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1 Introduction

Mechanics and Dynamics
of Organic Mixed lonic-Electronic
Conductors

Organic mixed ionic-electronic conductors (OMIECs) are a class of materials that can
transport ionic and electronic charge carriers simultaneously. They have shown broad
applications in soft robotics, electrochemical transistors, and bio-electronics. The
structural response of OMIECs to the mixed conduction populates from molecular
conformation to devices, presenting challenges in understanding their mechanical behavior
and constitutive descriptions. Furthermore, OMIECs feature strong multiphysics inter-
actions among mechanics, electrostatics, charge conduction, mass transport, and micro-
structural evolution. In this review, we summarize recent progress in mechanistic
understanding of OMIECs and highlight dynamics and heterogeneity underlying each
element of mechanics. We introduce strain activation and breathing, mechanical properties,
and degradation of OMIECs upon electrochemical doping and dedoping. Drawing on the
state-of-the-art experimental and simulation insights, we highlight the critical role of
multiscale dynamics in governing the functionality of OMIECs. We discuss the current
understanding and limitation of constitutive relations and present computational frame-
works that integrate multiphysics. We synthesize mechanics-driven strategies—spanning
strain modulation, material stretchability, and interfacial stability—from molecular design
to macroscopic structural engineering. We conclude with our perspective on the outstanding
questions and key challenges for continued research. This review aims to organize the
Jfundamental mechanical principles of OMIECs, offering a multidisciplinary framework for
researchers to identify, analyze, and address mechanical challenges in mixed conducting
polymers and their applications. [DOI: 10.1115/1.4068298]

conduction of charge carriers are present. Intrachain conduction is

Organic mixed ionic-electronic conductors (OMIECs) are a
family of materials that have relatively high ionic conductivity [1,2]
and electronic conductivity [3—5]. This review focuses on intrinsi-
cally mixed conductive m-conjugated materials, although other
materials may also exhibit mixed conductivity, such as carbon
nanotube composites with electrically insulating polymers and
metal-organic frameworks (MOFs) [6]. Examples of n-conjugated
materials include small molecules such as phenylene—
bithiophene—phenylene (PTTP) [7,8], and polymers such as
heterogeneous composite poly(3,4-ethylenedioxythiophene):
polystyrene sulfonate (PEDOT:PSS) and homogeneous poly(3,3-
dihexyl-3,4-dihydro-2H-thieno|[3,4-b][1,4]dioxepine) (PProDOT-
(Hx),) [9-11], Fig. 1(a).

Figure 1(b) shows the ionic and electronic conductivities of
OMIEC materials [10] along with carbon and copper. As an
example, MeOH/EtOH shear films of PEDOT:PSS achieved
electrical conductivity of 8500400 S em™! [12,13], which is
about the conductivity of tin. Electronic conduction of OMIECs is
enabled by holes (electron vacancy) in p-type OMIECs, and by
electrons in n-type OMIECs. Both intrachain and interchain
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along the molecular backbone of n-conjugated materials, which is
often simplified as alternating single and double bonds. The out-of-
plane nature of the m bonds allows partial overlapping of electron
clouds, or electron delocalization, enabling charge carriers to flow
along the negative gradient of electrochemical potential. Interchain
conduction occurs by hopping across molecules. This is sometimes
assisted by a tie-chain from one crystalline domain to another [14],
Fig. 1(c). Different models have been proposed to describe
interchain electronic conduction in OMIECs, such as the variable
range hopping model [7,15]. With more charge carriers, the
electronic conductivity of the OMIEC backbone increases, and a
percolative conduction network [16] is formed through intra- and
interchain transport.

When OMIECs are in contact with an electrolyte, three typical
processes take place near the OMIEC-electrolyte interface:
solvation of the surface strands or partial dissolution [17], charge
accumulation within the electrical double layer due to electro-
chemical potential difference and dipole interactions, and mass
exchange across the interface. Mass exchange is through two
mechanisms, Fig. 1(d). For relatively flexible chains where the
persistent length of the chain is comparable to or smaller than the
size of solvated ions [18], segment motion [19] wraps the solvents
and ions, and assists with ion transport [20,21]. When the chains are
relatively rigid, the solvents and ions diffuse in a “static”’ network of
chains. The ingression of ions and solvents leads to mechanical
swelling of OMIECsS, microstructural annealing [22], softening [23],
and charge redistribution [24], all of which subsequently influence

MAY 2025, Vol. 77 / 030801-1



(a) Material types (b) Conductivity
Heterogeneous Homogeneous A
10° - carbon
PProDOT-(EtHXx),
E
15 107 -
P2 OMIEC |
9 o 5 i
A 19 g0
\ [ §
J o ! B :
10—12 1 1 1 1 1 1 1 Cu;i
1078 107* 10° 10*
Oelectronic (S/cm)

lonic conduction

Polaron in PEDOT

Grain 1

Sﬂ.h ]
Tie chai
%In

Segment motion

Vehicle

Fig. 1
homogeneous (PProDOT-(EtHx)2) OMIECs, (b) electronic

Overview of OMIECs: (a) representative molecular structures of heterogeneous (PEDOT:PSS) and

and ionic conductivities of OMIECs, (¢) mechanism of

electronic conduction in PEDOT, including polaron formation, intrachain and interchain transport, and (d) mechanism
of ionic conduction, including segment motion and vehicle motion

the mass transport process. The phenomena are well documented in
similar materials such as polyelectrolytes [25] and hydrogels [26].

Ionic and electronic conductions are intimately coupled in
OMIEC:s and are both dictated by the microstructure of conducting
materials and the external mechanical [27], chemical [28], electrical
[29], and optical [30] fields. When electrons are extracted from a p-
type OMIEC, electroneutrality requires injection of counteranions
to (or ejection of complementary cations from) the vicinity of holes.
In heterogeneous systems such as PEDOT:PSS, electronic con-
duction is through the semicrystalline PEDOT phase, and ion
conduction is mostly in the amorphous PSS domain. For
homogeneous materials, electronic conduction is along the
molecular backbones while ionic conduction is through the side-
chainregion [31] or via unzipping/zipping mechanism in crystalline
materials. The electrochemical redox reaction in OMIECs involving
charge and mass transport is called doping and dedoping.

The charge (both electronic and ionic) and mass (such as solvent)
transport induce mechanical strain and microstructural evolution
such as change in crystallinity and phase segregation, which in turn,
greatly affects the transport properties [32-34]. For example, the
ionic conductivity of LiTFSI doped polyethers depends nonlinearly
on water uptake, where the initial sorbed water slightly changes the
conductivity, and a more significant increase in conductivity was
observed with excessive swelling [35]. Recent work also argues that
multicharged electronic complexes in OMIECs lead to structural
ordering and disordering [36] and impact the mobility of charge
carriers. These literature highlight the multiphysics complexity,
both spatially and temporally, and call for a holistic perspective in
understanding the working principle of OMIECs.

1.1 Emerging Applications of Organic Mixed Ionic-
Electronic Conductors. The rich multiphysics in OMIECs have
found many emerging applications, as shown in Fig. 2. The ability to
volumetrically store charged ions provides OMIECs with high
volumetric capacitance as supercapacitors [37]. Ion insertion/
ejection-induced swelling/contraction can be utilized in double
cantilever beam architectures acting as actuators for soft robots
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[38—40]. Charge extraction and insertion modulate the electronic
structure of molecular backbones and absorption in the visible
spectrum, which is used in electrochromic displays [41,42].
Notably, organic electrochromic displays have much shorter
switching times and more color options than their inorganic
counterparts thanks to the vast design space of molecular backbones.
In an organic light-emitting electrochemical cell, the OMIEC is
sandwiched between two metal electrodes, and light is emitted from
the OMIEC layer when the electron and hole pairs recombine
[43,44]. In organic thermoelectric devices [45], charge carriers
redistribute and create an electrical potential difference when a
thermal gradient presents across an OMIEC.

Another exemplary application is organic electrochemical
transistors (OECTs) which take advantage of the mixed conduction
and the insulator-to-conductor transition in an OMIEC [48]. An
OECT consists of an electric circuit and an ionic circuit. The electric
circuit is made of a source electrode (usually grounded) and a drain
electrode separated by a semiconducting OMIEC channel. The
electrical current in the electric circuit depends on the electrical
conductivity of the OMIEC channel, which is modulated by the ionic
circuit. The ionic flow is from the gate electrode in an electrolyte to
the OMIEC channel. Therefore, the conductivity of the OMIEC
channel and the drain current can be controlled by the gate voltage.
OECTs are used in versatile applications, for instance, in chemical
and biological sensing [49-51], where subtle differences in the gate
voltage or the electrolyte condition can be amplified as large
electrical current readout from the drain electrode. Also in logical
circuits, OECT array-based complementary circuits [52] and
neuromorphic computing [30,53] devices have been demonstrated.

1.2 Dynamics of Organic Mixed Ionic-Electronic
Conductors. A salient feature of conducting polymers is that their
molecular motifs, microstructure, and physiochemical properties
evolve dynamically in the course of doping and dedoping. Figure 3
highlights a few examples of dynamics in OMIECs.

Packing motifs: Polymer chains stack with each other perpen-
dicular to the backbone with a typical distance of ~3 —4 A (1 — =
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Fig.2 Application of OMIECs owing to their mixed conduction nature. Examples include electrochromics
(reprinted with permission from Ref. [46]), actuators (reprinted with permission from Ref. [38]),
supercapacitors (reprinted with permission from Ref. [37]), light-emitting cells (reprinted with permission
from Ref. [44]), OECTs (reprinted with permission from Ref. [47]), and thermoelectric devices (reprinted with
permission from Ref. [45]).
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Fig.3 Dynamic properties of OMIECs during doping and dedoping. (a) GIWAXS patterns of PB2T-TEG at neutral, phase-separated,
and oxidized states. Reprinted with permission from Ref. [31]. (b) AFM height profiles of as-prepared, dedoped, and redoped PBFDO
film. Reprinted with permission from Ref. [54]. (¢) Elastic modulus and hardness of pristine dry, PC-immersed, first oxidized, 100th
reduced, and 100th oxidized PProDOT thin film measured by in situ nano-indentation. Reprinted with permission from Ref. [55]. (d) The
electronic and ionic conductivity of P3HT and PProDOT-Hx, as a function of doping level. Reprinted with permission from Ref. [56].
(e) Evolution of the absorbance spectrum of p([75:25]NDI-g3T2) during the first doping/dedoping cycle. Reprinted with permission
from Ref. [57].
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stacking). Stacks of the chains are then packed in a way such that the
side chains are in contact (lamellar packing) [58]. Upon doping,
insertion of ions and solvents disturbs molecular packing structures,
which can be characterized by X-ray scattering techniques such as
grazing incidence wide-angle X-ray scattering (GIWAXS) [31],
Fig. 3(a). During doping of PB2T-TEG, the loss of crystallinity is
inferred by the decrease of the number of distinct diffractions in the
GIWAXS patterns. Structural annealing can also induce local
crystallization as evidenced by the emergence of the (010) peak at
full oxidation. Solvent aggregation in the side-chain region
increases the lamellar packing distance as shown by the (h00)
reflections.

Surface morphology: The surface morphology co-evolves with
the molecular packing motif, and the microstructure may swell
heterogeneously due to solvent and salt uptake during doping.
Figure 3(b) shows the height profiles of PBFDO where the root mean
squared roughness (R,) increased from 2.35nm to 2.71 nm upon
dedoping and further to 3.24 nm after redoping [54].

Mechanical properties: The structural evolution and volumetric
swelling during doping result in the variation of mechanical
properties. The stiffness of polymers is related to the conformational
entropy and enthalpic interactions of chains. Although a stiffer
backbone is formed in the transition from the aromatic to quinoid
structures by charge delocalization along the chains, material
swelling usually has a larger effect on the stiffness which leads to
decreased chain density and therefore reduced elastic modulus
[29,55]. Figure 3(c) shows the elastic modulus and hardness of
PProDOT thin films at the dry, wet, oxidized, and reduced states at
different cycles measured by in situ nano-indentation.

Transport properties: Doping increases the density and mobility
of electronic charge carriers, and the electronic conductivity can be
increased by several orders of magnitude [56], Fig. 3(d). In contrast,
the change of ionic conductivity during doping depends on the
microstructure of the material. For crystalline-like OMIECs such as
P3HT, doping causes loss of crystallinity and opens channels for
ionic transport. Therefore, the ionic conductivity increases by about
two orders of magnitude. However, for noncrystalline PProDOT-
HX, with open structures, doping does not significantly change the
ionic conductivity [22,56].

Optical properties: The electronic properties ultimately deter-
mine the absorbance spectrum of OMIECs. A precise control of the
bandgap can be leveraged to tune the color and transparency of
OMIECs. From the electronic structure view, charges on the
backbone polarize its vicinity, interact with other charges, and form
quasi-particles which are called polarons and bipolarons. Those
charge carriers can be traced by the distinct peaks in the absorbance
spectra, for example, polaron and bipolaron absorption of p([75:25]
NDI-g3T2) are centered at~575nm and ~625nm as shown in
Fig. 3(e), respectively [57].

1.3 Strain Activation of Organic Mixed Ionic-Electronic
Conductors. Strain activation is intrinsic to the operation of
OMIEC:S in response to the local electrostatic interactions as well
as the migration of compensating counterions and solvents from
the surrounding electrolyte. The mechanical response of OMIECs
should be tailored to their specific applications. In OMIECs that
make use of strain activation for actuators, the volumetric strain is
desired to be maximized for a large range of motion. Similarly, in
a design of fluid microfilters [59] where polypyrrole (PPy) is
coated on equal-spaced micropillar electrodes, Fig. 4(a), strain
activation by sodium ion ingression determines the actual
interpillar distance for sieving particles of various sizes. The
accurate control of the doping level of OMIECs allows fine tune of
the interpillar distance, and multisize selectivity of microfilter
can then be achieved.

Mechanical swelling of conducting polymers can be detrimental
to devices and their strain activation needs to be minimized. In
applications such as organic electrochromic devices (OECDs), the
conducting film is often bonded on a current-collector substrate
which is mechanically inactive. Deformation of OMIECs causes
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Fig.4 Strainactivation of OMIECs and its applications. (a) Strain
actuation in microfilters where deformation is desired to be
maximized. Reprinted with permission from Ref. [59]. (b) Breath-
ing strain in film-substrate systems where minimized mismatch
strain is needed for enhanced device durability. Reprinted with
permission from Ref. [55]. (¢) Strain activation in OECTs and bio-
electronics where the swelling should be optimized for balanced
rate and capacitive performance. Reprinted with permission from
Ref. [60].

stress concentration at the interface [55] which induces wrinkling,
cracking, and delamination of OMIEC films, Fig. 4(b). The
structural disintegration disrupts charge transport and impairs the
device’s performance and durability due to the repetitive strain
activation in each doping cycle. Yet, in other applications such as
OECTs for biosensors [60], moderate electrolyte uptake and
associated strain activation are necessary for a balanced high
transconductance (ratio of the change in drain current to the change
in gate voltage) and a fast rate performance, Fig. 4(c). While the
transconductance often decreases nonlinearly with the volumetric
strain, the response time of OECTs, determined by the conductivity
of OMIECs, reaches a minimum before the percolation network for
charge transport is disrupted by excessive strain activation.

1.4 Mechanical Failure in Organic Mixed Ionic-Electronic
Conductor-Based Devices. Structural disintegration is one of the
key mechanisms, along with the chemical and environmental
degradation, that lead to the failure of OMIEC-based devices in

Transactions of the ASME
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Fig. 5 Mechanical failure and its adverse consequence in OMIECs. (a) Cracking of OMIEC thin films shown by optical microscopy
images of Px~-PDMS (top) and Px-tough interface (Px-Tl) (bottom) (x =2, 3, 4). Scale bars: 20 um. Reprinted with permission from
Ref. [61]. (b) Creep, hysteresis, and stress relaxation in PEDOT:PSS/PAAMPSAVIL films. Reprinted with permission from Ref. [62].
(¢) Interfacial delamination, (d) mechanical degradation, and (e) optical inactivity in PProDOT thin films over extended cycles.

Reprinted with permission from Ref. [63].

long-term use. OMIECs are typically synthesized in solutions and
coated as a thin film on a hard or soft substrate. Maintaining
mechanical integrity, while allowing the breathing strain in the
conducting polymers, has been a key challenge to retain the mixed
conduction and functionality of the devices. Figure 5 demonstrates a
few typical mechanical failure modes in OMIECs.

Thin film OMIECs bonded with soft substrates are often used for
stretchable electronics such as wearable devices. Subject to the
external stretch, channel cracking is found to be a dominating failure
mode that disrupts charge conduction as shown in Fig. 5(a). At the
material level, OMIECs also experience creep, stress relaxation, and
hysteresis under external load, Fig. 5(b), making the electric output
of actuators and soft robots less predictable.

Delamination derived from the edge of the interface with the
current collector is another roadblock of the device durability.
Figures 5(c)-5(e) show the observation of mechanical failure in poly
(3,4-propylenedioxythiophene) (PProDOT) thin films on an indium
tin oxide (ITO) coated glass substrate in an OECD. PProDOT
gradually loses contact with the conductive substrate, which
impedes the electronic and ionic conduction and ultimately causes
uneven electrochromic color switching, reduced mechanical
activity, and significantly reduced capability to modulate trans-
parency in electrochromic devices. This example is a demonstration
of how the mechanical response and degradation in OMIECs result
in the convoluted consequences in their electrical, chemical, and
optical properties. When it comes to the stability design of OMIEC
devices in practical use, the multiphysics including the intimate
coupling between strain activation, charge and mass transport,
microstructure evolution, and structural mechanics must be taken
into consideration.

1.5 Outline of the Review. The recent rapid development of
organic electronics has catalyzed substantial progress in synthesiz-
ing and designing OMIECs. There are several notable reviews on the
materials aspect of OMIECs [11,64,65], along with general reviews
of the mechanics of soft and polymeric materials [66,67]. This
review centers on the mechanics of OMIECs, emphasizing their
dynamic behaviors, multiscale microstructural features, and the

Applied Mechanics Reviews

interplay between mechanical, electrochemical, and transport
phenomena. We further explore how mechanics-driven design
principles can optimize OMIEC performance. Specifically,

e Section 2 examines mechanical breathing—a phenomenon
driven by mixed conduction—detailing passive/active swel-
ling, electrochemical conditioning, microstructural annealing,
and molecular-scale mechanisms of strain activation.

e Section 3 presents characterization techniques of mechanical
properties across temporal and spatial scales, linking mechan-
ical properties to doping kinetics for predictive material design
and inferring doping kinetics from the mechanical
measurements.

e Section 4 evaluates the constitutive models of polymeric
materials and their strengths and limitations in describing
OMIEC materials. This leads us to the physics-based
continuum description of OMIECs and, in particular, the
stress-transport coupling phenomena.

e Section 5 outlines design strategies to harness strain activation,
enhance stretchability, and improve interfacial stability (e.g.,
adhesion, durability) through molecular engineering and
structural optimization.

We conclude by identifying unresolved challenges—such as
reconciling multiscale dynamics and improving device longevity—
and opportunities for continued research. By structuring core
mechanical principles of OMIECs, this review provides an
interdisciplinary foundation for researchers to diagnose and tackle
mechanical challenges in next-generation mixed conducting
materials and devices.

2 Mechanical Breathing in Organic Mixed
Ionic-Electronic Conductors

This section focuses on mechanical breathing—the repetitive
volumetric swelling and shrinking—in OMIECs associated with
electrochemical cycles of doping and dedoping. The deformation
behavior of OMIECs is categorized into three distinct regimes:
passive swelling, driven by thermodynamic absorption of solvent

MAY 2025, Vol. 77 [ 030801-5
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Fig. 6 Schematics of OMIECs at different states and microstructural features across different scales when
OMIECs are in contact with the electrolyte. (a) OMIECs at the pristine dry, passive swelling, electrochemical
conditioning, and breathing states. (b) Microstructural response of OMIECs populated at different scales,
including chain conformational change at the molecular scale, packing motif at the intermolecular scale, texture
evolution at the mesoscale, and overall volumetric change at the device level. Reprinted with permission from

Ref. [11].

and ions in the absence of electrochemical bias; electrochemical
conditioning, marked by irreversible microstructural reorganization
during initial doping/dedoping cycles; and active swelling, involv-
ing reversible volumetric changes during sustained electrochemical
operation. To elucidate these phenomena, we evaluate characteri-
zation techniques suited to different time and length scales, survey
breathing strains in representative OMIECs, provide a mechanistic
understanding of strain activation at the molecular scale, and
correlate the kinetics of doping and dedoping of OMIECs with their
mechanical response.

Figure 6(a) illustrates schematic representations of the polymer
network in OMIEC:s at four distinct states. When submerged in a liquid
electrolyte, dry OMIECs undergo passive swelling, where solvents and
ions diffuse unevenly into the polymer matrix, driven by localized
hydrophilicity (e.g., polar side chains). Active swelling initiates upon
chemical or electrochemical introduction of dopants (charged species),
triggering reversible volumetric changes. During the first few redox
cycles, OMIECs with densely packed microstructures experience
electrochemical conditioning, a reorganization process that stabilizes
ion transport pathways and reduces irreversible deformation. Beyond
this conditioning phase, swelling becomes predictable and cyclic during
long-term operation. Concurrent with the breathing of OMIEC:s is the
evolution of the structural features populated across several orders of
magnitude spanning from molecular interactions to devices, Fig. 6(b).
At the molecular/intermolecular scale, chain conformation depends on
the doping level, side-chain hydrophilicity/lipophilicity (governing
solvent uptake), and the solvation structure of dopants. At the mesoscale,
heterogeneous phase domains (e.g., crystalline versus amorphous

030801-6 / Vol. 77, MAY 2025

regions) modulate mechanical deformation. These domains, charac-
terized by variations in crystallinity, composition, or hydrophilicity,
influence swelling anisotropy and stress distribution. Notably, crystallite
orientation relative to the substrate (e.g., edge-on versus face-on
stacking) further impacts mechanical and electrochemical properties, as
face-on stacked OMIECs exhibit higher resistance of ion permeability
compared to the edge-on stacked counterparts [68]. At the macroscopic
scale for devices, mechanical deformation is purposely harnessed in
actuators, optimized for balanced rate and capacitive performance, or
suppressed in film-substrate systems as discussed earlier.

2.1 Characterization Methods. Deformation takes place at
different length scales such as macroscopic swelling, local
microscopic deformation, and molecular packing and conforma-
tional change. Figure 7 provides a survey about the characterization
methods of mechanical deformation in OMIECs at different scales
spanning from the molecular scale to devices. The tensile test and
electrochemical quartz crystal microbalance with dissipation
(EQCM-D) method usually measure the macroscopic volumetric
change of bulk materials; ellipsometry, nano-indentation, and AFM
techniques provide morphological information at the micron down
to nanometer scales; X-ray, electron microscopy, neutron scattering,
and molecular dynamics (MD) modeling help understand the
molecular scale behavior such as chain stacking and orientation.
Therefore, deformation measurement should be put into the context
of the characterization technique, working environment, and sample
history. For instance, most conducting polymers exhibit strong

Transactions of the ASME
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Fig. 7 Characterization methods of mechanical breathing.
Methods include mechanical (tensile, EQCM-D) tests, imaging
(optical and electron microscopy), ellipsometry, scanning probe
microscopy (nano-indentation, AFM, ESM), scattering (X-ray,
neutron, electron), and molecular simulations, which cover
length scales from the molecular chain to device levels, and
processes including degradation, creep, swelling, device oper-
ation, ion diffusion, chain vibration [69], and charge transfer [70].

heterogeneity in their microstructures, and local measurement
of mechanical behaviors may largely deviate from the bulk
property. When thin film samples are vitrified at the liquid
nitrogen temperature in electron diffraction measurements, the
result would only represent a snapshot of the dynamically
evolving microstructure. In addition, OMIECs often show large
irreversible deformation in the first few redox reactions—
referred to as electrochemical break-in or conditioning—while
their deformation becomes more reversible in subsequent
cycles. In the following, we will briefly introduce each
characterization method.

The optical imaging method [71] is facile to make a qualitative
measurement of deformation. For example, >1000% volumetric
swelling [72] is observed in a conjugated polymer poly-[3,3’-bis(2-
(2-(2-methoxyethoxy)ethoxy)ethoxy)-2,2-bithiophene], p(gT2),
using optical microscopy. The large deformation is mostly due to
solvent uptake by hydrophilic chains. Ellipsometry is a useful
quantitative method [73,74], in which light interacts with the target
material and the polarization change is quantified by the amplitude
ratio and phase difference. Since the interaction is sensitive to the
thickness and dielectric properties of the material, ellipsometry is a
noncontact technique to measure the deformation of OMIECs
during redox reactions.

The mechanical behavior of OMIECs is traditionally charac-
terized by servomotor-based tensile tests [75-77]. A free-standing
thin film is stretched between two conductive clamps in the
electrolyte, and a small, constant (~uN) force is applied. The redox
reaction triggers deformation of the thin film which is recorded by
the tensile machine. Nevertheless, when the conducting polymer is
thin, the processes of making free-standing films and sample
clamping are challenging.

Developed in the 1980s, EQCM-D works for thin films of small
area [78-81], where the materials are coated on the piezoelectric
quartz crystal, and an alternating current is applied to excite the
vibration of the composite of thin film and quartz crystal. When it
deforms, the oscillation frequency is changed enabling the
determination of change of the film thickness. Note that in
EQCM-D, the frequency change and dissipation are often related
to the stress—strain relationship, thickness, density, viscosity, and
shear modulus of the film as well as the density and viscosity of the
contacting liquid or gas. Such information is needed for accurate
measurements.

Nano-indentation measures the force—displacement response of
materials at microscale. We introduced two in situ methods to
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measure the mechanical breathing strain of OMIEC materials in a
customized liquid cell [55,63]. In the static condition, we measure
the breathing strain in a PProDOT film on ITO via the scratch test
and targeted indentation. In the dynamic setting, we track the surface
motion of thin-film electrodes during long redox cycles by applying
a small force on the film. Atomic force microscopy (AFM) [82] and
its most recent derivatives such as electrochemical strain micros-
copy (ESM) [83,84] probe deformation using a nanometer-sized tip.
When an OMIEC film is immersed in the electrolyte, the conductive
ESM tip taps its surface. The tapping mode induces local electro-
chemical reactions, and the mechanical response is measured by the
deflection of the cantilever tip.

At the molecular level, crystalline domains of an OMIEC exhibit
n-1 and lamellar stackings surrounded by amorphous regions. Upon
deformation, the stacking distance and chain conformation can
change dramatically. Recently, X-ray [85] and neutron scattering
[86], electron microscopy imaging [87], and electron diffraction
[58,88] become the go-to methods for understanding the molecular
information in OMIECs. Distinct peaks in the X-ray scattering and
electron diffraction patterns can resolve the molecular packing
distance and orientation in the crystalline domains and provide aring
pattern corresponding to the molecular spacing in the amorphous
region. By measuring the distance between the direct beam and the
scattered/diffracted beam, the stacking distance can be locally
resolved. While X-ray scattering reports an averaged value in a
micron-sized region, electron diffraction can resolve stacking
spacing at the nanometer scale. In these measurements, potential
damage by electrons and high-energy X-rays should be carefully
controlled. By minimizing electron beam damage, n— stacking [89]
and even CH, groups [90,91] can be observed in conjugated
polymers using high-resolution transmission electron microscopy.
In parallel, neutron scattering [92-94] is particularly helpful in
detecting the conformation and persistent length of polymer chains
in OMIECs. OMIECs are generally stiffer compared to other
hydrocarbon chains due to the ring-embedding bulky backbones,
and the persistent length can range from a few to tens of nanometers
[95].

Molecular dynamics simulations serve as “computational micro-
scopy”, which can capture material swelling, chain conformation
changes, and even charge transport behaviors [72,96]. With the MD
model, intermolecular packing motifs are characterized by com-
puted XRD, radial distribution function, and coordination number,
while chain conformation is represented by the end-to-end distance
and persistence length. Two types of modeling—coarse-grained
(CG) and all-atom (AA) MD—provide complementary hierarchical
structural information of OMIECs. By treating a group of atoms as a
single bead, CG models consisting of beads allow observation of
heterogeneous ion and solvent absorption in OMIECs. The model
size can be up to hundreds of nanometers, at the expense of resolving
quantitative intermolecular structure and evolution. In comparison,
AA MD describes all atoms explicitly and provides more quantified
chain conformation and intermolecular packing structures of
OMIECs upon strain activation with subnanosecond temporal
resolution. Nevertheless, its size is limited to tens of nanometers
and itis difficult to include mesoscale heterogeneity in the modeling.

The temporal resolution of the aforementioned techniques is
largely different as well, representing physical processes related to
mechanical deformation at different time scales. Generally, contact-
based methods such as tensile test, nano-indentation, and AFM have
a relatively low temporal resolution (~100ms). They capture the
material behaviors such as damage, creep, and active swelling.
Ellipsometry and X-ray-based techniques are good tools for
studying dynamic processes at shorter time scales (<100 ms) such
as ion transport, device switching, and phase evolution [97].

2.2 Passive Swelling. Thermodynamically, passive swelling is
driven by the entropy change of the polymer network from the
unswollen to the swollen state [98], Fig. 8(a). Specifically, process
(1) describes the formation of a network from chains, process (2) is
associated with the mixing of chains with solvent molecules, and
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process (3) relates to chain interlinking to form a network with the
presence of solvents. Correspondingly, the entropy change of
passive swelling of the OMIEC network in contact with solvent
molecules (process (4)) can be calculated by the difference between
the sum of entropies of processes (2) and (3) and that of (1).

Figure 8(b) gives a survey of the ratios of passive swelling mass
(solid symbols) and volume (open symbols) in representative
OMIECs which span a wide range from a few to more than one
hundred percentages.

Recently, four-dimensional scanning transmission electron
microscopy (4D-STEM) has been used to study the microstructural
evolution in OMIECs. In 4D-STEM, a two-dimensional area is
raster-scanned with a nanometer-sized electron beam, which
generates a two-dimensional diffraction pattern at each scanning

point. The technique reveals molecular and crystal stacking at
nanoscale resolution. Notably, the Salleo group analyzed p(g3T2) in
the dry, passively swollen, and subsequent dried states. The
diffraction patterns are shown in Figs. 9(a)-9(c), and the radial-
integrated intensity profiles reveal the lamellar, backbone, and n—n
stackings. The observations are insightful. First, the diffraction
results show that the crystalline order at the mesoscale is preserved
upon passive swelling. In addition, the lamellar stacking distance
increased by ~50%, while the backbone and n—n stacking signals
show only subtle changes (<5%). These results indicate that water
ingression into the side chain regions is the primary driving force for
swelling, rather than the ions. The relative intensity changes of the
lamellar, backbone, and n—n stacking signals also suggest the
drastic structural annealing upon swelling. Next, when the swollen
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Fig. 9 Structural analysis of as-prepared and passively swollen p(g3T2). The diffraction patterns (DPs) and corresponding radial
integrated intensity profiles for p(g3T2) films in (a) dry, (b) passively swollen in water, and (c) passively swollen in 0.1 M NaCl aqueous
electrolyte. The DPs are in the swollen (left) and dried after swollen (right) state. 4D-STEM analysis of orientation of edge-on (colored)
and face-on (grayscale) crystallites of p(g3T2) in (d) as-prepared dry, () passively swollen in water, and (f) passively swollen in 0.1 M
NaCl aqueous electrolyte. Reprinted with permission from Ref. [58]. Scale bars: 2 nm~', 200 nm.
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polymer is dried in situ, the stacking signals are recovered,
suggesting that the registry between polymers and the chain
planarity remains. At each scanning point, the edge-on (n—n
stacking is parallel to the substrate) and face-on (n—m stacking is
perpendicular to the substrate) orientation maps of OMIECs are
derived as shown in Figs. 9(d)-9(f). Lines in the maps show the
direction of polymer chains, and the color code in the edge-on
orientation represents different angles with respect to the horizontal
direction. For as-prepared p(g3T2), the continuous edge-on
orientation map demonstrates the liquid-crystal-like nature of the
film. Yellow ellipses highlight noncontinuous face-on crystallites
with long-range orientation correlations. Upon passive swelling,
both edge-on and face-on orientation maps show similar
“interrupted” regions. Such discontinuities suggest nonuniform
ingression of the electrolyte, which primarily resides in the discrete
intercrystalline regions. Due to the significantly enhanced lamella
stacking signal, a network of face-on crystallites is uncovered upon
swelling, which may have been below the detection limit or out of
Bragg conditions in the dry film.

2.3 Active Swelling. Organic mixed ionic-electronic conduc-
tors “actively” swell when they are in contact with an electrolyte and
subject to an external bias, which might be chemical dopants or
electrical fields. The electrochemical bias alters the doping level of
OMIECs, prompting an active change of volume and mass of the
polymer mediated by electrolyte penetration. As a special case,
electrochemical conditioning is often observed in OMIECs of high
crystallinity which will be discussed separately in Sec. 2.4.

Figure 10(a) summarizes the ratios of active swelling mass (solid
symbols) and volume (open symbols) for some representative
OMIECs. Their values span a wide range from a few to more than a
thousand percentages. As an example, Fig. 10(b) shows a set of
optical images of p(gT2) coated on a carbon fiber in the 1st and 49th
electrochemical cycles [72]. Oxidation of p(gT2) activates mechan-
ical swelling. As p(gT2) is reduced to the charge-neutral state, the
polymer partially contracts with the residual electrolyte inside
p(gT2). The variability of active swelling provides a large space to
tune the breathing strain in different applications as mentioned in
Sec. 1.3. The design strategies will be discussed in Sec. 5.

Complementary to experimental measurements, MD modeling
can unravel the molecular interactions and hierarchical structural
responses including chain configuration, intermolecular packing
motifs, and phase evolution. Figure 11 demonstrates the underlying
mechanism of mechanical breathing of p(gT2) in an aqueous
electrolyte. The active swelling is simulated by immersing self-
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aggregated p(gT2) into the electrolyte and the net charge on p(gT2)
chains is updated to mimic different doping states upon oxidation.
Meanwhile, counterions are added to the water to maintain the
charge neutrality. The initial self-aggregated polymer chains
rearrange in response to the electrostatic interactions and mass
conduction of counterions and solvents. Upon reaching the
equilibrated state, the active swelling volume is calculated by the
overall morphology of p(gT2), as shown in the last column of
Fig. 11, and representative chain aggregation and single chain
configuration are used to demonstrate the local structural charac-
teristics. Gradual electrolyte penetration into the polymer network
and increased strain activation are observed when the oxidation
increases from 5% to 30%. Chain aggregation shows pore formation
and network expansion, and individual molecular chains continu-
ously elongate from the coiled configuration to a relatively straight
alignment which is quantified by the average end-to-end distance. In
general, the packing motif including 7—7 and lamellar stackings can
be understood via simulated XRD patterns and radial distribution
functions in MD simulations. In p-type OMIECs, lamellar stacking
distance tends to increase due to electrolyte ingression between
lamellae, whereas n—r stacking distance usually decreases in active
swelling because of chain elongation and increase of chain rigidity
by the aromatic-to-quinoid transformation, which leads to a more
planar chain configuration that facilitates the compact n—n stacking.
Nevertheless, opposite trends of m—n stacking and lamellar packing
have also been reported for some p-type and n-type OMIECs [115].

2.4 Electrochemical Conditioning. Electrochemical condi-
tioning is also called “break-in,” after which favorable paths for
ion and solvent transport are formed and electrolyte uptake is
stabilized. Conditioning is necessary before operation for some
OMIEC:s of high crystallinity, and it can substantially change the
morphology and various properties of OMIECs. However, this
transition stage is often overlooked in literature. Here, we use Fig. 12
to demonstrate the dynamic changes of the packing motifs, optical
property, redox reaction potential, and swelling volume of OMIECs
in the conditioning cycles.

Packing motifs: For OMIECs with arelatively open structure such
as PProDOT, little conditioning is observed over cycles. In other
materials such as PCQTh of more crystallinity, significant
conditioning occurs in the first ten cycles as shown in the diffraction
profiles in Fig. 12(a) [116]. Compared to as-deposited PCQTh, the
lamellar stacking peaks (100) at ¢=0.27 A~" and (200) at
¢=0.54 A~" disappear during conditioning, suggesting disruption
of the regular packing as a result of electrolyte ingression and
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Swelling of p(gT2) at various doping states in an aqueous electrolyte simulated by molecule modeling. The four

sets of figures correspond to the doping level of 0%, 5%, 10% and 33%. n;is the number of holes per p(gT2) chain which
consists of 20 monomers. At each doping level, MD snapshots show an overview of p(gT2) in the aqueous electrolyte, a
zoomed-in view of chain aggregate, a representative chain with the average end-to-end distance (d.), and the volume of
water uptake inside the polymer. Reprinted with permission from Ref. [72].

subsequent formation of amorphous PCQTh. Moreover, the
emergence of the peak at ¢g=1.1 A~" indicates the presence of
ionic crystal in the polymer from the electrolyte.

Optical property: Conditioning shifts the absorption spectrum of
OMIECs, Fig. 12(b). For PProDOT-Am(Butyl)2, while little change
in spectrum is observed in the organic electrolyte, a drastic redshift is
identified after conditioning in the aqueous electrolyte [117].
Possible reasons are that organic electrolyte uptake facilitated by
the amide functional groups requires minimum morphological
rearrangement in the polymer, however, the limited amount of
hydrophilic (polar) side chains may require significant structural
reorganization for insertion of the hydrated polar ions.

Redox reaction potential: Upon the formation of favorable ion
transport pathways, the overpotential reduces for doping and
dedoping. The oxidation onset potential of DHPP-co-Pro-
DOT shifts toward a smaller value and the slope of the reduction
cyclic voltammetry (CV) trace increases after conditioning [118],
Fig. 12(c). This is likely due to the structural rearrangement of
DHPP-co-ProDOT during conditioning, leading to more rapid ion
and solvent movement inside the polymer.

Active swelling volume: Fig. 12(d) shows the volumetric change
of ethylene glycol functionalized polythiophenes during long
doping/dedoping cycles [108]. The swelling ratio increases in the
first tens of cycles before reaching the reversible state. Note that
during deswelling, some solvent retains in the polymer, leading to a
residual strain upon contraction.

030801-10 / Vol. 77, MAY 2025

2.5 Mechanistic Understanding of Mechanical
Breathing. Electrostatic interactions and mass conduction of ions
and solvents contribute to mechanical swelling of OMIECs. Taking
p-type OMIEC during doping as an example in Fig. 13(a), several
intertwined factors might be considered, including (I) volume
expansion by electrostatic repulsion among the polymer chains of
the same charge, (II) volume shrinkage induced by electrostatic
attraction between the chains and compensating anions and also the
electrostatic screening effect, (III) volume expansion due to the
injection of anions, and (IV) volume expansion induced by the
absorption of the solvent.

In experiments, swelling from absorption of the solvent and salt
can be separately determined, for example, in EQCM-D [103]. The
total number of injected charges during doping can be obtained from
integration of current passed with respect to time, assuming Faradaic
reactions. Then the contribution from solvent is the difference
between the total mass increase and that of the dopants. This method
works well for OMIECs with hydrophilic sidechains like ethylene
glycol functionalized polythiophenes, which exhibit large active
swelling. However, an overestimation can be made for OMIECs of
relatively small deformation, because certain charges might be
associated with oxygen reduction reactions as well as the possible
cation/anion exchange [80,119,120]. In general, any non-Faradaic
or side reactions that are not contributing to the carrier density would
undermine the accuracy of the derived number of counterions in this
method. Apart from counting the mass exchange, electrostatic
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interactions between locally charged polymer chains and counter-
ions cannot be directly captured in EQCM-D.

Molecular dynamics simulations offer mechanistic understanding
of the underlying mechanism of strain activation in OMIECs. To
decouple and quantify the contributions from different factors as
discussed earlier, we built three molecular models as shown in
Fig. 13(b) [22], where model 1 represents charge-neutral PProDOT
as the reference, model 2 consists of oxidized PProDOT at the
oxidation level of 33% and compensating counterions BF,~, and
model 3 includes oxidized PProDOT immersed in the electrolyte of
1 M LiBF, in PC. Here model 2 considers electrostatic interactions
and mass injection of counterions, while model 3 adds the solvent.
The modeling shows an overall swelling volume of PProDOT of
21.3% upon full oxidation while the contribution from dopants is
about 5.1%. In this case, mechanical swelling of PProDOT is
predominant by the mass transport of the liquid electrolyte and
particularly by absorption of the organic solvent (16.2%). This
behavior is demonstrated via a pronounced decrease of the
coordination number between PProDOT atoms when considering
solvent ingression, as presented by Fig. 13(c) left panel, indicating a
large expansion of the polymer network. The gradual solvent
molecule and ion absorption upon doping is elucidated by the
coordination numbers between PC and ClO,~ with PProDOT as
shown in Fig. 13(c) middle and right panels. The inset MD snapshots
show visualization of the coordination environment.

2.6 Kinetics of Organic Mixed Ionic-Electronic Conductors
Related to Mechanical Breathing. Kinetics of mass transport and
swelling in hydrogels are well documented. In comparison, the
mixed conduction in OMIECs renders strong coupling between ion
transport and electronic conduction. Two examples in the following
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highlight the strong coupling and its relation to the breathing strain
in conducting polymers.

The doping and dedoping kinetics can be inferred by monitoring
the optical, electrical, or mechanical properties. Using multimodal
nano-indentation as shown in Figs. 14(a) and 14(b), we showed that
mechanical response of PProDOT thin films in organic solvent
during doping is much faster than that in dedoping [63]. Recently,
Ginger and coworkers summarized the asymmetric switching times
in the doping and dedoping cycles in accumulative OECTs and
concluded shorter times during switching off (dedoping), Fig. 14(c)
[121]. Using optical microscopy, they observed that turn-on occurs
in two stages—propagation of a doping front followed by uniform
doping—while turn-off occurs in one stage. The faster turn-off is
attributed to the intrinsic factors such as the carrier-density-
dependent mobility, and the extrinsic factors including the channel
geometry. The carrier-density-dependent mobility used to explain
the rapid turn-off of OECTs is shown in Fig. 14(d). The discrepancy
in the relative kinetics of doping and dedoping found in the two
studies may be related to the materials structure, where amorphous
PProDOT features more open channels for transport. Nevertheless,
following this asymmetric kinetic behavior, the time scales of
swelling and deswelling are also expected to be asymmetric.

Another manifestation of the strong coupling of mass transport
and electronic conduction is the hole-limited electrochemical
doping [122,123], as shown in Figs. 14(e) and 14(f). In PEDOT:
PSS with a high hole mobility, the doping front initiates from the
electrolyte. However, for p(g1T2-g5T2) with a low hole mobility in
the dedeoped state, two moving fronts appear, where the first
initiates from the ITO side which drains electrons until it meets the
electrolyte, and then the second front propagates from the electrolyte
toward ITO. Clearly, the mechanical activations of PEDOT:PSS and
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p(glT2-g5T2) are different due to the drastic difference in their
conduction behaviors.

3 Mechanical Properties of Organic Mixed
Ionic-Electronic Conductors

This section will focus on understanding the mechanical proper-
ties of OMIECs using experimental measurements (Sec. 3.1) and
simulations (Sec. 3.2). We highlight the dynamic nature of
conducting polymers in the course of doping/dedoping in Sec. 3.3.
Using the correlation between the mechanical properties and the
chemical state, we demonstrate the potential leverage of mechanical
tests to inform doping kinetics and material chemistry in Sec. 3.4.

3.1 Experimental Characterizations. Figure 15 summarizes
the experimental characterization methods for the mechanical
properties of OMIECs at different length scales and the typical
sample size associated with each method [65]. Using these methods,
many mechanical properties of OMIECs have been measured
including modulus, hardness, yield strength, crack onset strain,
toughness [124,125], and viscous properties [126].

Empirically, five basic molecular properties can be used to
determine the elastic modulus and hardness of polymer materials
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[127,128]. They are the molecular weight, van der Waals volume,
the length and number of rotational bonds in the repeat unit, as well
as the glass transition temperature of the polymer. This method is
powerful and tested on 18 polymers against the bulk measurement
method as shown in Fig. 15(b).

Amongst the methods for bulk materials, tensile test is a versatile
technique for a variety of properties such as Young’s modulus, yield
strength, tensile strength, toughness, and fracture strain [129].
Often, dedicated transfer techniques are used for free-standing
samples due to the fragile nature of OMIECs [130,131]. Film-on-
substrate and film-on-water experiments are also introduced as
alternatives. They can be integrated with optical microscopy to
monitor the morphological features of the sample such as the crack
onset strain and crack propagation during loading. In the film-on-
substrate method [132], Fig. 15(c), the mechanical properties of the
OMIEC film are extracted from the stress—strain curve of the
composite. A few drawbacks of the method are noted. First, the
extraction becomes challenging if the conducting film is signifi-
cantly thinner than the substrate, since the contribution of the film is
indistinguishable from that of the substrate [133]. Second, the
derived mechanical properties are influenced by the mechanical
properties of the substrate and the interfacial condition [129]. Film-
on-water is a pseudo-freestanding tensile test [133,134]. Water has a
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Fig. 14 Kinetics of swelling in OMIECs with strong ionic and electronic coupling. (a and b) Experimental setup of multimodal nano-
indentation (a) and volumetric swelling during redox cycles of a PProDOT thin film (b). Reprinted with permission from Ref. [63]. (cand
d) Switching times in accumulation model OECT (c) and carrier-density-dependent mobility explaining the rapid turn-off of OECTs
(d). Reprinted with permission from Ref. [121]. (e and f) Transmittance change along thin films of PEDOT:PSS (e) and p(g1T2-g5T2)

(f) during doping. Reprinted with permission from Ref. [122].

high surface tension that keeps OMIEC films afloat, and low
viscosity that adds negligible friction as the film slides. However,
water uptake into hydrophilic samples makes them ductile, leading
to an overestimation of fracture strain. Figure 15(d) shows the strain
at fracture of P(NDI20D-T2) with varying molecular weights
before and after annealing.

In the buckling method shown in Fig. 15(e), an OMIEC film is
integrated onto a prestretched polymer substrate (such as PDMS).
As tension is released, one-dimensional periodic wrinkles occur in
the composite film. Similarly, wrinkles can be generated via direct
compression or thermal mismatch strains in the film-substrate
composite [131]. The wavelength of the wrinkles is measured by
optical microscopy or laser dictation [135], and Young’s modulus

can be obtained by
1\3
3o
(27‘511 )

where /1 is the film thickness, E; = Ef/(l — l/fz) and E; =
E,/(1 — 1?2) are the plane-strain modulus of OMIECs film and the
substrate [136], v and 1 are Poisson’s ratio of the film and the
substrate, respectively [137]. Equation (1) is valid for small
prestrains and a stiff film on a compliant substrate. The buckling
method is also used for measuring the yield strength of conjugated
polymers [135]. In such measurements, stepwise tensile strains with
an increasing magnitude are applied and released, and the surface is
monitored by laser. In the elastic regime, wrinkles do not form upon
release of the tension. As plastic deformation sets in, wrinkles occur
after relaxation of the tension and thus diffracts the laser [135].

Nano-indentation can be also used to measure a variety of
mechanical properties of OMIEC films. Using the force—
displacement curve, the reduced modulus E, is typically calculated
by the Oliver—Pharr relation

ey

SRS
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(@)

where f is a constant depending on the indenter tip shape, S, is the
initial slope of unloading, A(%,,) refers to the projected contact area
at the maximum indentation depth /,. Young’s modulus of the film
can be calculated from E, by

lil—yf2

E; Ey

.
1 Evul 3)

where E¢ (E;) and v¢ (v;) are Young’s modulus and Poisson’s ratio of
OMIEC film (indenter tip), respectively. Hardness is calculated
from the maximum load

“)

Figure 15(f) shows the load—displacement curves of PProDOT thin
films at pristine and oxidized states. Electrolyte injection during
oxidation reduces both Young’s modulus and hardness of PProDOT,
indicating a more compliant and softer PProDOT film.

For ultrathin OMIECs films, nano-indentation is difficult to apply
because of the substrate effect. Atomic force microscopy (AFM) is an
alternative for films of subhundred-nanometer thickness [138], Fig.
15(g). Here, the force is the adhesive/repulsive force between the film
and the cantilever tip. To ensure linear elastic deformation, a blunted tip
such as a spherical one is used. During the test, a force-separation (Fip-
o) curve is recorded, from which Young’s modulus can be extracted via
contact models such as the Hertz model, Derjaguin—Miiller—Toporov
(DMT) model, and Johnson—Kendall-Roberts (JKR) model [139]. The
Hertz model considers only contact within the elastic limit

16ErR%5%

Fip = (&)
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Fig.15 Characterization methods for the mechanical properties of OMIECs. (a) Summary of experimental techniques and typical
sample thickness. (b) Estimation of elastic moduli of 18 polymers from the thermodynamic theory. Reprinted with permission from
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Wher'e R is the tiP radius. Agaiq, E, take's the form in Eq. (2), anc'l is Fop = 4E, Ris 4 Fup 6)
obtained by fitting the unloading portion of the force-separation

curve. The DMT model considers the tip-sample adhesion force F,q,  Figure 15(g) shows the addition of TVT reduces the elastic modulus
[140] explicitly of PNDI films. Note that for both nano-indentation and AFM, raster
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scanning is possible to map the spatial heterogeneity of the samples
[141].

Electrochemical quartz crystal microbalance with dissipation
(EQCM-D) is commonly utilized to quantitatively determine the
mass uptake of OMIEC films, which is linearly proportional to the
frequency changes of overtones in the Sauerbrey range [79], Fig.
15(h). Assuming viscoelasticity such as that implemented in the Voigt
model, the frequency curve can be used to extract the elastic
properties [143,144]. However, the uptake of hydration water or
wetting of sensor causes damping of the crystal oscillation. Therefore,
dissipation must be compensated when fitting the elastic properties.

Dynamic mechanical analysis (DMA) and rheometry measure the
rheological properties of OMIECs, such as the transition temper-
atures, Fig. 15(i). Specifically, stress—strain curves of samples
subject to oscillating load are recorded under controlled temper-
atures, from which the storage modulus G’, loss modulus G”, and
phase lag o can be derived. Transition temperatures associated with
side chain relaxation Ty and backbone relaxation T, or T, are
identified via the distinct peaks of the tand profile. Figure 15(i)
shows G’ (solid circles) and tan(d) (open circles) of regioregular
(RR) P3HT with two oscillating frequencies of 1 Hz (red) and 10 Hz
(blue). Three distinct peaks are identified in the damping factor
curve and are ascribed to f§ transition, « transition, and melting.

Rheometry is mainly for polymer melts, which are loaded
between the rotating cone and stationary plate. Viscosity of the melts
can be calculated by the ratio between shear stress and strain rate.
Figure 15(j) shows the glass transition temperatures of regioregular

(RR, empty symbols) and regiorandom (RRa, filled symbols) P3HT as
a function of molecular weight. While the transition at 7, (green, ~ 0°C)
related to backbone segmental relaxation is M, dependent, T,pp
(orange, ~ —100°C) related to side chain relaxation is immune to
molecular weight.

3.2 Molecular Modeling. Molecular dynamics (MD) simula-
tions offer the flexibility to isolate the otherwise convoluted factors
underlying the mechanical behavior. More importantly, molecular
modeling provides key insights into local microscopic features, such
as polymer chain conformation and entanglement, which are hardly
accessible by experiments. However, MD simulations are limited by
the model size and simulation time scales, requiring careful
validation and comparison with experimental measurements.

All-atom (AA) and coarse-grained (CG) MD simulations allow
access to multiscale structural features such as chain alignment,
packing motifs, and entanglement. To represent chain entanglement
and structural heterogeneities in practical OMIECs, polymer chains
must be sufficiently long, often necessitating CG MD simulations.
Figure 16(a) shows entanglement lengths in P3HT from the modified
S-coil estimator (orange, upper) and S-kink estimator (black, lower),
as a function of P3HT chain length [145]. With increasing chain
length, entanglement lengths from both estimators converge, and the
modified S-coil estimator approaches a physically reasonable value
of 60 monomers.

By mimicking nano-indentation in experiments, Fig. 16(b),
Young’s modulus can be extracted from the MD models by
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Fig. 16 Molecular dynamics simulations of the mechanical properties of OMIECs.
(a) Entanglement length of P3HT from the modified S-coil estimator (orange, higher) and
S-kink estimator (black, lower) as a function of the P3HT chain length. Reprinted with
permission from Ref. [145]. Force-displacement curve (b) and Young’s modulus (c) of P3HT
versus molecular weight (M,,) by CG MD modeling. Reprinted with permission from Ref. [146].
(d) MD snapshots of P3HT:C60 heterojunction in uniaxial tensile simulation. Reprinted with

permission from Ref. [147].
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Table 1

Mechanical properties of Poly(3-hexylthiophene)

Property

Values

Characterization method

1.23 GPa [147], 1.6 GPa [145], 3.0 GPa [146]

MD simulation—tension

3.4 GPa [146]

MD simulation—indentation

0.27 GPa [148]

Film on water method

Young’s modulus
1.3 GPa [149]

Buckling method

0.26+0.027 GPa [150]

Viscoelastic nano-indentation

1.7 GPa pristine, 1.1 GPa doped [151]

AFM

Hardness 0.21£0.05GPa [152]

Nano-indentation test

Yield strain and strength

4.3%, 44 MPa (-10 °C); 8%, 4 MPa (50°C) [132]

Film on elastomer method

Tensile strength

4.5~ 17.1 MPa (Mn: 15kDa to 80kDa) [148]

Film on water method

50% [130]

Tensile test (freestanding)

Strain at fracture

100% (thickness:(~80nm), 70% (~105nm) [130]

Film on water method

4.5% t0 95.6% (Mn: 15 kDa to 80 kDa) [148]

Storage/Loss modulus G'/G” G'(RR)=0.1 GPa [153]

DMA

Toughness 3-17 J/m? [125]

Four-point bending

Crack onset strain

2.83~31.17% (Mn: 15 ~80kDa) [130]

Film on elastomer method

Shear modulus

0.93 GPa (AA MD); 1.28 GPa (CG MD) [154]

MD simulation

2E

F:n(l —12)

[2RA(1 — tan(0)) + > tan(0)] (7

where F is the force on the indenter, E is the Young’s modulus, v is
Poisson’s ratio, R is the radius of curvature of tip apex, & is the
indentation depth, and 0 represents the half-opening angle of the tip.
Figure 16(c) shows Young’s modulus of P3HT as a function of the
molecular weight in CG MD simulation [146]. Interestingly, the
simulation reveals a stronger molecular-weight (Mw) dependence
of modulus compared to that in the tensile test. The difference arises
from different deformation mechanisms: tensile tests uniformly
stretch polymer chains, whereas nano-indentation imposes local-
ized, compressive deformation beneath the indenter. Also, low M,,
P3HT fractures via chain pullout during tension, while high M,,
sample experiences more substantial chain rearrangement, enhanc-
ing toughness and delaying fracture. Figure 16(d) shows CG MD
snapshots of P3HT:C60 heterojunction before and after simulated
uniaxial tension at the strain rate of 107 ps~' [147]. Highlighted
P3HT chains demonstrate the chain elongation from coiled
conformations to extended, aligned structures under tension.

To contextualize the mechanical property data from both
experimental and simulation methods discussed here, Table 1
tabulates the mechanical properties of a representative OMIECs—
P3HT. The large variation in mechanical properties underscore the
factors that need to be considered, including characterization
methods, sample preparation procedures, molecular weight, sample
geometry (such as film or fiber), and sample dimensions, into
account.

3.3 Dynamic Mechanical Properties. The mechanical prop-
erties of OMIECs dynamically evolve upon doping and dedoping
due to the changes in chain rigidity, intermolecular packing motifs,
and electrolyte ingression, as shown in Fig. 17. For ease of
illustration, p-type OMIECs, which are typically charge neutral at
the as-prepared state, are used as examples in this subsection.

030801-16 / Vol. 77, MAY 2025

Upon doping, conjugated backbones undergo an aromatic-to-
quinoid transformation, Fig. 17(a). This transformation renders
polymer chains more planar and rigid, facilitating tighter n—n
stacking [108,155]. Additionally, as polymer expands in response to
electrolyte uptake, coiled chains become elongated and align more
readily, further enhancing intermolecular packing. Both experi-
ments and MD simulations have reported that the m—n stacking
distance in swollen, doped p-type OMIECs becomes smaller—a
seemingly counterintuitive observation—due to increase in the
chain rigidity and planarity, as well as improved chain alignment.

Injected counterions inside OMIECs may serve as ionic cross-
linkers (Fig. 17(b)), reinforcing polymer networks and influencing
the mechanical behavior of OMIECs [156]. This crosslinking effect
is pronounced in chemical doping and dedoping, where the solvent
injection is absent or negligible, leaving the ion crosslinker to be
dominant; otherwise, the effects of ions cannot be clearly separated
from those of the simultaneously injected solvent molecules. On the
other hand, solvent uptake causes swelling and decreases the chain
density which reduces stiffness. Also, solvent molecules can act as
plasticizers, making OMIECs film more compliant and stretchable
[130]. For instance, the modulus of a dry, freestanding P3HT film is
about 6% higher as compared to that in the film-on-water tensile test,
Fig. 17(c).

3.4 Using Mechanical Properties to Inform Doping
Kinetics. Accurate measurement of the doping level or the charge
carrier density in OMIECs is essential to understand their behaviors
because the electronic structure at a given doping level determines
the mechanical, optical, and transport properties. Even for identical
OMIECs, doping kinetics can differ widely depending on the dopant
type and electrolytes [119], thus giving OMIECs of distinct
properties.

One common approach to determine the number of charge
carriers is to integrate the current with respect to time in experiments
[113]. This method assumes that all charges contribute to doping,

Transactions of the ASME
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Fig. 17 Doping/dedoping-dependent mechanical properties of OMIECs. (a) Increased chain rigidity and enhanced packing
promote the stiffness of OMIECs film. Reprinted with permission from Refs. [108] and [155]. (b) Schematics of injected counterions
inside OMIECs serving as ionic crosslinkers which influence the mechanical properties of OMIECs. Reprinted with permission
from Ref. [156]. (c) The secondary plasticization effect makes OMIEC films more compliant. Reprinted with permission from

Ref. [130].

without considering non-Faradaic processes or Faradaic side
reactions such oxygen reduction reactions (ORR), therefore
resulting in an overestimation of charge density in OMIECs.
Alternatively, in situ ultraviolant-visible spectroscopy qualitatively
monitors doping through characteristic absorption peaks associated
with quasi-particles such as polarons and bipolarons. Specifically,
during doping, lattice distortions coupled with added charges create
new electronic states, leading to distinct spectral signatures
including neutral polymer m—n* transition around 400-600 nm,
polaron absorption at 700-1200nm, and bipolaron absorption
between 1200 and 2000 nm. Other quantitative approaches such as
X-ray photo-electron spectroscopy (XPS), nuclear magnetic
resonance (NMR), and electron-spin resonance (ESR) are also
useful. Reference [157] discussed the limitations of these methods.

Apart from the above-mentioned methods, a complementary
approach to determine the local doping level of OMIECs is to use the
doping-dependent mechanical properties. Although complicated by
interactions among polymer chains, ions, and solvent molecules,
mechanical properties could serve as a valuable fingerprint to
decode the doping level. Figure 18 summarizes the methodology to
determine the state of charge in a Si electrode by measuring the local
Young’s modulus, hardness, and film thickness [158]. The Li
concentration-dependent mechanical properties and expansion
coefficient are calibrated by nano-indentation as a reference, as
illustrated in the upper panel of Fig. 18(«a). Subsequently, a Si film
undergoing lithiation in a moving front experiment is probed to
obtain the spatial distribution of mechanical properties. Finally, by
comparing the spatial profiles of mechanical properties to the
reference, Li concentration distribution within Si is determined, as
shown in the upper right panel. A similar principle can be adopted to
map the local doping level in OMIECs using their mechanical
property fingerprints.

4 Continuum Descriptions of Organic Mixed Ionic-
Electronic Conductors

In this section, we discuss the constitutive modeling of polymeric
materials and potential shortfalls of current models in describing the
mechanical behavior of OMIECs. Using OECT as an example of
OMIEC-based devices, we review two sets of phenomenological
models in the literature — the electric circuit model and physics-
based models including mechanics, electrostatics, charge conduc-
tion and mass transport, and microstructure evolution in OMIECs.
We highlight stress-transport coupling in OMIECs observed in
moving front experiments.

Applied Mechanics Reviews

4.1 Constitutive Models of Polymeric Materials. Mechanical
constitutive models describe the stress—strain relationship in
materials. Excellent reviews of such topics are reported [66,67].
Our goal here is not to replicate the extensive discussions of those
constitutive models. Instead, we will use a few representative
examples to show the varieties of models, as summarized in
Fig. 19. Phenomenological models are often applied in specific
cases that are derived from considerations of certain physics and
microstructural features in a given class of polymers. They use
combinations of elastic springs and viscous dashpots to describe
the stress—strain relationship in soft materials or define the strain
energy using internal variables that describe the internal dis-
sipation processes. In contrast, studies of polymer physics stem
from statistical mechanics of polymer chains and consider the
entropy and enthalpy components of the free energy of the chains.
Regardless of the origin, one can define the free energy of the
material as a function of the strain invariants, and stress and strain
are then defined as work conjugates of the free energy. When
damage happens due to chain scission or conformation changes,
deformation becomes irreversible. Damage models describe these
history-dependent stress—strain relationships.

Mooney-Rivlin model is a nonlinear hyperelastic phenomenological
constitutive relationship for isotropic materials [159,160]. The
strain energy density is expressed from experimentally determined
materials constants Cy and C, as

W=Ci(l -3) + (1, - 3) (8)
where W is the free energy, I; and I, are the first and second invariant
(trace) of where W is the free energy, I and T are the first and second
invariant of the B = (det B)"® B, respectively, and are expressed as
the invariants /; and I, of the Right Cauchy Green deformation
tensor C as shown in Figure 19(b).

Maxwell and Kelvin—Voigt models are the two most widely used
linear viscoelastic phenomenological models. Both models can be
generalized to include more springs and dashpots, so long as they are
physically related to the underlying deformation mode. For
example, the Maxwell representation of the standard linear solid
model consists of a parallel circuit of a spring and Maxwell element
of a spring-dashpot series. The free energy is expressed as

W =W, +Wp )

where W, and Wp represents the energy stored in the springs. The

deformation gradient of the material can be multiplicatively
decomposed for the series subsection

MAY 2025, Vol. 77 / 030801-17
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of lithiated Si film as a function of the distance from the Li source. Reprinted with permission from Ref. [158].

F =F, = Fg = Fy.Fgy (10)

where F. and Fg, denote the elastic part and viscoelastic part of the
series as shown in Fig. 19(c).
In general, the stress is obtained by

ow

S=%F

(11)

Therefore, the Mooney—Rivlin model gives

20w

= oc

—pC™! (12)

where p is the pressure. The stress for generalized Maxwell model
is

S =S+ FylSp.Fg! (13)
and to satisfy the second law of thermodynamics

CBeSBe :Dv 2 0 (14)
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Physics-based models mainly consider the entropic effect of the
molecular chains that are generally far from straight state without
covalent bond stretching. In general, a polymer chain can be
considered as N freely joined segments of length b, where b is the
Kuhn length and L = Nb is the chain length, as shown in Fig. 19(e).
Using small-angle neutron scattering, the persistent length (half of
the Kuhn length) of a polymer chain can be detected. The end-to-end
length of a polymer chain is often significantly smaller than its
length, and statistically related to its conformation. For example, if
the Kuhn segments are all randomly and independently oriented, the
distribution of the end-to-end distance is Gaussian

(3 < 32 ) 15)
P0) =z ) <P\~ an
And the average end-to-end distance of the Gaussian chain is
<R>: VNb (16)

The entropy of a single chain s and the change upon deformation As
is
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s = kg In(p(r)dr)

As =5 —s50 = ks [m <5((:;))> o (‘?_;0)}

where kg is Boltzmann’s constant, r (ry) and dz (dzg) is the end-to-
end length of the chain and the infinitesimally small volume element
in the deformed (undeformed) states, respectively. Assuming
incompressibility

a7

(18)

3

3 1‘3
2Nb?

k

As = ToNp2 B3

ks (= 12) = (2+72+2-3)

(19)
where /; is the stretch along the principal directions. Since ry =
<R >: V/Nb in the undeformed state

k
As = —7‘3(,1%+J,§+A§ -3) 0)
And the free energy density in a volume with chain density 7 is
1
W = —TAs = EnkBT(lf +3+73-3) @n

where T is the absolute temperature. This reduces to the Neo-
Hookean model W = 1G(I; — 3) where G = nkgT.
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In the tube model, a polymer chain is considered to fluctuate in a
tube with a diameter d enclosed by other surrounding chains [161]. The
energy of a polymer chain can be expressed as the sum of contributions
from conformational entropy and thermodynamic enthalpy

S (58 v

E = 22)

where kpT is the thermal energy, r(s) is the position vector of the
segment ds. V[r(s)] is the enthalpic energy which describes how the
chain interacts with other chains. A partition function is defined
which relates the energy of a specific conformation to its probability

r(s)=(d/2.d/2.R) E
Z= J or(s) exp<— l )
(5)=(d/2.d/2,0) kpT
where the summation goes through all possible conformation i.

For tubes defined by the cross section parameter oy, Z can be
expressed as

(23)

3R2

1 2
3 \2 2 Nb2>
_ _ nd — —— (24)
z <2an2) eXp( 2Nb2) (d> eXp( w07

where R is the end-to-end distance of the chain in the undeformed
state, d is the tube diameter. The free energy of the chain is then
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W = —kgTn (Z) (25)
The reptation model is based on the tube model, and describes the

motion of polymer chains in the tube model [161,162]. The stress is

defined as

3nL L

6= —pl+ 2N kBTJOY(s, t)ds (26)

where 7 is the number of molecules per unit volume, and Y (s, 7) is a

symmetric tensor representing the state of conformation of the

polymer chain at time ¢

oW oW

o5 — 03 =7»/387ﬁ=’7/113875='1(5/3—53) (30)

where G is the stress in ideal material.

At the molecular scale, the linker chain scission at the junctions
increases the number density of chains and the number of Kuhn
segments in a chain. This is described in the network alternation
theory [164] based on the incompressible Arruda—Boyce model by
N = N(Amax) and n = n(/max), where Nn = constant. The stress in
the damaged state is

2 1) /NCm) 22 Y
or Oor 1 g =—r——tL | ——— | — 31
The deformation dynamics is expressed as T
2=/ (32)
3
2
o _,or (28)
or Os? 2 max (1)
m 0<t<r ’ (33)

where D is the diffusion constant.

In damage models, internal variables such as damage factors are
often defined which relate the stress in an ideal material to the
damaged material. For example, the Ogden-Roxburgh model [163]
relates the damage factor 7 to the difference between the strain
energy of a damaged material at stretch of /g and that of an ideal
material at stretch of ,, by an error function

n=1- %erf % Wi — W (1, A)] (29)

where Wi = W(Aim, A2m) is the strain energy of the damaged
material upon unloading at 4, ,, and Ao, and W(/, 4,) is the strain
energy of ideal material. The stress is expressed as

where L™! is the inverse Langevin function.

4.2 Limitation of Current Models and Unique Features of
Organic Mixed Ionic-Electronic Conductors. Classical constitu-
tive models such as the Neo-Hookean model, Arruda-Boyce model,
and others work well for rubbers and hydrogels due to their
crosslinking and long, linear polymer chains (molecular weight of
the order of MDa [165]). Similarly, polymer chains in hydrogels
have hydrophilic side groups and are often crosslinked as shown in
Figs. 20(a) and 20(b).

In contrast to rubber and hydrogels, the complexity of both
polymer chains and the microstructure poses a significant challenge

Molecular and microstructural distinctions of OMIEC, natural rubber, and hydrogel
a b c d) e = N
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Fig. 20 Microstructural features of OMIECs in comparison with natural rubber and hydrogel. Representative molecular structures
and schematic of microstructures of (a) natural rubber, (b) poly(acrylic acid) hydrogel, and (c) p(g1T2-g5T2) OMIEC. Flow lines in
(d) represent the normal direction of the n—r stacking of the molecular chains. Reprinted with permission from Ref. [122]. Stress—strain
curves of three representative OMIECs, highlighting the effect of (e) molecular weight in P3HT, reprinted with permission from
Ref. [148], (f) spacers between conjugated units of PNDI, reprinted with permission from Ref. [166], and (g) blending of additives to

PEDOT:PSS, reprinted with permission from Ref. [167].
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for constitutive modeling of OMIECs. OMIEC molecular chains are
often short (molecular weight of the order of 10-100kDa),
consisting of noncrosslinked, ring-structured backbone and side
groups. Therefore, the microstructural assumptions for rubber and
hydrogels are not fully applicable. Under mechanical stretching,
conformation of the backbone changes, and complexity arises from
the interchain interactions which are mostly weak van der Waals
forces and intermolecular entanglements. Irreversible changes may
be more significant and lead to earlier fracture compared to other
crosslinked polymers. Recent 4D-STEM experiments on p(glT2-
G5T2) show the polymer flow map shown in Fig. 20(d), where the
color coding corresponds to the spatial orientation of the polymer
chain alignment and the intensity corresponds to the local diffraction
intensity. The result indicates spatial heterogeneity in OMIEC
polymers, consisting of crystalline domains surrounded by and tied
to each other by amorphous domains [58]. In the following, we will
highlight the effects of three aspects of the stress—strain behavior in
OMIECs.

Molecular weight determines the chain length and material response
to external load. Film-on-water tensile tests of P3HT thin films show a
high stiffness response followed by a low stiffness shown in Fig. 20(e)
[148]. Upon increasing the molecular weight from 15 kDa to 80 kDa, the
tensile modulus of the polymer increases slightly from 0.203 GPa to
0.270 GPa, while the strength increases from 4.5 MPa to 17.1 MPa, and
the strain at fracture increases from 4.5% to 95.6%. Coarse-grained
molecular dynamics simulations show that in low molecular weight
samples (Mn = 15 kDa), fracture occurs by chain pullout. Conversely, in
high molecular weight samples (Mn > 25 kDa), entanglements concen-
trate the stress on a few chains and the chain scission becomes the
dominant mode of fracture.

In parallel, disruption of the conjugation backbone by alkyl
spacers does not change the molecular weight and the entanglement
molecular weight (~15kDa) of polynaphthalene diimide (pNDI),
however, the Kuhn length decreases from 521 A for fully conjugated
PNDI-CO to 36 A for PNDI-C6 [166]. Therefore, the stiffness of the
conjugation of broken polymers decreases accordingly. These
results suggest that the molecular structure, chain length, and local
segment all contribute to the stress—strain response of OMIECs.

Another complication is due to chemical blending or electro-
chemical straining, for instance, with solvent absorption, deforma-
tion of the polymer network is localized at the amorphous regions by
the large access to the hydrophilic side chain groups. The crystalline
domains remain intact and the n—m stacking distance remains ~ 3.5
A. On the other hand, under electrochemical reactions, the backbone
of the molecules is charged, and ions and solvents are inserted
between the n— stacking planes. The heterogeneous microstructure
dictates the nonuniform deformation and history-dependent behav-
iors under various conditions. In one study, the composition of
PEDOT:PSS is systematically varied to study its mechanical
properties using tensile tests [167]. The base PEDOT:PSS film is
stiff and brittle, showing <10% strain at fracture. When PEDOT:
PSS is blended with PPEGMEA or the PSS is copolymerized with
PPEGMEA, the polymer becomes more compliant and ductile. The
change in the mechanical properties due to the blend and
copolymerization informs different deformation mechanisms. Polar
solvents such as DMSO and glycerol are known to induce phase
segregation in PEDOT:PSS films, which also changes the ductility
and stiffness of the polymer.

The above examples suggest a few principles in constitutive
description of OMIECs. First, the stress—strain relationship highly
depends on the molecular structure, including the molecular weight,
chain rigidity, and side chain properties such as hydrophobicity and
steric interactions. A slight change of the molecular chemical
structure may drastically change the stress—strain response of the
polymer. Second, postprocessing of conducting polymers modu-
lates the microstructure, such as crystallinity, crystal domain
distribution, and residual strains, all of which impact the
deformation mechanism of OMIECs. Finally, the microstructure
self-evolves upon deformation due to mechanical, chemical, and
electrochemical straining factors. The necessity and approaches to
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incorporate such complexity of OMIECs present an active challenge
to the research community.

4.3 Computational Modeling Integrating Multiphysics in
Organic Mixed Ionic-Electronic Conductors. The multiphysics
in OMIECs lead to many emerging applications as discussed in Sec.
1.1. Computational modeling integrating the relevant physical
principles provides invaluable insights into the performance of
metrics, structural dynamics, and degradation mechanism in
conducting polymers and their devices. Following the discussion
in the previous two subsections, we will use OECTs as an example to
review continuum modeling of OMIEC-based devices including
electric circuit models [168] and physics-based models [169].

Electric circuit models: Such models offer simple yet quantitative
descriptions of electric characteristics of OMIECs under operation
in a device. The conducting polymer is treated as a combination of
electrical capacitors and resistors. For example, the Bernards model
considers the OMIEC channel in an OECT as a series of circuits,
which consist of a resistor and a capacitor series [168]. The resistor
R resembles the semiconducting OMIEC, and the capacitor
represents the double layer capacitance cq. The circuit is subject to
a gate voltage V, and a voltage within the OMIEC V(x). For a
channel of length L, width W, and thickness 7', the doping level at
location x is defined by the electronic charge density ¢ and the total
charge Q in the region bounded by dx

f -2 (34)
Co ecov

where ¢ is the reference charge density, e is the elementary charge,
and v = WTdx is the volume. In the steady-state, charges stored in
the slice dx can be calculated by the applied voltage (Vi — V(x)) on
the capacitor with capacitance cqWdx

0(x) = cq(Vg — V(x))Wdx (35)
and the charge flux along the channel is
Ve —V(x)]d
J(x) = epco [1 e T va(‘)} —‘gix) (36)

where s the charge mobility and V}, = "Z”dT is the pinch-off voltage

upon which the current is saturated. Depending on the relative
electrical potential of the gate and drain electrodes, the current flow
can be calculated. Since the source electrode is grounded and Vg >
0 upon dedoping, the steady-state response is divided into three
cases as shown in Fig. 21(c¢). First, when the entire OMIEC is
dedoped

lzc(l—wym Vg >Vp >0
P

(37

where G = ““Z—WT is the transconductance of the OMIEC channel.

Second, dedoping occurs for regions where V(x) < Vg

VZ
lG(VD——G), Vb > Vg (38)

2V,

when Vp < 0, complete dedoping might be possible and current
approaches zero.

In the transient state, under a constant gate voltage, the capacitor
characteristics requires

0(f) = C4AV {1 —exp (— Ti)}

where Cy is the total capacitance, AV is the voltage applied across
the electrolyte, t; = Cy4R; is the characteristic time scale of the ionic

(39
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Simulation results
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An electric circuit model of OECTSs. (a) Geometry of an OECT channel and the corresponding electric

circuit model with the key equations shown in (b). Organic semiconductor film with the source is located at x=0
and the drain at x=L. Charge (Q) from the ionic circuit is coupled to the voltage in the electronic circuit at a
position x along the organic semiconductor. (¢) Simulated steady-state current-voltage characteristics for an
ideal device geometry (solid lines) and for a device with an additional series resistance (dashed lines) at
Vp,=1.1V. (d) Simulated steady-state current as a function of the drain voltage for a series of gate voltages at
Vo=1.1 V,where I 4 is the source-drain current without an applied gate voltage and Aly4 is the change in source-
drain current upon the application of a gate voltage. Reprinted with permission from Ref. [168].

circuit. Note the total charge that passes through the circuit is C4AV.
The transient state charge flux across the channel is

Va ()

J(t) ~ euc(t ) (40)

where f is a factor that ranges from 0 to 0.5. The analytical
solutions to the transient response can be derived for specific
cases. For example, when dedoping occurs everywhere in the
channel without the saturation effect, an average voltage drops
between the channel and the gate electrode (AV = Vg — %VD) and
can be selected to ensure that the transient behavior is consistent
with the steady-state characteristics. Therefore, a simplified

OECT can be described as
ex t 41
p Ti 41

SS(VG) (42)

(l‘ V(;) —]55 VG (
Al = 1(Vg =0) —

where I (V) is the steady state current in the channel from the
source to the drain, and 7, = 1s the characteristic time scale of the
electronic circuit.

Physics-based continuum models: Such models consider the
multiphysics field in the space occupied by the OMIEC channel and
the supporting electrolyte [24] and represent the electrodes by
proper boundary and initial conditions. The solution to the initial-
and boundary-value problems gives the charge distribution, current
flow, mechanical deformation, and other field variables. Physics-
based modeling is powerful. First, they work well for proper
boundary values and initial conditions, which is more realistic than
electric circuit models. Second and more importantly, they provide a
powerful platform to study the multiphysics coupling and dynamics
in the OMIEC materials, such as how molecular interactions change
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the interphase diffusion [170], how electrical stimuli at the gate
change the ionic and electronic current, how charge redistribution
causes mechanical deformation and microstructural evolution (e.g.,
phase separation), how mechanical deformation and stress impact
the charge transport and current flow. Third, the physics-based
models can describe the microstructural heterogeneity that governs
a variety of processes at different scales, for example, local
crystallinity impacts the swelling behavior [171,172] and kinetics
of charge and mass transport [33], phase separation occurs in
multiphase materials [31,102,173,174], and morphology changes
that influence the tradeoffs between the charge transport and
mechanical properties [34,175]. The seamless integration of the
different physics modules fully captures the dynamic processes in
heterogeneous OMIECs.

We introduced physics-based continuum modeling of OECT,
which is represented by a two-domain geometry as shown in Fig. 22.
The gate electrode is on the top of the electrolyte domain, and the
source and drain electrodes are at two sides of the channel in the
lower OMIEC domain. The electrolyte domain contains the
variables of the concentrations of solvent Cj, cations C., anions
C,, and the electrostatic potential V, which are solved using the
transport equations for the mobile species and the electrostatics. The
OMIEC in the channel domain hosts variables of the concentrations
of solvent Cs, cations C., holes C},, the electrical potential V, the
displacement u, and the phase parameter ¢, which are solved using
the transport equations for the mobile species, evolution of the phase
parameter, electrostatics, and the mechanics equations. Note that the
phase parameter can be used in various scenarios to study the
heterogeneous microstructure or heterogeneous properties of
OMIECs. For OMIEC blends (PEDOT:PSS) or heterojunctions
(P3HT:PCBM), the phase parameter can be the volume fraction of
the components. For semicrystalline OMIEC, the phase parameter
can represent crystallinity. For an OMIEC that might be damaged to
lose its dual transport capability, the phase parameter can represent
the damage parameter. For the boundary conditions, the electrode
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Physics-based continuum modeling

Mechanics

B

aP; ow 1 -—pl--C
Wl:: +B; =0, Pyx = ~—r Fi Fyp Fag

aesly

Polymer — electrode

Charge injection kinetic; Cohesive zone models

Interface

Polymer — electrolyte

Electrical double layer

(a) Gate— (b) ;
. Electrolyte
| All other boundaries: c.c.c !
! zero flux for species/current e |
i Source E
: OMIEC channel 2
: £ 05 :
| © Cation & Hole ‘S/,uc,¢h E
E ©® Anion o Fixed charges 2 2 i
(<) 2P0 ’
E C™M(X, t + 6t) —C“%X,t)-%%& =rm(X, t) !
Mass transport oum A .
E r=- Ln'é_aXK Mm=ac—m+FVZm—J pm i
E . dDk(X,t) ow av '
Electrostatics —aKxK =0X,0), B = 55-=—5~

Fig.22 Physics-based continuum modeling of an OECT. (a) Geometry of an OECT with the gate, source, and
drain electrodes, along with the electrolyte and OMIEC channel. (b) Computational model of an OECT, where
variables in the electrolyte domain include electrostatic potential, solvent, and ion concentrations, variables in
the OMIEC domain include electrostatic potential, concentrations of solvent, ions, holes/electrons, displace-
ment, and other parameters (such as phase parameter). The gate electrode on the top is specified as a Dirichlet
boundary condition. The electrostatic and chemical potentials are continuous across the electrolyte/OMIEC
interface. The hole/electron concentration and electrostatic voltage are specified with a Dirichlet condition for
source and drain electrodes. All other boundaries are held at zero flux for all species. (¢) Table of the key
governing equations, including mass transport, electrostatics, and mechanical equilibrium. Special
conditions may be applied at interfaces, such as charge injection kinetics and cohesive zone models at the
OMIEC-current collector interface, and electrical double layer at the OMIEC-electrolyte interface. Reprinted

with permission from Ref. [24].

voltage, ionic and electronic charge carrier concentration, and the
solvent concentration can be specified at the three electrodes. When
the OMIEC is mounted on a substrate, a cohesive zone model or
fracture interface can be defined to study how mechanical breathing
induces structural degradation at the interface [55]. The interface
between the OMIEC and the electrolyte can be described by a free
surface for mechanics modeling, and by a discontinuous interface
for the mobile species and the electrical field due to the presence of
the electrical double layer.

The multiphysics equations are briefly summarized in the
following. The electrical field is determined by the electrical
potential of electrodes and the space charge is determined by the
mobile ions and electrons/holes. Flux of mobile charges is driven by
the gradient of the electrochemical potential, which is related to their
concentration and mechanical stress as

ow
,Um = ﬁ‘i’FVZm — O'OVm

(43)
where W is the Helmholtz free energy of the material, F is the
Faraday’s constant, z,, and v™ are the charge and molar volumes of
the mobile charge carrier, respectively. ¢° is the hydrostatic
pressure, which is induced by deformation caused by transport
species and solvents. The phase parameter can be used to regulate
field evolution. For example, a change in the volume fraction of one
component in an OMIEC blend may induce internal stresses that
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perturb the charge distribution. And the resulting electrical field may
also cause the drift of the charged OMIEC molecules. Therefore, a
perturbation in the field variables initiates a dynamic evolution of the
system, until a new equilibrium is established.

We showcase one example of physics-based modeling, where the
phase parameter represents the volume fraction of PEDOT in a
PEDOT:PSS blend [24]. The source electrode is grounded, and the
drain electrode is kept at Vp = —0.1 V. The voltage of the gate
electrode changes as a trapezoidal waveform to allow the OMIEC
channel in the OECT to be doped and dedoped to mimic the ON-OFF
of a transistor. Plotted in Fig. 23(«a) are the contours of the variables
after 12 doping-dedoping cycles, including the local volume fraction
of PEDOT ¢, the electrostatic potential V, the hydrostatic pressure
a9, the effective cation concentration ﬂ, the effective hole
concentration $:2, and solvent concentration CCO

C

The distribu%%n of the charge carriers is determined by the
electrical field and the phase structure. With a negative gate voltage,
holes are injected from the source electrode to the PEDOT phase
while cations are expelled from the PSS phase to the electrolyte. Ata
positive gate voltage, holes are removed from the OMIEC, and
cations are recovered. The inhomogeneous phase structure influen-
ces the spatial distribution of the electrostatic potential and the
concentration of the charge carriers in the OMIEC. This is shown in
the contour plots of the 12th doped state. In the PSS-rich region
(smaller ¢), the presence of the fixed charges reduces the local
voltage. And cations are transported to the PSS-rich region driven by
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Multiphysics field in an OECT

Multiphysics coupling in an OECT
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Fig.23 Results from the physics-based continuum modeling of an OECT. (a) Contour plots of the local volume fraction of PEDOT ¢,
electrostatic potential V, hydrostatic stress q,,, effective hole concentration C,,¢/C;,, effective cation concentration C.(1—¢)Cio, and
normalized solvent concentration in the OECT after 12 ON/OFF cycles. Transfer curves of the OECT in the first 12 ON/OFF cycles at the
(b) free expansion state along the channel, (¢) constrained state, and (d) stretched state along the channel direction. () Comparison of
the transfer curves in the fully coupled model and that without considering the electromechanical coupling or the stress-transport
coupling in the first ON/OFF cycle. Reprinted with permission from Ref. [24].

the electrical field. In the meantime, the effective hole concentration
is much higher at the two-phase interfaces than that in the PEDOT-
rich domain because of the low hole conductivity in the crystallized
PEDOT domains. The excessive number of holes at the two-phase
interface explains the origin of the so-called capacitive current in
conjugated polymers.

One of the prominent features of OECTs is their ability to
modulate the output current at the drain electrode using a small input
voltage at the gate. To switch the OECT between the “ON” and
“OFF” states for current modulation, we apply an alternating gate
voltage from —0.5 to 0.5 V and a fixed drain voltage Vp = —0.1 V.
The drain currents are plotted as solid lines in Fig. 23(b). The model
successfully captures the current modulation between the ON-OFF
states of an OECT. At negative gate voltages, the OMIEC is doped
and the OECT is at the “ON” state which outputs a large current.
Nevertheless, the drain current is nearly saturated when the gate
voltage is beyond —0.5 V. At positive gate voltages, the OMIEC is
dedoped and the OECT is turned off with a vanishingly small
current.

Organic mixed ionic-electronic conductors present a vivid
example of multiphysics coupling at the interface between
mechanics and electrochemistry. As discussed above, material
deformation due to electrochemical breathing and an external load
modulates the phase evolution and eventually the OECT perform-
ance. For example, the OMIEC channel in the stretched and
constrained states during 12 ON-OFF cycles are plotted in
Figs. 23(c) and 23(d), in comparison to the free state in Fig. 23(b).
The shape of the transfer curves is similar to those in Fig. 23(b) but
the peak current in the “ON” state changes. The large-scale phase
separation sets in during cycling and the current starts to drop due to
its influence on the conducting path. For the constrained OECT, in-
plane phase separation occurs and the PEDOT phase accumulates
near the source and drain electrodes which causes a high mobility of
the phase parameter in the horizontal direction. As aresult, PSS-rich
regions emerge in the middle of the channel and hinder the electronic
conduction from the source to the drain electrode. Therefore, the
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drain current diminishes after the 12th cycle in Fig. 23(c) even at the
negative gate voltage which would have turned the transistor on. For
the free and stretched OECTsS, the mobility of the OMICE is more
homogeneous and the complete phase separation has yet to occur.
The longer channel length for free and stretched OECTs requires a
longer time for the transport of carriers from the source to the drain
electrode and therefore the peak drain current is smaller than that in
the constrained OECT.

The extent and significance of the coupling terms are discussed by
studying the electromechanical coupling (Maxwell stress, repre-
sented by ¢ — E) and the stress-transport coupling (represented by
6 — 1) in OECTs. By eliminating the Maxwell stress and the ¢%v™
terms in the chemical potential of the mobile species, the transfer
curves of the OECT are compared. The model without ¢ — ™
coupling shows a higher peak current at the ON state. Notably, the
model without the Maxwell stress shows little difference in both the
mechanical and electrochemical responses from the fully coupled
model.

4.4 Stress-Transport Coupling in Organic Mixed Ionic-
Electronic Conductors. Among the multiphysics, here we high-
light the stress-transport coupling as we observed in moving front
experiments, which are often conducted to understand the doping
kinetics in OMIECs. Figure 24 shows a modified electrochromic
device [29] for moving front observation, consisting of stacking
layers of an OMIEC:s thin film (PProDOT), a gel electrolyte for ion
conduction, a counterelectrode for charge balancing, and indium-tin
oxide (ITO)-coated glass substrates as current collectors. An in situ
optical microscopy is used to observe the time evolution of the
moving front. With an applied voltage of 1 V, the PProDOT film in
contact with the gel electrolyte is doped with holes/anions and
bleached to transmissive light blue. The redox carriers move toward
the pristine magenta domain ahead of the moving front on the right.
The microscopic images (scale bar 100 um) in Fig. 24(b) captured at
0, 1h, and 10h show the propagation of the front. The front

Transactions of the ASME



lon front (c)

Unbiased moving front i (b)
(a) |
migPical 4B gldente,
TOScopg y tip
= ‘
= | -
(© p
Gg| OUnte et
Slectroly B y .
pPrGDOT
ITo
Glags

T = I _:,v

e 1

s I‘ ‘; ) 0 i ,I",

£his P R S N |
f% b ! o 2 4 6 8

300

D,=7.8 X102 m2s"
D, =1.52 X 102 m2s™!

Jt (vh)

(e)

@
o
[72]
0]
oY
3
o]
=
>
@
=
o
3
=

PET

Geic 6umer~ -
EIECtm'Vte

PProDgy

ITo
GIaSS

0 0.6
0.4

0.2

Absorbance (%)

0.0

500 600
Wavelength (nm)

700
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propagation length L is defined as the distance from the ion source to
the front position as seen visually from the microscopic images. As
expected, the front displacement L follows a bilinear relationship
against the square root of time, indicating the diffusional
characteristic of the front propagation.

The strong stress-transport coupling is demonstrated in Fig. 24(d).
A pressure is applied to the film and the voltage is applied as normal
to observe the front propagation. The region in direct contact with
the electrolyte is completely bleached to transmissive light blue, and
the moving front continues to propagate toward the undoped
domain. For the pressured region, as seen in the camera photo-and
circled by the white dashed box in the microscope image in
Fig. 24(d), a clear color contrast is presents compared to the
pressure-free region. The PProDOT film within the irregular regions
outlined by the black dots is peeled off when the PET-PE plate is
removed, leaving the bare ITO coated glass visible. The color
change and film absorbance are further quantified by the UV-VIS
spectroscopy at five different locations in the film, covering the
pressured and stress-free regions, as shown in Fig. 24(e). The result
shows that at locations 1, 2, and 3, where the color is light, the
absorbance is low or intermediate, implying that the moving front
has passed through. In contrast, in the pressured region 5, the
absorbance is very high, on par with the absorbance of pristine
PProDOT magenta films. This indicates that the mobile ions have
not yet reached the region in magenta and the doping process has not
started. Region 4 has the second-highest absorbance among all.
Overall, we observe that an applied pressure as low as 2.8 MPa can
significantly retard the electrochemical redox reaction. While the
doping level is estimated to alter the ionic diffusivity by ~300 times,
the mechanical stress has a comparable effect on ionic transport.
Detailed theoretical modeling on the doping kinetics of PProDOT
under stress and finite element analysis on the moving front
experiments can be found in Ref. [29].

Applied Mechanics Reviews

5 Mechanics-Focused Design Strategies for Materials
and Interface

Following extensive discussion on strain activation, mechanical
properties, dynamics and heterogeneity, multiphysics coupling, and
continuum modeling of materials and devices of OMIECs, this
section reviews design strategies to regulate the mechanical
response of OMIEC polymers. We categorize the solutions into
four classes: (1) strain modulation through backbone design, side
group engineering, and postprocessing, (2) enhancement of material
stretchability through molecular, intermolecular, and microstruc-
tural engineering, (3) optimization of chemical environment to
harvest/suppress mechanical breathing of OMIECs in the con-
duction process, and (4) interfacial engineering through chem-
isorption and physisorption.

5.1 Strain Activation. This section explores strategies for
tailoring strain activation, emphasizing the multiscale approaches.
The material design strategies are developed in terms of the
backbone, sidechain polarity, length, regiochemistry, and post-
processing. The backbone crosslink density and molecular weight
are effective tuning knobs for controlling strain activation. A higher
crosslinking ratio yields a stiffer network with lower electrolyte
uptake and reduced irreversible network expansion. For example, in
polypyrrole (PPy) derivatives, beta substitutions of the methyl group
deactivate the crosslinking sites (Fig. 25(a)) [176], leading to
progressively higher electrolyte uptake and larger irreversible
expansion. Note that the relatively lower expansion of poly
(3,4DMPy-Py)(DBS) compared to poly(3MPy-Py)(DBS) at low
substitution fractions is attributed to film fracture and delamination.
Regarding the molecular weight, it determines the packing and
microstructure, which both impact the electrolyte uptake. As shown
in Fig. 25(b), increasing the molecular weight of PAMEEET from
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substituted 3-methyl-1H-pyrrole (P(3MPy-Py)) and 3,4-dimethyl-1H-pyrrole (P(3,4DMPy-Py)). Reprinted with permission from
Ref. [176]. (b) Percentage changes of mass, dissipation, and lamellar stacking spacing (do0) during doping of low (L) and high (H)
molecular weight poly(3-[2-(2-methoxyethoxy)ethoxy]ethylthiophene-2,5-diyl) (PBMEEET). Reprinted with permission from Ref. [177].
(c—g) Sidechain engineering. (¢) Mass changes during doping in x-p(gT2):y-p(aT2) copolymers, where xis the ratio of polar triethylene
glycol and apolar alkoxy side chain. Reprinted with permission from Ref. [178]. (d) Mass changes during doping of naphthalene
diimide-bithiophene (NDI-T2) copolymer functionalized with hybrid alkyl-glycol side chains. Reprinted with permission from
Ref. [179]. () Chemical structure of NDI-T2 copolymer and sidechain variants and their water uptake as a function of the potential.
Reprinted with permission from Ref. [103]. (f) Chemical structure of p(g0T2-g6T2) and p(g3T2) with asymmetric and symmetric
sidechain distribution, and numbers of CI" and water uptake. Reprinted with permission from Ref. [112]. (g) Regiochemically different
poly(2-(3,3'-bis(2-(2-(2-methoxyethoxy)ethoxy)ethoxy)-[2,2'-bithiophen]-5-yl)thieno[3,2-b]thiophene) (p(g2T-TT)) and poly(2-(4,4'-bis
(2-methoxyethoxy)-5'-methyl-[2,2'-bithiophen]-5-yl)-5-methylthieno[3,2-b]thiophene) (pgBTTT), and their corresponding temporal
mass change upon doping. Reprinted with permission from Ref. [111]. (h—i) Post-treatment. (h) Schematic of ion distribution and
temporal mass changes of unannealed amorphous and annealed crystallized PSMEEMT. Reprinted with permission from Ref. [171].
(i) Schematic of morphological transformation of PEDOT:PSS after solvent treatment, and the temporal mass changes of EG-GOP
PEDOT:PSS and acid-crystallized PEDOT:PSS upon doping (green shaded regions, smaller mass change) and dedoping (yellow
shaded regions, larger mass change). Reprinted with permission from Refs. [180] and [181].

13.9 to 32.5 kg/mol shifts the microstructure from chain-extended  contrast, low molecular weight P3AMEEET swells less, and
crystals to interconnected lamellae inside amorphous regions [177].  electrolyte accommodation within its highly crystalline region is
In a NaCl aqueous electrolyte, high molecular weight PAMEEET  more difficult. In a KTFSI aqueous electrolyte, high molecular
exhibits more pronounced swelling, attributed to anioninjectioninto ~ weight PAMEEET demonstrates larger mass loss, driven by cation
amorphous regions which is evidenced by greater mass gain, expulsion, along with larger dissipation and lamellar spacing
increased dissipation, and smaller lamellar spacing changes. By  changes. Despite the dependence on electrolytes, the observations

030801-26 / Vol. 77, MAY 2025 Transactions of the ASME



underscore that tuning molecular weight is an effective strategy for
tailoring breathing strain in OMIECs.

Sidechain engineering includes tuning the side chain polarity,
sidechain length, and regiochemistry. Side chain polarity is a
commonly used strategy for OMIECs in aqueous electrolytes.
Apolar alkyl side chains are hydrophobic, limiting water uptake
during doping and dedoping. Conversely, polar side chains, such as
ethylene glycol sidechain, significantly boost water absorption due
to their hydrophilic characteristics. Breathing strain can thus be fine-
tuned by synthesizing copolymers with varying ratios of apolar to
polar side chains. As exemplified in Fig. 25(¢), 0%-p(gT2):100%-p
(aT2) with entirely apolar side chains show minimal swelling,
whereas 100%-p(gT2): 0%-p(aT2) with purely polar side chains
exhibits the largest swelling [178]. Varying the spacer length within
polar side chains can also tailor the chain polarity. As shown in
Fig. 25(d), p(gNDI-gT2) with no apolar spacer in the side chain,
exhibits the largest swelling, while p(C6-gNDI-gT2), with the
longest spacer, shows the lowest swelling due to reduced sidechain
polarity [179]. Polar sidechain length determines the proportion of
hydrophilic segments and influences the lamellar packing motifs,
thus affecting breathing strain. For example, naphthalene-1,4,5,8-
tetracarboxylic-diimide-bithiophene (NDI-T2) polymers with lon-
ger EG sidechain, such as p(3 g-NDI-T2), exhibit considerably
greater swelling than their shorter chain counterparts [103] as shown
in Fig. 25(e). OMIECs with the same average sidechain length but
different sidechain symmetry or distribution display markedly
different breathing strains, Fig. 25(f). For instance, p(g3T2),
featuring symmetric side chains, swells much more than p(g0T2-
g6T2) whose asymmetric sidechain arrangement reduces overall
hydrophilicity and thus lowers breathing strain [112]. Regiochem-
istry refers to sidechain positioning that influences the intermolec-
ular packing and the electrolyte accessibility of OMIECs.
Comparison of p(g2T-TT) and pgBTTT in Fig. 25(g)— two
OMIECs with the same backbone and sidechain but different
sidechain placements—reveals dissimilar breathing strains [111].
The sulfur-oxygen interactions in pgBTTT yield a more planar
structure and tighter packing, restricting electrolyte penetration.

Post-treatment of OMIECs can tune mechanical breathing by
modulating their composition, morphology, and microstructure.
Thermal annealing, for instance, increases polymer crystallinity,
affecting passive and active swelling, Fig. 25(%). Unannealed
amorphous PAMEEMT exhibits more pronounced passive swelling
compared to its annealed, highly crystalline counterpart [171].
During subsequent doping (grey regions) in KPFg and KTFSI
aqueous electrolytes, the unannealed P3MEEMT undergoes dehy-
dration followed by anion uptake; the annealed PAMEEMT instead
predominantly exhibits anion uptake with minimal dehydration.
Similarly, acid or polar solvent treatment removes excess PSS™ and
induces nanofibrillar crystallization in PEDOT:PSS [180]. The
compositional and morphological differences lead to distinct
swelling behavior as shown in Fig. 25(i) [181] where EG/GOPS
treated PEDOT:PSS undergoes mass decrease due to cation
expulsion, while acid-crystallized PEDOT:PSS experiences a
mass increase caused by concurrent cation ejection and anion
injection.

5.2 Material Stretchability. The rise of soft and wearable
electronics calls for stretchable OMIECs. The stretchability of
OMIECs originates from the hierarchy of the structural
characteristics—spanning from the molecular structure, intermo-
lecular interactions, to the microscopic and bulk-level structural
design and postprocessing.

At the molecular level, the molecular structure including the
rigidity of the backbone and length of side chains determines the
extent of entanglement and chain slipping, which are the ladders of
stretchability. The conjugated breaking spacers shown in Fig. 20(f)
are a great example. The alkyl spacers significantly decrease the
backbone rigidity, which allows more conformational changes of
the OMIEC during deformation, and thus higher stretchability.
Another effect of molecular structure is the ability of OMIECs to
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crystallize and its impact on morphology. For example, the
indacenodithiophene-cobenzothiadiazole (IDTBT) polymer with
rigid backbone is found to have much higher stretchability than the
softer thieno[3,2-b]thiophene-diketopyrrolopyrrole (DPPTT)
[182], Figs. 26(a) and 26(b). Microstructural analysis shows that
IDTBT is amorphous and DPPTT is semicrystalline. The stretch-
ability comes from the large free volume of polymer chains which
helps dissipate the strain energy. Also, IDTBT polymer chains are
observed to be better aligned during stretching, which contributes to
the stretchability.

The intermolecular forces such as hydrogen bonding and covalent
dynamic bonds can also be introduced to increase stretchability. For
example, conjugation breakers with different H-bonding units (urea,
amide, and urethane) and linker flexibilities (alkyl or ether chains)
are incorporated into a diketopyrrolopyrrole (DPP)-based conju-
gated polymer backbone [183], Figs. 26(c) and 26(d). The two
parameters can effectively tune the intermolecular interactions and
the size and distribution of the H-bonding zones. Results show that
with increased H-bonding energies, the material stretchability is
enhanced. Further investigation of the relative degree of crystalli-
zation shows that the main energy dissipation mechanism for the H-
bonding embedded polymers is the breakage of H-bonding
interactions. By contrast, other less stretchable polymer films
dissipate the strain energy through breakage of crystalline domains.

At mesoscale, the microstructure effectively changes the strength
and ductility of OMIECs. This can be achieved by modulating the
crystallinity and distribution of the crystalline domains using
postprocessing, such as thermal annealing, and blending OMIECs
with other stretchable polymers. When doped with p-dopant 2,3,5,6-
tetrafluoro-7,7,8,8-tetracyanoquinodimethane (FATCNQ), p(g32T-
T) polymer showed significant increase in both the stretchability and
stiffness, which agrees with the effect of doping induced n-stacking
of the polymer [184], Fig. 26(e). Blending p(g2T-T)with hydrogel
forming acrylic acid following crosslinking of hydrogels leads to a
highly stretchable hydrogel OMIEC [185], Fig. 26(f). Leveraging
the crosslinking ratios of the hydrogel, the overall stretchability of
the hydrogel OMIEC can be increased to over 100%.

At the macroscopic level, structural design induces heterogene-
ous components that distribute deformation and enhance stretch-
ability. For instance, a honeycomb porous structure [186] of poly
(2,5-bis(2-octyldodecyl)-3,6-di(thiophen-2-yl)-2,5-diketo-pyrrolo-
pyrrole-alt-2,5-bis(3-triethyleneglycoloxy-thiophen-2-yl)
(DPP-g2T) with a biaxially prestretched platform is designed,
Fig. 26(g). The hetero-structure distributes the load and stabilizes
the effective electronic and ionic transport pathways under
deformation, leading to OECTs with a high normalized trans-
conductance and stable output characteristics. Eventually, material
failure initiates from local breaking of the honeycomb lattice. By
adding the ethylene-glycol side chains, the structural stretchability
is further increased by one-fold as shown in Fig. 26(h).

5.3 Optimization of Chemical Environment to Harvest/
Suppress Strain Response. The solvation structure of electrolytes
largely affects the strain response of OMIECsS. In this section, we
discuss the selection and design strategies of aqueous and organic
electrolytes, focusing on the effects of salt concentration, ionic size,
and organic solvent. Our discussion is within the dilute electrolytes
since high salt concentrations increase viscosity, slowing ionic
transport. In dilute electrolytes, ions mainly move with their
solvation sheath instead of cation-anion pairs, leading to larger
breathing strains. For example, PBDF in a lower concentration NaCl
aqueous electrolyte exhibits larger passive swelling due to amplified
osmotic pressure [54], and larger breathing strains persist in the
subsequent electrochemical cycles as shown in Fig. 27(a). Similarly,
PProDOT in dilute organic electrolytes experiences more pro-
nounced breathing strain as revealed by MD simulations and in situ
nano-indentation (Fig. 27(b)) [22], driven by enhanced PC uptake.
The inset MD snapshots of Fig. 27(b) show visualization, and the
radial distribution function in Fig. 27(c) validates larger injection of
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Fig. 26 Design strategies to enhance material stretchability. (a and b) Molecular backbone and sidechain
engineering. Reprinted with permission from Ref. [182]. (a) Molecular structure of indacenodithiophene-co-
benzothiadiazole (IDTBT) and thieno[3,2-b]thiophene diketopyrrolopyrrole (DPPTT). (b) Stress—strain
curves for IDTBTand DPPTT. (c and d) H-bonding. Reprinted with permission from Ref. [183]. (¢) H-bonding
energy for different conjugation breakers (CBs) from DFT calculations. (d) Summarized crack on-set strains
for different H-bonding polymers. (e-f) Blending. (e) Stress—strain curves recorded by tensile deformation
of free-standing films of neat p(g32T-T) (light green, E = 76 MPa) and p(g32T-T) doped with 20 mol.% FATCNQ
(dark green, E = 826 MPa). Reprinted with permission from Ref. [184]. (f) Stress—strain curves of p(g2T-T):
AAc hydrogel semiconductors (hydro-SCs) films with different cross-linking ratios measured in 100 mM
NaCl solution. Reprinted with permission from Ref. [185]. (g—h) Structural engineering. Reprinted with
permission from Ref. [186]. (g) Optical (top) and SEM (bottom) images of h-DPP-2T (left) and h-DPP-g2T
(right) films at the pristine and stretched states. The inset shows a zoomed-in view of the images. The red
squares highlight cracks. (h) Microscopic crack onset strains extracted from SEM imaging. All data are
calculated from five samples.
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Fig. 27 Selection of electrolytes to tune mechanical breathing strain. (a-c) Salt concentration. (a) Water uptake of poly
(benzodifurandione) (PBDF) films in NaCl aqueous electrolytes with varying salt concentrations upon doping and dedoping.
Reprinted with permission from Ref. [54]. (b) Swelling volumes of PProDOT in 0.2 M and 1.0 M LiClO4 in PC from MD simulations
(blue) and in situ nano-indentation (green). (¢) Coordination number between carbonyl oxygen (Oc) and PProDOT atoms at passive
swelling (0%) and active swelling (33%) states. The inset figures are MD snapshots showing coordination of PProDOT with PC
molecules. (d-h) lon size. (d) Mass changes of P3HT as a function of charge consumed (blue) in a redox cycle with KCI (upper) and
KTFSI (lower) aqueous electrolytes. Reprinted with permission from Ref. [187]. (e) Swelling volumes of PProDOT in 1.0 M LiBF,,
LiClOy,, LiPFg, and LiTFSI in PC from MD simulations (blue) and in situ nano-indentation (green). (f) Coordination number between
PProDOT atoms at the doped state in the four electrolytes. The inset figure shows the enlarged region between 3.95 and 4.05 A.
(g—h) Organic solvent. (g) Swelling volumes of PProDOT in 1.0 M LiPFs in PC and EC/DEC from MD simulations (blue) and in situ
nano-indentation (green). (h) Coordination number between Oc in organic solvent and PProDOT atoms at passive swelling (0%)
and active swelling (33%) states. The inset figures are MD snapshots showing coordination between PProDOT and EC/DEC
molecules. (b—c, e-f, g-h) are reprinted with permission from Ref. [22].

PC which contributes to the increased swelling in the dilute
electrolyte.

ITonic size also plays a critical role in determining the swelling
behavior of OMIECs, particularly in aqueous electrolytes where
ions are categorized as either small, hydrophilic, kosmotropic or
large, hydrophobic, and chaotropic. As illustrated in Fig. 27(d),
P3HT exhibits a substantial mass change in TFSI™ based
electrolyte where mostly isolated TFSI™ are injected, compared
to C1™ based electrolyte despite Cl~ enters the film with a bulkier
hydration shell [187]. Although the mass change does not directly
quantify the breathing strain without the knowledge of mixture
density, this contrast still highlights the importance of ionic size in
regulating strain activation of OMIECs. In organic electrolytes,
PProDOT also demonstrates greater swelling with larger ions with
comparable solvent injection [22], visualized by MD snapshots in
Fig. 27(e) and validated by radial distribution function between
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PProDOT atoms shown in Fig. 27(f). For organic solvents,
PProDOT swells more in PC electrolyte than EC/DEC mixture as
revealed in Fig. 27(g). In EC/DEC electrolyte, both EC and DEC
contribute to the swelling, validated by the increased coordination
with PProDOT after doping and by the MD snapshots shown in Fig.
27(h). The molar volume of EC/DEC is smaller/larger than that of
PC. The resulting number averaged volume of injected EC and
DEC remains smaller than that of injected PC, resulting in less
breathing strain. It is noteworthy that material design and
electrolyte selection can be combined. In such synergistic
scenarios, breathing strain may differ significantly compared to
the cases where these strategies are applied separately as shown in
Fig. 25(b). Moreover, besides the breathing strain at the static state,
the temporal evolution of swelling—illustrated in Fig. 25(h)—is
important to understand the dynamic interactions of ions and
solvents with OMIECs.
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Fig. 28 Strategies to enhance interfacial stability. (a and b) Chemisorption. Reprinted with permission from Ref. [188].
(a) Chemisorption of EDOT-Acid (red, linker monomer) onto ITO (black, metal oxide base) and electrodeposition of PEDOT (blue,
polymer). (b) Optical images of PEDOT films on ITO and modified ITO before and after ultrasonication adhesion tests. PEDOTon ITO
is tested for 5s and PEDOT on modified ITO is tested for 2 min. (¢ and d) Physisorption. Reprinted with permission from Ref. [55].
(c) Surface roughness of PProDOT thin films on different substrates including bare ITO, a flat region in roughened ITO, a scratched
regioninroughened ITO, and a SiO, NP-treated ITO. Sq denotes the root-mean-square height roughness. (d) Images of as-prepared
PProDOT films on bare ITO, PProDOT on bare ITO after 140 cycles, PProDOT on roughened ITO after 380 cycles, and PProDOT on

SiO, NP treated ITO after 8500 cycles. The cyan dotted lines indicate the electrolyte front. Scale bar is 1 cm.

5.4 Interfacial Stability. In OMIEC-based devices, the pas-
sive and active swelling of conducting thin films is usually bounded
by the underneath inactive substrate, such as the current collector
ITO. This mismatch induces mechanical stresses in both the film
electrode and the substrate. The growth of the internal stress in the
organic film as well as the interfacial stress between the soft polymer
and the hard substrate can cause bending of the thin double layer,
wrinkling of the film electrode, crack at the interface, and debonding
of the thin film from its electron conduction network.

Previous efforts in modifying the interfacial adhesion fall into two
major categories, chemisorption [188-190] and physisorption
[55,191]. In general, chemosorption starts by activating the substrate
surface with functional groups, which are ready to covalently link to
the polymer chains. Chemisorption of EDOT-Acid (Red) onto ITO
(black) substrate followed by electrodeposition of PEDOT showed a
significant enhancement of PEDOT thin film adhesion, Figs. 28(a)
and 28(b). The modified thin film remained mostly intact on the
substrate after sonication for two minutes, while the untreated thin
film was delaminated completely in five seconds. Other examples
include electrografting of the amine moieties followed by in situ
electrodeposition. Chemosorption is often the strongest to maintain
electrical conductivity. However, in situ electrodeposition limits the
generalizability of the method.

Physisorption methods enhances interfacial adhesion by increas-
ing the roughness of the substrate surface before polymer coating,
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Figs. 28(c) and 28(d). We demonstrated two facile methods of
enhancing physisorption: scratching the substrate with sandpaper
and coating it with nanoparticle monolayers [55]. The base ITO
interface with roughness of 5.51 nm shows a large dysfunctional
area without electrochromic color switching due to interfacial
delamination, while the roughened ITO surface and the silica
nanoparticle coated ITO surface of >20 nm roughness enable orders
of magnitude increase in the lifetime of a thin film OMIEC electrode
with minimal change in the electrochromic functionality, indicating
the intact interface.

6 Conclusions

Organic mixed ionic-electronic conductors are a fast-evolving
field, and the mechanics associated with mixed conduction must be
understood for their deployment in energy, biotechnology, and
computing. Built upon extensive studies on OMIECs in the past
decade and knowledge of similar materials such as polyelectrolytes
and hydrogels, this review summarizes the key elements of
mechanics in OMIECs, including strain activation, mechanical
properties and mechanics descriptions, multiphysics coupling, and
mechanics-guided design for durable electrochemical devices. The
key features underlying these topical themes are the dynamics and
heterogeneity that spans over multiple time and length scales as
shown in Fig. 29.
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This section concludes the review by reiterating some of the
outstanding questions, and outlining the remaining challenges at the
interface between mechanics and electrochemistry where continued
research could contribute to the fundamental understanding and
practical adoption of OMIECs.

How does the strain response populate in OMIECs from
molecules to devices? More specifically, (i) How do the chain
structure and local chemical environment shape conformational
changes at the molecular scale? The conformation and coordination
of OMIEC chains are complex, depending on the chain structure
(rigidity and hydrophilicity) and the chemical environment such as
the electrolyte (salt, solvent, molarity). Future characterizations at
the molecular level would heavily rely on scattering techniques,
scanning tunneling microscopy [192], and electron microscopy
[193] as well as molecular dynamics simulations. (i) How does
microstructural heterogeneity regulate strain activation under
chemical and mechanical load? OMIECsS are highly heterogeneous,
where domains of different crystallinities and hydrophilicity
respond entirely differently under swelling, dopant insertion, and
mechanical load. Recent experimental and simulation results
[22,58] showed local segregation of dopants and solvent in the
OMIEC chain aggregates. Also, the spatially heterogeneous
structure evolves over time under the external stimuli. We highlight
in situ and operando techniques as well as coarse grained MD
simulations to unveil the deformation behavior at the mesoscale. (iii)
Toward the practical use, how to mitigate mechanical degradation of
OMIEC-based devices? OMIECs are utilized in various electro-
chemical devices, and mechanical degradation associated with the
breathing strain is one of the key failure mechanisms in their long
cycles. Future research should identify the specific mechanism of
degradation in each application, as discussed in Sec. 1.5, define and
evaluate the mechanical stability of OMIEC-devices, determine the
quantitative relation between mechanical degradation and perform-
ance metrics, and formulate engineering solutions to enhance the
mechanical reliability of the electrochemical devices.

What is the constitutive law in OMIECs? Constitutive description
is considered a holy grail in applied mechanics. As discussed in Sec.
4, OMIECs feature abundant entanglement through the complex
chain configurations and are usually not crosslinked. Also, the
microstructure of OMIECs differs by the synthesis conditions and
further evolves with doping, hydration, and postprocessing. A
systematic evaluation and modification of the classical constitutive
models, calibrated against new experimental data, are likely needed
to describe the mechanical behaviors of OMIECs.

How to decode multiphysics coupling in OMIECs? More
specifically, (i) How does the electronic-ionic coupling dictate the
kinetics? OMIECs are inherently more complex than conventional
polyelectrolytes in multiphysics coupling. While the mobile
electronic charges hop at a short time and disturb the local chemical
and electrical environment, the chain conformational changes and
mass transport occur at much larger time and length scales. For
instance, in bio-electronic transistors and neuromorphic computing,
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high frequency (~100kHz) of doping/dedoping and electronic
switching may impede mass transport of slower response, which
ultimately limits the capacity of OMIECs [194]. These unusual
scenarios may induce unprecedented behaviors that are limited by
multiple kinetic processes due to the high frequencies. Theoretical
frameworks that evaluate the degree and mechanism of coupling are
highly needed for a fundamental understanding of mixed conduction
in OMIEC:s. (ii) How does the coupling differ in p-type and n-type
OMIECs? Recently, n-doped PBDF stands out as an innovative n-
type OMIEC [5,195], distinct from conventional p-type counter-
parts like PEDOT:PSS. Unlike traditional mixed conductors, which
rely on hole transport and often incorporate hydrophilic additives (e.
g., PSS) to enable ion mobility, n-PBDF achieves electron-
dominated conduction through its fused benzodifurandione back-
bone. The ion transport in n-PBDF remains unclear. The distinct
chemical structure of n-PBDF also gives rise to critical questions
about its mechanical behavior. (iii) How do heterogeneity and
dynamics interact with multiphysics coupling? As discussed
throughout the review, OMIECs are highly heterogeneous systems
considering the spatial variation in ionic/electronic conductivity,
hydrophilicity, crystallinity, and crystallite distribution. One
structural heterogeneity is separation of domains of high crystallin-
ity/conductivity by amorphous/insulative neighborhoods. Much
effort is needed in theoretical evaluation and experimental
validation of such heterogeneity imposed on the multiphysics fields.
For example, how do deformation and stress evolve with phase
separation [196]? What are the boundary conditions between the
phase domains? How do the field variables progress across the
domain interfaces? (iv) How to incorporate multiphysics in device
modeling? Electrochemical devices are complex systems involving
large deformation, electrostatics, charge and mass transport, and
other field variables that depend on the microstructure and
composition. Integrating their coupling into the mathematical
framework is nontrivial but essential to understanding the
performance output of devices with high fidelity representation.

How to bridge fundamental understanding and design strategies
of OMIECs? (i) How to navigate through the design parameter space
for on-demand materials properties? As discussed in Sec. 5,
materials design ranges from molecular chains, packing, to micro-
structure and compositing. And tradeoffs often need to be
considered. For example, ductile polymers with both long backbone
and side chains may induce high swelling and lower the
conductivity. Therefore, figure of merit for targeted applications
should be established, such as transconductance in OECTs [197], to
guide the material design. To this end, a holistic understanding of the
design parameters that may impact the structural response across
multiple scales is required for on-desire bulk properties. (ii) How to
engineer tough and highly conductive/insulative interfaces?
OMIECs are integrated with inorganic materials for electrical
conduction, organic materials for strengthening, and biomaterials
for sensing. These interfaces must remain intact for functionality in
diverse physiochemical and mechanical conditions. Strategic
principles remain to be established in these areas to achieve tough,
highly conductive, and compatible interfacing with the inactive
components. (iii) What are the future novel applications? Standing
alone, OMIECs of solution processibility, pattern-printed [198],
three-dimensional printed [199], or self-assembled [200] are being
developed in efficient actuator [201] or chiral optical [202]
applications. This opens opportunities for structural designs, such
as OMIEC metamaterials, to be explored for innovative
applications.
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