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Design, System, Application

Polymeric materials which can conduct electrons and ions have already seen wide usage in applications
ranging from biological sensors that improve electrocardiogram sensitivity to improving the capacity of
lithium ion batteries. Their usage has resulted in impressive improvements in performance of these
devices; however, understanding is limited about the structure of these polymers as it relates to their
performance. This review article seeks to address the connection between the structure that polymer
chains adopt in the solid state and the ion and electron transporting properties of said polymers.
Specifically, this review addresses three different motifs that are used for generating these polymers:
blended polymers, block copolymers, and homopolymers. Each type presents different strengths and
weaknesses, and responds to changes in morphologies in different ways. With an improved understanding
of the influence of morphological factors on these transport properties, rational selection of processing
methods to control the ionic and electronic transport in each material to target its usage in a specific
application would be possible. It is the authors’ hope that this review will encourage greater study of the
relationship between morphology and performance, increasing our understanding and control over ionic
and electronic transport.
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spanning from biological to mechanical. Their ability to conduct ions and electrons in the same material enables their use in
a wide range of electrochemical devices. This functionality can be used to improve performance of more traditional devices

or enable completely novel ones. Herein the use of blended polymers, block copolymers, and homopolymers as mixed

conducting polymer systems is discussed, with special emphasis on connecting polymer structure and morphology to mixed

conduction performance. Following this discussion, the outlook for the future of this field is presented.

1. Introduction

Mixed ionic/electronic conductors (MIECs) are a class of
materials with growing interest from the academic community
due to their wide variety of potential uses. MIECs are materials
that can conduct both electrons and ions, and as such serve a
unique functionality for applications in electrochemical devices,
such as sensors,2 actuators,3* batteries,>® fuel cells,” and
organic electrochemical transistors (OECTs).8° MIECs can be
fabricated from both ceramics and polymers; however, this
work will be focused specifically on polymeric MIECs, and will
use the term MIEC to refer only to polymeric MIECs.1912

MIECs come in several distinct architectures. The most
common type currently is a blended architecture, where a
polymer that possesses electronic conduction is blended with a
polymer that possesses ionic conduction.>'? Additional
architectures include block copolymers,13.14 and
homopolymers.1> Due to the highly complex phase-behavior of
these materials and the difficulty of devising new synthetic
methods, the links between morphology and MIEC
performance are still poorly understood. However, in order to
enable rational design, and long-term gains in MIEC
performance, the connection between ionic conduction,
electronic conduction, and the adopted morphology must be
better understood. This rigorous study is still in its infancy, but
some early trends have started to be understood, and will be
presented here. To understand MIEC performance, it is
important to understand the fundamentals of electronic
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conduction independently of ionic conduction, and likewise for
ionic conduction independent of electronic conduction.
1.1 Electronic Conduction in Conjugated Polymers

Electronic conduction in polymeric materials occurs through the
overlap of m-orbitals. In conjugated polymers, there is a
continuous pathway of overlapping m -orbitals, allowing for free
electron migration along the whole polymer backbone, as
shown in figure 1. Interchain charge transfer is possible through
a hopping mechanism, allowing electrons to hop from the =-
orbitals of adjacent polymer chains. This delocalization results
in the generation of a band-gap. By increasing the coplanarity
of the conjugated backbone, the range over which atomic
orbitals interact is extended, decreasing the size of the
bandgap, as shown in Figure 1.1 Planarity of a polymer
backbone is highly important to charge conduction, as it
extends the range over which a charge can be conducted before
a relatively slow interchain hopping process occurs, increasing
the electron mobility.1”
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Figure 1: Generation of a band gap with increasing monomers
incorporated into a conjugated polymer. Reproduced from Ref. 16
with permission from The Royal Society of Chemistry.
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Figure 2: a. Semicrystalline polymer morphology with tie chains highlighted in red. b. Small, disordered aggregates with tie chains
highlighted in red. c. Fully amorphous polymer. Figure reproduced with permission from Springer Nature, from Reference 34.

For charges to be transported at bulk, device-level scales,
good charge transport must exist in at least two directions. This
is because charges must have alternative pathways to travel
when defects in the polymer chain or chain ends cause the
along-backbone conduction pathway to end. This interchain
transport is enabled and improved by the quality of the
polymer’s mt-mt stacking. Similar to transport along the backbone,
planarizing groups are beneficial as they ease interactions
between m-orbitals on adjacent chains. As previously
mentioned, this stacking is the basis for crystallite formation in
organic electronics, and typically the higher the percentage of
crystallinity, the higher the mobility.’®1° This is due in part to
the lack of order in the amorphous regions, resulting in a high
percentage of trap states and an increased likelihood of charge
recombination.?%?! Tie-chains are single polymer chains that
bridge multiple crystalline domains, providing along-backbone
charge conduction between adjacent crystallites. In order for
charges to cross amorphous regions, tie-chains are critical,
providing improvements in mobility from 107 to 102 cm?/Vs for
a commonly studied semiconducting polymer, poly(3-
hexylthiophene) [P3HT].22

The chemical structure of the polymer repeat unit has a
significant impact on the charge mobility. By increasing the
length of the solubilizing alkyl side chain from P3HT to poly(3-
octylthiophene), a reduction from 1.1 x 102 to 1.4 x 10* cm?/Vs
in charge mobility is observed.2324 A similar phenomenon is
seen with branching chains; introducing an ethyl-branch into a
hexyl side chain, poly(3-(2-ethylhexyl)thiophene), reduces the
observed field effect mobility by an order of magnitude.?®
Increasing the rigidity of the backbone also increases the
mobility, poly(2,5-bis(3-alkylthiophen-2-yl)thieno[3,2-
blthiophene) has a charge mobility approximately an order of
magnitude higher than P3HT by substituting two thiophene
repeat units for a fused thienothiophene unit.26 Other
strategies for improving mobility include synthesizing
donor/acceptor copolymers,?’=2° adjusting surface energy
levels,3%31 and increasing regioregularity.3233 Most strategies
for improving charge transport revolve around rigidifying the

2| J. Name., 2012, 00, 1-3

polymer backbone and increasing the m-stacking interactions,
both features which would be expected to negatively contribute
to ionic conduction.?! However, a recent discovery provides a
unique opportunity, showing that high charge mobilities are
possible even in highly amorphous materials, if a polymer has a
high molecular weight and is sufficiently planar.3* This is
possible because of the connections between local aggregates
by the tie chains formed from the long polymer chains, as
described in Figure 2. From this, it could be possible to develop
a highly open, aggregate-based conjugated polymer that could
co-optimize conduction of electrons and ions.

All of the aforementioned techniques focus upon improving
charge mobility, however, electronic conduction is dependent
upon not only charge mobility, but also the concentration of
charge carriers, N, by:

Oc=(qeNu,

Where o, is the conductivity of the charge, g. is the charge of
an electron, and . is the mobility of the charge. The number of
charge carriers can be influenced by doping the polymer
structure. The small molecule dopant interacts with the
polymer backbone, either adding or removing an electron to
introduce additional charge carriers into the system.3> Doping
represents an important mechanism of increasing charge
conduction in conjugated polymers. This segment represents an
extremely brief overview of conductivity in polymers to aide
understanding of MIEC conduction properties. Polymer
electronic conduction is a rich and nuanced subject, and the
interested reader is directed to several excellent reviews on the
topic for further details.3637

1.2 lonic Conduction in Non-conjugated Polymers

lonic conduction in non-conjugated polymers is a well-studied
phenomenon. Contrary to electronic conduction, ionic
conduction is improved in less dense structures, in order to
accommodate the relatively large size of ionic charge carriers.
In a solid-state sample, ions move by random hopping between
open adjacent positions in the structure.3® The nature of the ion
has a significant impact on the rate of ion migration; the larger
the ion, the slower the motion through the polymer structure,

This journal is © The Royal Society of Chemistry 20xx
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Figure 3: Mechanisms of ionic conduction in solid polymer
electrolytes. Figure reproduced by permission of The Royal Society of
Chemistry from Reference 38.

and thus the lower the ionic conductivity. This originates from
the increased activation energy of the ion hopping between
adjacent open sites of a matrix with increasing ionic size, an
effect that is due to the increased lattice distortion that has to
occur to allow the ion to pass.3940

In addition to the size of the ion, the identity of the salt from
which the ion is dissociated is highly important. If the ion pair
does not dissociate, it will not respond to an applied voltage,
and will not participate in conduction. As such, it is important to
choose a counterion that is readily dissociated from the ion of
choice. In lithium salts, bulky counterions such as TFSI and PFg
tend to find use, as they do not readily transport in
poly(ethylene oxide) [PEO]
dissociation is also influenced by the dissolution media;

structures.*> The extent of
incorporating polar, coordinating atoms into the polymer acts
to increase the extent of dissociation by stabilizing the charge
of the free ion.*! Typically, atoms like oxygen and nitrogen are
used for this purpose, due to the difference in electronegativity
between these atoms and carbon. The relatively small size is
also advantageous, as it allows a greater density of coordinating
groups around an ion, resulting in highly general coordination
for ions.*?2 The conductivity of the sample is dependent upon
this dissociated ion concentration, Nion, through:
Gion = NionQiontion

Where Ujon is ionic mobility, g, is the charge of the ion, and g;,,
is ionic conductivity.

In addition to dissociating ions, the polymer structure plays
an important role in the transport of the ionic species. The
random hopping of these ionic species is assisted by the
reptation, or polymer chain motion, of the coordinating
polymer. The reptation of a polymer chain is increased with
increasing temperature, so ionic conductivity tends to also
induce both intrachain and

increase. This reptation can

This journal is © The Royal Society of Chemistry 20xx

interchain transport of ions. The mechanism for each is shown
in Figure 3.38

Currently, the prototypical solid-state ionic conductor is
PEO. PEO is a particularly attractive ionic conductor, due to
several properties arising from its chemical structure. The
polymer has a T, well below room temperature, allowing for
ready motion of chains in the amorphous regions.*? It also has
high chain flexibility, allowing coordination of a variety of
cations (e.g. Na*, Lit, Mg?*, K*, etc.), making it a highly general
ion conductor.*?2 Unfortunately, PEO also has a strong tendency
to crystallize, resulting in poor intrinsic conduction below its
melting temperature due to inhibited chain motion.***> To
remedy this, several strategies have been used to suppress
crystallization, including introducing chain branching,*647
adding plasticizing agents,*®4° and synthesizing brush
polymers.50>1

While there is evidence that ionic transport in crystalline
PEO still occurs, it is unclear if such transport will occur in MIEC
crystallites due to the presence of -7 interactions.3>°2 Recent
work investigating the effects of doping on conjugated polymer
structure indicated that dopant molecules do not enter into the
crystalline regions, and instead reside in the amorphous regions
of the polymer, due to the increased available free volume.>3>%
It thus remains unclear whether MIECs will demonstrate the
same behavior, or will demonstrate crystal intercalation and
transport in the crystalline regimes upon introduction of ion
coordinating groups.

2. MIECs - Conduction and Morphology

2.1 OECTs
OECTs are often used as a tool for measuring the performance
of mixed conductors, as they provide a contained test platform
that encompasses both the ionic and electronic elements.
During operation of an OECT, a gate voltage is applied across an
electrolyte, resulting in the motion of ions into the mixed
conductor. This ion migration results in a change in the
oxidation state of the mixed conductor, resulting in a
measurable difference in current. There are two modes of
operation of an MIEC, accumulation and depletion mode. In the
case of depletion mode, the MIEC exists in a doped state when
unbiased (as in the case of
poly(ethylenedioxythiophene):poly(styrene sulfonate)
[PEDOT:PSS]). Upon applying a bias, the already present doping
ions in the mixed conductor are balanced by the ions migrating
into the structure, resulting in a reduction in the extent of
doping of the polymer backbone, and a reduction in measured
current.>>°® Alternatively, accumulation mode MIECs exist in an
undoped state when unbiased. When a bias is applied, ions
migrate into the structure and dope the polymer backbone,
resulting in a measurable increase in the current.®
Transconductance, or the ratio of the current response from
an applied voltage, is a commonly used parameter for organic
field-effect transistors (OFETs). In OFETs, the effect is localized
to the interface, and as such has only an areal dependence on
its magnitude.>” However, due to the possibility of bulk doping
due to ion migration, organic electrochemical transistors
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Figure 4: Map of the uC” figure of merit for several MIEC materials.
The dotted lines represent constant values of uC". Figure reproduced
with permission from Springer Nature from Reference 57.

(OECTs) have a transconductance that is dependent upon the
thickness of the film.>8 This changes the equation for calculating
transconductance to:

wd
gn="7HC" Ven— V)
Where g,, is the transconductance, W is the channel width, d is
the thickness of the film, L is the length of the channel, u is the
electronic mobility, C* is the volumetric capacitance, Vi, is the
threshold voltage, and V, is the gate voltage.

As device geometry influences the magnitude of
transconductance, an alternative metric for comparing MIEC
performance, the product of uC”, has been proposed as a figure
of merit for OECTs.>” u contains the electronic component,
whereas C" encapsulates the ability of the polymer to uptake
and interact with ions, giving a convenient handle on the
overall, steady-state performance of the device.>” As can be
seen from the above equation, even polymers with relatively
poor electronic mobility can have a high uC* and thus
transconductance with sufficient volumetric capacitance, as
shown in Figure 4. However, this figure does not give an
indication of the speed of ionic uptake, as these measurements
are instead measuring steady-state performance. The
interested reader is directed to an excellent review on the
physics and history of OECTs, as well as a derivation of a model
of OECT device physics.>%60
2.2 Applications of MIECs
Herein, only a small sampling of applications will be discussed,
and only briefly, in order to give context to the performance and
uses of MEICs. In addition to the applications discussed here,
MIECs are also used in ion pumps,®! supercapacitors,®? gas
sensors,%3 electrochromics,®* thermoelectrics,®° and
actuators.%®
2.2.1 OECTs
Beyond being used to measure the performance of an MIEC
material, OECTs also have several important applications. They

4| J. Name., 2012, 00, 1-3
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have less stringent processing requirements than traditional
OFETs, and are able to be made with a variety of different
architectures.b”.68 The principle use case of OECTs are for
bioelectronics applications. Because OECTs are in direct contact
with a liquid during operation, they enable intimate contact
with a biological system, which allows for a lower detection
threshold for analytes. Due to the volumetric, rather than
interfacial, doping process, typically larger transconductance
values are produced as compared to OFETs, a feature which
enables their use in low-power electronics and is valuable in
implanted or long-use devices.>® OECTs usage in bioelectronics
is extensive; three diverse devices are presented herein to give
a perspective on their usage. To measure neuronal signals of an
epileptic episode in a mouse, an OECT was placed in direct
contact with its brain. This configuration resulted in an
increased signal-to-noise ratio when compared against existing
technologies.®® An innovative design for low-cost biomarker
testing uses the mechanical force generated by a finger pressing
on a reservoir to power the pumping of saliva into an OECT-
based biological sensor. This PEDOT:PSS-based sensor is able to
quantitatively screen for glucose, lactate, and cholesterol levels,
with sensitivities in the puM range.”® A wearable, textile-
integrated biosensor has been developed by integrating
PEDQOT:PSS into a fabric, resulting in a sensor with low power
operation that utilizes sweat as the analyte. This system is able
to determine the concentration of several biomarkers in sweat,
an attractive feature for wearable biosensors.”?

2.2.2 Battery Binders

Another key use case for MIECs is in batteries, where they see
use as electrode binders. MIECs are valuable in this role, as they
aid ion motion into and out of the electrode, and facilitate
electron extraction all in one material, improving power density
and stability over traditional electrode binder mixtures.®
Introduction of MIECs also helps to mitigate electrode
fracturing from the strain generated by the intercalation of
lithium; this occurs due to the ductility of the MIEC materials.”?
MIEC incorporation has led to significant increases in longevity
and capacity of battery electrodes, especially in newer
technologies. For example, an n-type terpolymer based on an
alkyl-substituted fluorene copolymerized with fluorenone and
methyl benzoate saw increased stability of the silicon electrode,
maintaining specific capacities of 2100 mAh/g even after 650
cycles.”® By introducing a fourth co-monomer, an oligoethylene
glycol-substituted fluorene, significant improvements in
longevity of silicon electrodes, as well as improvements in
cycling rate and capacity were seen. This increase was
attributed to the increased polarity given by the oligoethylene
glycol side chains.”* Additionally, investigations into improving
the morphology of the binder/electrode mixture have also
proven fruitful. A 3-D porous scaffold material made of MIEC
polymer with a suspended electrode material saw high rate
capabilities, due to the conductive matrix and the porous
material enabling greater electrolyte access to the electrode
material.”>

2.2.3 Neuromorphic Computers

Neuromorphic computing is targeting the development of
artificial technologies that mimic the functionality of the

This journal is © The Royal Society of Chemistry 20xx
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neurological system, with the goal of increasing computational
efficiency. MIECs are a valuable resource for this technology, as
they are able to be manufactured in 3-D architectures, present
low power for both operation and switching events, and can be
used to generate non-volatile memory states.”® A target of
neuromorphic computing is the memristor, or a transistor that
has a “memory” of its past electronic states. PEDOT:PSS-based
memristors have been generated with several neuromorphic
functions, including short-term depression.”” Blending
PEDOT:PSS with polyethyleneimine (PEl) enables additional
functionality, allowing access to 500 distinct electronic states,
and switching energies lower than those present for biological
systems.”® Recently, memristor devices have been generated
directly using live cells, with a PEDOT:PSS-based memristor
being constructed and gated through a Physarum
polycephalum cell.”®

2.3 lon-Specific Effects

Doping in conjugated polymers has seen extensive research
since the initial discovery of conduction in polymers; however,
this work will focus on those studies which were performed on
MIECs. For ionic transport of cations in PEDOT:PSS, the effect of
moving down the group 1 period was measured, with the ionic
mobility progressing from H* > K* > Na*.”? Though K* possesses
a larger ionic radius, the hydration sphere of Na* is significantly
larger, and thus, Na* transport is slower. It was noted that
PEDOT:PSS contained channels that were sufficiently large to
transport the bulky choline cation.”® Investigations into OECT
performance with changing cation valence were also
performed. OECTs were tested and the sensitivity of the
threshold voltage to the different ions were measured in a
PEDOT:PSS channel.® Unfortunately, the ionic conduction was
not directly measured for these systems, and it remains to be
seen what effect an increased valency will have on the ionic
conductivity in MIECs.

Jn:& Engine:
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Anions also play an extensive role in ionic conductivity and
the extent of polymer doping. In recent work comparing various
ions in a P3HT system, it was shown that larger anions, such as
PFs and TFSI, resulted in a greater extent of doping when
compared against smaller ions, such as ClO4 or CI-.It was also
notable that these larger anions demonstrated a faster rate of
ion migration into the polymer structure, along with a lesser
degree of hydration.®! When investigating the same trends in a
different mixed conductor, poly(2-(3,3'-bis(2-(2-(2-
methoxyethoxy)- ethoxy)ethoxy)-[2,2'-bithiophen]-5-
yl)thieno[3,2-b] thiophene) [p(g2T-TT)], a similar trend was
observed for the magnitude of g, the larger the anion, the
larger the g,,. An interesting feature that was also measured
was that the larger ions also had a higher solution acidity, which
resulted in a lower threshold voltage for the produced OECTs.
However, unlike P3HT, it was observed that the larger anions
possessed slower doping kinetics.8? It is interesting that this
result appears counter to those seen for P3HT. This difference
could be due to the difference in polarity between the mixed
conducting polymers, with P3HT being relatively hydrophobic,
and p(g2T-TT) hydrophilic.8282 There is still need for further
clarification of the effects of the anion in mixed conductors,
with consideration for the ionic species, the solvent for the ion,
and the mixed conducting polymer.

Interactions between ions adjacent to conjugated polymer
backbones can have a significant effect on local structure, and
can thus influence electronic transport.®38* As such, it is
important to understand not just electronic or ionic conduction,
but the combined transport. The remainder of this review will
focus on discussing the connections between MIEC
performance and the nanoscale morphology. There are several
major types of architectures used to generate MIEC properties
in polymeric materials, of which this review will address
polymer blends, homopolymers, and block-copolymers.

Figure 5: A: Top-down view of PEDOT:PSS spin cast on glass. B: A view of cleaved PEDOT:PSS on glass, with the inset showing the orientation
of the sample. C: A schematic representation of the morphology seen, with d indicating the length of PEDOT domains, and h, the height.
Figure adapted with permissions from Wiley Publishing Company from Reference 91.

This journal is © The Royal Society of Chemistry 20xx
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2.4 Polymer Blends
2.4.1 PEDOT:PSS

PEDOT:PSS-based MIECs have dominated research interests in
MIECs thus PEDOT:PSS is a blended material of
poly(ethylenedioxythiophene) and poly(styrene sulfonate),

far.

where the sulfonate group of the PSS provides ionic conduction,
and the polythiophene backbone of the PEDOT provides
PEDOT:PSS is available as a
commercial suspension in water, and is also readily synthesized
and derivatized.87-8% Additionally, the sulfonate group acts to
dope the PEDOT backbone, increasing electronic conductivity of
the PEDOT backbone dramatically when compared to neat
PEDOT.%0%0 These advantages, along with its excellent film-
forming capacity, make PEDOT:PSS an attractive material for
MIECs, but predictive relationships remain limited due to its
complex morphology. The headway that has been made to
understanding the structure-property relationships of
PEDOT:PSS MIECs are described below.

PEDOT:PSS adopts a solid-state morphology with PEDOT rich
domains separated by a PSS rich matrix; an example of this
shown in Figure 5.2 This morphology is generated from the
solution state, where PSS anions encapsulate PEDOT-rich
domains, solubilizing them in water.?324 This skin layer of PSS is
maintained after spin-coating, and provides an electrically
insulating layer around the PEDOT layer, reducing the overall
electronic conduction.?> In order to improve this conduction,
largely revolving
around changing or controlling the morphology.

electronic conduction.>8385386

several strategies have been employed,
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Figure 6: a) The evolution of electronic conductivity and ionic mobility
and, b) demonstration of the evolution of transconductance with
increasing ethylene glycol content, and thus crystallinity. Figure
reproduced with permission from Springer Nature from Reference 95.
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One of the primary ways that researchers have worked to
change this morphology is by co-processing with a solvent
additive. The exact mechanism of enhancement is still unclear,
but several theories for the observed electronic conductivity
increases have been suggested.?® One is that these solvents
selectively solvate the polar PSS, resulting in a reduction of PSS
content in the film.%4°657 This reduced PSS content also leads to
an increase in the phase purity of the PEDOT domains. This
results in a transition from a 1D electronic charge hopping
method to a 3D interconnected network for charge transport,
resulting in a significant increase in conductivity by as much as
three orders of magnitude.®>°® Another proposed theory is that
the introduction of these solvents acts to screen excess PSS
from PEDOT, allowing reorienting and better phase-segregation
between PEDOT particles.®® This also results in greater
interconnectedness between adjacent PEDOT particles,
increasing the electronic conductivity.?® Processing with a co-
solvent can also change the structure of the polymer backbone.
For example, with a highly polar co-solvent, the PEDOT chains
change from a coil-like structure to an extended coil or even a
linear structure.199.101 This structural change results in better -
stacking interactions between PEDOT chains, enhancing charge
transport.1%2 Unfortunately, this solvent processing seems to
result in a concomitant reduction in ionic conduction, and co-
optimization has proven to be difficult. In the case of the
ethylene glycol cosolvent treatment, it was observed that with
increasing ethylene glycol content, though the electronic
conductivity increased, the ionic conductivity decreased. This
resulted in an initial increase in transconductance, but then a
decrease, as shown in Figure 6.%°

Post-processing treatment of films with strong acids, such as
concentrated sulfuric acid, has also resulted in an exceptionally
high electronic conductivity of 4,380 S/cm. This was done
through the formation of nanofibrils of PEDOT:PSS, and also
through the removal of excess PSS.193 However, to achieve this
extremely high conductivity, more than 70% of the PSS content
was removed, likely resulting in extremely poor ionic
conduction.'®* Similar experiments using several other acids
showed similar, albeit lesser increases in conductivity, but did
not show the formation of nanofibrils.1951% |nstead, similar to
changes observed from co-solvent processing, the increases
were attributed to a conformational change and a reduction of
PSS content.107:108 While not explicitly measured, it would be
reasonable to assume that similar to the co-solvent treatment
effects, acid treatment would reduce ionic conduction.

In addition to solvent-based processing, researchers have
investigated the effects of introducing cross-linking agents to
PEDOT:PSS. In conjugated polymers, introduction of cross-
linking agents results in an increase in the density of the
structure, and a reduction in the ability of the structure to
move.'% The predominant cross-linking agent for PEDOT:PSS is
(3-glycidyloxypropyl)trimethoxysilane (GOPS), which reacts
primarily with the sulfonate group of the PSS, as well as with
residual hydroxyl groups on substrate surfaces, as shown in
Figure 7.110-112

This journal is © The Royal Society of Chemistry 20xx
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Figure 7: Schematic representation of the morphology and mode of interaction from GOPS treated PEDOT:PSS. Shown at the right are GOPS
interactions with A, PSS in the polymer film and B, the substrate. Figure reproduced with permission from Wiley Publishing Group, Reference

115.

While GOPS increases the aqueous stability of PEDOT:PSS based
devices, it also reduces both the electronic and ionic
conductivity of the sample.’9113.114 Since GOPS only reacts with
the excess PSS, and does not cause a change in the extent of
oxidation of the PEDOT, this implies that the reduction in
electrical conductivity is only due to a morphological change.'>
The decrease in ionic conductivity was argued to be due to the
reduction in swelling of the polymer with water, resulting in a
denser polymer structure and reduced space for the ion to be
transported through.”®116117 The electronic conductivity
decrease was proposed to be due to an increase in the degree
of separation between conducting PEDOT domains.1t>117
Further work has shown that the degradation of electronic
conductivity is proportional to the loading of GOPS, and by
tailoring the concentration of GOPS, specific and controllable
electronic conduction, as well as aqueous stability, can be
obtained.'” A newer cross-linking agent, divinyl sulfone,
demonstrates less of an impact on the electronic conduction,
likely due to the difference in cross-linking mechanism, which
occurs with residual nucleophiles in the PEDOT:PSS suspension
rather than with the PSS.118 This formulation also presents the
interesting advantage of being capable of forming free-standing
films with reasonably high stretchability (15% maximum
elongation), potentially enabling use as a stretchable,
biointerfacing device.'*® Though no morphological studies have
been performed, crosslinking with the divalent cation Mg?*
through PSS anions results in only a 20% decrease in
conductivity as compared to neat PEDOT:PSS, and could present
an interesting mode of crosslinking for further study.1?°

In summary, PEDOT:PSS provides a complex morphology
that often complicates analysis of the connection between said
morphology and its performance. However, it has been shown
that treating PEDOT:PSS with solvents results in a significant
increase in electronic mobility, but also a significant decrease in
ionic conduction due to the increase in phase-segregation and
a reduction in overall PSS content. Further, treatment with acid
shows the same results, by increasing the degree of order of the
PEDOT domains, and by reducing the overall PSS content.
Crosslinking presents an interesting way of addressing the lack

This journal is © The Royal Society of Chemistry 20xx

of stability of PEDOT:PSS in water. By crosslinking, the electronic
mobility decreases slightly due to increasing separation
between adjacent conducting PEDOT-rich domains. lonic
conduction decreases due to a decrease in the available free
PSS, and a reduction in swelling.

2.4.2 Alternative Polymer Blends

While PEDOT:PSS represents an important MIEC blend, several
other blended polymers have been investigated to address
some of its drawbacks, such as cell toxicity and its high
acidity.121122 There is not as extensive of literature on other
blended polymers; however, efforts, especially into quantifying
electronic conductivity, have started appearing. A study into the
effects of adjusting the polyelectrolyte in PEDOT:PSS
determined several interesting effects. Similarly to PEDOT:PSS,
in PEDOT:poly[4-styrenesulfonyl (trifluoromethyl sulfonyl)
imide potassium salt] (PSTFSIK) it was observed that there is a
relationship between the extent of swelling and the ion
conduction of a sample. The greater the extent of swelling, the
higher the ionic conduction observed.'?3 Unlike PEDOT:PSS,
PEDOT:PSTFSIK forms highly interconnected agglomerates
upon dispersion from water, which could account for the high
electronic conductivity without the need for solvent
treatments. PEDOT:PSTFSIK  also
performance enhancement and increased phase purity upon
DMSO solvent treatment.1?* Interestingly, increasing the
molecular weight of the ionically conducting polymer had a
small, negative effect on the overall ionic conductivity, though
it also resulted in a small increase in the electronic

showed electronic

conductivity.??3 It was noted that counterions for the PEDOT
synthesis (K* vs. Li*) have minimal impact on the overall
performance of the produced polymer.123124 |n PEO blends with
PEDOT:PSS, with additional PEO content, higher electronic
conductivity is seen in the PEDOT phase.1?>126 This was
observed to occur through the increased interaction of PSS with
PEO, resulting in PEDOT which was better interconnected and
more phase pure.12>127 Encouragingly, this also results in an
increase in ionic conductivity.12>126  Additionally, these
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materials demonstrate a high ionic conduction in non-aqueous
(acetonitrile) electrolytes, whereas samples with only
PEDOT:PSS shows poor ionic conduction, a result likely due to
both the partial solubility of PEO in acetonitrile (enabling
swelling), and due to the intrinsic conductivity of PEO.1%¢ This
result implies the generality of solvent swelling on ionic
conduction, even with intrinsically ionically conducting
polymers. An unexpected benefit of blending PEO with
PEDOT:PSS is that the material becomes stretchable, able to
reach elongations of approximately 35%.%%7 In another study,
poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-phenylenevinylene]
(MEH-PPV) was blended with PEO, and the effects of variations
in solvent additives during processing were investigated. The
solvent additives were chosen to behave as surfactants, with
polar and nonpolar ends, increasing the degree of interaction of
the ionic and electronic conductors and resulting in an
interpenetrating network of MEH-PPV with PEO, as shown in
Figure 8.128 Similar networks are observed with the blending of
MEH-PPV and PEO without surfactants, though the extent of
phase-segregation appears to be less.’?® This highly
interconnected network is ideal for some MIEC devices, as it
allows high mobility of ions and electrons, and ready doping of
the conjugated backbone, leading to a strong and quick
response to an electrochemical signal.1?812? |t is interesting to
note that the introduction of a bifunctional additive appears to
significantly improve the lifetime of polymer light-emitting
electrochemical cells, likely by stabilizing the interpenetrating
network morphology and preventing aggregation.’?® This
reduction in degree of phase-separation can also be induced by
introducing functionalities into the polymer backbones that
improve the compatibility of the ionic and electronic conducting
polymers, the domain sizes can be decreased, and the degree
of intermixing of the two components improved.128130,131

LFEEW

“

A%
f "a..ﬁ'!!@

Figure 8: SEM image of an MEH-PPV-b-PEO film cast from a blend
containing a surfactant. For this image, the PEO was dissolved out of
the material to emphasize the interconnected morphology. Figure
reproduced with permission from American Institute of Physics,
Reference 128.
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There are still many unanswered questions about the
relation between morphology and MIEC performance in
blended polymer MIECs. However, some initial trends have
become clear. It is critical to balance the loading and final
quantities of the ionic and electronic conducting components,
to ensure that both conduction pathways will be viable. lonic
conduction requires disorder and amorphous structures,
whereas electronic requires compact and crystalline.!3?
Changing the polyanion for PEDOT synthesis to PSTFSIK results
in @ morphology with highly interconnected PEDOT domains,
which results in a significant increase in conductivity compared
to PSS. In polymer blends containing PEO, reducing the size of
the domains for each polymer results in better performance of
the MIEC by increasing transconductance. Specifically, in blends
of PEDOT:PSS with PEO, the PEO acted to increase the purity
and ordering of the PEDOT domains, increasing both ionic and
electronic conductivity.'?>126 Also, treatment of blends with
surfactants could result in a reduction of size scale of phase-
segregation, and result in the formation co-continuous
interpenetrating networks of ionic and electronic conduction.

2.5 Block Copolymers

Block copolymers (BCPs) can demonstrate phase-
segregation between the block phases, a phenomenon which
can drive interesting morphological features. This segregation is
often generated through hydrophobic/hydrophilic interactions,
which is also the case in common block copolymer MIECs; the
ion-conducting component is hydrophilic to facilitate
interactions with ions, whereas the electron-conducting
component is typically hydrophobic. These types of interactions
often lead to increased ordering of the respective phases, and,
due to the nanoscale length of segregation, results in highly
intermixed phases.133134 This highly ordered and intermixed
morphology seems promising for MIEC performance.

Early work in block copolymers showed that when
combined with an insulating block such as polystyrene, P3HT
showed self-assembly into nanofibrillar P3HT structures,
resulting in an increase in the neat electronic conductivity due
to improved ordering of the polymer backbone.’3®> The
introduction of ionic salts into block copolymers acts to stabilize
the phase-separation, increasing the temperature over which
BCPs maintain a phase-segregated morphology.13%137 By
replacing the insulating blocks with ionically conducting blocks,
additional functionality can be introduced; one such example of
this mixed functionality was shown with P3HT-b-PEO. The
phase-segregation present in this sample, as shown in Figure 9,
resulted in an increase in the electronic conductivity in spite of
the reduction in P3HT volume fraction, due to the increase in
ordering.13.14

The lamellar morphology also resulted in bicontinuous
pathways for both ionic and electronic conduction, allowing for
ionic conductivities of approximately 0.1 mS/cm. By heavily
doping the P3HT phase, significant electronic conductivity
increases are seen.’3® This result has the added advantage of
preventing over-discharging in battery electrodes,
resistance increases significantly with increasing state of

as the

This journal is © The Royal Society of Chemistry 20xx
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Figure 9:Tapping-mode AFM phase image of a) P3HT homopolymer and b) P3HT-PEQ. Figure reproduced with permission from John Wiley

and Sons, Reference 14.

discharge due to the reduction in oxidation state. The relative
molecular weights of the two blocks also play a significant role.
By varying the molecular weight of the components of the block
copolymer between 9 kg/mol-2 kg/mol and 5 kg/mol-4 kg/mol
P3HT-PEO, the morphology switches from a nanofibrillar to a
lamellar phase. This morphological change seems to improve
the ionic conduction, though that result could also be due to the
increase in PEO weight fraction.!3 It appears that this transition
results in a nearly complete exclusion of lithium from the P3HT
phase.®> A reduction of the enhancement of electronic
conduction from the addition of PEO is also seen with transition
from nanofibrillar to lamellar, though this change could also be
due to a reduction in the P3HT content, which has been shown
to limit electronic conduction enhancements from phase
segregation,13,14,139

P3HT-PEO block copolymers present several interesting
morphological features that have notable influences on the
MIEC performance. Phase-segregation in these materials drives
the formation of P3HT nanofibrils in a matrix of PEO, which
results in an increased electronic mobility by comparison to
neat P3HT. This phase-segregation results in a bi-continuous
network of ionically conducting PEO and electronically
conducting P3HT with a relatively small degree of separation
between the phases due to the chemical bonds between the
P3HT and PEO units of the block copolymer. By changing the
relative lengths of the P3HT and PEO units, the nanofibrillar
morphology can be changed to a lamellar one, a transition
which results in an increase in the ionic conductivity. Research
into block copolymer MIECs beyond P3HT-b-PEO are still quite
limited, and currently focus exclusively on morphological
characterization, rather than electronic or ionic conduction.14%-
142 As such, discussion of these materials has been excluded
from this work, though they represent promising potential
chemistries, and should be the subject of future research work
for MIECs.

This journal is © The Royal Society of Chemistry 20xx

2.6 Homopolymers

Some of the earliest work with MIECs involved the investigation
of homopolymers such as poly(3-methylthiophene),
polycarbazole, and polyacetylene.’*3146 They were poor
conductors of ions however, due to the significant
hydrophobicity of these polymers.? Hydrophobicity results in
strong phase-segregation of the ions out of the MIEC matrix and
a reduction in the dissociation of the ionic salt, thus reducing
both the concentration of ions and the ionic conductivity.
Polymers such as polyaniline and polypyrrole saw greater
success, due to the increased hydrophilicity of their
backbones.>147.148 Early work with polyaniline saw difficulties in
maintaining consistent morphologies from electrochemical
polymerizations, and also incomplete ion-migration into the
bulk of the film.#7 Polyaniline and polypyrrole saw significant
use as pH sensors, demonstrating marked changes in
conductivity.’714% An interesting method that resulted in
significant increases in electronic conductivity of polyaniline
was to gate the material using sulfuric acid, resulting in
conductivities as high as 1,000 S/cm. The origination of such a
strong increase was proposed to be due to the ability of the
weakly bound protons to diffuse through the amorphous
regions between highly crystalline islands, effectively mitigating
the low conductivity amorphous regions and improving
crystalline domain connectivity.'*° In an attempt to mitigate the
low ionic conductivity of polypyrrole, a PEO-modified
polypyrrole was synthesized, which enabled improved injection
of ions into the polypyrrole material, though no discussion as to
the morphological basis for this improvement was provided.>!
Recent work using a polymer acid (poly(2-acryl-amido-2-
methyl-1-propanesulfonic acid)) as a template has resulted in
increased stability, and improved water dispersibility of
polypyrrole, which has led to its use in fuel cells and in battery
electrodes.>7/1>2
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Polyaniline and polypyrrole both possess significant drawbacks
that have limited the scope of their usage. Polypyrrole has an
irreversible loss of conduction upon H,0, exposure, and
polyaniline loses its conductivity in environments with pH > 5.
From these significant drawbacks, and the difficulty of
processing polypyrrole and polyaniline, recent research has
begun to investigate alternative conjugated backbone
chemistries, specifically those conjugated polymers containing
hydrophilic moieties to enable improved ionic conduction.

A method for introducing hydrophilic groups is exchanging the
typical alkyl side chains of conjugated polymers for
oligoethylene glycol chains. As the side chains do not participate
in electronic conduction, they can be exchanged without
significantly altering the band-gap of the polymer, though they
can have a significant influence on the aggregation and
crystallization behavior.2>%53154 Early studies of oligoethylene
glycol-modified polythiophene showed that it demonstrated
excellent doping stability, an effect attributed to the increased
interactions between the hydrophilic side chains and the small-
molecule dopants.1>> A study into the effect of either an alkoxy
or oligoethylene glycol side chain for a PBTTT backbone showed
that, though the morphology of the two was similar, the
oligoethylene glycol allowed for bulk ionic transport (which was
unfortunately not quantified), whereas the alkoxy did not show
any. This could be a result of the intrinsic conductivity of the
oligoethylene glycol chains, or it could be a product of swelling.
Given results from PEDOT:PSS systems, it seems likely that
swelling is a significant component.”® However, an interesting
point was that the volumetric capacitance of the sample was
approximately six times larger for this polymer than for
PEDOT:PSS. This implies that though ionic conductivity was
lower (10% swelling as compared to 155% in PEDOT:PSS), there
was a greater availability of electronic doping sites, likely due to
the close proximity of ion conducting and electron conducting
moieties.' ® If this result proves to be general, it would be a
significant advantage for homopolymer MIECs. While an edge-
on texture does appear to result in an increase in electronic
mobility, it appears to have minimal influence over the ionic
conductivity.'>” A more significant influence appears to come
from the oligoethylene side chain density. Too high of a density
of oligoethylene glycol side chains leads to a reduction in
performance, as it is too detrimental to ordering and packing of
the m-stack, whereas too low a density results in too dense
packing, placing too strong a restriction on ionic transport.1>7:158
This modification of conjugated polymers with oligoethylene
glycol side chains has also been extended to n-type
semiconductors, with a recent paper investigating MIEC
performance of an naphthalenediimide (NDI)-based MIEC.158
The introduction of oligoethylene glycol side chains resulted in
a reduction of electronic mobility, a result due to an increase in
paracrystalline disorder and a crystalline form transition from
60% Form | and 40% Form Il to 90% Form |, reducing t-overlap.
Though the comparison is made with different conjugated
backbones, increasing the length of the oligoethylene glycol
side chains appears to increase the extent of swelling (10% in
the PBTTT as compared to 100% in NDI).
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Figure 10: The formation of a nanofibrillar morphology of PTHS upon
treatment of the polymer with ethylene glycol. A is the untreated
morphology, and B is the treated. Shown to the left is the height, and
the right is the phase image for each sample. Figure reproduced with
permission from John Wiley and Sons, from Reference 9.

In addition to oligoethylene glycol-substituted conjugated
polymers, ionic conductivity can be introduced into conjugated
polymers by synthesizing a conjugated polyelectrolyte.1>%160 |n
one such polymer, poly(3-carboxypentylthiophene), it was
shown that the introduction of a polar group, a carboxylic acid,
on the terminus of an alkyl side chain was sufficient to enable
ionic transport.’®® The effects of solvent treatment with
ethylene glycol on another conjugated polyelectrolyte, poly(6-
(thiophene-3-yl)hexane-1-sulfonate) tetrabutylammonium
[PTHS], were studied. Similarly to PEDOT:PSS, this treatment
resulted in increased ordering of the conjugated backbone,
resulting in the formation of a fibrillar morphology.>®® This
results in an increase in electronic conduction, as measured by
an approximately sevenfold increase in drain current as
compared to pristine PTHS.° Contrary to the results in
PEDQT:PSS, this treatment actually also increases the swelling
of the sample by 20% over the untreated sample and an
increase in the ionic conduction, an effect which was attributed
to the formation of the fibrillar morphology.®?>

There remains significant room for improvement in
understanding the connection between morphology and MIEC
performance in these homopolymer materials, particularly in
understanding the effects of side chain architectures on ionic
conduction; however, recent progress has been highly
encouraging. Hydrophilicity of at least a component of the
system is critical to increasing ion uptake and ionic conductivity.
Increasing the availability of electronic sites for doping
interactions leads to an increase in volumetric capacitance, an
effect which occurs by reducing the distance over which the
electronically conducting and ionically conducting segments are
separated. The spacing of oligoethylene glycol side chains is
critical. At too dense a spacing, the disruptions to the mr-stacking
ability results in a significant decrease in electronic conductivity,
and at too high of a spacing, the crystallite packing becomes too

This journal is © The Royal Society of Chemistry 20xx
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dense, and there is a reduction in the swelling of the polymer,
reducing ionic conductivity. In PTHS, the formation of
nanofibrillar structures through ethylene glycol treatment
resulted in both an increase in ionic and electronic conductivity,
in marked contrast to the results seen in PEDOT:PSS, and an
encouraging result, pointing to the possibility that co-optimizing
ionic and electronic conductivity is possible.

3. Conclusions and Future Outlook

Herein, the morphological considerations for MIEC
performance were discussed for three types of MIEC materials,
blended polymers, block copolymers, and homopolymers. Each
architecture used for producing MIECs offers its own unique
advantages and presents its own challenges. The trends
observed for each material class do not necessarily follow
between architectures, however, the information gained
regarding one system can provide insights into effective
methods for other architectures. For example, the treatment of
PTHS with ethylene glycol was inspired by the treatment of
PEDOT:PSS with ethylene glycol, but the results were not the
same for both materials. More work is needed to understand
and connect what morphological properties are advantageous
for ionic and electronic conduction enhancement, with the
ultimate goal to be to develop structure/property relations for
each of these architectures of materials.

By summarizing the work that has been done to connect the
morphologies generated for each of these architectures to the
resultant properties, it is hoped that an expanded appreciation
of the importance of this understanding is gained. The
consideration of morphology and its influence on MIEC
performance is still relatively new, but it presents an
opportunity for significant advancement of MIECs and their use
in a number of applications. Unexpected results, such as the
increasing ionic conductivity with increasing crystallinity in
PTHS, should be investigated deeply, then investigated in other
polymer systems, for pushing the bounds of our current
knowledge. Further investigation into modifying both the
length and the polarity of the ion-conducting side chains could
prove advantageous. It is currently unclear to what extent
changing the length of these chains will modify the ionic and
electronic conduction and what effect it will have on the
polymer morphology. An additional important consideration is
migrating from aqueous electrolytes to organic electrolytes. In
particular, it will be interesting to see if the same performance
trends observed with aqueous electrolytes are maintained for
organic electrolytes, due to the differences in swelling that
would be expected for a more non-polar electrolyte. Finally,
ionic liquids have proven to be quite powerful in improving the
ionic conduction in electrolytes, and incorporation of such
moieties into a polymer backbone could result in significant
improvements in ionic conductivity, especially when coupled
with an ionic liquid as a gating electrolyte. The potential for
improvements possible through improved morphological
understanding is encouraging and could potentially allow the
application of this technology in a host of devices, including

This journal is © The Royal Society of Chemistry 20xx

such devices as body-integrated sensors and in electrochemical
devices such as batteries.
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