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Electroactive polymers are made by loading redox complexes inside different polymeric crosslinked
hydrogels. A redox cation (tris(phenanthroline)iron(II) (TPFell) is sorbed in anionic, neutral and cationic
hydrogels while redox anions (ferricyanide) is taken up inside an anionic hydrogel. Moreover, a redox
anion (nitrite) and a cation (TPFell) are simultaneously absorbed in an anionic hydrogel. Homopolymeric
hydrogels of 2-acrylamidopropanesulfonic acid (PAMPS), acrylic acid (PAA) or (3-acrylamidopropyl)
trimethylammonium chloride) (PAPMTAC), crosslinked with bisacrylamide, are synthesized by radical
polymerization. The same method is used to produce a 1:1 copolymeric hydrogel of acrylic acid and 2-
acrylamidopropanesulfonic acid (PAA-co-AMPS). The physicochemical properties of the hydrogels are
evaluated by measuring the swelling kinetics, in the same conditions of the electrochemical
measurements. The cyclic voltammetric response of all electroactive polymers show quasireversible
electron transfer (Eqrey mechanism) while the hydrogel loaded with TPFell and nitrite show a catalyzed
oxidation (EqreyC mechanism). The electrochemical parameters (diffusion coefficient and charge transfer
constant) of TPFell loaded inside PAMPS, PAA and PAA-co-AMPS are measured using chronoamperometry
and digital simulation of the cyclic voltammetry. The Stokes-Einstein equation is used to calculate the
effective viscosity of the hydrogel matrixes using the diffusion coefficients of a redox complex (TPFell)
determined inside the hydrogels and the same parameters determined in aqueous solution. The
calculated viscosity correlates, with a negative slope, with the swelling rate constant of the hydrogel
matrix. The heterogeneous charge transfer of the redox complex inside ionomers (PAMPS and PAA-co-
PAMPS) is nearly as fast as in solution, while the charge transfer inside the neutral PAA is ca. 100 times
smaller. The measured charge transfer constants correlate with the calculated viscosity, revealing the
effect of solvent dynamics on the charge transfer, according to Marcus theory for strongly adiabatic
electron transfer. In that way, it is shown that the electrochemical measurements are able to monitor the
local solvation properties of the hydrogel matrix. These results suggest novel ways to produce
electroactive polymers by loading redox active substances inside hydrogels, even when the hydrogel
matrix is neutral or bear the same charge than the redox probe. The redox complexes are present as dilute
solutions and the hydrogel dimensions fulfill the semi-infinite diffusion boundary conditions. Therefore,
the data analysis can be performed using the theoretical framework for electrochemical measurements
in liquid solvents.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

conducting polymers, redox polymers and loaded ionomers. All
contain entities that can exchange electrons with a conductive

Electroactive polymers are materials of great interest both for substrate giving rise to an electrochemical response. In redox
basic understanding [1], and technological applications [2]. Lyons, polymers the electrons are transported by electron hoping
[3] define three main kinds of electroactive polymers, which are: between neighboring redox centers [4]. In loaded ionomers the
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electrons are transported across the materials by physical
diffusion/migration of the loaded redox species [5,6], while a
contribution of electron hoping between neighboring redox
centers to charge transport is possible if the internal concentration
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is high enough [7]. Conducting polymers could act as three
dimensional electrodes since they have intrinsic electronic
conductivity [8]. However, if the conductive matrix is not
electrically connected, electron hopping between conducting
domains could occur.

In all electroactive polymers mass transport of mobile counter-
ions/coions inside the polymer need to be coupled with electron
transport to maintain electroneutrality. Therefore, some concen-
tration of mobile ions is required to be present inside the polymer.
While there are neutral redox polymers (e.g. polivinylferrocene),
the material insert ions during oxidation and a process of loading
with electrolyte solution (“break in”) is observed [9]. In the case of
conducting polymers, they are usually produced in the salt state,
where an stoichiometric amount of counterions is present.
However, when the polymers are electrochemically reduced, the
amount of counterions decreases and the film become neutral. This
is likely to be the one of the reasons that the oxidation depends on
the level of reduction, the so called “memory effect” [10,11]. In the
case of loaded ionomers, the ionic conductivity is high due to the
presence of large concentrations of mobile counterions of the fixed
charges in the ionomer. Since in this paper we propose to study not
only loaded ionomers but loaded neutral hydrogels, the situation
can be different and should be taken into account [12].

The electrochemistry response of electroactive polymers depart
from a simple model of a single electron transfer at the electrode/
polymer interface coupled to some form of charge transport across
the polymer sample [1,2]. In the case of redox moieties covalently
linked to the polymer, the mobility and microenvironment can
affect the concentration/potential relationship [13]. While it is
usually assumed that the linked redox species (e.g. ferrocene) has
the same physicochemical properties than the same species in
solution, this is usually not the case [14].

Moreover, since usually the concentration of redox sites is
usually large (>0.1 M), even in the case of loaded ionomers with
well-known redox species, infinite dilution conditions cannot be
assumed and therefore activity effects could be present. The usual
way to measure electrochemistry of electroactive polymers is
depositing a film of the material, containing redox moieties, on a
solid electrode (e.g. glassy carbon) [15].

In the case of loaded ionomers, the redox species is then sorbed
from aqueous solution inside the deposited film [16].

The polymer film has to be wetted by the solvent but the whole
polymer film needs to be insoluble in the solution. This is achieved
by using polyelectrolytes with hydrophobic domains which
crosslink the film during deposition by solvent evaporation (e.g.
Nafion®™) or by chemical reaction of the polymer chains (e.g.
polyvinylpyridine) with a crosslinker (e.g. 1,4-dichlorobutane).
Another method involves layer-by-layer self-assembly of opposite
charge polyelectrolytes [17]. In the case of conducting polymers,
the monomer is oxidized on the electrode forming a slightly
soluble polymer which adsorbs on the electrode, while following
layer are retained by non-covalent interaction between polymer
chains [18]. Those methods are difficult to control and the
deposition conditions strongly influence the solid state properties
[19].

Moreover, the characterization of solid state properties of the
polymers like swelling, porosity, elasticity, is quite difficult due to
the small dimensions of the polymer films [20]. Therefore, it is
usually assumed that the properties are the same that bulk
materials which is usually not the case due to different formation
procedures. Additionally, deposited films could show large
difference between the layers closer to the substrate (electrode)
and those in the bulk of the film [21]. The use of polymer films
deposited on electrodes makes the electrochemistry easy because
the hydrogel is contacted in the innermost layer with the electrode
and the outside layer is exposed to the solution [22]. However, in

thin films the semi-infinite boundary condition, usually assumed
in liquid solutions, is not necessarily fulfilled. The thickness of the
diffusion layer inside the film depends on the mass transport
parameters, the time frame of the measurement (e.g. scan rate in
cyclic voltammetry) and the thickness of the film. Three regimes
can exist: i) a semi-infinite layer with diffusion; ii) a thin layer with
complete electrolysis and (iii) a finite diffusion layer. While the (i)
and (ii) are amenable for data analysis, (iii) has a complex
dependence on the thickness and morphology [23]. Indeed, Leddy
and coworkers have recently proposed a diagnostic criteria for
cyclic voltammetry which allows to know in which regime is the
experimental measurement [24]. In any case, the determination of
diffusion coefficient requires measuring at short times (high scan
rates in cyclic voltammetry) where other effects (capacitive and
heterogeneous charge transfer) are usually important [25]. Since
thin layer conditions can be achieved, at long times (chronocoul-
ometry) or small scan rates (cyclic voltammetry) the number of
moles of active species can be calculated from the measured
charge. However, to calculate the concentration, the thickness
needs to be known. This value is usually done ex-situ and likely
does not represent the in-situ thickness [5].

In the present work we describe a new system, related to loaded
ionomers with redox species, where well known redox species are
absorbed, at low concentrations, inside neutral or charged bulk
hydrogels. The hydrogel samples are thick enough to assure semi-
infinite conditions.

Hydrogels made of crosslinked polymer matrixes are interest-
ing materials for different technological applications: drug release,
chemical actuators, sensors, etc. [26,27]. Polyacrylamides, [28] and
related materials (e.g. poly(acrylic) acid) have been extensively
studied [29]. The materials can be easily synthesized by radical
polymerization in water or similar solvents [30]. An additional
advantage is the widespread availability of monomers combined
with the feasibility of copolymerization allowing to create
crosslinked polymers bearing different functional groups. In that
way, different chemical structures can be easily built [31].
Moreover, hydrogels responsive to chemical or electrochemical
oxidation have been devised [32]. However, the electrochemical
properties of such materials have been scarcely studied.

In ionomers (e.g. Nafion™) loaded with redox species (e.g. Fe
(bpy)s2*) the redox couple could physically diffuse as in a dilute
solution. However, when the concentration of redox species is
large enough, neighboring species of different redox state could
exchange electrons; such a process could contribute to mass
transport or even dominate it. The formalism to model the
phenomena was developed by Dahms [33], and Ruff [34], for
concentrated solutions of redox species in liquids. In the case of
polymers, besides the bulk concentration, the possibility of phase
separation due between hydrophobic and hydrophilic domains in
the hydrogel has to be considered. Indeed, in Nafion® the proton
diffusion trough the membrane does not occur as a bulk diffusion
process but as a percolation controlled process between hydro-
philic domains containing —SO;~H" groups, which are surrounded
by hydrophobic domains containing fluorinated chains [35]. Such
considerations have been taken into account by Leddy and
coworkers for the understanding of the electrochemistry of redox
couples (e.g. Ru(bpy);*) in electrodes modified with Nafion® films
[36].

Unlike films deposited on electrodes, macroscopic hydrogels
can be easily characterized in terms of chemical structure [37],
swelling capacity [38], porosity [39], mechanical properties [40],
and inner concentration [41]. Previously, we found that metallic
complexes (e.g. Ru(bpy)s?*) are strongly retained inside the
polymeric hydrogels, even neutral ones [41]. Therefore, electro-
active hydrogels could be produced not only by loading redox ions
on ionomers bearing groups with the opposite charge but also
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neutral or even ionomers with the same charge. The presence of
fixed charges inside the hydrogel increase the ionic conductivity
due to the presence of mobile counterions, relevant experimental
parameter in electrochemistry [42]. Moreover, since they are
synthesized as macroscopic samples the hydrogels are homoge-
nous and the concentration of redox species can be measured
independently by well-known analytical methods.

Recently [43], we have shown that it is possible to study the
electrochemical behavior of tris(phenanthroline)iron(ll) loaded
inside a charged hydrogel matrix (poly(acrylamide-co-(2-acryl-
amidopropansulfonic acid)). The simple experimental set-up uses,
as working electrode, a flat glassy carbon electrode pressed onto
the hydrogel surface, while the reference and counterelectrode are
both set in the electrolyte solution where the hydrogel is
immersed. It was shown that the complex loaded inside the
hydrogel show a single electron step when an excess phenanthro-
line is used. However, when a stoichiometric amount of ligand is
used the complex is in equilibrium with free iron which is
catalytically oxidized by the tris(phenanthroline)iron(IIl) species.
The diffusion coefficient of the redox complex was determined by
chronoamperometry. The simplicity of the approach prompts us to
use the method to study in depth different hydrogels, both charged
and neutral.

In the present work, we produce different hydrogels containing
anionic groups (-SO3~) such as poly(2-acrylamidopropansulfonic
acid) (PAMPS) and neutral groups such as acrylic acid(in acid pH). A
copolymer which contain both kinds of groups is also synthesized
(poly(acrylic-co-(2-acrylamidopropansulfonic) acid), PAA-co-
AMPS). The hydrogels are characterized in terms of structure,
swelling capacity and swelling rate. Then, electroactive polymers
are made by loading a positively charged redox complex: (tris
(phenanthroline)iron(Il), TPFell), both on the ionomers bearing
negative charges (PAMPS y PAA-co-AMPS), and neutral hydrogels
(PAA at pH = 3). The mass transport of the redox complex inside the
hydrogels is measured using chronoamperometry. The rate of mass
transport depends on the physicochemical properties of the
hydrogel matrixes. The electrochemistry of redox complexes inside
the hydrogels show “fast” or “slow” quasireversible charge transfer,
depending on the hydrogel structure. It seems that local viscosity
effects affect the charge transfer.

Another electroactive polymer is made by loading an anionic
complex (ferricyanide, Fe(CN)s~3) inside an anionic hydrogel
(PAMPS). Analogously, nitrite ions are absorbed inside an electro-
active polymer made by loading TPFell in PAMPS The nitrite is
catalytically oxidized inside the bulk of the hydrogel where is
sorbed. The successful loading of ferricyanide and nitrite
is surprising since Donnan exclusion of anions is expected by
the fixed —SOs~ groups in PAMPS. It seems that hydrophobic
interactions are able to overcome the electrostatic repulsion. Based

0
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PAMPS-co-AA

on this results, the loading and electrochemical activity of TPFell
(bearing positive charges) inside a cationic polyelectrolyte (poly
((3-acrylamidopropyl)trimethylammonium chloride), PAPMTAC)
is successfully tested.

In that way, the electrochemical behavior of different electro-
active polymers made by loading redox complexes inside charged
or neutral hydrogels is studied. Since the polymer samples are
thick (>3 mm), the semi-infinite boundary condition is fulfilled.
Moreover, since the concentrations could be kept low, infinite
dilution conditions are also fulfilled. The approach seems to give a
new way to produce electroactive polymers.

2. Experimental
2.1. Materials

All chemicals are of analytical quality. Millipore (18.2 M{)cm)
purified water was used to prepare the solutions.

2.2. Synthesis of hydrogel matrix

The different hydrogels were synthesized via free-radical
copolymerization of monomers: 2-acrylamido-2-methylpropane-
sulfonic acid (AMPS) (Scientific Polymer Products), acrylic acid
(Sigma-Aldrich) and (3-acrylamidopropyl)trimethylammonium
chloride (Sigma-Aldrich). The structures of the polymer chains
constituting the hydrogels are shown in Scheme 1.

The total monomer concentration is 2 M. N,N’-methylenebi-
sacrylamide (BIS) (Aldrich) was used as cross-linker agent. The
radical polymerization was initiated thermally by 2,2'-Azobis(2-
methylpropionamidine) dihydrochloride (V50) (Aldrich). This is
decomposed at temperature higher than 56°C to generate free
radicals. In this synthesis was used a buffer solution pH=10 as
solvent. The monomers and cross-linker (BIS, 2% moles based
on copolymer) were placed in a tube and added the buffer until
a final volume of 4ml, then the solution was purged by
bubbling with N, gas and the initiator (V50 (0.003 gml™')) is
added. The polymerization was carried out in a sealed glass
tube in a water bath at 60°C to allow the initiator decomposi-
tion. The tubes were left in the bath until gelation (ca.
15 minutes). When the polymerization was completed, the
hydrogels were immersed in distilled water at room tempera-
ture for 48 h and the water was renewed several times in order
to remove unreacted chemicals.

2.3. Structural characterization

The FTIR spectra of the different hydrogels (Fig. S1, supplemen-
tary information) show bands related with the functional groups
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Scheme 1. Chemical structure of the polymer hydrogels.
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present in the different monomer units, indicating that both the
two homopolymers and the copolymers have the structure

2.4. Swelling measurements

Dry hydrogel samples previously washed and weighed were
placed in water at room temperature. After 24 h (necessary time to
achieve the swelling equilibrium condition) the samples were
removed from solution, superficially dried with tissue paper and
weighed in an analytic balance. The measurements were repeated
until sample achieved the constant weight. The swelling percent-
age (% Sw) is calculated as:

gisw = Wer = Wawy 100 (1)
Wdry
where W,, represents the weight of swollen hydrogel in
equilibrium and Wy, is the weight of dry hydrogel. Every data of %
Sw obtained was the averaged of five measurement with absolute
error around +150. This characterization was made to the
complete library of hydrogels.

2.5. Complex loading in the hydrogels

The swollen hydrogels are contacted with redox complex (e.g.
tris(phenanthroline)iron(Il)) solutions of a given concentration for
24-48 hours. Traces of hydrazine are added to avoid the Fe?* to Fe**
oxidation, and a slight excess of phenanthroline is added to avoid
complex hydrolysis [43]. The loading of ferricyanide (Fe(CN)s > or
nitrite ions is carried out in 10 mM solutions of each anion during
48 hs.

2.6. Partition coefficient

The partition coefficient (Pp,01q;) is defined the relation of molal
concentration (number of moles of TPFell in a kg of media (solvent
or hydrogel)) between the solution and the dry hydrogel. The
number of moles inside the hydrogel is measured, using UV-vis
spectrophotometry, from the decrease in concentration of the
solution when the gel is equilibrated with the external solution.
The large changes in volume upon swelling preclude the use of
molar concentrations.

[Fe(phenanthroline)3 "], aroger 5
[Fe(phenanthroline)3" ) urion @

Pmolal =

From the partition coefficient and using the actual volume of
the hydrogel, measured using Arquimedes’s principle, the inner
concentration is calculated in each case.

2.7. Electrochemical measurements

A 3mm glassy carbon disc, inserted in a Kel-F shroud and
contacted in the back with silver paste, was used as working
electrode. The reference was a silver wire (0.5 mm) where a thick
layer of AgCl was deposited by anodic oxidation in 1 M KCl solution.
The coiled wire is placed inside a glass Luggin capillary filled with
saturated KCl solution. To assure a uniform potential field, the
counterelectrode is set as a Pt grid beneath the hydrogel piece. (see
Scheme 1). A photograph of the experimental set-up is shown in
the supplementary information (Fig. S2). The electrochemical
experiments were controlled by a computer controlled potentio-
stat (Autolab PGSTAT30, Ecochemie). Cyclic voltammetry experi-
ments were carried between 0.5V and 1.2V at different scan rates.
Either with the electrode exposed to the solution or with the
electrode gently pressed onto the hydrogel. No effect of pressure
was observed, once a clear mechanical contact between the

electrode and the hydrogel is observed. In analog fashion,
chronoamperometric experiments were carried out stepping the
potential between 0.5 and 1.2V and back, after a 2min
preconditioning at the initial potential. The solution of the cell
is 0.01 M KCl, unless otherwise stated, and the pH was adjusted to 3
adding HCI. All potentials arte reported against the silver/silver
chloride (Ag/AgCl) electrode. All measurements are made in air and
no effect of nitrogen bubbling in the solution was observed.

2.8. Digital simulation

Digital simulation of cyclic voltammetric experiments was
performed using the Electrochemical Simulation Package (ESP 2.1)
a program written by Carlo Nervi [44]. The simulation were
performed in a personal computer (Pentium III, 1 Gb RAM, 40 Gb
hard disk) running DOS (inside a Windows XP environment). The
simulated data points were then imported into Origin 7.0
(Microcal) for comparison with experimental data.

2.9. Semi-infinite boundary conditions

In Scheme 2a it is described the experimental set-up used to
measure the electrochemistry of the loaded hydrogels. The
thickness of the diffusion layer (8) is related with the time of
the measurement and the diffusion coefficient:

8 = /Dot 3)

Even at the longest time span used (300s) and with a diffusion
coefficient usual in a viscous media (Do <1 x10"%cm?s™!), the
diffusion layer thickness is ca. 0.02 cm, which is smaller than the
actual thickness of the polymer sample (0.3 cm). Therefore, the
semi-infinite condition is fulfilled, which is not the case for the
measurements using thin films of electroactive polymers deposit-
ed on the electrode, where a thickness below 3 pm is usually used
(Scheme 2b).

Therefore, in the latter case short measurement time spans
(< 100 ms) have to be used or systems having slow mass transport
(denoted by small diffusion coefficients, Do <1 x10~7 cms~!) can
only be measured [45,46]. This is usually the case for compact
polymers while it is unlikely to occur in porous polymer networks,
like crosslinked hydrogels.

3. Results and Discussion

As it was discussed above, since the electroactive polymers are
produced by loading tris(phenanthroline)iron(Ill) (TPFell) inside
different hydrogels: poly(2-acrylamidopropansulfonic acid)
(PAMPS), poly(acrylic acid) (PAA) and the 1:1 copolymer:poly
(acrylic acid-co-(2-acrylamidopropansulfonic acid)) (PAA-co-
AMPS). Subsequently, the electroactive polymers are designed:
TPFell@PAMPS, TPFell@PAA and TPFell@PAA-co-AMPS. The con-
ditions are chosen to maintain dilute solutions of the redox
complex inside the hydrogels. The chemical structure of the
hydrogel matrixes includes an ionomer (PAMPS), a polar neutral
polymer (PAA) and the copolymer having both monomer units
(PAA-co-AMPS). To assure that PAA is not ionized the pH is kept at
3, while the pKa of PAA is 4.6.

3.1. Physicochemical properties of the polymers

Fig. 1 shows the swelling kinetics of the different materials in
0.01 M KCI/H,0. The swelling is usually measured in water but in
our case we are interested to know the properties in the conditions
where the electrochemical properties will be measured. As it can
be seen, the hydrogels containing the anionic groups (-SO3™):
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Semi-infinite polymer sample
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/ &=3pum

/

Scheme 2. Schematic of the measurement set-up for the electroactive hydrogels (a) compared with the usual deposited thin film on electrodes (b).

PAMPS and PAA-co-AMPS, show a fast and large swelling. This is
due not only to high solvation of the polymer chains due to ion
dipole interaction between the water molecules but predomi-
nantly to the osmotic effect of the mobile counterions (K*) which
are present to maintain electroneutrality and requires a large
amount of solvent (water) to be solvated. On the other hand the
polar neutral groups (at pH 3) in the acrylic acid (PAA) show a slow
and small swelling. Besides the absence of charged groups and
osmotic effect, it is likely for hydrogen bonds between neighboring
—COOH groups to be present, a well-known effect in carboxylic
acids [47].

Itis noteworthy that both the swelling at equilibrium (% Sweq) of
the copolymer (PAA-co-50%AMPS) is larger than that of pure AA.
This result suggests that the properties of the copolymer are not
simple addition of the properties of each monomer unit.

The swelling of the hydrogel is a process where the solvation of
the polymer chains is counterbalanced by the elastic constant of
the crosslinked polymer matrix. The rate of swelling is related to
the rate of relaxation of the polymer chains in the hydrogel matrix.
Nonlinear fitting of the swelling curve with a first order kinetics

5000
0g o
= s s - B
=4
20001 % S, = 4689 pAA-co-50% AMPS
L J
3000 — % SWeq =3169 PAMPS
2
%]
R
2000
9 =
1000 4 % SWeq 707
PAA
04 Solution = KCI 10 mM
T J T X T ' T T T
0 200 400 600 800 1000
Time / min

Fig. 1. Swelling kinetics of the hydrogels in 0.01 M KCI (pH = 3).

equation [48]:
%SW(t) = %SWeq(1 — e7*59) 4)

where Ks is the rate constant of the pseudo-first-order swelling
model. The values (Table 1) suggest that the hydrogel of PAA is
significantly more rigid and having a slower relaxation than the
others, while the faster to relax is PAMPS, showing the copolymer
(PAA-co-AMPS) an intermediate value.

As it can be seen (Table 1) the partition coefficients of inside the
hydrogels are quite large in all cases. The molar concentration does
not directly scale up with the partition coefficient since they take
into account the swelling of the hydrogel, which decreases the
inner concentration.

3.2. Electrochemical response of the electroactive polymers

3.2.1. Cyclic voltammetry of the redox complex in solution

The cyclic voltammetry of TPFell in aqueous solution (Fig. 2)
shows a quasireversible response. The peak currents (oxidation
and reduction) show linear relationships with the square root of
the scan rate (v'/?) (see insert in Fig. 1). The results are in
agreement with those reported before. [49-51].

The cyclic voltammetric responses of the different electroactive
polymers made by loading TPFell inside different hydrogels are
shown in Fig. 3. In all cases, the current increases with the scan
rate. The peak currents scale up with the square root of the scan
rate, giving straight lines (see inserts in Fig. 3) suggesting a
dominant diffusion control of the charge transport inside the
films.

However, while TPFell@PAMPS and TPFell@PAA-co-AMPS
show a nearly reversible voltammogram, the response of
TPFell@PAA show a large peak potential difference
(AEp = (EPanodic — EPcatodic) > 59mV) which means that charge
transfer is slow. In all cases, when the scan rate (v) is increased,
shifts of Epa and an increase in AEp are observed signaling the
onset of effects of the heterogeneous electron transfer rate (k,).
Information about k, can then be obtained from the variation of
Epa or AEp with the scan rate but we will use digital simulation for
that purpose (Section 3.3.3).

Moreover, the mass transfer parameters (diffusion coefficient)
could also be estimated from the slopes of the peak current vs v/
plots but the calculation should take into account the charge
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Table 1
Physicochemical data of the different electroactive polymers?.

Electroactive polymer Pmolal Gel density (gcm3)° cx 10° SWeq% Swelling Rate constant
[molcm 3] (Ksw/s™)
TPFell@PAMPS 1725 0.954 12.2 3169 5.33x1072
TPFell@PAA 244 1128 519 707 3.80x1073
TPFell@PAA-co-AMPS 1523 0.983 11.0 4689 3.58 x 1072

2 All gels are equilibrated with 1 mM [(Phen)sFe*?] in 10 mM KCI containing excess (0.1 mM) of added phenanthroline to avoid complex hydrolysis.
b the density was calculated using the volume measured by solution displacement in a graduated cylinder.

vy

1 123 4 5 6 7 8 9 10 m

3 V12 [ (mv'2s'?)

|/ uA

L

Solution 1 mM TPFell
—— d

0!5 0.6 0!7 OT8 0!9
E vs. (Ag/AgCl) / V

Fig. 2. Cyclic voltammograms of a glassy carbon electrode in a 1 mM solution of tris
(phenanthroline)iron(Il) in 0.01 M KCl.

transfer parameters which are unknown. Therefore, we used
chronoamperometry at large enough potentials to assure fast
charge transfer conditions (Section 3.3.1).

It is noteworthy that cyclic voltammetric responses of the
electroactive polymer can be easily measured with a simple set-up
and in the presence of a low electrolyte concentration. A low
electrolyte concentration was used to maintain the hydrogel
swelled and the redox probe at large enough concentration inside
the hydrogel. Larger electrolyte concentrations induce the hydro-
gel volume to decrease due to the decreased availability of free
water to solvate the hydrogel chains [52]. Additionally, the
presence of mobile ions in the solution decrease the Donnan
potential between the charged hydrogel and the external solution,
lowering the driving force for retention of the redox complex.

The cyclic voltammetric responses seem to depend on the
chemical composition of the hydrogels. Therefore, it is likely that
both the heterogeneous charge transfer and the mass transport
depend on the hydrogel matrix used to make the electroactive
polymer.

3.3. Evaluation of mass transport inside the polymers

First, the diffusion coefficients are determines by chronoam-
perometry. Then, the hydrogel viscosities are calculated using
Stokes-Einstein theory.

3.3.1. Chronoamperometric measurements

The chronoamperometric profile of TPFell@PAMPS (Fig. 4a)
shows a symmetric response during oxidation and reduction
processes. The Cottrell’s plots (i(t) vs t~'/?) show linear relation-
ships allowing to calculate the diffusion coefficient using Cottrell’s

equation [53]:
_ nFACvVD

Ned:

The chronoamperograms are symmetrical and the Cottrell’s
plots (i vs t ) are also linear (R?*>0.99) for all the other
electroactive polymers studied. (Fig. S3, supplementary informa-
tion). The values at short times (t~'/2>0.8) are not used to calculate
the slopes since the current due to capacitive charging is present.

Table 2 Therefore, Cottrell’s equation is obeyed for all the
electroactive polymers tested even for the slowest charge transfer
(PAA) since a pulse potential large enough is used to assure
complete conversion of the reduced complex at the electrode/
polymer interface. The diffusion coefficients can be calculated from
the slopes of the Cottrell’s plots. The diffusion coefficient values
(Table 2) are between 108 and 10~% cm? s~ ! suggesting a relatively
hindered mass transport of the complex inside the hydrogel. The
diffusion coefficients and the ratio (Dox/Dreq) are similar to those
reported for the same complex in ionic liquids [54], except for the
case of the PAA based polymer. In the electroactive polymers
including AMPS monomer unit, the larger value is observed in the
homopolymer, with 100% anionic groups compared with the
copolymer, with only 50% of anionic groups.

In the case of PAA based polymer, the ratio is inverted being the
diffusion coefficient of Fe(phenanthroline);>* larger than Fe
(phenanthroline);*. It is unlikely that the effect is physically
inverted in a neutral polymer. On the other hand, in a neutral
matrix migration effects can be dominant. The derivation of
Cottrell’s equation assumes that the mass transport of the
electroactive species is solely controlled by diffusion, since a large
amount of non electroactive and mobile inert electrolyte, usually
called supporting electrolyte, is present. Inside a neutral hydrogel
(e.g. PAA) such a condition could not be fulfilled since there are no
mobile ions besides TPFell and its counterion. On the other hand, it
has been shown that Cottrell’s equation still holds when redox ions
are driven both by migration and diffusion [55,56]. Lange and
Doblhofer simulated the chronoamperometric profiles due to the
mass transport of redox charged species inside membrane-type
polymers, using the complete Nernst-Planck equation [57]. The
measured diffusion coefficient differs from the one which would
be measured in the presence of excess supporting electrolyte.

Using the correction factor described by Lange and Doblhofer, it
is possible to calculate the correction factor, which is a function of
the ratio (Dox/Dgred) [57], and the charge difference (zreq=2 and
Zox=3). Using a ratio Doyx/Dreq=0.74 (the one measured in
solution), the correction factor are calculated [57]. Therefore,
the ratio becomes closer to those observed in the other electro-
active polymers(Table 2).

The chronoamperometry in solution also renders a linear
Cottrell plot. The value of the diffusion coefficient in solution is
D=9.0(+£0.5) x 10~®cm?-s~!. The later value is close to that
measured by Bard and coworkers by cyclic voltammetry (D =4.9
(£0.5)x 10 6cm?s~ ') [58].

The last two columns in Table 2 show the calculated thickness of
the diffusion layer (Eq. 3), using the maximum time span (300s)

i(t) (3)
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Fig. 3. Cyclic voltammetry of the different electroactive polymers: a) TPFell@-
PAMPS; b) TPFell@PAA; c) TPFell@PAA-co-PAMPS. Experimental parameters:
T=25°C. A=0.071 cm?. External solution=10mM KCI (pH=3).

and the actual thickness of the layer. As it can be seen the thickness
of the polymer samples used in this work are at least 10 times
larger than the calculated diffusion layer assuring that semi-

infinite conditions are fulfilled. On the other hand, the thickness of
the thin films used in previous work (refin Table 2) is much smaller
than the calculated diffusion layer making necessary to use short
times (or fast scan rates in cyclic voltammetry) for the
determination of diffusion coefficients.

The concentration of redox species could affect the measured
diffusion coefficients. Oyama et al. [59], measured the diffusion
coefficient of redox anions in protonated polyvinylpyrrolidone at
different concentrations. They find out a strong effect of the
concentration and only become constant at large (near 1 M) inner
concentration. They attributed such effect to the chemical
crosslink of the polymer chains by the multiply charged anions.
In macroscopic hydrogels such effect will induce a decrease of the
gel sample. In our case, we immerse the PAMPS hydrogel in
different concentrations of the redox complex (0.5, 1, 5 and
10 mM). No noticeable volume change was observed when the
hydrogels is immersed in solution 0.5 or 1 mM in TPFell while clear
volume changes are observed for concentrations larger than 1 mM
(Fig. S6. supl info). The likely reason is a change of density due to
ionic crosslinking of the anionic polymer chains by the divalent
cation (TPFell) [60]. Therefore, no attempt was made to determine
mass transport in collapsed gels, which were immersed in TPFell
solutions at ¢>1 mM. On the other hand, the diffusion coefficient
was determined with the electroactive polymer made using a
0.5 mM TPFell loading solution. The measured D is ion agreement
with the data reported in Table 2 for PAMPS.

3.3.2. Calculation of the viscosity using the diffusion coefficient of a
redox probe

In a homogenous media, the diffusion coefficient is directly
related to the viscous properties of the media. Einstein [61] derived
from the Navier-Stokes differential equations for a sphere moving
in a viscous medium an expression for the diffusion coefficient D
for such spheres that may be rewritten as:

kT
67”'1'01177

(6)

where k is the Boltzmann constant, T the temperature, r;,, is the
radius of the solvated ion and 7 the viscosity of the medium.

From Eq. 6 can be deduced that, assuming that the ion
dimension is the same in different solvents (r;,, is unchanged), the
product of the viscosity (1) and the diffusion coefficient (D) of the
ion is the same, irrespective of the media:

NwDw = 13D (7)

where the subscript w denotes the value measured in water and
the subscript m the values measured in another media.

Eq. 7 is equivalent to the Walden’s rule for ion mobilities and it
has been used to calculate the diffusion coefficient of a redox probe
in a solvent of known viscosity, using the diffusion coefficient and
viscosity in water [24]. The redox probe used (TPFell) is a large ion
and it is unlikely for he solvation sphere to change in different
media. Therefore, r;,,, can be assumed constant and Egs. (6) and (7)
to be obeyed. In our case, we use it to calculate the unknown
viscosity of the hydrogel. The data are depicted in Table 2. The
calculated viscosities from the oxidation and reduction differ for
less than 8% between them. This low dispersion between the
independent values suggests that the calculated value reflect the
viscosity of the hydrogel media.

The calculated viscosity of PAA is ca. 10 times larger than that of
PAMPS, while PAA-co-PAMPS show an intermediate value. The
viscosity values are in the order of those calculated, using the same
procedure and the data described in Ref. [24], for related ionomers
(Nafion® and poly(stryenesulfonate (PSS)) (Table 2). As it can be
seen, Nafion® shows a viscosity much larger than PSS likely due to
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Fig. 4. (a) Chronoamperometric plots for TPFe[I@PAMPS. (b) Both anodic (0.5 to
1.2V) and cathodic (1.2 to 0.5V) excursion are shown. (c) Cottrell’s plots for
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lower swelling. This is reasonable since Nafion® contains
hydrophobic domains which make it insoluble in water while
PSS is highly soluble in water and the diffusion coefficient of the
redox probe (Ru(bpy)s2*) inside the film has to be measured in a
methanol/acetonitrile mixture [62]. While viscosity values larger
than 100 cP are unusual in aqueous solution, such values have been
measured in ionic liquids [63].

The calculated viscosity coefficients of the redox species
correlate with the swelling rate (Ksw, Table 1) which is related
to the elasticity of the hydrogel (Fig. 5). The largest viscosity is
measured for PAA which shows the smallest swelling rate constant
(Ksw)-

3.3.3. Digital simulation for evaluation of electrochemical parameters

Digital simulations of the linear sweep voltammetry responses
were performed using an electrochemical simulation package (see
experimental part). As it can be seen, (Fig. 6) good fitting was
obtained for all the hydrogel materials. The obtained charge
transfer constants (Table 3) depend on the chemical structure of
the hydrogel. The electrode potential is also affected by the
hydrogel where the redox complex is sorbed. Azad et al [64], has
proposed that the anionic nature of the polymer matrix (Nafion®

in their work) decrease the redox potentials of different iron
complexes (including TPFell), compared with solution, through a
better stabilization of the more cationic iron(IIl) species. In this
work, we observe lower redox potentials for TPFell@PAMPS and
TPFell@PAA-co-PAMPS than those measured for TPFell in solution.
It is likely that in both cases the more cationic Fe(Ill) species is
more stabilized than the Fe(Il) species. On the other hand, the
redox potential of TPFell@PAA is more positive than the one
measured in solution. In this case, the absence of fixed counterions
makes the more cationic Fe(Ill) species less stabilized and the
redox potential shifts to more anodic values.

The charge transfer constant measured for TPFell in solution
(0.05 cm-s~!) is similar to those previously reported (0.058 cm-s~ 1)
[49].

As it can be seen, the heterogeneous charge transfer of the redox
complex inside the polymer is clearly affected by the polymeric
environment. The charge transfer of the redox complex in
TPFell@PAMPS is similar to that in solution. On the other hand,
the charge transfer constant in TPFell@PAA is 100 times smaller.
Finally, the charge transfer in the loaded copolymer (TPFell@PAA-
co-PAMPS) is only slightly smaller than in solution.

While it could be envisaged that the charge transfer constant of
an outer sphere redox couple, like TPFell should be unaffected by
the presence of the hydrogel, previous results loaded ionomers
with similar redox probes show that heterogeneous charge
transfer rates are usually lower inside the polymer than in solution
[65,66]. These results has been explained taking into account the
effect of solvent viscosity on the local reordering during the charge
transfer [67]. One possible way to explain the observed relation-
ship between the charge transfer constant (k,) and the viscosity (1)
imply the application of Marcus theory for an outer sphere
electrons transfer [68]. For an adiabatic electron transfer reaction
that involves predominantly solvent reorganization, the standard
free energy of activation the frequency of attempts on the energy
barrier is proportional to the longitudinal relaxation time of the
solvent (7). Following the discussion by Bond and coworkers [63],
the logarithm of the charge transfer constant (In(k,)) could be
expressed as:

In(ko) = In(Ap) ~ 2]~ Bin(z) (8)

where Ap is the pre-exponential factor of the charge transfer
kinetics, AG is the free energy of activation and 0 is a fraction
between 0 and 1 which defines how adiabatic is the process (1
being the maximum adiabaticity).

The phenomenon is known as'solvent dynamics effect [63]. The
formalism has been used previously to explain the dependence of
k, on the solvent viscosity [69,70].

-1 is proportional to the local viscosity, and can be calculated
using eq. (9):

) = 3Vin(ex/€0)n/RT 9)

where V,, is the molar volume of the medium, €_..,4 €, are the high
frequency and static permitivities.
Combining Egs. (8) and (9) gives:

In(ko) = (In(Ap) — 3] — OIn(3Vin (e /0)/RT) ~ Oln()  (10)

Since the first two terms does not depend on the viscosity,
agreement with the model will be represented by a linear
relationship between In(k,) and In(m) with a slope -0.

Using the viscosities calculated from the diffusion coefficients
and the k, values calculated from the simulation of the cyclic
voltammograms, a plot can be drawn (Fig. 7). As it can be seen, the
data fits a straight line with slope = —1 suggesting that the data are
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Table 2
Diffusion coefficients of the TPFell inside of the different electroactive polymers.

D x 105/cm?s™! Viscosity” Diffusion layer Layer thickness
(std. error) thickness®

Hydrogel Matrix Oxidation Reduction Ratio mPas cm cm

(D3+/D2+)

PAMPS 3.0 2.5 0.82 2.53 0.030 0.3
(+0.2) (+0.2) (+0.2)

PAA 0.024 0.034 143 245 0.031° 0.3
(+0.002) (+0.002) 0.73° (+4)
0.033¢ 0.024°
(+0.002) (+0.002)

PAA-co-AMPS 0.70 0.56 0.80 11.0 0.014 0.3
(+0.02) (+/-0.02) (+£0.6)

Solution 9.0 6.7 0.74 0.890° 0.051 3
(+0.2) (+0.2)

Nafion™ 0.0214¢ - 31.1¢ 0.0025 0.00016°
(+0.0008)

PSS 0.146°¢ - 21214 0.0066 0.00001¢
(+0.008)

calculated considering migration effects.

a

b calculated using Walden’s rule. The value reported is the arithmetic mean for the oxidation and reduction process and the error the standard deviation of the mean.
¢ data from Knoche KL, et al., J. Electrochem. Soc., 160(2013)H285-H293 with Ru(bpy)s2* as redox probe.
d
e

calculated using Eq. (6).

calculated from the largest value of the diffusion coefficient using a time span of 300s.

O
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Fig. 5. Relationship between calculated viscosity and the swelling rate constants
(Ksw) for the different hydrogels studied.

in agreement with the model with a strongly adiabatic reaction.
The relationship has been found to be obeyed in a eleven fold range
of the parameters [71], and has been observed in viscous liquid
media [72-74], and for homogeneous charge transfer [63].

Since the viscosity is calculated from the measured diffusion
coefficients while the charge transfer constant is measured
independently by simulation of the cyclic voltammograms, the
good fitting (R>=0.93) suggests that modeling the hydrogels as
viscous fluids which control locally (at the interface) the charge
transfer and at longer ranges (diffusion layer) the mass transport is
adequate.

The fabrication of electroactive polymers by loading the same
redox couple in chemically related polymeric hydrogel matrixes
allows measuring such correlations. Additionally, the observed
effect confirms a close contact of the electrode with the polymer. If
a thin layer of solution is trapped between the gel and the
electrode, the diffusion coefficients will still be those of the
hydrogels because the diffusion layer develops into the hydrogel at

long times. However, the effect of viscosity on the charge transfer is
a local phenomenon which could only occur if the viscous solvent
is present on the site of the charge transfer.

The partition equilibrium of the redox complex between the
hydrogel and the solution is set by the relative interaction between
the hydrogel chains and the solvation in water. In an ionomer (e.g.
PAMPS) the dominant interaction is electrostatic between the
negative fixed groups (-SO5 ™) and positive redox complex (TPFell).
However, there is a site competition between the electroactive
cations and the cations of the electrolyte. We have used a low
electrolyte concentration to avoid decreasing the redox complex
concentration inside the hydrogel to test the relevancy of this
effect we measure the electrochemical response of electroactive
polymers made by loading TPFell ions from 1 mM solutions and
varying electrolyte (KCl) concentrations. The results (Fig. S3,
supplementary information) show that the currents decrease
when the electrolyte concentration increases while the voltam-
metry shape response remains almost unchanged. It is likely that
the inner concentration of the redox complex decreases when the
total ionic force is increased. Indeed, the partition coefficient
(Ppotar) of TPFell in PAMPS is 0.72 times smaller (1069) when
30mM KCl is used as electrolyte than the one measured with
10 mM KCl electrolyte.

All cyclic voltammograms responses show peak current in the
same range (10-100 A at a scan rate of 50 mVs~!) values for
different parameters (concentration, diffusion coefficient, charge
transfer constants). The good fitting of simulated values, using the
concentration measured independently, the diffusion coefficients
measured by chronoamperometry and only adjusting the charge
transfer parameters, suggests that those parameters represent
adequately the experimental measurements. Moreover, the diffu-
sion coefficients recovered from the peak current vs square root of
scan rate plots are in the order of more precise values measured by
chronoamperometry measurements.

3.4. Loading redox active ions inside hydrogels bearing the same
charge

The hydrogel matrix and the bathing solution could be
considered separate phases. If the hydrogel contains permanently
charged groups (e.g. —SO3;~ in PAMPS) an ionic equilibrium is
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Fig. 6. Digital simulation of the linear sweep voltammetry responses using the
following parameters: (a) Solution of TPFell: ke=0.05 cm-s~, E=0.900Vag/agcl»
C=1mM, Dgeg=9 x 107%cm?/s, Dox=6.710"%cm?-s~ a=0.5. (b) TPFell@PAMPS:
ke=1x10"2 cm-s~', E0=0.840 Vagagct, C=12.20, Dgeq=3.0 x 10~ cm?:s™!, Dox=
2,510 cm?fs, a=0.5. (c) TPFell@PAA: ke=1x10"* cm-s~, Eo=0.940Vag/agci,

established where mobile counterions (e.g. K*) are taken from the
solution and mobile anions (e.g. CI7) are excluded. In that sense,
the electrochemical currents due to redox active anions could not
be measured inside PAPMS because the anions are not present. As
it has been shown above electroactive cations are absorbed inside
negatively charged hydrogels. However, the largest concentration
inside the hydrogel sample is achieved using a neutral polymer
matrix (PAA) suggesting a large effect of hydrophobic interactions
on the partition coefficient [75]. Szentirmay and Martin, show that
large complexes with organic ligands (e.g. Ru(bpy)s2*) are strongly
absorbed inside a negatively charge ionomer (Nafion®™) while
smaller complexes with inorganic ligands (e.g. Ru(NH3)g2*) absorb
weakly and Fe*? is not retained [76]. To ascertain the extent of the
effect we measured the redox response of different redox active
anions.

3.4.1. Fabrication of an electroactive polymer by loading ferrocyanide
ions inside PAMPS

Being a model redox compound in electrochemistry, ferrocya-
nide/ferricyanide redox couple (Fe(CN)s 4/Fe(CN)s~>) has been
used to build electroactive polymers by loading inside thin films of
ionomers bearing positive charges [77-80] such as quaternized
poly(vinylpyridine) [81,82]. On the other hand, it is known that
ferricyanide can diffuse trough negatively charged ionomers (e.g.
Nafion® [83]) or neutral hydrogels. [84]. Moreover, it has been
shown that ferricyanide can be oxidized on glassy carbon after
diffusion trough a thin film of Nafion® [85]. The sorption of
ferricyanide inside a negatively charged hydrogel (PAMPS) was
tried by immersing the hydrogel in 10 mM solution of potassium
ferricyanide for 48 h. The hydrogel was then studied by cyclic
voltammetry (Fig. 8).

As it can be seen, a clear electrochemical response is observed.
The peak potential difference is close to 59 mV, suggesting fast
charge transfer. The redox potential is in agreement with the one
reported before for ferricyanide in low concentration electrolyte
(0.1 M KClI) [53]. Moreover, the peak currents depend linearly on
the square root of the scan rate, suggesting mass transport control.
It is noteworthy that, unlike the response observed with a thin film
Nafion® covering the electrode [84], the bathing solution contains
only 10 mM KCl. Therefore, the current signal could not be due to
ferrocyanide ion transported from the solution through the film
but is due to ferrocyanide ions retained inside the hydrogel.
Moreover, we measure a typical response for a semi-infinite
diffusion of a reversible couple while in Ref. [73] a nearly sigmoidal
response was obtained. Multicharged coions (e.g. Fe(CN)s ) of the
fixed groups in PAMPS (-SO3 ™) should be destabilized by columbic
interactions. However, it seems that ferrocyanide ions are
hydrophobic enough to overcome charge repulsion and be loaded
inside the anionic polymer. The observed loading seems to be a
novel way to produce electroactive polymers by loading redox ions
inside hydrogels of the same charge.

3.4.2. Simultaneous absorption of redox anions (nitrite) and cations
(TPFell) inside PAMPS hydrogel

Since tris(phenanthroline)iron(Il))/(Ill) couple has a redox
potential of ca. 1.060V vs SHE [86], it is able to oxidize
homogeneously different chemical substances (e.g. nitrite ion)
which are difficult to oxidized electrochemically on bare electrodes
due to a slow charge transfer on glassy carbon [87]. Indeed, TPFell
adsorbed on bentonite [88], and the related couple: Fe(bipyridil )5

C=51.9, Dreq=3.3 x 108 cm?-s~", Dox=2.410~8 cm?-s~ "t =0.5. (d) TPFell@PAA-co-
PAMPS: ke=8 x 1072 cm-s~', E0=0.850Vagjagci, C=11.0, Dgea=7.0 x 10~7 cm?/s,
Dox=5.6 x 10~7cm?-s~!, a=0.5. All cyclic voltammograms were measured using a
scan rate of 50 mV-s . The experimental response is shown as full lines while the
open circles show the simulated cyclic voltammograms.
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Table 3
Electrochemical parameters for the different electroactive polymers and aqueous
solution used to simulate the measured cyclic voltammograms.

System Eapp” Vs. (Ag/AgCl) Ko

(V) (ecms™1)
TPFell@PAMPS 0.84 0.01
TPFell@PAA 0.94 0.0001
TPFell@PAA-co-AMPS 0.85 0.008
TPFell Solution 0.90 0.05

2 Standard potential used in the simulation.

*13* loaded inside Nafion™ [73], have been used to oxidize
electrochemically nitrite with analytical purposes. In the latter
case [73], the catalytic redox complex is loaded inside a thin film of
a ionomer (Nafion®). Nitrite ions are present in solution and could
be electrochemically oxidized at the film surface. However, in more
recent work, Azad et al. find that the anions (nitrite, arsenite)
indeed ingress into the thin film and react close to the substrate
electrode [62]. They suggest that the presence of large redox
cations promote the anion transport inside the anionic ionomer.
On the other hand, anion rejection by thin films of an anionic
polymer (Nafion®) has been shown [89].

In our case, the bathing solution only contains 10 mM KCl and
the nitrite which is oxidized is previously loaded. Coions (e.g.
NO, ™) of the fixed groups in PAMPS (-SO3 ™) could not be stabilized
by electrostatic interactions. However, it seems that nitrite ions are
hydrophobic enough to overcome charge repulsion and be loaded
inside the anionic polymer [90].

In our electroactive polymers, the polymer/solution interface is
inaccessible during the electrochemical experiment. However, a
clear signal due to the oxidation of nitrite is observed, (Fig. 9) while
no signal is detected in the same conditions in the absence of tris
(phenanthroline)iron(Il/IIl) (Fe(phen)s2*/Fe(phen)s>*. The reaction
follows a electrochemical-chemical mechanism [65]:

4 Fe(phenanthroline);2" =2 Fe(phenanthroline);**+2 e~ Elec-
trochemical (I)

2 Fe(phenanthroline);3* + NO,~ + H,0 = 2 Fe(phenanthroline);?
*+NO3~ + 2H"* Chemical (II)

The redox complex is electrochemically oxidized (I), and the
following chemical reaction (II) regenerates the reduced complex
which then reoxidized electrochemically by reaction (I). The
kinetic parameters can be calculated by digital simulation of the
voltammetric response (Fig. S4, supl information).

TPFell@water

TPFell@PAA-co-AMPS

TPFell@PAMPS

8 —0=-1.0 (+/-0.1)
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T
4 o0 1 2 3 4 5 8
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Fig. 7. Relationship between the heterogeneous charge transfer constant (k,) and
the viscosity (m) for the different media studied.
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Fig. 8. Cyclic voltammograms of glassy carbon electrode in a electroactive polymer
made by loading ferricyanide (Fe(CN)s~3), from a 10 mM solution, inside a PAMPS
hydrogel. Electrolyte solution=10mM KCl. A=0.071 cm?.

The rate constant (k¢) of the chemical process is quite large
(505~ 1) suggesting that TPFell@PAMPS is a good catalytic system to
oxidize electrochemically nitrite. However, as it was observed
before for the Eg.,C reaction of Fe?* catalyzed by TPFell loaded
inside a poly(acrylamide-co-(2-acrylamidosulfonic acid) hydrogel
[43], the charge transfer constant (k,=2 x 107> cms™!) is much
smaller than the value observed for TPFell@PAMPS alone (k,=0.01
cms™ ).

While several authors [73,77,91], have used the redox catalysis
by immobilized redox couples of ions (e.g. nitrite, arsenite) for
direct analytical detection of the ion sin solution, our system is
unlikely to be used for such purpose since long (24-48 h) loading
times of the analyte are required due to the large thickness of the
hydrogel samples. On the other hand, the observed catalysis
reveals a new method to perform complex electrochemical (and/or
chemical) reactions inside hydrogel matrixes. Since ions of
different charges could be loaded inside charged or neutral

{ TPFell@PAMPS
10 mM NO,,

|/ uA

05 06 07 08 ofg 1.0 1.1 1.2
E vs. (Ag/AgCl) / V

Fig. 9. Cyclic voltammograms of an electroactive polymer (TPFell@PAMPS) loaded
with 10 mM nitrite, at different scan rates. A=0.071cm?.
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Fig. 10. Cyclic voltammograms of a glassy carbon electrode on an electroactive
polymer (TPFell@PAPMTAC) made by loading tris(phennathroline)iron(II) inside a
(poly((3-acrylamidopropyl)trimethylammonium chloride), PAPMTAC) hydrogel.
Electrolyte solution=10mM KCl. A=0.071 cm?.

hydrogels, seems that there are no limitations on the reactants to
be used in more complex reactions.

3.4.3. Fabrication of an electroactive polymer by loading TPFell inside
a cationic hydrogel

It has been shown above that it is possible to measure the
electrochemical properties of loaded negatively charged or neutral
hydrogels by redox cations and anionic hydrogel by redox anions.
The loading is possible due to the presence of hydrophobic
interactions which overcome charge repulsion. A reasonable
corollary is that a redox cation should be able to be loaded, in
an electroactive form, inside a positively charged (cationic)
hydrogel. Therefore, we tested the loading of a redox cations
(TPFell) inside a cationic hydrogel (poly((3-acrylamidopropyl)
trimethylammonium chloride), PAPMTAC). In Fig. 10 it can be seen
the cyclic voltammograms of a glassy carbon electrode pressed on
an electroactive polymer made by loading TPFell inside PAPMTAC.
As it can be seen, a clear electrochemical response is measured. The
peak potential differences are in the range 60-70 mV suggesting a
quasi-reversible charge transfer. The peak currents increase
linearly with the square root of the scan rates, suggesting semi-
infinite diffusion as mass transport mechanism. The results show
that it is also possible to make electroactive polymers by loading
electroactive cations inside a cationic hydrogel.

4. Conclusions

A simple electrochemical set-up allows to study the electro-
chemistry of electroactive polymers made by loading a redox
complexes (tris(phenanthroline)iron(Il), TPFell) inside polymeric
crosslinked hydrogels. It is shown that a redox cation (TPFell) can
be loaded not only in anionic ionomers (e.g. poly(2-acrlyamido-
propansulfonic) acid, PAMPS) but also inside polar uncharged
hydrogels (e.g. poly(acrylic acid, PAA)). Both mass transport
(diffusion coefficient) and charge transfer (heterogeneous rate
constant) are affected by the hydrogel physicochemical properties.
The latter are determined by measuring the swelling kinetics in the
same electrolyte solution used during the electrochemical experi-
ments. Two homopolymers: poly(2-acrylamidopropansulfonic)
acid and poly(acrylic) acid and the 1:1 copolymer (PAA-co-AMPS)

are synthesized and studied. The diffusion coefficients of the
loaded redox specie (TPFell) correlate well with the swelling rate
which is related to the viscosity of the hydrogels. Using Stokes-
Einstein formalism, the viscosity of the hydrogel could be
calculated by relating the diffusion coefficient of the same redox
probe in water and inside the hydrogel,

The heterogeneous charge transfer is also affected by the
polymeric environment. While the charge transfer of TPFell@-
PAMPS is nearly as fast as in solution, the charge transfer constant
of TPFell@PAA is 100 times smaller. On the other hand, the charge
transfer constant of TPFell in the copolymer (PAA-co-PAMPS)) is
somewhat smaller than in PAMPS. The results are discussed in the
framework of Marcus theory considering that solvent reorganiza-
tion during charge transfer is related to the local viscosity of the
media. It is shown that the heterogeneous charge transfer constant
depends on the inverse of the viscosity. The correlation between
electrode charge transfer and mass transport, measured indepen-
dently, support the assumption of a close contact between the
electrode and the hydrogel media.

A redox anion (ferricyanide) was also loaded inside and anionic
hydrogel (PAMPS) and a clear electrochemical response is observed
suggesting that electroactive polymers can be produced by loading
ions inside a hydrogel matrix of the same charge. Indeed, the
oxidized form of the electroactive polymers oxidizes nitrite ions
loaded inside the hydrogel. Even that a negatively charged ionomer
(PAMPS) is used to produce the electroactive polymer, the nitrite
ion is successfully loaded and oxidized. Moreover, it suggests that
more complex electrochemical-chemical reactions can be per-
formed inside the polymer matrix in a similar way to liquid
solutions, irrespective of the charge of the reactants and polymer

Type |. TPFell in
PAMPS or PAA-co-AMPS

Type lll.a Type IV. NO, and
Fe(CN)s? in PAMPS TPFell in PAMPS

Type II. TPFell in PAA

Type lll.b
TPFell in PAPMTAC

Scheme 3. Different kinds of electroactive polymers studied.
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matrix. Additionally, it is shown that TPFell cations are loaded
inside a cationic hydrogel (PAPMTAC). The redox ion shows a quasi-
reversible electrochemical response.

The results suggest that different kind of redox species (anionic
or cationic) could be loaded inside any kind of hydrogels (cationic,
anionic or neutral) to form electroactive polymers even when the
hydrogel bear the same charge or no charge at all (Scheme 3). Type
[ is the usual ionomer [1], bearing fixed charges(negative here)
loaded with redox ions of the opposite charge (positive here). Type
Il involves a neutral hydrogel loaded with redox ions (positive in
this case). Type Il is made by loading a negative redox ion inside an
anionic hydrogel (Ill.a) or loading a positive redox ion inside a
cationic hydrogel (IIL.b). Type IV is made by loading two redox ions
of different charge (negative and positive) inside an ionomer
(anionic in our work).

Since it has been shown [41], that it is also possible to load
neutral redox couples (e.g. riboflavin) inside neutral hydrogels, it is
likely that electroactive polymers could also be produced by
loading neutral redox species inside charged (negative or positive)
or neutral hydrogel matrixes.

The loading of redox ions inside bulk hydrogels seems to be a
versatile method to produce model electroactive polymers which
fulfill the semi-infinite boundary condition and the dilute solution
thermodynamic approximation. It is noteworthy that the later
approximation cannot be fulfilled with polymers containing
covalently linked redox groups since large enough concentrations
are required to allow for charge transport across the polymer by
electron hoping between neighboring redox centers.
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