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ABSTRACT: Electro-responsive metallopolymers can possess highly specific and
tunable ion interactions, and have been explored extensively as electrode materials for
ion-selective separations. However, there remains a limited understanding of the role of
solvation and polymer−solvent interactions in ion binding and selectivity. The
elucidation of ion−solvent−polymer interactions, in combination with the rational
design of tailored copolymers, can lead to new pathways for modulating ion selectivity
and morphology. Here, we present thermo-electrochemical-responsive copolymer
electrodes of N-isopropylacrylamide (NIPAM) and ferrocenylpropyl methacrylamide
(FPMAm) with tunable polymer−solvent interactions through copolymer ratio,
temperature, and electrochemical potential. As compared to the homopolymer
PFPMAm, the P(NIPAM0.9-co-FPMAm0.1) copolymer ingressed 2 orders of magnitude
more water molecules per doping ion when electrochemically oxidized, as measured by
electrochemical quartz crystal microbalance. P(NIPAM0.9-co-FPMAm0.1) exhibited a
unique thermo-electrochemically reversible response and swelled up to 83% after
electrochemical oxidation, then deswelled below its original size upon raising the temperature from 20 to 40 °C, as measured
through spectroscopic ellipsometry. Reduced P(NIPAM0.9-co-FPMAm0.1) had an inhomogeneous depth profile, with layers of low
solvation. In contrast, oxidized P(NIPAM0.9-co-FPMAm0.1) displayed a more uniform and highly solvated depth profile, as measured
through neutron reflectometry. P(NIPAM0.9-co-FPMAm0.1) and PFPMAm showed almost a fivefold difference in selectivity for
target ions, evidence that polymer hydrophilicity plays a key role in determining ion partitioning between solvent and the polymer
interface. Our work points to new macromolecular engineering strategies for tuning ion selectivity in stimuli-responsive materials.
KEYWORDS: stimuli-responsive polymers, redox-electrochemistry, solvation, electrochemical separations

1. INTRODUCTION
Stimuli-responsive materials have a wide range of applications,
including sensors, actuators, electrochromic devices, and for
separations.1−4 In particular, redox metallopolymers have
gained attention as a platform for electrochemically switched
capture and release of ions, with high capacity, selectivity, and
molecular modularity.5 While there has been significant
progress in elucidating the charge-transfer origins of selective
binding and developing molecular design rules to tune
selectivity, especially for ferrocene-based polymers,6,7 a deep
understanding about the role of solvation in ion binding and
whether solvation can be controlled through polymer−solvent
affinity (hydrophobicity/hydrophilicity) remains elusive.8

Solvation underpins many phenomena of solutes in water,
including protein folding,9 hydrophobic interactions,10 and
specific ion effects, such as the Hofmeister series.11 Surface
engineering to tune hydrophobicity/hydrophilicity has been
used to tune adhesion forces between surfaces,12 control
catalyst selectivity,13 and separate hydrophobic contaminants
from water.14 For ion sorption, switching between surface
hydrophobicity or hydrophilicity can change ion adsorption
affinities to that surface and can even result in the reversal of

ion affinity trends.15,16 Despite growing understanding of the
role of electrostatics and adsorbent-ion interactions, the
relative strength of the solvation effects to charge-transfer
effects is unknown.17,18 In addition, polymer adsorbents,
especially in gel form, present not only a direct interface
with water but also a deeper microenvironment with unique
solvation properties�and in the case of responsive polymers,
this microenvironment can be dramatically tuned by external
stimuli. To advance the understanding and exert tailored
control of polymer solvation on ion selectivity, we developed a
copolymer system containing N-isopropylacrylamide
(NIPAM) and ferrocene (Fc) moieties with temperature-
and composition-dependent hydration (i.e., solvation for
aqueous systems), to investigate ion selectivity under
controlled solvation conditions.
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Poly(N-isopropylacrylamide) (PNIPAM) is a thermores-
ponsive polymer that undergoes a solvation-governed phase
transition at a lower critical solution temperature (LCST) of
approximately 32 °C in water.19 Below the LCST, the moieties
of PNIPAM are surrounded by hydration shells of water and,
as a result, PNIPAM is soluble in water and PNIPAM gels are
swelled with water.20,21 As the temperature increases, water
loses its ability to surround the hydrophobic moieties, and the
hydrophobic moieties are forced to aggregate or phase
separate.21 For PNIPAM, this results in the LCST phase
transition as PNIPAM chains dehydrate and collapse together.
PNIPAM polymers or gels can leverage this hydrophilic-to-
hydrophobic collapse for applications, such as drug delivery,
smart actuators, and water treatment.22−24 In parallel,
ferrocene (Fc) is a redox moiety with broad uses spanning
catalysis, materials science, and medicinal chemistry.25,26

Ferrocene polymers have been used as charged and dielectric
interfaces, redox gels, and in block copolymers for phase-
separated materials.27,28 The redox transformation from
neutral ferrocene to positive ferrocenium has enabled smart
surfaces with switchable hydrophobicity/hydrophilicity and
redox gels with switchable solvent swelling and solvent
selectivity.29,30 In particular, ferrocene polymers have served
as a platform for electrochemical separations, where the redox-
switching between charged and neutral states enables the

electrochemical adsorption and release of charged species, and
the modification of polymer structure allows for highly tunable
interactions.18,31−33

The combination of NIPAM and Fc moieties creates dual
redox and thermoresponsive copolymers, with redox and
thermoresponsive hydration.34 Previous reports of NIPAM-Fc
copolymers showed composition and redox-dependent
LCSTs.35,36 NIPAM-VFc gels exhibited redox-potential
dependent transition temperatures37,38 and showcased for a
variety of applications.39−44 Interestingly, pathways for electro-
chemically and thermally induced phase transition have also
been reported with nanocrystal systems.4 However, oxidation
for the copolymer systems has been typically performed
chemically rather than electrochemically, with a few studies
correlating electrochemical activity by cyclic voltammogram
(CV).40 More recently, NIPAM-VFc microgels used for cargo
shuttling were demonstrated to have electrochemical switch-
able swelling.45 While these prior studies have provided
fundamental insights, the electrochemical swelling and
solvation properties for an immobilized NIPAM-Fc film are
yet to be fully quantified and understood, especially within the
framework of developing NIPAM-Fc copolymers as a platform
for tunable hydration and stimuli-driven ion-selective separa-
tions.

Figure 1. (a) P(NIPAM1−x-co-FPMAmx) representation. Highlighted in green: Thermoresponsive NIPAM moiety. Highlighted in orange: Redox/
electrochemically responsive ferrocene moiety. (b) Schematic of the orthogonal dual temperature and electrochemically responsive P(NIPAM1−x-
co-FPMAmx) swelling and deswelling. (c) P(NIPAM1−x-co-FPMAmx) thickness in 20 mM NaClO4 solution, normalized by the polymer film
thickness when dry, at an oxidizing potential (green) and reducing potential (black) at various temperature. FPMAm fraction (x) increases from
0.1, 0.25, to 1.0 left to right. Thickness was measured using in situ spectroscopic ellipsometry. Error bars represent 90% confidence limits on
ellipsometry fitting.
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In this work, we copolymerized NIPAM with ferrocenyl-
propyl methacrylamide (FPMAm), a ferrocene-containing
comonomer, for a P(NIPAM-co-FPMAm) system with
temperature, redox, and copolymer composition dependent
hydration as a platform for solvation-controlled ion separa-
tions. We report the first quantification of volume changes for
an immobilized NIPAM-Fc gel film as a function of
temperature and electrochemical input using in situ electro-
chemical spectroscopic ellipsometry. The quantification of film
volume (i.e., thickness) serves as a proxy for quantifying film
hydration. In situ measurements of electrochemical thin films
using techniques, such as ellipsometry and neutron reflec-
tometry (NR), have shed much light on redox polymer
hydration and morphological dynamics during redox pro-
cesses.46,47 Additionally, we report the first demonstration that
the volume change from electrochemical response is reversible
with a change in temperature and the first quantification of
water ingression (hydration) into a NIPAM-Fc gel during
electrochemical oxidation as a function of temperature using
EQCM with analysis of multiple overtones. Through NR, we
gain nanoscale insight into the spatial morphology of
P(NIPAM-co-FPMAm) as a function of electrochemical
potential. Finally, we evaluated the selectivity of copolymer
electrodes at different NIPAM and FPMAm compositions to
investigate how the hydration of the local microenvironment
can play a role in ion selectivity. We envision our findings to
provide new macromolecular engineering strategies for tuning
ion selectivity in stimuli-responsive materials, expanding
beyond the previous focus on single redox sites at a monomer
level.

2. RESULTS AND DISCUSSION

2.1. Investigation of Thermo-Electrochemical-Responsive
Morphology

First, we evaluate the morphological response of our tailored
copolymers to thermal and electrochemical modulation using
in situ ellipsometry techniques. P(NIPAM1−x-co-FPMAmx)
with three FPMAm fractions (x = 0.1, 0.25, 1) were
synthesized through a free radical polymerization method
(Supporting Information S1), with the copolymer structure
shown in Figure 1. P(NIPAM1−x-co-FPMAmx) copolymer
films were spin coated on gold substrates and cross-linked via a
thermally activated cross-linker benzene-1,3-disulfonyl azide,
which cross-links through a C−H insertion mechanism.48 The
morphology of the copolymer films was examined with in situ
electrochemical spectroscopic ellipsometry in 20 mM NaClO4
from 20 to 40 °C, at reducing and oxidizing electrochemical
potentials. Prior to the reported measurements, cross-linked
P(NIPAM1−x-co-FPMAmx) films were fully swelled via cyclic
voltammetry, until the peak current in the CVs no longer
increased with subsequent cycles. This preemptive cycling
ensured the largest volume-to-electrochemical response was
exhibited and that subsequent measurements reflect the
equilibrium temperature and potential conditions, rather than
the transient behavior of initial swelling. Film thickness
measurements during in situ electrochemical ellipsometry
began at 20 °C at the reducing potential of the ferrocene
units (0 V vs Ag/AgCl). The potential was scanned to an
oxidizing potential (0.5 V vs Ag/AgCl), then lowered back to
the reducing potential before the temperature was increased to
25 °C (Figure 1b). This procedure was repeated up to 40 °C
in 5 °C increments. Copolymer film thickness was normalized

to the dry film thickness to account for individual sample
variation.

The addition of NIPAM to PFPMAm magnified both the
electrochemical and temperature morphological response.
Cross-linked P(NIPAM0.75-co-FPMAm0.25) swelled from 1.54
times its dry thickness at 0 V to 1.79 times at 0.5 V and 20 °C,
a 16% thickness increase upon oxidation compared to 12% for
PFPMAm at 20 °C. At 40 °C, P(NIPAM0.75-co-FPMAm0.25)
swelled from 1.31 times its dry thickness at 0 V to 1.56 at 0.5
V, a 19% increase, which matched 19% for PFPMAm at 40 °C.
Additionally, P(NIPAM0.75-co-FPMAm0.25) showed greater
temperature response, with its thickness decreasing 15%
when the temperature was increased from 20 to 40 °C at 0
V and 13% at 0.5 V, while the thickness of PFPMAm decreased
9.3 and 4.6% for the same temperature change at 0 and 0.5 V,
respectively. Cross-linked P(NIPAM0.90-co-FPMAm0.10)
swelled dramatically from 2.06 times its dry thickness at 0 V
to 2.94 times at 0.5 V vs Ag/AgCl, a 43% increase, which was
much greater than 16 and 12% for P(NIPAM0.75-co-
FPMAm0.25) and PFPMAm, respectively. Despite having
fewer redox units per unit volume, P(NIPAM0.9-co-
FPMAm0.1) swelled significantly more than P(NIPAM0.75-co-
FPMAm0.25), and P(NIPAM0.75-co-FPMAm0.25) swelled more
than PFPMAm at 20 °C, indicative of a synergistic effect of
NIPAM to incorporate water into the copolymer film upon
FPMAm oxidation. That is, the hydration of NIPAM and
FPMAm units cannot be treated independently. NIPAM
copolymers are known to display composition-dependent
LCSTs, where hydrophobic comonomers lower the LCST
and hydrophilic comonomers raise the LCST.49 The oxidation
of FPMAm greatly increases its hydrophilicity, possibly
allowing for the NIPAM moieties in P(NIPAM0.90-co-
FPMAm0.10) to hydrate in an LCST-like transition. Cloud
point measurements of lower FPMAm mole fraction (P-
(NIPAM0.95-co -FPMAm0.05) and P(NIPAM0.975-co -
FPMAm0.025) demonstrated a redox-induced phase transition,
where at a fixed temperature above the reduced LCST,
oxidation induced complete miscibility of the copolymer
(Supporting Information Figure S1-12). These cloud point
measurements highlight how the hydrophilicity switch of a
small percentage of moieties can change the microenvironment
for the entire polymer. The amplified electrochemical
morphological response of the P(NIPAM0.90-co-FPMAm0.10)
film at 20 °C is analogous to oxidation-induced miscibility,
where the hydrophilicity switch of a small percentage of
moieties triggers an LCST-like phase transition. At 40 °C, this
electrochemical response was dampened as P(NIPAM0.90-co-
FPMAm0.10) swelled from 1.41 times its dry thickness at 0 V to
1.59 times at 0.5 V, a 13% increase compared to 19% for both
P(NIPAM0.75-co-FPMAm0.25) and PFPMAm. The drastic
reduction in thickness and electrochemical swelling of
P(NIPAM0.9-co-FPMAm0.1) with increasing temperature can
be explained by the thermoresponsive behavior of NIPAM
chains collapsing and expelling water as the temperature
increases.

This reduced swelling capability was not due to loss of
polymer during the electrochemical cycling, as P(NIPAM0.90-
co-FPMAm0.10) was quite stable during electrochemical
cycling. P(NIPAM0.90-co-FPMAm0.10) consistently returned to
the same reduced thickness after each subsequent electro-
chemical cycle (Supporting Information Figure S2-4). Over the
5 electrochemical cycles (1 cycle at each temperature)
P(NIPAM0.90-co-FPMAm0.10) retained 89% of its charge
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(Supporting Information Figure S2-5). When the % thickness
increase (also the strain, ΔL/L) is normalized by the charge
passed, it was clear that the diminished morphological
response of P(NIPAM0.90-co-FPMAm0.10) with increasing
temperature is not due to loss of polymer (Figure 2). In fact,

the greater than 20-fold increase of the strain/charge ratio of
P(NIPAM0.90-co-FPMAm0.10) (1320% C−1) as compared to
PFPMAm (55.6% C−1) suggests that copolymers that
encourage solvent swelling could assist electroactive polymer
actuator design, especially for applications where a large strain/
charge is needed.50 Copolymers with higher NIPAM mole
fractions (such as P(NIPAM0.95-co-FPMAm0.05) or even higher
fractions) did not show significant electrochemical response,
perhaps due to the lack of sufficient electroactive units for clear
redox-response (Supporting Information Figure S2-7). Charge
transport requires electron hopping on ferrocene units, which
may be hindered with small fractions of ferrocene.51

2.2. Reversible Morphological Response by Orthogonal
Stimuli
P(NIPAM0.90-co-FPMAm0.10) represents a unique dual ther-
mo-electrochemical-responsive copolymer, which can be
swelled significantly through electrochemical input, then
deswelled with an increase in temperature back to, or below,
its original thickness (Figure 3a). A pure ferrocene polymer

(PFPMAm) could not achieve this behavior by itself, and this
copolymer design approach opens the doors for the
independent or synergistic control and actuation of the
redox-polymer film by thermal and electrochemical responses.
To illustrate this capability, we have modulated the swelling of
our copolymer by electric field, and reversibly deswelled by
thermal control. Figure 3b shows the dynamic ellipsometric
tracking of Ψ(320 nm) for P(NIPAM0.90-co-FPMAm0.10)
through the orthogonal input process. During electrochemical

cycling at 20 °C, Ψ(320 nm) reversibly changed from 36°
when P(NIPAM0.90-co-FPMAm0.10) is reduced to 24° when
P(NIPAM0.90-co-FPMAm0.10) is oxidized. Then, Ψ(320 nm)
returns to 38° when the temperature is increased to 40 °C
while keeping P(NIPAM0.90-co-FPMAm0.10) oxidized. Ellipso-
metric spectra were taken where the breaks are shown and this
sample of P(NIPAM0.90-co-FPMAm0.10) started at 2.42 times
dry thicknesses at 20 °C and 0 V vs Ag/AgCl, swelled 83% to
4.44 times dry thicknesses when the potential was changed to
0.5 V vs Ag/AgCl, then deswelled to 1.49 times dry thicknesses
when the temperature was raised to 40 °C (Supporting
Information Figure S2-8). These findings serve to illustrate the
controllability of the responses for modulating these films,
which in the future can lead to multiresponsive systems, in
which both thermal or electrochemical responses can be
leveraged depending on the availability of thermal or electric
gradients.
2.3. Amplified Hydration through Copolymer Design and
Electrochemical Control

Electrochemical quartz crystal microbalance (EQCM) was
used to gravimetrically track water ingression into P-
(NIPAM1−x-co-FPMAmx) films during the oxidation process
(Figure 4a). P(NIPAM1−x-co-FPMAmx) was spin coated and
cross-linked on gold-coated EQCM sensors with the same
procedure as for ellipsometry. A potential step from 0.0 to 0.5
V vs Ag/AgCl was used to oxidize the copolymer films in 20
mM NaClO4 and the subsequent current and QCM frequency
were monitored (Figure 4b). Figure 4c,d shows examples of
the change in electrode mass as a function of the charge passed
through the electrode immediately after the oxidative potential
switch for PFPMAm and P(NIPAM-co-FPMAm) at 30 °C.
The measured data are plotted in blue and contain three
distinct regions: an initial region of charge accumulation
without mass change, a middle region of charge accumulation
accompanied by mass gain (plotted in green), and a final
region of charge accumulation without mass gain. The quotient
of the total change in mass and the total change in charge of
the middle region provides an average mass per faradaic
charge, represented by the slope of the black dashed line. The
other two regions were ignored because they most likely
represent capacitive electric double-layer charging outside the
polymer film, which the QCM sensor does not detect. The red
dashed line represents the expected mass change if all the
faradaic charge passed can be accounted for by the ingression
of bare perchlorate ions. The experimentally observed effective
slope (black dashed line) is greater than the theoretical slope
for bare perchlorate ions and this difference can be accounted
for by additional solvent (water) molecules ingressing into the
polymer film. Attributing additional mass above which can be
accounted for by bare counterions to solvent has been used for
polymer films and porous carbon films.52,53 Based on the
analysis of the EQCM data, 3.83, 13.7, and 565 water
molecules entered the polymer films per perchlorate ion when
PFPMAm, P(NIPAM0.75-co-FPMAm0.25), and P(NIPAM0.90-
co-FPMAm0.10) were oxidized at 20 °C, respectively (Figure
4e). In total, PFPMAm, P(NIPAM0.75-co-FPMAm0.25), and
P(NIPAM0.90-co-FPMAm0.10) ingressed 11.0, 11.9, and 269
mmol cm−3 of water (normalized by volume of dry polymer,
Supporting Information Table S3-2) at 20 °C and this greatly
increased ingression of water with increasing NIPAM mole
fraction is consistent with our ellipsometry morphological
measurements. Increasing the temperature from 20 to 30 °C to

Figure 2. P(NIPAM1−x-co-FPMAmx) strain/charge ratios. Strain
(ΔL/L) is the difference between the oxidized and reduced thickness
divided by the reduced thickness.

Figure 3. (a) Schematic of P(NIPAM0.9-co-FPMAm0.1) reversible
swelling and deswelling through orthogonal stimuli. (b) Dynamic
ellipsometric tracking of P(NIPAM0.9-co-FPMAm0.1) through electro-
chemical swelling then temperature induced deswelling.
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40 °C, PFPMAm ingressed more water molecules per
perchlorate ion from 3.83 to 4.28 to 4.77, respectively (Figure
4e) and ingressed a total of 11.0, 12.4, and 14.0 mmol cm−3

water (Supporting Information Tables S3-2). These findings
provide qualitative agreement with electrochemical swelling of
0.16, 0.17, and 0.22 dry thicknesses at the same respective
temperatures (Figure 1c). The increased ingression of water
for PFPMAm with increasing temperature contrasts with the
NIPAM containing copolymers, which swelled less electro-
chemically and ingressed less water as the temperature
increased. P(NIPAM0.75-co-FPMAm0.25) ingressed 13.7, 13.5,
and 13.7 water molecules per perchlorate at 20, 30, and 40 °C,
respectively, and swelled 0.25, 0.24, and 0.25 dry thicknesses at
20, 30, and 40 °C, respectively. P(NIPAM0.90-co-FPMAm0.10)
showed the greatest change with temperature. P(NIPAM0.90-
co-FPMAm0.10) ingressed 565, 153, and 40.3 water molecules

per perchlorate and a total of 369, 65.2, 18.0 mmol cm−3 water
at 20, 30, and 40 °C, respectively. In conjunction, the film was
electrochemically swelled by 43, 16, and 12%. Clearly, as the
temperature increases, NIPAM loses its hydrophilic character
and its ability to synergistically bring in water.
2.4. Morphological Insight of P(NIPAM0.90-co-FPMAm0.10)
through In Situ NR

P(NIPAM0.90-co-FPMAm0.10) was examined using NR to
provide insight into the nanoscale spatial morphology of
P(NIPAM0.90-co-FPMAm0.10). NR measurements were per-
formed using the liquids Reflectometer (LR, BL-4B) at the
Spallation Neutron Source (SNS) of Oak Ridge National
Laboratory (ORNL).54 NR provides a powerful tool to
investigate complex multilayer thin films under in-situ
conditions. The LR is ideal for measuring the surface and
interfacial structures of thin films in a horizontal sample

Figure 4. (a) Schematic of water and ion ingression into P(NIPAM1−x-co-FPMAmx) upon oxidation, through polymer composition, water
ingression can be controlled. (b) EQCM current and frequency response of PFPMAm to a potential step from 0 to 0.5 V vs Ag/AgCl at 30 °C in
20 mM NaClO4. (c) Mass accumulation versus charge passed through the electrode, as calculated from data in (b) for PFPMAm at 30 °C. The red
dotted line represents the theoretical mass change of bare perchlorate ions. The black dotted line shows the effective slope of measured mass
change vs charge accumulated. The data plotted in green was used for fitting the black dotted line. (d) Same as (c) but for P(NIPAM0.9-co-
FPMAm0.1) at 30 °C. (e) Compiled water per perchlorate ion for P(NIPAM1−x-co-FPMAmx) of various FPMAm at various temperature. Inset:
Magnification on x = 0.25 and x = 0.1.
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geometry, and tracking change of layer thickness, roughness,
and scattering length density (SLD) as a function of depth.
The SLD of a material is the number density of a particular
molecule of atomic species within the scattering volume. The
sample used consisted of a Si wafer with 5 mm thickness and
51 mm diameter, which was sputter coated with 10 nm of
palladium, then spin coated with P(NIPAM0.90-co-
FPMAm0.10), and thermally cross-linked, following the same
procedure as for samples prepared for ellipsometry. The dry
sample was first measured to determine the thickness and SLD
of the P(NIPAM0.90-co-FPMAm0.10) layer, then examined in 20
mM NaClO4 with heavy water solvent (D2O) at 23 °C (Figure
5a). As with ellipsometry, the film was electrochemically cycled
prior to the reported measurements to ensure equilibrium
conditions are reported rather than the transient behavior of
initial swelling. To interpret reflectivity data, a layered model
was fitted to the data using software provided by ORNL.55,56

The fitted models correspond to the SLD depth profile of the
thin film perpendicular to the flat surface of the Si wafer, where
the z value is 0 Å at the Si wafer surface. The parameters used
to generate the fitted model are listed in Supporting
Information Table S6. Figure 5b shows the reflectivity profile
of dry P(NIPAM0.90-co-FPMAm0.10) in air, and Figure 5c
shows the best fit SLD profile having a polymer layer that is
580 Å thick and has an SLD of 0.85. After contact with the
NaClO4 solution and electrochemical cycling, the reflectivity
was measured at 0 V vs Ag/AgCl (Figure 5d) and Figure 5e
shows the fitted SLD profile. The sample in solution was

modeled with the palladium layer parameters obtained from
the dry state measurement, on which we added nine layers to
form a freeform SLD distribution within the overall thickness
constraint set by our ellipsometry measurements. A Markov
Chain Monte Carlo optimizer (DREAM) was used to sample
the posterior distribution of solutions, which can be used to
calculate the uncertainty of each parameter.57 To assess the
stability of our fits, the distribution of solutions obtained from
the Markov chain was used to compute a two-sided 90%
confidence level interval for the SLD value at each z value. The
thickness of P(NIPAM0.90-co-FPMAm0.10) increased signifi-
cantly to 1260 Å, qualitatively consistent with previous
ellipsometric measurements, and the SLD of the polymer
layer has increased due to the ingression of D2O. However, the
polymer SLD profile is no longer uniform but has several peaks
and valleys. To assign a physical interpretation to the SLD
profile, a solvent fraction profile was determined using the
following equation:

(D O)
SLD SLD
SLD SLD2

film 0

D O 02

=

Figure 5f shows the solvent fraction profile for P-
(NIPAM0.90-co-FPMAm0.10) at 0 V. At the polymer−palladium
interface, there is a small region of high solvation. This layer of
solvation has been shown before between polyvinylferrocene
films on gold surfaces.46 We hypothesize that this charged
metal surface is more hydrophilic than the polymer, thus

Figure 5. (a) Schematic of NR experiment. Reflectivity profiles for the P(NIPAM0.9-co-FPMAm0.1) sample in (b) air, (d) in 20 mM NaClO4, D2O
at 0 V vs Ag/AgCl, (g) in 20 mM NaClO4, D2O at 0.5 V vs Ag/AgCl. Black points represent experimental data, and the red lines represent the best
fits. Fitted scattering length density profiles in (c) air, (e) at 0 V vs Ag/AgCl, and (h) at 0.5 V vs Ag/AgCl. The black represents the best fit, and the
gray shading adjacent to the best fit represents the 90% confidence interval. Solvent fraction of P(NIPAM0.9-co-FPMAm0.1) at (f) 0 V vs Ag/AgCl
and (i) 0.5 V vs Ag/AgCl.
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solvent can stay trapped at this surface when expelled from the
polymer. Within the bulk of the polymer film, there is a
significant dip in solvent fraction to 0.03 around 400 Å away
from the palladium surface, where we hypothesize a phase-
separated region of hydrophobic ferrocene moieties aggregated
together. Beyond this layer of polymer phase-separated region,
there is one smaller valley at ∼1000 Å and solvent fraction
∼0.4, then a gradual gradient of increasing solvation until the
solvent front. Upon oxidation to 0.5 V vs Ag/AgCl, small
fringes appear in the reflectivity profile in the low Q region
(Figure 5g), resulting in features of longer length scales in the
SLD profile and the polymer film has expanded to 2680 Å
(Figure 5h). The solvation profile at 0.5 V vs Ag/AgCl still has
the small region of high solvation near the palladium interface,
however, the deep valley of phase-separated polymer is no
longer present (Figure 5i). Instead, the solvation profile is
much flatter and more solvated up to ∼0.8 solvent fraction.
This flattening of the SLD and solvation profiles is
hypothesized to be an LCST-type transition. The trans-
formation of hydrophobic ferrocene moieties into hydrophilic
ferrocenium moieties dramatically increases solvation, allowing
these moieties to mix better with the rest of the polymer. This
behavior in turn allows for the adjacent NIPAM moieties to
hydrate in an LCST-like transition, resulting in a significantly
higher solvation profile with much smaller variations in solvent
fraction, modulated solely by electrochemical potential.

It should be noted that this treatment of solvent fraction
ignores the ingression of perchlorate anions, which have a
positive SLD.46 However, the fraction of perchlorate is ignored
as being too small to significantly affect the SLD. At 20 mM,
NaClO4 represents 0.04 mol percent of solution species, so the
SLD changes at 0 V vs Ag/AgCl are 99.96% from D2O.
Additional perchlorate ingresses at 0.5 V vs Ag/AgCl; however,
it was determined that that perchlorate represents a small mole
fraction (1/566 or 0.17%) of the total species ingressed so the

SLD changes at 0.5 V vs Ag/AgCl can be assumed to be mostly
due to D2O.
2.5. Tunable Ion Interactions through
Hydrophilicity/Hydrophobicity

From ellipsometry and EQCM, it was determined that the
control of the NIPAM to FPMAm ratio allows for rational
control of hydrophilicity and the tuning of the water content
within the copolymers based on chemical structure. As a
consequence, the tunable hydration of P(NIPAM1−x-co-
FPMAmx) provides a viable platform for studying the effect
of polymer solvation on ion selectivity, with the potential for
leveraging these effects for selective electrosorption (Figure
6a).

This approach allows for a dedicated investigation of
solvation effects, independent of structural changes to the
ferrocenium site, and thus without directly changing the
charge-transfer properties of the redox center itself. Electrodes
of carbon black (CB), P(NIPAM1−x-co-FPMAmx), and
benzene-1,3-disulfonyl azide were made using a solution
processing method (Methods section) to form P(NIPAM1−x-
co-FPMAmx)-CB electrodes (Supporting Information Figure
S4-8). Selectivity was probed using binary electrosorption tests
with P(NIPAM1−x-co-FPMAmx)-CB electrodes in 0.5 mM of
two different anions as sodium salts. A 2 V bias was applied
across the P(NIPAM1−x-co-FPMAmx)-CB working electrode
and a counter platinum electrode. Figure 6b shows a typical
electrosorption kinetic profile for P(NIPAM0.9-co-FPMAm0.1)-
CB from 0.5 mM NaBF4 + 0.5 mM NaPF6, and Figure 6c
compiles the adsorption uptakes of P(NIPAM1−x-co-
FPMAmx)-CB with various FPMAm fractions and for CB
without polymer from 0.5 mM NaBF4 + 0.5 mM NaPF6 after
30 min. PNIPAM-CB and CB alone showed little to no
removal of any anion with CB adsorbing 0.87 mg g−1 BF4

− and
0.71 mg g−1 PF6

− and PNIPAM-CB adsorbing 0.62 mg g−1

BF4
− and 1.6 mg g−1 PF6

−. The addition of FPMAm greatly

Figure 6. (a) Schematic of how changing copolymer ratio can be changed to control hydration and ion selectivity. (b) Adsorption kinetics of
P(NIPAM0.9-co-FPMAm0.1)-CB at a 2 V applied cell voltage. (c) Removal of BF4

−, PF6
−, from 0.5 mM NaBF4 and 0.5 mM NaPF6 using

P(NIPAM1−x-co-FPMAmx)-CB electrodes with a 2 V cell potential. Data represented by mean ± standard deviation for N = 2 replicates. (d)
Compiled separation factors of P(NIPAM1−x-co-FPMAmx)-CB with various FPMAm fraction. Data represented by geometric mean and range for
N = 2 replicates.
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increased the adsorption of anions with P(NIPAM0.9-co-
FPMAm0.1)-CB adsorbing 4.9 mg g−1 BF4

− and 17.7 mg g−1

PF6
−, P(NIPAM0.75-co-FPMAm0.25)-CB adsorbing 8.9 mg g−1

BF4
− and 25.0 mg g−1 PF6

−, and PFPMAm-CB adsorbing 7.07
mg g−1 BF4

− and 20.8 mg g−1 PF6
−. The separation factor, αA,B,

was used to quantify selectivity between two anions, A and B:

N N

N N

/

/A,B
A,ads B,ads

A,sol B,sol
=

where NA,ads and NB,ads are the moles of A and B adsorbed on
the electrode, respectively, and NA,sol and NB,sol are the moles of
A and B remaining in the solution, respectively.

The selectivity of P(NIPAM1−x-co-FPMAmx)-CB toward
various anions changed depending on the copolymer fraction.
αBFd4

−, PFd6
− increased slightly from 0.26 to 0.29 to 0.34, as the

FPMAm fraction changed from 0.1 to 0.25 to 1, respectively
(Figure 6d). Similar experiments were performed with ClO4

− +
ReO4

−, Cl− + F−, and MoO4
2− + ReO4

− ion pairs. αClOd4
−, ReOd4

−

increased from 0.59 to 0.63 to 1.1, αF−, Cl− decreased from 4.3
to 1.1 to 0.92, and αMoOd4

2−, ReOd4
− decreased from 1.8 to 0.697 to

0.696 as FPMAm fraction changed from 0.1 to 0.25 to 1,
respectively (Figure 6d). The trend in selectivity between F−

and Cl− (αF−, Cl−) is perhaps the easiest to explain. F− is a
smaller ion, hence has a higher charge density, and is a stronger
solvated ion than Cl−.58 Making the surface more hydrophilic
with a higher NIPAM fraction shifts the selectivity in favor of
the higher solvated ion. The change in selectivity with
copolymer composition is not due to the uptake of ions
from the NIPAM component, as PNIPAM-CB did not
significantly uptake any ions. The selectivity between
MoO4

2−and ReO4
−, αMoOd4

2−, ReOd4
−, followed the same trend as

for αF−, Cl−, as increasing NIPAM fraction increased the
selectivity for MoO4

2−, the stronger solvated ion (Supporting
Information Table S5-1). Divalent ions, such as MoO4

2−, are
typically solvated much more strongly than monovalent ions.58

In the case of ClO4
− and ReO4

−, reducing the FPMAm
fraction shifts the selectivity in favor of ReO4

−, despite ReO4
−

being the larger and less hydrated ion. This trend may be due
to the stronger interaction of ReO4

− with water than ClO4
−, as

would be predicted by their conjugate acid pKa’s.
59−61 If

ReO4
− interacts less with water, as would be predicted by pKa,

then this experimental selectivity trend is consistent with the
selectivity trend between F− and Cl− if water-induced ion
pairing is the primary mechanism for ion binding. Another
explanation may rely on localized charges within the ion, as Re
is less electronegative than Cl, a more negative charge may be
located on the oxygens in ReO4

− than in ClO4
−, and the

solvent may preferentially interact with this localized charge.11

However, some previously reported Hofmeister series have
suggested ReO4

− has weaker interactions with water than
ClO4

−.62 Similarly, P(NIPAM1−x-co-FPMAmx)-CB films
showed consistently higher selectivity for PF6

− over BF4
−,

regardless of FPMAm fraction, and this selectivity increased
slightly when the FPMAm fraction was decreased. This trend
more closely resembles the selectivity trend between ReO4

−

and ClO4
−, where selectivity for the larger ion increased as the

FPMAm fraction decreased. While correlations for many
physicochemical phenomena can be interpreted based on these
ion trends (size, hydration, Hofmeister), it should be noted
specific ion effects are still not fully understood and there are
plentiful examples of the breaking and rearrangement of these

ion series.11,63 Thus, a deeper mechanistic understanding of
some cases requires detailed future studies, especially to fully
elucidate and predict the ion-selectivity trends that may fall
outside the expected ion series, or have less sensitivity to the
effects.

Clearly, changing the FPMAm fraction in P(NIPAM1−x-co-
FPMAmx)-CB changes the ion selectivity. The highest
selectivity shift observed in this study occurred for αF−, Cl−,
which decreased from 4.3 to 0.92 (a factor of 4.6) as the
FPMAm fraction changed from 0.1 to 1. This magnitude of
selectivity shift is comparable to the previous report
investigating the effects of polymer structure on ion selectivity
(a factor of 7.6 between polyvinylferrocene and polyferroce-
nylsilane for the VO3

− + CrO4
− ion).18 The selectivity shift

between polyvinylferrocene and polyferrocenylsilane was
attributed to the pendant versus main-chain structural
difference and charge-transfer modulation of a silane group.
While the ions tested are different, the similar shifts in
selectivity may suggest that the solvation effects leveraged by
switching from P(NIPAM0.9-co-FPMAm0.1) to FPMAm can be
as potent as steric and charge-transfer effects when
determining ion selectivity. Finally, some ion pairs tested
were either extremely selective toward one ion such that a
selectivity factor could not be accurately determined (e.g.,
close to full selectivity), or the ions were electrochemically
reactive themselves (Supporting Information Figure S4-(4−
7)). While further studies and a broader scope of ion pairs are
needed to elucidate all the specific ion effects that determine
selectivity and yield the resulting separation factors, we have
demonstrated that the P(NIPAM1−x-co-FPMAmx) platform
can decouple the effects of surface hydrophilicity/hydro-
phobicity and charge-transfer to elucidate deeper mechanistic
understanding of specific ion interactions with redox electro-
active surfaces. In the long term, our work provides a new
strategy for overcoming the limitations in the design of single-
site redox units. By taking advantage of macromolecular
control, we can tune polymer solvation environment based on
multifunctional stimulus and, consequently, achieve desired
ion selectivity beyond charge-transfer effects.

3. CONCLUSIONS
Incorporation of NIPAM, a thermoresponsive moiety, with
FPMAm, a redox-responsive moiety, yielded P(NIPAM1−x-co-
FPMAmx) films which displayed temperature and electric
potential dependent morphology, as probed by in-situ
ellipsometry and neutron reflectometry. The findings from
the current work provide fundamental insights into materials
design for multiresponsive redox materials, with multidimen-
sional control over morphology changes, solvation, ion
ingression, and selectivity between ions. P(NIPAM0.9-co-
FPMAm0.1) showed the greatest electrochemical response,
swelling from 2.06 times its dry thickness at 0 V to 2.94 times
at 0.5 V vs Ag/AgCl at 20 °C, and the greatest thermo-
response, deswelling from 2.94 to 1.59 times the dry
thicknesses as the temperature was increased to 40 °C. The
increased electrochemical morphological response of P-
(NIPAM0.9-co-FPMAm0.1) and P(NIPAM0.75-co-FPMAm0.25)
over PFPMAm suggests that NIPAM synergistically enhances
water ingression within the polymer film upon oxidation, in
which the transformation of FPMAm from a hydrophobic to
hydrophilic species increases the hydrophilicity of the NIPAM
environment and induces a local LCST-like transition. This
synergistic solvation effect was quantified with EQCM, with
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P(NIPAM0.9-co-FPMAm0.1) enabling the ingression of 565
water molecules per perchlorate ion, a difference of more than
2 orders of magnitude as compared to PFPMAm, which
ingressed 3.83 water molecules per perchlorate at 20 °C. In
total, P(NIPAM0.9-co-FPMAm0.1) ingressed 269 mmol cm−3

water, as compared to 11.0 mmol cm−3 for PFPMAm. The
water per perchlorate ratio and total water ingression
decreased greatly for P(NIPAM0.9-co-FPMAm0.1) as the
temperature increased and only 40.3 water molecules per
perchlorate were ingressed at 40 °C, accounting for a total of
18.0 mmol cm−3 water. In contrast, the water per perchlorate
ratio increased for PFPMAm from 3.83 at 20 °C to 4.77 at 40
°C, and total water ingression increased from 11.0 to 14.0
mmol cm−3. NR data provided nanoscale solvent distribution
information, and it was observed that P(NIPAM0.9-co-
FPMAm0.1), at 0 V vs Ag/AgCl, was 1260 Å thick and had a
layer of highly phase-separated polymer at only 0.03 solvent
fraction before a gradual solvation front of smooth SLD change
to pure D2O. Upon oxidation to 0.5 V vs Ag/AgCl, the
P(NIPAM0.9-co-FPMAm0.1) film expanded to 2680 Å and the
hydrophobic phase separated regions smoothed out with the
rest of the polymer film to around 0.8 solvent fraction. Our
work provides, for the first time, unique insights into the
spatially resolved in situ solvation of redox-copolymers under
electrochemical potential. P(NIPAM1−x-co-FPMAmx)-CB elec-
trodes were used to investigate how surface hydrophilicity
affects ion selectivity. PFPMAm-CB and P(NIPAM0.9-co-
FPMAm0.1) showed almost a fivefold difference in selectivity
as αF−, Cl− decreased from 4.3 to 0.92, respectively. Here, we
have mainly leveraged these copolymers to decouple polymer
hydration from charge-transfer effects, to access new modes for
controlling ion selectivity.

Beyond electrochemical separations, there is untapped
potential in using P(NIPAM1−x-co-FPMAmx) as a dual-
responsive material for various applications. In particular, the
amplified morphological response of P(NIPAM1−x-co-
FPMAmx) by electrochemistry, as compared to PFPMAm,
suggests that copolymer design can promote solvent ingression
and possibly even enhance electroactive polymer actuator
response. At the same time, the deswelling of P(NIPAM1−x-co-
FPMAmx) with an increase in temperature may allow its
application as a dual-responsive actuator or polyelectrolyte
with a built-in thermal safety mechanism.50,64 The amplified
thermo- and electrochemically responsive hydration of P-
(NIPAM1−x-co-FPMAmx) may allow for the electrification of
drug delivery systems, which typically utilize thermoresponsive
changes in hydration for real-time tuning of drug release, or
even for smart surfaces with dual-responsive wettability.22,65

For ferrocene and other electro-responsive polymers, the
selectivity results obtained with different copolymer ratios of
P(NIPAM1−x-co-FPMAmx) represent how the degree of
hydration of the local environment surrounding the
ferrocenium binding sites can play a significant role in
determining ion interactions. Thus, future design of electro-
responsive polymers for targeted ion separations can focus not
only on the modulation of polymer−ion interactions but also
leverage polymer−solvent interactions to enhance desired
selectivity behavior.

4. EXPERIMENTAL SECTION/METHODS

4.1. Copolymer Synthesis
Ferrocenylpropyl methacrylamide (FPMAm) was synthesized as
described elsewhere.66 N-isopropylacrylamide (NIPAM) (TCI
Chemicals) was recrystallized in hexane before use. NIPAM and
FPMAm (14 mmol total) were dissolved in 6 mL of 1,4-dixoane with
0.14 mmol 2,2′-azobis(2-methylpropionitrile) (Sigma). The solution
was purged with argon for 20 min and then heated to 60 °C for 16 h
while stirring. After polymerization, the solution was diluted with
THF and precipitated in cold diethyl ether, twice. The product was
left to dry under vacuum overnight. Extended synthesis yields and
polymer characterization are available in the Supporting Information.

4.2. In Situ Electrochemical Ellipsometry
P(NIPAM1−x-co-FPMAmx) and an additional 10 wt % benzene-1,3-
disulfonyl azide were dissolved in chloroform (5 mg/mL), filtered
with 0.2 μm nylon, and spin-coated (2000 rpm, 1 min, 1000 rpm/s
acceleration) on gold-coated sapphire glass slides. The spin-coated
samples were heated in a 160 °C oven for 1 h to induce the cross-
linking reaction. An ellipsometry electrochemical cell with an angle of
incidence of 70° (redox.me) was mounted on a J.A. Woollam VASE
ellipsometer, and 20 mM NaClO4 was pumped between the cell and a
heated water bath. The temperature was monitored at the outlet of a
cell with a platinum resistance temperature detector (Pt-RTD) (100
ohms at 0 °C) plus an amplifier with the resistance read by an
Arduino. Spectroscopic ellipsometric measurements were made
between 300 and 1000 nm and copolymer films were modeled as
Cauchy materials using J.A. Woollam WVASE software. Examples of
modeling fits are provided in the Supporting Information. Electro-
chemical measurements were made using a Squidstat Solo
potentiostat (Admiral Instruments), Ag/AgCl reference electrode,
and Pt wire counter electrode. Before ellipsometric measurement,
copolymer films were cycled with CVs until the peak current no
longer increased with each cycle. Starting at the lowest temperature
for each set of measurements, ellipsometric measurement was taken at
a reducing potential before scanning to the oxidizing potential at 10
mV/s. The potential was returned to the reducing potential before the
temperature was increased.

4.3. EQCM
EQCM was performed using a BluQCM QSD unit (Biologic) with a
QSD-TCU to control the temperature. Electrochemical and temper-
ature measurements were made in the provided AWS Mirage software
with an SP-200 potentiostat (Biologic). Copolymer films were spin
coated on 5 MHz Cr/Au 14 mm wrapped QCM sensors (Quartz
Pro) and heated in a 160 °C oven for 1 h. Prior to the presented mass
per charge data, copolymer films were cycled in 20 mM NaClO4 until
peak current no longer increased. Starting at the lowest temperature,
mass per charge data were obtained using a potential step from 0 V vs
Ag/AgCl to 0.5 V vs Ag/AgCl. Once the mass no longer increased,
the potential was returned to 0 V and the temperature was increased.
The QCM frequency was interpreted following rigid or viscoelastic
criteria.67,68 Films that met the rigid criteria were modeled using the
Sauerbrey equation and films that did not meet the rigid criteria were
fitted to a Voigt viscoelastic model.69−71 Further details of frequency
interpretation and examples of mass per charge data are provided in
the Supporting Information.

4.4. Neutron Reflectometry
NR experiments were carried out on the LR at the SNS at ORNL in
Oak Ridge, TN, United States. A complete reflectivity measurement is
made of seven instrument configurations taken at different incident
angles (θ) between 0.6° and 2.343° and neutron wavelengths (λ)
between 2.5 and 18.5 Å. The measured intensity of the reflected
neutron beam is usually expressed in terms of the wavevector transfer
Q and is defined by the incident angle θ and neutron wavelength λ:

Q 4 sin=
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Data were fit using the REFL1D software package, accessed through
the ORNL-provided web interface.55,56 The fitted models correspond
to the SLD depth profile β(z) of the thin film perpendicular to the flat
surface of the Si wafer, where the z value is 0 Å at the Si wafer surface.

4.5. Binary Ion Separations
To create P(NIPAM1−x-co-FPMAmx)-CB electrodes, 20 mg of
copolymer and 2 mg of benzene-1,3-disulfonyl azide were dissolved
in 4 mL of chloroform then 20 mg of CB, acetylene (Alfa Aesar) was
added and sonicated in icy water. This solution was added in 50 μL
drops onto Toray Carbon Paper 030 5% wet proofed (Fuel Cell
Store) and oven-dried between drops until 4 drops were added. After
coating, the electrodes were left in a 160 °C oven for 1 h. For binary
ion separation tests, the P(NIPAM1−x-co-FPMAmx)-CB were
submerged in 1.5 mL of solution containing 0.5 mM of two sodium
salts (NaCl and NaF, NaBF4 and NaPF6, or NaClO4 and NaReO4)
with a platinum wire counter electrode, then charged at 2 V vs the
counter electrode for 30 min. The electrodes were removed from the
solution while the electrochemical potential (of 2 V) was still applied.
The solution was assayed for ion concentration [IC (Thermo
Scientific Dionex Inegrion�AS22 column) for Cl−, F−, ClO4

−, and
ICP-OES (Agilent 5110) for BF4

−, PF6
−, ReO4

−]. Uptake was
calculated using the following formula:

C C
m

VUptake 0

electrode coating
=

where C0 was the initial mass basis concentration of an ion, C was the
concentration of the ion after adsorption, melectrode coating was the mass
of P(NIPAM1−x-co-FPMAmx)-CB on the electrode, and V was the
volume of the solution. To quantify a separation factor, the following
equation was used:

N N

N N

/

/A,B
A,ads B,ads

A,sol B,sol
=

where NA,adsand NB,ads are the moles of A and B adsorbed on the
electrode, respectively, and NA,sol and NB,sol are the moles of A and B
remaining in the solution, respectively.
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