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Despite the technological appeal of polymeric organic mixed ionic/
electronic conductors (OMIECs) for diverse applications, a deep
understanding of the fundamentals of mixed charge transport
in these materials, especially regarding the complex interplay
between polymer, ion and solvent structure in determining trans-
port, is lacking. Herein, extensive molecular dynamics (MD) simula-
tions of a model OMIEC representing various electrochemically
gated states are reported that reveal charge state-dependent
counterion condensation. X-ray diffraction simulations based on
the MD data predict a measurable change in the scattering intensity
at the counterion absorption edge, indicative of counterion repo-
sitioning with charging. We leverage an operando resonant X-ray
scattering technique to experimentally corroborate the simulated
scattering and report excellent agreement between predicted and
experimental data, confirming that counterions preferentially
reside in the lamellar mid-plane of crystallites at low doping, and
near the polymer backbone at higher doping. Driving forces for ion
type-dependent spatial repositioning and implications thereof are
discussed.
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New concepts

Gaining insight into the behavior of charge balancing counterions within
mixed conducting systems has remained a significant technological
challenge. We report here on the first operando measurement of counter-
ion position within conjugated polymer crystallites. Notably, we find that
instead of counterion size, polymer charge state and associated ion and
water interactions dictate counterion location. Specifically, ions reside far
away from the electronic charge transporting polymer backbone at low
doping and migrate to positions near the backbone with increased
charging.

Introduction

The study of charged polymer-ion interactions spans diverse
classes of charged polymers (e.g., polyelectrolytes, radical poly-
mers, conjugated polymers) and carries broad implications,
from elucidating biological processes such as protein folding to
guiding the design of technology such as ion exchange resins
and polymer batteries. One such class of polymers, organic
mixed ionic/electronic conductors (OMIECs), comprise a broad
library of materials that hold promise for myriad applications
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including neuromorphic devices, bioelectronic interfaces, and
energy storage."” Conjugated polymer electrolytes are a sub-
class of OMIECs wherein uptake of ions facilitates injection of
electronic charge carriers on n-conjugated polymer backbones
enabling large transconductances at low doping potentials.
In electrolyte-gated OMIECs, the development of a complete
picture of fundamental charge transport and ion-electron
interactions is complicated by the mobile nature of compensating
charges (counterions),™” thin film semi-crystallinity,® and doping
induced nano- and mesoscale strains.”® Gleaning information
about ion behaviour in particular has proven challenging,
although significant progress has been made in this area in recent
years. On the modelling side, all-atom and coarse-grained mole-
cular dynamics (MD) simulations have been applied to elucidate
morphological changes induced by doping and/or de-doping
in various conjugated polymer electrolytes. These include
the swelling of a glycolated polythiophene (p(gT2)),” poly(3,4-
ethylene dioxythiophene) Tosylate (PEDOT:Tos)'® and poly(3,4-
ethylene dioxythiophene) poly(styrene sulfonate) PEDOT:PSS,"
the substrate-dependent structural phase transition in 2,5-bis-
(thiophenyl)-1,4-bis(2-(2-(2-methoxyethoxy)ethoxy)-ethoxy)benzene
(PB2T-TEG),"” or the effect of various solvents, salts and salt
concentrations on the microstructural features of poly(3,4-
propylenedioxythiophene) (PProDOT)."® Modelling has also
predicted strong interactions of glycolated thiophenes with
cations and water.'*'®> Experimentally, ion mobility has been
measured directly on the device scale,"® strongly affects device
response time asymmetry,'” and does not limit doping at low
voltages."® It has also been shown that ions typically enter the
film with an electrolyte concentration and ion type dependent
hydration shell.">*° Experimental technique development
has aided in improving the understanding of such processes,
for example, operando nuclear magnetic resonance (NMR) has
shed insight into charge coupling efficiency and local ion
environments in PEDOT:PSS.?! In addition, photoinduced force
microscopy (PiFM) and photoluminescence have shown that,
during charging, ions are initially injected into crystalline
domains,”>* in agreement with the assumption that lower
bandgap regions of the film are doped first.

Yet, knowledge about the precise location of ions is limited,
especially with respect to electronic charge transporting con-
jugated polymer backbones. While some polymers are rigid-rod
like and conduction is determined by short contacts,** most
other OMIECs are semi-crystalline.® Therein, such aggregates
and/or crystalline domains are a dominant contributor of the
percolative charge transport network and may be leveraged to
shed light on processes occurring in amorphous domains. It is
essential to determine counterion position with respect to these
ordered assemblies since the distance between the electronic
and ionic charges strongly impacts interfacial capacitance and
could create traps for hole/electron transport.>® Despite the
counterion-hole (or electron) separation being unknown, some
synthetic design strategies presumed that it could strongly
affect charge transport and that separating the holes/electrons
from counter ions (e.g., by adding alkyl spacers) could be a
strategy towards improved performance.”®*” Recently, it has
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been established that grazing incidence resonant X-ray diffrac-
tion (GIRXRD) can quantitatively determine the location of
counter ions in a semicrystalline polymer OMIEC.*® Initial
ex situ (dry) measurements established that, counter to naive
expectation, the counter ion resides near the lamellar half-
plane (far from the charge carrier). However, the operando state,
where solvent swelling occurs, is vastly disparate in terms of
polymer structure®®™" and the dielectric environment of sol-
vated ions; therefore, determining counterion position during
operation is a critical need.

We report here on a novel MD model designed to closely
replicate experimental operando doping conditions for a model
semi-crystalline polymer OMIEC. To the best of our knowledge,
no numerical simulations have yet been reported that replicate
the experimental conditions of ion insertion and their spatial
organization into crystalline domains as a function of electrical
charging. Starting from a well-defined structure of the polymer
crystallites, our MD simulations successfully capture the inser-
tion of ions, surrounded by their hydration spheres, into the
crystallites as a function of the doping state of the polymer
backbones. We find that the average position of the ions with
respect to the lamellae varies dramatically with degree of
charging, exhibiting condensation near the backbone at high
degrees of doping. We then generated synthetic grazing-
incidence resonant X-ray diffraction (GIRXRD) data based on
the MD simulations that show that counterion condensation
near conjugated polymer backbones should be measurable.
Operando GIRXRD experiments corroborate predicted results,
showing excellent agreement between MD and experiment. The
findings demonstrate that ion condensation is strongly influ-
enced by the polymer’s charge state and the nature of the
anionic species. We marry the complementary approaches to
both verify the interpretation of experimental data and to gain
insights about ion-polymer interactions that were previously
inaccessible. Finally, we leverage the MD simulations to gain
mechanistic insight into the driving forces for ion condensa-
tion. This work thus emphasizes the importance of simulated
data and suggests important implications for materials design
and electrolyte choice in mixed conductors towards improved
materials performance.

Computational insight into charged
structures

Typically, when p-type accumulation mode OMIECs are oxi-
dized, water and charge compensating anions are injected from
surrounding electrolyte reservoirs into the polymer micro-
structure.**> While the bulk of this swelling does not happen
in the highly ordered regions of the polymer, some fraction of
those ions and water will intercalate in the interlamellar space
of crystallites.’**** The expansion of these regions can be
measured with conventional monochromatic X-ray scattering,
but information about where ions reside within the crystallites
is inaccessible. However, since diffraction intensity is strongly
influenced by atomic scattering factors, if the incident X-ray

This journal is © The Royal Society of Chemistry 2025
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Fig. 1

(a) Left, schematic of OMIEC microstructure with hypothesized ion positions at the mid-plane and near the backbone. Inset shows pgBTTT

chemical structure. Right, energy-dependent scattering intensity for the two proposed ion positions. Snapshots from MD simulations of polymer
crystallites at 0.17 (b), (c) and 1.0 (d), (e) charge/monomer in NaCl (b), (d) and KClO4 (c), (e) electrolytes. Cl™ ions are shown in green, O atoms in red,
cations (Na, K) in purple, ethylene glycol polymer side chains in blue, and thiophene—thienothiophene backbones in orange. The polymer backbone is in
the out-of-page direction. The snapshots replicate one repeat of the simulation box in the (100) direction for clarity and were rendered using Ovito.®

energy is scanned across the absorption edge of a chemically
differentiable counterion, diffraction (for example, in the (100),
lamellar packing direction) will be modulated accordingly if
the counterions are intercalated in the lamellae (Fig. 1(a)).

This journal is © The Royal Society of Chemistry 2025

Depending on the distance between the counterion and the
polymer backbone, the incident energy dependence of the
lamellar peak intensity takes on characteristic profiles indica-
tive of their relative positions. This technique, known as
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grazing-incidence resonant X-ray diffraction (GIRXRD), has been
leveraged ex situ to show that ClO,~ counterions reside near the
lamellar half-plane regardless of doping state in a glycolated
analogue of poly(3-hexylthiophene) (P3HT), poly(3-{[2-(2-methoxy-
ethoxy)ethoxy]methyl}thiophene-2,5-diyl) (P3MEEMT).>® This
mid-plane observation is surprising, as it suggests a 0.9 nm
separation between the holes on the backbone and their charge-
coupled counterions, counterintuitive to what one might expect
based on Coulombic attraction between the two charge carriers.
We propose this organization results from the interplay between
Coulombic forces bringing the ions close to the backbones and
entropic forces favouring free-volume regions at end chains.
However, past experience has shown that both spectroscopic
and structural characterization of OMIECs during operation do
not agree with ex situ measurements, accordingly, we sought to
understand ion-backbone interactions with MD and operando
X-ray scattering. We chose the high-performing p-type OMIEC
poly(2-(4,4'-bis(2-methoxyethoxy)-5'-methyl-[2,2-bithiophen]-5-
yl)-5-methylthieno[3,2-b]thiophene), pgBTTT,** shown as an inset
in Fig. 1(a). pgBTTT is well studied compared to other OMIECs,
stable for the duration of the experiment and exhibits robust
out-of-plane lamellar scattering which simplifies the inter-
pretation of the GIRXRD signal. First, MD simulations were
initialized with crystallites consisting of two lamellae and a
n-stack of 15 polymer chains, which is comparable to the size of
experimentally observed crystallites (3-5 lamellae and 15-18
n-stacks). A dimer wide (box depth of two pgBTTT repeat units)
section of the crystallite (total of 60 monomers) was surrounded
by 4 mol L™" electrolyte solution as seen in Fig. $1.* This
electrolyte concentration was chosen to ensure doping within
the timeframe accessible via MD, while preserving the struc-
tural organization in the small size crystalline models used.
Attempts with low ionic concentration result in severe disrup-
tions of the nanocrystals when the numerical doping speed
exceeds the rate for ion transport and injection from the
electrolyte solution into the films (because of transient excess
of positive charges in the polymer). In real samples, these
crystalline domains are embedded in amorphous regions

View Article Online

Materials Horizons

acting as buffer layers for the ions and ensuring overall
mechanical stability of the films in the doped state. Experi-
mentally, it has been shown that at higher electrolyte concen-
trations counterions shed their hydration shells, which affects
polymer swelling, leading to improved transconductances and
switching times.”® After equilibration, the atomic charges on
the conjugated backbone were fractionally increased in six
discrete steps and the charge equivalent number of cations
were removed from the system (10 for each step). Herein,
the implicit assumption is that the charge density is uniform
within the crystallite and holes are fully delocalized across the
backbone. While charge delocalization is conjugation length
dependent, it is estimated that polarons are delocalized across
~ 3-4 repeat units (12-16 thiophenes) in PBTTT,*® the alkylated
analogue to pgBTTT, which is larger than estimates in P3HT (5-7
thiophenes).*”

With this procedure, we analysed 7 discrete charge states of
the polymer: undoped (0 charge per monomer) and 0.17, 0.33,
0.5, 0.67, 0.83, and 1.0 charge per monomer (or per 4 thio-
phenes). Fig. 1(b)-(e) show MD snapshots of crystallites at
two charge states (0.17 and 1.0 charge per monomer) in
aqueous NaCl and KCIO, solutions. Lamellae are clearly
expanded to accommodate counterion and water injection.
Counterions inserted into the lamellae closely match the num-
ber equivalent of holes distributed in the crystallite (Fig. 2(a),
~10 for each charging step), though the number of compen-
sating chloride anions is slightly smaller than perchlorate
anions. This is possibly due to charge shielding effects imposed
by the hydration shell around Cl™ anions, as evidenced by the
fact that the largest disparity is during the first charging step,
where the Cl™ to water ratio is largest (Fig. 2(b), >20 water
molecules/Cl ™). As the polymer is further charged, the water to
Cl™ ratio levels out to ~13. In contrast, the ratio of water to
perchlorate anions remains mostly constant for each charging
state at 7-9 water molecules per anion. This results in a
much larger lamellar expansion for C1~ than ClO,  containing
electrolytes (Fig. 2(c)). As seen in Tables S1 and S2, predicted
crystallite swelling closely matches experimental values. As expected,
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(a) Counterions inserted between lamellae during sequential charging steps averaged across 25 simulation seeds. (b) Water to anion ratio during

each charging step. (c) Radial distribution function of lamellae at each charge state for (top) chloride and (bottom) perchlorate electrolytes. Decimal

fraction indicates relative charge per monomer (or 4 thiophenes).
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experimentally measured crystallite spacings are slightly larger in
the more dilute solvents due to the contribution of water (for a more
detailed discussion on OMIEC swelling, see Section S1). It is worth
noting here that while ensuing CI- GIRXRD experiments utilized
KCl and MD calculations NacCl salts, we observed no participation of
cations in the doping process (Fig. S2), which agrees with literature
for CI” containing salts.*

Charge state-dependent counterion condensation

Mapping of the counterion distribution within the crystallites
shows clear dependence of the preferential site with charge
state (Fig. 3(a) and (b)). At low doping, ions preferentially reside

chloride
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at the polymer mid-plane but with increased charging they
localize near the backbone. This is corroborated by radial
distribution functions, g(r), between counterions and sulfur
atoms on the polymer backbone, which show broad distribu-
tions around the mid-plane at lower doping and ordering ~4 A
at away from the backbone at higher doping (Fig. S3). Along the
backbone direction, the preferential site for the condensed ions
is on the opposite side of where the side chains are attached,
near the sulfur atoms in the thiophene rings (Fig. 3(a), (b) and
Fig. S3b-e, S4a-d).

Tracking the ions by preferred site in the lattice, it can
be seen that the perchlorate anions condense at lower charge

Normalized Relative Density

C

5 1.10 : , , .

©

% 1.08

c —e—0.33

L { b

€ 1.06 1 3

= —4—0.50

g y h

o 1.04 0.67 A

=)

= 0.83

= 1.02 -

3 ——1.00

5 1.00 -W_

=

e,

©

O 098 T T T T
2.82 2.84 2.86 2.88

Energy (keV)

Fig. 3

0.6
perchlorate

3 ..J! —=—0.17
1.2

i

-
o
I

Calculated (100) Peak Intensity (a.u.) .
|
3

A

0.9 i
2.82 2.84 2.86 2.88
Energy (keV)
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are shown in yellow, side chains are cropped for clarity and only the first oxygen is shown (red). Plots are normalized by the total density of ions at a given
charge state. Dashed lines are a guide to the eye parallel to the backbone direction at the position of peak ion density at the low charging condition.
Calculated lamellar (100) peak intensity as a function of energy for each charge state based on MD simulations of pgBTTT in (c) chloride and
(d) perchlorate electrolytes. Dashed lines in (c) and (d) are guides to the eye. Decimal fractions indicate charge per monomer.
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densities than the chloride anions (Fig. S5). It’s possible that
the less hydrated perchlorate anions experience greater elec-
trostatic repulsion and thus reposition at lower doping. There
are fewer side chain atoms to be found near chloride anions
than perchlorate ions in the coordination shells we consid-
ered (4 A and 6 A), likely due to the larger number of water
molecules surrounding chloride anions (Fig. S6). Both ions
shed part of their outer hydration shell when they condense.
Perhaps surprisingly, despite observed differences in the
coordination environments of ions and their condensation
behaviour, side chains behave similarly in both systems
(Fig. S7).

To later compare these findings directly with experiments,
GIRXRD data were simulated based on the MD structures (see
Section S2). Specifically, lamellar diffraction peak intensities
were computed as a function of energy for each charge state
(Fig. 3(c) and (d)). The resonant diffraction signals of the
chloride simulations first show a peak that grows in intensity
(constructive interference) up to 0.5 charge per monomer,
indicative of ions residing near the lamellar half-plane. After
that, the signal gradually flips to a dip across the absorp-
tion edge (destructive interference) denoting a shift in ion
location to positions near the polymer backbone. Calculations
performed on perchlorate simulations show a similar flip
in the nature of the Fano-like lineshape, where the intensity
first increases, followed by a sharp dip and another increase
(up-down-up). Once the ions condense, the phase of the
interference in the signal changes to first show a dip, then a
sharp increase followed by a taper back to baseline (down-up-
down). As the density maps indicated, the flip in the signal
happens at lower charge states in the perchlorate salt.
These findings are robust across different simulation seeds
(Fig. S8 and S9).

Operando experimental tracking of counterions

To experimentally corroborate predicted results, we adapted a
previously published cell design that enables liquid electrolyte
gating while bypassing deleterious scattering (Fig. 4(a) and
Fig. $10).>° Fig. 4(b) shows real (f') and imaginary (f”) parts
of the CI™ atomic scattering factor, extracted from background
fluorescence of GIRXRD experiments, where the overlaid scatter
plot highlights sampling of the incident energy across the Cl~
absorption edge (ClO,  atomic scattering factors can be found
in Fig. S11). GIRXRD data were collected on a 2D detector and
reduced to out-of-plane linecuts (Fig. S12 and S13). The peak
around g, ~ 0.23 A~ (2 0.3 A™* for KCIO,) is the (100) lamellar
peak and the peak at ~0.43 A" is a scattering feature of the
Kapton window of the cell that enables hydrated N, gas flow
within a larger vacuum chamber. Spectroelectrochemical data
for pgBTTT doped in KCl are shown in Fig. 4(c). To investigate
the counterion localization as a function of charge state, we
focused our experiments on three doping states: de-doped
(—250 mV), mid-doped (+250 mV) and highly doped (+750 mV
vs. Ag/AgCl). At the de-doped potential, the spectrum shows a
clear neutral pgBTTT absorption band, related to the m-n*
transition, around 620 nm.** At the mid-doped potential, the
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neutral absorption decreases with a concomitant increase in
the singly charged (polaronic) (%930 nm) and doubly charged
(bipolaronic) (~1150 nm) regions.*® At the highly doped
potential, the spectrum shows almost complete bleaching of
the neutral absorption peak, depletion of the polaronic band
and an increase of the bipolaronic band, which is an indication
of the interconversion of polaronic into bipolaronic carriers.
Similar to other systems,** lamellar diffraction of pgBTTT gated
in KCl is highly charge state-dependent where increased doping
leads to an increase in spacing and coherence (Fig. S12).
Unfortunately, the loss of order in the de-doped states leads
to inaccessibility of the resonant diffraction signal. By fitting
the out-of-plane lamellar diffraction peak (sample fit shown in
Fig. S14), it is apparent that when charged to the mid-doped
state, lamellar diffraction as a function of incident energy is
largely unchanged when scanned across the absorption edge,
whereas the highly doped sample shows a clear dip (Fig. 4(d)).
For comparison, the background intensity has the same shape
as f’ (Fig. S15). The absence of a clear dip in the mid-doped
state can be interpreted as either ordering of the counterions
between the half-plane and near positions or an averaging of
signals from crystallites with ions ordered in either the near or
far positions. The signal at high doping matches with the
predicted GIRXRD signal from MD, indicative of ordering of
the counterion near the backbone.

In comparison with chloride, perchlorate anions appear to
dope the polymer more readily as seen in the shifted threshold
voltage in the spectroelectrochemistry (Fig. 4(e) and Fig. S16).
Aside from the shift in voltage, the optical spectra are similar.
In comparison with the lamellar expansion in KCIl, pgBTTT
doped in KClO4 expands much less during doping but also
shows enhanced ordering at increased bias (Fig. S13). Averaging
linecuts at two mid-doping potentials, the GIRXRD signal takes on
the predicted up-down-up shape, confirming ordering at the mid-
plane (Fig. 4(f)). At high doping, the counterions condense causing
a flip in the signal to the down-up-down shape (Fig. 4(f)), again
matching the calculations based on the MD.

As in the previous GIRXRD study,”® ex situ experiments
on pgBTTT films doped in 0.1 mol L™" KClO, at +600 mV vs.
Ag/AgCl show that the counterions are ordered near the lamel-
lar half-plane at high doping (Fig. S17). The main difference
between ex situ and operando experiments is the removal of
most of the water in the lattice in the former. To probe its
role in facilitating counterion condensation, we conducted
the ex situ experiment in a high humidity environment (see
Section S3). The results show that the counterions remain at the
mid-plane in a less doped film but condense with vapor
swelling in a highly doped film. However, we emphasize the
vital role of operando experiments in capturing transport-
critical structural nuance in OMIECs since the ability to main-
tain a doped state ex situ is electrolyte-dependent and the vapor
swelling behaviour of some polymers can be significantly
different than their operando swelling.’® Although we have
confirmed charge state-dependent counterion condensation
experimentally, direct matching of results from MD and doping
states measured experimentally is difficult. While the bulk charge

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 (a) Schematic of the operando GIRXRD experimental setup where the OMIEC is separated from the electrolyte through a porous Si wafer.
Inset shows top view of the Si wafer with separated Au working electrodes. (b) Real (f') and imaginary (f’) atomic scattering factors of Cl™ extracted
from background fluorescence. (c) Spectroelectrochemical data of pgBTTT gated in 0.1 mol L™t KCl electrolyte with neutral pgBTTT (~620 nm),
polaronic (~930 nm) and bipolaronic (x~1150 nm) bands. The region around 980 nm could not be measured (change over from visible to
near infrared detector). (d) Out of-plane lamellar peak intensity for mid-doped (+250 mV) and highly doped (+750 mV vs. Ag/AgCl) pgBTTT in
0.1 mol L™ KCL. (e) Spectroelectrochemical data of pgBTTT gated in 0.1 mol L™ KCIO, electrolyte. (f) Out of-plane lamellar peak intensity for
mid-doped (averaged —150 and —100 mV) and highly doped (+600 mV vs. Ag/AgCl) pgBTTT in 0.1 mol L ™! KClO,. Dashed lines in (d) and (f) are a guide
to the eye.

in a film can be estimated, partitioning charge between the OMIECs gated in aqueous electrolytes are prone to side
crystalline and amorphous regions is difficult.** Additionally, reactions®® and are often ambiently doped.**

This journal is © The Royal Society of Chemistry 2025 Mater. Horiz.
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Fig. 5 (a) Energetic landscape felt by Cl™ ions in the lamellae. Snippet of
polymer backbone for scale, data are cropped at the lamellar mid-plane.
Decimal fraction indicates charge per monomer. (b) Electrostatic disorder
in the central chains of the ClI” doped lamellae, quantified by spatial
variance as a function of doping step. For each 1-ns window, the per-
site electrostatic energy was time-averaged and its variance across back-
bone sites was computed for the three central chains within the lamellae.
The 15 equilibrated windows (within each 25-ns stage) are plotted
consecutively.

Driving forces for condensation and implications for charge
transport

Counterions reposition due to a change in the energetic land-
scape with doping (Fig. 5(a) and Fig. S18). At low doping and
ex situ, side chains preserve some degree of order closer to the
backbone (Fig. 1(b), (c) and Fig. S7). We propose that this leaves
room at the mid-plane for counterions with many available
sites and as such the energetic wells are broader due to higher
configurational entropy of the ions. The wells show minima
near the end of the side chains. With increased charging, more
water and ions enter the interlamellar space, disrupting side
chain order. This suggests that a reduced entropic contribu-
tion, in addition to the increased counterion repulsion, drives
the ions away from the mid-plane closer to the oppositely
charged backbones. This explanation is consistent with vapor
experiments, where the addition of water vapor could aid in
side chain disordering, facilitating the movement of ions to the
different site.

The proximity of counterions to the holes on the polymer
backbone has two competing effects on electronic charge
transport. On the one hand, closer ions yield larger electrostatic
energy gains, which can act as traps for holes, an effect that is
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exacerbated by the reduced hydration associated with ion
condensation. On the other hand, as suggested by the narrower
free energy well at high versus low doping (Fig. 5(a) and
Fig. S18a), counterions adopt a more ordered arrangement at
high doping levels, which can reduce energetic disorder in the
electrostatic landscape. The latter effect appears to dominate:
calculations of the spatial inhomogeneity of the electrostatic
potential show that the variance of the mean potential on the
central chains of the lamellae decreases by a factor of ~2 when
the doping increases from 0.17 to 1.00 charges per monomer
(Fig. 5(b) and Fig. S18b). From a purely electrostatic standpoint,
therefore, ion clustering near the backbone at high doping is
not detrimental to charge transport. This conclusion is consis-
tent with earlier studies of ion-exchange doping in crystalline
PBTTT using ionic liquids,** where wide-angle X-ray scattering
revealed that ionic liquid anions intercalate between side
chains and reside in close proximity to the conjugated back-
bone. The near co-crystalline arrangement was shown to sup-
press Coulomb trapping of holes, as overlapping ion potential
wells merged into a smooth energy landscape. Of course, this
argument is limited to electrostatics. Other factors, such as
positional or conformational disorder, may counteract the
reduction in electrostatic disorder at high doping. In addition,
electron-electron interactions coupled with disorder can give
rise to a Coulomb gap that suppresses hole mobility.** Beyond
mobility, changes in the preferred counterion site are expected
to affect the molecular-scale capacitance.

These results highlight the need for deliberate materials
design, where the interplay of backbone, side chain, and
electrolyte (salt and solvent) selection governs ion condensa-
tion. Understanding counterion condensation is therefore
critical not only for organic and hybrid MIECs in transistors
and circuits, but also for applications in bioelectronics, soft
robotics, neuromorphic devices, thermoelectrics, and energy
storage.

Conclusions

In summary, we demonstrated the first operando measurement
of counterion positions within OMIEC crystallites, revealing
that they are not predicated by the ion size, rather, it is the
interplay between the water and ions in the lattice and the
charge on the polymer that dictate energetically favour-
able positions. Specifically, we showed that two counterions
(CI” and ClO,”) condense near pgBTTT backbones with
increased doping. This phenomenon could not be captured
ex situ emphasizing the need for experiments that mimic the
dynamic nature of these materials in their device-relevant
operating state. The simulations indicate clear charge state
dependence of counterion positions within the lattice, near
the lamellar mid-plane at low doping and ~4 A away from the
backbone at high doping. The MD data were then used to
generate synthetic GIRXRD data, physically grounding the
interpretation of experimental results. We find that the more
chaotropic ClO,  anion condenses at lower doping potentials

This journal is © The Royal Society of Chemistry 2025
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than Cl™. While the impact of this physical phenomenon on
electronic charge transport remains unknown, the measure-
ment capabilities and workflow demonstrated herein will ulti-
mately be a crucial component of a detailed exploration on the
relative effects of ion condensation, band-filling, and structural
effects in limiting hole mobility at high doping potentials.

The key limitation of GIRXRD is that it only probes crystal-
line domains. However, it is likely that phenomena of counter-
ion condensation translate to non-crystalline regions and
systems, if there is sufficient confinement. In the future, these
measurements should be extended to non-aqueous systems to
access a wider voltage window, electron transporting materials
to investigate cation/OMIEC and cation/electron interactions,
as well as additional p-type systems to probe the effects of side
chain design (e.g., density, moieties). Finally, this work high-
lights how the union of experiment and theory can both ground
interpretations and enable added atomistic insights that are
(at present) not experimentally observable.

Materials and methods

Materials and methods are described in detail in Section S4.

Notes

Certain equipment, instruments, software, or materials are
identified in this paper in order to specify the experimental
procedure adequately. Such identification is not intended to
imply recommendation or endorsement of any product or
service by NIST, nor is it intended to imply that the materials
or equipment identified are necessarily the best available for
the purpose.
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