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One of the most intensively studied
areas in electroanalytical chemistry
for the past two decades has been
modification of electrode properties
by the immobilization of redox-ac-
tive species onto the electrode sur-
face by their incorporation into a
polymer (1-3). For example, one
common application has been the
immobilization of enzymes (to-
gether with mediators) for the elec-
trochemical detection of
biologically important species (e.g.,
glucose) (4). Thisarticlewill discuss
the electrochemical techniques that
are used to characterize these redox
polymers.

It is important at this stage to
differentiate between redox poly-
mers and conducting polymers. Re-
dox polymers contain spatially and
electronically localized redox sites.
These can be either covalently
bound to the polymer (e.g., polyvi-
nyl-pyridine or polymerized metal
bipyridine complexes) or electro-
statically bound (e.g., negatively
charged metal chloride or cyanide

This article discusses the different electroanalytical techniques that have
been used to characterize redox polymersimmobilized on electrode

surfaces.

complexes in protonated poly
[vinylpyridine] or positively charged
metal bipyridine complexes in
Nafion). In contrast, conducting
polymers (which will not be dis-
cussed in this article) contain delo-
calized electronic states.

The current response of redox
polymer films depends upon the
relative sizes of the diffusion layer
(the layer adjacent to the electrode
surface where the concentrations
differ from those in the bulk poly-
mer) and the film thickness @. There
are two limiting cases to consider—
semi-infinite diffusion (@>>9) and
thin-layer behavior (¢<<d). The cur-
rent responses for semi-infinite dif-
fusion are well-known from studies
of solution redox species, although
the mechanism for diffusionin poly-
mer films is different (vide infra),
and the diffusion coefficients for
polymer filmsgenerally afew orders
of magnitude smaller than those for
species in solution. In contrast, dif-
fusion is not important for systems
exhibiting thin layer behavior, since

the electroactive material immobi-
lized onthe electrode surfaceiselec-
trolyzed very rapidly when the
applied potential is changed.

Many redox polymers exhibit
behavior that is intermediate be-
tween these two limiting cases. This
behavior isreferred to asfinite diffu-
sion. Asdiscussed above, theimpor-
tant parameters in determining the
extent of diffusion effects are the
thicknessof thediffusion layer 6 and
the film thickness ¢. & depends upon
the diffusion coefficient (D) and the
experimental time scale t.. The ef-
fects of D, &, and ¢ can al be ex-
pressed using the dimensionless
variable Dt/¢?. If thisismuch larger
than 1 (large D, along experimental
time scale, and/or a thin film), then
thin layer behavior will be observed,
wheresas if it is much less than 1
(small D, a short experimental time
scale, and/or athick film), thesystem
will exhibit semi-infinite behavior.

In redox polymer films, D isre-
lated to charge transfer through the
polymer; for example, the rate of
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Cyclic voltammogram for
a ferrocyanide/
polyvinylpyridine film at a
scan rate of 20 mV s,
Reprinted from ref. 7 with
permission from Elsevier
Science.
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electron transfer between the elec-
trode surface and the redox centers
(5). There are two possible mecha
nismsfor this; physical motion of the
redox centers, and electron transfer
between adjacent oxidized and re-
duced redox centers (electron hop-
ping). This is in contrast with
diffusion in dilute solutions, which
is determined only by the physical
motion of the redox-active mole-
cules. The relative importance of
thesetwo mechani smsdependsupon
the system. For example, the pyri-
dine-pentacyanoferrate complex can
be either electrostatically-bound or
covalently-bound to a poly
(vinylpyridine) polymer, and it was
foundthat D for theelectrostatically-
bound system was two orders of
magnitude larger than for the cova
lently-bound system (6). Thisdiffer-
ence was attributed to the fact that
both mechanisms are possible for
electrostatically-bound redox cen-
ters, whereas physical motion is not
possible for covalently bound cen-
ters (other than the limited move-
ment allowed by segmental polymer
motion), and only the electron hop-
ping mechanism is possible.

Since electron transfer reactions
of redox polymers must be accom-
panied by counterion exchange be-
tween the polymer and the solution
(in order to maintain electroneutral -
ity), it is conceivable that movement
of these counterionswithin the poly-
mer film may be the current limiting
factor. However, it has been ob-
served that this movement is much
faster than the rate of electron trans-
fer, and hence haslittle effect on the
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current response. The rapid rate of
counterion diffusion precludes the
formation of electric fields within
the polymer film, and hence elimi-
nates any migration effects.

Cyclic Voltammetry

Cyclic voltammograms of redox
polymers are typically run at ver%/
slow scan rates (e.g., 5-10mV s7)
in order to observethin-layer behav-
ior (i.e, a long experimenta time
scale). The ideal cyclic voltammo-
gram run under these conditions
shows two symmetrical peaks, with
apeak potential separation of 0 mV,
and a half-peak width of 90.6 mV.
The cyclic voltammogram of ferro-
cyanide immobilized in
poly(vinylpyridine) exhibitscloseto
ideal behavior (F1) (7). However,
most redox polymers do not yield
ideal voltammograms; in particular,
the half-peak widths are generally
larger than 90.6 mV. This has been
attributed to repulsive interactions
between the redox centers (8) and
small variationsin thelocal environ-
mentsof different redox centers, giv-
ing riseto arange of redox potentials
(2,3). Interactions between redox
centers can be incorporated into the
model for the layer by using the
Temkin isotherm rather than the
Langmuir isotherm; this introduces
aparameter (g), which quantifiesthe
extent of the interactions.

It is also important to note that,
for thinlayer systems, cyclicvoltam-
metry is a coulometric experiments,
that is, all the redox centers in the
film are electrolyzed during the po-

tential scan. Therefore, based on
Faraday’s Law (Q = nFT'A), the
number of redox centers in a film
(TA) (whereT isthe surface cover-
agein moles cm and A isthe elec-
trode surface areaincm?), and hence
the charge storage capabilities of the
film, can be cal culated from thetotal
charge passed (Q). The concentra-
tion of redox species C can then be
caculated if the electrode surface
area and film thickness ¢ (measured
using e.g., ellipsometry and scan-
ning electron microscopy) are
known (C=TA/A@=T/¢). However,
it isimportant to note that the values
of the film thickness obtained from
these ex situ techniques may not ac-
curately reflect the thickness of the
film in the solution due to solvent
exchange upon immersion in solu-
tion, and the solvent and counterion
exchange that occurs as a result of
the electron transfer reaction.

An dternative method for plot-
tingacyclicvoltammogramisto plot
i/vvs. E,wherev isthescanrate. The
quantity i/v is referred to as the
pseudo-capacitance (or redox ca-
pacitance) AC of the film. Although
the film is not strictly a capacitor
(thereisno separation of charge), the
mathematical definitionissimilar to
that of a capacitor. AC is an alterna-
tive parameter for expressing the
number of redox centersin the poly-
mer film (i.e., the ability of the film
to store charge), and isrelated to I’
by the following equation:

22
"ET fa-f)

wheref isthe proportion of oxidized
species [Col(Cot+CRr)]. AC therefore
hasitsmaximumvalueatf=0.5(i.e.,
at the redox potential).

AC =

Chronocoulometry

The application of chronocou-
lometry to the study of redox poly-
mer films is based on the linear
relationship between the charge and
the square root of time (the Anson
plot). This relationship requires
semi-infinite diffusion, and hence
the time scales of these experiments
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Idealized Nyquist plot for a
redox active species in
solution.
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Randles equivalent circuit
for a redox active species
in solution.
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F4

Idealized Nyquist plot for a
redox polymer film.
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are short (typically lessthan one sec-
ond). D can be calculated from the
slope (S) of the Anson plot, based on
the following equation:

p = H-S
A OnFACQO
whereA istheelectrodesurfacearea,
and C is the concentration of the
redox centersin the film. It is often
difficult tocalculate C, sincethefilm
thickness must be known (vide su-

pra).
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Electrochemical Impedance
Spectroscopy

Electrochemical impedance spec-
troscopy (EIS) is based on the per-
turbation of a system at equilibrium
by a small amplitude AC potential
waveform (typicaly 5-10mV). Itis
therefore fundamentally different
from the two large amplitude tech-
niques discussed above in that the
perturbations to the system under
study are small. Another advantage
of EIS is that a range of different
experimental time scales are exam-
ined within the one experiment by
examining theimpedance of the sys-
tem over arange of frequencies. Fur-

thermore, the two parameters dis-
cussed above (I' and D) can be meas-
ured in the same experiment.

A common approach for the in-
terpretation of impedance spectrais
the method of equivalent circuits(9),
which states that the components of
an electrochemical and mathemati-
cal cell can be modeled using elec-
tronic and theoretical components:
that is, circuit can bebuilt that hasan
impedance spectrumidentical to that
of the electrochemical system under
investigation. There are two impor-
tant criteria for identifying the cor-
rect equivalent circuit:

1. There must be agood match
between the experimental
impedance spectrum and the
model impedance spectrum
over the entire frequency range.

2. Each of the electronic
components
of the equivalent circuit must
be related to one of the
parameters of the experimental
system.

As an example, let us consider
the impedance spectrum (expressed
asaNyquist plot) for aredox-active
species in solution (F2), which con-
sistsof asemi-circleat high frequen-
cies, and a straight line at low
frequencies. This system can be
modeled using the Randles circuit
(F3). The semi-circle at high fre-
quencies is related to the parallel
combination of the double-layer ca-
pacitance (Cy) and the charge-trans-
fer resistance (Ry), whereas the
straight line at an angle of 45° to the
x axisat low frequenciesisrelated to
the Warburg diffusion parameter. In
other words, at high frequencies
(short time scales), theimpedanceis
determined by slow electron transfer
kinetics, whereas at lower frequen-
cies (longer time scales), the imped-
ance is diffusion-controlled. Thisis
analogousto the variation of the cur-
rent response with scan rate for cy-
clic voltammetry; that is, the current
can be diffusion-controlled at slow
scan rates (long time scales), but in-
creasing the scan rate (shortening the
time scale) can lead to limitations by
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electron transfer kinetics. However,
whereas multiple cyclic voltam-
metry experiments must be run to
examine the effect of varying the
experimental time scale, a range of
different time scales can be exam-
ined in one EIS experiment.

As discussed above, one of the
factors that determines whether thin
layer behavior or semi-infinitediffu-
sion is observed is the time scale.
Since an EIS experiment has multi-
ple time scales, both can be ob-
served, and thisis shown in an ided
Nyquist plot for a redox polymer
(F4). At highfrequencies, theimped-
anceisagain determined by electron
transfer kinetics. Semi-infinitediffu-
sion is observed when the wave-
length of the AC potential is small
relative to the film thickness (i.e.,

intermediate frequencies) and is
again characterized by astraight line
at an angle of 45° to the axis. How-
ever, when the AC wavelength is
comparable with the film thickness
(lower freguencies), the system is
under thin layer conditions, whichis
characterized by a straight line per-
pendicular to the x axis.

The ideal impedance spectrum
of aredox polymer film can be mod-
eled using a modified Randles cir-
cuit (F5). The Warburg element for
semi-infinite diffusion has been re-
placed by the diffusion element Zp,
which is defined by the following
equation:

Zp = (J(j)”z coth[B(j w)” 2]

At large x, coth x = 1, hence

Modified Randles circuit
for a redox polymer film.
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Plot of Z versus w2 for a
polyvinylferrocene film
using data from the
semi-infinite region of the
spectrum. Reprinted from
ref. 10.
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F7

Plot of Z" versus w™ for a
polyvinylferrocene film
using data from the thin
layer region of the
spectrum. Reprinted from
ref. 10.
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which is a mathematical repre-
sentation of the Warburg impedance

(semi-infinite diffusion). At small x,
coth x = 1/x + x/3, hence
7= A LAB
joB 3

which corresponds to a series com-
bination of aresistance of AB/3 and
a capacitance B/A. The impedance
spectrum of such a series combina-
tion is a straight line perpendicular
tothex axis. For apolymer film, this
resistance is the film resistance Rr,
and the capacitanceisthe pseudo-ca-
pacitance AC discussed above (vide
supra).

Therefore, the important pa-
rameters that can be extracted from
the impedance spectrum of a redox
polymer are the charge transfer re-
sistance (Rct), the Warburg coeffi-
cient (o), the film resistance (Rf),
and the film pseudo-capacitance
(AC) (however, it should be noted
that, depending upon the time scales
of thevarious processes, not all these
may affect a given impedance spec-
trum). For an ideal system, these pa-
rameters can be derived from
equivalent circuits, or from specific
analysis of certain data segments.
For example, aplot of Z vs. w2 for
the region of semi-infinite diffusion
hasaslopeof o (F6), and aplot of Z"
vs. wl for thethin layer region hasa
slope of AC1 (F7) (10).

Once these parameters have
been extracted from the impedance
spectrum, they can be used to calcu-
|ate D using the relationships bel ow.

_B*_10¢
o= =3kl
_ 1 ®
O_AC\E'%W@

These calculations actually gen-
erate a value for (¢/D¥2), and other
methods must be used to calculate or
estimate ¢. The ambiguities associ-
ated with such measurements (vide
supra) limit the accuracy of the val-

Zp =
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Impedance spectrum for

an osmium/polyimidazole
polymer film.
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ues of D obtained using impedance
spectroscopy.

The ideal impedance spectrum
shown in F4 is rarely observed for
real redox polymers. For real sys
tems, thelow frequency limitistypi-
cally astraight line at aangle of less
than 90° with the x axis (in addition,
the angle of thelinein the semi-infi-
nite region may be less than 45°),
due to non-idedlities in the finite
boundary (F8) (11). This behavior
can be modeled by replacing the fi-
nitediffusion (coth) element used for
theideal circuit by the elements that
define the limiting cases; that is, a
Warburg impedance (for semi-infi-
nite diffusion) and a series combina-
tion of resistor and a constant phase
element (which is used to model
non-ideal capacitive behavior) (12).

It is interesting to compare the
vaues for AC calculated from im-
pedance and cyclic voltammetric
data, since they should be identical.
For systems where there is little in-
teraction between the redox centers
(e.g., ferri/ferrocyanide in poly
[vinylpyridine] [7]), there is good
agreement between thedatafromthe
two experiments. If there is some

interaction between centers, then,
for some systems (e.g., osmium
bipyridine complexes covalently
bound to poly[vinylpyriding] [8]),
good agreement is again possible if
a factor is included in the calcula-
tions to account for these interac-
tions. However, for other systems
(e.g., iridium hexachloride in poly
[vinylpyridine] [7]), there is good
agreement when the concentration
of redox centers is low, but poor
agreement at higher concentrations.
The reasonsfor thisbehavior are not
yet fully understood (13).

To summarize the above discus-
sion, there are two important pa-
rametersthat definethe properties of
redox polymers—thediffusion coef-
ficient for electron transfer, and the
redox capacitance (charge storage
ability) of the film. These can be
measured using DC techniques (cy-
clic voltammetry and chronocou-
lometry), but there can be some
advantage to measuring these pa-
rameters using electrochemical im-
pedance spectroscopy, since values
for both parameters can be extracted
from one experiment. These two pa-
rameters can have important practi-

cal applications. For example, the
ability of a given redox polymer to
act asmediator for an enzyme-based
biosensor can be determined by the
rateat whichtheactivity of theactive
site is restored by electron transfer.
The energy storage capabilities
(which are related to their charge
storage capabilities) of redox poly-
mer films are also of considerable
interest.
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