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Abstract

Organic mixed ionic-electronic conductors (OMIECs) are a developing class of

organic electronic materials distinguished by their dual modes of conduction.

The side-chains of OMIEC polymers are responsible for forming a percolating

electrolyte phase that mediates doping and ionic conduction. Despite this criti-

cal role, design rules for OMIEC side-chains are still nascent and their effects

on OMIEC morphology and charge transport have yet to be systematically

studied. Here we perform the first dedicated coarse-grained molecular dynam-

ics study of OMIECs where the side-chain identity and distribution are systemat-

ically varied using a random copolymer architecture. The simulations

recapitulate the nonlinear progression of the morphology from an interfacially

gated electrolyte when large fractions of hydrophobic side-chains are incorpo-

rated, to an electrolyte swelled morphology after crossing a threshold of approxi-

mately 40% polar side-chains. Kinetic Monte Carlo simulations were used to

characterize the charge transport behaviors in these systems, revealing two inter-

esting maxima in the mobility at 40% and 100% polar side-chain fractions, respec-

tively. With respect to maximizing the charge mobility and conductivity, these

simulations suggest that a uniform hydrophilic side-chain distribution is optimal

and that there are few advantages to using mixed side-chains in a random copol-

ymer architecture. These results also suggest several alternative side-chain engi-

neering strategies for optimizing OMIEC performance.
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1 | INTRODUCTION

Organic mixed ionic-electronic conductors (OMIEC)1 are
composed of organic semiconducting polymers and an
absorbed electrolyte. OMIECs exhibit electron conduc-
tion within the polymeric phase while ionic conductivity
is mediated by a percolating electrolyte phase. Depending
on the degree of mixing and polymer characteristics,
these two conduction channels can be strongly coupled,
with ion percolation leading to volumetric doping of the

polymer. This mechanism has been exploited for signal
transduction and charge storage, and is the basis for sev-
eral technologies, including organic batteries and super
capacitors,2–4 organic electrochemical transistors,5 neuro-
computing devices5–7 light-emitting electrochemical
cells,8 chemical sensors,9 and electrochromic devices.10

Given the extensive prior work on developing organic
semiconductors (OSC), a common OMIEC design strat-
egy is to add polar side-chains (e.g., glycol derivatives) to
extant p-type11–13 and n-type13–16 OSCs to enable electrolyte
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percolation and doping. In contrast, the alkylic side-
chains typically used in OSC applications do not enable
electrolyte percolation and these materials only exhibit
limited interfacial doping rather than mixed conduction
when interfaced with an electrolyte.11 Additionally, polar
side-chains facilitate co-processing of polymer with dop-
ants12 and decrease ion aggregation.12,16 Nevertheless,
replacing the side-chains of OSCs potentially leads to
adverse morphological changes with respect to charge
transport and the optimal strategy for selecting side-
chains is unknown. Likewise, the actual morphology that
governs mixed conduction is substantially influenced by
the details of the electrolyte and the degree of percola-
tion, and the features that constitute an optimal (or at
least acceptable) OMIEC morphology are still being
resolved.

In the past few years, extensive efforts have been ded-
icated to developing OMIECs specifically for organic elec-
trochemical transistors (OECT).5 For this reason, the
structure–function relationships that have been observed
for side-chain engineering of OMIECs have been studied
in the context of OECTs. In an OECT, the output source-
drain current is the current through the polymer film,
which is modulated by changing the doping within the
polymer via a gate electrode in the electrolyte. The mag-
nitude of the current change is related to the
transconductance—the product of capacitance and
carrier mobility—of the OMIEC and is thus a key figure-
of-merit.17 However, relating transconductance to side-
chain identity is complicated by how doping efficiency
(i.e., carriers created in the polymer per electrolyte dop-
ant) and carrier mobility potentially respond to increased
electrolyte uptake. For example, increased electrolyte
uptake straightforwardly increases capacitance, while it
has an indeterminant effect on doping efficiency and
mobility. Several comparative studies of how side-chain
chemistry impacts OECT performance have documented
a variety of behaviors depending on the polymer chemis-
try, electrolyte, and particular side-chain substitution.
Two recent studies investigated how OECT properties
respond to incorporating varying amounts of polar and
apolar side-chains on different OMIEC polymer back-
bones.18,19 For both p-type and n-type conducting poly-
mers, these studies observed that all polar side-chains
generally maximize the transconductance. Both studies
observed maximum electrolyte uptake for the all polar
side-chain cases, suggesting that the net increase in dop-
ing offsets any potentially negative effects on doping effi-
ciency or mobility. The side-chain length, branching,
frequency, and placement have also been shown to affect
OMIEC figures of merit. These factors have been
explored for specific backbone and electrolyte combina-
tions across many recent experimental studies,15,20–30 and

to a lesser extent by simulations.31,32 Among the salient
trends from these studies, are that branched side-chains
exhibit higher capacitance20 but lower conductivity,21

intermediate length side-chains (3 glycol units) lead to
the highest transconductance,21,23 and tail-to-tail side-
chain linkage shows higher transconductance than head-
to-head linkage.24 An additional strategy that has
recently gained traction is to include an alkyl linker
between polar side-chains and the backbone to limit
backbone-electrolyte interactions and improve polymer
packing and conductivity.25–29 However, these side-chain
design rules are not universal and strongly depend on the
backbone chemistry.15,30 Since the transconductance is
proportional to the product of the mobility and carrier
concentration, it is expected that several of these trends
are dominated by the increase in net doping that occurs
when including more polar side-chains, which also com-
pensates for the potential decreases of mobility or doping
efficiency that might occur upon polymer swelling by the
electrolyte. However, the molecular details of these com-
peting trends and the degree to which mobility and dop-
ing efficiency might be simultaneously optimized with
electrolyte uptake remain undetermined.

To provide molecular insight into some of these
potential trade-offs, we have performed the first molecu-
lar dynamics (MD) study of the effect of systematically
varying the side-chain polarity on the morphology and
mixed conduction of a model OMIEC based on a
thiophene backbone with either alkyl or glycolated side-
chains. A generic computational framework for coarse-
grained molecular dynamics (CG-MD) and kinetic Monte
Carlo (KMC) simulations is used for this purpose that
was recently developed by our group.33 These simulations
provide molecular level details on electrolyte percolation,
morphology, and charge transport to supplement the
macroscopic picture that has been previously established
in experimental studies. Additionally, this study validates
that our model correctly captures the effect of side-chain
design variables to the extent that experimental compari-
sons are possible, and opens the door for future side-
chain design studies.

2 | METHODS

The coarse-grained force field and KMC framework used
here for modeling OMIECs was recently reported and
benchmarked in a separate publication by the authors.33

In the following sections, we briefly review the details
and highlight the changes with respect to the originally
reported implementation. In the Appendix S1, all force
field parameters and simulation conditions are reported
to facilitate reproducibility of the simulations.
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2.1 | Coarse-grained model

The OMIEC MD model used in this study was composed
of an anisotropic conjugated backbone, and isotropic
side-chain, ions, electrolyte solvent, and a processing sol-
vent. Unless specified otherwise, the isotropic bonded
and nonbonded interactions refer to bead types from
Martini version 2.34,35 To better approximate film
processing, all simulations were first equilibrated in chlo-
roform, modeled by a C4 Martini bead, followed by equil-
ibration in an aqueous electrolyte modeled using a
chloride counter-ion and coarse-grained water. The
polarizable Martini force field was used for water,35 and
chloride ions were represented by a Qa bead.

A comparison of polar and apolar side-chains was per-
formed using isotropic Martini-based beads that are repre-
sentative of alkyl and polyethylene glycol (PEG) chains,
respectively, which are commonly used side-chains in
experiments. The alkyl side-chain was modeled with the
SC3 Martini bead that represents a propyl group (Figure 1)
as has previously been implemented in the Martini model
of poly(3-hexyl thiophene) (P3HT).36 For the PEG chain,
we adopted the parameters from the Martini CG model for
polyethelyene glycol,37 where an EO bead represents the
CH2�O�CH2 group (Figure 1). However, the EO bead
was originally parameterized with the water force field
from Martini version 2.2. To make it compatible with the
polarizable water model, we modified the interaction of
EO with the POL water bead by setting ε¼ 3:325 kJ=mol,
to obtain a hydration free energy of �14.77 kJ=mol,

which is comparable to the value of �14.73 kJ=mol
obtained by the original Grunewald model.37 The bonded
parameters for EO were also retained from the Gru-
newald model except for the restricted bending potential
and instead cosine-squared potential was used similar to
the original Martini model. As the purpose of the
restricted-bonding potential was numerical stability and
we are modeling short PEG oligomers as side-chains, this
modification should be inconsequential.

As in our previous work, the potential interaction
between backbone beads was modeled using an anisotropic
Gay-Berne potential38 and the orientation of consecutive
backbone beads was controlled using additional torsional
and stretching potentials.33 The Gay-Berne potential
parameters were selected to be representative of thiophene
and follow our previous report. Simulations of a 3-hexyl-
thiophene (3HT) monomer liquid based on this backbone
and two SC3 side-chain beads (i.e., the same Martini model
that has previously been used for P3HT36) resulted in a
density of 0.97 g/cc that was in close agreement with the
experimental density of 0.95 g/cc. The backbone bonded
potential parameters were modified to obtain a persistence
length of 7.34 repeat units (RU) for P3HT in toluene, com-
parable to the experimental persistence length for
polythiophene of 6.75–7.43 RU.39 As in our previous work,
the backbone bead interacts with other side-chain and sol-
vent beads with an isotropic potential, but is modeled as a
Martini C4 bead here instead of a C3 bead from our previ-
ous model. The Martini C4 bead reproduces the
hexadecane-water partition free energy of a thiophene ring
as 9.27 kJ=mol in better agreement than C3 with the
experimental partition free energy of 10 kJ=mol.

40

All simulations consisted of monodisperse solutions
containing polymers of 50 backbone beads. Six polymer
compositions were studied (Figure 1C) with varying
amounts of polar and apolar side-chains: 0% polar (100%
apolar), 20% polar (80% apolar), 40% polar (60% apolar),
60% polar (40% apolar), 80% polar (20% apolar), and 100%
polar (0% apolar). Each side-chain contained 3 CG beads
representing roughly 9 heavy atoms. The side-chains
were attached on each backbone bead in a regioregular
fashion. The cases with mixed amounts of polar and
apolar side-chains were modeled as random copolymers
by stochastically assigning the identity of each side-chain.
The degree of polymerization25,41 and side-chain
length11,14,23 were selected to be comparable to that of
typical experimental OMIECs.

2.2 | Molecular dynamics

LAMMPS was used to perform all MD simulations.42

All simulations used a 10 fs integration time step,

(C)

(A) (B)

FIGURE 1 The coarse-grained mapping of the apolar (A) and

polar (B) beads used to model the hydrophobic and hydrophilic

polymer side-chains, respectively. (C) The materials simulated here

consist of random copolymers with varying fractions of the two

types of side-chain
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Velocity-Verlet integration, and periodic boundary con-
ditions. Lennard-Jones, electrostatic, and Gay-Berne
interactions were truncated at 12 Å. The Lennard-Jones
and Coulombic interactions were shifted using the stan-
dard GROMACS shift function over a length of 9–12 Å
and 0–12 Å, respectively. Film equilibration occurred
over two distinct simulations. First, polymer film forma-
tion was simulated by dissolving the neutral polymers
in chloroform then evaporating the solvent. Subse-
quently, the polymers were doped (i.e., charged) and
electrolyte was added to the simulation and allowed to
equilibrate.

For the polymer film formation simulations, the poly-
mer and chloroform solvent molecules were initialized
from diffuse configurations, using a cubic grid to place
molecules in random orientations without overlap. Each
simulation box contained 50 polymers and was initially
surrounded by 50,000 chloroform molecules. The veloci-
ties were initialized from a uniform distribution obtained
with a random seed value and scaled to give the correct
kinetic energy. The simulations were first relaxed in the
NVE ensemble with restrained displacements of 0.1 Å
per time step for 10 ps. This was followed by a simula-
tion in the NVT ensemble at 300 K while linearly
rescaling the simulation box over 2 ns to obtain a con-
densed system with a density of 1 g/cc. The density was
then equilibrated in the NPT ensemble for 100 ns at
300 K and 1 atm. After the NPT simulation, 20 wt% of
the chloroform beads were randomly selected and
removed from the system, followed by an equilibration
step in the NPT ensemble for 100 ns at 300 K and 1 atm.
This process of chloroform removal followed by NPT
equilibration was performed five times, resulting in
28,750 (80 wt% of solvent), 10,781 (60%), 4792 (40%),
1797 (20%), and 0 (0%) chloroform molecules, respec-
tively. This procedure is intended to qualitatively mimic
the solvent processing and evaporation during experi-
mental film formation (e.g., spin-coating) and has been
employed in other coarse-grained simulations of organic
polymers.43

The final polymer film configuration was unwrapped
in accordance with the periodic boundary conditions, the
backbone beads were charged and then surrounded by
randomly placed solvent and ion beads on the outside of
the polymer film, each within a separate cubic box of
length 6 Å to avoid overlaps. At this stage, 10,781 CG
water beads were added, which correspond to 43,124 real
water molecules and 60 wt% of solvent. Each backbone
unit carried a charge of þ0:2 (i.e., a doping induced
charge every five backbone beads), and 500 counter-ions
with a charge of �1:0 were added to achieve charge neu-
trality. These systems were relaxed in the NVE ensemble
with restrained displacements of 0.1 Å per time step for

10 ps, followed by an NPT equilibration for 100 ns, and
an NPT production run for an additional 100 ns at 300K
and 1 atm. In all of the NVT and NPT simulations, the
Nosé-Hoover thermostat and barostat were employed
using the modified form proposed by Martyna, Tobias,
and Klein, as implemented in LAMMPS,44 with a relaxa-
tion time constant of 0.15 and 1.5 ps for the thermostat
and barostat, respectively. In all of the simulations, the
thermodynamic data and coordinates were sampled at
1 ps. The ASPHERE package in LAMMPS was used for
all Gay-Berne force evaluations, torque evaluations, and
numerical integrations.45 The SHAKE algorithm46

implemented as a part of the RIGID package in LAMMPS
was used to constrain the bonds in the water molecules.
Additional bonded potentials to control the orientation of
neighboring beads were implemented as custom classes
in LAMMPS by our group. OVITO was used for visualiz-
ing the final trajectories and generating snapshots of MD
configurations.47

2.3 | Charge transport calculations

Charge transport within the OMIEC polymer network
was modeled on the basis of configurations generated
from the CG-MD trajectories. The expressions for charge
transport rates, the physics behind the rate parameters,
the choice of these rate parameters, the KMC procedure,
and the final calculation of mobility was explained in
detail in our previous work.33 In brief, each backbone
bead was parameterized to represent a single conjugated
unit (i.e., a ring system without internal flexible dihedral
degrees of freedom); thus, sites consisting of one or more
contiguous backbone beads constitute the relevant polar-
onic basis states for charge transfer. The extent of polaron
delocalization (i.e., the number of contiguous beads
involved in a single polaron site) was determined based
on a threshold for the charge transfer rate for contiguous
beads 1014s�1ð Þ. Contiguous beads with charge transfer
rates above this threshold were combined together to
form a delocalized polaron site; contrarily, smaller
polaron sites reflect poor torsional alignment or electro-
static disorder along the polymer chains. The charge
transfer rates between polaron sites were parameterized
using semi-classical Marcus theory,48 whereas the charge
transport between contiguous beads was modeled using a
modified Marcus rate in the adiabatic limit.49,50 The
charge transfer rate parameters capture the appropriate
dependence on the delocalization of electrons along the
backbone, the electronic coupling due to orbital overlap,
the reorganization energy in the presence of solvent, and
the energetic disorder due to electrostatic interactions
with the solvent.
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The expression used to calculate the intermolecular
electronic coupling was updated to be calculated on the
basis of individual pairwise couplings between beads,
instead of an average intersite distance over all beads, as
was done previously. The new expression for coupling is

Jij ¼ J inter
X

m � i[ j

exp �α rmin,m� r0ð Þf g, ð1Þ

where α is a decay factor, r0 is the reference separation
for J inter, and rm,min is the minimum distance of bead m
in site i (or j) from beads in the other site j (or i). This
expression defines the coupling between backbone units
and assigns a nonzero coupling for polymers that par-
tially overlap, which was not captured by the earlier
expression based on the average intersite distance. The
intermolecular coupling value J inter, the reference separa-
tion r0, and the decay factor α were set to 0.01 eV, 3.5 Å,

and 0.8 Å�1, respectively to match with the new coupling
expression and commonly reported values in organic
electronic literature.51 The values for HOMO energy
levels and reorganization energy as a function of site
length were obtained from the length-dependence study
by Zade et al. on polythiophenes.52 The intramolecular
reference coupling, J intra, used in the adiabatic rate
expression for charge transfer between contiguous beads
was set to a value of 0.31 eV. This parameter raises or
lowers the mean intrachain charge transfer rates and
thus affects the delocalization length of the polaron sites.
Here, J intra was selected to obtain an average polaron
delocalization length of �13 backbone beads for the
100% polar side-chain case (Figure 4). The delocalization
lengths ranged from 1 to 50 (polarons localized to a single
backbone bead vs the entire polymer chain) depending
on the side-chain composition, degree of backbone order,
and local electrostatic interactions with electrolyte.

A common numerical problem in KMC simulations
of processes with kinetics spanning multiple orders of
magnitude, is that the slow processes are necessarily
rarely sampled. In the current systems, intrachain charge
transfer rates tend to be much larger than interchain
rates, with the effect that the charge can spend a large
number of KMC steps hopping within a small set of spa-
tially localized sites while waiting for a relatively slow
interchain hop to occur. To address this problem, we use
the Aggregate Monte Carlo (AMC) procedure proposed
by Brereton et al.53 In the AMC procedure, polaron sites
are aggregated together based on their connectivity and
relatively high rates for transfer, then the charge trans-
port is simulated similar to KMC as a Markov chain of
jumps between these aggregates. An important distinc-
tion is that the transport out of an aggregate is modeled
as a Markov jump process from the trap to any of its

neighbors which are treated as absorbing barriers. In
doing this, the time spent in the trap site is correctly
accounted for and the exit probabilities depend on the
transport probability to the neighbors as well as the
transport within the trap region. In order to determine
the aggregates, we use the decomposition algorithm
described in Brereton et al with the hyperparameters
α¼ 0:2, β¼ 0:2 and γ¼ 0:03.53

The key steps involved in the charge transport charac-
terization are summarized below. For each configuration
sampled at time t obtained from the CG-MD simulation,

1. Calculation of intramolecular rates: The charge
transfer rates between contiguous backbone beads are
calculated in preparation for defining polaron sites. These
rates are averaged over 20 configurations over t� 1 ps.

2. Definition of polaronic basis states: The contiguous
beads with rates above 1014s�1 are combined into a sin-
gle site.

3. Calculation of intermolecular rates: The charge
transfer rates between polaron sites are averaged over
20 configurations uniformly sampled from t� 1 ps.

4. Determination of Aggregate States: Polaron sites
with fast transfer rates are aggregated and their exit prob-
abilities are calculated based on the decomposition
algorithm.

5. KMC simulations of charge hopping trajectories:
For each configuration, 40 trajectories are generated by
randomly choosing different starting sites.

The above procedure to generate polaron transport
trajectories were performed for 20 configurations sam-
pled every 5 ns and subsequently, the diffusivity and
mobility were estimated from the mean squared displace-
ment (MSD) of the polaron. The MSD and mobility calcu-
lation was performed for three independent MD
simulations to obtain the net average mobility and error
reported below. Likewise, distributions of various quanti-
ties such as electronic coupling, energies, site length, etc.
were obtained as averages over the three independent
MD simulations.

3 | RESULTS AND DISCUSSION

3.1 | Morphology characterization

The simulated series of OMIECs comprise a case study
on the effects of varying the side-chain hydrophilicity
and composition on the morphology and transport of
random copolymers. We first focus on the distinct mor-
phological features across the series, since it provides an
interpretive basis for the later charge transport results.

The density of polar side-chains has a predictably
large impact on the extent of electrolyte percolation in
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each OMIEC. Representative snapshots for each system
demonstrate the onset of electrolyte percolation around
40%–60% of polar side-chain incorporation (Figure 2).
The trend is notably nonlinear, as the morphology quali-
tatively changes from a relatively dense organic film with
excluded electrolyte to a swelled network around a con-
centration of 60% polar side-chains. Neglecting other fac-
tors, the free energy of water absorption should be linear
in the fraction of polar side-chains, meaning that the like-
lihood of water percolation would be exponential in the
polar fraction. This is consistent with the apparent phase
transition around 60% polar side-chain fraction, and also
consistent with experimental observations of super-linear
swelling with respect to the fraction of polar side-
chains.18,19 For the simulated electrolyte densities, a bulk

electrolyte phase persists until ≥80% hydrophilic side-
chain fractions, at which point the polymers completely
swell (Additional details can be observed in Figure S2).

The side-chain composition also has several subtle
effects on the distribution of electrolyte within the poly-
mer phase (Figure 2). First, the much larger probabili-
ties for finding water and ions near polar side-chains
compared with apolar side-chains (Figure 2B) confirms
the intuition that the former drive electrolyte percola-
tion within the OMIEC. We also observe that the effec-
tive (a)polarity of the side-chains is a function of side-
chain concentration. Specifically, as the fraction of
polar chains increases, the likelihood of finding water
and ions near the apolar chains also increases. Con-
versely, as the fraction of apolar chains increases the

(A)

(B)

FIGURE 2 (A) Snapshots showing

polymer (pink) and water (blue) for

different side-chain compositions. All

other bead types are omitted for clarity.

(B) Radial distribution functions gx�y for

the polar side-chains and water (P-H2O),

polar side-chains and ions (P-Q), apolar

side-chains and water (A-H2O), and

apolar side-chains and ions (A-Q)
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likelihood of observing electrolyte near the polar chains
decreases. At polar fractions ≤ 40% this is explainable
by limited electrolyte percolation, which correspondingly
limits electrolyte association with buried polar chains.
However, this trend is also observable in the percolating
morphologies, which we interpret to reflect the effect of
neighboring side-chains on the local hydrophilicity. Spe-
cifically, at higher polar side-chain fractions, both polar
and apolar side-chains are more likely to have a polar
neighbor that promotes local association with the electro-
lyte. The reverse is also true as the fraction of apolar
chains increases. It is not obvious whether this effect is
immediately useful, but it is a distinct prediction of the
simulations and we would hypothesize that it is more
pronounced in random copolymers (as simulated here),
compared with block copolymers.

A key feature of the employed OMIEC model is that
it explicitly describes the π-orientation of the polymer
backbone. The π�π organization between chains was
characterized using the joint-distribution function of
backbone bead separation and the dot product of the π
normal vectors, S (Figure 3). All of the systems exhibit a
high degree of π�π organization (i.e., S>0:8 in all cases)
between neighboring chains; however, in the progression
from low to high polar side-chain fraction, we observe
that the π�π organization decreases for intermediate
fractions (≥20%) of polar side-chains. We ascribe this to
the combination of side-chain heterogeneity and partial
percolation of the electrolyte, both of which frustrate

chain packing at the intermediate fractions. This trend is
also consistent with the organization at the second and
third nearest neighbor chain positions (i.e., �7 and 11Å,
respectively). Interestingly, the 100% polar case with the
greatest degree of electrolyte swelling shows the highest
overall organization. In contrast, the 100% apolar case
shows weaker organization, but we caution that this sys-
tem forms a thin layer (5 nm) that is dominated by the
polymer-electrolyte interface and is not representative of
a bulk organic semiconducting polymer. The one-
dimensional radial distribution functions for the back-
bone beads also reveal several subtle features
(Figure S2d). For instance, there is only weak lamellar
organization as evidenced by a small peak at �17Å that
is suppressed with increasing electrolyte percolation.41

This length is consistent with experimentally reported
length of 14–19Å,14,19,41 roughly two times the side-chain
length, and thus also indicates that limited side-chain
interdigitation occurs in these systems.

3.2 | Charge transport characterization

Next, we examined how charge transport within the
polymer is affected by the changes in morphology and
electrostatic environment attendant to changing the side-
chain composition. Charge transport was modeling using
KMC to generate ensembles of single polaron hopping
trajectories across a range of representative MD

FIGURE 3 π�π stacking probability

presented as a joint probability distribution of

distance between the backbone beads on the

x-axis and π�π alignment on the y-axis, as a

function of polymer side-chain composition
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configurations for each system. The mobilities extracted
from these simulations reflect the low carrier density
limit and do not capture potential finite-concentration
effects (e.g., trap filling). The interpretive advantage of
the low-density limit is that the mobility changes solely
reflect the changes in morphology and energy distribu-
tion. We note that finite-concentration simulations are
compatible with the KMC approach, but consider a com-
parison in the context of OMIECs to be beyond the cur-
rent scope.

The trend in simulated polaron mobilities shows an
increase for the cases with electrolyte percolation (≥40%),
and a maximum for the 40% and 100% polar side-chain
fractions (Figure 4). Nevertheless, these trends are minor
in comparison with the similar order of magnitude of the
mobility in all of the cases. Experimentally, the electronic
mobility generally increases with polar side-chain con-
centration, but a direct comparison is difficult since the
experimental charge carrier densities generally increase
with polar side-chain concentration rather than
remaining fixed as simulated here.18,19 Considering that
the mobility typically increases with respect to increasing

charge density, the present prediction of relatively con-
stant mobility in the low carrier density limit as the polar
side-chain fraction increases is broadly consistent with
the experimental trend.

We note that the error bars illustrate the variance
across the simulated KMC trajectories, but there is also
uncertainty associated with some of the charge transfer
parameters used in the KMC simulations (e.g., the elec-
tronic coupling, dielectric, and reorganization energy).
Thus, we performed a sensitivity analysis by conducting
the KMC simulations for several choices of the charge
transfer parameters to assess the extent to which the
observed trend survives changes in the model parameters
(Figure S1). This analysis confirms that the mobilities of
the 40% and 100% polarity cases are consistently the
highest among the systems, whereas the mobility differ-
ence between these two cases is small and within the
uncertainty of the various parameters.

To understand the relatively constant mobility as the
polar side-chain increases, and secondarily, why the 40%
and 100% cases show the highest mobility (two times
larger than the others), we parsed the distributions of

N
tr

a
p

s
N

p
a

th
s

(C) (D)

(A) (B)

(E) (F)

FIGURE 4 (A) Charge

mobility, (B) polaron

delocalization length (number of

backbone beads per polaron

site), (C) number of trap sites

(N traps) normalized by total

number of aggregated sites,

(D) log distribution of the

intersite charge transfer rate,

(E) the number of pathways per

site (Npaths) normalized by the

total number of pathways, and

(F) log distribution of the

intersite electronic coupling,

across different side-chain

compositions. The green and red

lines in the whisker plots

indicate the median and mean,

respectively
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several key quantities across side-chain compositions and
KMC configurations, including the polaron delocaliza-
tion length, number of trap sites (N traps), charge transfer
rates, pathways per site (Npaths), and electronic couplings
(Figure 4). The number of trap sites are defined here as
polaron sites for which all outgoing charge transfer rates
are < 100 ps�1, which is slower than the relaxation time
of the local structure at most operating temperatures.
The trap sites are determined after assigning aggregate
states (as described in the methods section), and thus,
aggregated sites with exit times > 100 ps are also consid-
ered traps. We emphasize that aggregates and trap sites
are not synonymous, since aggregation is only based on
whether one or more polaron sites exhibit rapid charge
exchange. We find a pronounced trend in polaron delo-
calization length and the number of trap sites (Figure 4B,
C). The polaron delocalization length is distinctly smaller
for mixed-chain polymers (i.e, 20%–80% polar fraction)
and can be attributed to the increased torsional disorder
reducing the electronic coupling along the backbone
(Figure S3). This also follows from the frustrated packing
discussed in the previous section for the mixed-chain
polymers. However, the smaller polarons show more uni-
formity in rate distributions and fewer trap sites
(Figure 4C) leading to the nonmonotonic trend with
higher mobility for an intermediate polarity of 40%.

In contrast, the higher mobility for the 100% polar
case is driven by a combination of higher average charge
transfer rates and a better-connected charge transfer net-
work. The 100% polarity case shows the highest mean
charge transfer rate out of the simulated systems
(Figure 4D). The increased rates are more apparent in the
rate distribution (Figure S4), where more interchain
pathways (1010�1013s�1) are seen for the higher polarity
cases. This trend is also consistent with the monotonic
increase in intersite couplings with the polar side-chain
fraction (Figure 4F). The second major driver of
increased mobility in the 100% scenario is better connec-
tivity within the charge transfer network. This is quanti-
fied in an average sense by the distribution of the
number of charge transfer pathways for each polaron site
within the network (Figure 4C). With respect to this mea-
sure, there is a monotonic increase in the number of
pathways (i.e., connections per node using network ter-
minology) as the polar fraction of side-chains increase.
These two factors compete with an increasing number of
traps as the polarity increases (Figure 4C), with the result
that intermediate fractions of polar side-chains exhibit
lower mobilities but the homogeneous 100% case consis-
tently shows the highest mobility.

To better quantify the assertion that the charge trans-
port networks are better connected in the more polar sys-
tems, we also performed a percolation analysis for the

40%–100% polar side-chain fractions that showed electro-
lyte swelling. This analysis follows earlier work where
the number of distinct subnetworks is parsed based on a
charge transfer threshold.54 Specifically, polaron sites
were aggregated into subnetworks based on their charge
transfer rates, such that each site within a network was
connected to at least one other site in that network by
the stated rate threshold. Since the charge transfer rates
for these systems are not symmetric, a site was incorpo-
rated in a subnetwork if there existed at least one charge
transfer pathway both to and from the polaron site in the
cluster. Interestingly, the 40% apolar side-chain fraction
shows the smallest number of subnetworks at all values
of the rate threshold (Figure 5A), meaning that on aver-
age there are more polaron sites in each of its subnet-
works. Nevertheless, the spatial extent of the largest
charge transport network monotonically increases with
polar side-chain fraction (Figure 5B), meaning that while
the 40% case has larger networks in terms of the average
number of sites per network, they are relatively collapsed
and do not effectively percolate the system volume. In
contrast, the largest network for the 100% polar side-
chain system consistently spans >80% of the system, as
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measured by its radius of gyration, at all investigated rate
thresholds. Thus, the high mobility of the 100% polar sys-
tem is driven by a combination of higher average charge
transfer rates and a more percolative charge transfer net-
work topology.

4 | CONCLUSIONS

The results shown here are consistent with prior experi-
mental observations of the effect of side-chain polarity
while providing a detailed picture of the morphology evo-
lution and charge transport. For the random copolymer
topology simulated here, we predict that the highest
charge mobility would be achieved for the polymers with
the highest fraction of polar side-chains. Moreover, since
the conductivity is a figure of merit for OMIECs, the
increased doping associated with the higher polar
side-chain fraction is an additional advantage. Within the
limitations of the simulation conditions, there is no
advantage to including a mixture of polar and apolar
side-chains; whereas, there are several disadvantages,
including increased dihedral disorder and reduced
interchain charge transfer rates. A key limitation of these
simulations is that the fixed water concentration impedes
complete chain dissolution, which is a real problem in
actual devices. Thus, the guidance resulting from the pre-
sent simulations are that the polar fraction of side-chains
should be increased up to the point that the film does not
dissolve in the electrolyte during operation.

The current study has intentionally excluded from
consideration the effect of polar side-chain fraction on
the doping efficiency. Instead, the doping efficiency was
held constant for all cases. This is an important topic for
understanding the upper limits of achievable trans-
conductance, for optimizing OMIEC morphology, and
designing dopants. Indeed, it is obvious from the current
simulations that at high apolar side-chain incorporation
that the doping efficiency would necessarily be lower due
to limited electrolyte penetration; however, for the
intermediate-to-high polar side-chain fractions it is
unclear how the changes in polymer-dopant configura-
tions would affect the doping efficiency. This is a phe-
nomenon of consequence for side-chain engineering that
subsequent simulations studies could foreseeably resolve.

There are also several side-chain engineering strate-
gies that were not assessed in this study that may have
more merit than the mixed random copolymer strategy.
For instance, block copolymers with separate contiguous
blocks of polar and apolar side-chains may potentially
provide control over electrolyte percolation without har-
ming the torsional distributions and polymer connectiv-
ity. Likewise, it may be possible to introduce apolar and

polar segments into individual side-chains. Such a strat-
egy is similar to the contemporary apolar linker concept
and side-steps the heterogeneity of random copolymers.
The current study is also limited with respect to the
exploring the degree of hydrophilicity of the side-chains.
It is possible that a lower frequency of more hydrophilic
side-chains, or alternatively a higher frequency of less
hydrophilic side-chains, might be more optimal than the
current best-case scenario. The molecular trade-offs
involved in these design strategies will be investigated in
future studies.
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1 Supporting Information

1.1 Parameters for Non-bonded and Bonded potentials

The LJ parameters used in the simulations are listed in Table S1 and on the corresponding Martini

bead type. The Gay-Berne parameters are specified according to the LAMMPS notation. The

parameters for the Gay-Berne interactions are unchanged from our previous publication, but the y

and z axes parameters have been interchanged to comply with the original Gay-Berne functional

form.1 Note that this modification only alters the energy coefficient by a factor of 0.91 and has

no significant affect on the physics of the system. The intramolecular parameters used for the

simulations are listed in Table S2.
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Table S1: Parameters used for non-bonded interactions in the simulations. Units of all parameters
are consistent with LAMMPS ‘real’ units (kcal mol−1, Å etc.) and potential styles. The bead-
type for backbone, polar sidechain, apolar sidechain, and chloroform are C4, EO, SC3 and C4,
respectively. Water is made of POL, WM, and WP beads, from which the beads WM and WP
do not experience any Van der Waal interactions. The interaction of backbone bead with other
backbone beads is modelled as Gay-Berne potential (and not C4-C4 interaction) and the parameter
values are reported next to "B-B".

B-B σx = σy = 5.0, εx = εy = 0.25, σz = 3.0, εz = 1.2, σc = 3.0
C4 EO SC3 POL Qa

C4 ε = 0.84, σ = 4.7 ε = 0.70, σ = 4.7 ε = 0.84, σ = 4.7 ε = 0.61, σ = 4.7 ε = 0.74, σ = 4.7
EO ε = 0.61, σ = 4.3 ε = 0.53, σ = 4.3 ε = 0.79, σ = 4.7 ε = 0.84, σ = 4.7
SC3 ε = 0.63, σ = 4.3 ε = 0.61, σ = 4.7 ε = 0.65, σ = 4.3
POL ε = 0.96, σ = 4.7 ε = 1.19, σ = 4.7
Qa ε = 0.84, σ = 4.7

Table S2: Parameters used for bonded interactions in the simulations. Units of all parameters are
consistent with LAMMPS ‘real’ units (kcal mol−1, Å etc.) and potential styles. The bonds in
water molecules between the WM-POL and WP-POL beads are constrained using the SHAKE
algorithm.2

Bonds Angles
B-B k = 25.0, r0 = 4.3 B-B-B k = 1.0, θ0 = 160.0
B-SP(SA) k = 1.5, r0 = 4.7 B-B-SP(SA) k = 3.0, θ0 = 90.0
SP-SP k = 8.35, r0 = 3.22 B-SP(SA)-SP(SA) k = 3.0, θ0 = 180.0
SA-SA k = 1.5, r0 = 3.6 SP-SP-SP k = 6.0, θ0 = 135.0
POL-WM r0 = 1.4 SA-SA-SA k = 3.0, θ0 = 180.0
POL-WP r0 = 1.4 WM-POL-WP k = 0.5019, θ0 = 0.0

Dihedrals Additional Potentials
B-B-B-B k1 = 0.5, k2 = 0.6,

k3 = 0.0, k4 = 0.0
B-B, d k1 = 0.0, k2 = 2.0, k3 = 0.0, k4 = 0.0

SP(SA)-B-B-SP(SA) k1 = 3.0, k2 = 0.0,
k3 = 0.0, k4 = 0.0

B-B, a1 ka = 7.5, θ0 = 90.0

B-B, a2 ka = 7.5, θ0 = 90.0
B-SP(SA), a ka = 3.0, θ0 = 90.0
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1.2 Parameters for Charge Transport Simulations

The following parameters were used for the Marcus expressions discussed in the main text: Jinter =

0.01 eV, r0 = 3.5 Å, α = 0.8 Å
−1

, Jintra = 0.31 eV, εopt = 3, and εs = 10. The expressions for

external reorganization, λ , and oxidation energy, E, as a function of oligomer length, l, were

obtained from fits to reported data for polythiophene.3 The governing expression for the external

reorganization energy as a function of l is

λ =


−0.0973

√
l +0.4922, if l ≤ 15

1.9489
l −0.0092, otherwise

.

The governing expression for the oxidation energy as a function of l is

E = 4.1336 l−0.75 +4.67.

1.3 Sensitivity Analysis of KMC Simulations

To assess the impact of the charge transport parameters on the results of the KMC simulations,

the simulations were rerun with single factor sensitivity analysis. Specifically, a positive and neg-

ative deviation from the values used in the main text simulations was performed for each variable,

including the intermolecular coupling decay rate (β = 0.6 Å-1 and 1.0 Å-1 are the low and high val-

ues, respectively), reference intermolecular coupling strength (Jinter = 0.005 eV and 0.02 eV), delo-

calization length dependence of the HOMO energy level (E+ and E−modeled as 3.1l−0.75+4.67

eV and 5.167l−0.75 + 4.67 eV, respectively), and the dielectric constant (ε = 7.5 and 12.5) while

keeping the other parameters at their mean value (Fig. S1).

For all cases, we observe a mobilities within approximately the same order of magnitude for

all side-chain polarities. When parameters are selected that increase the mean charge transport

rate (e.g., by increasing the reference coupling Jinter, decreasing the coupling decay rate β , or

reducing the HOMO energy level decay), we observe the expected increase in mobility, while
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still observing a non-monotonic trend in the mobility across side-chain polarity composition. The

mobility at 100% polarity also increases and becomes predominant compared to the other cases

as the charge transport rate increases (Fig. S1a-b). This corroborates the previous explanation

that the mobility is higher at 100% side-chain polarity due to the faster charge transport rate. The

the length-dependence of the HOMO energies (Fig. S1c) more strongly impacts the 40% case

than 100% as the latter has longer polaron sites for which posses similar HOMO energies across

all three HOMO energy curves tested. Interestingly, we find the mobility to be highest for an

intermediate dielectric of 10. Increasing the dielectric constant increases the reorganization energy

for charge transfer while reducing the electrostatically induced energy disorder. We refrain from

overinterpreting this result, since the treatment of a spatially constant dielectric is already a strong,

albeit common, approximation. However we note that both beneficial effects could be achieved by

locally reducing the dielectric along the backbone, which is similar to the contemporary strategy

of adding an apolar linking group at the base of the side-chain.
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Figure S1: Single factor sensitivity analysis of the KMC simulation results for mobility (cm2/Vs)
as a function of different side-chain compositions. The effect of the intermolecular coupling decay
rate (β [ Å-1]; panel a), the reference intermolecular coupling strength ( Jinter [eV];b), delocalization
length dependence of the HOMO energy level (E;c), and the dielectric constant (ε;d) are shown in
the corresponding panels.
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1.4 Additional Figures Referenced in the Main Text

In the main text we reported the superlinear swelling of the polymer with respect to the polar side-

chain percentage (Fig. 2 in the main text). In Figure S2 we report several corroborating datasets

that were parsed from the CG-MD trajectories, including the net volume of the swelled polymer

at each sidechain composition (Fig. S2a), the water-water radial distribution function (rdf; Fig

S2b), and the polymer backbone-ion rdf (Fig. S2c). The onset of water percolation at 40% polar

side-chains followed by superlinear growth is clearly visible from the polymer volumes. Likewise,

electrolyte percolation is accompanied by a reduction in bulk water concentration, as evidenced by

the monotonic decay in the height of the first peak in the water-water rdf with increasing polar side-

chain fraction. The onset of percolation is even more clearly observed in the monotonic increase

in the first peak of the ion-backbone rdf with polar side-chain fraction, and the large jump between

the 20% and 40% curves. The polymers show very weak lamellar packing for all polar side-chain

fractions (Fig. S2d) evidenced by a small peak around 17 Å. This is approximately twice the side-

chain length, meaning there is very little interdigitation of the chains, and this lamellar packing is

further suppressed as electrolyte enters the polymer film.

As reported in the main text, polaron delocalization is significantly affected by the polar side-

chain fraction. This is also reflected in the intramolecular coupling distributions (Fig. S3), which

skew to the lowest values for the 40% case. We ascribe this to the increased torsional disorder

caused by side-chain heterogeneity.

The distribution of rates between polaronic sites are reported below before (Fig. S4a) and

after (Fig. S4b) incorporating the effect of polaron site aggregates. The higher rates of > 1013s−1

represent the relatively fast transport between localized polarons along the same chain and appear

similar for all side-chain compositions before including the effect of aggregates. In contrast, the

interchain rates 1012−1013s−1 are faster for more polar cases due to the improved packing. After

aggregating sites where most time is spent, the fast and slow pathways decrease and increase,

respectively for the 100% polar case. Note that the intrachain rates above the polaron threshold of

1014s−1 represent pairs of intrachain sites where the rate is faster one way than the reverse due to
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Figure S2: (a) The approximate volume of the swelled polymer as calculated from the convex
hull of the polymer coordinates parsed from the CG-MD trajectories. (b) The water-water radial
distribution function (rdf) as a function of the polar fraction of side-chains. (c) The backbone-ion
rdf as a function of the polar fraction of side-chains (d) The backbone-backbone rdf, with the weak
lamellar packing around 17 Åindicated by a vertical line.

electrostatic disorder.

For completeness, the distributions for the reorganization energy (λ ) and site energy differ-

ences (∆E) of charge transfer are also reported in Figure S5. As pointed out in the main text, the

interchain rate increases with polarity due to improved electronic coupling. The reorganization

energy decreases with polarity from 40-100%, due to the increase in polaron delocalization length

with increasing side-chain polarity. This trend also partially explains the increase in the mean
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Figure S3: Distributions of the intramolecular couplings between polaron sites for different side-
chain compositions. The green and red lines indicate the median and mean, respectively.
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Figure S4: Distributions of the polaronic site charge transfer rates (a) before and (b) after incorpo-
rating the effect of aggregates.

charge transfer rate with the polar side-chain fraction. There is not a significant correlation be-

tween the energies and the observed mobilities with the exception that the 100% polar side-chain

scenario shows the lowest average site disorder.

Ion mobility (Fig. S6) is another important figure of merit for mixed conductor systems. Al-

though the ion mobility is easy to parse from the CG-MD simulations, the interpretation is con-

founded by the presence of bulk electrolyte in the simulations with low polar side-chain fractions.

Specifically, between 0-60% polar side-chain fractions, bulk electrolyte is still present in the simu-

lations which results in the highest ion mobilities in these scenarios. This is caused by the fact that
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Figure S5: Distribution of (a) reorganization energy and (b) energy differences between polaron
sites across different side-chain compositions. The green and red lines indicate the median and
mean, respectively.

all of the simulations were equilibrated with sufficient electrolyte to saturate the polymer, leading

to bulk electrolyte still existing in the cases of high apolar side-chain loadings and partial perco-

lation. For this reason we have included these results for completeness, but have not significantly

discussed them in the main text.
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Figure S6: The ion mobility (x10−5cm2/Vs) as a function of side-chain composition. These mo-
bilities were parsed from the CG-MD simulations based on the ionic mean-squared displacements
versus time and using the Einstein relation. The standard errors across the trajectories are reported
as the shaded regions.
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