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Oxidative chemical vapor deposition (0CVD) has developed progressively in the last two decades as a
solvent-free (or dry) methodology for synthesis and thin film deposition of conjugated polymers. This
method has offered new opportunities beyond traditional solution processing methods in the research of
these materials. It is crucial to have a clear understanding of the differences between the solvent-free vs.
solvent-based methodologies for synthesis and thin film deposition of conjugated polymers. Herein, the
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strengths and limitations of each procedure are compared in order to provide guidelines for future research
and development. This review systematically approaches this comparison by first characterizing the thin films
DOI: 10.1039/d3tc01614e in terms of their chemical and physical properties. Then, the interfacial properties of a conjugated polymer

thin film with the underlying substrate are critically compared when two different processing methods are
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1. Introduction

Polymers have long been considered as insulating materials, and it
was only about 35 years ago that numerous reports of polymers
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exploited. Finally, the effect of the substrate on the coating properties and performance is reviewed.

showing conductivity emerged in the literature." This was a break-
through as until then, scientists had been dependent on inorganic
materials such as metals and metal oxides for conductive properties.
Therefore, the concept of a material with the flexibility of traditional
polymers and conductivity of metals opened a wide scope of interest
in academia and later in industry as well. The term “synthetic
metals” was coined to describe these new materials, which are not
metals but possess free electrons to conduct electricity.>?
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The general term of “conductive polymers” encompasses a
broad area of ion-conducting and electron-conducting poly-
mers based on their mode of charge propagation.! For ionic
conductivity, conductive polymers should be able to be easily
oxidized and reduced, subsequently allowing the counter ions
to move freely in the polymer matrix. This ion is either an anion
or a cation. Anion movement is possible in the case of oxidized
conductive polymers, resulting in a polycationic backbone,
where small counter ions such as Cl” could move along due
to an anionic potential. On the other hand, when conductive
polymers are reduced, cationic conductivity becomes possible
in the resulting polyanionic structure.” However, the current
review focuses only on electron conducting polymers. These
polymers are also called redox polymers. Redox polymers could
again be classified into different groups based on the following
(see Fig. 1(a)~(d)):°

(a) Location of redox-active sites: (i) polymers that embed the
redox-active site(s) along their backbone; and (ii) polymers that
bear the redox-active site(s) in their side chains.

(b) The chemical structure of their backbone: (i) conjugated
and (ii) non-conjugated.

(c) Nature of the redox center: (i) organic and (ii) inorganic.

Clearly, polymers as a result of hybrid forms of the above
have also been developed during the last few decades in the
attempt for new materials development with modified
properties.” Additionally, complications resulting from the fact
that the redox-active site(s) is associated with the polymer
either through covalent bond(s) or via supramolecular interac-
tions should also be considered for a precise distinction.® The
following discussion only includes organic materials, in which
redox groups are covalently bonded within the polymer
architecture.

a. Types of electroactive polymers

i. Polymers with side chain redox sites. Insulating poly-
mers could become electronically active via side-chain modifi-
cation. They possess localized redox sites in their side chain, as
shown in structures (1) and (2) (Fig. 2). One main advantage of
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these polymers is the possibility to process them using wet
chemistry, circumventing a major challenge of polymers with
redox groups along their backbone as would be explained later
(especially the conjugated ones).'® However, the limitation with
these polymers is that charge centers are localized, limiting
their mobility to only hopping between these localized redox
centers.""'? Nevertheless, these polymers are a major category
of the field and have found applications in optoelectronics,
energy harvesting and storage, medicine, etc.”' %"

1.1.1. Polymers with redox groups along their backbone

Non-conjugated backbone. The polymers which embed the
electroactive group along their backbone, although their back-
bone does not have a regular alternating single and double
bond, entirely fall within this group. Examples are structures (4)
and (5) in Fig. 2.

Conjugated polymers (CPs). Redox-active polymers with con-
jugated backbones are the polymers giving fame to the field of
electrically active macromolecules. In their simple definition,
CPs (also called intrinsically conductive polymers) are macro-
molecules that have a conjugated sequence of single and
double carbon bonds along their chains."® The history began
in 1976, when Alan MacDiarmid, Hideki Shirakawa and Alan
J. Heeger together reported that the conductivity of ‘trans
polyacetylene’ could be enhanced up to seven orders of magni-
tude upon exposure to halogens."® This breakthrough opened a
new era in the physics and chemistry of polymeric materials,
and won them the Nobel Prize for Chemistry in 2000."” Poly-
acetylene itself was not a stable polymer and never found
practical applications."® It stimulated the research into poly-
mers with similar properties, which resulted in introduction of
a wide range of conjugated polymers, some of the most
important of which are presented in Fig. 3.

From a comparison point of view, these polymers show a
range of conductivities from insulator to metallic, with most
reported conductivity in the range of 107°-10° S ecm ™', mostly
lying in the semiconductive range (Fig. 4)."° Additionally, they
could combine the conductivity of a metal with flexibility of a

redox-active group

\VAVA

non-conjugated backbone

YA

conjugated backbone

Fig. 1 A schematic representation of (a) a polymer with non-conjugated backbone bearing redox active groups (red balls) in its side chains; (b) a polymer
with non-conjugated backbone containing the redox active sites along its backbone; (c) a polymer with conjugated backbone bearing redox sites in its
side chains; (d) a polymer with conjugated backbone including its redox groups along its backbone.
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Fig. 2 Chemical structures of a few redox polymers: structures (1) and (2) are examples of non-conjugated polymers with redox sites in their side chains;
structure (3) shows an example of a conjugated polymer which bears redox active sites in its side chain; structures (4) and (5) are examples of non-
conjugated polymers with redox centers along their backbone; and structure (6) is an example of a conjugated polymer with redox sites along its

backbone.’
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Fig. 3 Chemical structures of the most common conjugated polymers, which have been exploited readily or as the building block for the synthesis of

more sophisticated redox active polymers.

polymer (in a rough sense). These all gave rise to a large body of
research from the 1980s up to now.

The conjugated structures in Fig. 3 consist of adjacent
carbon atoms associated together with c-bonds that hold the
structure together and orthogonal n-bonds that are delocalized
and allow electron mobility within the polymer chains (intra-
molecular charge transfer).>’ Additionally, inter-chain electron
hopping is another factor determining the overall conductivity
of a CP. From a physical point of view, materials could be
divided into three categories according to the electron orbital
structure, namely insulators, semiconductors, and conductors
(Fig. 5)."**

1778 | J Mater. Chem. C, 2023, 11, 11776-11802

The determining criterion is the energy gap between the
highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO). For a material to show
conductivity, it is required that electrons to be transferred from
the HOMO (also called the valence band) to the LUMO (also
called the conduction band). If such a transfer occurs, the
electrons might potentially be able to freely transport within
the material. The energy difference between these two “‘states”
is called the band gap.?* In conductors (e.g., copper or gold),
this gap does not exist. That is why electrons could freely move
between the bands and the material. For insulators such as
wood or rubber, the required energy for the transfer of an

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 Electrical conductivity of doped/undoped conjugated polymers relative to selective inorganic materials.?2~2*

electron from the valence band to the conduction band is so is required for an electron to be transferred between ‘‘valence
large (>10 eV) that makes the process very difficult or band” and “conduction band” and for the sake of “neutral”
impossible.>® For semiconductors, a certain amount of energy ~conjugated polymers, this energy is between 3-6 eV which

This journal is © The Royal Society of Chemistry 2023 J. Mater. Chem. C, 2023, 11, 11776-11802 | 11779
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Fig. 5 Band gap structures for insulators, semiconductors, and conductors.

reduces to 1-4 eV upon doping.'® The synthesis and processing
of CPs is the main scope of the current review.

b. Synthesis (polymerization)

There are different methodologies for the synthesis of CPs
including solvent-based methods of chemical polymerization,
electrochemical polymerization, emulsion polymerization, and
photo-induced polymerization. Selected chemical polymeriza-
tion routes could also be progressed in solvent-free mode of
vapor-phase polymerization, oxidative chemical vapor deposi-
tion, and plasma polymerization.®?*°

The above categorization based on solvent-use is particularly
relevant as CPs in their unmodified form are not soluble in
common organic solvents and this complicates their initial
polymerization and their further processing with the aid of
solvents.® This should be understood within the context of
common CP applications in the devices (mentioned above), in
which they are often in the form of a thin film of a few
nanometers to a few micrometers.>> In other words, when
CPs are synthesized (in bulk), they need to be further processed
into a thin film by different coating methods such as spin
coating or casting, which gives rise to challenges if the initial
polymer is not soluble.*® On the other hand, vapor-phase
deposition exploits a gas-phase reactor to polymerize a thin
film of CPs on a surface from reactant vapors. Although the
vapor-phase synthesis of PPy dates back to 1986,* a systematic
protocol was pioneered by K.K. Gleason®® of MIT in 2006. In
this method, which is basically equal to oxidation polymeriza-
tion without use of solvent, the monomer and the oxidant are
separately metered into a vacuum chamber in the initial step

1780 | J Mater. Chem. C, 2023, 11, 11776-11802
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and react directly onto the surface of a substrate resulting in a
thin film.

c. Properties and applications

As mentioned above, CPs combine the conductivity of a metal
with the flexibility of a polymer. This gave rise to a large body of
research from 1980s up to now for a wide range of applications
including but not limited to organic electronics: organic photo-
voltaics, field-effect transistors, light-emitting diodes; energy
storage devices: batteries, supercapacitors, fuel cells;***° med-
ical devices and procedures: sensor, drug delivery, tissue engi-
neering, actuator;'’™** and other fields like corrosion,*™”
textiles,*® gas/liquid separation,*®*® and catalysts.>"

Electrical conductivity in CPs is a combination of electron
and ion mobility. The ionic conductivity of CPs is poorly
understood due to the lack of comprehensive studies.* For
ionic conductivity in solid-state polymers, the polymeric host
should act as a solvent for the ions.>® However, being solids,
they are inherently poor solvents, and therefore, their ionic
conductivity only finds relevance in certain applications where
liquid-based solvents are also present such as electrochemical
energy storage devices. In this regard, although a common
resistivity measurement method via a four-probe technique
does not distinguish between ionic and electronic conductivity
of a solid CP,** it is reasonable to think that the dominant
mechanism of charge transfer in these materials stems from
electrical conductivity.

d. Aim and scope

As could be expected, each of the above methods offers their
own advantages over the other, which makes either of them

This journal is © The Royal Society of Chemistry 2023
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preferred under certain circumstances. Considering the impor-
tance of CPs in fundamental and applied research as well as
potential industrial applications, there are numerous review
papers, books (chapters) on CPs and their properties,®>™®° an
overview of different synthesis routes®®> such as catalytic
polymerization,*® electropolymerization or vapor-phase
polymerization,®* ®® along with their applications in different
fields such as electrochemical energy storage devices or
medical sensors.®® For the case of vapor-phase polymeriza-
tion and oxidative chemical vapor deposition, previous
reviews periodically detailed and updated the procedure of
conjugated polymer synthesis, materials chemistry, the reac-
tion mechanism, the properties of the polymers synthesized,
and the structure-property relationships. These reviews
significantly contributed to advancing the state-of-the-art.
However, there is no systematic review outlining how oCVD
(or other vapor-phase synthesis techniques) compares to the
other solvent-based in different aspects of CP thin films
including synthesis routes, polymer properties and proces-
sing aspects. The clarity in this case is of utmost importance
as the synthesis method not only determines the possibility
of using different synthesis routes but also vastly affects the
properties of the final polymer.

The remainder of this review critically addresses how these
methods differ. First, a brief overview of each of the polymer-
ization routes listed above is provided. Then, the most devel-
oped methodology in each category i.e., chemical synthesis (as
a solvent-based method) and oxidative chemical vapor deposi-
tion (as a solvent-free method) is chosen for more comprehen-
sive discussion and comparison. We will discuss in detail three
sections: thin film, thin film-substrate interface, and substrate.
It should be noted that each of these components is not
independent of each other. The advantages and limitations of
oCVD compared to solution processing are outlined following
the reports in each field. It is worth mentioning that there are
certain aspects of thin film deposition (on a substrate) that
have not been directly addressed in oCVD research reports
given that it is a relatively new field. For these aspects, a critical
discussion of how oCVD may differ from solution processing is
provided, analyzing the basic physics and chemistry of vapor-
phase vs. solution-phase processing of polymers from the
literature.

63,64

2. Solvent-based methods
a. Chemical polymerization

Chemical polymerization is the most developed technique
for polymerization of conjugated polymers. It also serves
as a platform for most of the other methods. Chemical
polymerization broadly includes oxidation polymerization
and organometallic polycondensation. In the former
method, an oxidant is used to form a radical cation of
the monomer. Then, two such cations form a C-C bond,
resulting in a radical dication. This coupling continues
till the formation of a conjugated polymer. An example

This journal is © The Royal Society of Chemistry 2023

View Article Online

Journal of Materials Chemistry C

for oxidation polymerization of polypyrrole is provided in
Scheme 1.7%7*

Organometallic polycondensation proceeds where a bis-
halogenated monomer undergoes C-C bonding via different
coupling methods including Kumada, Suzuki-Miyaura, Stille,
and Negishi polycondensation mechanisms.’*”>” Scheme 2
provides the general route of these reactions, details of which
are beyond the scope of the current review and could be
followed in the cited documents. For simplicity, from now on,
we will use organometallic polycondensation as an umbrella
term for all these methods.

b. Other synthesis routes

Electrochemical polymerization is another popular method for
the synthesis of CPs. It uses an electrochemical cell consisting
of a working electrode, a counter electrode, and a reference
electrode dipped into a flask containing the monomer-
dissolved in a solvent. The mechanism is similar to the oxida-
tion polymerization explained above, albeit the oxidation is
provided by the electrical current rather than an oxidant. In this
method, a thin film of polymer is directly synthesized and
formed on the surface of the working electrode, which has to be
a conductive surface.”

The next step is emulsion polymerization, wherein an
organic monomer is first dispersed in an aqueous medium
with the aid of a surfactant. An oxidant is then added to the
solution, triggering the oxidation polymerization and resulting
in (nano)particles of the CP dispersion.””

Finally, photo-induced polymerization is a comparatively
newer method. Photons are used to initiate and proceed
polymerization of a number of CPs. It is categorized into
three different mechanistic pathways:*® (i) Oxidative radi-
cal polymerization, which was pioneered by Shimidzu
et al., has been used for a range of electron-rich monomers
such as thiophene. In this method, a solution containing a
monomer, an electron acceptor (such as CCl,), and a salt
(e.g. omnium salt) is irradiated with photons (of a certain
wavelength), which triggers electron transfer from the
monomer to the electron acceptor. This is followed by
monomer-monomer coupling, deprotonation, and so
forth to result in CP thin films.”®"”® (ii) Cationic oxidative
polymerization has been reported as a solvent-free poly-
merization method for a thienothiophene derivative. As
the authors proposed, the C-Br bond of the bromine-
modified thiophene derivative is broken as a result of
photolysis. This releases elemental Br, which initiates
the polymerization by monomer addition to the cationic
chain and elimination of HBr.* (iii) Reductive polymeriza-
tion that has been exploited for the polymerization of
electron-deficient monomers such as benzotriazole and
thienopyrazine. The synthesis mechanism was believed to
proceed via chain growth-free radical polymerization. It
was a solvent-based reaction using LiCl as a reductant and
the reaction was initiated with light having a wavelength in
the range of 400-626 nm.®!

J. Mater. Chem. C, 2023, 11, 1776-11802 | 11781
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-2H"

repeating the above

Scheme 1 Oxidation polymerization of PPy, based on the reaction mechanism proposed by Diaz et a

metal complex
nH-Ar-H + nM

> (—Ar)n

H: Halogen
M: Metal or reducing agent (such as Mg, Ni(0) (complex), Zn)

Scheme 2 The general scheme for organometallic polycondensation for
polymerization of CPs.®

3. Solvent-free method: oxidative
chemical vapor deposition (oCVD)

The general mechanism of all solvent-free methods is based on
an initial oxidation of reactive monomers: the same as oxida-
tion polymerization in the solution phase. For a long time, a
common practice was to first oxidize the substrate (to be
coated) with an oxidizing agent and then to expose the pre-
treated substrate to vapors of monomers. In this way, the

1782 | J Mater. Chem. C, 2023, 11, 11776-11802
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monomers should be first adsorbed on the surface of the
substrate under reduced pressure and then activated by inter-
actions with the oxidant present on the surface of the substrate.
The method was named vapor-phase polymerization (VPP). It
may be noted that although this method is frequently referred
to as a solvent-free method in the literature, a solution of the
oxidant is used for pre-treating the substrate.?” Another solvent-
free method is plasma polymerization, which is expected to
proceed similarly to oxidation polymerization. The difference is
that instead of an oxidant, plasma is used for the initial
activation of the monomer and subsequent cross-couplings
where chemical structure and stoichiometry are not reliably
controlled.®*

Finally, in the most developed solvent-free methodology,
both the oxidant and the monomer are vaporized and metered
into a gas-phase reactor under reduced pressure. They are
then adsorbed on the surface of a substrate and initiate

This journal is © The Royal Society of Chemistry 2023
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polymerization and film formation at the same time.>*> This
method was named oxidative chemical vapor deposition
(oCVD) and is the subject of the current review.

Reactor design for oCVD

The early design for the oCVD reactor was inspired by the
preceding works in the field of vapor phase material syntheses
such as initiated chemical vapor deposition, metal-organic
chemical vapor deposition, plasma-enhanced chemical vapor
deposition, and atomic layer deposition.”>™*® Building upon
them as well as based on one pioneering work reported by
Mohammadi et al.,** a modified version of the oCVD reactor
was developed in the group of K.K. Gleason at MIT and
reported in 2006.>> The reactor consisted of a vacuum chamber
with a stage at the bottom, the temperature of which could be
controlled by water coolant. A crucible was placed under the
chamber for vaporizing FeCl;, which could then be introduced
into the reactor with argon (acting as a diluent) in the vertical
direction and parallel to the EDOT flow. The monomer and the
oxidant would be adsorbed on the reactor surface and oxidative
polymerization would commence (Fig. 6(a)). Shortly after this
primary design, the reactor configuration was changed by
inversing the stage position under the ceiling and crucible at
the bottom, in order to avoid substrate contamination with
FeCl; particulates.®® Also, the EDOT monomer flow was intro-
duced into the chamber at a 90° angle relative to the oxidant
flow direction (Fig. 6(b)). This reactor configuration is still in
use up to today. However, other research groups again came up
with reactor modifications. For example, the group of K.K.
Lau changed the oxidant from FeCl; (a solid) to SbCl; (a liquid)
and placed the substrate back at the bottom of the chamber
(Fig. 6(c)) for deposition of polyaniline or polythiophene. **'°*
An alternative reactor configuration exploited two crucibles
inside the chamber allowing the vaporization of relatively high
M,, monomer in addition to the oxidant crucible (Fig. 6(d))."*
However, this configuration used a smaller surface area of the
substrate compared to the original one (26-52 cm?).>® Finally,
in a more recent configuration and with inspiration from
molecular layer deposition reactors, Andrew et al. adopted a
hot-wall tubular shape reactor, in which the monomer and the
oxidant would flow in the opposite direction and in parallel to
the long-axis tubular direction (Fig. 6(e)).'® In this way, the
monomer and oxidant mix in a controlled manner during their
residence time above the substrate. This configuration has
been used for both solid and liquid phase precursors, giving
flexibility in reaction design.

4. CP thin films

The first (and in a sense the most) important aspect of a thin CP
film on a substrate is the properties of the film itself. Using the
electronic property as the evaluation index, there are mainly
five critical aspects that contribute to the thin film perfor-
mance, namely (i) chemical structure, (ii) conjugation length,
(iii) crystallinity, (iv) packing, and (v) doping. These aspects are

This journal is © The Royal Society of Chemistry 2023
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not mutually exclusive as mentioned before. Below, each factor
is discussed in more detail.

a. Chemical structure

The nature of a CP itself primarily determines the electronic
properties of the thin film. For example, polythiophenes and
their derivatives usually show higher conductivities than
polyaniline.’®*'®® Therefore, the first aspect to consider is to
compare the range of monomers that can be polymerized by
each method. Table 1 provides an overview of the monomers
polymerized by oCVD reported until now along with the
reported values (if applicable) of their electrical conductivities.
In principle, oCVD replicates oxidation polymerization and
should therefore be applicable to the various conjugated mono-
mers polymerized by oxidative polymerization. It was also
possible to polymerize 3-thiopheneethanol, a direct polymer-
ization of which does not proceed either chemically or
electrochemically.

There is a need for an initial modification step to protect its
hydroxyl group to avoid its nucleophilic attack in a polymeriza-
tion environment. Although with oCVD, it was possible to
directly copolymerize it with EDOT in a one-step oCVD without
the need for protection of hydroxyl groups.'®” Yet, important
CPs like poly(p-phenylene) (PPP) or poly phenylene vinylene
(PPV) are excluded from oxidative polymerization (therefore
oCVD as well). However, it is worth mentioning that for the case
of PPV, alternative CVD routes taking advantage of precursor
pyrolysis have been done before, which could be a basis for
other non-catalytic routes for the synthesis of CPs.'%**

With chemical methods and in particular with organome-
tallic polycondensation, a wide range of monomers can be
synthesized that is beyond the scope of oCVD. An immediate
reason for this is the use of catalysts (in their solid form) which
is not possible to implement in the current state-of-the-art
vapor-based oCVD method. Another aspect is that organome-
tallic polycondensation often involves multi-step reactions,
while oCVD is a one-step process. Therefore, oCVD is not able
to provide comparable control over the structure of CPs as it is a
one-step, non-catalytic method."*>'"*?

In addition to the different properties resulting from CPs
synthesized via different polymerization methods, oxidation
polymerization is more limited in terms of the variety of
monomers that are possible to polymerize as compared to
organometallic polycondensation.

One primary consideration of oCVD is the vapor pressure of
monomers under deposition conditions. A monomer should
have sufficiently high vapor pressure under the deposition
temperature and pressure to be introduced into the reactor in
the gas phase. This often becomes challenging as the monomer
gets bulkier, which is associated with higher M,,, melting point,
and boiling point. These non-volatile monomers tend to rapidly
lose their kinetic energy upon entrance into the CVD chamber
and condense, which restricts their further interaction with
oxidants and polymerization.'®® Despite this general challenge,
the case for the deposition of porphyrin derivatives (with M, >
400 g mol !, melting point >350 °C) proved that with an
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Fig. 6 Different reactor configurations with (a) stage on the ceiling, with oxidant vaporizing by crucible at the bottom, and oxidant and monomer flow
with 0° relatively. Reprinted with permission from.*> Copyright (2006) American Chemical Society. (b) Stage on the bottom, with oxidant vaporizing by
crucible on the ceiling, and oxidant to monomer flow with 90°. Reprinted with permission from.%° Copyright (2007) American Chemical Society. (c) Stage
on the bottom, with liquid oxidant and monomer flowing into the reactor at 90°*°* (d) with a substrate on the ceiling, and solid/oxidant vaporizing by
crucible flowing at an angle <90°;°° (e) tubular reactor configuration with monomer/oxidant (solid/liquid) flowing into the reactor at 180°. Reproduced
from ref. 30 with permission from The Royal Society of Chemistry.

accurate experimental design and the deposition conditions, it Cardenas-Morcoso et al. took porphyrin-based CP research to
was possible to expand oCVD to heavier monomers.'”® the next level by synthesizing a wide range of 5,15-diphenyl
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Table 1 Library of the monomer/oxidant combinations used for the synthesis of conjugated polymers using oCVD

Monomer Oxidant used Conductivity (S cm ™) Ref.
/ S
= FeCl;, VOCls, SbCls 2.7 x 107°-70 125-128
Thiophene
4
z FeClj, SbCl; 2-180 21,129,130
Pyrrole
NH,
©/ SbCls NA 101
Aniline
(6] O
I\ FeCls, Br,, CuCl,, SbCls, VOCI, 9.1 x 107*-6259 99,131-140
S
EDOT
Se
()
4 FeCl, 2-35 141,142
Selenophene
/N
0} O
z/ \; FeCl, 10 143
S
3,4-Dimethoxythiophene
S 0
P
OH FeCls, Br, 107*-10 129,144,145
3-Thiophene acetic acid
S
PN
OH FeCl; Non-conductive 107,146
3-Thiophene ethanol
FeCl, 1031 147
S
1,3-Dihydroisothianaphthene
999 “
Anthracene
FeCl; NA 148
Biphenyl
I\
S FeCl, NA 103,149
3,4-Dimethyl thiophene
SN
= FeCl; NA 103,149

3-Methyl thiophene

This journal is © The Royal Society of Chemistry 2023
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Table 1 (continued)
Monomer Oxidant used Conductivity (S em™) Ref.
Hojij\/\
HO NH, H,S0,/Na,S0, 0.4 150,151
Dopamine
CHy(CH,)4CH3
| N FeCl, 4 x 104 152
S
3-hexylthiophene
(0} O
;/ \; FeCl; 106 103,149
S
3,4-Propylene dioxythiophene
O o}
FeCl. 31 103,149
Z/ \§ ’
S
3,4-(2,2-Dimethylpropylenedioxy) thiophene
-
(0] O
FeCl 1.6 103,149
Z/ \g ’
S
Thieno[3,4-b]-1,4-dioxin-2-methanol
s I\
\ / S FeCl, NA 103,149
2,2'-Bithiophene
S
{1y
S FeCls NA 103,149
Thieno[3,2-b]thiophene
S —
QNS
\ / FeCl, NA 103,149
3,2":5',3"-Terthiophene
FeCl;, CuCl,, (Cu(ClOy4),-6H,0). FeCl, 3.6 x 1072 102,106
Nickel(ll) 5,15-diphenyl porphyrin
._‘_. FeCl, NA 114

M = MDPP; M = Co, Cu, Mg,
Zn, Pd, Pt, Ag, Ru, Ag, and FeCl)

5,15-diphenyl metalloporphyrins
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metalloporphyrins (MDPP; M = Co, Cu, Mg, Zn, Pd, Pt, Ag, Ru,
Ag, and FeCl; see Table 1)."** This was particularly appealing
due to the MDPP application for solar-based energy generation
devices, but difficulty in its processing. Another strategy could
be using a nitrogen bubbler to facilitate monomer vaporization
and flow into the CVD reactor."'® One concern still remains that
even with successful deposition of such monomers, the deposi-
tion rate could be possibly very low, the same bottleneck that
atomic layer deposition faces."*®

On the other hand, chemical synthesis and solution poly-
merization depend on the persistent solubility of the reactants
as well as the growing polymeric chains in the reaction medium
(solvent). However, alternating single and double bonds in
conjugated chains of CPs are highly rigid, causing the chains
to aggregate in the solvent rather than being dissolved. As a
result, with the addition of each monomeric unit to a growing
chain in a reaction medium, the tendency of the chain to
precipitate out of the solvent becomes higher.'"” This puts a
limit on how large the chains could propagate before precipita-
tion. As a solution to this challenge, conjugated monomers are
modified with alkyl groups at the 3rd and/or 4th position. Such
a limitation however is not applicable to oCVD, simply because
it is a solvent-free method. Therefore, oCVD offers the possibi-
lity for direct synthesis of common conjugated monomers. This
specific solvation issue becomes more relevant in processing
and the final film properties are discussed further in the
following sections.

p-type vs. n-type CPs. When it comes to CPs, an important
classification directly linked to their potential applications and
properties is either they are a p-type or an n-type CP, mimicking
the terminology of inorganic semiconductors."*® However,
here, a clarification should be made between ‘p-type or n-
type doping of CPs” versus “p-type or n-type CPs”.

In principle, a conjugated polymer could be oxidized or
reduced by a dopant. As a result, the polymer turns into a
polycation or polyanion, whose charges would be compensated
by the counter ions from the dopant. The former is called p-type
doping while the latter is called n-type doping of CPs. With this
consideration, it could be hypothesized that any CP can be
potentially p-doped or n-doped if strong enough oxidizing or
reducing agents are used and/or by application of electroche-
mical methods. However, in practice, the most common CPs
are more prone to oxidation. Their reduction, while studied
theoretically and shown also in practice for a few of them, is
challenging and might need very strong reducing agents like
alkali metals e.g, sodium naphthanilide, sodium/potassium
alloys, and lithium iodide.’®'****® The main reason for this
challenge lies in the electron-rich conjugated backbone of CPs
in general. Nevertheless, due to the desired properties that
electron-conducting CPs could offer, there has been enormous
research on the modification of conjugated monomers to alter
their orbital structure and make their backbone electron deficient,
easing the process of n-doping. In this context, the CPg which
readily tend to be oxidized rather than reduced have been
frequently termed as p-type CPs, while the other modified CPs
with electron gaining tendency have been called n-type CPs.'*'***

This journal is © The Royal Society of Chemistry 2023
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Returning to the discussion on comparing the synthesis
routes of CPs, as polymerization of n-type CPs often involves
catalysts, it has been excluded from oCVD practice.'?!!33715°
Recently, Woods et al.*>® reported a catalyst-free protocol for
the synthesis of n-type CPs, although their precursors (e.g
lithium salt) are beyond the current scope of polymer CVD in
general due to its extremely low vapor pressure at room
temperature. Generally speaking, the electron-rich structure
of common CPs (Fig. 3) needs to be modified with an electron
withdrawing group in order to be able to accommodate an
excess electron upon reduction. However, in oCVD, these-
electron-rich structure is exactly the reason for the sp”-sp>
carbon coupling, making the process challenging. Neverthe-
less, Bilger et al.'®” attempted to polymerize a thiophene-
cyclopentadienone-thiophene triad in which the thiophenes
were electronically decoupled from cyclopentadienone and
were able to engage in C-C couplings upon exposure to another
monomer in the presence of FeCl; gas. This attempt of course
opens new directions in the field of oCVD. However, there are
some concerns that should be considered about this protocol in
parallel. First, although ultraviolet photoelectron spectroscopy
results suggested a low-lying valence band level (which is
essential for n-type behavior in CPs), a donor-acceptor-donor
(D-A-D) structure has not been considered among the best
strategies for n-type monomer design (common strategies
donor-acceptor (D-A) with strong A, D-A with weak D, A-D-A
and A-A""). Second, if the donor has to be electronically
decoupled from the acceptor in order to preserve its ability
for C-C bonding, the acceptor can no longer apply its electron-
withdrawing effect on the donor in order to provide the
backbone with space for electron injection. Therefore, more
investigation into this strategy is necessary to understand its
potential.

b. Conjugation length

A charge carrier has a limited path to travel along the chain of a
CP. Such a path is called the (effective) conjugation length,
which is affected by M,, and the microstructure of the CP.">®
When it comes to electron mobility along a polymeric chain as
well as intermolecular charge transfer, with a more extended
chain there is more space for the carrier to travel along the
chain.”® On the other hand, the position at which monomers
link to each other also impacts the electron mobility in the
chain. This is called structural regularity and it could have three
configurations as discussed later. Finally, there is the confor-
mational regularity that impacts electron transfer in a single
polymeric chain. For example, a chain twist could compromise
carrier mobility as well.'°>'®" The combination of all these
factors determines the effective conjugation length of CP poly-
meric chains.

M,, of a polymer determines how long the chains are and
therefore directly influences the conjugation length.'®*'®* In
solution synthesis, the growing polymeric chains need to con-
tinuously maintain their solvation in their reaction medium as
additional units are added. However, as mentioned in the
previous section, the rigid backbone of CPs in their basic
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chemical structure makes their solubility a challenge in the
common organic solvents. Indeed, they tend to result in fine
aggregates at best when so-called ‘“good” solvents are
used.>”'%471%¢ Therefore, a growing chain of CP is highly
susceptible to precipitate at oligomeric length when polymeriz-
ing in solution."®” """ To address this issue, researchers have
came up with the idea to modify the monomer structure (e.g.
adding an alkyl chain to the 3rd position) in order to enhance
the solubility of the growing polymers in the reaction medium.
This of course gives rise to partial distortion in the conjugation
of the resultant CPs, negatively impacting their electronic
properties.'®>*7>'”? Another parameter influencing M,, is the
CP crystallinity which would be discussed in the microstructure
section.

As oCVD is a solvent-free method, the above concerns about
solvation of unmodified conjugated monomer are not applic-
able. Therefore, oCVD might have the potential to grow CPs
with higher M,,. Although via an indirect assessment, there
have been reports revealing that oCVD provides control of
conjugation length, because of the difficulty in estimating M,,
of CPs in general, it was not possible to test the above hypoth-
esis on oCVD potential to grow high M, CPs. Yet, indirect
methods showed how fine-tuning deposition conditions could
increase the conjugation length.

In an early report, Im et al.>® observed that increasing the
deposition temperature of PEDOT from 15 °C to 100 °C resulted
in a continual decrease in the n-n transition energy measured
by UV-vis spectroscopy. In another report, Goktas et al.'®’
copolymerized EDOT and 3-thiophene ethanol by oCVD and
observed that the monomer feed ratio impacts the number of
each unit in the final polymeric chains analyzed by AP-MALDI-
HRMS spectroscopy; they attributed this observation to the
conjugation length in part. In another research, PITN"*’ was
synthesized by oCVD and it was observed that by increasing the
deposition temperature from 70 °C to 130 °C, the band gap
decreased from 1.14 eV to 1.05 eV. Additionally, the Raman and
FTIR peaks downshifted continuously with increasing deposi-
tion temperature. These all were attributed to a higher con-
jugation length. Cheng et al.'® observed a higher oxidation
potential (deeper HOMO) with reduced conjugation length.
Smolin et al."”* synthesized PANI with oCVD and attributed
the peak of 825 cm " to higher M,, PANIL However, in this
case, it was observed that 1590 cm ™" and 1580 cm ™' peaks of
quinonoid and benzenoid of aniline polymer shift to 1580 cm ™"
and 1505 cm ™" for aniline oligomer."””

Borrelli et al.**® analyzed oCVD-grown unsubstituted PTs
using Raman spectroscopy. As had been suggested before,
the C=C antisymmetric stretching vibration would lose inten-
sity and downshift upon a higher conjugation length. Using
this as the index, the research showed that the PT
film deposited at 1 mTorr resulted in the shortest conjugation
length. However, the other deposition pressures (75, 150,
and 300 mTorr) all showed somewhat similar Raman (as well
as UV-vis) spectra to each other. This suggests that pressure
could be used to modulate the conjugation length to some
degree.
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Another parameter is the type of oxidant. Deposition of
PEDOT with two different oxidants Br, and FeCl; revealed that
bromine was able to result in a higher conjugation length,
which was inferred from spectroscopy. This was attributed to a
higher oxidizing strength of bromine compared to iron
chloride."”®

When it comes to structural regularity, organometallic poly-
condensation has been the method of choice for the synthesis
of CPs, allowing 2,5 coupled polythiophenes.*® There could be
three types of C-C linkages, which are named as tail-tail (TT)
for 5,5 C-C coupling, head-tail (HT) for 2,5 C-C coupling, and
head-head (HH) for 2,2 C-C coupling (Fig. 7(e)). HT coupling
represents a regularity, control of which has not been possible
by oxidation polymerization. The results showed that oxidation
polymerization forms random 2,4 linkages, which undermines
the effective conjugation length.'””7'#2 Therefore, oCVD may
not inherently be able to compete with chemical methods in
forming regioregular CPs. However, there is an early report of
the synthesis of regioregular polythiophenes with the con-
trolled introduction of oxidants into the medium in multiple
time spans, which may give a hint in oCVD processing as
1."®® The microstructure of CPs is more extensively dis-
cussed in the next section.

Regarding M,, of CPs synthesized by oCVD, one concern
could be reactants “accessing” a polymerization spot of a
growing chain, which might be undermined by the lower
diffusion rate of the reactants to the potential chains embedded
in the already-formed film. This phenomenon of diffusion into
the polymer film is not yet understood.

wel

c. Microstructure

As a polymeric chain has limited length, a carrier moving along
the chain needs to hop between them at some point. This is
called inter-molecular charge transfer. In this regard, how the
polymeric chains are arranged relative to each other determines
the polymer microstructure and electron mobility. This topic
could be discussed in terms of crystallinity and thin film
packing.

i. Crystallinity. From the morphological point of view,
ordered crystalline domains within the microstructure of a CP
coating favor charge carrier mobility.'®”°° The formation of
ordered crystal grains for a number of CPs has been realized at
two levels: either by their structural engineering and/or by
tuning the processing conditions during/after film
formation®®*™%* An illustration of a semicrystalline P3HT con-
sisting of crystal lamellae and amorphous chains is shown in
Fig. 7(a).

From a structural perspective, M,, and the structure of the
side chains can influence the tendency of the CPs for crystal
nucleation and growth.’>'* For unmodified polymers of
poly(arylene)s, crystallinity seemed to be associated with a
lower M,,. As established before, poly(arylene)s — and so other
CPs - are modified by side chain alkylation for better solubility.
An enhanced solubility also allows for obtaining a higher M,,
polymer during synthesis, which resulted in a less crystalline
polymer.®®> On the other hand, comparing alkyl-modified

This journal is © The Royal Society of Chemistry 2023
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Fig. 7 (a) An illustration of P3HT morphology comprising crystalline and amorphous phases. Reprinted with permission from.'* Copyright (2016)
American Chemical Society; (b) and (c) thiophene-based CP with alkyl side chains that are interdigitated and randomly oriented, respectively.

Reproduced from ref. 185 with permission from The Royal Society of Chemistry. (d) Illustration showing face-on vs. edge-on PEDOT orientation;

.186

(e) possible C-C bonding of two thiophene groups during polymerization of poly(thiophene) namely TT, HT, and HH.

polymers within themselves, Zen et al. reported that the crystal-
linity of P3HT decreased significantly with lower M,,."** Yet, an
additional aspect regarding M,, would be the folding behavior.
Again, in the case of P3HT, when M, surpasses a critical value
of 10 kDa, the chains will transit from the extended to the
folded conformation, which requires the balancing of an energy
barrier to unfold and form ordered crystals.”® Additionally, the
structure of the alkyl-side chain impacts the crystallization
tendency as well. If the alkyl structure is linear, resulting in a
symmetrical CP structure, an improved crystallinity could be
expected; while for branched side chains usually desired for
better solubility, the crystallinity is undermined."®*

This journal is © The Royal Society of Chemistry 2023

After the synthesis of CPs, their solution is coated on the
surface of a substrate, followed by solvent evaporation and
film formation. Film morphology highly depends on the
processing method and history. There are reports that
the crystallinity could be controlled by the aid of solvent-
polymer interaction®®'°»9>1% and film annealing after
deposition.””'*® The type of solvent and substrate surface
features are the two main parameters affecting the crystal-
lization of CPs. Sanda et al. used four different solvents for
the processing 2,7-dioctyl[1]benzothieno[3,2-b][1]benzothio-
phene, and observed that a higher boiling point solvent
resulted in larger polycrystalline domains."®® This is attributed
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to a lower evaporation rate of solvents with higher boiling
points, allowing more time for crystals to grow. The same
results have been noticed in other reports, suggesting a uni-
versal trend."?""%*

Next, the substrate surface properties influence crystal
nucleation and crystal growth. Physical and chemical proper-
ties of the surface including surface microstructure, roughness,
and surface energy impact the interfacial interaction between
substrate and solution. This controls the wetting behavior, the
evaporation rate and the morphology development. In an
interesting report, Zhang et al. showed that lowering the sur-
face energy of the substrate by different functionalization
groups, higher crystalline CP films were obtained. This was
attributed to a lower penalty for heterogeneous nucleation of
crystals.’®® An additional aspect is the substrate’s viscoelastic
properties. In a report, Kim et al. vapor deposited pentacene
film on the surface of a number of polymeric substrates at
different temperatures. They observed that in case the tempera-
ture surpasses the glass transition temperature of the sub-
strates, nucleation density is prompted yet its growth into
larger grains is disrupted. However for rigid substrates (below
T,), an increase in temperature favors the formation of larger
crystal grains.”*® This could be understood in a broader context
of interfacial dynamics between CPs solution and the substrate.
In this regard, Diao et al. used a diketopyrrolopyrrole-based CP
as a model compound and worked toward a general design rule
for substrate-directed CP crystallization. They experimented
with a template substrate modified with ionic liquids and
studied how enthalpy of adsorption could be used as an index
to quantify template-CP interaction. It was concluded that an
increase in interaction at the interface is associated with a
higher degree of crystallinity and larger domain size by the
facilitation of CP nucleation via dynamic interaction.”®*

After solvent evaporation, an additional step of annealing has
been shown to induce crystallization in certain cases.'*"'?”"1%¢ In
another report, Jo et al. showed that exposing P3HT solution to a
non-solvent, the n—r interaction of P3HT chains is encouraged by
the unfavorable interaction of the polymer and its non-solvent,
facilitating the crystallization of P3HT nanofibers.>**

Another strategy has been using a template, which could
assist the formation of crystalline domains during thin film
processing.”*®® Through the so-called template-assisted crystal-
lization, features of a surface including its roughness could
stimulate crystallization by using a template, which favors the
formation of a crystalline domain aligned with a pre-defined
pattern.?®* A well-known template in anodic aluminum oxide
(AAO) with a channel size of 10 nm to 10 pm, which directs the
CPs to be coated normally to the AAO pores.>®*%?

In oCVD, the deposition temperature has been used for
crystallinity control.’® It was also observed that acid
rinsing aids the broadening of the crystallographic signature
and also intensifies it, which was attributed to a higher
degree of crystallinity."*® The relationship between deposition
temperature and post-processing to crystallinity remains to be
understood. The crystallinity also depends on the regioregular-
ity which could not be controlled by oCVD as mentioned before.

1790 | J Mater. Chem. C, 2023, 11, 11776-11802
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ii. Packing. In addition to intra-chain charge transfer as
the dominant mechanism of conductivity, charge carriers need
to hop in between CP chains, a mechanism that is known as
inter-chain conductivity.’®* For this purpose, the lower the
distance between the chains, the easier this hopping occurs.
This topic is understood as the packing of CP chains.

It was mentioned before that for the sake of solubility, long
side chains - often alkyl - are introduced in the polymer
structure. Generally speaking, such a modification undermines
a close n—n stacking between planes of CP chains as a result of
possible plane torsion. In this regard, for alkylated CPs, the
best packing is obtained when these side chains are so-called
interdigitated (Fig. 7(b) vs. Fig. 7(c)).>°>*°® The interdigitization
tendency is favored for the case of linear alkyl chains rather
than branched structures.'®%'92:207

Also, a related but different aspect of thin-film conductivity
is their spatial conformation relative to an underlying sub-
strate. This is due to the anisotropic nature of charge transfer in
randomly oriented CP chains. An isotropic charge transfer of
either in-plane or out-of-plane charge transfer might be pre-
ferred in different applications. For example, in the case of a
field-effect transistor, since the direction of charge mobility is
horizontal, an edge-on to the substrate (in-plane n stacking) is
desired; while for OPVs with vertical charge mobility, a face-on CPs
orientation (out-of-plane 7 stacking) is preferred.**® In this regard,
research was done to shed light on the morphology control of CPs
in order to stimulate the face-on and edge-on orientation of
polymeric chains relative to the substrate (Fig. 7(d)).>*

A relevant but different aspect is the coplanarity of CP
chains: Chen et al. reported a systematic study of isoindigo-
based polymers with increased polymer planarity by substitut-
ing thiophenes for phenyl rings and investigated how this
structural modification impact polymer orientation toward
silicon-based substrates. They concluded that in case the
obtained polymer is soluble, interpolymer interaction is mini-
mized and the van der Waals interaction between the polymer
and the substrate is encouraged, favoring a face-on orientation
of the synthesized CPs. However, for a less planar polymer (more
chain twisting), the chains are more aggregated, resulting in
favored edge-on orientation upon deposition.**® Mullen et al.
copolymerized five different benzodithiophene isomers with alky-
lated dithiophene and observed that an increased degree of
curvature (monomer angle between 106° and 180°) decreased
ordering of chains and packing in their associated solid
films.>*° Consequently, although smaller curvature angles could
prompt packing, the authors advise an intermediate level of
curvature to preserve solubility as it was observed that molecules
with the lowest degree of curvature were difficult to process. This
indeed could be a potential opportunity for oCVD.>*'°

The attempts for orientation control of CPs from the
solution phase on a substrate have been followed in three
different strategies:*'*

(i) By using shear forces including frictional transfer,
mechanical rubbing, roller transfer, and strain alignment.

(ii) Fine-tuning of solution properties to prompt certain
orientation: methods include the use of certain coating

This journal is © The Royal Society of Chemistry 2023
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techniques such as dip coating, blade coating, solution
shearing,>'* wire-bar coating which have shown the ability to
“guide” polymer chains for a certain orientation. Also, off-
center spin coating, floating film-transfer method, and direc-
tional solvent evaporation could be included in this topic.

(iii) Substrate-directed CP ordering: for which epitaxial
crystallization and dynamic template-directed orientation.

The details for each of these strategies and techniques are
available in the literature®>®**"'>"* and we do not discuss
them here. The important point is except for the second
strategy which exploits the possibilities with different solution
processing methods to obtain the desired orientation, both the
first and third strategies could be benefited by oCVD metho-
dology. Yet, it is worth mentioning that not all of the above
methods are easily translatable to scale-up and large-area
processing. In addition, most of them are not applicable in
multi-layer and device-relevant manufacturing as they will
result in either chemical or mechanical damage to the other
layers.>'*

There is less information in oCVD on CP and their packing
control. A well-studied case is PEDOT deposition using FeCls,
which showed a transition from edge-on to face-on orientation
when the deposition temperature was increased from a lower
temperature to 300 °C. The oCVD-grown PEDOT with face-on
orientation in this case was associated with a record conduc-
tivity above 6000 S cm ™. With the motivation of lowering the
deposition temperature, the same research group reported that
by using VOCI; as an oxidant, it was possible to obtain pure
face-on orientation at a deposition temperature as low as
140 °C. However, in the latter case, the conductivity was lower
(2800 S ecm ').****'* From a post-processing point of view,
PEDOT film rinsing with HBr showed to improve packing.'*®

d. Doping (and oxidants)

Doping is the process that offers the conjugated polymers the
conductivity they are known for. It is achieved by the incorpora-
tion of a small quantity of a chemical that lowers the resistivity
of a CP. There could be three types of dopants, namely:
inorganic, organic, and polymeric."’

Most of the inorganic compounds used as dopants for CPs
are gaseous molecules (e.g., halogens, oxygen), metals (e.g:, Li,
Na, Mg), Lewis acids (e.g. FeCls, SbCls, VOCl;), and inorganic
acids (e.g. HCI, H,SO,). Although the oxidizing nature of a
dopant determines doping efficiency, an important considera-
tion regarding inorganic dopants is that they are the smallest
among different types of doping compounds. This results in a
higher mobility of their counter ions within a polymeric net-
work and consequently higher conductivity.'® In solution pro-
cessing, a challenge for inorganic dopants has been their
processability with common solvents. CPs are hydrophobic in
nature and inorganic dopants are hydrophilic, making it diffi-
cult to find a common solvent.

To overcome the solubility limitation of inorganic dopants,
one approach was using organic dopants which are hydropho-
bic as well. It could also help with better environmental
stability of CPs oxidation in an ambient environment. However,
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they have comparably bigger counter ions which restrict their
mobility in CPs and lower the conductivity. Some examples of
organic dopants include sulfonate derivatives of anthraquinone
or naphthalene, acetic, citric, oxalic, and tartaric acid, and
copper phthalocyanine. Obviously, polymeric dopants offer
the biggest size of compounds in the above classification,
though the most stable one. Examples are polyaniline doped
with polyacrylic acid and PEDOT doped with PSS."

Another perspective is how the interaction between the
dopant and CP impacts its microstructure. Ma et al. reported
that by using an organic molecule (N-DMBI) for doping of n-
type CP (FDBPPV), better carrier mobility was achieved by
enhancing molecular packing.”’® Another example is PEDOT
with preferential edge-on orientation when doped with PSS,
Tos, or OTf,?*?2° while favoring face-on orientation when
doped with smaller counter ions (like chloride C17).>>**°

Although there is no limitation in exploiting different dop-
ing agents in the oCVD method, it generally was not a center of
attention and only a fraction of the dopants are used for
synthesis in practice. It should be noted that in oCVD, the
same oxidant that is used for synthesis would remain in the
polymer structure and serve as a dopant. Possibly a post-
processing step could be added to improve the properties with
the aid of a second oxidizing agent, as reported in the case of
PEDOT."*’

On the other hand, it is safe to conclude that the solvent
incompatibility for inorganic dopants with CPs is resolved by
oCVD. Along with the superior performance of inorganic
dopants, this might be the reason that FeCl;** has been widely
used as a dopant in oCVD of CPs. Other dopants used are as
follows: Br2’176,221 Cuclz’wz,zzz VOC13,125’223 SbC15,125’174’223’224
MOCI5%**® and H,S0,.**°

5. Polymer—substrate interface

An important aspect of surface coating is how the deposited
coating interacts with the underlying substrate. Such an inter-
action not only contributes to the functionality of the top layer
but is also important for the long-term stability of the coating.
Below, we review the most relevant aspects of coating—substrate
interfacial properties from the viewpoint of CPs and oCVD.

a. Uniformity

Uniformity is a critical aspect of coating CPs on a surface. The
processing history of the coating along with the polymer-
substrate interaction determines the thin film uniformity of a
specific polymer—substrate pair. CVD methods in general are
well-recognized to result in outstanding uniformity compared
to solution-processed thin film coatings.®” The reasons could
be understood in a number of limitations that solution coating
techniques suffer when compared to solvent-free techniques,
which of course may be different for each specific wet method.
For example, drop casting, while being an easy method, is
negatively influenced by the “coffee ring effect”. When the
solvent evaporation rate is higher at the edge of the droplets
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compared with its center, it results in a non-uniform film.>**>*’
Spin coating on the other hand has been able to give highly
uniform films compared to drop-casting or other wet-
processing techniques and as a result has often been the
method of choice.””®?*® However, during the drying stage, the
solution gradually becomes more viscous and the coating
enters a so-called shrinkage stage. This sometimes results in
the formation of meniscus and film thinning at the side walls.
On the other hand, spin coating fails to result in high-ordered
conjugated thin films as the solvent usually evaporates too fast
and does not allow enough relaxation time to the polymeric
chain ordering. To partially compensate for this problem, high
boiling point solvents could be used.”® However, this could
end in residual solvents trapping in the coating microstructure,
up to 20%.2%° It has been reported that this could be mostly
resolved by exposing the film to high temperatures
(annealing).”®' Yet even with annealing, the residual solvent
negatively affects the film properties and this may be exacer-
bated by using high boiling point chlorinated solvents, which
are not a favorable choice for the environment."*®

b. Conformality

Conformality refers to how a thin film homogeneously covers or
“shrink wraps” on a surface. A surface could be qualitatively
categorized into smooth and rough. Rough in here stands for
nano/micro-structured surfaces which have a texture and/or 3D
structure. Two modes of coverage are conformal and planar.>*

Conformal coverage features a film with uniform thickness
resembling the geometry of the underneath substrate. This type
of coverage is challenging for solution processing primarily
because of surface tension effects.***?** This is particularly a
limitation for textured surfaces due to dewetting.>*> Solution
processing may result in surface bridges inhibiting the liquid to
penetrate the porous three-dimensional features of the
geometry.>*> For example, spin coating as a highly exploited
method, is controlled by two driving forces when coating a
surface: centrifugal and capillary.>*® In case a geometry has 3D
features, centrifugal force tries to “push” the solution into the
3D network and make the film conformal; while the capillary
forces want to make the flow level. In the beginning, the
centrifugal forces are the main driving force; however, as the
solvent evaporates and the solution becomes more viscous, the
capillary forces dominate.>*®

CVD on the other hand is widely known to result in
conformal coverage on different surfaces including porous 3D
surfaces.'>*** This is the result of a number of factors. First,
from a mass transport point of view, vapors have several orders
of magnitude higher diffusion coefficients than liquids. This
means that in the case of a 3D geometry, vapors could better
diffuse into the surface sites which are not easily accessible for
liquids. Additionally, the surface adsorption of gaseous mole-
cules is much lower than the solution in a single “collision”
with the substrate. This results in a slower morphology devel-
opment and as a result higher relaxation time of the polymer
chains that favors conformal coverage. Finally, in CVD practice
in general, the tendency of any surface spot to be coated would
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gradually decrease upon film formation. This feature is called
“self-limiting surface reaction” and contributes to conformal-
ity, which could be imagined as the opposite of capillary
levelling in solution processing.”*® Fig. 8(a) shows a porous
textile that is coated with PEDOT:PSS solution using spin

bt
Corduroy spuncoat

B Tl rauroy vapor deposited

with p-doped PEDOT

Fig. 8 (a) Corduroy swatch with 2 in? surface coated with PEDOT: PSS
solution (left) and with 4 in? surface deposited with PEDOT via oCVD;
reproduced from ref. 103 with permission from The Royal Society of
Chemistry. (b) and (c) Microporous carbon felt uncoated and coated with
PPy via oCVD, respectively.?*”
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coating, resulting in poor uniformity and conformality, as well
as coated substrate using oCVD resulted in highly uniform and
conformal PEDOT films."*® In the same manner, Fig. 8(b) and
(c) shows uncoated and PPy-coated microporous carbon felt.>*”

c. Interfacial adhesion

As a practical aspect, it is necessary for a CP film to firmly
adhere to the underlying substrate during the lifespan of the
relevant application. Here, adhesive strength is the work
required to separate a CP film from its substrate.”*® Therefore,
the bonding strength between the film and the substrate
determines the force of adhesion, the failure of which is a
result of extrinsic and/or intrinsic stresses.>*° Extrinsic stresses,
by definition, arise from external sources such as UV irradia-
tion, chemical oxidation, mechanical stress etc. On the other
hand, intrinsic stresses are a result of the interfacial features of
any substrate-thin film pairs which are determined by the
nature of thin film/substrate on the one hand and the history
of thin film formation on the other hand, which are all affected
by surface wetting behavior, thermodynamic work of adhesion,
and interfacial tension.”*®?*° These intrinsic aspects could be
further affected by extrinsic stresses as well. Relevant discus-
sion in this review is how oCVD differs from solution proces-
sing at the film-substrate interfacial adhesion from the
intrinsic point of view. To discuss this, we briefly discuss about
physical or chemical bonding.

i. Physical bonding. In physical bonding, the adhesion
force is mainly determined by the bonding surface area and
interfacial tension.>*® Intuitively, when there is a higher surface
area between a CP and a substrate, it results in a more intimate
contact between the two,**® which could be further supported
by van der Waals and electrostatic forces. This is a specially the
case for textured, porous and 3D substrates, which all offer
increased surface area. An example is when the indium tin
oxide surface was roughened to improve the adhesion of
poly(3,4-propylenedioxythiophene) (PProDOT) through
called “mechanical interlocking”.”*®**" However, there is a
potential drawback that the textured surface counterproduc-
tively results in decreased adhesion as a result of uncoated
areas, which are left behind as voids.**® In principle, both
solution coating and oCVD-coated CP could benefit from such
a surface effect. However, oCVD could possibly outperform
solution processing for 3D substrates because of all the chal-
lenges solution processing faces, which are discussed in the
previous two sections.

Next comes the interfacial tension between a CP film and a
substrate. The adhesive force is maximum when the difference
between the surface free energy of the film and the substrate
(called interfacial tension) is minimum.?*® This surface tension
is formed during the coating process, the control of which is
crucial for adhesion. Therefore, a CP film on polymeric sub-
strate results in a lower surface tension than a CP/metal pair.
This aspect is the same for both oCVD and solution coating.
However, for any two layers, the process by which they come
into contact will determine the level of internal stress. This will
be the source of interfacial failure upon exposure to external

SO-
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stresses over time. For example, if there is mechanical com-
pressive stress, the film is susceptible to delamination or
cracking in case of tensile stress, 239242243

During solution processing, the solvent evaporates, and the
polymeric film has to shrink. However, the polymer at the
solid-liquid interface is already physically adhered to the sub-
strate. As a result, it could not “flow” in parallel with the
volume change.

Therefore, polymer chains are locked in configurations that
are thermodynamically unfavorable,>**>*® which causes inter-
nal stress in the plane of the coating.**” Additionally, the
physical mismatch between a polymer and a potential metallic
substrate prompts interfacial failure during time as a result of
different responses to external stresses.>*®

In polymer CVD practice, there is no report addressing the
phenomenon of internal stress. However, from the inorganic
CVD process, it is well known that internal stresses would form
as a result of non-equilibrium deposition conditions.>** The
mechanism is such that the first adsorbed molecules on a
substrate occupy the spots that do not possess the lowest
energy, which is then trapped by the new incoming molecules
resulting in internal stress. Such a process could be partially
controlled by the deposition rate.”*® At the time of writing this
review, a systematic study comparing the degree of internal
stress during polymer oCVD and solution processing is miss-
ing. Therefore, further comparison is not possible.

ii. Chemical bonding. The other adhesion force arises
when a polymer forms chemical bonds with a substrate.
Compared with the physical bonding, these thin films are more
robust at the interface.”*>**" Chemical bonds between CPs and
substrates are pursued by both solution processing and CVD
methods using the terms of polymer-grafted or polymer-linked
substrates. There are two methods of grafting between a sub-
strate and a polymeric layer, either grafting-to or grafting-from.

In solution processing, different surface-initiated polycon-
densation methods have been exploited to prepare well-defined
conjugated polymer brushes. This is a bottom-up approach that
results in CP grafting from a substrate.”>” The other method is
when an already developed polymer chain is grafted to a sur-
face. In an example, the cyclopentadiene-maleimide Diels-
Alder ligation was used to graft poly(3-hexylthiophene) to a
pre-treated silicon substrate.”*

In oCVD, inspired by the work of Kovacic,>>* it was observed
that when a substrate has aromatic groups in its structure,
EDOT makes a chemical bond with the substrate, following the
proposed mechanism (Scheme 3).>*° In another report, a
simple and straightforward procedure, (3-aminopropyl) tri-
methoxy silane'*® was attached to a silicon wafer forming Si-
0O-Si, and the molecule was used as a linker to PPy. Using the
same principles, linker molecules such as 4-aminothiophenol,
methyl 4-mercaptobenzoate, or 4-mercaptobenzoic acid were
used as a linker molecule to graft poly(EDOT-co-3-TE) and
poly(EDOT-co-TAA) grown by oCVD.'*® These methods could
be compared with a grafting-to approach in solution proces-
sing. Unlike solution processing, the grafting-from approach
has not been replicated in oCVD yet.
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Scheme 3 The proposed mechanism of PEDOT grafting to a substrate having aromatic groups in its structure.?>®

iii. Polymer properties. In addition to the interfacial bond-
ing of CP films and a substrate, polymer cohesive forces affect
the interfacial adhesion as well.>>® More specifically, higher
polymer chain entanglement (which depends on its M,,) results
in higher cohesive forces of these chains,”>” which could act as
a “support” for an interfacial domain of the CP film, providing
a more robust contact.

6. Substrates

The wide variety of substrates that could be used in CVD
processing is probably one of the most outstanding features

1794 | J Mater. Chem. C, 2023, 11, 11776-11802

it offers. Discussion on substrates may be conducted in three
directions, namely (i) the substrate surface geometry, (ii) the
substrate material and (iii) processing concerns.

As a solvent-free procedure, oCVD provides the opportunity
for thin film deposition of CPs on a diverse range of substrate
materials and surface geometries. Examples are the reports by
Wang et al.'*, describing a methanol sensor development
using printed circuit boards as the substrate and coated with
poly(3,4-ethylenedioxythiopheneco-thiophene-3-aceticacid)
[poly(EDOT-co-TAA)] and/or poly((3,4-ehylenedioxythiophene-
co-thiophene-3-ethanol) ethanol) [poly(EDOT-co-3TE)]. Smolin
et al. used micro/mesoporous carbide-derived carbon (CDC)
and porous Mo,C CDC as substrates and coated them with

This journal is © The Royal Society of Chemistry 2023
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Table 2 The variety of substrates used for deposition of conjugated polymers along with their applications

Substrate Applications Polymer Ref.
Cotton towel/corduroy fabric Wearable electronics P(DMT) 103,149
Printed circuit boards Methanol sensor Poly(EDOT-co-TAA) 145
Electro-spun mat Chemiresistive biosensor Poly(EDOT-co-3TE) 146
Porous CDC/Mo,C CDC Energy storage PANI 174,224
Unmodified paper Organic photovoltaic PEDOT 131
Graphene Organic solar cell PEDOT 132
Aligned carbon nanotube Energy storage, sensor PEDOT 133,134
n-doped ZnO layer Organic optoelectronic PEDOT, PPy 135,269
Cellulose filter paper/porous nylon membrane Supercapacitor PEDOT 138
Sponge-type carbon felt Electrocatalytic system Polydopamine 150
Porous AAO/TiO,/activated carbon Energy storage 125
Microporous polyurethane fibers Piezoresistive sensor PPy 44

PANI for energy storage applications.’”**>* In another example,
Nejati et al. deposited PANI onto nanostructured AAO, titanium
oxide, and activated carbon and used the composite for energy
storage applications with enhanced properties in performance.
Their result showed that the ultrathin coating of PANI could
adhere to the underlying nanostructure surface, which ensures
a high surface area that is crucial for the specific application.'*
Furthermore, the possibility of coating an ultrathin layer in the
order of 4 nm could significantly add to the long-term stability
of the modified electrode.'®>**® Exploiting the possibility to
coat a textured substrate with nano/meso/micro features with a
CP and preserve its geometry has shown to be a versatile
approach for improved performance across a wide range of
applications. For example, Kim et al. deposited 20 nm of
PEDOT on mesoporous ITO and validated it as a Pt-free cathode
for application in dye-sensitized solar cells (DSSCs) with a
performance similar to a Pt-based cathode.>®® In another
example Howden et al. grew PEDOT by oCVD on a range of
macro/nano-scale textured surfaces and demonstrated that this
procedure increased light absorption in photovoltaics by dif-
ferent light trapping mechanisms.”®® Conformal PEDOT layer
of 8 to 17 nm on vertically aligned carbon nanotube (VA-CNT)
showed a 10-fold increased sensitivity for volatile organic
compound (VOC) sensing application.”** Depositing of 10 nm
of PEDOT on VA-CNT showed also showed a 10-fold increase in
pseudocapacitance when the hybrid material was used as a
supercapacitive electrode.'*?

The oCVD method is generally categorized as a substrate-
independent method due to the possibility of using a diverse
range of materials and surface features, as mentioned
above.®®*#17143 Thig substrate-independence of oCVD is espe-
cially beneficial in a wide range of CPs applications, where
multiple layers are successively deposited. In these cases, the
interaction of solvent with all the layers underneath becomes
relevant. In this regard, one important concern is that the step
of depositing a subsequent layer should not damage the pre-
existing layer. This is achieved by choosing orthogonal solvents
in device fabrication using wet processing.”®

On merit of oCVD, PEDOT was deposited on both sides of a
porous paper and the composite material was tested for its
supercapacitive performance and flexible energy storage
application.”*® The same strategy was used to fabricate flexible

This journal is © The Royal Society of Chemistry 2023

paper-based organic photovoltaics.”*" Also, a convenient
wearable electronic device could be fabrics/textiles due to
their widespread use in daily life. Yet such materials are
susceptible to deformation and damage when in contact
with solvents.”®®> On the other hand, oCVD proved to be a
feasible method for depositing conjugated polymers for differ-
ent applications for sensitive substrates.”®®> Andrew et al
reported employing different types of textiles as substrates
for deposition of conjugated polymers across different applica-
tions such as supercapacitors, optoelectronic, transistors, and
sensors.'””?%*2%7 The same research group also reported
depositing PProDOT on microtextured living plants for health
monitoring applications, which takes research in this area to
the next level.”®® A list of substrates reported in the literature
for oCVD is provided in Table 2 along with their proposed
applications.

Despite the benefits oCVD provides in substrate choice, it is
recognized that in one case oCVD is not substrate-independent
and that is when the oxidant reacts with the substrate. In some
of these cases, surface cationic species are formed which could
provide the opportunity for covalent linking and hence improve
the interfacial adhesion of the coating.® Yet, given that strong
oxidants are used in synthesis of conjugated polymers, the
possibility for surface degradation of vulnerable substrates
such as polymers could not be excluded. In fact, the interaction
of metal halides including FeCl; (as the most common oxidant
so far) with a number of polymers such as nylon or PVC is well
documented decades ago.”’®*”' It is necessary for future
research on oCVD to take into account any possible substrate
deterioration during synthesis especially for more fragile mate-
rials including polymers, a topic that is mostly overlooked
until now.

7. Industrialization and scale-up

As a milestone in oCVD development, an initial scale-up
attempt was reported in 2015.>”> PEDOT was successfully
deposited on larger than usual areas of ~20 x 30 cm® textile/
PET foil for the first time. The oCVD process was adopted in the
roll-to-roll (R2R) processing procedure considering its indus-
trial relevance (Fig. 9(a)). Oxidant and monomer are vaporized
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(a) An illustration of the R2R oCVD reactor constructed in MIT; (b) PEDOT conductivity distribution deposited in an area of ~20 cm x 30 cm at a

deposition temperature of 100 °C. Reproduced from ref. 272 with permission from The Royal Society of Chemistry.

and directed onto the surface in a vertical manner with an
angle of 0°. The rolling helps with uniformity of thin film
deposition on the substrate. Uniformity of PEDOT character-
istics was monitored by the change in film conductivity on
different areas of ~ an A4-sized PET foil. The result showed a
standard deviation of up to 10% in conductivity values
(Fig. 9(b)).>”> The above result provides an initial indication
of the oCVD success for scaling up.

However, there are certain aspects that are not yet under-
stood. One primary aspect is batch-to-batch variation between
the synthesized polymers using oCVD, which is a critical aspect
for the commercialization of any chemical process in terms of
process reliability.””>*”* This aspect becomes particularly
pressing considering that as a step-growth polymerization
technique, oxidative polymerization is inherently not a con-
trolled procedure, giving rise to batch-to-batch variance.>”> To
address this in the field of CPs, controlled chain-growth poly-
merization has been proposed which could successfully control
the polymerization kinetics. These reactions again get the
advantage of catalysts in their synthesis.>’®*”” In this regard,
it looks absolutely necessary to work toward catalytic chemical
vapor deposition reactions of CPs, possibly by getting inspira-
tion from the field of inorganic semiconductors. An immediate
idea could be the deposition of a thin catalyst layer on a
substrate to enhance the chemical environment and further
exploit the layer as a substrate.””®

Another aspect worth noting is recording and ultimately
modelling the deposition rate of CPs grown by oCVD. Within
the chemical vapor deposition community, it is well known and
documented that relative concentration of precursors, deposi-
tion temperature, and vacuum pressure could also be used to

1796 | J Mater. Chem. C, 2023, 11, 11776-11802

fine-tune film growth temperature.”’®** Also, the fluid
dynamics of the reaction environment which is associated with
reactor size and configuration as well as flow channels all play a
role. For industrial adaptation, it is crucial to record, quantify
and model these aspects. Such an endeavor has been followed
in the inorganic CVD field (which has long been adopted in
industry) and to a good extent for initiated chemical vapor
deposition of polymers.>®"**? vet, it is apparent that for oCVD,
this has yet to be developed. For this purpose, a good start
could be a systematic inclusion of deposition rate data along
with reactor configurational features. Reviewing the literature,
it could be concluded that such data exists for some reports, yet
is not included in many reports.

8. Future perspective and concluding
remarks

The oCVD process is reviewed and compared with solution-
based techniques for synthesis and film formation of conju-
gated polymers. As a synthesis method, oCVD offers the possi-
bility of direct polymerization of the most common conjugated
monomers without any additional step to modify the mono-
mer. Yet, compared to solution-based techniques, it is limited
in terms of monomer versatility as it does not have the freedom
of using a catalyst to facilitate the polymerization of certain
conjugated monomers as well as the challenges arising from
the inherent vapor pressure properties of certain monomers.
Solvent-based techniques on the other hand accommodate
more diverse synthesis routes, which makes it possible to
control the structure-property relationship of CPs to a greater

This journal is © The Royal Society of Chemistry 2023
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extent. Solvent-based techniques also offer bulk synthesis of
CPs as well as the diversity in their chemical structure, which
might be at the cost of cumbersome synthesis routes.

In terms of processing and thin film formation, oCVD
generally outperforms solvent-based coating techniques as it
offers the possibility of producing highly uniform, conformal,
and robust CP films with good control over thickness and over a
diverse range of substrates (planar or with a 3D texture). On the
other hand, solvent-based coating methods offer versatility,
economic feasibility, and technological maturity, which give
rise to their ease of adaptation in industrial settings. Yet
solvent-based techniques face challenges when precision coat-
ing on non-planar and textured surfaces is required, combined
with the inherent insolubility issue related to conjugated poly-
mer chemistry.

Future research should be aimed at widening the “monomer
library” of the oCVD method, which might become possible by
the adaptation of new polymerization mechanisms with the aid
of catalysts or photo-induced processes, details of which were
introduced in the current review. Also, attempts should be
made to overcome synthesis challenges arising from low vapor
pressure of certain conjugated monomers. This could be pos-
sibly by use of a new generation of high-temperature oCVD
reactors, derived from inorganic CVD practice. Additionally,
investigation of thin film properties in terms of microstructure
could significantly contribute to the film performance of the
CPs produced by oCVD and pave the way for their adaptation
for device fabrication.
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