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Chapter

Electrochemical Preparation and

Characterization of Chemically
Modified Electrodes

Kenneth L. Brown

Abstract

This chapter will focus on the use of electropolymerization schemes and reac-
tions to modify electrode surfaces with organo- and organometallic compounds
such as metal(II)-4, 9, 16, 23-tetraminophthalocyanines and metal complexes of
5-amino-1, 10-phenanthroline. The chemical modification described herein focuses
on the formation of polymer films on electrode surfaces. In addition, the charac-
terization of such films using cyclic voltammetry, chronoamperometry, chrono-
coulometry, and electrochemical impedance spectroscopy will be a key emphasis
within this chapter. A brief review of the literature concerning these techniques
along with relevant compounds that have been used in studies related to these
voltammetric techniques is presented.

Keywords: electropolymerization, cyclic voltammetry, polymer films

1. Introduction

Chemically modified electrodes (CMEs) over the last decade has continued to
spark considerable interest in analytical chemistry with respect to electrocatalysis,
development of new electrochemical and spectroelectrochemical sensors, and
electrochromic displays, just to name a few. Since the novel work by Lane and
Hubbard involving chemisorbed metals on platinum electrode surfaces, numerous
methods have been developed to immobilize species onto a variety of electrode
surfaces. These modification techniques include covalent attachment, spin coating,
electropolymerization, and others.

2. Significance of electrode modification

The significance and role of chemically modified electrodes (CMEs) to catalyze
or modify the rate of chemical reactions has been extensively surveyed for a num-
ber of applications [1-4] . The methodology for modifying an electrode surface has
a significant impact on its short-term and long-term use in analytical applications.
Many of these applications involve the detection of different types of analytes,
including transition metal ions, peroxides, anions, and organic species [5-8].
Understanding the properties of a chemically modified electrode such as mecha-
nisms of charge transfer, electrode stability in different chemical environments
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such as low and high pH certainly lays a foundation for developing methods based
on certain types of reactions (e.g., chemiluminescence).

Immobilized species on electrode surfaces can be composed of several monolay-
ers or several thousand monolayers, as in the case of electropolymerized thin films
[1]. The electrode modification procedure is tailored to control charge transfer
rates for specific applications such as (1) electrocatalysis, (2) solar energy conver-
sion, (3) improving electrode stability, (4) development of sensors/biosensors,

(5) directed and controlled mediated charge transfer, and (6) electrochromism for
color displays which are potential dependent [9-13]. Such applications are usually
based upon the charge-transfer properties of the compound immobilized on the
electrode. Presently, many applications involve the use polymeric multilayered thin
films, which may be loaded ionomers, redox polymers, or electronically conducting
polymers. Some of the methods for modifying electrodes include chemisorption,
covalent binding, vacuum deposition, electroplating, electropolymerization, and
others [14-20].

One of the benefits of using electropolymerization reactions to modify electrode
surfaces is the ability to change the properties of the polymer film by changing
the experimental conditions (e.g., scan rate in cyclic voltammetry); the ability to
chemically modify irregular shaped electrodes, and the ability to tailor an electrode
surface for specific applications.

Electropolymerized thin films as selective reagents on various surfaces have
been at the forefront in designing amperometric sensors. Two significant advan-
tages of using electropolymerized thin films and coatings in electrochemical
amperometric sensors and spectroelectrochemical sensors are the ability to (1)
better control the chemical and physical nature of the reaction system, and (2)
provide a much higher “effective concentration” per unit area for reactions to occur.
The challenge in designing polymeric films is tailoring the molecular architecture
to control and direct chemical reactivity with selected compounds [17, 18]. One of
the most widely used methods in developing polymeric films on various electrode
surfaces is electropolymerization via cyclic voltammetry [19, 20]. This technique,
under consistent experimental conditions, produces a polymeric film consistent in
molecular architecture and reactivity toward specific compounds.

The electrochemical reactivity of specific compounds toward polymeric films is
influenced by a variety of factors such as polymer lattice orientations, film thick-
ness, solvent content within the film, and counterion ingress and egress into and
out of the polymeric film [19, 20]. A number of electrochemical and hyphenated
electrochemical techniques have been used to characterize chemically modified
electrodes and these include cyclic voltammetry, square wave voltammetry, spectro-
electrochemistry, electrochemical quartz crystal microbalance, and electrochemical
impedance spectroscopy, just to name a few.

3. Classification of polymer modified electrodes
3.1 Loaded ionomers

These polymer coatings are polycation or polyanion ion-exchange polymers,
which contain electroactive species. The ion-exchange polymer is attached to an
electrode via solvent evaporation or spin coating which is then dipped into a solu-
tion containing electroactive species. The electroactive species are essentially bound
to the ion-exchange polymer through electrostatic forces. One of the most popular
and extensively used ion-exchange polymers is Nafion, a perfluorosulfonate
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ion-exchanger [9]. Other ion-exchange polymers which have been investigated are
protonated forms of poly(vinylpyridine), and poly-N-methylpyrrole with immobi-
lized poly(4-styrenesulfonate) ions as a cation-exchanger [9].

Anson and Oyama utilized protonated forms of poly(4-vinylpyridine) as cation
exchange polymers to incorporate Ru’*, hexacyanoferrate (Fe (CN)&~"*~, and hexa-
chloroiridate (IrCle>~">7) [10]. Maksymuk and Doblhofer used poly-N-methylpyrrole
with immobilized poly(4-styrenesulfonate) ions as a cation-exchanger to incorpo-
rate Fe(CN)™*, Ru(NH;) **, Eu®>*/Eu®, Co(en);>*'*, and Fe(C,0,)5> "+ [11].
The electropolymerization of pyrrole, aniline, or N-methylpyrrole in the presence
of polyanions such as poly(vinylsulfate), and poly-(stryrenesulfonate) forms an
ion-exchanger, which is electroactive over a wide potential range [9]. Other workers
have incorporated electroactive inorganic cations such as Co(2,2’-bipyridine)s**, and
Ru(2,2’-bipyridine)32+ into polystyrene sulfonate [12]. The widely used Nafion has
been utilized by Yagi and co-workers to investigate the charge transfer properties of
tris(2,2'-bipyridine) Ru** [13]. The charge transport parameters are based upon two
processes, namely, physical displacement of the electroactive center, and electron
hopping or electron self-exchange between electroactive centers [9]. Although this
method is useful in studying charge transport properties of redox active species
within membranes, it suffers from a major disadvantage in that the electroactive
species are not irreversibly bound to the ion-exchange matrix, and consequently
leaches out into the solution.

3.2 Redox polymers

Polymer films with redox-active centers covalently bound to a redox inactive
polymer organic moiety is a redox polymer. These polymers can be synthesized in
large quantities, and then immobilized onto electrode surfaces by spin coating, or
dip coating. One major obstacle associated with using preformed redox polymers
is its low solubility in solvents. The solvent must evaporate when using spin coat-
ing, dip coating, or solvent evaporation methods in order to leave the preformed
polymer on the electrode surface. The mechanism of charge transfer has been exclu-
sively identified as electron hopping or electron self-exchange between neighboring
redox centers. Such polymers only show conductivity over a limited potential
range. Shgehara and co-workers incorporated Fe(CN)s*~ into poly(4-vinylpyridine)
via coordination, and attached the polymer to graphite electrodes by solvent
evaporation [21].

One of the most successful and appealing ways to form redox polymers on
electrode surfaces is through electropolymerization using cyclic voltammetry.
Electropolymerization is an attractive approach because it allows film thickness
to be consistently reproduced, and monitored. In addition, electrode coverage is
normally complete after many scans, and requires many layers because the poly-
mer may not grow in regular layers. This gives rise to what is commonly called a
multilayered polymeric thin film. As mentioned previously, these electrodes show
a greater electrochemical response than monolayer coverages. Multilayered films
have more electroactive sites in the form of layers and as many as 1000 layers can
be formed on a single electrode surface [1, 22]. Iron and ruthenium complexes of
2,2'-bipyridine have been electropolymerized on platinum, glassy carbon, and
metal oxide electrodes by Ellis and Meyer to selectively direct charge transfer
to redox species in solution [23]. The same research group performed oxidative
electropolymerization of ruthenium complexes of 4-aminopyridine, 3-aminopyri-
dine, and 5-amino-1,10 phenanthroline [24]. Metalloporphyrins have been used
in electropolymerization by several research groups. Derivatives of nickel(II) and
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cobalt(II)-tetraphenylporphyrins with amino-, hydroxy-, and pyrrole-, substituents
have been electropolymerized by Murray and co-workers [25]. Such compounds are
used because of their rich chemistry in terms of electron transfer properties. These
type of compounds can be used as possible catalysts since the central metal ion is
capable of axially coordinating with extra ligands. The mechanism(s) for generating
polymeric multilayered films are based upon similar principles of either forming
radical cations or anions which couple together. This process is looked into further
under the discussion of “electropolymerization reactions.”

3.3 Electronically conducting polymers

Electronically conducting polymers are marked by extended n-electron sys-
tems which are delocalized. These are can be formed in a similar manner as redox
polymers using electropolymerization schemes. One of the first compounds to be
used in forming these polymers was pyrrole by Diaz and Kanazawa [26]. Later,
other research groups explored aniline, furan, and other heterocyclic aromatic
compounds for electropolymerization. The polymerization of these compounds
proceeds by the mechanism(s) similar to derivatives of metalloporphyrins. For
example, pyrrole forms polymeric films via radical cation intermediates. In all
cases, electropolymerization is governed by Faraday’s Law and hence it is easy to
monitor film thickness.

Charge transport within the electropolymerized film is attributed to interchain
electron hopping coupled the egress or ingress of counterions to maintain charge
electroneutrality during electrochemical characterization or stimulation. The chain
alignment plays a significant role in the kinetics of charge transfer, and the conduc-
tivity of these films. Film thickness can be an important factor in designing sensors
because analytes may penetrate through the film to the electrode surface, partially
through the film, or to the film solution interface in order to undergo a charge
transfer electrocatalytic reaction [11].

4. Electropolymerization reactions

Electropolymerization can be performed using cyclic voltammetry (CV)
wherein experimental CV conditions such as scan rate, number of cycles, and the
potential window all affect the overall composition of the resultant polymeric thin
films. Electropolymerization reactions are first preceded by a small of amount of
adsorption onto the electrode surface. In order for a monomer to be electropo-
lymerized on an electrode surface, it must possess functional groups which can
be oxidized or reduced via a n* molecular orbital or non-bonding electrons on a
heteroatom. The most common functional groups noted to facilitate electropoly-
merizations reactions are amino-, hydroxy-, and vinyl groups. In these instances,
there is a lone pair of electrons or a n-electron system available. These organic
moieties give rise to radical cations or anions depending upon whether oxidation
or reduction is the initiation step. These radical species couple at the electrode
surface, and undergo redox processes to generate the thin film. The conductivity of
the developing film on the electrode surface serves to mediate charge transfer at the
film-solution interface so that more monomers can be incorporated into the grow-
ing film. Statistically, increasing the number of aforementioned functional groups
on a compound favors the formation of radical species and a heavily cross-linked
polymer film. In addition, multiple functional groups on the monomer for initiating
polymerization reactions promote the correct orientation for the incorporation of
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monomer units into the growing polymer film. This is significant when one consid-
ers how the electrode surface can be fully covered with up to 1000 monolayers.

4.1 Oxidative electropolymerization

Oxidative electropolymerization can be performed when compounds have such
substituents such as amino-, and hydroxy- groups. It has been well-established that
with such functional groups electropolymerization proceeds by oxidation involving
the lone pair of electrons on the heteroatom [27]. The electrooxidation of aniline
(1) in Figure 1, via the lone pair of electrons of the nitrogen yields the radical cation
(2). The radical cation (2), loses a proton (3), and then undergoes radical coupling
to form (4). The dimers are oxidized to form N=N double bonds (5).

Our research group has applied this mechanism to the electropolymerization of
metal (II)-tetraaminophthalocyanine [M(II) TAPc] to prepare polymer thin films.
For compounds such as M(II) TAPc multiple amine sites allow polymerization to
continue, and film thickness to increase with greater crosslinking; the initiation
step for generating poly-M(II) TAPc begins with an electrochemical oxidation of the
amino- substituent that produces a radical cation. In the electropolymerization of
zinc, and cobalt-tetraaminophthalo-cyanine shown in Figure 2 using cyclic voltam-
metry, three reversible redox couples were identified [28, 29]. All electrochemical
transformations within the zinc complex occur on the ligand system whereas
CoTAPc has redox reactions on the ligand and central metal. The nonzero current of
these polymer films at the negative switching potential is the result of the capaci-
tance of the polymer films due to extensive crosslinking facilitated by the multiple
amine sites on the compound. Metal complexes of ruthenium and iron involving the
5-amino-1-10-phenanthroline ligand shown in Figure 3 have been electropolymer-
ized onto glassy carbon, platinum, and ITO electrode surfaces.

These films on indium tin oxide surfaces demonstrate reversible electrochromism
when the applied potential changed from 0 to 1.50 V (vs Ag/AgCl in 3 M KCl). Several
research groups have shown that the electropolymerization of these complexes
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Figure 1.

Electropolymerization reactions of aniline.
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Structure of metal(I)-4, 9, 16, 23-tetraaminophthalo-cyanine [M(II) TAPc] and corresponding
electropolymerization reactions.

NH,

Figure 3.
Structure of 5-amino-1, 10-phenanthroline ruthenium (II).

proceeds in a similar manner as the TAPc metal complexes (Figures 4 and 5) but the
electrochemical reversibility is more noted with the 5-amino-1-10-phenanthroline
ligand.
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Figure 4.
Electrochemical initiation step involving the 5-amino-1, 10-phenanthroline ligand.
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Figure 5.
Cyclic voltammogram of the electropolymerization of 5-amino-1, 10-phenanthroline iron (II).

5. Characterization of chemically modified electrodes

Chemically modified electrodes have been characterized using a variety of electro-
chemical, spectroscopic, mechanical, and hyphenated electrochemical-spectroscopic
techniques. The most notably electrochemical characterization tools are cyclic voltam-
metry, chronocoulometry, quartz crystal microbalance, electrochemical impedance
spectroscopy, and spectroelectrochemistry. Using a dynamic potential scanning
method such as cyclic voltammetry provides both quantitative and qualitative data on
the nature of electropolymerized films. For example, when characterizing polymer
films using cyclic voltammetry, it has been well-established that the peak width
at half-height for cathodic and anodic peaks is 90.4 mV/n, where n represents the
number of electrons involved the redox transformation. However, many electropo-
lymerized films have peak widths at half height that exceeds 90.4 mV/n (Figure 6).
This is indicative of repulsive or attractive forces in the film or the presence of non-
equivalent redox sites within the film. The electrochemical response of these films is
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Figure 6.
Characterization of 5-amino-1, 10-phenanthroline ivon (II) polymer film on a glassy carbon electrode.

the result of electron self-exchange reactions, or “electron-hopping” within the film.
Concomitantly, egress or ingress of counterions from the polymer film or supporting
electrolyte solution, respectively occurs when the film is oxidized or reduced using
cyclic potentiodynamic conditions.

Electrochemical quartz crystal microbalance (EQCM) during CV studies have
been used to determine the number of ions and associated solvent molecules enter-
ing or leaving polymer film as the films become oxidized or reduced. This provides
a better understanding of the composition of polymer films real-time when they
undergo a redox transformation. Cyclic voltammetry coupled with chronocoulom-
etry has been used to determine the apparent charge transfer coefficient for electron
hopping-self-exchange reactions for polymer films. Electrochemical impedance
spectroscopy is widely used to study thin dynamics, corrosion of surfaces, to guide
the development of sensors and biosensors, and a host of other applications.

5.1 Electrochemical quartz crystal microbalance studies

Quartz crystal microbalance (QCM) studies are based upon a deviation of the
oscillation resonant frequency of a quartz crystal when the mass of the crystal
changes. Oscillation frequency decreases as mass of the crystal increases. The instru-
mentation is sensitive enough to monitor the adsorption of gases onto the surface of
the quartz crystal. When electrochemistry is combined with QCM as a hyphenated
technique (EQCM), simultaneous iz situ electrochemical and mass measurements at
electrode surfaces are possible which allows electropolymerization mechanisms to
be studied [30, 31]. Using EQCM it would be possible to determine the potential that
causes the initiation step for electropolymerization and to determine the amount
of material deposited on the electrode surface. It has been shown that reduction or
oxidation processes occurring within a polymer film require that charge electro-
neutrality be maintained within the film. This necessitates the egress or ingress of
solvated counterions with respect to the film, which can cause the film to swell.

2
Ahﬂ (1)
A(p)?
Af:MCf)(Q) (2)
nF

This impacts charge transfer within the films and may reduce the mechanical
stability of the polymer film and adhesion of the polymer film to the electrode.
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Research groups have used EQCM, an in situ mass measurement-electrochemical
method, to monitor ion transport, solvent transport, and charge transfer properties
within the films. The goal for these studies is oftentimes to discriminate between
solvent movement and ionic movement within the films that should provide insight
into whether or not charge transfer and charge electroneutrality within the films

is limited by counterion movement within the films. The relationship between the
change in frequency (Af) and the change in mass (Am) of a coated quartz crystal is
given by the Sauerbrey equation (Eq. (1)) [32], where p and p are the shear modulus
and density of the quartz crystal, respectively. Eq. (2) is used to determine the
apparent molar mass of the species causing the mass change where Cs is the mass
sensitivity constant for the crystal. The applicability of this equation for solutions
requires a uniform distribution of material across the surface of the crystal. In
addition, the film must be rigid enough at all oxidation states to avoid dampen-

ing the shear wave that is applied to the crystal (i.e., the coating does represent a
viscous medium) [30, 31]. First, in order to validate the Sauerbrey equation, films
of various thicknesses based on the monomers are prepared. It is beneficial to use
Atomic Force Microscopy (AFM) to verify that the material is uniformly distributed
on the surface. Establishing a linear correlation between film thickness and Af allow
researchers to determine the rigidity of the film, and validate the applicability of
the Sauerbrey Equation [32]. Based upon Egs. (1), (2), it is possible to determine the
molar mass, and hence, the species causing the change in mass of the film. For each
cyclic voltammetric characterization of polymer film, peak separation values of the
redox couples, with respect to scan rate and number of electropolymerization cycles
can be evaluated to determine polymer film dynamics and characteristics. At low
scan rates of cyclic voltammetric characterization, peak separation values should be
near 0 V for facile charge transfer of materials immobilized onto electrode surfaces,
which indicates Nernstian equilibrium with a applied potential. However, a con-
stant low scan rate of characterization, with increasing film thickness may increase
the peak separation due to limitations of charge transfer, ionic mobility, or polymer
lattice motions necessary to accommodate charge transfer. Atomic force microscopy
and SEM measurements provides information on changes in polymer structure
after cyclic voltammetric characterization of the films and can be compared to
EQCM measurements.

5.2 Determination of the apparent charge transfer diffusion coefficient

For the electrochemical characterization of the polymer films, the apparent
charge transfer diffusion coefficient for a polymer thin film of a given thickness
can be determined through chronoamperometric-coulometric methods, using the
Cottrell equation (Eq. (3)) [28].

1 1

_nFAD2Cm2
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The current response for an electroactive compound is given by the Cottrell
equation where C and D,, are the concentration (mol cm™) of redox species and
apparent charge transfer diffusion coefficient (cm®s™"), respectively. The other
symbols have their normal electrochemical convention. The slope of the linear plot,
I versust 2, allows the product D,,”C to be calculated. Recently, we have shown
that AFM can be used to determine film thicknesses and surface roughness factors
for both redox polymer films and organic conducting polymer films and these

I 3)
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properties change as the number of electropolymerization cycles change. Using
the film thickness, the concentration of redox species and hence D,; can be deter-
mined. The product of D,,”*C can also be evaluated from CV characterization data.
If the mechanism proposed by Engler and Kaufman is followed for these systems,
the redox sites in metal containing films that are near the outer boundary at the
solution-film interface are reduced and oxidized via electron transfer between
neighboring redox centers [19, 33]. The value of D,, is then translated to the rate of
electron transfer which may be influenced by counterion ingress and egress from
film, solvent content within the film, and polymer lattice orientations, any of which
could be rate determining for the electron transfer. Interpretation of D, values

for the polymer films provides information on the maximum limits for electron
transfer rates with an electroactive analyte in solution.

5.3 Rotating disk electrode voltammetry

Several possibilities exist for electron transfer between the analyte in solution
and the polymer film and will affect the reaction between the redox mediator and
the respective analyte. The analyte may penetrate to the electrode-film interface,
several monolayers into the film, or interact with the film-solution interface.
Koutecky-Levich plots [34] can be obtained from the polymer films on rotating disk
electrodes at various rotational velocities (w), and concentrations (C;) of analyte
(i.e., glucose, hydrazine, and metal ions). Analyzing variable film thicknesses helps
determine if electron self-exchange in the polymer film or diffusion of analyte
through the polymer film is rate limiting. This helps elucidate the kinetics of analyte
reduction or oxidation. The overall current in the RDE method is composed of a
catalytic current (I,), kinetic current (Ii), and Levich current (I;.,), as shown in
Egs. (4)-(6). The catalytic current is derived from the mediated charge transfer
reaction, the kinetic current from the cross exchange reaction between the poly-
mer film and analyte, and the Levich current from the mass transfer of analyte in
solution [34].

.1 @)
lat  lev Ik
s 24 )
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Extrapolation of the linear plot of 1/I, with respect to 1/ "% should give an

intercept of 1/I; when extrapolated to ® 12 _ 0 to determine the rate constant, ki,
for the cross reaction between the analyte and polymer film. For these experiments,
films of different thicknesses prepared on electrode surfaces and the currents from
the RDE measurements helps determine if the current response is diffusion limited
for the analyte.

5.4 Electrochemical impedance spectroscopy
Electrochemical impedance spectroscopy (EIS) has been used by a variety of

researchers to study charge transfer processes at electrode/solution interfaces, ionic
transport within films, and diffusion mass transport processes [35]. Corrosion is
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Figure7.
Electrochemical impedance spectroscopy of electropolymerized film of 5-amino-1, 10-phenathroline-iron(II) on
a glassy carbon electrode.

another area of intense research and makes extensive use of EIS measurements [36].
Using EIS it is possible to detect flaws in coatings on metals and to determine when
a coating on a metal and alloy surface fails. Electrochemical impedance measure-
ments are used to better understand how sensors operate theoretically by building
equivalent circuits for charge transfer processes, mass transport processes, and
ionic migration. Some films within electrochemical sensors become porous due to
analyte diffusion and/or migration effects after extended use and EIS can be used to
evaluate changes in morphology of the films that in turn affect sensor and biosensor
performance. Electrochemical impedance spectroscopy employs alternating circuit
(AC) theory to electrochemical cells [37, 38]. That is, an electrochemical cell can be
modeled with electrical components consisting of resistors, capacitors, and induc-
tors in a series or parallel arrangement. However, in complex systems, the arrange-
ment of the equivalent circuit design is generally a series—parallel combination
arrangement. Electron flow in an electrochemical sensor can be hindered via slow
heterogeneous or homogeneous kinetics, slow diffusional or migration processes, or
morphological changes in the films used. This total impedance is the combination of
resistors, capacitors, and inductors. In EIS, an AC signal of approximately 5-20 mV
is superimposed on a DC component of the electrochemical system that provides a
pseudo-linear response over a wide frequency range. Films characterized with EIS
ideally show charge transfer resistance (Rct), which is given by a semicircle and the
semicircle intersects the real-Z’ axis at high frequencies. At lower frequencies, when
time is allowed for diffusion effects to be realized, a Warburg impedance dominates
the charge transfer process as shown in Figure 7. Impedance measurements will also
provide information about the porosity of films before and after use by determining
the pore impedance (Zr.). A time profile of Z,. will indicate: (1) formation of
pores, (2) collapsing of pores, or (3) constant pore structure [37].

6. Conclusion
An effective method of altering the properties of an electrode surface to pre-

pare chemically modified electrodes is through the use of electropolymerization
reactions. Electropolymerization by cyclic voltammetry as opposed to constant

11
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potential or constant current depositions is more advantageous because there are
certain energy requirements associated with propagating the electropolymerization
that can be better achieved if a potential window is scanned. In addition, much
information can be gained through cyclic voltammetry such as electropolymeriza-
tion mechanistic pathways that cannot be attained using other deposition methods.
Furthermore, these schemes allows irregular-shaped electrodes to be effectively
covered with polymer thin films for placement in flow systems using chemically
modified systems as part of the detection system and for the development of sen-
sors and biosensors.

A number of electrochemical hyphenated techniques have been used to charac-
terize chemically modified electrodes. Oftentimes, several electrochemical experi-
ments using different methods must be used to fully understand the dynamics
of charge transfer for these electrodes when they are used in the development of
amperometric sensors and biosensors. For examples, quartz crystal microbalance
when combined with cyclic voltammetry (EQCM) can provide real-time informa-
tion about mass changes during electrochemical stimulation of chemically modified
electrodes. One goal of electrochemical characterization of thin films is to correlate
the properties of the polymer films to the processes occurring during the electropo-
lymerization when the polymer film is prepared. One technique, electrochemical
impedance spectroscopy, which is typically used to understand corrosion has been
used to provide a clearer picture of the factors limiting charge transfer processes
at the chemical modified electrode surfaces. Using this method, one experiment
has the capability to give information equivalent to several experiments in cyclic
voltammetry and chronocoulometry. However, no one electrochemical technique
can provide all the information necessary to understand the dynamics of electron
transfer phenomena within or at chemically modified electrode surfaces.
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