest unoccupied molecuar orbital,
MW — molecular weight,
NMP — N -methyl-2-pyrrolidone,
OLED — organic light-emitting diode,
PEDOT:PSS — poly(3,4-cthylenedioxythiophene)
polystyene sulfonate complex,
PR — photorefractive,
PSC — perovskite solar cell,
PTAA — poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine],
PTPA — poly(4,4'-triphenylamine),
poly-TPD — poly(4-butylphenyldiphenylamine),
SCLC — space charge limited current,
TNT — 2,4,6-triniitrotoluene,
TPA — triphenylamine.
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