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Non-line-of-sight techniques are well suited for fabrication of thin and conformal solid-state

electrolyte (SSE) coatings, especially within three-dimensionally porous electrode architectures.

Adapting SSEs to safe and low supply-risk battery chemistries, such as alkaline zinc, requires solid-

state anionic transport. We use initiated chemical vapor deposition (iCVD), a non-line-of-sight

polymerization method, to generate conformal, pinhole-free poly(4-dimethylaminomethylstyrene),

pDMAMS, films on planar substrates. We then vapor-phase react the ∼350 nm thick polymer with

1-bromo-3-chloropropane, an alkylating and cross-linking reagent, to convert pendant tertiary amines

in pDMAMS to quaternary ammoniums (pDMAMS+) counterbalanced by labile Cl−/Br−. Solution

exchange of Cl−/Br− for OH− or HCO3
− yields an anion-conducting SSE compatible with alkaline

battery chemistry. The ion conductivity of anion-compensated pDMAMS+ films ranges from 10−8 to

10−5 S cm−1 and depends on hydration level and anion identity. All three anionic forms of the

pDMAMS+ SSEs are electrochemically stable and electronically insulating, which in conjunction with

their nanoscale thickness and single-ion conductivity render them promising for use in beyond-Li-ion

all solid-state energy-storage and conversion devices.

Introduction

Meeting the high energy and power demands of future
technologies requires transitioning from the 200+ years-old
planar battery configuration to a 3D all-solid-state battery (3D
SSB) configuration. Designing in 3D decouples the scaling of
energy, power, and footprint, a feat that is physically
impossible with the 2D planar battery design.1 In the
aperiodic 3D SSB design developed by Rolison and Long,1,2

the bulk of the 3D SSB volume is occupied by interpenetrating
networks of cathode and anode that are physically separated
by a submicron-thick solid-state electrolyte (SSE). Energy is
increased within a given footprint by increasing the thickness
of the battery without altering the characteristic dimensions
of cathode, anode, and SSE, thereby maintaining short-range
local ion transport that translates to high power.1

Multiple 3D SSB examples in the literature validate the
viability of scaling energy without sacrificing power in a small
footprint,3–5 yet are restricted to microscale dimensions
because they are based on conventional Li-ion materials that
have limited thermal and electronic conductivity.4–6 These
limitations inherent to reported 3D microbatteries can be
circumvented by moving to battery chemistries with metallic
electrodes, such as silver–zinc (Ag–Zn) in which both redox
couples (Ag/AgO and ZnO/Zn) are orders of magnitude more
thermally and electrically conductive than conventional Li-
ion cathode active materials.7,8 Our development of a
mechanically robust 3D Zn sponge9–12 that can serve as the
scaffold of the 3D SSB enables macroscale 3D Ag–Zn SSBs.
The crux to fabricating a Ag–Zn sponge 3D SSB is a thin,
pinhole-free, anion-conducting SSE, which requires a robust
method of non-line-of-sight deposition within the tortuous
void network of the sponge.

An emerging technique for generating SSEs and other thin
coatings for 3D SSBs is initiated chemical vapor deposition
(iCVD), a non-line-of-sight method proven to conformally
coat nanometric polymers on substrates with complex
morphologies.13–20 For example, Chen and colleagues generate
a 10–40 nm thick Li+-conducting SSE with ionic conductivity
on the order of 10−8 S cm−1 by iCVD coating high aspect-ratio
nanowires with poly(tetravinyltetramethylcyclotetrasiloxane,
poly-V4D4) and doping with Li salts.15
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In an accompanying report, we demonstrate an iCVD-based
route to a conformal ionic polymer coating on 2D and 1 mm
thick 3D substrates, once poly(4-dimethylaminomethylstyrene),
pDMAMS, is reacted with a di-halogen alkylating reagent to
yield quaternary ammonium-containing pDMAMS+.21 We
now evaluate the electrochemical properties of pDMAMS+ in
various counterion forms for its use as an anion-conducting
SSE. We find the films have potential charge-selective ion-
regulation behavior, are electronically insulating, and
display a range of anion conductivity based on anion
identity and film hydration level. This combination of
favorable properties renders the material a promising SSE
for alkaline batteries such as AgO–Zn, NiOOH–Zn, and
halide batteries such as AgCl–Zn, while the compatibility
with non-line-of-sight deposition by iCVD opens the door to
energy-dense 3D cells.

Results and discussion

Detailed synthesis and characterization of poly(4-
dimethylaminomethylstyrene)-based films are described in
our prior work,21 but are briefly summarized here. We
use iCVD with an isomerically pure precursor,
4-dimethylaminomethylstyrene (4-DMAMS), to deposit films
of pDMAMS on various planar or 3D substrates. The
deposited films are annealed under vacuum at elevated
temperature, which densifies the film and introduces a small
amount of chemical cross-linking. We then convert 65% of
the tertiary amines in the polymer to quaternary ammoniums
through vapor-phase alkylation with 1-bromo-3-
chloropropane to yield pDMAMS+ (Fig. 1). Prior
characterization using nuclear magnetic resonance
spectroscopy, attenuated total reflectance-Fourier transform
infrared spectroscopy, and X-ray photoelectron spectroscopy
confirm successful generation of quaternary ammonium
groups and exchange of the Cl−/Br− counterion to anions of
interest (Br−, OH−, or HCO3

−).21

The iCVD-deposited pDMAMS coatings are conformal on
2D and 3D substrates, nanoscopically smooth (<1 nm root
mean square roughness), and have easily tuned thickness
(30–1000+ nm). Mechanical measurements reveal that cross-
linking increases the film's modulus. Grazing-incidence
small and wide-angle X-ray scattering analyses of the various

film morphologies indicate the pDMAMS-based polymers are
noncrystalline and that the charged forms pDMAMS+ and
pDMAMS+(HCO3

−) contain ion-rich domains of distinct
geometry.21 In light of these promising results, we turn to
evaluating the electrochemical and electrical properties of the
family of pDMAMS films on planar substrates.

Redox-probe assessment of pDMAMS and pDMAMS+ films

We use redox-probe voltammetry to assess molecular
permeability of the conformal iCVD-derived, ∼350 nm thick
pDMAMS films. The voltammetric response of a pDMAMS-
coated Au electrode in an aqueous potassium ferricyanide
solution shows Fe2+/Fe3+ redox is present, but at lower
current density compared to bare Au, revealing that as-
deposited, uncharged pDMAMS is not entirely blocking
(Fig. 2A). After annealing, however, the densified and lightly
cross-linked pDMAMS completely blocks access of the
anionic redox probe to the underlying Au electrode,
confirming that the polymer coating is impermeable and
pinhole free on a molecular level.

After conversion to pDMAMS+, the films remain pinhole
free according to atomic force microscopy (AFM)
measurements,21 but redox-probe assessment becomes more
nuanced due to the hydrophilic nature of pDMAMS+. The
dual-terminus alkylation reagent cross-links the pDMAMS
film, ensuring that the polymer does not dissolve in water,
but the film does take up water without delamination as
evidenced by swelling and differences in water contact angle
(Fig. S1 and S2†). As expected, pDMAMS+ allows a negatively
charged redox probe to reach the electrode surface (Fig. 2B)
while essentially no redox activity is recorded for a positively
charged redox probe (hexaammineruthenium(III) chloride)
compared to the bare Au electrode (Fig. 2C). Similar behavior
is reported for films of the commercially available, styrenic
anion-exchange membrane, Fumion®, which selectively reject
a positively charged redox probe, but permit transport of a
negatively charged redox probe to an underlying electrode
surface for electroreaction.22 Our redox-probe results confirm
that native, uncharged pDMAMS remains conformal after
alkylation and that pDMAMS+ films confer charge-selective
ion-transport behavior, an attractive property under further
investigation.

Fig. 1 Synthetic pathway for generating SSEs: iCVD is used to produce a thin coating of pDMAMS, which is then reacted with alkylating agent
1-bromo-3-chloropropane to yield pDMAMS+. The charge-balancing halide anions in pDMAMS+ are easily exchanged to other anions of interest
using solution-based methods.
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Solid- and quasi-solid-state electrochemical properties of
pDMAMS+ films

We next assess the electronic/ionic conductivity and voltage-
stability windows of pDMAMS+(Br−), pDMAMS+(HCO3

−), and
pDMAMS+(OH−) as a function of water content, either
equilibrated in a nitrogen drybox (8% relative humidity (RH)
designated “dry”) or after immersing in liquid water for 24 h.
The two-terminal cell is fabricated by pressing an unmodified

stainless-steel spacer into a pDMAMS-coated stainless-steel
spacer with sufficient pressure to ensure contact without
shorting the cell. As shown by solid-state i–V sweeps from
−100 mV to +100 mV, all three dry pDMAMS+ films
demonstrate a MΩ linear response (Fig. 3A).20 The calculated
total electrical resistance of pDMAMS+(Br−),
pDMAMS+(HCO3

−), and pDMAMS+(OH−) films is 20, 2, and
5 MΩ, respectively. While this method evaluates the total
electrical resistance (ionic + electronic), the ionic
contribution is small considering the nanoscale thickness of
the film and the use of blocking electrodes. Further
evaluation reveals σelectronic = 1.4 × 10−11 S cm−1 for
pDMAMS+(Br−) (Fig. S3†). With these results, all anion-
conducting forms of pDMAMS+ are sufficiently insulating to
serve as the separator component in a 3D SSB.

All pDMAMS+(anion−) films are reductively stable to at
least −1 V, with film failure indicated by a rise in current at
∼−1.2 V (Fig. 3B). Scanning in the positive direction, the
current begins to rise at +1.6–1.8 V, with film failure
occurring at ∼+2.2 V for the pDMAMS+(Br−) and
pDMAMS+(HCO3

−) films. The pDMAMS+(OH−) film is stable
up to ∼+3 V with total failure occurring around +3.3 V. The
varied voltage-stability values may relate to differences in the
networks induced by ion-exchange procedures and/or
electrode/anion corrosion potential. The solid-state
electrochemical window displayed by each pDMAMS+(anion−)
form is sufficiently wide, however, to withstand voltage
windows characteristic of such anion-mediated energy-
storage chemistries as Ag–Zn (1.9 V), Ni–Zn (1.7 V) and Zn–Br
(1.9 V),23 and those of alkaline fuel cells.

With the electronic conductivity suitably low and the
electrochemical stability window sufficiently wide, we extract
the average ionic conductivity of pDMAMS+(anion−) films as a
function of hydration via electrochemical impedance
spectroscopy (EIS) modeled using equivalent circuits. The
model for the dry films is a QR circuit (Fig. 4A), where the Q
element represents the nonideal capacitive nature of the film

Fig. 2 Cyclic voltammograms (CVs) of bare Au and pDMAMS (or pDMAMS+)-coated Au electrodes (0.785 cm2) in aqueous KCl electrolyte: (A)
2 mM K3[Fe(CN)6]/0.1 M KCl; inset: expanded y-axis of annealed pDMAMS CV. (B) pDMAMS+ in 2 mM K3[Fe(CN)6]/0.1 M KCl. (C) pDMAMS+ in
1.0 mM hexaammineruthenium(III) chloride/1 M KCl. All CVs are taken at 50 mV s−1.

Fig. 3 (A) Electrical conductivity assessment of pDMAMS+ films using
linear-sweep voltammetry. (B) Voltage window for the pDMAMS+ films
measured from 0 V using positive and negative linear sweeps to the
onset of breakdown current. A fresh cell is used for each sweep
direction and the positive and negative branches are then combined to
assess electrochemical stability.
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and R2 the ionic resistance of the film from which
conductivity is calculated according to the following:

σ ¼ 1
R2

×
t
A
; (1)

where t is the film thickness and A is the geometric area of
the iCVD-coated stainless-steel spacer. Such a circuit is
appropriate to model ion conduction in solid-state
electrolytes, which can lack the Warburg-like diffusive
element seen in traditional liquid electrolytes.15,24 The model
for the swelled, water-wet films (quasi-solid-state) adds
another Q element (Q2) that accounts for non-ideal Warburg-
like diffusive behavior seen in the low-frequency regime
(Fig. 4B).

The model-fit results for each element are shown in
Fig. 5A and B with the average values compiled in Table 1
(the fits for individual measurements are found in Tables S1
and S2†). In general, the Q1 capacitance of the OH−-
compensated polymer is slightly higher than that for the Br−

and HCO3
−-compensated polymers, with all forms (wet and

dry) close to ideal capacitance (>0.85, with 1.0 being ideal).
Deviation from ideal Warburg behavior is seen for all water-
swelled films, which may stem from a breakdown in the
semi-infinite diffusion assumption, i.e., tortuosity and/or
narrowing/broadening of the ion-transport pathway.25–27

As these films contain tethered positive charges and no
free salt, the ionic conductivity values shown in Fig. 5C and
Table 1 are entirely derived from single-ion transport, in this
case single anion. In all cases, the water-swelled conductivity
exceeds that of the 8% RH condition by two orders of
magnitude, with the relative increase in conductivity greatest
for the Br− form and lowest for the OH− form.

Ion-pair dissociation in pDMAMS+ films and the related
difference in water uptake depend on the incorporated anion,
which can explain the differences in ionic conductivity. The
uptake of water by pDMAMS+(anion−) increases the number
of dissociated charge carriers and increases their mobility
through vehicular ion transport and enlarging the cross
section of the ion-transport channel.28 We turn to molecular
dynamic (MD) simulations to probe the diffusion of OH− in
pDMAMS+ as a function of water content, where the number
of water molecules per charge carrier, λ is defined as the
number of water molecules per ammonium ions [n(H2O)/
(N+)]. We first consider the distribution of OH− mean square
displacement (MSD) in a simulated dry film where λ = 0
(Fig. 6A).

The computational MSD is best fit using two diffusion
constants, a result that holds for each λ studied. Two major
populations of OH− thus exist: one where slower moving OH−

strongly interacts with the tethered N+ (characterized by
diffusion constant D1) and a second where faster moving
OH− does not interact with N+ (characterized by diffusion
constant D2). For all λ, D2 > D1, but both are relatively
invariant for λ = 0–3 and increase markedly at λ > 3 (Fig. 6B),
a result consistent with the improved conductivity measured
for the water-swelled films (Fig. 5C). While perhaps not
directly comparable to the thin-film format, we
experimentally find λ ≈ 0.5–3 when vapor-phase equilibrating
bulk-synthesized pDMAMS+(Br−) under RH conditions set
by saturated salt solutions (from 11% (LiCl(aq)) to 97%
(K2SO4(aq))); λ ≈ 5 for liquid water-wet films (Fig. S2†).

The thickness of water-wet pDMAMS+(HCO3
−) and

pDMAMS+(OH−) films expands about four-fold compared to
swelled pDMAMS+(Br−) films, where the latter is visibly more

Fig. 4 Equivalent-circuit models for EIS data: (A) 8% RH
pDMAMS+(anion−) films; and (B) water-swelled pDMAMS+(anion−) films.

Fig. 5 (A) Representative EIS spectra for dry (8% RH equilibrated) pDMAMS+(anion−) films. (B) Representative EIS spectra for water-swelled
pDMAMS+(anion−) films. (C) Ionic conductivity of pDMAMS+(anion−) films, either swelled directly with water or equilibrated at 8% RH. Error bars are
standard deviation of EIS-calculated ionic conductivity for three or more different samples propagated with error associated with measuring film
thickness.
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hydrophobic in terms of de-wetting and water contact angle
(Fig. S1†). Higher water content in the film also affects ion
structural arrangement. As indicated by our grazing-
incidence X-ray scattering analyses of pDMAMS and
pDMAMS+,21 the looser packing of ions in pDMAMS+(HCO3

−)
should facilitate ion dissociation, water uptake, and favorable
transport domain formation. The swelled HCO3

− form is
consistently more ionically conductive than the OH− form, a
result predicted by recent MD simulations conducted by our
group.29 Although HCO3

− is bulkier than OH− (anion + first
shell is 2.7 Å for OH−, 3.33 Å for Br−, and 3.5 Å for HCO3

−),
the bicarbonate anion has a lower charge density due to
resonance-stabilized charge delocalization.30–33 When
sufficient film hydration and large enough ion-transport
domains exist, the positive impact of lower anionic charge
density may outweigh the negative impact of bulkiness on
anion mobility. The multi-faceted impact of water content on
SSE conductivity, in which it influences polymer morphology,

charge screening, ion dissociation, and ion transport
mechanisms, make hydration an important design metric for
future anionic SSEs.

The ionic conductivity of pDMAMS+(HCO3
−) and

pDMAMS+(OH−) exceeds 10−5 S cm−1 in the water-swelled
state, which is one to three orders of magnitude lower than
the conductivity reported for most alkaline-exchange
membranes (AEMs) of similar ion-exchange capacity (IEC).34

One explanation for this result is that while most AEMs are
10s to 100 s of microns thick or more, the nanoscale nature
of the iCVD-generated pDMAMS+ films may impose
confinement effects (such as altered chain rigidity and
network morphology relative to bulk-synthesized polymer)
that impact ion transport.35,36 In pDMAMS+, the tethered
ammonium cations directly participate in cross-linking the
polymer chains (Fig. 1), which will also lower the conductivity
by reducing the degrees of freedom at the charged sites.
Experiments on chemically similar SSEs where the ionic
groups are not participating in cross-links are currently
underway.

While the conductivity of these SSEs at 8% RH is low
compared to the conventional minimum ionic conductivity
required of bulk polymer electrolytes (10−4 S cm−1), the total
contribution to cell resistance from a submicron-thick
electrolyte is less than traditional, microns-thick electrolytes.
Another countervailing factor comes from the fact that the
pDMAMS+ series display single (an)ion conduction. The low
total resistance contribution and the single-ion conducting
nature of the electrolytes counterbalance the low solid-state
conductivity with respect to use in a practical cell. In
conjunction with efforts to improve iCVD-generated SSE
conductivity, these promising results demonstrate the first
anion-conducting SSE generated via post-deposition
modification of an iCVD-based polymer and lay the
groundwork for 3D SSBs based on non-Li-ion chemistries.

Conclusions

A series of single anion-conducting polymer electrolytes
based on quaternized pDMAMS are synthesized using iCVD,
a non-line-of-sight technique. The various forms of the
pDMAMS films are found to be pinhole free, thwart redox-
probe permeation, and demonstrate charge-selective
rejection. Electrochemical impedance spectroscopy and
subsequent model fitting reveal that the single-ion
conductivity of the pDMAMS SSEs, ranging from 10−8 to 10−5

S cm−1, depends on hydration level and counter-anion

Table 1 Listed electrical values and thickness used to calculate ionic conductivity for iCVD-derived pDMAMS+-based electrolytes

Composition

Electronic
resistance at 8%
RH (MΩ)

Voltage stability
window at 8% RH
(V) σ at 8% RH (S cm−1)

Thickness (t)
at 8% RH (nm)

σ water-swelled
(S cm−1)

Thickness (t)
water-swelled
(nm)

pDMAMS+(Br−) 20 ∼−1 to 1.6 2.5 × 10−8 ± 6.0 × 10−9 580 ± 59 3.3 × 10−6 ± 2.0 × 10−6 1000 ± 500
pDMAMS+(HCO3

−) 2 ∼−1 to 1.8 3.5 × 10−7 ± 1.3 × 10−7 502 ± 83 2.8 × 10−5 ± 8.4 × 10−6 2500 ± 500
pDMAMS+(OH−) 5 ∼−1 to 3 5.3 × 10−7 ± 1.7 × 10−7 502 ± 83 2.0 × 10−5 ± 8.6 × 10−6 2500 ± 500

Fig. 6 (A) Distribution of OH− mean square displacement in
pDMAMS+(OH−) for λ = 0. (B) Diffusion constants for slower N+-bound
OH− (D1), faster unbound OH− (D2), and average.
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identity. The least conductive pDMAMS+(anion−) version is
Br− compensated and dehydrated, while the most conductive
version is HCO3

− compensated and water swelled. As the
highest conductivity is obtained in the water-swelled quasi-
solid-state form, future work will investigate the impact of
hydration on device performance. The single-ion conductivity
values, in conjunction with the submicron-scale thickness,
electronically insulating nature, and wide solid-state voltage-
stability window establish pDMAMS chemistry as suitable for
use as a solid-state electrolyte for next-generation beyond-Li-
ion alkaline batteries.

Experimental

Water used in all measurements and reactions was 18 MΩ-
cm (Thermo Scientific Barnstead MicroPure).

Synthesis of 4-dimethylaminomethylstyrene monomer
(4-DMAMS) and iCVD-generated films

Detailed synthesis of isomerically pure 4-DMAMS, generation
of pDMAMS films via iCVD, and post-deposition
modifications are detailed in our previous work.21 For redox-
probe measurements, films are deposited on gold-coated
glass slides (25 mm × 35 mm). For all other electrochemical
measurements, films are deposited on stainless-steel spacers
(MTI Corp.).

Film thickness/profilometry

All iCVD-generated pDMAMS films in this study are on the
order of 350 nm thick. Dry-film thickness was measured as
previously described using profilometry.21 The thickness of
water-swelled films was measured as follows. The various
pDMAMS+ films coated on stainless-steel spacers were
swelled in water for 24 h. Another blank spacer was placed in
direct contact with the pDMAMS+ film, and the total
thickness was measured with a digital micrometer. The error
was taken to be ±0.5 μm.

Contact-angle measurements

Contact-angle measurements were performed on various
pDMAMS films coated on stainless-steel spacers using a
Biolin Theta Flex. Dispensed water volume was 4 μL and
measurements were taken at set time intervals, with each
measurement taken at least in triplicate on a fresh section of
sample.

Water-uptake (λ) measurements

A thin glass slide was cleaned, weighed, and coated with a
thick layer of bulk-synthesized pDMAMS by drop casting
from a 20 wt% solution in xylenes. After drying under
vacuum at 100 °C, the pDMAMS films were quaternized with
1-bromo-3-chloropropane in the vapor phase as described
previously.21 The dried pDMAMS+ films were subsequently
equilibrated over P2O5 for 24 h in a sealed vessel to
quantitatively dehydrate the sample. The dehydrated samples

were weighed and then equilibrated in the vapor of saturated
aqueous salt solutions of successively higher relative
humidity: LiCl (11.3% RH), MgCl2 (33% RH), Mg(NO3)2 (53%
RH), (NH4)2SO4 (81% RH), and K2SO4 (97% RH). Samples
were equilibrated over each solution for 24 h and quickly
weighed after removing from the sealed container before
transferring to a new container with a new solution. To finish
the water-uptake series, samples were immersed in deionized
water for 16 h, removed, patted dry, and quickly weighed.
From the water uptake, the value of λ, for λ = n(H2O)/(N

+),
was calculated.

Electrochemical measurements

All electrochemical measurements were performed using a
Gamry Instruments Reference 620 potentiostat.

The substrates used for all redox-probe measurements
were Au-coated glass slides serving as the working electrode
versus platinum wire counter and Ag/AgCl reference
electrodes. The working electrode area was an o-ring-defined
circle of 1 cm diameter (0.785 cm2). For a negatively charged
redox probe, a freshly prepared aqueous solution of 0.1 M
potassium chloride (KCl, Sigma, Reagent Plus) + 2 mM
potassium ferricyanide (Sigma, ACS Reagent Grade) was used.
The potential is swept between −0.2 V to 0.7 V vs. Ag/AgCl at
a scan rate of 50 mV s−1. For a positively charged redox
probe, a freshly prepared aqueous solution of 1.0 M KCl + 1.0
mM hexaammineruthenium(III) chloride (Aldrich, 98%) was
used.21 The potential was swept between −0.4 V and 0.4 V vs.
Ag/AgCl at a scan rate of 50 mV s−1.

The ionic conductivity of pDMAMS films was obtained
from fitting electrochemical impedance spectroscopy data
using appropriate equivalent-circuit models. The frequency
range of analysis was generally 4 MHz to 0.1 Hz but the data
were truncated for model fitting. All films used for ionic
conductivity measurement were deposited onto stainless-steel
spacers (15 mm diameter, MTI Corp.). Films designated “dry”
were measured within a nitrogen box under a controlled
relative humidity of 8%. The measurement was taken by
placing an unmodified stainless-steel spacer electrode in
direct contact with the pDMAMS+-coated electrode. Using a
C-clamp, the electrodes were pressed together as much as
possible without short circuiting to ensure good interfacial
contact. For water-swelled ionic conductivity, the various
films were soaked in 18 MΩ cm water (O2 and CO2 pre-
removed via N2 purge) for 24 h prior to analysis. Swelled
films were measured in the same method as above, but with
the addition of a polyethylene donut separator (15 μm thick,
7/16 in diameter hole) that prevents direct contact between
the pDMAMS+-coated electrode and the counter electrode.
Additional water was added to the center of the donut
separator prior to cell assembly to ensure good interfacial
contact and prevent film dewetting. Nyquist plots were fit
with equivalent-circuit models using the Gamry Echem
Analyst software package.
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The voltage stability window was determined by
employing linear-scan voltammetry in either the negative or
positive direction at a rate of 10 mV s−1, with a new sample
used for each scan direction. Total electrical conductivity was
similarly assessed, but by sweeping the voltage at 5 mV s−1.
The electrical resistance was calculated by taking the inverse
of the slope of the ohmic response obtained by cyclic
voltammetry.

Molecular dynamics simulations

Initial structures of 24 pDMAMS+ chains of 20 repeat units
are constructed in an 8 × 8 × 8 nm cubic box using
Moltemplate.37 Hydroxide ions are added as counterions to
neutralize the system. For simulations at different hydration
levels, water molecules are added to the box after
equilibration at 300 K. The number of water molecules in the
system is established by the hydration number as the ratio of
water molecules to OH−. All atom force-field parameters for
pDMAMS+, OH−, and water molecules are described in our
previous work.29

All MD simulations are performed using Gromacs 5.1.5
package38 with periodic boundary conditions in three
dimensions. Initial structures are energy-minimized to
remove any steric clash between atoms by the steepest
descent algorithm. To ensure random starting configurations
with well-mixed polymer chains, the systems are simulated
for 10 ns in the NVT (constant volume and temperature)
ensemble at an elevated temperature of 800 K. Langevin
dynamics with a coupling time constant of 2 ps is used to
control the temperature. After another 10 ns NPT (constant
pressure and temperature) run to achieve the desired volume
at 1 atm, a simulated annealing procedure is applied to the
systems to lower the temperature down to 300 K using the
Berendsen barostat39 to control the pressure with the
coupling time constant of 2 ps. Finally, the systems are
simulated for 1 μs in the NPT ensemble with the Parrinello–
Rahman barostat40 with a time constant of 2 ps and saving
the trajectories every 100 ps for further analysis. Details of
the simulation protocol can be found in ref. 28.
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