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26.1
Introduction

Characterization of thin and ultrathin polymer films has always attracted great and
widespread interest, both for fundamental intellectual and technological challenges,
to chemists, materials scientists, physicists, and engineers. This interest stems
from their usefulness to a wide range of technological applications that include
photolithography, liquid-crystal displays, sensors, or antireflection coatings, among
others. Furthermore, as very thin films are incorporated into device applications, it
is also necessary to have a better understanding of their physicochemical properties.
A more detailed knowledge of the characteristics of polymers deposited on solid
substrates is critical for understanding and improving the performance of polymers
in numerous applications and is also necessary for further work directed toward the
molecular design of soft surfaces. As is well known in the science and technology
of surfaces, unraveling and quantifying the physicochemical details of processes
occurring within a thin polymer layer is often a challenge. In this regard, impedance
spectroscopy is increasingly recognized as a very powerful technique for studying
and characterizing thin polymer films deposited on solid supports. Herein, we
review some of the basic aspects of electrochemical impedance spectroscopy (EIS)
as well as a critical examination of key examples from the literature illustrating its
use to investigate polymer brushes. From these examples it is hoped that the reader
will get an understanding not only of the information that can be obtained from
EIS but also of the way in which this readily available electrochemical technique
can open new opportunities to explore the physical properties of surface-confined
macromolecular architectures.

26.2
Electrochemical Impedance Spectroscopy—Basic Principles

EIS is a versatile method for probing the features of surface-modified conducting
supports [1]. A small-amplitude perturbing sinusoidal voltage signal AV(t) is
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applied to the electrode surface, and the resulting current response AI(t) is
measured. A quite complex response in the time domain is obtained when the
perturbation is not sinusoidal, but of some other function of time t. The response is
found as the solution of (a set of) differential equations. A relatively simple method
to find a general solution is the method of Laplace transforms. In formal notation,
with £ = the Laplace operator and s = the Laplace parameter:

AV = AV(Y), L(AV) = AV(s)
AT = AI(), L(AL) = AI(s)
For small perturbations, that is, a linear system, the impedance is the ratio of

the Laplace transforms of potential and current oscillations with time around the
steady-state values;

AV(s)
Z(s) =
Al(s)
With s = jo the complex impedance can be written as (Equation 26.1)
AV(jo) .
Zlie) — _ 7. Z 26.1
(1) = Ry = Zele) +i%m(o) (261)

where j = /—1, = 27tf (in radians/second), and f is the excitation frequency (in
hertz). The complex impedance can be represented as the sum of the real, Z,.(w),
and imaginary Ziy,(w) components that originates from the interfacial relaxation
processes.

One approach to model the impedance of the processes taking place at the
interface uses circuit analogs or equivalent circuits that describe the experimental
impedance spectra. A most popular equivalent circuit is that initially introduced
by Randles [2], commonly used to model interfacial phenomena, that includes the
ohmic resistance of the electrolyte solution (Rs), the Warburg impedance (Zy)
resulting from the semi-infinite diffusion of electroactive species from the bulk
electrolyte to the electrode interface, the double layer capacitance (Cq) and the
electron transfer resistance (Re), that represents the charge transfer process of a
redox probe at the surface (Figure 26.1).

The parallel connection between the elements Cyg and Zw + Re indicates that
the displacive current (associated with the charging process of the interfacial
capacitance on the gold surface) and the faradaic current (due to diffusion and
charge transfer of the electroactive species) are considered independent of one

Figure 26.1 Typical Randles equivalent
circuit at a gold electrode commonly used
in impedance-spectroscopy studies includ-
ing (a) the double-layer capacitance or (b)
a constant phase element (CPE).
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another and so the total current through the working interface is the sum of the
two distinct contributions [3]. Provided that all of the current must pass through
the uncompensated resistance of the electrolyte solution, Ry, is inserted as a series
element in the circuit.

Constant-phase elements (CPEs) are used extensively in equivalent electrical
circuits for fitting experimental impedance data exhibiting frequency dispersion.
The CPE behavior is generally attributed to distributed surface reactivity, surface
inhomogeneity, roughness or fractal geometry, electrode porosity, and to current
and potential distributions associated with electrode geometry. The frequency
dispersion is generally attributed to a “capacitance dispersion” expressed in terms
of'a CPE.

CPE = A ! (jw)™ (26.2)

The CPE is represented by two parameters, A and n [3].

A complex-plane representation for impedance data according to the Randles
circuit (Nyquist plot) is shown in Figure 26.2. A typical EIS response describes a
semicircle region followed by a straight line. The semicircle region (obtained at
high frequencies) corresponds to the electron-transfer-limited processes, whereas
the straight line with —45° slope (low frequencies) represents semi-infinite linear
diffusion or Warburg diffusion. Hence, the electron-transfer kinetics and the
diffusional characteristics can be extracted from the EIS data. The semicircle
diameter represents R whereas the intercept of the semicircle with the Z.-axis
for @ — oo corresponds to the solution resistance, R;.

Even though simple inspection of Nyquist plots for experimental data gives
a broad hint of the type of processes taking place at the electrode surface, the
computational fitting of the experimental data in accordance to the theoretical
impedance of the equivalent circuit allows quantitative values to be obtained for
the macroscopic circuit parameters that are related to the interfacial processes.

(a)

~Z /O

Z,/Q
Figure 26.2 Simplified schematic repre- and the interfacial electron transfer and (b)
sentation of a Nyquist plot describing the a modified electrode in which the impedance
impedance spectra of (a) a modified elec- response is mostly dominated by the interfa-
trode in which the impedance response is cial electron-transfer process.

governed by diffusion of the redox probe
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26.3
Electrochemistry as a Tool to Characterize Thin Polymer Films

Electrochemical measurements were employed in the past in highly specialized
fields. More recently, this situation has changed quite rapidly, being applied
toward interdisciplinary research. The two central aspects of this change are: (i)
the use of nonelectrochemical techniques in electrochemical studies (e.g., in situ
techniques) and (ii) a tendency to use electrochemical tools in numerous scientific
fields, with particular emphasis on surface and materials science [4]. Among the
different electrochemical techniques, EIS has become particularly valuable to many
scientists in the soft-matter community as an alternative characterization method
complementing the information achieved using other techniques. EIS has been
recently employed to study a wide range of soft-matter-based systems [5], but this
chapter will focus on surveying recent progress made in the field of polymer brushes
since they represent key building blocks to construct highly functional thin films.
Due to the increasing interest from the macromolecular and materials-science
community, particular emphasis will be placed on the application of EIS to study
their responsive properties under different environmental conditions. When a
polyelectrolyte (PE) brush grafted to a conductive surface comes into contact
with an electrolyte solution the resulting system acts as a “modified electrode.”
Here, EIS serves as a sensitive probe of structural changes in the macromolecular
array and provides an initial assessment of brush permeability. Consequently, the
technique may be used to characterize not only structural features of the brush
but their impact on permeation and reaction of redox probe molecules at the
substrate/brush interface, as well. The conformation of the polymer chains in
the brush depends strongly on external conditions; especially the ionic strength of
the surrounding medium. Thus, conformational changes of the brush may slow
down permeability and electrochemical reaction rates. EIS is ideally suited to the
study of these steps of the global process in a single experiment, while separating
the individual contributions when they exhibit different relaxation time constants.

The typical reaction considered to measure the impedance response of the
modified electrode is the reduction of ferricyanide at potentials sufficiently cathodic
to allow the anodic reaction to be ignored, yet sufficiently anodic to avoid reduction
of oxygen (as a side reaction). Under these conditions, the reaction

ke
Fe(CN),>~ +e” = Fe(CN)*~ (26.3)
a
provides an example of a first-order reaction involving mass-transfer-limited species
undergoing a subsequent charge-transfer step.

The barrier effect of a grafted film or deposited multilayer is usually qualitatively
analyzed in terms of the voltammetric response of the bare electrode relative to
the response of the film-covered electrode (Figure 26.3). Thus, the voltammogram
of the Fe(CN)¢*>~/*~ redox system presents a quasireversible behavior at the bare
electrode, while the blocking properties of the modified electrode surface bring
about a change in shape of the system’s response characterized by an almost
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(a) Bare gold  (b) Initiator SAM Figure 26.3 Cyclic voltammograms of
() PDMAEMA (d) Q-PDMAEMA Fe(CN)>~/4~ on different electrodes: bare
gold, initiator-modified gold, poly (dimethy-
< _/d lamino)ethyl methacrylate (PDMAEMA)
§ C| functionalized electrode, and a quaternized
E bl PDMAEMA brush. Reprinted with permis-
g 8 sion from Ref. [6] by American Chemical
Society.
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featureless voltammetric trace with peaks that may become no longer detectable
(see Figure 26.3) [6].

In this situation EIS can still be used to obtain quantitative information on the
system. If the electron-transfer reaction takes place at bare spots on the electrode
surface, the fractional coverage may be estimated by comparing the charge-transfer
resistance of the modified surface with the charge-transfer resistance of the
substrate surface without modification. If the voltammetric response, although no
longer quasireversible, still allows determinations of peak currents, then one may
be tempted to calculate the fractional coverage in terms of the ratio of peak currents
(I,) for the bare and covered electrodes. However, it has been demonstrated that
this approach is inappropriate for describing the fractional coverage because of the
dominance of radial diffusion near each defect site and, as a result, peak currents
that are not a simple function of the exposed area [7]. Consequently, values for
fractional coverage obtained from impedance spectroscopy data are more reliable.
Moreover, the high-frequency measurement of the electrode’s impedance, allowing
the double-layer capacitance (Cq;) to be obtained, is also a fruitful method to follow
the percentage of covered surface [8].

Charge-transfer dynamics at the electrochemical interface are strongly influenced
by the nature of the electrode surface and the structure of the electrical double
layer. Recent studies of electrodes modified by grafted PE brushes have shown that
electron transfer to a species in solution is retarded either by reducing the active area
of the electrode or by preventing the redox species from approaching the electrode
closely [6]. This phenomenon improves the measurement of fast charge-transfer
kinetics resulting from a reaction of the type of Equation (26.3) which otherwise is
difficult to observe on bare metal electrodes because it is diffusion limited over most
of the polarizable range of the electrode. The impedance of an electrode covered
with thin permeable polymer films undergoing heterogeneous electron transfer
is usually described in terms of an equivalent circuit derived from the model by
Randles [9, 10]. Effects of solution resistance, double-layer charging, and currents
due to diffusion or to other processes occurring in the surface film can be observed
more explicitly using impedance spectroscopy as compared to chronoamperometry
and cyclic voltammetry. If the electron-transfer reaction takes place at bare spots
on the electrode surface, the fractional coverage may be estimated by comparing
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the charge-transfer resistance of the modified surface with the charge-transfer
resistance of the surface without modification.

26.4
Probing the Responsive Properties of Polymer Brushes through EIS Measurements

Polymer brushes are increasingly used in many physical systems such as colloid
stabilization, polymeric surfactants, polymer compatibilizers, and copolymer mi-
crophases [11]. A polymer brush consists of end-tethered polymer chains stretched
away from the substrate so that in the given solvent the brush height (h) is large
compared to the end-to-end distance of the same nongrafted chains dissolved in the
same solvent. In polymer brushes the distance between grafting points (d) is smaller
than the chain end-to-end distance. Typically, these systems are characterized by
a balance of elastic and excluded-volume interactions. There is also increasing
interest in PE brushes, where electrostatic interactions between charges on the
polymer and ions in solution play a dominant role. To some extent, PE brushes have
been considered as a new class of material provided that strong segment-segment
repulsions and the electrostatic interactions bring about completely new physical
properties contrasted with noncharged polymer chains. The range of possible elec-
trostatic interactions in PE brushes introduces new opportunities for manipulating
the brush structure and its corresponding properties. For example, PEs in solution
change from an extended conformation in low ionic strength solutions to a coiled
conformation in solutions of high ionic strength. When PEs are covalently attached
to a surface to form a PE brush, the polymer chains show a strongly extended
(stretched) conformation in pure water, as a result of both repulsion between
neighboring chains and repulsion between monomers. Conversely, when polymer
brushes are placed in electrolyte solutions, the charges of the pendant groups in
the polymer chains are screened, and minimization of the electrostatic repulsions
leads to entropically more favorable collapsed conformations. This collapse is com-
parable to transitions from extended to coil-like conformations commonly observed
for PEs in solution. As a result of the constraints on the degrees of freedom related
to conformational changes, the PE brush collapse is accompanied by a decrease in
film thickness and water content.

In this context, EIS has emerged as a very versatile tool to explore diverse
responsive characteristics of PE brushes in different environments. For example,
it is well known that poly (N-isopropylacrylamide) (PNIPAM)-based polymers
precipitate in water in response to an increase of temperature. Hence, it is
reasonable to suppose that the interfacial properties of Au electrodes modified
with PNIPAM brushes will display thermocontrolled electrochemical properties
[12]. Figure 26.4 describes the variation of the electron-transfer resistance (ETR),
as obtained from modeling the impedance response, upon cycling the temperature
of the electrolyte solution below and above the lower critical solubility temperature
(LCST) of PNIPAM. The low interfacial ETR (Re ~ 100 kQ) at 25°C reveals
that the polymer is in an expanded coil state, whereas the high interfacial ETR
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Figure 26.4 (a) Schematic representation of the

thermo- and pH-responsive polymer brushes. Interfacial
electron-transfer resistance variation upon switching (b) the
temperature of PNIPAM-modified Au electrodes and (c) the
solution pH of PAA-modified Au electrodes. Reprinted with
permission from Ref. [12] by Royal Society of Chemistry.

(Ret ~ 890kS2) at 45°C strongly suggests that the insulating polymer brush
is in a collapsed globule conformation. The interfacial ETR shows excellent
reversibility, thus indicating that the polymer brushes are very stable. The resulting
“ON” and “OFF” cycles of R can be interpreted by the competition between
intermolecular and intramolecular hydrogen bonding below and above the LCST,
which controlled the interfacial properties and the permeation of ions or molecules
(e.g., Fe(CN)*>~/*7) through the film. This means that the responsive polymer
interfaces are capable of converting environmental information effectively into
an electrochemical signal, and this phenomenon may find applications in the
construction of “smart” macromolecular platforms.

Grafting polyacrylic acid (PAA) brushes onto conducting substrates may also lead
to the facile creation of electrode supports with pH-dependent electron-transport
properties. At pH ~2, the Re; of Fe(CN)s> /4~ is ~1.8 kQ. Along with the increase
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of pH, the interfacial ETR increased to ~160 k2 (at pH ~8). The increase of the
interfacial ETR can be attributed to the ionization of carboxylate groups, which
enhance the negative charge density of the surface, repelling Fe(CN)s*~/*~ from
the interface. When the pH was repeatedly cycled between 2.0 and 8.2, the variation
of Re revealed two well-defined interfacial configurations in which at low pH
carboxylate groups are protonated, whereas at high pH the carboxylate groups are
fully protonated. In the latter case, the ionic repulsion among COO™ groups in the
polymer chain and the anionic redox probes is a key factor setting the high ETR
sensed by EIS. Furthermore, the interfacial charge density of PAA brush-modified
electrodes can be modulated via changes in the environmental pH, which may lead
to novel configurations to manipulate the ion permeability in chemically modified
electrodes.

Minko and coworkers [13] described a novel approach to create electrochemical
gating systems using polymer brushes grafted to an electrode surface. These authors
explored the switchable properties of mixed and homopolymer brushes arising
from morphological transitions in the polymer brush layer. The derivatization
of indium tin oxide (ITO) electrodes with poly(2-vinyl pyridine) (P2VP) and
poly(dimethylsiloxane) (PDMS) brushes enabled the construction of electrode
platforms displaying channels formed in the nanostructured thin film in which the
precise tuning of their ionic permeability can be manipulated in response to pH
changes. In comparison to a homopolymer brush system, the mixed brush showed
much broader variation of ion transport through the thin film. Both polymers,
P2VP and PDMS, were segregated forming nanosize phases that scale with the
mean chain end-to-end distances. Changes in the surrounding environment,
such as the quality of the solvent, or pH can promote switching between various
phase-segregated morphologies and these structural changes can alter the electrical
properties of the brush-modified electrodes.

The EIS spectra of P2VP and P2VP-PDMS-modified ITO electrodes were recorded
in the presence of a soluble redox probe, [Fe(CN)s]*~/#~ in order to monitor the
permeability of the polymer brush thin films in different states for the diffusional
redox species. The experimentally obtained impedance spectra (Figure 26.5) were
fitted by a theoretical equivalent circuit in order to derive the corresponding Re
values. This equivalent circuitincluded the following components: ohmic resistance
of the bulk electrolyte solution, Rs, electron-transfer resistance, Re; (dependent on
the characteristics of polymer brush anchored on the electrode surface), CPE
(reflecting the interfacial capacitance distributed in the modifying thin film), and
the diffusional Warburg impedance, Zy (characterizing the diffusional charge
transport through the bulk solution) (Figure 26.1b). Of particular importance is
the value of Re; provided that this parameter obtained at different pHs reflects the
various states of the polymer brushes.

The Faradaic impedance spectra of a ITO electrode modified with a P2VP
homopolymer brush at different pH values reflects a decrease of R for the
interfacial electron transfer upon acidification of the electrolyte solution.

This interfacial electron transfer originates from the pH-induced swelling of the
polymer brush and results in the formation of ion channels. The R values derived
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Figure 26.5 (a) Nyquist plot for the impedance measure-
ment of P2VP brush-modified ITO electrodes. (b) Titration
curve depicting the changes in Ret upon variation of the en-
vironmental pH. Reprinted with permission from Ref. [13] by
American Chemical Society.

from the fitting with an equivalent circuit of the impedance spectra were plotted
as a function of pH to yield a titration curve. This plot eloquently illustrates the
structural rearrangements taking place in the polymer brush upon changes in the
pH of the solution. The opposite titration (from low to high pH) performed by
adding NaOH to the electrolyte solution in the electrochemical cell showed no
hysteresis in the pH-induced conformational change of the P2VP brush, that is:
the titration curve for the shrinking process of the polymer brush upon increasing
the pH value coincides with the titration curve obtained upon acidification of the
solution. In this case, EIS provides valuable information regarding the reversible
character of the structural changes in the homopolymer brush, which swells and
shrinks as the pH decreases and increases, respectively. The open and closed states
of the “chemical gate” made of the homopolymer P2VP brush were characterized
by variations in R values between 610 and 320 €2, respectively.

Similar experiments performed in bicomponent-mixed polymer brush
(PDMS/P2VP) also revealed a marked pH-dependent behavior of Re; (Figure 26.6).
Acidification of the solution causes the electron-transfer resistance values to
decrease, thus demonstrating the opening of the “‘chemical gate” on the electrode
support. Thereafter, the electrolyte solution was titrated with NaOH to raise the
acidic solution to a neutral pH. The titration curve shows hysteresis with the
first titration curve from the first acidification experiment. However, the next
acidification cycle repeated the titration curve obtained upon the second “alkaline”
titration. All other titration experiments result in the same highly reproducible
dependence of Re; versus pH. This interesting set of experiments highlights the
versatility of EIS as a tool to study the emergence of hysteresis in interfacial
processes involving structural changes of polymer brushes. The reorganization
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Figure 26.6 (a) Nyquist plot for the impedance measure-
ment of P2VP-PDMS brush-modified ITO electrodes. (b)
Titration curve depicting the hysteresis and changes in Ret
upon variation of the solution pH. Reprinted with permis-
sion from Ref. [13] by American Chemical Society.

of the nanostructured polymer brushes upon changes in the pH value results in
the reversible shrinking and swelling of the brush that, in turn, is electronically
transduced in the closing and opening of the chemical gate on the interface.

These authors also demonstrated that the range R changes measured by EIS
is significantly larger for the bicomponent-mixed polymer brush compared to the
monocomponent brush. Most of this difference corresponds to the closed state of
the gate (the maximum value of R is ~1350 2 for the mixed brush and ~610
for the monocomponent brush). This was ascribed to the fact that the nonpolar
component of the mixed brush contributes to the high electron-transfer resistance
in the closed state of the chemical gate, resulting in twofold higher resistance for
the interfacial electron transfer compared to that in the monocomponent brush.

In a similar vein, Zhou et al. [6] also employed EIS to probe the responsive
properties of cationic brushes constituting quaternized poly[(dimethylamino)ethyl
methacrylate] (Q-PDMAEMA) tethered onto a gold surface in different electrolytes
containing a 1mM K;[Fe(CN)¢]/K4[Fe(CN)g] (1:1) mixture as a redox probe.
Conformational transitions in PE brushes were studied as a function of changes in
the electrolyte concentration.

Experimental Nyquist spectra exhibit a single loop in the high-frequency re-
gion followed by a straight line with a 45° slope (Warburg-like region) at lower
frequencies (Figure 26.7). However, it must be noticed that the lowest frequency
of measurement was w = 0.1 Hz, that is, relatively high. The equivalent circuit
shown in Figure 26.2a was used to account for the phenomena that influence the
impedance response of the studied system. In turn, this circuit is a derivation
from that developed by Jennings and coworkers [14] for pH-responsive copolymer
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Figure 26.7 Nyquist plots of Q-PDMAEMA brushes at
different NaNOs concentrations in the presence of 1TmM
[Fe(CN)g*>~/4= (1 : 1) mixture. In all cases the measured
data points are shown as symbols with the calculated fit to
the equivalent circuit as a solid line. Reprinted with permis-
sion from Ref. [6] by American Chemical Society.

films on gold and shown in Figure 26.8a. The essential difference between the two
electrical analogs is the parallel connection between the Warburg impedance and
the interfacial capacitance C;. This modification indicates that, for this, as well as
for a second comparable system [15], the current due to interfacial double-layer
charging and the faradaic current owing to the electrochemical reaction of the
redox probe, are considered to be independent of one another. Surprisingly, the
film resistance Rr in series connection with the interfacial impedance is retained,
although this resistance results from ionic permeation through a polymeric. Thus,
it would have been perhaps more realistic to consider this resistance as an ohmic
resistance related to an aqueous electrolytic path inside the brush. Moreover, both
relaxation time constants in the model at high frequencies must be similar to
account for a single capacitive loop (or two highly overlapped contributions) as
shown in the experimental spectra.

On the other hand, it is asserted that in the absence of an electroactive redox
species the circuit in Figure 26.8a transforms into the circuit in Figure 26.8b [16].
Thus, for the special case of no redox probes present R; approaches infinity and thus,

RS
R
—c z,
c R Figure 26.8 Equivalent circuits used to
iT ' model the impedance spectra of gold elec-
! trodes modified with polymer brushes in
250 7 L0 7 the presence (a) and in the absence (b) of

(a) (b) redox probes in solution.
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the interfacial conductance is purely capacitive. The model in Figure 26.8b is used
when Ry is much larger than the combined impedance of R; and C; in parallel con-
nection, so only the time constant due to the polymer is observed in the impedance
spectrum. The Warburg impedance Zy in Figures 26.8a,b is claimed to be related
to ion transport through the film. However, it remains unclear how, for a system
that can be modeled with the equivalent circuit Figures 26.8b, diffusional ion trans-
port can be modulated with the applied sinusoidal potential (Warburg impedance
element) if the diffusing species is not electroactive (redox species absent).

The difficulties in the analysis described above derive from the use of circuit
analogs to model experimental impedance spectra [17, 18]. Consequently, a word
of caution must be expressed concerning the use of equivalent-circuit modeling
under certain experimental conditions. In order to represent certain processes
believed to take place in the system additional elements are usually incorporated
in the basic Randles circuit or the type of connection (series or parallel) is altered,
expecting to obtain a better agreement between theory and experiment. However,
using multicomponent models to fully describe impedance spectra poses a risk,
in view of the fact that it becomes increasingly difficult to prove the utility and
interpretation of each parameter [19].

Despite some limitations, as described above, a number of interesting observa-
tions were made by Zhou et al. [6] that were derived from their impedance study.
Swelling is associated with fast transport of redox species to the substrate surface,
while polymer brushes in collapsed states exhibit hindered transport. Some salts
(NaNOs) cause brush collapse due to charge screening, while others such as those
with more hydrophobic anions (ClO,~, PF¢~, and Tf,N ™) induce brush collapse via
solubility changes. The collapsed brushes exhibit intrinsically different resistance
as probed with impedance. Charge-screened brushes retain good permeability to
electroactive probes. Strongly coordinating hydrophobic anions lead to insoluble
brushes, resulting in increased impedance.

26.5
Molecular Transport within Polymer Brushes Studied by EIS

Recently, an approach based on the derivation of the theoretical impedance
transfer function to unambiguously describe the impedance response was
adopted to characterize gold electrodes modified with poly(methacryloyloxy)-
ethyl-trimethyl-ammonium chloride (PMETAC) brushes [20]. Experiments were
performed in the presence of K;[Fe(CN)g]/K4[Fe(CN)g] (1 : 1) mixture as a
redox probe in ClO,~ solutions with different anion concentrations. Figure 26.9
displays experimental and fitted impedance spectra for gold electrodes modified
with a surface-tethered PMETAC brush in ClO4 -containing solutions with
concentrations of 1mM KClO4, 0.1M KClO4, and 1M NaClO,, respectively.
All spectra exhibit a high-frequency capacitive contribution and a distinctive
contribution at low frequencies that suggests Warburg-type behavior in the
electrolyte with lower concentration, while this contribution becomes related to
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Figure 26.9 Nyquist plots of impedance according to Equation 26.23 were depicted in
data for PMETAC-modified electrodes in the same plots for the sake of comparison.

(@) TmM, (b) 0.1 M, and (c) TM ClO4~ a Reprinted with permission from Ref. [20] by
1mM K3[Fe(CN)g]/Ks[Fe(CN)g] (1 : 1) mix-  American Chemical Society.
ture. Experimental data (e) and fittings (O)

finite-length diffusion with an increase in the anion concentration (Figure 26.9).
Thus, the high-frequency contribution can be associated with the relaxation of the
charge-transfer process at the surface and the charging of the interfacial capacitor,
while the second contribution at low frequencies can be related to ionic transport
of the electroactive probe through the PE brush.

The increase in impedance values observed for increasing perchlorate concentra-
tions can be ascribed to the ClO4 ™ -driven collapse of the PMETAC brush, that may
lead to a scenario in which the partial blockage/coverage (6) of electroactive area
is sensitively increased and, as such, the passage of Faradaic current is strongly
blocked. Itis worth mentioning that the increased blockage is not due to an increase
in surface coverage of grafted PE chains at the metal/film interface. The density of
anchoring/grafting points of the polymer chains does not change when the brush
collapses. The increased blockage results from an increase in film rigidity/density
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owing to the strong conformational changes of the polymer chains in the presence
of strong ion-pairing interactions. Assuming, as a first approximation, that partial
coverage does not affect significantly linear conditions for the mass-transport step
at a planar electrode, the effect of the partial coverage is simply to reduce the
active area. All impedances are inversely proportional to the active area; thus, if the
capacitance of the covered surface can be neglected with respect to the double-layer
capacitance of the active surface, all impedance values are inversely proportional
to the fractional area of active surface (1 — 0). In particular, these circumstances
enable the observed larger charge transfer resistances Ry (€2) and smaller double
layer capacitances Cq (F) for increasing 6, that is, for an increasing degree of
collapse of the PE brush to be explained.

Regarding the second time constant atlow frequencies, it results from a uniformly
accessible electrode to mass transfer through a PE brush of finite thickness.
The diffusion impedance response of the brush-containing electrode, when the
resistance of the brush to diffusion is much larger than that of the bulk electrolyte,
can be approximated by the diffusion impedance of the brush. Moreover, the
thickness of the diffusion layer depends significantly on the timescale of a transient
experiment, or equivalently on the frequency scale of impedance experiments.
If there is a finite length associated with the diffusion layer beyond which the
electrode process can have no effect on concentrations, then there is a frequency
range for sufficiently low frequencies where impedance response departs from a
pure Warburg behavior. Noteworthy, for the experiments shown in Figure 26.9, the
lowest measurement frequency was set at alower value than that used in comparable
experiments from the literature [6]. Thus, it can be anticipated that the brush layer
represents a diffusion-limiting barrier of finite thickness for electroactive molecular
probes (Figure 26.10). Also, when additional negative charges are present in the
form supporting electrolyte anions, the diffusion constant of the probe anion is
expected to further decrease [21]. In fact, several arguments were advanced in
the literature indicating that ion diffusion rather than electron hopping is the
charge-transport mechanism in [Fe(CN)¢]*~ —coordinated PMETAC brushes [22].

Figure 26.11 displays experimental and fitted impedance spectra for gold
electrodes modified with surface-tethered PMETAC brushes in Cl7- and
NO,—-containing solutions with concentrations of 1M, respectively. Again,
when chloride or nitrate replace perchlorate, the impedance response, although
exhibiting qualitatively similar dynamics, is quantitatively less affected by the anion
concentration, in the 1 mM to 1 M concentration range, as compared to ClO,—.

These experimental facts suggest that increasing C1~ and NO;— concentration
determines a less-efficient collapse of the brush structure and in turn, the electrode
active area becomes less blocked, as compared to perchlorate ion. As previously
discussed, the distinctive action of different anionic species in solution originates
from ion-pairing interactions between the QAT monomer units and the different
counterions.

The electrochemical reaction can formally be written as

O+e S R (26.4)
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Molecular transport inside the brush layer
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Figure 26.10 (a) Schematic illustration of a gold electrode
modified with polymer brushes in the presence of redox
probe molecules in solution. (b) Qualitative description of
the steady-state concentration profile of redox species under
finite-length diffusion conditions (only a concentration profile
for the reactive species is considered).

where O is the [Fe(CNg)]>~ species and R represents the [Fe(CN)g]*~ species.
The potential (V) dependence of the rate constants can be expressed by an
exponential law:

ka = kexp [ba(V — Vi)] (26.5)
ke = klexp [be(V — V3)] (26.6)

where b, = —aF/RT and b, = «,F/RT, k° is a constant independent of V, « is the
transfer coefficient, and V; the Nernst equilibrium potential.
Charge balance is given by:

Ir = —AcF [kcCo(0) — kaCr(0)] (26.7)

where Cp(0) and Cgr(0) represent concentrations of the oxidized and reduced
species at the surface and A, is the apparent electrode area. The negative sign arises
from the assumed convention in which the cathodic current is negative.
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Figure 26.11 Nyquist plots of impedance according Zr (Equation 26.23), Rs, and Cyj,
data for PMETAC-modified electrodes in were depicted in the same plots for the sake
(@) 1M KCl and (b) 1M KNOs3 containing of comparison. Reprinted with permission
1TmM K;[Fe(CN)g]/K4[Fe(CN)g] (1 : 1) mix-  from Ref. [20] by American Chemical Society.
ture. Experimental data (e) and fittings (O)

When a small ac perturbation signal AV = Vexp(jwt) is applied, the current and
concentrations oscillate around steady-state values: Ir = I% 4+ AI, C = CI 4+ AC
(for both O and R), where the superscript dc indicates a parameter that changes
only slowly with time (i.e. either a steady-state term or one that does not change
with the frequency of the perturbation ), and the symbol A indicates a parameter
oscillating periodically with time t. The resulting oscillations with time may be
written as: AT = Texp(jot) and AC = C exp(jwt). V and T represent the phasors of
potential and current. Taking V as the reference signal and considering the phase
shift ¢ between them results E = E, and I = I, exp(j¢), where E, and I, are the
amplitudes of the applied potential and the resulting current waves, respectively.

For simplicity, we write a single generic expression for O and R mass balances
according the second Fick’s law, as:

2
dc 0°C 26.9)

-~ _vyi=pl~™
dt J dx?

for the flux J along the x coordinate perpendicular to the electrode surface. D refers
to the diffusion coefficient of the redox probe.
Or, equivalently,

dt dx?

which in the Fourier domain can be expressed as

dAC ZAC
D (26.9)

d>AC(x, w)
p———>2 (26.10)

JjwAC(x, w) = 02

withj = +/—1
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The general solution of the second-order differential (Equation 26.10) is

jo jo
AC(x, w) = Pexp | xy/ = | + Qexp| —x/ —= (26.11)
D D
subject, in this case, to the following boundary conditions corresponding to a
finite-length diffusion in a system having a transmissive boundary,
x=0 AJFAJ=AIL (26.12)
which expresses the flux continuity condition at the interface, and

which indicates that transfer of electroactive species O and R is possible at x = §
(thickness of the diffusion layer), while for x > §, C remains unaltered and equal
to Cd¢.

Using Equations 26.11 and 26.13 we can write,

AC(0,w) = —2Q exp (—5\/%) sinh (—5/%) (26.14)

and calculate AJ at the surface in the Fourier domain
dAC(x, w)

=20D ]ﬁ exp| —§6 ]2
x|, ey per D
x cosh (—3,/]ﬁ> (26.15)
D

Let us call M(0, w) the mass-transfer function, defined as [25].
AC(0, w)
M(0,0) = — !
AJ(0, w)
Considering the boundary condition at the surface (Equation 26.12), results

M0, 0) = 200 AFACO.0) 1 (s 12 (26.16)
TAJ(0,0) Alf pfie D '
D

AJ(0,0) = —D

In order to calculate the reaction impedance Z, Equation 26.7 describing the rate of
charge transfer should be linearized, according to Taylor-series expansion retaining
only terms with first-order derivatives, giving:

1 Alf (0 dlr ACo(0) Alf

Z‘H‘(W)J(aco(m)dc NN
alr ACR(0) AIf
(aCRw))dc Al AV

Derivatives in Equation 26.17 correspond to stationary conditions and may be
obtained from Equation 26.7.

a1 deone [ keatcF e (kaotaF
(av)dc— R, = AF |:Co (0)( RT )+CR (0) o7 (26.18)

(26.17)
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a1
( £ ) = —AcFk (26.19)
9Co(0) / 4c

ol
( £ ) — AcFk, (26.20)
ICr(0) / g

and Equation 26.17 becomes

11 al Mo(0) 1 al Mg(0) 1
_:_+< f ) 0()_+< f ) RO 1 (26.21)
Ze  Rq  \0Co(0) )y AF Zr  \aCr(0) ), AF Z

For simplicity we assume Do = Dg = D, and so Mo (0) = Mg(0) = M(0) that can
be calculated according to Equation 26.16.
Consequently, the reaction impedance can be identified as

ke — ky '
Zf = Re + Rd(—_)tanh (5,/ ]%) (26.22)

Jo
D D

which, after rearranging reduces to

o
Jo
where the so-called mass transfer coefficient o contains the contributions of the
forms O and R and B = §/+/D.

Finally, the electrode impedance consists of the electrolyte resistance Ry con-
nected in series with a parallel connection of the double-layer capacitance Cg and
the reaction impedance Z.

Fitting experimental impedance spectra in Figures 26.9 and 26.11 to the theoret-
ical model allows the parameters described in Table 26.1 to be estimated.

Decreasing Cq values (expressed in Farads) were observed for increasing blocking
of the active surface area as explained above. A noteworthy fact is that this decrease
was also reported in the literature, although it was interpreted in terms of partial
exclusion of water from the brush and a decrease in charge density [13]. A most
relevant parameter obtained from the fitting procedure is the diffusion coefficient,
D, that provides insightful information about the molecular transport of probe
species within the macromolecular environment provided by the polymer brush.
As a consequence, EIS can be used as a valuable tool to study the effect of different

Zt = Ry + ——tanh (B ]'co) (1-7) (26.23)

Table 26.1  Fitting parameters Rs, Cq and those from the
reaction impedance Z¢ according to Equation 26.23 for the
experimental spectra shown in Figures 26.9 and 26.11.

Electrolyte Rs (@) Cal (1F) Rt (@) B (s'?) 8(cm) D (cm?s7")
KClOo4, 1M 1070 8.7 6440 10.47 23 x 1077 48 x 1071
KCl1M 8.4 23.6 15.4 13.34 32 x 1077 5.75 x 10714

KNO3; 1M 53.8 18.0 24 14.4 30 x 1077 43 x 1071
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experimental variables, For example: solvent, ionic strength or temperature, on the
diffusion of probe species into the brush layer.

26.6
Time-Resolved EIS Measurements on Responsive Polymer Brushes

So far, we have described the use of EIS as a tool to characterize polymer-
brush-modified surfaces in a wide frequency range. EIS capabilities can be ex-
tended to perform time-resolved experiments to explore, for example, barrier
properties of polymer films, that is, considering only relaxation processes ex-
hibiting small time constants. Recently, Jennings and coworkers [23] proposed
the use of “single-frequency” measurements as an alternative means to monitor
the pH-activated evolution of the barrier properties of copolymer brushes con-
taining polymethylene (99%) with randomly distributed carboxylic groups (1%),
PM-COOH. At pH 4, the side chains of PM-COOH were in an uncharged state
(-COOH) and the film was hydrophobic due to the prevalence of methylene
functionality (99%) along the chains. The film impedance dominates the entire
frequency region, indicating that it is much greater than the combined impedance
due to the polymer/metal interface (Figure 26.12a). At pH 11, deprotonation of the
carboxylic acid side chains increases the hydrophilicity of the film. The increasing
charge of the film with pH results in markedly reduced film resistance. While EIS
can be used to evaluate the film performance and extract useful properties such
as the film resistance and capacitance, each spectrum requires about 10 min to

107
6
10 pH4 pH4 pH 4 pH 4
108
[aV]
§
g ) L L l
- L] H
N 42 ,
pH11 pH11 pH 11 pH 11
2 | T T T | T T T | T T T | T T T | T
10 0 2000 4000 6000 8000
101 Time (s)
10-1 10° 10" 102 10% 10% 105
(a) Frequency (Hz)

Figure 26.12 (a) Bode plot describing the impedance spec-
tra of PM-COOH brushes with 1% acid content on Au elec-
trodes at pH 4 and 11. (b) Impedance as a function of time
when the electrolyte solution is cycled between pH 4 and
11. Reprinted with permission from Ref. [23] by American
Chemical Society.
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accumulate, precluding a detailed analysis of kinetics on the timescale of several
seconds to a few minutes. Consequently, a more rapid sampling method is pro-
posed that consists in evaluating the impedance response at a fixed frequency, after
a pH change. Single-frequency measurements can probe the impedance change as
a function of time by sampling every few seconds, which enables a more effective
monitoring of the rate of film response as the film changes from one state to
another. As indicated in Figure 26.12a by the switching of solution pH from 4 to
11, the actual value of impedance modulus is altered by more than 2 orders of
magnitude, the largest difference within the studied frequency range. Figure 26.12b
shows the measured impedance modulus upon exposure of PM-COOH brushes to
pH 4 and 11 buffer solutions in a cyclic manner. The impedance at 100 Hz changes
by a factor of 150 when the pH of the contacting solution is switched from 4 to
11. As expected, for each cycle the impedance increases upon exposure to the pH
4 buffer and decrease upon exposure to the pH 11 buffer solution. In this case,
single-frequency EIS measurements provide real-time information regarding the
response rate and reversibility of the chemical and structural changes taking place
inside the brush upon protonation and deprotonation at different pH values.

26.7
Concluding Remarks

We have shown that EIS is a very useful technique to explore, monitor and,
more important, quantify the responsive properties of polymer brushes. However,
its successful application requires some caution in order to describe a realistic
scenario. Worth highlighting is that a good fit of the impedance response is not
sufficient measure to validate the proposed scenario. As discussed by Orazem
and Tribollet [24], impedance spectroscopy is not a standalone technique. In
many cases, additional observations and measurements are needed to validate the
suggested physical model. This question is particularly critical when circuit analogs
are used to provide quantitative information of the physical processes taking place
at the solid/liquid interface in the presence of the polymer film. Consequently, the
recommended approach for data analysis and interpretation involves developing
a theoretical expression for the impedance in terms of microscopic variables and
fitting the experimental results to this model. Within this framework, we consider
that EIS may open up new opportunities to characterize the physical properties of
polymer brushes as well as the dynamics of their responsive behavior.
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