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Nanoarchitectonics for conductive polymers using
solid and vapor phases

Yuya Oaki® *? and Kosuke Sato @ 2°

Conductive polymers have been extensively studied as functional organic materials due to their broad range
of applications. Conductive polymers, such as polypyrrole, polythiophene, and their derivatives, are typically
obtained as coatings and precipitates in the solution phase. Nanoarchitectonics for conductive polymers
requires new methods including syntheses and morphology control. For example, nanoarchitectonics is
achieved by liquid-phase syntheses with the assistance of templates, such as macromolecules and
porous materials. This minireview summarizes the other new synthetic methods using the solid and
vapor phases for nanoarchitectonics. In general, the monomers and related species are supplied from
the solution phase. Our group has studied polymerization of heteroaromatic monomers using the solid
and vapor phases. The surface and inside of solid crystals were used for the polymerization with the
diffusion of the heteroaromatic monomer vapor. Our nanoarchitectonics affords to form homogeneous
coatings, hierarchical structures, composites, and copolymers for energy-related applications. The
concepts using solid and vapor phases can be applied to nanoarchitectonics for not only conductive
polymers but also other polymers toward a variety of applications.

1. Introduction
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Nanoarchitectonics is a recent general concept beyond nano-
technology for creation of functional material systems based on
nanoscale units." New methods for controlled syntheses and
assemblies of the target molecules and materials contribute to
advances in nanoarchitectonics.”> Our group has focused on
nanoarchitectonics of functional organic and organic-inor-
composite

ganic materials alternative to conventional
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Fig.1 Schemes of nanoarchitectonics for conductive polymers using
the liquid phase by conventional approaches (left) and solid and vapor
phases by our methods (right).

molecular design and syntheses.>” In recent years, we have
studied nanoarchitectonics for soft two-dimensional (2D)
materials, such as layered materials and nanosheets.® Soft 2D
materials include w-conjugated polymers and layered inor-
ganic-organic composites with flexible structures and dynamic
properties.*® Intercalation and exfoliation using the interlayer
space are effective methods for nanoarchitectonics of soft 2D
materials toward energy and sensing applications.? On the other
hand, 2D structures are not always formed by typical conductive
polymers, such as polythiophene (PTp), polypyrrole (PPy), and
polyaniline (PAni). Although the molecular design and
synthesis of conductive polymers have been extensively studied,
these conductive polymers with the rigid m-conjugated main
chain are typically insoluble in solvents. Conductive and
conjugated polymers require development of new methods for
nanoarchitectonics. Our motivation has been the development
of specific methods for the syntheses and morphology control
facilitating the nanoarchitectonics, such as formation of coat-
ings, hierarchical structures, and composites, different from
typical molecular design and synthesis. This minireview briefly
summarizes new nanoarchitectonics for conductive polymers
(Fig. 1). Section 2 introduces the liquid-phase syntheses
combined with templates as general approaches to nano-
architectonics (left of Fig. 1). After that, our new nano-
architectonics using solid and vapor phases are introduced
(right of Fig. 1).

2. Conventional nanoarchitectonics
for conductive polymers

Conductive polymers show electronic and electrochemical
properties originating from the m-conjugated main chain.*”®
The nanoarchitectonics is significant for a broad range of the
applications. Typical synthetic methods are oxidative polymer-
ization and electropolymerization of heteroaromatic monomers
(Fig. 1).° Oxidation of heteroaromatic monomers, such as
pyrrole (Py), thiophene (Tp), and aniline (Ani) derivatives,
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provides the polymers in the solution phase. In these methods,
the reactions and morphologies were controlled by changes in
the reaction conditions, such as concentration, temperature,
and additive molecules. When the oxidative agent is changed
to noble metals, the composite materials of conductive poly-
mers and metal nanoparticles are obtained as precipitates and
coatings.” However, spontaneous formation of the higher
ordered architectures from the nanoscopic to the macroscopic
scale is not easily achieved by the polymerization of hetero-
aromatic monomers in the liquid phase.

Use of templates expands the range of nanoarchitectonics
(Fig. 1).*>* Self-assembled molecules, such as micelles, assist
generation of specific morphologies.”® Porous materials, such
as layered materials, metal-organic frameworks, and meso-
crystals, act as the host templates providing a wide variety of
morphologies and orientations."**®* Morphologies of the
templates are replicated in conductive polymers. The solid
surface containing the redox-active sites is used for formation of
the composites through the surface reaction and coating."” For
example, coating of conductive polymers on the transition-
metal-oxide nanostructures, such as manganese and vana-
dium oxides, is studied to improve the electrochemical prop-
erties for energy storage.”” The crystal surface of specific
materials, such as ice, affords to provide the orientation and
crystallinity enabling the enhanced performances, such as
conductivity.' The nanoarchitectonics using these templates is
successfully achieved when the reaction field is confined to the
templates with avoiding the polymerization outside of the
templates. In this manner, the template-assisted liquid-phase
syntheses afford hierarchical morphology replication, reaction
control, and diffusion control using the confined space.
However, the templates soluble in monomer liquids and
solvents are not used for preparation of the composites. Specific
methods and optimized conditions are required to ensure the
penetration of monomers in the confined space. Nevertheless,
the well-established method affords morphology control in
a wide range of scales from the nanoscopic to the macroscopic
scale, such as conformation and hierarchical forms.

3. Polymerization using solid crystal
surfaces

Polymerization using the vapor phase, such as vapor-phase
polymerization (VPP) and oxidative-chemical vapor deposition
(0-CVD), has been studied for controlled deposition of
conductive polymers on a variety of substrates and
substances.'>*” In the VPP method, the matrix polymers, such as
poly(vinyl alcohol) and poly(ethylene oxide), containing oxida-
tive agents induce formation of conductive polymers through
diffusion of the monomer vapor at low temperature under
ambient pressure. The o-CVD method supplies both the
monomer and oxidative agent to the target substrates from the
vapor phase in a reaction chamber at high temperature under
vacuum conditions. The conductive polymers are formed on
substrates and substances with the shape conformity. There-
fore, the vapor-phase techniques are powerful tools for the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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nanoarchitectonics. However, these methods require the pre-
coating of the matrix polymer for VPP and specific conditions
including low pressure and high temperature for o-CVD. The
substrates and substances are limited in these vapor-phase
methods.

Our group has studied new polymerization methods for
heteroaromatic monomers using the surface and inside of the
oxidative agents with diffusion of the monomer vapor at low
temperature below 60 °C under ambient pressure.'***'** In the
present paper, the temperature range for syntheses of conduc-
tive polymers is defined as room temperature to 100 °C. The
melting (T,,) and boiling (T},) points of typical heteroaromatic
monomers are T, = —23 °C and T}, = 130 °C for Py and T, =
10 °C and T}, = 112 °C for 3,4-ethylenedioxythiophene (EDOT).
In addition, organic substrates and substances are stable at
temperatures lower than 60 °C. Therefore, the synthetic
temperature 60 °C is an appropriate standard for vapor-phase
syntheses of conductive polymers on solids in our methods.
Section 3 introduces the polymerization of heteroaromatic
monomers on the surface of crystals.*** For example, porous
morphologies and 2D nanostructures were obtained on the
surface of the oxidant crystals with diffusion of the monomer
vapor. Section 4 shows the polymerization of heteroaromatic
monomers inside of the oxidant crystals with continuous supply
of the monomer vapor.”?** For example, the redox-active
composites of the quinone derivatives and conductive poly-
mers were obtained by the inside polymerization method. The
resultant nanoarchitectures are used for energy-related appli-
cations,® such as supercapacitors. This minireview summarizes
these new nanoarchitectonics for conductive polymers leading
to formation of the coating, composite, hierarchical structure,
and copolymer (Fig. 1).

3.1 Polymerization on the crystal surface of inorganic and
organic oxidants

Section 3 introduces polymerization on the crystal surface of the
oxidative agents with diffusion of the heteroaromatic monomer
vapor (Fig. 2).** Two glass bottles containing heteroaromatic
monomers and oxidant crystals were kept in a reaction chamber
at 60 °C under ambient pressure (Fig. 2a). The vapor of heter-
oaromatic monomers, such as AN, Py, EDOT, Tp, and 3-hex-
ylthiophene (HT), is diffused on the surface of solid inorganic
oxidant crystals (Fig. 2b).>'“ The oxidation potential of the
monomers and reduction potential of the oxidative agents
determine whether the conductive polymers are obtained or not
(Table 1). As the reaction time increased, the morphologies of
the resultant conductive polymers on the surface were changed
from the nanoparticles ca. 100 nm in size to their accumulated
films (Fig. 2c-e).>*** The macroscopic morphology of the
oxidant crystal was replicated in the resultant conductive poly-
mers. The micrometer-scale sponge shape of copper sulfate
pentahydrate (CuSO,-5H,0) was prepared by freeze drying of
the aqueous solution (Fig. 2f). The sponge shape of CuSO,-
-5H,0 is replicated in PPy (Fig. 2g and h). The resultant PPy
sponge consisting of the nanoparticles exhibited a higher
specific capacity as a supercapacitor in aqueous electrolyte

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Polymerization of the heteroaromatic monomer on inorganic
oxidant crystals. (a and b) Schematic illustrations of the experimental
set up (a) and polymerization reaction on the surface of the oxidant
crystals (b). (c—e) Scanning electron microscopy (SEM) images of the
PAni nanoparticles after the reaction for 1 h (c) and films consisting of
the accumulated nanoparticles after the reaction for 16 h (d and e). (f—
h) SEM images of the porous CuSO4-5H,0 crystals by freeze drying (f)
and the resultant sponge PPy with the hierarchical structures after
polymerization and subsequent dissolution of the inorganic crystals (g
and h). (i) Relationship between the current density and specific
capacitance of the PPy sponge with the hierarchical structures
(circles), films consisting of the nanoparticles (triangles), and
commercial fibers (squares). Reproduced from ref. 21a with permission
from the Royal Society of Chemistry.

Table 1 Combinations of the monomers and oxidant crystals.
Reproduced from ref. 21a with permission from the Royal Society of
Chemistry

Monomers

Oxidant crystals AN Py EDOT Tp 3HT
FeCl; +4 + + + +
CuBr, + + + + _b
CuCl,-2H,0 + + + —
Cu(NO3),-3H,0 + + + - -
Cu(CH;C00),-H,0 T + - - -
CuS0,-5H,0 T + - - -
AgNO; + + + — —

@ “+” the conductive polymers were obtained. b «_» no deposition was

observed on the crystal surface.  “f” the products were not the
polymers.
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compared with the film consisting of the nanoparticles and the
commercial fibers (Fig. 2i). The high specific surface area orig-
inating from the nanoparticles enhances the utilization rate of
PPy for the redox reaction with shortening of the diffusion
distance. The sponge shape on the micrometer scale ensures
the diffusion of the electrolyte.

The oxidative agent was changed to mild organic oxidants,
such as quinone derivatives, to improve the conductivity
(Fig. 3).2*>? Moreover, the reactivity was controlled by the
substituents of quinone. The following quinone derivatives with
the different oxidation potentials were used for the polymeri-
zation (Fig. 3a): 2,3-dichloro-5,6-dicyano-p-benzoquinone
(DDQ), tetrafluoro-1,4-benzoquinone (TFBQ), tetrachloro-1,4-
benzoquinone (TCBQ), tetrabromo-1,4-benzoquinone (TBBQ),
2,5-dichloro-1,4-benzoquinone (DCBQ), 2-chloro-5-methyl-1,4-
benzoquinone (CMBQ), and 2,5-dimethyl-1,4-benzoquinone
(DMBQ). The reduction potential lowers in this order. The
nanosheets were obtained on the surfaces of DDQ, TFBQ,
TCBQ, and TBBQ crystals. The thinner nanosheets were ob-
tained with a decrease in the reduction potential at the same
reaction time. The PPy nanosheets less than 100 nm in thick-
ness were obtained on the surface of the TBBQ crystal (Fig. 3b
and c). On the other hand, the porous sponges were formed on
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Fig. 3 Polymerization of the heteroaromatic monomer on organic
oxidant crystals. (a) Relationship between the reduction potential,
reaction time, reaction rate, and thickness. (b and c) SEM and atomic
force microscopy (AFM) images with the height profile (inset) of the
PPy ultrathin nanosheets formed on TBBQ for 2 h. (d) Relationship
between the specific capacity and current density of PPy nano-
structures derived from TBBQ (circle), TCBQ (square), DCBQ (triangle),
DDQ (cross), TFBQ (diamond), CMBQ (plus), and CuSO, (asterisk).
Reprinted with permission from ref. 21b. Copyright 2018 American
Chemical Society.
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DCBQ and CMBQ because of the higher solubility in the
monomer liquid condensed on the surface. In this manner, the
reaction and morphology were controlled by the substituents of
quinone. The resultant PPy nanosheets exhibited an enhanced
conductivity of 287 S em ™" with iodine doping and specific
capacitance as an aqueous capacitor (Fig. 3d). This nano-
architectonics facilitates formation of redox-active and
conductive nanosheets with a tunable lateral size and thickness.
In this manner, the crystal surfaces as the condensed phase
have potential for unique nanoarchitectonics of conductive
polymers.

3.2 Activation of heteroaromatic monomers on the crystal
surface

Another application of the crystal surface is the generation of
activated monomers (Fig. 4).”> When the heteroaromatic

(a) (b) (c)
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Fig. 4 Polymerization of the heteroaromatic monomer and its acti-
vated species on substrates. (a) Molecular structures of the hetero-
aromatic monomers, such as the pyrrole (Py) and thiophene (Tp)
derivatives. (b) Experimental setup for the coating. (c) Substrates for
the coating and its application to the energy storage. (d) Synthetic
routes of the conjugated and nonconjugated PPy from Py and nitrated
Py generated on the surface of the Cu(NOs),-3H,O crystals. (e)
Photographs of the sample bottle before (left) and after (right) the
coating of PPy. (f) Photograph (the inset) and the cross-sectional SEM
image of the PPy coating on a glass substrate for 1 h. (g) Relationship
between the scan rate and specific capacity of the samples with the
coating time 1 h for CB/PPy-A, 3 h for CB/PPy-B, and 6 h for CB/PPy-
C. Reproduced from ref. 22a and b with permission from the Royal
Society of Chemistry.
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monomers, such as Py and EDOT, were reacted with transition-
metal nitrate crystals and substrates at 60 °C under ambient
pressure (Fig. 4a—c), the polymerized products were obtained
not only on the surface of the inorganic crystals but also on the
surface of the substrates and inner walls of the reaction
chamber (Fig. 4e). When original monomers are supplied to the
surface of the nitrate crystals, the activated monomers, such as
nitrated Py and EDOT, are spontaneously generated at the
solid-vapor interface (Fig. 4b and d). The coupling reaction of
the original and activated monomers provides the conductive
polymers on the surfaces. For example, Py and nitrated Py
formed a PPy coating on the substrates in the reaction chamber
(Fig. 4e and f). A similar coating was obtained from 1-methyl-
pyrrole (Py-1Me), 3-methylpyrrole (Py-3Me), and 3-methox-
ythiophene (Tp-30Me), even though the reaction and coating
rates were different. The oxidation potential and evaporation
rate of the monomers have effects on the polymerization and
coating behavior. Moreover, the thickness was controlled by the
coating time.

The coating was used for the energy-related applications.
The PPy coating was performed on the surface of lithium tita-
nate (Li, TisO;,) nanocrystals ca. 100 nm in size as an anode of
a lithium-ion battery.>** The cycle stability at the higher charge-
discharge rate was improved by the PPy-coated Li, TisO;,
compared with the bare Li,TisO;, nanocrystals. The surface
protection with a conductive coating contributes to the long-
term stable charge-discharge reaction. A PPy thin layer of
around 10 nm in thickness was coated on carbon black (CB)
nanoparticles ca. 70 nm in size mounted on titanium (Ti) mesh
(Fig. 4c).*®® The PPy thin layer on the current collector of Ti
mesh and CB particles enabled the redox reaction at a high scan
rate of 500-5000 mV s ' (Fig. 4g). A redox reaction at such
a high scan rate was not observed in previous studies. The
ultrathin homogeneous coating on the current collector
enhances the utilization rate of PPy for the redox reaction even
at the high scan rate.

Two nanoarchitectonics methods for conductive polymers
were introduced in this section. The vapor-phase coating using
the solid crystal surface affords morphology control and coating
of conductive polymers. The crystal surface plays an important
role in the reaction and morphology control toward nano-
architectonics. These approaches can be applied to nano-
architectonics for other polymer materials.

4. Polymerization using the inside of
crystals
4.1 Polymerization in the inside of organic oxidant crystals

Section 4 summarizes polymerization inside the crystals toward
nanoarchitectonics.”** The experimental setup is similar to
that for polymerization on the crystal surface (Fig. 5). The
polymerization inside the crystals provides not only conductive
polymers with the controlled morphology but also formation of
functional composite materials.”® The nanocomposites of
conductive polymers and redox-active materials were applied to
energy storage with enhanced performances.”® The redox

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Polymerization of the heteroaromatic monomer inside of the
crystals. (a) Schematic illustration of the experimental setup, etching
and polymerization on quinone crystals with diffusion of the monomer
vapor, and morphological variation of the composites depending on
the quinone derivatives with different solubilities in the monomer. (b)
Cross-sectional optical-microscopy image of the pellet consisting of
CMBQ crystals after the diffusion of the Py monomer. (c) SEM image
and schematic illustration of the PPy/CMBQ microscale bicontinuous
structure. (d) Charge—discharge curves of PPy/CMBQ (i, red line), PPy/
DCBQ (ii, blue line), and the CMBQ bulk crystal (iii, black line) at
0.2 A g% (e) Specific capacity of the PPy/CMBQ composite (red
circles), PPy/DCBQ composite (blue squares), and commercial CMBQ
bulk crystal (black triangles) at different current densities. Reproduced
from ref. 23 with permission from the Royal Society of Chemistry.

reactions of both the components contribute to the specific
capacity for the energy storage.'**** Moreover, the conductive
polymers in the composite states provide the pathway of the
charge carriers to the redox-active materials. However, it is not
easy to design and construct such composite structures via
typical synthetic methods in the solution phase. In our
approach, the redox-active quinone derivatives are used as
a reactive template for polymerization of Py.*® The oxidative
polymerization of Py was performed in the molded pellet con-
sisting of quinone crystals with a high solubility in Py (Fig. 5a),
such as CMBQ.” The Py vapor penetrates in the pellet through
the grain boundary and then polymerizes in the space between
the crystallites and the inside of CMBQ crystals (Fig. 5b and c).
The porous PPy/CMBQ composites were obtained on the
micrometer scale. Moreover, the bicontinuous nanostructures
consisting of the PPy nanoparticles 100 nm in size were formed
on the submicrometer scale (Fig. 5c¢). The composition was
estimated to be approximately 40 wt% of PPy and 60 wt% of
CMBQ. The hierarchical bicontinuous PPy-CMBQ composite
shows enhanced performance as an electrode of a super-
capacitor in aqueous media (Fig. 5d and e). The large redox

Nanoscale Adv, 2022, 4, 2773-2781 | 2777
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capacity at high current density originates from the smooth layered structure with the loosely stacked BQ-Py network poly-
charge transportation to CMBQ through the continuous PPy mers was exfoliated into the nanosheets in dispersion media,
domain. The PPy network domain also contributes to inhibiting such as water and alcohols (Fig. 6d-g). The BQ-Py nanosheets
the dissolution of CMBQ in the electrolyte solution. In this less than 5 nm in thickness were obtained by the exfoliation in
manner, the combination of the reactive template and mono- the aqueous medium (Fig. 6g). The nanosheets showed
mer vapor is regarded as a new nanoarchitectonics for genera- enhanced performance as a metal-free electrocatalyst for the

tion of composites based on conductive polymers. hydrogen evolution reaction (HER) (Fig. 6h and i). The over-
potential and Tafel slope were lowered after the exfoliation of
4.2 Copolymerization in the inside of organic crystals the BQ-Py layered structure (Fig. 6h and i). The catalytic

performance is comparable to that of the other metal-free HER
catalysts, such as nanocarbons.**

The polymerization reaction was performed in the inside of
the crystals. When the solid crystal is an organic oxidant with
high solubility in the monomers, formation of conductive
polymers proceeds from the interface to the inside through
diffusion of the monomer vapor with etching. Moreover, the
solid crystal of the reactive comonomers provides the network
polymers. These methods using the inside of crystals and the
monomer vapor can be regarded as new nanoarchitectonics for
conductive polymers.

In the above cases, solid crystals of quinone derivatives were
used as oxidative agents. Herein, the quinone molecule in the
solid was embedded in the polymer network through a reaction
with Py (Fig. 6).>* At the interface, benzoquinone (BQ) in the
solid phase and Py in the vapor phase induced multistep poly-
merization reactions including the nucleophilic substitution
reaction, Diels-Alder cyclization reaction, and oxidation
(Fig. 6a—c). As the pyrrolylene-bridged BQ moieties provide the
BQ-Py network polymer through the step-by-step polymeriza-
tion in the lateral direction, a layered structure is formed due to
the graphitic 2D nature of the BQ-Py network (Fig. 6¢c-f). The
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Fig. 6 Copolymerization of the heteroaromatic monomer inside of the crystals. (a and b) Successive C—C bond formation (red arrow) and the
pericyclic reaction between BQ and Py (blue arrow). (c) Four structure units of the BQ—-Py polymer in the noncrystalline layers. (d) Amorphous
layered structure and its exfoliation into the nanosheets with enhanced catalytic properties for the electrochemical HER. (e and f) Schematic
models of top (e) and side (f) views of the layered BQ—-Py. The upper and lower layers are grown from the red and blue parts in the panel (e),
respectively. (g) AFM images and their height profiles. (h and i) LSV curves (h) and Tafel slopes (i) of the bare GC electrode (black line), the layered
BQ-Py (blue line), the BQ—-Py nanosheets (red line), and the BQ—-Py nanosheets after cyclic voltammetry in the range 0 to —0.3 V (vs. RHE) for
500 cycles (red dashed line). Reproduced from ref. 24 with permission from the Springer Nature.
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5. Summary and outlook

This minireview summarizes recent advances in nano-
architectonics for conductive polymers. The liquid-phase
syntheses combined with templates have been well studied
for conventional nanoarchitectonics. On the other hand, we
have developed synthetic methods using solid and vapor phases
for new nanoarchitectonics. The vapor of heteroaromatic
monomers is diffused on the solid surfaces at low temperature
under ambient pressure. The homogeneous coatings, hierar-
chical structures, composites, and copolymers are obtained
depending on the solid inorganic and organic crystals. The
solid-vapor interface polymerization confines the reaction field
on the surface. The reactants can be smoothly supplied at the
interface and converted to products without interruption of
solvents. The condensed environment at the interface is
different from the diluted one in the liquid-phase polymeriza-
tion. The crystal surface of inorganic and organic oxidants
provides the nanoparticle-based forms and flat 2D morphol-
ogies depending on the polymerization rate at the nanoscale,
respectively. The oxidants with the higher solubility provide the
composites with the bicontinuous morphology. Moreover, the
macroscopic morphologies larger than the micrometer scale are
replicated in the polymers. In this manner, our new nano-
architectonics can be applied to design hierarchical structures
from the nanoscale to the macroscopic scale. Although these
concepts and methodologies are now only applied to the limited
combinations of heteroaromatic monomers and solid crystals,
a variety of nanoarchitectures can be designed and synthesized
through different solid-vapor combinations.

These nanoarchitectonics can be used in energy-related
applications, such as batteries and capacitors. As a new appli-
cation of conductive polymers, photothermal conversion prop-
erties have attracted much interest to design light-responsive
materials.”® For example, Fujii et al. applied conversion of
conductive polymers to heteroatom-doped nanocarbons with
irradiation of near infrared (NIR) light at room temperature.””
The fact suggests that nanoarchitectonics for conductive poly-
mers in this minireview can be used for the generation of new
functional nanocarbons. Moreover, nanoarchitectonics for
conductive polymers requires further advances as a tool for
development of functional materials.
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