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Abstract The retention, release, and detection of metallic
complexes in polymeric hydrogels are of interest in drug de-
livery, analytical chemistry, and water remediation. The elec-
trochemistry of the redox complexes inside the hydrogel could
be affected by the viscoelastic properties of the gel, local ionic
force and pH, and interactions (e.g., hydrophobic) between the
complex and the polymer chains. In this work, it is shown that
a simple setup, consisting of a disk electrode pressed on the
hydrogel, allows to perform electrochemistry of a redox cou-
ple: Tris(1,10-phenanthroline)iron(I) (Fe(phen);*") inside a
hydrogel matrix. The behavior is compared with the same
couple in solution, and it is found that the electrochemical
properties of the redox couple are strongly affected by the
presence of the hydrogel matrix. The cyclic voltammogram
of the hydrogel loaded with complex shows a response, which
suggests electrochemical-chemical mechanism. The chemical
step is likely linked to a catalytic oxidation of free hydrated
Fe®" ions present inside the hydrogel together with the redox
complex. Since Fe** ions have small charge transfer constants
on the glassy carbon electrodes, only the catalytic current is
observed. Indeed, when excess ligand (phenanthroline) is
absorbed inside the hydrogel, the measured cyclic voltammo-
grams show a single reversible oxidation/reduction step. It
seems that the complexation equilibrium shifts toward the
complex, making the free iron concentration negligible.
Accordingly, the cyclic voltammetry shape and peak potential
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difference agree with a reversible oxidation/reduction.
Additionally, the peak currents of the cyclic voltammograms
show a linear dependence with the square root of time, as
predicted by a Randles-Sevcik equation. However, the mea-
sured currents are smaller than the simulated ones. The differ-
ences are in agreement with simulations of the cyclic voltam-
mograms where the migration of the redox species is consid-
ered. Chronoamperometry is used to measure the mass trans-
port of redox species inside the hydrogel. It is found that the
current transients still obey Cottrell’s equation, but the diffu-
sion coefficients obtained from the slopes of Cottrell’s plots
have to be corrected for migration effects. The effective diffu-
sion coefficient of Fe(phen);*" measured inside the hydrogel
(DRred-hydrogel = 5.5 (£0.5) x 10°% cm? sfl) is ca. 80 times
smaller than the one measured in solution (Dged-solution = 4.4
(20.5) x 107° cm? s ). The simple setup has a true semi-
infinite boundary condition, which allows characterizing the
hydrogel in the same condition as the bulk material and easily
changing both the redox species and the hydrogel structure.
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Introduction

Polymeric hydrogels are crosslinked polymer networks where
the linear chains, between crosslinks, are hydrophilic and re-
tain a significant amount (>80 %) of aqueous solution, even as
free-standing solids [1]. Such materials have been used for
different technological applications, including contact lenses,
diapers, drug delivery, and water retention in agriculture [2].
The hydrogels are also routinely used in biochemical research
as solid media for electrophoretic separations [3]. It is known
that the gels absorb specific molecules or ions and it is possi-
ble to define a partition coefficient (Cp) of the chemical
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species between the surrounding solution and the hydrogel
phase [4]. Large values of Cp (>100) have been usually mea-
sured, suggesting that chemical species are specifically
retained inside the solid gel [4]. The partition depends on
different interactions of the chemical species with the polymer
matrix, including Coulombic, hydrophobic, hydrogen bond-
ing, etc. Such specific absorption of chemical species inside
the gel could be used for solid phase extraction of analytes
from aqueous solutions [5, 6]. Since the gel phase can be
mechanically separated from the aqueous solution, it is analog
to a liquid-liquid extraction [7]. In liquid-liquid extraction of
ions, the usual strategy is to dissolve a complexing agent in the
organic phase, which extracts the ion from the aqueous solu-
tion by complexation. We have shown that some complexes,
like Ru(bpy)s*", show large partition coefficients toward poly-
acrylamides [4]. If a complexing agent (e.g., phenanthroline)
is retained inside a hydrogel by hydrophobic and/or
Coulombic interactions, it will concentrate inside the hydrogel
a specific ion (e.g. Fe*") from water solution through the
formation of a complex.

The electrochemistry of electroactive polymers, where
the redox groups are covalently linked to the polymer
chains [8-13], including some containing the
phenanthroline group [14, 15] has been thoroughly stud-
ied. Additionally, the immobilized redox complexes have
been used to catalyze redox reactions, which have slow
charge transfer in common electrodes, through an elec-
trochemical chemical(catalytic) mechanism [16].
However, the synthesis of polymers bearing redox
groups or linking points is complex. The changes in the
chemical structure (e.g., by copolymerization) affect not
only the polymeric environment of the redox couples but
also its intrinsic properties. One way to separate the ef-
fects is to study the electrochemistry of ion complexes
loaded inside polyelectrolyte films [17-21]. However, the
diversity of chemical structures of the polymer matrixes
already studied has been quite limited. Moreover, the
deposition of thin films on the electrode could produce
a material which is not the same as the bulk material.
The most common deposition procedure, which is solu-
tion casting, could not be applied to bulk crosslinked
hydrogels.

Tris(1,10-phenanthroline)iron(II) complex (Fe(phen);>") is
a redox active complex, which is both used for colorimetric
detection of iron and as redox indicator [22]. The electrochem-
istry of iron phenanthroline has been previously studied in
solution [23, 24]. Moreover, it was used as redox probe to
detect interactions with DNA [25]. Hydrogels bearing
phenanthroline moieties linked to the polymer chains have
been synthesized and used in the colorimetric determination
ofiiron [26]. In the best of our knowledge, the electrochemistry
of Tris(1,10-phenanthroline)iron(I) complex inside covalent-
ly linked hydrogels has not been studied previously.
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In the present work, we have used a simple electrochemical
setup to study the electrochemistry of Fe(phen);** loaded in-
side a polymeric crosslinked hydrogel (poly(acrylamide-co-
acrylamido-2-methylpropanesulfonic acid)). The results are
compared with those obtained in solution. Strong effects of
the hydrogel matrix on the electrochemical responses are ob-
served. The observed electrochemical-chemical mechanism,
likely due to the redox catalysis of free iron, is studied using
digital simulation of the cyclic voltammetric response.
Loading excess ligand inside the hydrogel, the free iron con-
centration is reduced and the voltammetric response obeys a
mechanism of a single reversible electron step. The mass
transport parameters (diffusion coefficients) are measured
using chronoamperometry. Both the cyclic voltammetry and
the chronoamperometric transients reveal the existence of mi-
gration effects, which are taken into account.

Experimental

All chemicals are of analytical quality. Millipore (1.8 Mohm)
purified water was used to prepare the solutions.

Materials and methods
Synthesis of hydrogel matrix

Poly(acrylamide-co-acrylamido-2-methylpropanesulfonic ac-
id) (P(AAm-co-AMPS) hydrogel was synthesized via free-
radical copolymerization of acrylamide (AAm) (Fluka)
(1 M) with 2-acrylamido-2-methylpropanesulfonic acid
(AMPS) (Scientific Polymer Products) (1 M) (Scheme 1).
N,N'-methylenebisacrylamide (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 tem-
perature higher than 56 °C to generate free radicals. In this
synthesis, a buffer solution pH = 10 was used as solvent. The
monomers and cross-linker (BIS, 2 % moles based on copol-
ymer) were placed in a tube and the buffer was added until a
final volume of 4 mL; then, the solution was purged by bub-
bling with N, gas and the initiator (V50 (0.003 g/mL)) is
added. The polymerization was carried out in a sealed glass
tube in a water bath at 60 °C to allow the initiator decompo-
sition. The tube was left in the bath until gelation (ca. 15 min).
When the polymerization was completed, the hydrogels were
immersed in distilled water at room temperature for 48 h and
the water was renewed several times in order to remove
unreacted chemicals. The hydrogels swell significantly in wa-
ter, with a volume increase of ca. 121 times of the dry
hydrogel.
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Scheme 1 Chemical structure of
the monomers in the
polymerization of P(AAm-co-
AMPS) hydrogel

Acrylamide (AAm)

Phenanthroline loading process into PAAm-co-50 %
AMPS and absorption of Fe?*

The dry hydrogel was swollen in 1 x 107>-M phenanthroline
solution for 48 h and then dried in a stove at 40 °C to remove
the solvent. The dry gel loaded with the molecule was then
swollen in [Fe**]= 1 x 10>-M solution (made from hydrated
ferrous sulfate (SO4Fe)(H,0),) (Mallinckrodt), with traces of
hydrazine to avoid the Fe?" to Fe*" oxidation), during 48 h.

Partition coefficient

Equation 1 describes the calculation of partition coefficient
from the complex molar concentration inside the hydrogel
([Fe(phen)32+]hydr0gel) and the complex molar concentration
in solution (after reaching equilibrium) ([Fe(phen)32+]solu—
tion). The latter is measured using UV-vis spectrophotometry,
and the former is calculated by difference

[Fe(Phen)é*}

hydrogel
Cpmolar = 2+ — (1)
[Fe(Phen)3 ]
solution

The measured Cppy,o1ar for [Fe(phen)32+] in PAAm-co-50 %
AMPS is 57 () 0.5.

Electrochemistry

A 3-mm glassy carbon disk, 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 KCI solution. The wire is
placed inside a Luggin capillary filled with 1-M KCI
solution. A Pt wire was used as counterelectrode. The
electrochemical experiments were controlled by a
computer-controlled potentiostat (Autolab PGSTAT30,
Ecochemie). Cyclic voltammetry experiments were car-
ried between 0.7 and 1.2 V at 5 mV s ': first with the
electrode exposed to the solution and then with the
electrode gently pressed onto the hydrogel. No effect
of pressure was observed, once a clear mechanical con-
tact between the electrode and the hydrogel is observed.
In analog fashion, chronoamperometric experiments
were carried out stepping the potential between 0.7

0 CH; O
: gy
S—o0
\)k \ N .
NH, | CHs OH

H
2-acrylamido-2-methylpropanesulfonic acid (AMPS)

and 1.2 V, after a 2-min preconditioning at 0.7 V. In
Scheme 2, it is described the electrochemical cell used.
The solution of the cell is 1 M KCI, and the pH is
measured to be 6 for all experiments. All potentials
are reported against the standard hydrogen electrode
(NHE).

Digital simulation

Digital simulation of cyclic voltammetric experiments
was performed using the Electrochemical Simulation
Package (ESP 2.1), a program written by Carlo Nervi
[27]. The simulations 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.

Results and discussion

Cyclic voltammetry of Fe(phen);>" in solution
and inside the hydrogel

In Fig. 1, it is shown the electrochemical response of
Fe(phen);*>" in both media. The cyclic voltammogram
measured in solution (Fig. 1a) shows a profile in agree-
ment with a single reversible oxidation/reduction step

RE WE CE

)

—>Hydrogel

Scheme 2 Setup for electrochemical measurement. WE working
electrode (glassy carbon disk (3-mm dia.), RE reference electrode (Ag/
AgCl), CE counterelectrode (platinum wire)
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Fig. 1 Cyclic voltammograms of a glassy carbon electrode in a 0.2 mM
[Fe (phen);]*" in 1 M KCl and b 11.4 mM [Fe (phen);]*" loaded in a
poly(AAm-co-AMPS) hydrogel. 4 =0.071 cm?, v=5mVs . T=25°C.
The second cycle is shown in both cases

(AEp = 0.059 mV) in the potential range studied. The
data agree with previous results [23-25].

On the other hand, the cyclic voltammogram of
Fe(phen);*" loaded inside the gel shows a quite different
profile (Fig. 1b). The cyclic voltammogram shows posi-
tive current values during the forward scan and small
current values during the backward scan. This shape is
compatible with an electrochemical-chemical mechanism.
The details of mechanism will be ascertained below
using digital simulation. It can be seen that the anodic
peak current for the cyclic voltammogram measured in-
side the hydrogel (ca. 29.3 pA) is significantly larger
than the peak current measured in solution (2.36 pA).
The increased sensitivity (ca. 12 times) upon the same
conditions is important for the use of the system in the
electroanalytical determination of iron. However, if the
peak current would be directly proportional to concentra-
tion, the signal should have increase 57 times (equal to
the partition coefficient). Obviously, the current signal
decreases due to changes in the mass transport and/or
reaction mechanism due to the presence of the hydrogel
matrix.

However, it is clear that the simple setup allows measuring
the electrochemistry of the redox couple inside the hydrogel.
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To separate the effects of mass transport and reaction mecha-
nism, different electrochemical methods are used.

Chronoamperometry of redox species in solution
and inside the hydrogel

To quantify the change in mass transport, chronoamperometric
measurements were performed. The potential is stepped from a
potential (0.7 V) where no reaction occurs to a positive-enough
potential (1.2 V), where all the Fe(phen);>" is oxidized at the
electrode/electrolyte (solution or hydrogel) interface. In Fig. 2,
the chronoamperometric response of Fe(phen);>*, both in solu-
tion (Fig. 2a) and loaded inside the hydrogel, is shown
(Fig. 2b). The chonoamperograms (Fig. 2a) show that the signal
decays faster in the case of solution than in the hydrogel, sug-
gesting a smaller diffusion coefficient. In both cases, the current
gives linear Cottrell plots (Fig. 2b), indicating that the current is
diffusion controlled at large enough oxidation potentials. It
should be noticed that the signal measured in the hydrogel is
larger than in solution.
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Fig. 2 a Chronoamperograms of a GC electrode in a Fe(phen);>"
solution (0.2 mM in 1 M KCl, open triangles) and a GC electrode
pressed on a hydrogel (poly(AAm-co-AMPS), open circles) loaded
with Fe(phen);>™ (11.4 mM). 4 = 0.071 cm®. Potential step from 0.7 to
1.2 V. b Cottrell plots calculated from the data shown in a . The open
triangles depict data measured in solution, while the open triangles show
data measured in the hydrogel
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From the slopes of the Cottrell plots, it is possible to cal-
culate the diffusion coefficients in both media, using Cottrell’s
equation [28]:

(zox—zred) FACRea/Dred
it

(2)

icot(t) =

where Dgrey is the diffusion coefficient, Cr.q the con-
centration, 4 the electrode area, F' the Faraday constant,
and zox and zreq are the charges of the reduced
(Fe(phen);*") and oxidized (Fe(phen);®") species, re-
spectively. From the slope of the Cottrell’s plot, a value
of Dreq = 4.1 x 1077 c¢cm?® s ' can be calculated.
However, the calculation assumes that there are no mi-
gration effects. The derivation of Cottrell’s Eq. (2) from
Fick’s laws assumes that the mass transport of the
electroactive species is solely controlled by diffusion,
since a large amount of no electroactive and mobile
inert electrolyte, usually called supporting electrolyte,
is present.

Inside the hydrogel, such a condition could not be
fulfilled since the counterions of the Fe(phen);”" redox
species (likely the —SO;  groups) are immobile. It has
been shown that Cottrell’s equation still holds under con-
ditions of migration and diffusion of redox ions [29, 30],
albeit with correction factors related with the charges of
the reduced/oxidized species and the counterions.
Specifically, the current transient profiles due to the mass
transport of redox charged species inside membrane-type
polymers, using the complete Nernst-Planck equation,
were simulated by Doblhofer [31]. They found that the
current Cottrell’s equation is fulfilled, but the measured
diffusion coefficient (D.g) differs from the one which
would be measured in the presence of excess supporting
electrolyte (Dgreg, Eq. 2). The current values (ioi(f)) will
be somewhat larger than those predicted by Cottrell’s
Eq. (2) [31]. Using the correction factor described in
[31], it is possible to calculate the ratio D.y/Dregq as a
function of Dreq/Dox [31], for zreq = 2 and zox = 3. The
values of diffusion coefficient for the reactant
(Dreq = Fe?") and product (oxidized species
(Dox = Fe*') inside the hydrogel are not known, but
the ratio Dgeq/Dox is 1.18 in aqueous solution [32] and
1.22 in agarose gel [33]. Using a ratio Drea/Dox = 1.2, a
correction factor of 0.71 is calculated [31]. Therefore, the
effective diffusion coefficient of Fe*" measured inside
the hydrogel is of 5.8 (£0.5) x 1077 cm? s .

Digital simulation of the voltammetric behavior
of Fe(phen);>" in solution and inside the hydrogel

To ascertain the reaction mechanism, digital simulation of the
cyclic voltammetry response was performed. The cyclic
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Fig. 3 Digital simulation of the cyclic voltammograms. The
experimental data (from Fig. 1) are shown as black points, while the
simulated data are shown as gray full lines. a Cyclic voltammogram of
Fe(phen);>* (0.2 mM) in 1-M KCI solution. Simulation parameters:
E°=1.066V.ke=10cms . a =0.5. Dredsomtion = 4.4 x 10 %cm?s ..
b Cyclic voltammogram of Fe(phen);** (11.4 mM) loaded inside a
PAAm-co-AMPS hydrogel. Simulation parameters: E° = 1.066 V.
ke=0.5cms . a=0.5. Dreqhydroget = 5.7 X 10 %em?® s K =4 x 10*

voltammogram of Fe(phen);*" in solution is simulated using
ESP (see exp. part) with a reversible charge transfer, obtaining
a good fit (Fig. 3a).

On the other hand, the voltammogram of Fe(phen);*"
measured inside the gel (Fig. 1b) has a quite different
shape than those measured in solution. The cyclic volt-
ammogram resembles those measured by Ogura and
Miyamoto in acetonitrile [24]. The peak oxidation cur-
rent is significantly larger than the peak reduction cur-
rent. They proposed a catalytic mechanism involving
free iron present in solution:

Fe(Phen);" = Fe(Phen);" +e¢  (Electrochemical) (3)
Fe(Phen);" + Fe’* = Fe(phen);" + Fe’*  (Chemical)
(4)

The presence of free iron is due to the labile nature of the
phenantroline in the complex, which produces the free ion by
dissociation of the complex [23]:

@ Springer
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< ®)

Fe(phen);rz ————> Fe'? 4+ 3 Phen

Since the redox potential of the couple Fe*'/Fe** (0.771 V
vs NHE) is lower than the one for Fe(phen);>*/Fe(phen);*"
(1.066 V vs NHE), the catalytic step is energetically favored.
While free Fe** could be oxidized on the electrode, it is known
that the heterogeneous charge transfer constant for Fe*" oxi-
dation on polished glassy carbon is quite small [34].
Therefore, the catalytic pathway occurs at faster rate than the
direct electrochemical oxidation.

The digital simulation of the cyclic voltammogram mea-
sured inside the hydrogel using an EC mechanism gives a
good fit of the experimental data (Fig. 4b). The rate constant
for the oxidation of Fe**(aq) by Fe(phen);®" was obtained
from reported values in solution [35]. The presence of the
hydrogel matrix seems not only to change the mechanism
from a reversible (E ., ke = 10 c/s) electrochemical single
step to an electrochemical-chemical (EgreyCear) reaction but
also to decrease the charge transfer constant to a lower value
(ke=0.5 cms ). Therefore, the loading of the complex inside
the hydrogel seems to significantly affect the environment of
the chemical reaction.

The presence of a large concentration of anionic groups
(=SO3") inside the hydrogel could affect both the complexa-
tion equilibrium and the mass transport of all species. Fe*" is

24

49 Simulation

* Experimental

-6 — T ‘' T ‘T T ‘' T T T T T T T 7
0.7 0.8 0.9 1.0 1.1 1.2 1.3 1.4 1.5

E (vs SHE)

Fig.4 Electrochemical response of Fe(phen);>” (11.4 mM) loaded inside
a PAAm-co-AMPS hydrogel in the presence of excess phenanthroline
(10 mM) (black points). Digital simulation of the CV (full line).
Simulation parameters: E° = 1.066 V. ke = 10* ecm s '. a = 0.5.
Drea=5.5x10"% cm®s™!
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effectively retained inside the hydrogel with a partition coef-
ficient of ca. 50, quite similar to that of the complex.
Therefore, it is likely that the labile complex [23] could pro-
duce free iron which is retained inside the hydrogel.

Cyclic voltammetry and chronoamperometry
in the presence of excess phenanthroline

To test if the EgreyCeqr mechanism is due to free iron
present, we load the free ligand (Phen) into the hydrogel
with the complex, to shift the equilibrium (Eq. 5) toward
the formation of the complex. In that way, the free iron
concentration inside the hydrogel decreases to negligible
levels and the EC mechanism will become a simple elec-
trochemical one (E). The cyclic voltammogram measured
with an excess phenanthroline loaded (Fig. 4) shows a
single reversible oxidation/reduction likely due to the
electrochemistry of the Fe(phen);>" complex absorbed in-
side the hydrogel.

The simulation of the cyclic voltammogram with a single
reversible redox step (Ee,) seems to fit quite well the mea-
sured profile in terms of shape and peak potentials (Fig. 4).
Interestingly, the charge transfer constant is larger than in the
case of the Ege, Cea, making it an E,, instead of a E ., anal-
ogously to the electrochemistry of Fe(phen);*" in solution.
Moreover, if the excess phenanthroline is removed and an
excess of Fe*" is loaded inside the hydrogel, the cyclic volt-
ammogram (Fig. S2, supporting information) becomes similar
to the one depicted in Fig. 1b, restoring the electrochemical-
chemical mechanism.

While the fitting is good, the experimental currents are
larger than the simulated values. Since the latter are simulated
assuming excess supporting electrolyte, the difference could
be related to the effect of migration of redox ions on the cur-
rent. The influence of migration on cyclic voltammograms has
been simulated for experiments with large and small amounts
of supporting electrolyte by Stevens and Bond [36]. They
predict that the Randles-Sevcik equation still holds, but for
oxidations, the current values should be smaller than those
measured in the presence of excess of non-electroactive
supporting electrolyte. The experimental data agree with the
prediction, being the currents measured inside the hydrogel,
where no excess of supporting electrolyte is present due to ion
exclusion, smaller than the simulated ones. Moreover, Stevens
and Bond [36] predicted that the difference between current
values with supporting electrolyte (simulated in our case) and
without supporting electrolyte (measured in our case) should
be different for the oxidation than reduction scan. Such a be-
havior can be qualitatively observed in Fig. 4. The cyclic
voltammograms, measured at different scan rates, show cur-
rents which increase with the scan rate (Fig. 5a). As predicted
by Stevens and Bond [36], Randles-Sevcik equation should
hold when migration of the redox species is present, implying
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Fig.5 a Cyclic voltammograms of a glassy carbon electrode in 11.4 mM
(Fe(phen);>") in a PAAm-co-AMPS hydrogel, in the presence of excess
(10 mM) phenanthroline, at different scan rates (see insert).
A=0.071 cn’, T=25 °C. b Randles-Sevcik plot depicting the modulus
of the peak current as a function of the square root of the scan rate. Data
obtained from a

that peak currents should show a linear dependence with the
square root of scan rate (Fig. 5b). However, the dependence of
the modulus of the peak currents should be different for oxi-
dation and reduction, due to migration effects, while in the
presence of a large amount of supporting electrolyte, both
slopes should be the same [38]. The linear plots of the depen-
dence of the modulus of the peak current with the square root
of the scan rate show a different slope (Fig. 5b).

As expected, the current transient in this system
should obey Cottrell’s equation [31], giving linear plots
of current with the square root of time. Such behavior is
experimentally observed (Fig. S1, supplementary
information). From the slope, a diffusion coefficient,
Dred = 3.9 (£0.5) x 10 ecm? s7', is obtained.

As before, the value has to be corrected for migration ef-
fects. In this case, it is assumed that the diffusion coefficients
for the reactant (Dgeq = Fe(phen);>") and product (oxidized
species (Dox = Fe(phen)s> ") are the same. This is a reasonable
assumption, given the large size of the cations which lead to a
small difference of charge/area ratio between both species and
therefore imply a negligible change in the hydration sphere
size [37]. Using a ratio Dgreq/Dox = 1, the correction factor is
0.76 [31].

Therefore, the corrected diffusion coefficient of
Fe(phen);*" inside the hydrogel is of Dred-nydrogel = 5-3
(20.5) x 10°® cm? s~'. This value is ca. 80 times smaller than
the one measured in solution (DRred-solution = 4.4
(£0.5) x 10°® cm? s ). The latter value is close to that mea-
sured by Bard and coworkers by cyclic voltammetry (Dgeg.
solution = 4.9 (£0.5) x 10 cm? st [25]. Therefore, a clear
matrix effect is observed involving the slower mass transport
of redox couples inside the hydrogel.

Buttry and Anson [18] review the values measured for dif-
ferent redox couples inside the same polyelectrolyte (Nafion®)
film and reported values as low as D=1 x 10"'? ecm* s~ (for
Co(bpy);>") and as high as D =2 x 10° cm® s™' for Ru
(NH;);" The value reported here for Fe(phen);”" loaded inside
a hydrogel is somewhat larger, but it should be taken into ac-
count that the hydrogel structure is more open than a typical
Nafion® film. On the other hand, diffusion coefficients of
smaller molecules (phenol) in poly(N-isopropylacrylamide)
films have been measured to be D = 7.4 x 10 cm? s ' (at
25 °C and 0.01 mM) [38]. The diffusion coefficient of the much
larger bovine serum albumin is 4.9 x 10~* cm? s™" (at 25 °C and
0.01 M). Recently, Leddy and coworkers measured the diffu-
sion coefficient of Ru(bpy);>" in Nafion® to be D = 2.4
(20.07) x 10°® em?/s [39].

Therefore, the measured value for Fe(phen);>*, of interme-
diate size, is reasonable. It is noteworthy that the measured
diffusion coefficient is quite close to that reported for
electropolymerized Tris[5-amino-1,10-phenanthroline]iron(Il)
(D =3.10 (£0.09) x 10°® cm? s "), which contains the same
redox moiety [14]. However, in the latter case, the apparent
diffusion coefficient is controlled by electron hoping or coun-
terion diffusion since the redox species are immobile.

The viscoelastic properties of the hydrogel depend on pa-
rameters of the material like the swelling ratio, the degree of
crosslinking, the mechanical pressure, and the polymerization
kinetics [40]. It has been shown that the diffusion coefficient
of Fe(phen);*", in aqueous solutions of inert salts, obeys
Stokes’s law [32]. That is, the product of the diffusion coeffi-
cient and the viscosity (Dn) is a constant unless specific inter-
actions are present. As it has been previously reviewed [41],
solute diffusion inside hydrogels is a complex process and
different models have been used to account for phenomena
like dependence on the concentration of the solute and/or the
effect on the viscoelastic properties of the hydrogels.

@ Springer
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Therefore, the measurement of the diffusion coefficient of
Fe(phen);>" inside the hydrogel, using chronoamperometry,
could be used to probe the viscoelastic properties of the
hydrogels and/or to shed light into the mechanism of mass
transport.

In all calculations, it is assumed that the electrochemical
active area corresponds to the geometrical area of the elec-
trode. This is the usual assumption when diffusion coefficients
are measured in electrodes covered by layers of redox
hydrogels [13, 14] and seems to be valid in our case. It could
be envisaged that hydrophobic and hydrophilic domains exist,
but both acrylamide [42] and AMPS are highly hydrophilic
monomer units [43]. Moreover, this approach is also applied
to Nafion® where it is known that hydrophobic domains exist
[44].

One remaining question is the nature of the measured dif-
fusion coefficient. The metal complex can physically diffuse
along the hydrogel (Fig. S3, supporting information) driven
by a concentration gradient. Therefore, the measured coeffi-
cient is likely due to physical transport of Fe(phen);** and not
necessarily to electron hoping between oxidized and reduced
metal complexes electrostatically bound. The relatively low
concentration of redox complex inside the hydrogel
(11.4 mM) makes the electron hoping difficult due to the rel-
atively large distance between redox centers. In fact, it is sig-
nificantly smaller than the values measured in Nafion®
(159 mM [44]), where electron hoping between redox centers
is the accepted mechanism of electron transport. The physical
mass transport of Fe(phen);*" is likely to be affected by the
presence of anionic groups in the matrix. Electrochemical
measurements of Fe(phen);”" loaded inside neutral and cat-
ionic hydrogels could help to ascertain the role of columbic
interactions on mass transport.

Conclusions

A simple setup allows to perform electrochemistry of a redox
couple (Fe(phen); ™) inside a hydrogel matrix and compare
with the behavior of the same couple in solution. The electro-
chemical properties of the redox couple are strongly affected
by the presence of the hydrogel matrix. The redox mechanism
seems to change from a quasi-reversible electrochemical
mechanism to electrochemical-chemical mechanism, proba-
bly linked to a catalytic reaction with free Fe*? ions present
inside the hydrogel. Digital simulation of the cyclic voltam-
mograms, using an electrochemical (quasi-reversible)-chemi-
cal (catalytic) (EqrevCear) mechanism, allows to fit the ob-
served response. The heterogeneous charge transfer constant
for Fe(phen);>" oxidation seems to decrease from the value
measured in solution. Moreover, addition of free ligand
(phenanthroline) shifts the complexation equilibrium toward
the redox complex formation effectively changing the
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mechanism from an electrochemical-chemical (EgreyCeat) 0X-
idation of free iron catalyzed by the redox complex into a
simple electrochemical (E,.,) oxidation of the complex. The
presence of a Eq.,Ccae mechanism suggests the use of the
hydrogel loaded with Fe(phen);>" as an electrochemically
driven redox catalyst in electroanalytical chemistry, as it has
been done with similar redox complexes adsorbed in clays
[45] or polyelectrolytes [46]. One advantage over thin film-
modified electrodes would be the fact that the analyte (e.g.,
tryptophan [4]) could also be partitioned to give a higher con-
centration inside the hydrogel, therefore increasing the overall
current. Another is that the analyte could be loaded inside the
hydrogel from complex matrixes, removed, washed, and the
electrochemistry performed in clean electrolytes. Such two-
step preconcentration and measuring method resembles
solid-phase extraction and could not be performed with solu-
ble redox catalysts or immobilized thin films, which have to
be used in situ. Moreover, a thick piece of hydrogel loaded
with a redox couple has a true semi-infinite boundary condi-
tion in any experimentally accessible time frame (e.g., at slow
scan rate in cyclic voltammetry), similar to a large electro-
chemical cell filled with solution. Therefore, there is no acces-
sible hydrogel/solution boundary, only an electrode/hydrogel
boundary. As it has been shown recently by Leddy and co-
workers, it is not the case for film-modified electrodes (even
for thicknesses of several um) where special diagnostic
criteria have been proposed to ascertain the nature of the mass
transport regime in each time frame [39].

The chronoamperometric transients fit Cottrells’ plot
but with a corrected diffusion coefficient, which takes into
account the effect of migration, following the simulation
of Lange and Doblhofer [31]. The diffusion coefficient of
Fe(phen)32+ (DRred-hydrogel = 3.5 (£0.5) x 10% ecm? s
measured inside the hydrogel is ca. 80 times smaller than
the one measured in solution (Dgred-solution = 4.4
(£0.5) x 107°® ecm® s7'). The cyclic voltammogram mea-
sured in the presence of excess ligand could be simulated
with a simple electrochemical (£,.,) mechanism, but some
differences are observed in the current values due to mi-
gration effects [38]. Moreover, the voltammogram’s peak
currents could be fitted with Randles-Sevcik equation,
which means that they are linear with the square root of
the scan rate. However, the slope is different for the oxi-
dation than reduction, as predicted by the simulation con-
sidering migration effects [38].

The simple experimental setup allows probing hydrogels
having different chemical structures, different porosities, and/
or the effect of external parameters (pH, temperature, ionic
force, etc.) on the physicochemical properties of the hydrogel
matrix. It is noteworthy that the physicochemical properties of
the hydrogel matrix can be extensively characterized indepen-
dently, while that is not usually the case of polymer films
deposited on electrodes. Additionally, it is quite easy to load
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chemical substances inside the hydrogels [4]. Therefore, it is
possible to study the effect of the hydrogel matrix on the
electrochemical properties of different absorbed substances
by comparison with the response in solution. While this is also
the case for substances absorbed into films of polymers de-
posited onto electrodes, it is not the case for hydrogels with
covalent linked groups whose synthesis and characterization
are quite complex. Therefore, a wider diversity of hydrogels
and redox probes can be tested toward a better understanding
and more useful applications. Additional studies are being
performed along these research lines in our laboratory.
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