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Organic mixed ionic—electronic conductors (OMIECs) have gained recent
interest and rapid development due to their versatility in diverse applica-
tions ranging from sensing, actuation and computation to energy harvesting/
storage, and information transfer. Their multifunctional properties arise

from their ability to simultaneously participate in redox reactions as well as
modulation of ionic and electronic charge density throughout the bulk of

the material. Most importantly, the ability to access charge states with deep
modulation through a large extent of its density of states and physical volume
of the material enables OMIEC-based devices to display exciting new charac-
teristics and opens up new degrees of freedom in device design. Leveraging
the infinite possibilities of the organic synthetic toolbox, this perspective
highlights several chemical and structural design approaches to modify
OMIECs’ properties important in device applications such as electronic and
ionic conductivity, color, modulus, etc. Additionally, the ability for OMIECs to
respond to external stimuli and transduce signals to myriad types of out-

puts has accelerated their development in smart systems. This perspective
further illustrates how various stimuli such as electrical, chemical, and optical
inputs fundamentally change OMIECSs’ properties dynamically and how these

consumption and sensing as well as
high-energy-density batteries for energy
storage. Recently, interest in developing
systems that interface seamlessly with
the human body (e.g., wearables, brain—
computer interfaces, and soft robots) has
driven the development of soft, organic,
and biomimetic materials that emulate
the functions of their inorganic counter-
parts. Beyond emulation, these materials
are unique because they provide an oppor-
tunity to embody such multifunctional
properties within the material itself, rather
than relying on device design. These mul-
tifunctional properties are intrinsic to
organic mixed ionic electronic conductors
(OMIECs), that is, once synthesized and
processed, OMIECs can serve as the active
component of multiple devices (be it tran-
sistors, sensors, energy-storage devices,
etc.), where essentially the material is the
device.

changes can be utilized in device applications.

1. Introduction

“Smart systems” where sensing, logic, actuation, energy har-
vesting/storage, and information transfer are performed locally
and autonomously have great potential in impacting major
sectors of society including the internet of things (IoT), health-
care, and energy. Within the more traditional microelectronics
community, this need has led to the advancement of myriad
technologies such as microchips designed for low-power
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OMIECs generally consist of a con-
jugated backbone for electronic conduc-
tion as well as sidechains to facilitate

ionic intercalation from the operational electrolyte and to aid
in solvation in processing solvents.l!l Organic chemistry pro-
vides a large toolbox in the molecular design of the backbone,
side chains, and other additives, resulting in an almost infinite
design space for the corresponding materials properties: energy
levels, electronic and ionic conductivity, optical, volume, and
moduli. Additionally, one or more of these properties can be
modified during device operation, thereby transducing an input
(e.g., ionic) into an output (e.g., electronic), allowing OMIECs
to be used for a variety of applications including sensors, tran-
sistors, optoelectronic devices, energy-storage electrodes, and
actuators. The multifunctionality of OMIECs is illustrated in
Figure 1 to highlight their versatility in design and their ability
to respond to a variety of stimuli.

The underlying and unifying phenomena behind these prop-
erty changes arise from the large modulation in electronic and
ionic charge density in the bulk of the OMIEC. This modula-
tion in turn results in second-order effects such as modula-
tions in electrochemical potential (electron energy levels), elec-
tronic and ionic transport, capacitance, free volume, optical
bandgap, and modulus. Tuning these properties throughout the
bulk of the material enables new design parameters that were
previously untapped in traditional electronic devices where
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Figure 1. Multifunctional property tuning in OMIEC materials. The schematic illustrates how various device relevant properties can be dynamically
tuned or intentionally designed into the structure of the material as well as the mechanism by which the specific property is modulated. For example,
adjusting the electric potential of a device can dynamically alter the conductivity of an OMIEC by changing the charge carrier density in the material
(top left). On the other hand, substitution of different backbone moieties into the structure of the material will also alter the conductivity by changing
the carrier mobility in the OMIEC (top right). Similar relationships are shown for different dynamic and chemical (static) tuning methods and various
properties. The mechanisms by which properties are modulated are shown at the bottom of the schematic.

typically electrical or optical modulation occurs at interfaces.
For instance, the ability to tune charge density throughout the
bulk results in large volumetric capacitances, activating thick-
ness as a tunable parameter to optimize transconductance of
a transistor, in addition to channel width and length. Addition-
ally, the permeability of chemical species throughout the bulk
improves reactivity for sensors and fuel cells without the need
for physical nanostructuring of scaffolding electrodes. Uniquely
to OMIECs, and hence the underlying theme of the current
discussion, this tunability can be achieved in a single mate-
rial making the design and synthesis of novel OMIECs a hot
topic as of recent. Devices including organic electrochemical
transistors (OECTS),?! electrochromic displays (ECDs),?! actua-
tors,! neuromorphic transistors,> bioelectronic devices,”!
and more,"¥ thus exploit such modulation in OMIECs for dif-
ferent applications. With some of these technologies already
approaching commercialization,”) a comprehensive under-
standing of their operating mechanism is crucial to bridge the
disconnect that exists between the fields of molecular design
and synthesis, device physics, and device manufacturing.

This perspective highlights the various approaches to tune
the ionic—electronic properties in OMIECs. We classify them
either as structural—chemical modifications during materials
design and preparation—or dynamic property changes during
device operation. We aim to showcase the uniqueness and rich-
ness of these materials both chemically and technologically, as
a single material can be utilized in different device architec-
tures owing to the functionality that is physically embedded in
its bulk and afforded via mixed ionic—electronic conduction. We
first discuss how structural tuning (such as polymer backbone
and sidechain engineering) can be used to co-design novel
materials for specific devices. This section aims to inspire syn-
thetic and materials chemists to revisit design principles that
are crucial for marrying ionic and electronic conduction in a
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single material system. We then provide an overview of how
the properties of a material are tuned during device opera-
tion (dynamic tuning) to uncover the working mechanism for
each property change. Last, we discuss key property changes
in OMIECs as well as resulting technologies. Throughout this
perspective, we aim to provide an outlook on research opportu-
nities on repurposing existing materials and/or designing new
materials and devices. We thus hope that this perspective will
inspire collaborations between materials and device engineers
as the multifunctional nature of OMIECs requires an equally
multidisciplinary team of chemists, materials scientists, as well
as electrical, chemical, and mechanical engineers to design
next generation materials and devices to fully harness their
potential.

2. Structural Tuning

Conjugated polymers are by far the most widely studied class of
OMIECs and will thus be the focus of our discussion. One can
simplistically assume that to design a high-performing OMIEC,
tethering ionically transporting sidechains onto existing excel-
lent electron- (or hole-) transporting backbones (as represented
in Figure 2) would suffice. However, such a task has shown to
be more complex as ionic insertion, resulting in bulk swelling,
and concomitant property changes are rather complex and
warrant more careful materials considerations. Furthermore,
sidechains affect the self-assembly of the material, which in
turn determines its properties. To uncover the structural tun-
ability of polymer mixed ionic—electronic conductors (MIECs),
we will discuss backbone and sidechains engineering as sepa-
rate design strategies, but readers are reminded that in prac-
tice, both from a synthetic and an engineering point of view,
these two cannot be decoupled especially at the microstructural

© 2022 Wiley-VCH GmbH
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Figure 2. Schematic representation of two major structural considerations for designing a polymeric MIEC. For the sake of a simplified discussion,
jonic transport is attributed to sidechains and electronic transport to the conjugated backbone. In practice, sidechains serve as ion shuttles/hosts into
the film and concomitant charge generation and delocalization occur along and between conjugated backbones. Also shown is the energy diagram in
conjugated polymers showing the tunability of the energy bandgap via fine structural tuning of donor (D) and acceptor (A) units.

level. We focus on homo- and copolymeric OMIECs as the dis-
cussion on heterogenous blends. Other notable classes include
blends and copolymers of electronic and ionic conductors (e.g.,
PEDOT:PSS).1l

2.1. Backbone Engineering

Backbone engineering in polymer MIECs has benefited from
recent advances in polymer chemistry, wherein, for the past
four decades, major milestones have been reached in terms
of extending conjugation lengths, tuning charge carrier delo-
calization as well as substituting heteroatoms along polymer
backbones. To uncover the design principles of OMIECs, let
us begin with a simplistic chemical structure of an all-acceptor
polymer such as a poly(alkoxythiophene) (PAT).!% The conju-
gated core consists of a thiophene ring, on which alkoxy groups
are anchored. The sulfur atom (heteroatom) allows tuning of
the electron density within the core. More (or less) electron-
withdrawing atoms (O: furan, N: pyrrole, Se: selenophene) can
be used to tune electron densities, molecular planarity, and
7—m interactions. Though most of the reported polymer MIEC
structures are thiophene-based, heteroatom substitution is still
a viable route toward designing new OMIECs. For instance,
the backbone planarity afforded by increasing the radius of the
heteroatom has yet to be fully investigated in combination with
efficient ionic conduction. The energy distribution across the
ring allows different reactivities, which are commonly exploited
for polymerization and for aromatic substitutions at different
positions on the conjugated ring. Such reactivity can be utilized
for the synthesis of fused-ring systems,'”) an area that has yet
to mature in OMIECs. Molecular fine-tuning of the core unit
and the substituting groups constitutes a large field of study in
polymer chemistry beyond this discussion.

A commonly studied example of PATs is poly(3,4-ethylenedi-
oxythiophene) (PEDOT) where the building block is slightly elec-
tron deficient due to the presence of oxygen atoms. More impor-
tantly, the bridged substitution obviates the regio-irregularity
possibility (along with minimized twisting along the backbone),
making PEDOT and its derivatives one of most studied classes
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of redox-active organic materials. Though the homopolymerized
and hole-transporting (or p-type) EDOT derivatives remain more
studied, the tunability presented by its simple yet rich structure
opens avenues for the design and synthesis of more complex
backbones. For instance, the copolymerization of the function-
alized dioxythiophene unit with efficient charge-transporting
building blocks was recently shown to be an effective route
toward donor—acceptor polymers with excellent performance in
OECT devices.' Further tuning of electron affinity along the
conjugated core has also yielded electron-transporting polymer
MIECs (n-type polymers).[*'>%] The most widely studied group
of n-type OMIECs consists of a naphthalenediimide (NDI) core,
which is often copolymerized with a more electron-donating
building block (e.g., unsubstituted thiophene). In such an
electron-depleted 7-conjugated core, electrons have shown to
be effectively injected and delocalized along the polymer chain
especially when ionically conductive sidechains are utilized.['21°l
The complementarity afforded by utilizing electron-transporting
polymers and hole-transporting counterparts has recently
become of great interest in OMIECs especially for polymer-based
energy storage.®! Though n-type OMIECs remain underex-
plored in comparison to their p-type counterparts, recent efforts
have demonstrated that outstanding device performances can
be realized especially via backbone fine-tuning. However, fur-
ther efforts are still warranted on this front specially to address:
i) poor backbone planarity (commonly introduced by the bulky
NDI unit), ii) environmental instability found in most n-type
polymers, not to mention iii) boosting their electronic mobilities
which still lag behind those demonstrated in p-type counterparts.
The balance of electron density along the core thus remains a
key approach for controlled modulation of energy levels, the col-
oration of the chromophores, as well as the molecular packing
for tunable ionic intercalation, some of the key tunable proper-
ties in OMIECs which are discussed in later sections.

2.2. Sidechain Engineering
In polymer MIECs, sidechains play a key part in the unique

nature of these materials, that is, not only do they serve as
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solvating media for the electrolyte, but also as: i) molecular
shuttles for ionic species in and out of the bulk, and ii) key
components in the crystallization and packing of polymer
chains. As previously introduced, polar sidechains are com-
monly utilized in OMIECs mostly to enable ionic intercala-
tion (Figure 2). In some cases, sidechains have also been used
to directly dope the polymer backbone.!?%! It is thus evident
that their design/selection is a key aspect in electrochemical
devices. Since sidechain engineering will impact several of the
properties that are impacted by backbone engineering, in the
later sections we will only discuss those properties that seem
less intuitive and those that are unique to sidechain modifica-
tion. Recently, emerging mixed-ionic conducting polymers have
been designed without sidechains such as the ladder polymer
poly(benzimidazobenzophenanthroline). While this class of
materials is out of the scope of this perspective, readers are
directed to reviews by Torricelli et al.[®l and Che et al.l”]

2.3. Chemical Doping

When other synthetic approaches (e.g., backbone and side-chain
engineering) are undesirable, chemical doping of OMIECs can
be an effective method for altering the “native” state of the
material.l'®! Common chemical dopants are small molecules
that are either highly electron-rich or electron-withdrawing to
facilitate electron-transfer reactions between the OMIEC and
dopant. For instance, electron-rich dopants with amine moi-
eties such as 4-(2,3-dihydro-1,3-dimethyl-1H-benzimidazol-
2-yl)-N,N-dimethylbenzenaminel  and  triaminomethane
derivatives? are highly effective electron donors to electron-
conducting n-type OMIECs. Electron-deficient dopants such as
2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane (FATCNQ)
extract electrons from shallow highest occupied molecular
orbital (HOMO) p-type OMIECs, increasing hole concentration.
The resulting increase in charge density improves conductivity
for a variety of devices such as transistors and thermoelectric
devices (see Section 4.2.1). Additionally, the change in Fermi
level and electrochemical potential of electrons can alter the
OMIEC’s subsequent reactivity to other redox-active species
in the environment (see Section 3.2) as well as their optical
properties. This ability to alter the initial state of material pro-
vides even more space to tune the properties of OMIECs for
a particular application, as the initial state (i.e., the position of
the Fermi level in the density-of-states) of an OMIEC can be
shifted such that the range of conditions over which an OMIEC
exhibits dynamic response in conductivity, color, and energy
levels can be tuned for an arbitrary range of stimuli.

2.4. Processing & Additives

OMIEC micro- and nanostructure (morphology) impacts all
aspects of material performance, including charge-carrier
mobility, kinetics of device operation, and mechanical/chemical
stability.?!] Broadly, the necessity of coupled ionic and charge-
carrier motion in OMIECs is thought to require materials that
have largely disordered, amorphous regions that facilitate rapid
ion transport while simultaneously having well-connected,
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ordered domains that facilitate charge-carrier transport. These
conflicting requirements have made it so that the optimal mor-
phology for OMIECs is still an active area of research. Design
strategies highlight the vast number of tunable controls that
exist in both material synthesis and processing.[22%]

Control of the morphology and nanoscale interactions of
OMIECs not only dictates electronic properties, but also dictates
mechanical properties. In polymeric MIECs, mechanical prop-
erties such as modulus, breaking strength, and elastic limit are
intimately linked to the size, distribution, and amount of crys-
talline aggregates in the material. For example, controlling these
aggregates has led to the development of seemingly “rigid” (i.e.,
high-modulus) polymer semiconductors that display remark-
able flexibility and maintain electronic transport properties by
inducing nanoconfinement of the polymer and reducing aggre-
gate size.?l These developments have long-reaching applica-
tions in biosensing, flexible thermoelectrics, and even artifi-
cial skin.”! This further shows that understanding material
microstructure is not only of fundamental interest, but is also
of immense practical importance, as microstructure impacts
properties seemingly as disparate as electronic and mechanical
properties. Such complexity in the microstructure of OMIECs
thus complicates the fundamental understanding of device
operation. During OMIEC operation in electrochemical tran-
sistors for example, significant volume expansion occurs con-
comitant with disruption to the ordered regions due to pen-
etration of ions into the bulk during the volumetric charging
process.?°l Furthermore, the exact nature of interaction between
penetrating ions and the OMIEC is poorly understood. Recent
studies have suggested that glycolated sidechains in polymer
OMIECs can chelate around ionic species, leading to signifi-
cant film morphology disruption.””] Ultimately, design rules
governing the optimal morphology for OMIECs remain fertile
ground for investigation. It is expected that the future deploy-
ment of operando and in situ characterization techniques will
facilitate the development of such design rules.?®! In particular,
techniques such as X-ray scattering combined with electro-
chemical measurements could elucidate the complex dynamics
which arise during charging, many of which are still relatively
unknown. Additionally, spectroscopic techniques including vis-
ible and infrared absorption spectroscopy and Raman spectros-
copy provide insights into both ordered and disordered domains
of these materials, although detailed modeling is often required
to link these changes back to the OMIEC structure.

3. Dynamic Tuning

Dynamic changes in the properties of OMIECs enable them
to respond to and transduce external stimuli into a variety of
output signals. Changes in electronic and ionic charge density
are the unifying phenomena behind modulations in its electro-
chemical potential, conductivity, color, modulus, and volume
as illustrated in Figure 3. Modulation in charge density can
be induced by a variety of external stimuli such as electrical
impulses, exposure to chemical species, or under the influ-
ence of optical illumination. The increase in electronic charge
density on the conjugated backbone results in changes in elec-
trochemical potential (Fermi level), conductivity, and optical

© 2022 Wiley-VCH GmbH
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Figure 3. Dynamic tuning of OMIECs. The unifying phenomena under-
lying changes in OMIECs’ properties are charge density. Accumulation
of electronic charges on the OMIEC’s backbone increases electronic car-
rier density which results in changes to electrochemical potential (elec-
tron energy levels), electronic conductivity, and color. The simultaneous
increase in compensating ion concentration reduces elastic modulus and
increases volume.

bandgap. During operation, the OMIEC is typically immersed
in a medium containing solvated ions (solid or liquid electro-
lyte). As the electronic charge density changes on the OMIEC’s
backbone, counterions are transported between the OMIECS’
matrix and the electrolyte to ensure electroneutrality. This fur-
ther influences the ionic conductivity, modulus, and volume
of the OMIEC. With the myriad sources of stimuli—electrical,
chemical, and optical—that modulate the charge density of
OMIECs, which subsequently result in a variety of changes in
materials properties, OMIECs can be utilized for a variety of
devices that comprise intelligent autonomous systems—sen-
sors, energy harvesting/storage, logic, memory, actuation, and
communication.

3.1. Electrical Stimuli

OMIECs can be deposited on the surface of electrically conduc-
tive planar substrates (such as in sensors, thermoelectrics,?’!
electrochromics,” and electrochemical actuatorsP) or as
a conductor between two electrodes (e.g., channel material
of transistors(?)). Sources of electrical inputs can range from
external electronic circuits (such as the operation of thermo-
electrics, ion pumps,B32 transistors, electrochromics, and actua-
tors) or from biological sources (such as single cells, tissues,
organs, and other physiological or aqueous environments). By
applying an electric field or potential on the OMIEC, electrons
or holes can be injected capacitively into the lowest unoccupied
molecular orbital (LUMO) or HOMO (n-type or p-type, respec-
tively), thereby increasing the OMIEC’s charge density. Though
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electrically stimulating OMIECs on different surfaces has been
widely shown, chemical and mechanical mismatch between the
softer (and often hydrated) OMIECs and common electrodes
remain major challenges. Engineering the Young’'s modulus
of the materials, mitigating the corrosion and oxidation at
the metallic interfaces are crucial to ensuring better electrical
performances. This is thus a potential area of study for future
applications, especially for long-term implantation and biointer-
facing. Bimetallic material or metallic alloys, carbon nanotubes,
graphite, and highly reactive biodegradable metallic fillers,?3-3]
among other strategies are potential electrode candidates.

3.2. Chemical Stimuli

Another common approach to tune the charge density of
OMIECs is via their interaction with chemical species in the
environment. OMIECs can interact with chemicals in a variety
of processes such as faradaic charge transfer from redox-active
molecules and capacitive interactions with ions. Instead of
applying an electric potential, charges can be accumulated in
the OMIEC via faradaic reactions from redox-active molecules
in the OMIECS’ environment. Depending on the relative electro-
chemical potential of electrons on the OMIEC and the chemical
species, oxidizing or reducing agents can be utilized to extract
or inject electrons into the OMIEC. As noted above, applying a
potential on an OMIEC dynamically tunes the electrochemical
potential of electrons, thereby controlling the relative reactivity
of the OMIEC to the reactant. Judicious design of sidechains
on the OMIEC enables favorable interactions with molecules in
its environment. For instance, the recent development of polar
sidechains using glycol moieties enables the intercalation of
hydrophilic or polar species throughout the bulk of the OMIEC
electrode, allowing for volumetric reaction and charging.
Achieving effective charge transfer between the analyte and
OMIEC requires appropriate alignment of the electrochemical
potential of electrons on the OMIEC electrode and the redox
species. Failure to do so may result in the subsequent transfer of
charges to other redox-active sinks in the environment, leading
to undesirable side reactions and products that may interfere
with the OMIEC’s operation. Electrons flow from a region of
higher to lower electrochemical potential. Hence, achieving
electron transfer from redox-active species to the OMIEC
requires the latter to have a deep LUMO (high electron affinity).
Alternatively, chemically p-doping the OMIEC to first deplete
the HOMO could subsequently allow the filling of the HOMO
by the redox-active species (see above for structural tuning). On
the other hand, electrons can be transferred from the HOMO
to the redox active analyte, thereby oxidizing the electrode. It
is challenging to utilize electron-conducting polymers with low-
lying LUMOs for direct electron transfer as the high electron
energy in the LUMO may result in the subsequent loss of elec-
trons to ambient oxidative species such as molecular oxygen.>®l
Due to their ability to volumetrically solvate ions from the oper-
ational electrolyte, OMIECs are also ideal materials to detect the
concentration of ions in aqueous analytes. The OMIEC’s poten-
tial varies logarithmically with the concentration of ions in
solution according to the Nernst equation. This potential can be
measured directly against a reference electrode or second-order
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effects resulting from this change in potential can be recorded
(such as electronic conductivity in OECTs). Therefore, OMIECs
are commonly used as electrodes for ionic sensors to detect
Nat, K ¥, Mg 2, Ca?!, NH3', and other ions commonly pre-
sent in physiological solutions.’”8] To ensure specificity, the
OMIEC can be functionalized with synthetic®®l or biological
membranes®) that selectively allow some ions to permeate.
Furthermore, OMIECs can also be functionalized with ligands
that bind to non-redox active and neutral molecules where the
binding of these analytes could increase the impedance, optical
properties, or pH of the electrode.*”] The ability to function in
aqueous electrolytes and detect a variety of chemical inputs
makes OMIECs ideal material candidates in long-term health!l
and environmental-monitoring devices.[*

The accumulation of holes by the oxidation of p-type
OMIECs or the accumulation of electrons by the reduction of
n-type OMIECs after exposure to redox-active species can result
in changes in electronic conductivity, such as in the channel of
an OECT.] When a chemically sensitive OMIEC gate is used,
the change in potentials on the gate are coupled capacitively to
the channel’s potential. Hence, chemical changes occurring on
the gate during sensing directly influence channel conductivity.
For instance, the presence of lactate secreted by cells grown on
an OMIEC gate resulted in amplified current signals across the
channel.™ Caution should be taken when conducting these
faradaic reactions in the presence of applied electric fields in
electrochemical devices as they may affect the reaction rates
in unexpected ways and accelerate parasitic side reactions and
chemical degradation of the OMIEC.*] An alternative approach
would be to separate the processes of chemical detection and
conductivity modulation.[*¢]

On the other hand, during the sensing of ion concentration,
the intercalation of ions from the electrolyte increases the ionic
conductivity and volumetric capacitance of the OMIEC. This
reduces the OMIEC’s impedance, which can be measured by
electrochemical impedance spectroscopy. Simultaneously, the
change in potential of the OMIEC from ions in solution influ-
ences the electronic charge density and hence conductivity of
the OMIEC. Therefore, electrolyte-gated transistors® are a
common architecture used to transduce these ionic concen-
tration changes into drain-current modulations. Since these
ions are not redox-active within the potentials typically applied
in OMIEC-based devices (sub 1 V), these capacitive (or poten-
tiometric) devices do not encounter issues faced by the fara-
daic chemical sensors. Faradaic charging of the OMIEC in an
aqueous electrolyte results in simultaneous uptake of ions from
the electrolyte and swelling of the OMIEC material. Hence,
electrochemical actuators can be powered by OMIECs func-
tionalized with enzymes to catalyze the reaction of metabolites
such as glucose, enabling self-powered artificial muscles.l*’]
Harvesting energy from the environment to power soft actua-
tors opens potential applications in smart stimuli-responsive
soft robots and microfluidic valves.

3.3. Optical lllumination
The conversion of optical stimuli into electrical signals has been

largely exploited for numerous applications, from biomedical
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sensing to optical communication, imaging, night vision,
thermal efficiency analysis, and flexible optoelectronics.*$->"
Compared to the above forms of stimulation (i.e., electrical and
chemical), utilizing optical illumination to dynamically tune the
properties of OMIECs in devices is yet to be explored. This opens
opportunities for investigating OMIEC-based analogs of typical
device configurations such as solar cells, phototransistors,? and
photodiodes for biocompatible and low-voltage operation.

Moreover, besides these conventional electronic platforms,
light-sensitive OMIECs could potentially play a role in the
development of optoelectronic interfaces for neurostimulation.
Indeed, traditional hydrophobic organic electronic materials
have recently emerged as opto-bio actuators in both in vitro and
in vivo applications, where photoexcitation effectively modu-
lates the biological activity of cells and tissues.[>% While the
physical and physiological mechanisms of stimulation in these
systems are often not fully elucidated,”*®! the phototransduc-
tion mechanism is generally associated with thermal effects,
charge-transfer reactions (Faradaic coupling), photochemical
phenomena, and capacitive coupling at the biotic/abiotic inter-
faces.’%%0 In fact, a common strategy to increase photostimula-
tion relies on materials configurations that maximize the effec-
tive electrochemical surface, such as nanostructured planar
interfaces, 12 nanoparticles,®3! or hierarchical nanocrystals.[®4
This seems to suggest that although little is known on whether
OMIECs can play a role to further advance this emerging field,
their ability to establish strong capacitive couplings through
volumetric charging—along with their synthetic tunability
and biocompatibility, which mirrors that of traditional organic
semiconductors—should be taken into consideration for future
developments of optoelectronic biointerfaces.

In a similar way, the emergence of organic
photoelectrodes®>%lin  photocatalytic and photoelectrochem-
ical applications can inform design strategies for OMIECs.
While these devices have conventionally utilized traditional
organic semiconductors that are hydrophobic, analogies can
be drawn to design OMIECs with photoactive properties. This
represents yet another opportunity for OMIECs, where their
intrinsic redox-activity could be further enhanced by means of
photocatalysis.

4. OMIEC Property Changes

Having provided an intuition on how different structural modi-
fications and dynamic stimuli can be utilized to modulate the
properties of OMIECs, we shift our focus on understanding
the physical and chemical meaning of key property changes
and on discussing various device technologies enabled by such
changes. We discuss both chemical (static) and stimuli-respon-
sive (dynamic) techniques for modulating energy levels, con-
ductivity, coloration, and volume to demonstrate the utility of
OMIECs. For each property, we will cover mechanistic implica-
tions which should be considered when employing such tuning
methods, and touch on the crossover between methods where
relevant. We will also discuss device demonstrations enabled by
each property change and highlight future research opportuni-
ties with a special emphasis on modulating different properties
in a single material system.
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4.1. Energy Levels
4.1.1. Chemical Tuning of Energy Levels

The location of the HOMO and LUMO (or valence and conduc-
tion band) of an OMIEC is heavily influenced by the chemical
structure of the polymer backbone. More thorough summaries
of the synthetic approaches for tuning the energy levels of semi-
conducting polymers are available elsewhere,l”) but useful intu-
ition regarding tuning of the HOMO and LUMO levels can be
garnered by a simplistic particle-in-a-box analogy. The introduc-
tion of electron-donating (or withdrawing groups) will increase
(or decrease) the HOMO and/or LUMO levels of the material
as shown in Figure 2. In this respect, the sidechains grafted
onto the polymer backbone will in fact affect the energy levels
in the material, as the substitution of alkyl versus glycol side-
chains can introduce different resonance and inductive effects.
However, for efficient ionic transport, glycol sidechains (or a
blend of alkyl and glycol chains) are desired,*%8] meaning that
most practical methods for energetic tuning include employing
different backbone moieties and heteroatom substitutions. Fur-
ther energetic control can be achieved by adjusting the conjuga-
tion length of the polymer and limiting the number of repeat
units over which the charge can delocalize—shorter conjuga-
tion lengths will widen the bandgap. Conjugation length can be
limited via the insertion of conjugation breaks (e.g., thieno[2,3-
bjthiophene) into the backbone of the polymerl®! or from intra-
ring torsion due to steric effects”” and extended by promoting
backbone planarity through the introduction of bridging units
or by non-covalent interactions between adjacent rings which
promote coplanarity.”*73]

Functionally, there are many situations where it is desirable
to synthetically tune the energy levels of an OMIEC, but they
largely revolve around adjusting the stability of charges, which
are injected onto the polymer backbone. In the field of organic
bioelectronics, p-type materials with an ionization potential
below 4.9 eV or n-types with an IP > 4 eV afford OMIECs stable
operation in water and other biocompatible environments by
avoiding parasitic side reactions.'”3¢] The offset between the
HOMO of the cathode, and the LUMO of the anode also dictates
the operating potential of OMIEC-based polymer batteries.!'>74
Analogous to electrochemical stability, the HOMO/LUMO
levels of OMIECs can also be tuned to optimize these materials
for catalysis or faradaic chemical reactions, where band height
and alignment is needed for reactions to proceed.l*®!

Chemical dopants can also be used to control the initial
energy levels of electrons in these material systems when
other synthetic approaches may be undesirable. The relative
electrochemical potential (energy level) of electrons on the
OMIEC with that of redox-active species in the environment
can result in charge-transfer reactions between the OMIEC
and the chemical species. These reactions may be desirable,
such as those used during chemical sensing (faradaic) of a
target analyte, or undesirable, such as the oxygen reduction
reaction (ORR) with ambient molecular oxygen. For instance,
to increase the stability of electrons to minimize ORR side
reactions, p-type dopants such as the high-electron-affinity
F4TCNQ that extract electrons from the HOMO of p-type
OMIECs can be added.
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Morphology also plays a crucial part in setting the energy
levels of OMIECs. Extensive work on conjugated polymers
has shown that the optical bandgap can be tuned by inducing
structural order/disorder in solid-state films via control of pro-
cessing solvent, material molecular weight, and even device
temperature. This is largely due to the sensitivity of the
HOMO and LUMO energy levels to the effective conjugation
length in conjugated polymer OMIECs. Furthermore, this
sensitivity of the HOMO/LUMO levels to material microstruc-
ture holds for a wide variety of polymeric materials, including
the prototypical polymer poly(3-hexylthiophene) (P3HT) and
more recent material developments in donor—acceptor copoly-
mers.””) The ability to correlate HOMO/LUMO levels with
microstructure provides a sensitive probe to understanding
structure, and the ability to control structure provides a pow-
erful tool to tune material performance, with applications
ranging from ECDs/windows to novel sensors and thermo-
electric devices.®”’]

4.1.2. Tuning Energy Levels Dynamically

Besides the chemical approach of intrinsically changing the
location of an OMIEC’s energy levels, these can also be tuned
during device operation. This is exemplarily manifested when
OMIECs are utilized as energy-storage electrodes. During
charging, an external voltage is applied across the two elec-
trodes, thereby injecting electrons in the LUMO of the n-type
conductor and holes into the p-type conductor. This increases
the electrochemical potential of electrons on the anode and
decreases that on the cathode, thus storing charges as poten-
tial energy that can be released upon connection with a load.
Counterions from the operational electrolyte simultaneously
intercalate into the electrodes for electrostatic compensa-
tion. As OMIECs are simultaneously redox-active and iono-
electronically conductive, neither additives nor binders are
required unlike in conventional energy-storage technologies
(e.g., lithium-ion batteries). Furthermore, they can be oper-
ated in safe aqueous electrolytes, enabling applications in
biological environments including implants, wearables, and
lab-on-chip devices making harvesting of chemical energy
from the environment realistic. The OMIECSs’ sidechains fur-
ther enable solvation in processing solvents, allowing the
extraction of the active materials from current collecting
electrodes at the device’s end of life followed by redeposition
onto fresh electrodes for a new lease of life. These properties
enable ease of recycling of OMIEC electrodes for the circular
economy of organic electronic technologies.” Additionally,
the energy levels can be modulated during the faradaic (charge
transfer) reactions we discussed above between OMIECs and
redox-active analytes. Such reactivity has recently enabled self-
powered implants and wearable devices that obtain energy
from biological fluids,”® an emerging field and a platform for
future studies on how electronics interface with living organ-
isms. Besides the electrochemical approaches, illuminating the
OMIEC with pulses of light is also another route for exciting
electrons to higher energy levels to be subsequently transferred
to the desired oxidant such as in photoelectrochemical cells
used for sensing or water splitting.
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4.2. Conductivity
4.2.1. Chemical Tuning of Conductivity

Strategies to increase the electronic conductivity of semi-
conducting polymers predominantly rely on increasing the
charge carrier mobility of holes or electrons for p- and n-type
materials, respectively. High charge-carrier mobility is largely
enabled by charge delocalization along the polymer backbone
(intrachain transport) aided by chain-to-chain hopping (inter-
chain hopping) when charge carriers meet chain ends or other
morphological traps (e.g., sharp kinks). Efficient charge delo-
calization is commonly associated with backbone coplanarity,
conjugation length, narrow bandgaps, and high degree of
order between chains. Though such strategies are commonly
effective in other electronic devices such as organic field-effect
transistors (OFETs), their relationship with device performance
remains an emerging field of study in electrochemical devices.
Here, the polymer backbone must accommodate incoming ions
and their transport must be optimized concomitantly with elec-
tronic transport.

In OECT devices where electronic conductivity often serves
as an important figure of merit, a few of the aforementioned
backbone engineering strategies have shown to translate to
improved device performance. For instance, the effect of back-
bone conformation on device performance was probed by
comparing a triethylene glycol (TEG)-bearing benzo[1,2-b:4,5-
b’]dithiophene (BDT) homopolymer to its thiophene (T) and
2,2"-bithiophene (2T) copolymers.’”) BDT was selected to
afford a rather linear homopolymer while the copolymerization
tunes the backbone curvature. This strategy showed to result
in: i) tunable backbone orientation relative to the substrate,
ii) controllable ionization potentials, and iii) increased polymer
crystallinity, which ultimately translated to improved con-
ductivity. In fact, a 100-fold increase in transconductance was
observed when the homopolymer was compared to the copo-
lymer derivatives in respective OECT devices. Record-high per-
formance could further be realized when electron-rich building
blocks were utilized to tune the sidechain distribution as well
as the film swelling. Other parameters include efficient polaron
delocalization along the polymer chain,®” as well as operation
stability.””) When designing novel OMIECs, the relationship
between the proposed structure and the resulting solid-state
behavior must be probed for combined electronic and ionic
transport. Demonstrating high carrier mobility (electronic
conductivity) alone becomes insufficient, especially if no new
insights are gained on how the ionic uptake into the polymer
bulk impacts the generation and delocalization of electronic
charges. Ideally, one should target the generation of many yet
highly mobile carriers in the bulk to achieve excellent modula-
tion of an OMIEC.

One of the unique hallmarks of OMIECs is volumetric
doping of the material, enabled by the large free volume of
polymers and ionically conductive sidechains, which facilitate
counterion motion throughout the bulk of the material.V It
is this ability to modulate the bulk conductivity that separates
OECTs from more conventional thin-film transistors and gives
rise to the large values of normalized transconductance, which
make these OMIEC materials attractive for many applications.
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In this regard, the sidechains of the material do not contribute
to electronic conduction but are wholly responsible for the ionic
conduction and the volumetric doping of the material. The
most commonly employed strategy for engineering ionic con-
ductivity into OMIECs is replacing the alkyl sidechains from
conventional organic semiconductors (OSCs) with polar oligo-
ethylene glycol sidechains.?®l The choice of sidechains in poly-
meric OMIECs has been shown to dramatically impact material
morphology and OMIEC performance. Specifically, the ubiqui-
tous choice of glycolated sidechains generally leads to materials
with more disordered microstructures, improved ionic trans-
port, and decreased electronic charge-carrier transport com-
pared to analogous alkylated versions of the same materials.[?*!
Furthermore, the design of glycolated sidechains can be tai-
lored with different lengths, branching points, and densities to
simultaneously change ion and charge-carrier transport prop-
erties.[?l More recently, it has been demonstrated that blends
of alkyl and glycol sidechains can be desirable for OMIECs, as
these sidechain blends can counterbalance electronic mobility,
device stability, self-assembly, and volumetric doping.'>1681
As previously mentioned, the sidechains play a crucial role in
microstructure formation in OMIECs, and consequently, even
minute adjustments to sidechain length, polarity, or density can
lead to pronounced differences in resulting properties.
Although less studied than in traditional organic semi-
conductors, chemical doping of OMIECs can be employed to
enable highly tailored materials properties. Just as in more
conventional OSCs, doping of OMIECs typically involves redox
reactions between dopant molecules and the material, resulting
in a shift of the Fermi level. Such reactions will modulate the
carrier concentration in the material, resulting in a change in
conductivity. This allows one further control over the “native”
state of the material, where conductivity can be either enhanced
or diminished, depending on the specifics of the system. Such
strategies can be very useful in practical applications such as
biosensors, where aligning the peak transconductance of the
material to the electrochemical potential range of interest can
lead to improved response and sensitivity. Similarly, in many
electronics and bioelectronics applications, molecular dopants
have been used to shift the threshold voltage of devices, thereby
increasing the resistance of the material in its native state to
enable low power operation. An excellent example of changing
material conductivity was shown by the chemical de-doping of
PEDOT:PSS in which the operating mode of electrochemical
transistor devices was altered from depletion mode, where the
material is initially doped prior to stimulus, to enhancement
mode, where the material is initially de-doped.'® Additionally,
increasing charge-carrier density and mobility is important for
increasing power factor and electronic conductivity in thermoe-
lectric devices as shown in Figure 4. Recently, the incorporation
of polar glycol sidechains in OMIECs improved the solubility
of dopants in the OMIECs (for example FATCNQ for p-type
polymers), lowering required dopant concentrations, thus mini-
mizing the disruption of the OMIEC’s microstructure.®%
Though the relation between conductivity (both ionic and
electronic) and OMIEC morphology is a complex and still-
evolving area of research, semiconducting polymers have shown
to perform efficiently thanks to the presence of tie-chains, that
is, less ordered regions can be bridged by long chains to enable
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Figure 4. Power factor versus electronic conductivity of PBTTT films
chemically doped with FATCNQ (circles) and F2ZTCNQ (squares). Repro-
duced with permission.’”} Copyright 2017, The Authors, published by
American Association for the Advancement of Science. Reprinted/adapted
from ref. [77] © The Authors, some rights reserved; exclusive licensee
American Association for the Advancement of Science. Distributed under
a CC BY-NC 4.0 license http://creativecommons.org/licenses/by-nc/4.0/.

efficient charge transport.8334 This behavior becomes a prom-

ising venue for electron transport to be married with ionic
transport as the latter is favored in less ordered systems. Micro-
structure engineering thus becomes important to realize mor-
phologies that simultaneously favor ionic uptake and efficient
electron delocalization. The morphology of OMIECs is heavily
influenced through processing by choices of solvents, cosol-
vents, material blend ratios, and processing post-treatments.
Extensive work on P3HT showed that the quality, size, and
number of ordered domains, and thus the resulting charge-
carrier mobility, could all be controlled by careful selection of
the solvent/cosolvent.®>%¢] A similar idea has been applied to
the prototypical OMIEC, PEDOT:PSS, where choice of cosolvent
and/or solvent additives for the aqueous PEDOT:PSS has been
extensively studied.®”#3] Aqueous PEDOT:PSS is commonly
mixed with a low volume fraction of ethylene glycol, as this is
thought to produce more well-connected ordered domains that
improve charge mobility while not disrupting ionic transport
significantly. Crosslinking agents and acid post-treatments to
PEDOT:PSS have also been explored as methods to tailor film
morphology and transport properties.®° Ultimately, materials
chemical design (i.e., backbone and side-chain design) must be
studied alongside appropriate materials processing design, as
the resulting performance of OMIECs is closely linked to the
final material microstructure.

4.2.2. Dynamically Tuned Conductivity

The ability to dynamically tune the charge density throughout the
bulk of OMIECs results in large changes in their conductivity,
which has been exemplified by OECTs.”"? The electrical polari-
zation of an OMIEC in presence of mobile ionic charges results
in significant modulations of the hole (or electron) carrier density
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within the material. The unique mixed transport properties of
this class of polymers give rise to capacitive charging effects that
involve the entirety of the materials’ bulk, effectively establishing
volumetric capacitances ranging from few tens to hundreds of
F cm>3.2%] These remarkable capacitance values exceed those
displayed by electrical double-layers, as well as those achievable
with state-of-the-art high-permittivity dielectrics.” As a result,
charge-carrier density variations of many orders of magnitude are
obtained with sub-volt polarizations (exceeding 102 cm™),1%-%I
enabling low-powered switching devices.

In efforts to unravel the complex relationship between mate-
rials characteristics and device physics, and to fully under-
stand the interplay between electronic and ionic transport in
OMIECs, OECTs serve as a starting point owing to the well-
studied Bernard—Malliaras mode that describes OECT opera-
tion. While the semi-quantitative nature of this classic model is
still of relevance, its ability to perform quantitative predictions
is typically restricted to low polarization voltages and low oper-
ating frequencies. Recently, this model has become the founda-
tion for more detailed descriptions of device operation, which
build upon a more accurate understanding of charge-transport
mechanisms and how they are affected by the microstructural
features of the OMIECs. For example, in OMIECs—as in most
organic semiconductors—the lack of long-range order limits
the electronic charge carriers to nanometric domains such as
crystallites and/or along the backbone of the polymer chains
and thermally activated hopping is needed for inter-chain and
inter-domain transport.!l The quantum mechanical description
of these tunneling events indicates a strong dependence of the
hopping rate on the distance and the relative energy between
hopping locations, this rate being generally worse in systems
characterized by less dense sites—both in terms of space and
energy distributions. Given the stochastic assortment of hop-
ping energies and distances, whose statistical distribution is
enclosed in the density of states (DOS) of the semiconductor,
not all charges exhibit the same mobility.’”®] In OMIEC-based
devices such as OECTs, where the charge-carrier concentration
gradually increases with increasing polarization, holes (or elec-
trons) tend to first populate low energy sites that are sparser,
where the hopping rate is lower, to then access more densely
packed states at higher energies, characterized by higher mobil-
ities.[””%8 As the DOS is incrementally filled beyond the region
of optimal transport, the available states tend to become sparse
again, thus determining an inflection in the increase of the con-
ductivity. Indeed, compared to conventional FETs, the charge
density reached in OECTs is much larger and therefore more
band filling may be noticeable. Friedlein et al. argue that, for this
reason, the polarization-controlled change in conductivity of the
OECT channel—also known as transconductance—displays a
characteristic bell-shape,®!l although other authors suggest that
this phenomenon can originate from a gate-dependent con-
tact resistance.’” In any case, this non-monotonic trend of the
transconductance has important consequences on the opera-
tion of OECTs in real-life scenarios, particularly in biosensing
applications, where it is desirable for the device to be operated
in the voltage range that maximizes this figure of merit.?10

If we also take into account that ion motion within the
polymer bulk may heterogeneously alter the microstructure
of the OMIECs, thus affecting the energy landscape of the
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semiconductor (i.e., the DOS), the description just provided for
the charge-density-dependent mobility becomes more compli-
cated.'"1% In a general sense, investigating the contribution
of ionic transport to the OMIEC tunable conductivity is a non-
trivial task. Ion-transport models are not only dependent on the
OMIECs properties, but also on the nature of the ionic species,
as well as on the characteristics of the liquid or solid electrolyte
matrix. While electrical and optical measurements can be used
to deconvolute the electronic and ionic contributions, and thus
selectively probe ion transport, they generally require either
dedicated experimental apparatuses or complex data interpreta-
tion based on equivalent circuit models.'%>1% For a long time,
OECTs were considered an instrumental testbed for decoupling
ion and electron transport in OMIECs, following the general
depiction of ionic motions provided by the Bernard-Malliaras
model, where lateral ionic drift and/or diffusion are not con-
templated. The Bernard-Malliaras representation has been
recently improved with more sophisticated 2D drift-diffusion
models, which account for ion and hole conductions both along
the channel of the OECT and its normal axis.'0%17-19) Fyrther-
more, increasing consideration is being devoted to quantifying
and modeling contact resistance effects in OECTS, again with
the goal of understanding how the energetic and microstruc-
tural features of OMIECs affect charge injection and transport
in the material.[0%109-111]

As evident from the above discussion, when reviewing the
electrical tuning of the conductivity in OMIECs it is inevitable
to refer continuously to the OECT. This pervasive electronic
device is in fact a unique tool for investigating these charge
modulation phenomena, while simultaneously being the device
platform that most benefits of these fundamental studies.
Nonetheless, two new families of OMIEC-based devices that
exploit the electrically tunable conductivity of this class of
materials have very recently emerged. OMIEC-based memory
devices on one side, and microwave metadevices on the other.
These promising technologies take the structure and the gen-
eral idea of the OECT to tackle application scenarios that, until
very recently, were the prerogative of inorganic or carbon-based
non-organic materials. Recent notable examples of OMIEC-
based neuromorphic devices present architectures that are very
similar to those of OECTs. These three-terminal devices com-
prise a pre-synaptic and a post-synaptic electrode, both made
with OMIECs and electrically coupled through an electrolyte,
which are fundamentally equivalent to the gate and source—
drain electrodes in OECTS, respectively. When a voltage is
applied to the pre-synaptic electrode, the conductive state of the
post-synaptic electrode is “written”—that is, fixed—at a prede-
termined state, and subsequently measured—or “read”—by two
lateral electrodes. Unlike what happens in transistors, where
the measurement of the source—drain current and the biasing
of the device occur simultaneously, in these memristive devices
the “write” and “read” phases are temporally separated. Because
of their volumetric capacitance and mixed-transport charac-
teristics, OMIECs are in fact able to store and stabilize large
amounts of electronic charge, which can be used to achieve fine
conductance tuning over a wide dynamic range, operating at
relatively high switching speeds and low power.[>12113] Besides
the notable performances of these organic devices even when
compared to other memristor technologies, these objects also
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bear a remarkable potential toward the implementation of arti-
ficial neural networks that can potentially integrate with living
matter."

The tunable conductivity in a common OMIEC was also
used to actively reconfigure conventional microwave struc-
tures and metasurfaces operating in the sub-5 GHz as recently
demonstrated in recent work by Bonacchini et al.'™! Even in
this case, the device structure bears many analogies to that of
common OECTS, where a static or quasi-static potential is used
to bias the device and tune the volumetric charge density of the
OMIEC. The mobile free carriers in the semiconductor are then
able to screen or dampen the high-frequency current oscilla-
tions that are generated within the metallic resonant structures
by the impinging electromagnetic fields. In this configuration,
the large variations in conductivity effectively tune the complex
permittivity of the OMIEC throughout its volume, thus altering
the response of these photonic devices with performances that
are comparable to other state-of-the-art tuning strategies based
on free-charge carrier modulation. In fact, with respect to other
similar approaches based on either lumped elements (e.g.,
varactor and pin diodes), or materials such as chemical vapor
deposited graphene and III-V compound semiconductors, the
relatively lower charge-carrier mobility in OMIECs is likely
compensated by the extremely large charge modulations, which
affect the entire volume of the tuning element rather than a 2D
layer. These results bear implications for both the advancement
of organic electronic materials and of metadevices at large. A
thorough microwave investigation of these materials has never
been undertaken, and it could provide new important insight
on the charge-transport properties of these polymer systems.
Moreover, unlike other tuning strategies, this OMIEC-based
approach allows the fabrication of metadevices on virtually
any substrate, including flexible and biocompatible ones, with
cost-effective and mass-scalable fabrication techniques. These
advantages could prove useful toward the development of new
wireless bioelectronic interfaces and enhance the pervasiveness
of large-area metadevice technologies.[!'6]

Another promising yet relatively unexplored approach to tune
the conductivity of OMIECs is via the absorption of photons
leading to form electron-hole pairs, thereby increasing the
charge density and hence the conductivity in the material. The
physics of photostimulation in organic materials, along with
its use in organic optoelectronic technologies, is an ongoing
subject of study, which has been covered by excellent review
articles."7" Interestingly, it has been shown that conven-
tional hydrophobic organic semiconductors are able to support
charge photogeneration and extraction even when immersed
into aqueous environments. As discussed in Section 3.3, these
developments have led to remarkable progress in the fields of
bioelectronics—where organic photoactive films and nano-
structures are used to elicit biological activity in living cells and
tissues—and of photocatalysis. For example, organic electrolytic
photocapacitors operating as photodiodes in water have been
shown by the groups of Lanzani and Glowacki.*"**1% From a
fundamental point of view, it is yet unclear whether hydrated
OMIECs are susceptible to similar optoelectronic processes,
and whether phenomena like exciton generation and separation
can occur within these mixed conductors, either by means of
electrical fields or through the realization of heterojunctions.
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For this reason, further attention should be dedicated to
exploring this dynamic tuning strategy in OMIECs.

4.3. Color
4.3.1. Chemically Tuned Coloration

In OMIECs, optical changes in the material result from the
introduction of mid-bandgap energetic states to the doping
(oxidation or reduction) of the material. Key to the successful
use of these materials in electrochromic devices is the ability
to dope them over a large range in the bulk. ECDs are one
of the main applications that take advantage of the coloring/
bleaching behavior of OMIECs. The molecular tunability of
conjugated polymers has been widely utilized to afford a mul-
titude of colors. Noteworthy is the work by Prof. John Reynolds
(Figure 5), who, through fine tuning of the conjugated back-
bones, has demonstrated that: i) the entire color wheel can be
designed and synthesized, ii) electrochromic polymers (ECPs)
can be readily solution-processed into large-area solid-state
electrochromic devices, and iii) the utility of such devices in
full-color bistable displays, energy-saving tinted windows, and
dimmable glasses, goggles, and visors.?2 To afford a myriad of
colorations as well as neutral gray, the donor—acceptor approach
is mainly utilized to tailor the absorption spectra of desired
polymers as illustrated in Figure 5. Common backbone engi-
neering strategies include tuning the core heterocycle choice
(e.g., PEDOT), controlling the electron-rich/poor character,
modulating the steric strain, as well as copolymerization.[122123]

Chemically-tuned coloration

\ ,!\_(
R R
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\ ] S
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Dynamic color change

Figure 5. lllustration of color control in OMIECs through both chemical
and dynamic tuning. Backbone and sidechain engineering strategies, a
multitude of colors can be synthesized and processed into films. Such
films can controllably exhibit a colored or bleached state (i.e., electro-
chromism) upon electronically controlled ionic insertion and expulsion.
In the chemical structures, R stands for alkyl chains which can be either
linear or branched. Figure prepared based on data and information in
refs. [3], [124], and [125].
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Different chromophores can also be blended to afford hybrid
colors following the classical color mixing theory. Furthermore,
the appearance of a polymer film is impacted by other solid-
state properties such as crystallinity and molecular anisotropy.
Electrochromics being one of the more mature OMIEC-based
technologies to date, key lessons can be borrowed by other
applications both from a materials and device viewpoint. How-
ever, since ECDs are commonly large (in size) and do not nec-
essarily need to operate at high speeds (switching times of
several seconds are often acceptable), charge kinetics ought to
be carefully considered when borrowing electrochromic mate-
rial systems for other purposes. Some of existing challenges in
designing new ECPs include color complementarity (chromo-
phore design) and environmental stability,l”) two aspects from
which other technologies discussed herein can benefit.

Though not as intuitive as it is the case for backbone engi-
neering, sidechains also play a role in the coloration of polymer
OMIECs. The exemplar structure PAT, once flanked with
branched and bulky sidechains such as ethylhexyloxy at the 3
and 4 positions, appears orange in its neutral state. The color
can be redshifted by replacing the branched sidechains with
the hexagonally linked and more electron-rich ethylenedioxy
to form PEDOT, which forms a blue film. This substitution
tunes the ionization potential and affords an energy bandgap
of 1.6 eV. In the case of 3,4-propylenedioxythiophene (ProDOT)
and dioxythiophene (DOT) and corresponding derivatives, side-
chain branching has also shown to significantly tune the col-
oration of these EC polymers.l'?%l Further design strategies on
utilizing sidechains to control color have been reviewed more
extensively elsewhere.’*?!l For the current discussion, the
readers are reminded that when designing/selecting sidechains
in OMIECs, their impact on film formation, crystallization, and
resulting absorption properties should be considered according
to intended applications.

Chemical dopants can be introduced into OMIECs to modify
their coloration. For instance, electron-rich chemical dopants
such as 4(1,3 dimethyl-2,3-dihydro-1H-benzoimidazol-2-yl)
phenyl)dimethylamine (N-DMBI)!'*"] or amines!"™ can be used
to donate electrons into electron-deficient OMIECs. The injec-
tion of electrons into the LUMO of n-type OMIECs increases
the optical bandgap of the OMIEC, thereby bleaching the
absorption of the backbone. Simultaneously, polarons are
formed with energy levels within the bandgap, which absorb
photons at lower energies in the IR. This results in an increase
in transparency of the OMIEC in the visible range. On the
other hand, electron-deficient dopants such as FATCNQ can
be used to extract electrons from the HOMO of low ioniza-
tion potential, typically p-type OMIECs. This also increases the
optical bandgap of the OMIEC and forms positive polarons.
Conversely, amines have been utilized to inject electrons into
the highly depleted HOMO of PEDOT:PSS. This results in the
reverse effect, the de-doping of the OMIEC, thereby turning the
polymer from an almost transparent film into darker shades
of blue in the visible region.!®! Controlling the transparency of
OMIECs in the visible region and their absorption in the IR
enables transparent yet thermally insulating windows. One
could also envision that by controlling the dopant concentration
in OMIEC solutions, different colored inks can be deposited
using a single OMIEC.
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4.3.2. Dynamically Tuned Coloration

During the electrochemical (and more generally chemical)
doping of OMIECs, the color of the polymeric film changes,
thereby doping the polymeric film (as illustrated in Figure 5).
These changes can be induced by applying an electric poten-
tial on the OMIEC or via redox-active molecules that inject
charges into the bulk of the polymer. Electrically induced color
changes have led to electrochromic devices that can be used
for smart windows.[?8] The change in color is associated with
the formation of the polaron (charge defect) and bipolaron in
the film. The extent of color changes is a direct consequence
of doping effectiveness. Spectroelectrochemical experiments in
the visible,®l NIR, and UV regions allow tracking the doping
level in situ by analyzing changes in the absorption spectra,
during electrochemical charging and discharging. The forma-
tion of the polaron and the bipolaron is usually associated with
quenching of the main visible peak of the pristine polymer and
the formation of another peak in the NIR, and the spectra pre-
sent isosbestic points.

Another approach to change the perceived color of con-
jugated polymers is to control the film thickness at the
nanoscale. Jonsson and co-workers proposed this mnovel
method by depositing PEDOT:tosylate on a metallic surface,
controlling film thickness by varying the UV exposure time
for vapor film polymerization.??! This tunability of structural
color through light manipulation in conductive polymers has
made the materials appealing for optical coatings or multi-
functional displays.

4.4. Volume
4.4.1. Tuning Volume Chemically

The ability of a polymer material to accommodate ionic spe-
cies into its bulk is an indicator of its performance in OMIEC
devices. Intuitively, a volumetric change will occur in the
polymer film during the charging and discharging of the
polymer film to compensate for the ionic flux which compen-
sates the change in electronic carrier density. As previously
hinted, a balance between how much electrolyte embeds into
the film, the induced bulky swelling, and resulting property
changes constitutes the puzzle of how a given OMIEC func-
tions. Relating the sidechain choice to ionic conductivity and
volumetric changes in a given electrolyte should thus always
be evaluated when benchmarking novel materials. On this
front, sidechains’ linkage position away from the backbone,3"!
their hydrophilicity,?2131 and length3?l have been shown to
impact the swelling of the polymer film, and hence, electro-
chemical performance of the device. Since these sidechain
engineering strategies are also known to impact polymer crys-
tallinity and electronic conductivity, we believe this is one of
the areas of study for OMIECs that deserve more attention to
drive the field forward. Fortunately, several in situ characteri-
zation techniques (e.g., moving front experiments, spectroelec-
trochemistry, X-ray crystallography)!®3l have recently shown
that these properties can be deconvoluted thus guiding new
material designs.

Adv. Mater. 2022, 34, 2110406

2110406 (12 of 18)

www.advmat.de

4.4.2. Changing Volume Dynamically

OMIECs oxidation and reduction processes can cause signifi-
cant changes in the volume of the polymer. The migration of
the charged species inside the bulk of the OMIECs when
external stimuli are applied causes the polymer to swell and,
as the process is reversed, shrink. The expansion or contrac-
tion movements of the material can be linear, volumetric, or
a bending movement.*¥ Despite working at the low voltages
(<1 V), electrochemically driven changes occur up to 40% for
reversible OMIECs devices in the out of plane direction.

The reversible nature of the shrinking and swelling charac-
teristic of the changes in volume, light weight, as well as the
biocompatibility of the materials, allow OMIECs to be excellent
candidates to be used as actuators mimicking human muscle.
Electrochemically triggered OMIECs-based actuators are com-
monly used for many applications, from the biomedical field (as
they work in aqueous at room-temperature environment, as the
body fluids) to soft robotics.’*] During the actuation process,
many different phenomena explain the reversible changes in
volume concur ions and solvent exchange between the polymer
and the electrolyte, as well as electrostatic repulsion between
similarly charged backbones and conformational changes of
the latter. Due to the slow kinetics of ion uptake, OMIECs actu-
ators are relatively slow (maximum switching speed between
oxidized and reduced states is 1 Hz for films 1 um thick).['*]
McCulloch and co-workers showed that reducing the length of
polymer sidechains allows the shorter chains to fill the voids
between polymeric chains, thus preventing ion intercalation
and reducing water intake, thus resulting in a smaller volume
swelling.3®] A way to increase the volume expansion up to
300% was found by Berggren and co-workers, by designing
structures that facilitate the intercalation of hydrated ions into
the OMIEC bulk.™! In their work, carbon monofilaments were
coated with the OMIEC, promoting the OMIEC’s transition
between solid state and gel phase when oxidation-reduction
potentials are applied.

In addition to electrical stimulation, volumetric swelling of
OMIECs can also be achieved by faradaic charge transfer reac-
tions while immersed in an aqueous electrolyte. For instance,
electrochemical actuators can be powered by OMIECs func-
tionalized with enzymes to catalyze the reaction of metabolites
such as glucose, enabling self-powered artificial muscles.l’]
Harvesting energy from the environment to power soft actua-
tors opens potential venues in smart stimuli-responsive soft
robots and microfluidic valves.

4.5. Modulus
4.5.1. Tuning the Modulus Chemically

Though organic materials are commonly considered “soft”
compared to inorganics, imparting mechanical deformability
in conjugated polymer thin films remains challenging. Engi-
neering approaches are still required in order to mimic the flex-
ibility and stretchability as found in nature (e.g., human skin).
The key challenge is to design materials that combine mechan-
ical deformability with electronic performance. The backbone
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engineering strategies we discussed above for OMIECs, though
beneficial to the electronic conduction, tend to yield highly crys-
talline and brittle polymers that are not suitable for applications
such as actuators and bioconformable electronics. Currently,
we find that little has been done on designing and processing
intrinsically deformable OMIECs, in part due to the widespread
use of PEDOT:PSS which is typically softened using addi-
tives.?L13813% The study of mechanical properties in OMIECs
is thus regarded as a research opportunity to enable electronic
devices that can conform with biological tissues or functional
as soft actuators. For instance, conjugation break spacers
have been heavily studied and copolymerization of fully con-
jugated blocks with spacer-bearing blocks are well understood
in FETs. We envision that these approaches will translate well
to polymer OMIECs along with other engineering approaches
such as nanoconfinement and molecular additives used to tune
the mechanical properties.[21140-144]

Similar to most properties of OMIECs, control of the mor-
phology and nanoscale interactions of OMIECs can heavily
influence mechanical properties. In polymeric OMIECs,
mechanical properties such as modulus, breaking strength, and
elastic limit are intimately linked to the size, distribution, and
amount of crystalline aggregates in the material. For example,
controlling these aggregates has led to the development of
seemingly “rigid” (i.e., high modulus) polymer semiconductors
that display remarkable flexibility and maintain electronic trans-
port properties by inducing nanoconfinement of the polymer
and reducing aggregate size.?l These developments have long-
reaching applications in biosensing, flexible thermoelectrics,
and even artificial skin.*®! This versatility further highlights
that understanding material microstructure is not only of fun-
damental interest, but is also of immense practical importance,
as microstructure impacts properties seemingly as disparate as
electronic and mechanical properties. Such complexity in the
microstructure of OMIECs thus complicates the fundamental
understanding of device operation. During OMIEC operation
in electrochemical transistor applications for example, signifi-
cant volume expansion occurs concomitant with disruption to
the ordered regions due to penetration of ions into the bulk
during the volumetric charging process.?®! Furthermore, the
exact nature of interaction between penetrating ions and the
OMIEC is poorly understood and perhaps beyond the scope of
this perspective. For a detailed overview on the current under-
standing of microstructural changes during device operation,
readers are pointed to a recent review by Wu et al.l?8l

5. Closing Remarks

The ability to simultaneously control the ionic, electronic,
and chemical properties of OMIECs throughout the bulk ren-
ders them a multifunctional class of materials. For instance, a
single MIEC polymer has been utilized as a sensing electrode,
an OECT channel material, an energy-storage electrode, and
electrochemical actuators proving the potential of OMIECs to
enable the fabrication of a fully autonomous intelligent system
that utilizes a single material fashioned into specific varied
geometries for different device functions. Furthermore, such
multifunctionality of OMIECs promises a circular economy
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of organic electronic devices. At the device’s end of life, the
functional OMIEC can be recovered and repurposed for a new
device (e.g., a battery electrode into an OECT channel). Judi-
cious design of sidechains can enable the dissolution of the
OMIEC in solvents orthogonal to their operational electrolyte,
enabling the selective recovery of OMIECs. With increased
interest in understanding biospheres (soil, water, and air moni-
toring) and biological systems (agriculture and healthcare),
materials that are designed to interface seamlessly with organic
and aqueous environments are desirable. The ability to derive
organic precursors for the synthesis of OMIECs from naturally
occurring sources as well as their ease in solution processibility
may allow OMIECs to aid in sustainability efforts and the pro-
gress to achieving a circular economy of electronic devices.

Desired properties can be achieved during initial synthesis
and processing where chemical design of the conjugated
backbone, sidechains, additives, processing solvents, and
other conditions provide several degrees of freedom to influ-
ence the OMIECSs’ chemistry and morphology. These param-
eters, in addition to the existing parameters of conventional
device design such as device geometry, provide almost infi-
nite possibilities in device functionalities. Furthermore, these
properties can be dynamically tuned via external stimuli such
as electrical fields and chemical species, allowing the OMIEC
to respond to a variety of environmental inputs and trans-
duce these into outputs of disparate physical and chemical
natures.

While organic synthesis provides an almost infinite toolbox
for designing OMIECs from their chemical structures all the
way to morphology, understanding how backbone and side-
chain design, additives, and processing methods influence
polymer morphology, and hence second-order properties,
remains an open challenge in the field. Understanding these
structure—function relationships is imperative for designing
high-performance OMIEC-based devices. Additionally, it is
important to understand how OMIEC structure and properties
change dynamically in response to external stimuli. These can
be achieved by in-operando measurements such as in situ elec-
trochemical grazing-incidence wide-angle X-ray dcattering and
spectroelectrochemistry which illuminate how the microstruc-
ture and optical properties of OMIECs change under applied
voltages respectively. We envision that more in situ techniques
will be developed in future to probe other combinations of
input stimuli and OMIEC property changes to drive deeper
understanding of OMIEC operation under dynamic conditions.
Insights from these in situ experiments would then inform
design criteria for the synthetic design of chemical structure
and morphology of OMIECs.

The gargantuan effort to design OMIECs, understand their
structure—property relationships, understand how these proper-
ties modulate in response to external stimuli, and strategically
utilize OMIECs for various sensing, logic, actuation, energy
harvesting/storage, and communication applications requires
cross-disciplinary teams of chemists, physicists, material sci-
entists, as well as bio-, chemical, electronic, computational,
and mechanical engineers. We hope that this perspective high-
lights the potential of OMIECs in addressing salient challenges
in society such as energy, sustainability, healthcare, and the
Internet of Things.
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