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1. Introduction

The last 10-15 years have seen electrochemists
applying more and more sophisticated instrumental
techniques tostudies of electrode surfaces, both because
of the increased availability of powerful new tools for
interfacial characterization and because of an increased
emphasis in modern electrochemical research on de-
tailed characterization of the structure and composition
of the interface. Many methods have been newly
applied to the study of electrochemical interfaces!
during this time. One of these methods is based on
quartz crystal microbalance (QCM) technology. The
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QCM comprises a thin quartz crystal sandwiched
between two metal electrodes that establishes an
alternating electric field across the crystal, causing
vibrational motion of the crystal at its resonant
frequency. Thisresonant frequency is sensitive to mass
changes (and other factors) of the crystal and its
electrodes. The ability to employ oneside of the EQCM
as a working electrode in an electrochemical cell while
simultaneously measuring minute mass changes has
provided a powerful approach to examining electro-
chemical processes involving thin films, including
monolayer and submonolayer films. These studies have
revealed detailed mechanistic information about film
deposition and dissolution, surface morphology changes,
and mass changes in thin films caused by redox or other
chemical processes. The QCM represents a fairly
mature measurement method in its application to mass
measurements in gas phase samples®3 so this application
will not be explicitly reviewed here.

Inits earliest form, the electrochemical quartz crystal
microbalance (EQCM and QCM are used to distinguish
between electrochemical and nonelectrochemical ap-
plications of QCM technology, respectively) was used
in ex situ experiments to measure mass changes at
electrode surfaces after electrodeposition of metals.45
Later, the experimental methods required for its use
as an in situ mass sensor for thin films on electrode
surfaces were independently developed by several
groups® 19 so that mass changes and various other
processes involving thin films on electrode surfaces
could be monitored in real-time. We discuss these
“other processes” in considerable detail in later sections,
because more recent work has demonstrated that the
EQCM is sensitive to a number of events which can
occur at a surface or within a thin film during elec-
trochemistry, with simple mass changes representing
only a subset of these.

Since these initial reports of the use of EQCM
methods to monitor mass changes at electrode surfaces,
there have been both proliferation of the instrumen-
tation and a consequent increase in the volume of
literature pertaining to EQCM experimentation. The
purpose of this article is to review this rapidly expanding
subfield of electrochemistry; it will cover a period
ranging from the earliest reports of such studies in the
1960s to the present. The present review will be
exhaustive; and in that sense it will be complementary
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to two previous review articles which have recently
appeared.!’'? This review concerns only the EQCM;
sensors and other areas involving QCM applications in
either gas or liquid phases are not covered, except to
the extent that they pertain to EQCM methodology. A
recent article reviewed the use of piezoelectric devices
in sensors of various types.!?

In addition to a review of the literature, this article
presents a simplified view of the physics of the QCM
which leads into a discussion of the mechanical basis
of the use of piezoelectric devices as mass sensors.
Extension of this description to the influence of other
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types of processes, such as viscoelasticity in polymer
films, on the response of the EQCM constitutes an
important aspect of the review.

II. Basic Principles of AT-Cut Quariz Resonators

Numerous chapters and reports have been devoted
to the basic principles of quartz resonators, including
the quartz crystal microbalance. Much of the under-
standing of these principles can be traced to investi-
gations several decades ago, when quartz and other
materials were developed for applications such as sonar,
frequency control, and communications. The volumi-
nous literature on this subject and the complexity of
the piezoelectric effect can present a substantial barrier
to the experimentalist who wishes to exploit the unique
mass-sensing properties of the QCM. It is also clear,
however, that without some fundamental understanding
of these devices the experimentalist may not appreciate
many of the nuances of the QCM method and in some
cases may misinterpret data. The intent of this section
is to explain the fundamental underpinnings of the
QCM at a level that is useful for most practitioners of
this method. Readers desiring a more thorough ex-
planation are referred to several key articles and
chapters.’*!'" Qur hope is that this will provide the
reader with sufficient understanding to use the QCM
more effectively, as well as delineating some of the
limitations of the QCM, particularly those encountered
during experiments involving thick films and studies
in liquid media. We especially want to stress that the
QCM is not a mass sensor but is affected by other
environmental effects that are not always readily
obvious in the simple configuration commonly em-
ployed by most investigators.

A. The Piezoelectric Effect

In 1880, Jacques and Pierre Curie discovered that a
mechanical stress applied to the surfaces of various
crystals, including quartz, rochelle salt
(NaKC4H404-4H:0), and tourmaline, afforded a cor-
responding electrical potential across the crystal whose
magnitude was proportional to the applied stress.'® This
behavior is referred to as the piezoelectric effect, which
isderived from the Greek word piezein meaning to press.
This property only exists in materials that are acentric;
that is, those that crystallize in noncentrosymmetric
space groups. A single crystal of an acentric material
will possess a polar axis due to dipoles associated with
the orientation of atoms in the crystalline lattice. The
charges generated in a quartz crystal under stress are
due to the shift of dipoles resulting from the displace-
ment of atoms in an acentric crystalline material. Ifa
stress is applied across an appropriate direction, the
resulting atomic displacement will result in a corre-
sponding change in the net dipole moment. This action
will produce a net change in electrical charge on the
faces of the crystal, the degree and direction of this
change depending upon the relative orientation of the
dipoles and the crystal faces.

Shortly after their initial discovery, the Curies
experimentally verified the converse piezoelectric effect
in which application of a voltage across these crystals
afforded a corresponding mechanical strain. The
converse piezoelectric effect is the basis of the QCM.
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Figure 1. Schematlc representation of the converse piezo-
electric effect for shear motion. The electric field induces
reorientation of the dipoles of the acentric material, resulting
in a lattice strain and shear deformation of the material.
Direction of shear is dependent upon the applied potential
while the extent of shear strain depends on the magnitude
of the applied potential.

Crystal symmetry dictates that strain induced in a
piezoelectric material by an applied potential of one
polarity will be equal and opposite in direction to that
resulting from the opposite polarity. This is depicted
in Figure 1 for the shear motion of the AT-cut quartz
resonator, which consists of a thin quartz wafer prepared
by slicing through a quartz rod at an angle of approx-
imately 35° with respect to the x axis. Application of
an electric field across the crystal produces a shear strain
proportional to the applied potential. In quartz this
deformation is elastic. The opposite polarity produces
an identical strain, but in the opposite direction. It
follows that an alternating potential across the crystal
causes a vibrational motion in the quartz crystal with
amplitude parallel to the surface of the crystal. The
electromechanical coupling and resulting stresses there-
fore depend upon the crystal symmetry, the configu-
ration and orientation of the electric field, and the angle
of cut of the crystal substrate with respect to its
crystallographic axes. Thus, only crystals cut with the
proper angles with respect to the crystalline axes exhibit
shear displacements. The “motor generator” properties
associated with piezoelectricity were eventually ex-
ploited for the development of underwater sound
transducers (sonar) and electromechanical devices such
as speakers, microphones, and phonograph pickups.

The result of the vibrational motion of the quartz
crystal is the establishment of a transverse acoustic
wave that propagates across the thickness of the crystal
(t4), reflecting back into the crystal at the surfaces. A
standing wave condition can therefore be established
when the acoustic wavelength is equal to 2t,. The
frequency of the acoustic wave in this resonant condition
is given by eq 1, where vy, is the transverse velocity of
sound in AT-cut quartz (3.34 X 10* m s7!). The quartz
surface is at an antinode of the acoustic wave. Ac-
cordingly, when a uniform layer of a foreign material
isadded to the surface of the quartz crystal the acoustic
wave will travel across the interface between the quartz
and the layer, and will propagate through the foreign
layer (Figure 2). This implicitly assumes that particle
displacement and shear stress are continuous across
the interface. (This is referred to as the “no-slip”
condition, which will be addressed later.) If the
assumption is made that the acoustic properties of the
foreign layer are identical to those of quartz, this system
can be treated as a “composite resonator” in which the
change in thickness due to the foreign layer is treated
as tantamount to a change in the quartz crystal
thickness. A fractional change in thickness (At) then
results in a fractional change in frequency, and ap-
propriate substitutions using eqs 1 and 2 give the well-
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Figure 2. Schematic representation of the transverse shear
wavein a quartz crystal and a composite resonator comprising
the quartz crystal and a layer of a foreign material. The
acoustic wavelength is longer in the composite resonator due
to the greater thickness, resulting in a low resonant frequency
compared to the quartz crystal.

known Sauerbrey equation (eq 3), where Af is the

fo = vul2t = (g /g *)28, (1)
Aflf, = -At/t, = -2f At/v, )
Af = -2f 2Am/A(pgp)'? ®3)

measured frequency shift, f, the frequency of the quartz
crystal prior to a mass change, Am the mass change, A
the piezoelectrically active area, p, the density of quartz,
and p, the shear modulus. Note that At is now
expressed as an areal density Am/A, obtained by the
relationship At = Am/pgA. Therefore, the implicit
assumptions in this treatment are that the density and
the transverse velocity associated with this material
are identical to those of quartz. This is equivalent to
stating that the acoustic impedance, defined as z = puy,
= (pp)'/?,is assumed to beidentical in the two materials.

The Sauerbrey relationship also assumes that the
frequency shift resulting from a mass deposited at some
radial distance from the center of the crystal will be the
same regardless of the radial distance. However, the
actual frequency response to that mass is dictated by
the differential sensitivity constant, c;, which represents
the differential frequency shift for a corresponding mass
change on that region of the QCM (eq 4). Integration
of ¢; over the total surface area of the QCM affords the
integral sensitivity constant, C; (eq 5), which corre-
sponds to the 2/, (uqp,)'/? term in eq 3. @ and r are
the angle and distance for a polar coordinate system
placed at the center of the QCM disk.

¢ =df/dm =S )

= [ ['S(r,@)r dr d® (5)

The Sauerbrey relationship requires, however, that
the deposited film have a uniform thickness across the
entire active region of the resonator because c; is not
uniform across the resonator. Studies of evaporation
and sputtering of metal deposits onto localized areas
of a QCM have indicated that c;is highest at the center
of the QCM and decreases monotonically in a Gaussian-
like manner, becoming negligible at and beyond the
electrode boundary.'®? Charge polarization and ad-
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Figure 3. Schematic representations of oscillators: (a) a shear mode AT-cut quartz crystal; (b) mass-on-a-spring; (c) swinging
pendulum; (d) a stressed string. The numbered positions correspond to equivalent states of oscillation in each system.

mittance experiments using small probe electrodes in
air have corroborated these studies, demonstrating
that the shear amplitude also exhibits a Gaussian
distribution.?!-2® These observations are attributed to
the decrease in surface shear velocity and amplitude of
the crystal oscillations with increasing radius from the
center of the resonator, which is evident from the
solution of the wave equation of motion under the
boundary condition of zero velocity at the electrode
edges or models invoking one-dimensional guided
thickness waves.?* This behavior can also be explained
by “energy trapping™? that results from confinement
of the crystal oscillations to the electroded region that
has a larger effective density compared to the unplated
portion of the crystal. Ideally, only that portion of the
crystal located in the electric field induced by the two
electrodes encounters the stress field responsible for
oscillation. The unplated portion of the crystal serves
to “clamp” the oscillations, confining them to within
the electrode boundary. Energy trapping is a direct
result of mass loading by the electrodes which increases
the effective density in this region compared to the
unplated portion of the crystal. As a result, the
electroded and unplated regions have cutoff frequencies
below which acoustic waves cannot propagate without
attenuation, designated as w, and w, for the electroded
and unplated quartz regions, respectively. These cutoff
frequencies are equivalent to the frequencies of the
fundamental resonant thickness-shear modes in these
regions, foe) and foq. Accordingly, the amplitudes of
acoustic waves with frequencies between w. and w,
decrease exponentially in the unplated region, with f,,
the most severely attenuated. Frequencies greater than
wq propagate freely through the unplated region until
dampened by clamps or contacts. The result is that
the energy of the fundamental mode of interest is
trapped in the electroded region, with the amplitude
greatest in the center and becoming quite small near
the edges. Note that the fact that the sensitivity is not
constant across the resonator surface does not invalidate
the use of the Sauerbrey equation, it merely requires
film thickness uniformity.

The harmonic motion of a quartz crystal is analogous
to that of a vibrating string, a pendulum, or a mass-
on-a-spring (Figure 3). For example, the amplitude of
oscillation is defined by the energy initially imparted
to the system, whereas the resonant frequencies are
determined by physical characteristics such as mass
and length. Indeed, resonant properties of the quartz
crystal and these systems can be derived from the wave
equation of motion. In the case of a quartz crystal, at
the rest condition (¢ = 0) the displacement at the crystal
surface is zero. The shear motion of the resonating

crystal occurs between the limits —xmey < < +Xmes,
with the magnitude of xm.; dependent upon the applied
voltage across the crystal. Like the other systems, the
potential energy of the quartz resonator is maximum
at x = £xp,, and zero at x = 0. Conversely, the kinetic
energy is negligible at x = £xn,y and maximum at x =
0. The role of mass in determining the resonant
frequency of the quartz crystal can be understood by
comparison to more familiar oscillating systems. For
example, in a string of length | standing waves are
allowed provided their wavelengths are integral divisors
of 2l. The fundamental frequency is given by eq 6,
where S is the tension on the string and m; is the mass
per unit length. An increase in the mass of the string
or an increase in length therefore results in a decrease
in f,. This principle can be comprehended readily by
comparing the audible frequencies of a violin string
with the bass strings of a piano. Likewise, increasing
the thickness of a quartz crystal as discussed above
affords a decrease in the resonant frequency (the reader
should note the functional similarity between eqs 1 and
6). Similar arguments can be constructed for the other
examples in Figure 3.

f, = (S/mp*¥2l (6)

The major difference between quartz resonators and
the other systems in Figure 3 is the ability of the former
to oscillate with minimal loss in energy. While a
pendulum loses energy during oscillation because of
frictional forces, quartz resonators store an appreciable
amount of energy during oscillation relative to the
energy lost. The ratio of peak energy stored to energy
lost per cycle during oscillation is referred to as the
quality factor, @, which will be discussed later in the
context of the electrical properties of quartz crystals.
For quartz crystals, @ can exceed 100 000 because they
have arelatively large inertial mass and spring constant
and small energy losses. This property is mainly
responsible for the widespread use of quartz crystals in
frequency control elements and timepieces. As a
pendulum loses energy during oscillation, the period of
oscillation (1/f) will change and the accuracy of the
timepiece will diminish, In contrast, the low losses in
quartz resonators allow more precise determination of
the period of oscillation. Of course, this is equivalent
tostating that the resonant frequency of a quartz crystal
can be more precisely determined; this property is the
basis for the use of quartz crystals in frequency control
applications as well as in QCM investigations. The
comparison to a pendulum illustrates an important issue
concerning the QCM; the presence of damping forces
canresult in dramatic changes in the observed frequency
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Figure 4. (a) The mechanical model of an electroacoustical
system and (b) its corresponding electrical equivalent.

and the accuracy of measurements. We will discuss
later the effect of damping on quartz resonators under
certain conditions.

B. Equivalent Electrical Representation

Electroacoustical devices such as AT-cut quartz
resonators can be described as consisting of lumped
parameter elements of mass, compliance (defined as
the ability of an object to yield elastically when a force
is applied), and resistance based on a purely mechan-
ical model of a mass M attached to a spring of
compliance C,, (equivalent to 1/k, where k is Hooke’s
constant) and a piston with a coefficient of friction r¢
(Figure 4). The mechanical model can be represented
by a network of lumped parameters of a different kind,
namely an electrical network consisting of inductive,
capacitive, and resistive components in series. The
components of the series branch correspond to the me-
chanical model in the following manner: L, is the
inertial component related to the displaced mass (m)
during oscillation, C, is the compliance of the quartz
element representing the energy stored during oscil-
lation (Cn), and R, is the energy dissipation during
oscillation due to internal friction, mechanical losses in
the mounting system and acoustical losses to the
surrounding environment (r). The actual electrical
representation of a quartz resonator also includes a
capacitance C, in parallel with this series branch that
is simply the static capacitance of the quartz resonator
with the electrodes. The series branch is commonly
referred to as the motional branch because it is this
segment that defines the electromechanical character-
istics of the quartz resonator.

In order to understand the oscillating properties of
the QCM it is instructive to consider a simple LCR
tank circuit such as that shown in Figure 5. When
switch S is open the capacitor is charged, but when the
switch is closed the capacitor discharges through the
inductor, which opposes the current while the current
is increasing and establishes a magnetic field around
the inductor. When the capacitor is completely dis-
charged, the current drops to zero and the magnetic
field begins to decrease, inducing an electromotive force
in the inductor in a direction opposite to the initial
current. The current then flows until the magnetic
field has disappeared and the capacitor is fully charged,
although now with the opposite polarity. Repetition
of this process in opposite directions can occur indef-
initely if R = 0, resulting in electrical oscillation. If R
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> 0, however, the oscillations will be dampened over
time, analogous to the energy losses encountered for
the mechanical model due to friction.

Conceptually, the surface displacement of a quartz
crystal at x = £x,,,, is equivalent to the capacitor charge
inthe LCR tank circuit with the capacitor fully charged.
At this point the potential energy is maximum and the
kinetic energy is zero. Conversely, the condition x =
0 (i.e. at zero displacement and maximum velocity) is
equivalent to the LCR tank circuit with a fully dis-
charged capacitor, maximum magnetic field around the
inductor and maximum current, representing the
maximum kinetic energy. Inorder to demonstrate the
equivalence between the mechanical and electrical
systems, it is instructive to compare the equations that
describe a simple LC tank circuit (R = 0) with those
that describe an oscillating system such as the quartz
crystal (Table I). Inspection of these relationships
reveals the correspondence between mass and electrical
inductance L and k (=1/C,) and the reciprocal of
capacitance, 1/C. Thepresence of a damping coefficient
in the mechanical models is equivalent to introducing
Rinto the LC network. Forexample, the corresponding
mechanical and electrical models that include damping
can be described according to the equations of motion
(7 and 8), where r is a dissipation factor and « is the
electromechanical coupling coefficient (¥ =«V).2%6 The
functional similarity between the two forms is readily
apparent.

M(d%x/dt? + r(dx/dt) + (1/C)x = F D

L,(d%g/dt® + R (dg/dt) + (g/C) =V (8)

The values of the electrical components in the
equivalent circuit model can be obtained by solving
the wave equation of motion, applying the proper
boundary conditions, determining the strain, polar-
ization, charge density and potential at each point on
the crystal, and determining the potential function at
the crystal surface.2’? This allows calculation of the
admittance Y (=1/Z, where Z = impedance) of the
resonator and, subsequently, determination of the
equivalent circuit parameters. This analysis gives
values for these parameters according to eqs 9-12, where

C, =D Alt,~10"*F ©
C,=8Aé/n’tc~10"*F (10)
R, =t r/8A¢ ~100Q (11)

L =t 0/8Aé~T5x10°H 12

D,is the dielectric constant of quartz, ¢, the permittivity
of free space, r the dissipation coefficient corresponding
to energy losses during oscillation, ¢ the piezoelectric
stress constant and ¢ the elastic constant. Typical
values for quartz resonators obtained from work in our
laboratories are also given. The static capacitance C,
does not depend upon the stress constant ¢, indicating
that this element does not directly participate in
piezoelectricity. The motional capacitance C;, however,
strongly depends upon ¢, as do R; and L;. C; also
depends upon the elastic constant corresponding to
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Figure 5. (a—c) Schematic representation of current flow in an oscillating LC tank circuit. (d) The charge as a function of
time with resistive losses in the LC tank circuit (damped oscillation) and without losses (undamped oscillation).

Table I. Comparisons of Harmonic Motions of
Oscillating Systems with an LC Tank Circuit*

LC tank circuit
YoLi% + 1/9(q% C) = 1/2(Q* C)

i =V1/LOVQ - ¢

mass on a spring
l/zml)2 + ‘/2kx2 = 1/2kA2

v=Vk/mVA%- 5

v =dx/d¢t i=dg/dt

x = A sin vV (k/m) g = Qsin V{1/(LO)]*
x=Asinwt g = @ sin wt
w=2rf=Vkim w = 2xf = V1/(LC)

¢ m = mass; v = velocity; £ = Hooke’s constant; x = displace-
ment, A = amplitude or maximum displacement; @ = angular
frequency, f = frequency in s7!; ¢t = time; L = inductance; i =
current; ¢ = charge; C = capacitance (CV"!); @ = maximum charge.

lattice restoring forces and is analogous to the afore-
mentioned compliance in the mechanical model. R;
depends upon the dissipation energy, which will result
from thermal dissipation in the quartz resonator and
coupling of the acoustic wave to the environment. L,
depends upon the density of the resonator; the quantity
t4’p/ A represents mass per unit area (the Am/A term
in the Sauerbrey equation). The correspondence be-
tween the components of the motional branch and the
mechanical properties of the quartz resonator is there-
fore evident: factors that increase the spring constant
of the resonator will result in a lower value of C;, an
increase in the dissipation energy will result in an
increase of R;, and an increase in mass will result in an
increase in L;. These factors become important con-
siderations when the resonator is in contact with a vis-
coelastic fluid or polymer film: in these cases C; and
R, are affected by the shear modulus and viscosity,
respectively. It is instructive to note the dependence
of these terms on the actively vibrating area. The
capacitances C, and C; increase with area, whereas R;
and L; decrease with area. These relationships can be
important when designing quartz resonators.

C. Impedance Analysis

The ability to express the mechanical properties of
a quartz resonator in electrical equivalents greatly
facilitates their characterization because the values of
the equivalent circuit components can be determined
using network analysis. Impedance (or admittance)
analysis can elucidate the properties of the quartz
resonator as well as the interaction of the crystal with
the contacting medium. A discussion of this analysis
is also instructive in understanding the unique prop-
erties of quartz crystals. The following section will
describe the properties of the electrical characteristics

b C
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Figure 6. (a) Admittance locus for a series LCR circuit. (b)
Admittance locus for the equivalent circuit of a quartz
resonator. The admittance (impedance) for each component
is also shown.

of the quartz resonator using principles of impedance
analysis. The purpose of this discussion is to introduce
basic principles in a manner understandable to typical
users of the QCM; those interested in more detailed
descriptions are referred to several sources. Subse-
quently the use of admittance/impedance analysis as
a diagnostic tool for QCM studies is described. The
reader is referred to Table II for a description of
important electrical relationships that are germane to
this discussion.

1. Admittance/Impedance Behavior of Quartz
Resonators

Impedance analysis involves the measurement of
current at a known applied voltage over a specified
range of frequencies. This is commonly accomplished
with impedance analyzers such as the Hewlett-Pack-
ard 4192 analyzer or the more sophisticated 4194A
model. Theseinstruments are capable of measurement
of impedance (Z), phase angle (0), admittance (Y),
conductance (@), and susceptance (B), as well as other
parameters. The properties of the quartz resonator,
particularly the properties of the series branch, can be
described conveniently by the admittance of the
resonator (eq 13). Each component of the equivalent
circuit representation has an admittance as shown in
Figure 6. Most importantly, the admittance of C,, C;,
and L, are frequency dependent and the current flow
through the resonator will depend upon the frequency
as well as the applied voltage. The frequency-depend-
ent properties of the resonator can be discerned from
admittance plots, in which the abscissa represents the
real part of the admittance and the ordinate the
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Chemical Reviews, 1992, Vol. 92, No. 6 1361

capacitive susceptance
inductive susceptance

total susceptance (series)

full width at half-height
full width at half-height
series capacitance

parallel capacitance
- resonant frequency

conductance

series inductance

parallel inductance

quality factor

series resistance

paralle] resistance

capacitive reactance

inductive reactance

total reactance (series)
series admittance

parallel admittance

series impedance

parallel impedance

B = —_%¢
© XZ2+R?
XL

B =— L
U Xx2+R2

X,
Bt R
FWHH = (f; - f1)-3dn
FWHH =£,/Q

S(lel, 1)1
C"(Cl+02+"'0n)
Cp=Cl+Cg+...C,l

= 1/(21r\/_ C)
R

[R2 L—— 2] R+ (X, - XM
L= L1+L2+ L

(1,1 1)\
L (L +L2+ n)

wL, L,
Q R 27rmeuRs

R,=R,+R;+..R,

(L.l 1\
RP_(R1+R2+"'R,,)

_ 1
Xo=g.7C
XL=27rfL
X,=al - = onfl - 5 fC
2
v=[B+ (o2 - LT = 12 4 x, - X072
L (1 w2_[1, (1 1)\~
Y= [R2+ (“’L wC) ] R (XL Xc) ]
27 1/2
z=[Rr+ (ol - T = B2+ x, - X027

_ L L_ 2 -1/2= 1 _1—_L -1/2
z= [R2+ (wL “’C) ] o (XL Xc) ]

imaginary component. The magnitude of the admit-
tance, |Y], is given by eq 14 and can be determined from
the resultant of the real and imaginary vectors, as
defined by the value of the admittance locus at a given
frequency (the origin of this locus is seen readily by
squaring eq 14, which affords the equation for a circle
of radius G/2). Figure 6a schematically illustrates an
admittance locus for a series LCR network, identical to
the motional branch of the quartz resonator. As the
frequency is increased from f = 0, the imaginary
component of the admittance (jB) reaches a maximum
value at f1; here the magnitude of Bis maximum. Upon
increasing the frequency further the admittance locus
crosses the abscissa where the real component of the
admittance, G, is a maximum. This point is denoted
as fr, which is the resonant frequency of the network.
When f = f; the impedance attains its minimum value.
In addition, the phase angle © = 0 at this point, which
is necessary to fulfill the standing wave condition. The
final frequency of importance is f2; at this frequency
the imaginary component of the admittance and the
magnitude of B reach minima.

Y=G+jB (13)
Y] = (G* + B)'/? (14)

The admittance of a quartz crystal, however, behaves
according to the admittance locus depicted in Figure
6b because of the contribution of the static capacitance
C, which is in parallel with the motional branch. The
presence of C, raises the admittance locus along the
imaginary axis by «C,, introducing several new im-
portant frequencies. The maximum and minimum B
values still occur at f; and f;, respectively, but the
frequency of maximum admittance magnitude is no
longer along the real axis. Rather fyna; occurs at alower
frequency than the maximum of the real admittance
component, femax. Resonance is now satisfied at two
frequencies where the admittance locus crosses the real
axis, f; and f;, which are the series and parallel resonance
frequencies, respectively. Atthese two frequenciesthe
phase angle is zero. At f,thereal part of the admittance
is slightly less than the real maximum whereas at f; the
real part of the admittance is slightly greater than zero
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Figure 7. (a) Typical Z-0 plots in the resonance region of
a AT-cut quartz resonator. (b) Typical B-G plots in the
resonance region of a AT-cut quartz resonator.

magnitude. The frequency of minimum admittance
fymin Occurs at a slightly higher frequency than f;.

Several key features of admittance plots are worth
noting for interpretation of QCM data. As R increases,
the diameter of the admittance loci decreases and f;
and f, converge. Similarly, as C, increases, the loci
move further upward and f, and f, converge. Ultimately,
very large values of R or C, will result in admittance
loci that do not cross the real axis. Under these
conditions the zero-phase condition, ® = 0, does not
exist, and resonance cannot occur. In any event, f,,
which is the frequency generally measured in most QCM
investigations, can shift with changing values of R.
These considerations are very important in the choice
of quartz crystals for use in the QCM and in the behavior
of the QCM in liquid media and when coated with thick
films that can contribute to the effective R value (vide
infra). The reader should note that the properties of
quartz resonators can also be described using impedance
loci, in which the real part of impedance (R) is plotted
vs the imaginary part (jX). These plots are simply the
inverse of the admittance plots.

While admittance plots are useful, transformation of
these data to cartesian plots of Z, ©, B and G vs
frequency is particularly helpful for elucidating the
behavior of quartz crystals (Figure 7). The Z plot
contains fzmis and fzma: Where the admittance magnitude
is at a maximum and a minimum, respectively. It is
worthwhile considering the Z plot in more detail in
terms of the behavior of the equivalent circuit. At low
frequencies, the capacitive reactance w(C, + C,) dom-
inates (6 = —90°, indicating that the voltage is leading
the current). As the frequency is increased near the
resonant region the contribution of the inductive
reactance wL; increases, opposing the capacitive reac-
tance until at fzmin the impedance reaches a minimum
value. At f; the reactances cancel so that the total
reactance of the network is zero. As the frequency is
increased further the inductive reactance dominates,
and the impedance curve reaches f, where the parallel
reactances cancel and eventually reaches a maximum
at fzmax. Increasing the frequency above this value then
results in a significant decrease in the value of 1/wC,
so that the current flowing through the network
increases with frequency. The phase angle crosses zero
at f; and f, where the series and parallel reactances
cancel as discussed above. Atextreme frequency values
above and below the resonant frequencies the phase

Buttry and Ward

angle is —90°, indicating that the network is mainly
capacitive in nature. Equations 15~18 describe the
reactances and impedances at the series and parallel
conditions, and eqs 19 and 20 describe the series and
parallel resonant frequencies.

Xoien = X, - Xc = wL, - 1/wC (15)
X paratiel = (V/wLy - wC)™ (16)
Z,= #;‘BRCO)Z an

z,= m as)

f,= @ L, (19)

f, = @M E,CY™ + (L,C )T (20)

The plots of B and G are especially useful for
examining quartz crystals. As expected from the
admittance locus, the values of fpme: and femin coincide
with f; and f., the half-power points on the G curve.
The conductance plot makes obvious a critical property
of quartz crystals: current flows most easily through
the resonator only at frequencies in the vicinity of fomax.
As a result, quartz crystals behave as bandpass filters,
which is one of their common applications. The
bandwidth of the filter is defined by fo — fi. (This is
analogous to the peak-width-at-half-height often used
as a diagnostic criteria in other instrumental analyses.)
In general, quartz resonators possess very small band-
widths, which makes them ideal for frequency control
and timepieces. This property has been exploited since
the 1920s, when Cady demonstrated that the converse
piezoelectric effect could be exploited for the construc-
tion of very stable oscillator circuits. Similarly, the
QCM application requires that the resonator oscillate
at a single well-controlled frequency. Most oscillators
drive the quartz crystal by the use of a feedback loop
that warrants a maximum current through the resonator
with the condition of zero-phase angle fulfilled. This
occurs at the series resonance frequency f, which is
sufficiently close to femax that the resonant condition
essentially reflects the resonance of the motional arm
of the network. Thesharpness of the conductance peak
ensures that the feedback loop will be able to “lock in”
on a very narrow frequency range. The bandwidth and
the resonant frequency determine the quality factor @
(eq 21), which is the ratio of the energy stored to the
energy lost during oscillation or, equivalently, the
inverse of the dissipation factor. For high quality
resonators, fGmax, readily determined from the conduc-
tance plot, can be used to determine @. Alternatively,
@ can be expressed as eq 22, which describes its
dependence on L and R. The high values of @ observed

Q=fs/(fZ_fl)szmax/(f2_f1) (21)
Q = 27rmeaxL/R (22)
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for quartz crystals (>10°) can be attributed to the high
effective L values coupled with very low values of R.
Equation 22 also indicates an important feature of the
QCM, namely that increasing the value of R will have
a corresponding effect on the bandwidth and therefore
the stability of oscillation. Thus, energy dissipation to
the surrounding medium or to films immobilized on
the quartz crystal must be considered in QCM inves-
tigations. In summary, the conductance spectrum is a
useful diagnostic tool because a shift in fom,, indicates
changes in mass at the surface of the quartz crystal
while changes in energy dissipation can be discerned
from the bandwidth.

2. Impedance Analysis as a Diagnostic Tool

Having described impedance analysis, it is useful to
consider frequency changes that occur in QCM exper-
iments in the context of the equivalent circuit model.
The primary effect of an added mass on the surface of
the QCM is to increase the inertial mass component,
which has the electrical equivalent L;. Since the added
mass will strictly have a mechanical effect on the
resonator, it is most appropriate to evaluate its effect
on f;, since this frequency is more closely associated
with a zero-current mechanical model with no external
electrical field. Most QCM experiments, however, are
performed with the crystal inserted in a feedback loop
that drives the crystal at the series resonance frequency
f» However, f, and f,, respond similarly to mass changes.
The consequence of this property is that a fractional
shift in frequency resulting from a change in mass can
be interpreted as a fractional change in the inductance
according to eq 23, where f;, is the series resonant
frequency prior to the mass change. The reader should
note the similarity between eqs 23 and 1.

df/f,, = —dL/2L (23)

QCM experiments, however, typically involve quartz
crystal surfaces that are either immersed in liquid
media, coated with films, or both. When a quartz
resonator is in contact with a viscous liquid or polymer
film, viscous coupling is operative (the behavior of the
resonator under these conditions is analogous to that
of a pendulum swinging through a fluid). The depen-
dence of f; on the density and viscosity of liquids
contacting one side of the QCM was noted by Kanazawa
and Gordon?% and Bruckenstein and Shay.” The
added liquid introduces a mechanical impedance, which
in the case of a Newtonian fluid is given by eq 24, where
my. is the mass of the liquid, L, the viscosity, and py the
density.®® This can be expressed in terms of a corre-
sponding electrical impedance (eq 25), but since the
liquid is assumed to be viscous the reactance does not
contain a capacitive component that would arise from
elastic behavior and eq 26 can be used to describe the
behavior. Accordingly, under this condition the equiv-
alent circuit representation must be modified toinclude
the mass loading density component (L1) and a resistive
viscosity component (RL) of the liquid or polymer, as
well as the mass loading due to a rigid film (L), as
shown in Figure 8. The impedance and admittance for
the series branch of the liquid-only network are thus
given by eqs 27 and 28; the film contributions can be
included by extension. Increasing values of Ry result
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Figure 8. (a) The general equivalent circuit representation

for an AT-cut quartz resonator with contributions from the

mass of a rigid films and the viscosity and density of a liquid

in contact with one face of the quartz resonator. (b) One
possible equivalent circuit representation for an AT-cut quartz

fesor:iator with a viscoelastic polymer film immersed in a
iquid.

in admittance circles with smaller radii, as reported for
solutions of different viscosities.?? As discussed above,
this will result in an increase in the bandwidth and a
shift of fymex to lower frequencies. Increasing the
inductance, however, does not affect the magnitude of
the real part of the impedance or admittance. Rather,
at low loadings the values of the resonant frequencies
will shift to lower frequencies with increasing values of
Ly, and L¢ according to eq 29 (Liota = L1 + Ly + Ly). At
higher loadings, however, the contribution of Liand Ly,
to the total inductance can become appreciable and
the sensitivity of the QCM can decrease. This is also
obvious upon inspection of the Sauerbrey equation; at
high massloadings f, will decrease substantially, thereby
decreasing the sensitivity. This behavior has been noted
and methods to correct for high mass loading have been
reported, particularly in the context of metal film
evaporation monitors.33-35

Zy, = (D2 (L +§) = omy, + jomy, (24
Zy, =R +jX, (25)

Z, =R +jwL (26)

Zeries = (R, + Ry) + jo(L; + L) + 1/jwC;  (27)

Yseries = [(Rl + RL) + j""(Ll + LL) - l/jwc1]_1 (28)

df/f,,=-dL/2(L, + Ly + L) (29)

The contribution of viscous coupling of the QCM to
the liquid can be incorporated into the Sauerbrey
equation to give eq 30, which reflects the contributions
of 71, and pr, to the frequency shift that is observed due
to liquid loading as well as surface mass changes
associated with a rigid film. If the product nLpop is
constant eq 30 reduces to the Sauerbrey equation.
Conversely, in the absence of mass changes, the observed
frequency will be affected only by the density and
viscosity of the medium and eq 30 reduces to eq 31,
which was the form initially reported by Kanazawa and
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Af, = 1212/ (up) V2 11(Am/ A) + [pLn/4f,1Y?] (30
Af = =1, (o) V2 (rpguy) (81)

Gordon® and Bruckenstein and Shay.” Thisisapparent
from the approximately —800-Hz shift observed upon
immersion of one side of the QCM in water. Changing
the viscosity of the liquid medium therefore results in
amonotonicshiftin frequency. Immersion of the QCM
in water also results in significant changes in the
bandwidth f>—f; and @ due to the energy dissipation
that is tantamount to the frictional effects. The value
of @, which can exceed 100000 in air, generally
approaches ca. 3000 in water.

Under ideal conditions prn1, is constant in a typical
QCM experiment and the Sauerbrey equation is ap-
plicable. Polymer films, however, commonly are vis-
coelastic in nature and the contribution to the resonant
frequency of an immobilized film’s viscosity (1), density
(p9) and elasticity (ur) must be considered. Mason
considered these effects in his investigations of polymers
with low frequency torsional mode quartz transducers®
(Figure 9). If the polymer film is rigid throughout the
QCM experiment or if pmy does not change during the
course of the experiment, contributions from pe¢ can
be ignored. Changes in pm¢ and the extent of viscous
coupling to the polymer film can be estimated quali-
tatively from the change in the bandwidth fo~f;. Viscous
coupling can result from energy dissipation due to the
frictional forces between polymer chains, or between
polymer chains and the liquid. The values of Gmax,
Ymex, and Zni, will be affected by changes in pm¢ and
the energy loss associated with viscous coupling. In
order to interpret impedance analysis data in terms of
simultaneous changes in mass and viscoelasticity of a
polymer film, one would need to resort to an equivalent
circuit such as that depicted in Figure 8b, in which L;
and R represent the contributions of psm;, R4 the energy
dissipation, and C¢ the elasticity of the polymer film.
Under most conditions, one could assume that the
contributions from the liquid would remain constant.
Quantitative interpretation of impedance analysis data
according to such a model, however, has not yet been
reported. One simple treatment may resort to treating
the polymer film in a manner similar to a liquid using
eq 32, although this ignores elasticity changes. This

Af, = ~[2£Y (uep) P I(AM/ A) + [pend 4xf 13 (32)

treatment does point out, however, that Af, can be
affected by both terms in eq 32. With respect to
impedance analysis, mass changes alone will result in
a shift of Af,, whereas a change in pey¢ (in the assumed
absence of other dissipative mechanisms) will affect
Afs» Gmaxy Yinax, and Zmin. Although quantitative models
are still lacking, this analysis clearly indicates that vis-
coelastic effects must not be ignored in EQCM exper-
iments. This is especially true for polymer films that
experience insertion of counterions or incorporation of
solvent that may lead to swelling of the film.

A recent report by Martin et al. suggests that the
relative contributions of the rigid mass and pm; terms
can be quantified using impedance analysis.?” These
authors used a continuum electromechanical model to
describe the electrical admittance for an AT-cut quartz
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Figure 9. Equivalent circuit models for (a) viscous fluid and
(b) viscoelastic fluid as given by Mason. Reprinted from ref
16. Copyright 1950 Van Nostrand.

resonator simultaneously loaded by a surface mass layer
and a Newtonian fluid in contact with the resonator.
Their model was based on the equivalent circuit similar
to that in Figure 8, and solutions for each of the
equivalent components were provided. Significantly,
the analysis found that Af, was affected by both the
rigid mass change Am/A and the product pn according
to eq 30, but the admittance was only affected by pn
according to eq 33, where 7, is the “apparent” viscosity
of quartz and N is an odd number representing the
fundamental frequency or one of the allowed harmonics
(N =1, 3,5, ...). This suggests that the contributions
from the actual mass change and a change in pn for a
polymer film may be distinguished using eqs 32 and 383.

1/ Yee = (ng/C1) + (UNC)lon/wfugo )/ (33)

This model, however, still does not account for changes
in the elasticity, that is the modulus, of a viscoelastic
fluid. The contribution of elasticity to QCM measure-
ments was noted recently for investigations in which
one face of the QCM was immersed in viscoelastic
perfluoro polyether fluids.®® The authors reported
discrepancies between frequency shifts measured by
impedance analysis and those calculated from a model
based on eq 31 that only accounted for pn. This behavior
was attributed to an elasticity component that became
more significant with increasing molecular weight and
increasing frequency. These authors also reported the
use of impedance analysis for evaluating the agreement
of the observed conductance maxima and frequencies
of harmonic overtones with values calculated based on
the composite resonator model.

The key point of the ahove discussion is that caution
must be exercised when interpreting frequency changes
simply on the basis of the Sauerbrey equation, especially
when polymer films are being investigated. Measure-
ment of Af, alone is not sufficient to distinguish actual
mass changes from contributions from pm; and film
elasticity. This “nonideal” behavior becomes more
significant as the film thickness is increased because
the relative contribution of the thick film to the overall
acoustic impedance of the composite resonator is
increased. Accordingly, a simple way to determine if
viscoelastic effects are important is to perform QCM
experiments over a range of film thicknesses. If
nonideal behavior is suspected, however, impedance
analysis can be used to elucidate the contribution of
pmy. It is becoming apparent that impedance analysis
should play an important role in future QCM inves-
tigations, particularly those involving viscoelastic films
and viscous fluids. This is evident from several
publications devoted to this subject that have appeared
recently,37-42
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D. Nonideal or Unexpected Behavior in QCM
Investigations

Most reported QCM investigations have assumed
ideal rigid layer behavior, using the Sauerbrey equation
when interpreting frequency changes. It is important
to remember, however, that the QCM measures fre-
quency changes and not mass changes. While this may
seem obvious, its importance rests on the potential for
interferences that can result in nonideal behavior,
defined here as a lack of conformance with the Sauer-
brey equation. The preceding section described con-
ditions in which frequency changes observed for poly-
mer films will not be ideal by this criterion. Wedescribe
below these and other factors that can lead to nonideal
behavior.

1. Viscoelastic Effects

One role of the QCM in investigations of redox
polymer films is to evaluate the equivalent mass changes
in films during redox cycling, thereby establishing the
number of counterions and solvent molecules involved
in the transport process. The possibility of changes in
viscoelasticity of the film due to changes in the
morphology and swelling, however, generally have been
ignored, although it is likely that ingress and egress of
counterions and solvent can result in changes in the
viscosity and/or elasticity of a film. This behavior can
lead to erroneous conclusions about mass transport in
the film because of the contributions of pms described
in the preceding section. In the absence of impedance
analysis, it is strongly suggested that QCM investiga-
tions of polymer films be performed for a range of film
thicknesses. Linearity of response over the chosenrange
generally can be taken as evidence of either rigid layer
behavior and/or the absence of changes in viscoelas-
ticity of the film during the experiment. Isotopic
substitution can also be employed to rule out nonideal
effects. For example, an EQCM investigation of films
of Csy[NiFe(CN)¢], a nickel derivative of Prussian Blue
indicated expulsion of Cs* upon oxidation with uptake
of approximately 3 equiv of water.** The difference in
Af, from the solvent contribution to the total frequency
change for H,O and D;0 was 10%, consistent with the
difference in their molar masses. This agreement
corroborated ideal behavior and the absence of signif-
icant viscoelastic effects.

Examples of viscoelastic interferences in EQCM
investigations have not been documented extensively,
although absence of such observations probably can be
attributed toalack of attention to this aspect. However,
in a study of glucose sensing with the QCM, one of us
has found that polyacrylamide films impregnated with
hexokinase gave much larger Af; values than expected
when glucose binds to the enzyme in the film.4* This
was attributed to changes in the mechanical properties
of the polymer film with a corresponding change in pem;.
Similarly, Af, values observed for electrochemical
oxidation of polyvinylferrocene films in aqueous NalO3
are consistent with the ingress of 20 equiv of H,O per
equivalent of I0;~. Since this clearly is unreasonable,
it seems likely that the observed Af, results from
substantial changes in pe;. This was corroborated by
impedance analysis of the film in its different redox
states which showed broader conductance peaks for
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the oxidized form of the polymer. Two other examples
of the use of impedance analysis techniques have
appeared recently.*? Thin films of poly(nitrostyrene)
were observed to swell extensively with solvent during
redox cycling (to the nitrophenyl, anion radical state)
in acetonitrile, where the swelling was observed by virtue
of the solvent plasticization and consequent increase
inthe conductance peak.4?¢ Similar methods were used
to demonstrate rigid layer behavior for thin films of
poly(thiophene).42

2. High Mass Loadings

In the impedance analysis section we described the
effect of high mass loadings on the measured frequency
changes. As mass loading is increased, the sensitivity
of the QCM decreases according to eq 29. This effect
also is understood readily by inspection of the Sauer-
brey equation. High mass loadings will result in a
significant decrease in f; during the process. This will
result in a decrease in the numerator of the Sauerbrey
equation with a corresponding decrease in the QCM
sensitivity. Typically, QCM measurements are con-
sidered accurate provided the mass of the film does
not exceed 2% of the mass of the crystal. Higher mass
loadings can be tolerated, however, using the “Z-match”
method which accounts for the different acoustic
impedances of quartz and the film using eq 34, where
fac is the series resonance frequency at time ¢, f, the
initial series resonance frequency, zsand z, the acoustic
impedances of the film and quartz, respectively, us the
shear modulus of the film and p; the film density. This
treatment allows up to 10% mass loadings, but the shear
modulus and density of the film must be known.
Equation 34 is used by commercial monitoring systems
to measure metal film thickness during metal evapo-
ration. The Z-match method has not yet been employed
in EQCM applications because in most cases us and ps
are not known.

tan [xf,,/f,0] = ~(z/z,) tan [xf,, 2 Am/(up)'/®  (34)

3. Surface Roughness

The microscopic roughness of the QCM electrode
surface can play an important role in the behavior of
the QCM in liquid media. Trapping of liquid insurface
cavities will result in an additional mass component
whose magnitude will depend upon the amount of
trapped liquid and the size of the cavities. This effect
has been observed during the oxidation of gold elec-
trodes in neutral and basic media, in which it was
discovered that the observed frequency shift during
electrochemical oxidation was significantly larger than
that expected from oxide formation.4*4 This was
attributed to water trapped in surface cavities formed
during the oxidation step. The authors presented a
model of a corrugated surface comprising hemicylin-
ders of diameter d; water trapped inside these cavities
would be equivalent to a rigid layer thickness of d/2.
The authors calculated the mass of the confined liquid
by subtracting the oxide film mass determined by cou-
lometry from the total mass change determined from
the frequency shift observed during oxidation. The
cavity size was then calculated using eq 35. Interest-
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ingly, the calculated cavity size was significantly smaller
than that estimated from scanning electron micro-
graphs, suggesting that the confined liquid did not
behave as a rigid mass. The important conclusion of
this work is that approximately 80% of the observed
frequency shifts could be attributed to roughness
effects. While these observations indicate the utility
of the QCM in probing surface behavior, they also
demonstrate that caution should be exercised when
interpreting QCM data, particularly if the mechanism
and stoichiometry of the process under investigation is
unknown. Many commercially available quartz crystals
are provided with electrodes on unpolished quartz
surfaces that are considerably rougher than polished
crystals. It is recommended therefore that the surface
roughness or method of crystal preparation be noted
when describing QCM investigations.

4. Surface Stress

QCM investigations are typically performed with one
side of the AT-cut quartz crystal immersed under a
column of liquid with the opposite side facing air. This
arrangement will result in a stress on the quartz crystal
due to the hydrostatic pressure exerted by the column
of liquid. This effect was examined by Heusler et al.*
who reported a parabolic dependence of the QCM
frequency on hydrostatic pressure according to eq 36,
where p is the hydrostatic pressure and A is a constant.

fo— % = A(D ~ Ppar)’ (36)

Previously alinear dependence of frequency on pressure
was claimed.t” The hydrostatic pressure of a 1-cm
column of water in a typical QCM apparatus is
approximately 10 N ¢cm=2, The role of these effects
in QCM experiments has not yet been established, but
it seems likely that they are not very important since
the pressure generally will be constant throughout a
typical experiment.

Strain effects arising from thick films can also affect
the conformance to the Sauerbrey equation.*®4® Com-
pressive stresses in metal films on the QCM are known
to result in frequency shifts unrelated to mass changes,
with a decrease in f, observed for AT-cut crystals.5
Other types of quartz resonators, however, exhibit
different stress coefficients. For example, the stress
coefficient of BT-cut quartz is similar in magnitude to
that of AT-cut quartz but is opposite in sign, resulting
in an increase in f; when compressive stress is present.
This property has been exploited to evaluate stresses
in metal coatings via the “double resonator” method
that uses both AT- and BT-cut quartz crystals.51:52
Recently, the effect of compressive stress on EQCM
frequency response during electrochemical hydrogen
absorption into palladium films was reported by Cheek
and O’Grady.>® Anomalously large frequency shifts
were realized during hydrogen absorption on AT-cut
crystals but only a very small change was observed on
BT-cut crystals, consistent with the development of
compressive stress in the palladium films during
hydrogen absorption. The use of both types of reso-
nators, as well as studies substituting deuterium for
hydrogen, allowed the mass and stress effects to be
separated so that the actual mass change could be
determined. Interestingly, QCM studies of compres-
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sively stressed films of nickel-iron alloys and nickel
suggest that stress may not always cause departure from
the Sauerbrey equation. When films of these materials
coated on one side of the QCM were removed by
sputtering and the change in frequency measured,
anomalously high sensitivity to mass changes at the
center of the resonator compared to films without stress
were observed.?* Theenhanced sensitivity in the center
of the resonator, however, was compensated by lower
sensitivity at the periphery. As a result, the integral
(total) sensitivity did not change. These studies clearly
show that stress effects can be important in QCM
investigations, although the effects are not always
predictable.

5. Interfacial Slippage

The present models describing the QCM and its mass
sensing properties rely on the “no-slip” condition, which
refers to the case in which the first layer of solvent at
the QCM metal electrode surface is tightly bound and
does not slip against the metal surface during the shear
motion of the disk. Thus, the vibrating QCM electrode
and the adjacent molecular layer of the liquid move at
the same velocity. Another way of stating this is that
the “slip plane” is between the first and second layers
of solvent. If the coupling between the electrode and
the adjacent solvent layer is altered, the decay length
of the shear wave and the effective thickness of the
liquid layer will be affected. In this case of partial
slippage the effect of a liquid or a molecular film on £,
would be reduced compared to the no-slip condition.

A recent report described a correlation of contact
angles with the Af; observed upon immersion in liquids,
under conditions where the surface energy of the QCM
electrodes was controlled by treatment with silanes of
differing hydrophobicity.5* The time required toreach
the final stable value of f, in liquid also depended upon
the nature of the electrode surface. It alsowas reported
that the frequency shift observed upon exposure of one
side of the QCM depended upon whether gold or
aluminum electrodes (with the Al electrodes coated by
a native AloO; layer) were used,®® and the frequency
shifts for surfaces with hydrophobic bilayers on gold
electrodes were reported to be slightly less than those
obtained with hydrophilic monolayers.®” Unfortu-
nately, the conclusions in these reports are obscured
by a lack of information about the degree of surface
roughness of the crystals used, thereby excluding the
possibility of making quantitative evaluations from the
frequency shifts reported upon exposure to the fluids
used. Changes in the extent of slippage may also be
responsible for anomolously large frequency changes
observed during electrochemical adsorption and des-
orption of hydrogen atoms on platinum electrode
surfaces.*® This was attributed to a change from a
hydrophobic surface in the double layer region to a
hydrophilic surface in the hydrogen adsorption region,
where surface sites containing chemisorbed water
molecules are present.?5? Similar results were reported
during electrochemical generation of hydrogen atoms
at TiO, electrodes.*

The departure from the no-slip condition proposed
for the QCM also has been noted recently for other
piezoelectric transducers.®%2 These observations sug-
gest that the surface energy plays an important role in
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Figure 10. Sensitivity dependence on radial position of 0.025-
in. holes aligned parallel to the x axis (® = 0°) for radius of
the excitation electrode = 0.32 cm and plano-plano (8) and
plano—convex (O) quartz crystals, expressed as Af/Q ratios
measured during copper electroplating. Reprinted from ref
64. Copyright 1991 American Chemical Society.

determining the extent of slippage at the interface. Since
changes in the degree of slip during a QCM experiment
may distort the observed frequency changes, more
attention to interfacial slippage is warranted. Recent
work in one of our laboratories measuring frequency
changes caused by redox events in self-assembled mono-
layers has also been suggestive that interfacial slippage
can induce small, but significant, frequency shifts,
especially when the redox event causes the monolayer
to undergo a hydrophilic/hydrophobic transition (vide
infra).

6. Nonuniform Mass Distribution

A recentstudy by Martin and Hager using a tungsten
probe to measure the surface motion of AT-cut quartz
resonators immersed in water corroborated the radial
dependence of shear velocity and amplitude.®® Unlike
behavior observed for the QCM in vacuum the shear
motion extended beyond the electroded region of the
resonator consistent with field fringing due to the
dielectric contribution from water. These experiments
indicated that the physical behavior of quartz resonators
is significantly different in gas and liquid media.

One of us recently reported in situ measurements of
the radial mass sensitivity of the EQCM in liquid media
performed via copper electrodeposition in small 0.025-
in. holes etched in a photoresist polymer previously
applied to the quartz crystal surface by spin coating.®
Simultaneous measurement of the EQCM frequency
change (Af) and electrochemical charge (&) allowed
evaluation of the mass sensitivity. Figure 10 depicts
values of Af/Q at various r (radius of the hole) values
on the quartz crystal where Af/Q is related to the ¢ by
eq 37, where A’ is the area of the hole and MW is the

Af/Q = —c, MW/2F A’ @37

molar mass of the electrodeposited metal. The plano—
plano resonator exhibited significant sensitivity to mass
changes beyond the electrode edges. In contrast, the
plano—convex resonator exhibited greater sensitivity
in the center of the crystal and little field fringing due
to greater energy trapping of the fundamental mode.

The observations clearly indicate that the radial
sensitivity of the QCM requires a uniform mass
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Figure 11. Schematic of an EQCM apparatus. Reprinted
from ref 11. Copyright 1991 Marcel Dekker.

distribution if accurate measurements are to be made
using the Sauerbrey equation. It should be noted that
film uniformity in this context refers to macroscopic
features with long length scales. Actual electrode
surfaces, including those with redox active films, are
unlikely to possess truly uniform films. As long as the
roughness is not longer than the acoustic wavelength
or the nonuniformities are randomly distributed, con-
formance to the Sauerbrey equation can be expected
and average thickness will be measured. Indeed, the
conformance of numerous QCM data with the Sauer-
brey equation suggests that the QCM is rather forgiving
in this regard and that departure from ideal behavior
will appear only in the most drastic cases (this does not
pertain to the aforementioned roughened electrode
surfaces that can trap liquid molecules).

It is also apparent that in liquid media the regions
beyond the electrode boundary can contribute signif-
icantly to the sensitivity of the resonator. The obser-
vation of field fringing dictates that the integral
sensitivity constant for a given crystal frequency,
contour, electrode thickness, and electrode geometry
should be determined electrochemically prior to per-
forming any experiments. Onesuchstandard procedure
involves copper electrodeposition. This calibration also
accounts for electrode tabs where electrochemical events
take place but are located on piezoelectrically inactive
regions of the crystal.

1I1. Experimental Aspects and Relation of
Electrochemical Parameters to EQCM
Frequency Changes

A. Apparatus

Several versions of EQCM instrumentation have been
described.f2 In addition, the experimental aspects of
use of the EQCM have been discussed in considerable
detail elsewhere!! and will not be reiterated here.
However, for sake of clarity, a brief description of a
typical EQCM apparatus is in order. Figure 11 shows
aschematic for a typical instrument. Usually, operation
of the potentiostat or galvanostat is accomplished by
computer, which is interfaced directly to both the
electrochemical instrumentation (i.e. waveform gen-
erator, potentiostat, etc.) and the frequency measuring
instrumentation (frequency counter, frequency to volt-
age converter, etc.). For simplicity, we confine our
discussion to potentiostatic experiments, although other
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electrochemical experiments are possible. In the con-
figuration shown in the figure, the computer simulta-
neously generates the electrochemical excitation wave-
form and measures the current passing through the
EQCM working electrode as well as the frequency of
oscillation of the quartz disk. Comparison of thesedata
provides for a better understanding of interfacial
processes coupled to the redox event, as described
elsewhere in this review. Computerization allowsfacile
signal averaging, which is usually required for mass
changes at the monolayer or submonolayer level.

A useful modification of the apparatus shown in
Figure 11 is one in which the oscillator/frequency
counter combination is replaced by a network or
impedance analyzer. This allows one to measure the
entire frequency spectrum for the quartz resonator while
the EQCM working electrode is under potential control.
The reasons for making such measurements have been
described in preceding sections. Borjas and Buttry*?
have reported on such a configuration and its use to
diagnose solvent swelling in thin films of redox and
conducting polymers.

B. Relations between Electrochemical
Parameters and Frequency Changes

We confine our attention here to cases in which
frequency changes are caused only by, and directly
related to, interfacial mass changes, which are them-
selves caused by redox processes. In such cases, it is
possible to gain considerable information about the re-
dox process by direct comparison of the electrochemical
parameters for the redox process and the interfacial
mass change. Typically, it will be useful to compare
both the current, i (A cm2), and the charge, @ (C cm™),
to the observed frequency change Af (Hz).

Since the charge is a measure of the total number of
electrons involved in the redox process, it should be
directly proportional to the frequency change, which is
a measure of the total mass change. This is embodied
in eq 38 where MW is the apparent molar mass (g mol™)

Af = 10°MW C,Q/nF (38)

of the species which is deposited or removed, n is the
number of electrons involved in the redox process, F is
the Faraday constant, and the other quantities have
been defined elsewhere. The factor of 10 completes
the conversion from the common units of C; (Hz ug™!
cm?) to the units of MW (g mol™!). Thus, it is seen that
for the simple case described above, Afand @ are directly
proportional to one another. In such cases, appropri-
ately scaled plots of Af vs @ should reveal the extent
to which the assumption stated above holds, and also
give the apparent molar mass of the depositing species.
Deviations can be diagnostic of other effects, such as
roughness of the deposit, incorporation of solvent and/
or supporting electrolyte, etc., as described in other
sections,

In contrast to the charge, the current is the instan-
taneousrate of passage of electrons across the interface.
Therefore, it is related to the derivative of the frequency
with respect to time (or potential for a constant sweep
rate, cyclic voltammetric experiment). This is shown
in eq 39 where » is the scan rate (V s71), 10 is a unit
conversion factor, and the other quantities are as
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i = {d(AN/AE} (10 nuF)/ (MW C)) (39)

described previously. This representation is useful for
the comparison of subtle relationships between Af and
i

1V. Investigation of Thin Fiims

The basis for studies of thin films is the high
sensitivity of the QCM. For example, a QCM with a
fundamental frequency of 5 MHz has a sensitivity of
56.6 Hz cm? ug™!, and typically can be operated with a
noiselevel <1 Hz. Under these conditions the minimum
detectable mass change is approximately 10 ng cm=2.13
A monolayer of closest packed Pb atoms (320 ng cm™2)
therefore will afford a frequency shift of approximately
18 Hz, easily detectable with the EQCM.? In addition,
interfacial processes can be measured on a time scale
of approximately 100 ms, the exact time scale depending
upon the frequency counter being used (a Philips
PM6654 frequency counter allows 0.1-Hz resolution in
60 ms; a Hewlett-Packard 5384 frequency counter 0.1-
Hzresolution in 100 ms). The ultimate time resolution
7 of the QCM is fundamentally limited by the time
required for equilibration of the device with the
deposited mass, which depends upon the operating
frequency and the quality factor of the QCM according
to eq 40. The quality factor of a 5-MHz QCM in liquid
media is typically 2000-3000; under these conditions 7
isonthe order of milliseconds. The ability to determine
mass changes on reasonably short times scales can
facilitate examination of the kinetics of processes
involving ultrathin films such as monolayers, including
events that accompany these processes that are oth-
erwise transparent to other electrochemical methods.

T =Q/xf, (40)

A. Electrodeposition of Metals

The first applications of the EQCM included inves-
tigations of electrodeposition of metals onto electrode
surfaces. Electrodeposition of approximately 10 layers
of silver on the working electrode of a 10-MHz EQCM
was reported by Bruckenstein and Shay.” The sensi-
tivity value reported was within 3% of that predicted
by the Sauerbrey equation. This capability suggests
an important role for the EQCM in determining the
Coulombic efficiencies of electrodeposition,®85 which
can greatly facilitate the optimization of processes such
as electroplating. For example, frequency changes
observed during galvanostatic nickel electrodeposition
reflect dramatic differences between Ag and Au sub-
strates, with significantly larger plating efficiencies on
Ag than on Au during the initial stages of the process.
The rather simple design and economical cost of the
EQCM will likely result in its more extensive use in
this application.

The capability to perform EQCM measurements of
metal electrodeposition in situ provides a more con-
venient means for investigating fundamental processes
such as underpotential deposition (UPD) of metals.
QCM studies of the UPD of metal monolayers were
performed initially by ex situ methods in which the
frequency of the QCM was determined in the dry state
before and after electrodeposition.®® In situ methods,
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Figure12. (a) Current—potential and (b) frequency-potential
curves of Au EQCM electrode in 1 M HCIO, and 0.5 mM
PbO. Scan rate: 10 mV s7!; 5-MHz crystal operated at the
third harmonic (15 MHz). Reprinted from ref 8. Copyright
1987 American Chemical Society.

however, are much more reliable for these measure-
ments as errors introduced by manipulation of the
crystal during immersion and emersion can be sub-
stantial, especially with the small frequency changes
expected for UPD processes. Accordingly, numerous
in situ investigations of UPD phenomena soon followed.

Underpotential deposition of Pb on a Au working
electrode of a QCM in 0.1 M HCIO, was reported by
Melroy et al.® These studies employed the third
harmonic of a 5-MHz QCM, which afforded a 3-fold
increase in sensitivity compared to operation at the
fundamental mode. Frequency shifts were observed
at potentials of two distinct waves in the cyclic volta-
mmogram that corresponded to Pb UPD; the total
frequency and charge were near those expected for a
hexagonally closest packed monolayer (Figure 12). The
electrosorption valency, v, for Pb deposition on Au was
determined from comparisons of the measured fre-
quency and charge to be 2.08 + 0.10. Similar exper-
iments were performed for other metals using Pb as a
benchmark, and electrovalencies were determined for
Bi (y = 2.7), Cu (y = 1.4), and Cd (y = 1.6-2.0).5 In
general the measured coverages were consistent with
closest packed layers. The EQCM revealed several
interesting details about the UPD process. For exam-
ple, v for Bi was 2.7 until the third major UPD peak,
whereupon a sudden increase in electrochemical charge
occurred without a significant increase in the measured
mass. This was actually accompanied by a slight
decrease in mass, which may be due to loss of weakly
adsorbed ions.

More detailed EQCM studies of Pb UPD on Au and
Ag electrodes have appeared recently.8 The EQCM
experiments on Au working electrodes in borate buffer
solutions revealed behavior similar to that observed
previously, that is, the frequency decreased upon
cathodic UPD as expected for the increase in mass
accompanying monolayer formation. Silver electrodes,
however, were reported to give significantly different
results. In 0.1 M borate buffer solutions, a frequency
decrease was observed initially upon addition of Pb(II)
to the solution, which was attributed to the adsorption
of anionic lead species at the positively charged silver
electrode interface (the point of zero charge of Ag is
more negative than that of Au). Cathodic excursions
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Figure 13. Current-potential and frequency-potential curves
of Ag EQCM electrode obtained in 2.7 X 105 M Pb(II) and
0.1 M borate buffer (pH =9.15). Scanrate: 50mVs;starting
potential =-100mV. Reprinted fromref70. Copyright 1990
American Chemical Society.

into the UPD region resulted in Pb UPD but with a
mass decrease due to the expulsion of BO;™ ligands
from the adsorbed Pb(II) intermediate (Figure 13).
Comparison of the frequency and charge during UPD
suggested three BO,~ligands were expelled per adsorbed
Pb(II) species. This behavior was not observed atlower
borate concentrations, where only a broad increase of
mass was observed past the onset of the UPD region.
Comparison of frequency changes and electrochemical
charge strongly suggested that UPD was accompanied
by the immobilization of two BO; anions. The authors
also reported that in more acidic environments where
only cationic or uncharged Pb(II) species were present
in solution, adsorption of the Pb(II) species was not
evident, and the anticipated mass increase was observed
upon cathodic excursions into the UPD region.

B. Dissolution of Metal Films

The electrochemical dissolution of metal films also
can be examined conveniently with the EQCM. Such
investigations have obvious relevance to the use of
piezoelectric transducers as corrosion sensors,”? EQCM
studies are also likely to elucidate the fundamental
processes involved in the anodic dissolution of metal
films, which is of key importance in corrosion processes.
The high sensitivity of the EQCM provides an advan-
tage over other methods, such as ex situ weighing,
chemical analysis of solutions, or photometry, for
measuring dissolution rates. For example, the EQCM
was employed to monitor the electrochemical dissolu-
tion of copper films in oxygenated sulfuricacid.”> These
studies found that the dissolution rate was linearly de-
pendent upon [0:] and [H*], suggesting the involve-
ment of a heterogeneous surface reaction. In a rather
unique experimental approach the dissolution (and
formation) of manganese dioxide films was investigated
with a rotating EQCM.™ The anodic dissolution of
nickel films was reported to occur with two maxima in
plots of Af vs potential, which were attributed to the
potential-dependent dissolution of two different (a and
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B8) NiH, phases.” The anodic dissolution of nickel-
phosphorus films was also examined with the EQCM,
and comparisons of the frequency shifts and electro-
chemical charge allowed determination of the compo-
sition of the films.®5 In addition, the data inferred that
two different Ni~P compositions were present, con-
sistent with the known phase diagram.

The growth of metal oxide films has also been
investigated with the EQCM. The advantages of the
EQCM for these investigations are obvious, as it
provides an opportunity to determine the stoichiometry
of the electrochemical oxide-forming process as well as
elucidating the kinetics of the film formation. The
EQCM also has been employed to examine subtle
morphological changes in electrodes that accompany
oxide formation on metal electrodes. Electrochemical
oxidation of copper and gold electrodes in neutral and
basic media results in frequency shifts that are sig-
nificantly larger than those expected from oxide
formation.***5 This was attributed to surface rough-
ening and subsequent trapping of water in the associated
surface cavities.

C. Electrovalency Measurements of Anion
Adsorption '

The EQCM has also been used to measure the direct
electroadsorption of anions on an electrode surface. For
example, simultaneous measurement of electrochemical
charge and EQCM frequency during electroadsorption
of Br~ and I under conditions favoring formation of
complete monolayersindicate electroadsorption valency
values of v = —0.39 = 0.03 and -1.01 % 0.05, respec-
tively.”* Thus, Br retains a partial negative charge on
the electrode surface whereas I is fully discharged. While
these data are interesting in their own right, they also
demonstrate that electrolyte adsorption can play a
significant role in the EQCM response. Accordingly,
caution should be exercised in investigations of mono-
layer adsorption on electrode surfaces.

D. Hydrogen Absorption in Metal Films

Several reports have appeared recently describing
the use of the EQCM to measure electrochemically
induced hydrogen or deuterium uptake in palladium
films (no doubt spurred by claims of cold fusion under
these conditions). Cheek and O’Grady reported large
frequency decreases upon application of cathodic
potentials to Pd films in 0.1 M LiOH solutions (Figure
14), consistent with expectations of increasing mass
due to hydrogen absorption.®® These frequency in-
creases, however, were larger than expected on the basis
of the amount of electrochemical charge (-351 Hz
compared to —~185 Hz expected for H absorption in a
367-nm-thick film). This behavior was attributed to
the effects of compressive stress on the AT-cut quartz
crystals during electrochemical hydrogen absorption
into the Pd films, which would decrease the frequency
of the resonator.’® This was corroborated by the
observation of only very small frequency changes for
a BT-cut crystal (20 Hz for H absorption for a 475-
nm-thick film), which has a stress coefficient similar in
magnitude to AT-cut crystals but opposite in sign.
Indeed, large frequency decreases of 180 Hz were only
observed for deuterium absorption. The use of both
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Figure 14. (a) Af vs ¢ for a palladium film (366.6 nm) on
AT-cut quartz crystal (0.1 M LiOH + H;0). Number arrows
indicate the applied potential at the film: (1) 0.00 V (vs Ag/
AgCl); (2) E scanned to and held at -1.14 V; (3) E scanned
to and held at ~1.27 V; (4) E scanned to and held at 0.00 V.
(b) Af va t for a palladium film (475 nm) on a BT-cut quartz
crystal (0.1 M LiOD + D;0). Number arrows indicate the
applied potential at the film: (1) 0.00 V (vs Ag/AgCl); (2) E
scanned to and held at -1.20 V; (3) E scanned to and held at
(S).OO V. Reprinted from ref 53. Copyright 1990 Elsevier
equoia.

O

types of resonators®5? agllows the stress effects to be
evaluated according to eq 41, where KAT and KBT are
the stress coefficients for the different resonators (AT
= 2.75 X 10712 ¢cm?/dyn and KBT = -2.65 X 10712 cm?/
dyn), and tAT and t,BT are the resonator thicknesses.
Compressive stress was noted by other workers in
similar studies of hydrogen absorption in Pd films.?5.7®

S= (KAT _ KBT)~1[(thTAfAT/fSAT) _ (thTAPT/fsBT)]
(41)

E. Bubble Formation

A potential interference in EQCM investigations of
metal deposition or dissolution is the formation of gas
bubbles at the electrode interface due to competitive
water electrolysis. In principle, one would expect a
mass decrease, and therefore a frequency increase, due
to the mass of the liquid displaced at the interface by
the gas bubbles. This change would not correspond to
mass change of the electrode itself and would lead to
misinterpretations. The effect of gas bubbles on the
QCM frequency has been examined by several groups.
In addition to elucidating the contribution of this effect
to QCM responses in deposition and dissolution pro-
cesses, such studies may provide useful information
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Figure 15. Schematic diagram of bubbles attached to the
electrochemical quartz crystal microbalance with (a) a contact
angle of 0° (R, is the radius of the bubble); (b) a contact angle
of 90° (R, is the radius of the hemispherical bubble). Ineach
case the modulation layer thickness k is approximately 300
nm for a 6-MHz crystal. Reprinted from ref 81. Copyright
1991 Elsevier Sequoia.

concerning gas electrolysisitself. This can be especially
important in elucidating potential fluctuations and
detachment sizes of gas bubbles,”-™ which affect the
dynamics of gas evolution. Benje et al. concluded that
the frequency indeed increases during hydrogen gas
bubble formation at a Au QCM electrode.? No fre-
quency change was observed unless the applied current
exceeded 0.5 mA (6-mm diameter electrode); at i =1
mA the frequency increased at a rate of approximately
2 Hz s7! for a few seconds until no further changes were
observed. When the current was switched off, the
frequency returned to its original value. At larger
applied currents (>2 mA), large frequency fluctuations
were observed under conditions where gas bubbles were
visually evident. More extensive studies by Carr et
al.®found that hydrogen formation induced by cathodic
potential excursions at Au electrodes was accompanied
by a frequency increase of approximately 30 Hz, with
the onset of this frequency increase occurring at —0.58
V. The frequency of the EQCM remained unchanged
upon scanning back to +0.3 V, which was attributed to
the persistence of hydrogen bubbles at the electrode.
A model based on displacement of liquid from the
modulation layer (the layer defined by the penetration
depth of the acoustic wave) by gas bubbles was
presented to account for the frequency changes, the
amount of displaced fluid depending upon the contact
angle between the bubble, and the electrode surface.
The model, however, contained many assumptions,
including the range of contact angles formed by the
bubbles (6 = 0-90°) and their coverage (visually
estimated). Nevertheless, this model predicted fre-
quency shifts near those experimentally observed. Ga-
brielli et al. performed similar experiments using a
Fourier analyzer for frequency measurements that
provided an effectively larger bandwidth than that
provided by conventional frequency counters.?! This
approach allowed detection of shorter time scale
frequency transients that presumably were associated
with bubble detachment and rearrangement of contact
angles of gas bubbles on the surface. A model identical
to that of Carr et al. was also presented with nearly
identical conclusions (Figure 15); initiation of bubble
growth was represented by © = 0° and detachment was
assumed to occur when © = 90°. The important point
of this model is that the frequency shift of bubbles with
© =0° is negligible (0.1 Hz) compared to that for bubbles
with © = 90° (80 Hz) because of the large differences
in the amount of displaced fluid. Based on this model
and the observed frequency transients of 5 Hz, the
detachment size of the bubbles was estimated to be
approximately 225 um in diameter. The authors
suggested that the EQCM is particularly sensitive to
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Figure 16. Comparison of the current transient (dashed)
and the frequency response (solid) vs time during TTFBr+
electrocrystallization at +0.3 V in 0.1 M tetrabutylammo-
nium bromide containing 5 X 103 M TTF in acetonitrile.

this phenomenon, whereas more conventional conduc-
tivity measurements are not.

F. Other Thin-Film Systems

Rajeshwar, Reynolds, and co-workers have used the
EQCM to aid in mechanistic studies of the deposition
of thin films of semiconductor materials. For example,
they were able to use the electrochemistry/mass mea-
surement combination offered by the EQCM to unravel
the very complex mechanism involved in the formation
of thin films of Te.%2

Another application of the EQCM to studies of thin
film formation is in the area of molecular charge transfer
salts (or low dimensional solids). One of us33¢ has used
the EQCM to great advantage in studying and opti-
mizing the electrocrystallization of charge transfer salts
of a variety of organic cations and anions. For example,
it has been possible to differentiate between formation
of high-quality single crystals and dendritic material
by comparison of charge and frequency change during
the deposition.® Figure 16 shows data from such
experiments on electrocrystallization of TTFBr,; (TTF
= tetrathiafulvalene). The dashed curve shows current
vs time and the solid curve shows frequency vs time for
a typical experiment. After a brief transient shortly
after the potential step to +0.3 V, the current associated
with electrocrystallization continues to rise gradually
with time, indicating electrolysis of increasing amounts
of TTF. However, the rate of mass gain at the surface
(given by the absolute value of the slope of the frequency
versus time curve) decreases with time. Thus, while
the current indicates increasing amounts of deposited
material with time, the frequency seems to indicate
decreasing amounts of deposition with time. This
apparent loss of mass sensitivity was attributed to a
morphological change in the crystalline deposits, which
were no longer rigidly coupled to the EQCM because
of the onset of dendritic crystallization.

Ostrom and Buttry® have studied the nucleation and
growth, as well as the dissolution mechanism, of thin
films of diheptyl viologen, a widely studied electro-
chromic system. A novel aspect of this study was the
elucidation of nucleation behavior by analysis of the
apparent mass changes which were obtained for dep-
osition at different potentials.

Another interesting application of the EQCM is to
studies of thin film catalytic systems. Ward and co-
workers® used microgravimetry to help analyze the
origin of the catalytic activity of tetrathiafulvalene-
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tetracyanoquinodimethane (TTF-TCNQ) electrodes
toward mediated and direct electrochemical reactions
of small molecules, such as catechol and ascorbic acid.
Johnson, Buttry, and co-workers®” used the EQCM to
examine the deposition of Bi-doped 8-PbO, thin films
formed by electrodeposition. They were able to use
the mass information to aid in determination of the
composition of the film, and to understand the catalytic
activity of these films toward O-atom transfer reactions.
Grabbe et al. 2 reported on a novel study of adsorption
of human IgG and anti-IgG at Ag electrodes. They
also observed formation of an insoluble layer of these
materials upon oxidation of the underlying Ag electrode,
presumably due to very strong interactions between
Ag* and various pendent groups on these proteins.

G. Self-Assembled Monolayers

Aside from the UPD, oxide, and halide monolayer
systems described above, it has also proven possible to
detect adsorption and desorption of self-assembled
monolayers of organic and organometallic species. In
addition, electrochemically driven changes in degree
of association of ions and solvent with these monolay-
ers have also been observed. Donohue et al.%% and
Nordyke and Buttry®® first observed redox induced
changes in adsorption of redox groups attached to long
alkyl chains. They monitored electrochemically in-
duced changes in the state of adsorption of surfactants
bearing ferrocene groups. It was found that these “re-
dox surfactants” were strongly adsorbed in their reduced
forms and that oxidation led to desorption, processes
which were easily followed by virtue of the resulting
mass changes at the electrode surface. For redox sur-
factants with relatively short alkyl chains, desorption
is very rapid following oxidation. However, for the case
of a redox surfactant with a long enough alkyl chain,
it proved possible to use the mass change to monitor
the rate of the desorption process following oxidation,
allowing the kinetics of the adsorption/desorption
events to be discussed in the context of the thermo-
dynamics of these events.®?

More recently, the EQCM has been used to monitor
mass changes which occur during redox events for co-
valently anchored self-assembled monolayers of violo-
gen of ferrocene derivatives, where the anchor is formed
by the strong interaction between either a disulfide or
thiol on the redox species and the surface atoms of a
Au or Ag electrode surface. De Long and Buttry®9
and De Long et al.??2 used the EQCM to detect the
motion of charge compensating ions into and out of
monolayer assemblies when they were cycled between
two redox states with different ionic charges. In some
cases, it was also possible to discern the degree to which
solvent motion simuitaneously occurred.?# The im-
portance of understanding these transport events which
are coupled to the electron transfer was discussed in
the context of using such assemblies to measure and
understand, for example, the distance dependence of
electron transfer rates.?

More recent work by one of us has involved immo-
bilization of self-assembled monolayers of molecules
bearing quinone moieties and the detection of cation
association with these moieties during their reduction
to the semiquinone radical anion in aqueous base
solutions.?®* Finally, the EQCM has been employed to
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monitor the electrochemically induced desorption of
self-assembled monolayers of n-alkyl thiols from Au
surfaces as well as to study the kinetics of their
formation.%

V. Redox and Conducting Polymer Flims

A. Overview

The first report of an EQCM study of a polymer film
on an electrode was by Kaufman et al.” who observed
the transport of both ionic species and solvent in poly-
(pyrrole) during doping and undoping. Their work
demonstrated the potential of the EQCM in studies of
transport processes which accompany the injection or
removal of electrons in thin polymer films. Thisreport
spurred a great deal of activity in similar studies of a
wide variety of redox and conducting polymer films, in
part due to the high level of effort which was already
being expended in studies of these thin-film systems at
the time. It has been shown that using the EQCM it
is possible to monitor the electrochemically initiated
nucleation and growth of polymer films; the transport
of charged species, solvent, and other neutrals which
occurs during the redox chemistry of these films; and
chemical reactions within polymer films. Furthermore,
correlation of the compositional information gained
from the mass measurement with typical electrochem-
ical observables (such as charge, current, etc.) provides
a powerful tool with which to unravel the mechanisms
of the processes mentioned above. Also, besides the
direct measurement of mass changes involved in these
processes, it has more recently been demonstrated that
the EQCM responds to changes in the mechanical
properties of polymer films as discussed in previous
sections. These changes in mechanical properties are
generally referred to as viscoelastic effects and can
originate from a variety of different types of events, an
example of which is electrochemically induced solvent
swelling and consequent solvent plasticization of the
film.

This section will discuss each of the different thin-
film systems which have been investigated, starting with
the redox polymers.

B. Redox Polymers
1. Poly(vinylferrocense)

Poly(vinylferrocene) (PVF) was the first redox poly-
mer to be investigated using EQCM methods.?®® Solvent
cast films of PVF on Au electrodes were prepared and
cycled electrochemically in several separate aqueous
supporting electrolytes. Comparison of the charge
involved in the redox process with the frequency change
in each of these cases revealed that, under conditions
in which ClO4 or PFg is the anion of the supporting
electrolyte, one anion is inserted into the film for
extraction of each electron from the film during
oxidation with little accompanying solvent. Anion
expulsion accompanies reduction of the ferricenium
moieties back to the ferrocene redox state. Figure 17
shows this behavior in the format of both EQCM
frequency change and electrochemical current plotted
as functions of potential. In supporting electrolytes
containing Cl-, oxidation leads to desorption and/or
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Figure 17. (A) CV of PVF on a Au electrode in 0.1 M KPFg.
Scan rate = 10 mV s'. (B) Frequency curve obtained
simultaneously with A. Reprinted from ref 98. Copyright
1987 American Chemical Society.

dissolution of the film.”® However, in cases in which
the film had been previously cross-linked, the oxidation
process led to Cl- insertion and simultaneous extensive
swelling of the film by water.? This latter type of
behavior was also observed for a wide variety of
hydrophilic anions, with the amount of water trans-
ported per anion decreasing in the series CI- > 105~ >>
BrO; > ClOs~ = NO;~ > p-toluenesulfonate (PTS-).%
Quantitative measurement of the amount of water
transported per anion was not possible for the Cl- and
105 cases because the extensive solvent swelling led to
changes in the viscosity of the polymer film, making
the Sauerbrey equation inapplicable for these cases.
This was determined from the considerable broadening
of the conductance plots in these cases. However, the
more limited swelling that occurred made these de-
terminations possible for BrO;3-, C10;7, NOs™, and PTS-
which gave values of ca. 5, 1, 1, and 0.5, respectively,
for the numbers of waters transported per anion. Note
that these values need not be integer values, nor do
they correspond to the hydration numbers of the anions.
Rather, they are best viewed as consequences of
transport events which are driven by the redox induced
changes in solvent activity in the polymer film phase.!®

Ward has used the EQCM to study several aspects
of the behavior of PVF films.1001%2 In one study, ion
exchange of ferro- or ferricyanide into PVF during redox
cycling was described, with the EQCM proving to be
a most effective tool for monitoring this process. It
was found that the partitioning of Fe(CN)¢*/4 into the
film led to a slow decrease in the electroactivity of the
ferrocene moieties, ultimately causing complete elec-
troinactivity.!?! In a second study, the utility of the
EQCM for dissecting the kinetics of chemical reactions
which occur in thin films was demonstrated.1%2 The
chemical oxidation of PVF by solutions of KI; was
followed by monitoring the insertion of the I3~ coun-
terion which entered the film as a consequence of
oxidation. These data are shown in Figure 18. Note
that the frequency decreases as I3~ is incorporated into
the film during oxidation. Analysis of these data led
to the conclusion that the mechanism was first order
in either I~ or I,, identical to results obtained for this
process using a rotating ring—disk method.'%?® In
addition, the reduction of the ferricenium moieties in
PVF*NO;~ by Ru(NHj3)¢?** and Fe(CN)¢*~ as solution
phase reductants was monitored by the mass changes
which occurred when the NO;~ anion was expelled from
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Figure 18. Frequencyresponse of a PVF film in the presence
of 5 mM KI; and 0.1 M KNO;. The right-hand ordinate
refers to the number of equivalents of I incorporated into the
film normalized to the amount of PVF coverage on the
piezoelectrically active area (0.28 cm?). Ipyp = 4.1 X 1078
equivcm, Inset: Ring current response due to the reaction
of I;~ and a PVF film confined to a disk at open circuit. Ering
= 0.1V, I'pyr = 6.2 X 1078 equiv cm™2, [KI3] = 1.0 mM, 1.0
MKNO:;. Reprinted fromref102a. Copyright 1988 American
Chemical Society.

the film as a consequence of reduction. The mass
changes accompanying redox cycling in aqueous solu-
tions of NO;~ containing supporting electrolytes were
also studied, and it was found that 1-2 water molecules
were transported per NO;~, in agreement with the
findings described above.®® These results have been
corroborated by astudy of the mass changes which occur
inseparate solutions of 0.1 M NaNOj3 in D,O and H;0,%
which demonstrated that the portion of the mass change
during redozx cycling arising from the solvent transport
increased by 10% on substitution of D20 for H,0, as
expected on the basis of the molar masses of these
species (ca. 20 and 18 g mol!, respectively). The
application of this type of isotopic substitution exper-
iment to solvent transport in other systems will be
discussed below.

Hillman and Bruckenstein have also reported on
several aspects of the behavior of PVF. In a recent
paper,19 they studied the electrodeposition of films of
PVF by oxidation in CH,Cls solutions, a popular method
first described by Merz and Bard.!®* They'% found
that the initiation of the deposition occurs immediately
after the potential step to oxidizing potentials but that
the mass change inferred from the initial frequency
change suggested deposition of considerably more mass
than expected on the basis of the deposition of one
polymer repeat unit per electron extracted during the
oxidation. This was suggested to be due to the
deposition of polymer chains which were only partially
oxidized (i.e. leading to a current efficiency for depo-
sition greater than one) and possibly to simultaneous
solvent and/or supporting electrolyte entrapment inside
of the deposited film. They also found that the final
mass change inferred from the total frequency change
for the deposition was smaller than it should have been
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based on a Coulometric assay of the deposited film after
transfer to aqueous solution. This was attributed to
nonrigidity of the oxidized film in CH,Cl, solution and
a consequent loss of mass sensitivity as discussed in
previous sections.

In two other contributions, Hillman et al.1951% made
a detailed study of the transport events which occur
during the course of a single redox cycle of PVF in
various supporting electrolytes. By observing thescan
rate dependence of the EQCM frequency changes, they
found that mass and charge flow need not occur in
concert, indicating that establishment of redox equi-
librium is a necessary, but not sufficient, condition for
the establishment of global equilibrium (i.e. equilibrium
for both the charge and mass flow).1% They also found
that electroneutrality was achieved first by exhausting
possible sources of transportable ions within the film
and thereafter by utilizing solution phase sources. They
concluded that potential gradients within the film
influenced ion motion, and that this influence leads to
a range of transport rates for the ions.!”® These and
other observations of transport in polymer films using
the EQCM have prompted the development of various
modelsl®1® to describe the thermodynamics and
kinetics of the film transport processes which are driven
electrochemically. A detailed discussion of these is
outside the scope of the present review.

2. Poly(thionine)

Hillman, Bruckenstein, and co-workers have made
several EQCM studies of the transport processes
which occur during redox cycling of thin films of
poly(thionine).1%-110 Most of the results discussed
above for the PVF system were also demonstrated to
apply to poly(thionine). For example, kinetic limita-
tions to mass transport can cause mass and charge flow
not to be in concert,'% and electroneutrality is usually
achieved first by exhausting film sources of transport-
able ions and then by transport of solution-phase
species.!'® Two other aspects of these studies are
significant.

First, all of the studies on poly(thionine) have
indicated that not only do solvent and single ions move
during the redox event, but neutral ion pairs and
charged ion multiplets also move. Motion of these ion
pairs and multiplets occurs in response to changes in
the electrochemical or chemical potentials of the various
species within the film, and can be quantitatively
accounted for within the framework of the thermody-
namic models which have been developed.!9-1% Ap.
parently, the formation of these ion pairs and multiplets
is driven by the relatively low dielectric constant within
the film.

Second, they examined the transient mass changes
which occur following a potential step and the equi-
librium mass changes which occur under conditions of
very low scan rates for the poly(thionine) system in
perchloric acid solutions made with either D;O or
H,0.1% Comparison of these transient and equilibrium
mass changes in D;O and H;0 led to the conclusion
that transport of different species predominates on
different time scales. For example, at early times (i.e.
less than 1 s) electroneutrality is achieved by protonic
transport, with global equilibrium being reached on a
longer time scale by diffusion of two neutral species,
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the HyO*ClO,~ ion pair and H,O (or the deuterated
forms in D;0). The implication of this finding is that
transient, nonequilibrium states can be reached in which
the dictates of electroneutrality are met and that global
equilibrium need not be achieved on the same time
scale. This hasimportance in the potential uses of redox
or conducting polymers in applications requiring rapid
charging or discharging, because it means that the rates
for these charging and discharging processes may not
be limited by the slow achievement of global equilib-
rium. This point has also been made*?® in connection
with studies of another polymer, poly(nitrostyrene).

3. Prussian Blue and Related Films

The first EQCM study on these materials was by
Feldman and Melroy.!'! Correlation of the charge
consumed and the mass gained during the electrodepo-
sition of the film revealed that the films were deposited
in a highly hydrated form. Also, observation of the
mass changes during redox cycling in supporting
electrolytes containing various alkali metal cations
revealed that the predominant species undergoing
transport was the cation. Exceptions to this finding
were the cases of CsNO3 and RbNO; at lower pH’s (ca.
4), where electroneutrality was achieved by transport
of considerable quantities of both alkali metal cations
and protons. This was attributed to the large size of
these ions and a consequently low transport rate within
the zeolitic framework of these Prussian blue (PB) films.
Constancy of the mass changes during redox cycling
when the anion of the supporting electrolyte was
changed (while keeping the cation constant) implied
that the anions play little role in the electrochemistry
of PB films in these media.

Aninteresting application of the EQCM to the study
of cation selectivity coefficients in these materials was
by Aoki et al.''? These workers examined the mass
changes for reduction of PB (during which the alkali
metal cation is incorporated into the film) in propylene
carbonate solutions containing different ratios of Na-
ClO4 to LiClOy, at a total salt concentration of 1.0 M.
They found that the mass gain during reduction was
not a linear function of the cation mole fractions in
solution (as expected for a case in which one of the
cations is preferred over the other) and were able to
calculate a value of 15 for the selectivity coefficient of
Na* vs Li* by fitting the plot of mass change vs mole
fraction to an analytical expression derived from the
definition of the selectivity coefficient.

In an elegant study, Deakin and Byrd!!3 investigated
the analytical applications of simultaneous electro-
chemical and mass measurements with PB films
immobilized onto an EQCM for the detection and
identification of alkali metal cations in solution using
a flow injection format. The experiment involves
poising the potential of the PB film at a value near its
formal potential. The film is then exposed to a spike
of the cation to be identified in a flowing stream. Since
the formal potential of PB depends on the identity and
concentration of the cation to which it is exposed, the
formal potential shifts when the cation to be analyzed
is exposed to the film, causing a current pulse. Both
the charge and the mass change associated with this
process are recorded (Figure 19). In essence, the
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Figure 19. Response of the PB-QCM to the flow injection
of 5 mM K* and 5 mM H* in a stream of 0.01 M HNO3: (a)
current and (b) frequency change. The applied potential was
(solid) 0.1 V and (dashed) 0.5 V vs SCE. Reprinted from ref
113. Copyright 1989 American Chemical Society.

identification of the cation relies on the simultaneous
use of these charge and mass values to determine the
effective molar mass of the ion entering or leaving the
film. This is possible because each electron which is
electrochemically harvested corresponds to transport
of one cation. Thus, comparison of charge with the
simultaneously measured mass change allows calcula-
tion of the mass transported per electron, from which
the molar mass of the cation is calculated. This study
represents an extremely clever approach to the simul-
taneous use of electrochemical and EQCM methods to
the detection of electroinactive species.

Lasky and Buttry*® used the EQCM to make the first
accurate, unambiguous measurement of solvent trans-
port during redox cycling in a thin film on an electrode.
The experiment was done on a nickel ferrocyanide (the
nickel equivalent of PB, NiPB) film in 0.1 M CsCl
solutions made using either D;O or H;0. For NiPB
films, it has been shown!! that oxidation and reduction
of the Fesites in the film lead to expulsion and insertion,
respectively, of the cation of the supporting electrolyte.
Thus, in the 0.1 M CsCl solution, oxidation leads to Cs*
expulsion, and vice versa during reduction. However,
the mass changes measured by the EQCM were not
large enough to quantitatively account for the quantity
of Cs* cation transport expected based on comparison
with the charge. Comparison of experiments done in
D;0 and H;0 revealed that this discrepancy was
quantitatively accounted for by solvent ingress during
Cs* expulsion (oxidation), and vice versa during re-
duction. The fraction of the total mass change due to
solvent was shown to increase by 10%, as expected based
on the molar masses of D;O (20 g mol™) and H;0 (18
g mol?). This use of isotopically labeled species
represents a powerful tool in the study of transport
processes in thin films and has been used by several
groups, as described in other sections.

4. Other Systems

Several other polymeric thin film systems have been
examined with an eye toward learning about ion and
solvent transport and how these influence the ther-
modynamics and kinetics of the redox process for the
redox groups in these thin films.
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Figure 20. Conductance spectrum: poly(nitrostyrene) coat-
ing (heated at 170 °C, 50 min); coverage, 8.3 X 10 mol cm;
supporting electrolyte solution, 0.13 M TEAP. (A) Before
electrochemistry, f; — fi = 1060 Hz. (B) After 76 potential
scans through the wave which produces the anion radical, fo
- f1 = 2200 Hz. Frequency change corresponds to the
difference between the sweeping frequency and the frequency
at maximum conductance. Reprinted fromref42a. Copyright
1990 Elsevier Sequoia.

Borjas and Buttry?® examined the behavior of thin
films of poly(nitrostyrene). It was found that the films
swell extensively in acetonitrile due to solvent uptake
as a function of the number of redox cycles and that
this solvent swelling leads to film dissolution or delam-
ination. The presence of solvent swelling was dem-
onstrated by virtue of its effect on the full width at half
height (f; - f1, Hz) of the conductance peak which
appears near the resonant frequency of the crystal. The
theoretical and experimental aspects of such measure-
ments were discussed in previous sections. As shown
in Figure 20, the f; — f; more than doubles when the
PNS film is cycled repeatedly. This dramatic increase
in fo — f1 is indicative of a large increase in the energy
dissipated which is almost certainly caused by the
plasticization due to solvent swelling. As discussed
above, the Sauerbrey equation is not applicable under
these conditions, so frequency changes which occur
during redox cycling cannot be used to quantitatively
determine mass changes. However, qualitative infor-
mation about solvent uptake is readily inferred from
these conductance spectra, since the change in film
viscosity is almost certainly due to solvent swelling,
Another result of this study parallels findings made on
the poly(thionine) system discussed above. It wasfound
that, while the mass changes leading to achievement of
electroneutrality occur quickly, the approach to global
(i.e. mass and charge) equilibrium can take much longer.

Inzelt!!5 has examined polymeric thin films of poly-
(tetracyanoquinodimethane) (PTCNQ). Hefound that
reduction of the TCNQ acceptor groups in these films
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leads to both cation and solvent insertion, and vice versa
during oxidation. The mass changes from solvent
transfer were found to be considerably larger than those
from ion transfer. Also, he was able to correlate the
amount of solvent transfer per cation with the degree
of hydration of the cation. Instability of the film was
observed for cations which caused extensive solvent
swelling, as had been observed for the PNS films
described above.

Oyama and co-workers!'6 used the EQCM to monitor
solvent and ion transport during redox cycling of thin
films of [Os(bpy)2(PVP)CIICI (where bpy = 2,2'-bi-
pyridine and PVP = poly(4-vinylpyridine). The redox
couple for this film is based on the Os(III/II) system,
and the charges for the pendent moiety are 2+ and 1*,
respectively. Oxidation (reduction) of these films
resulted in anion insertion (expulsion), implying that
the films exhibited nearly permselective behavior. In
solutions with acetonitrile as solvent and tetrabuty-
lammonium perchlorate (TEAP) or tetraethylammo-
nium p-toluenesulfonate (TEAPTS) as supporting
electrolyte, essentially no solvent transport accompa-
nied the anion transport. However, inaqueous solutions
of 0.1 M NaPTS§, the mass changes observed during
oxidation and reduction were much too large to be
attributed solely to PTS-transport. Experiments using
0.1 M NaPTS in either D20 or HyO showed that the
excess mass arose from simultaneous transport of
solvent, in a strategy for confirming solvent transport
which is identical to that described above for the cases
of PVF, NiPB, and poly(thionine).

C. Conducting Polymers

1. Poly(pyrrole)

Kaufman et al.*” were the first to describe application
of the EQCM to a study of transport during switching
between the insulating and conducting states of poly-
(pyrrole) (PPy). They studied the mass changes which
occurred during the first undoping (reduction) process
following electrochemical formation of the film in its
doped (oxidized) form in tetrahydrofuran (THF) so-
lutions of LiClO,. It was found that this first undoping
process resulted in Li* insertion rather than ClO,
expulsion., This somewhat surprising result was ra-
tionalized by postulating strong ion pairing between
the cationic sites along the chains of the doped form of
the polymer and the C10,~ anions, leading to decreased
mobility of the ClO,” anions, and a consequently larger
role for Li* in the electroneutralization process. They
also found that during continuous cycling in THF
solutions containing tetrabutylammonium p-toluene-
sulfonate (TBAPTS), the oxidation (p doping) process
led to mass gain which they attributed to anion
insertion, while reduction (undoping) led to mass loss
from anion expulsion, a result more in line with the
tendency toward permselectivity exhibited by most
other systems of this type (see below).

Reynolds and co-workers!!7118 reported on a very
careful and complete study of the electropolymeriza-
tion of PPy in different supporting electrolytes and at
different pyrrole concentrations. Their results indi-
cated that the mechanism for film deposition included
formation of soluble oligomers, which grew in size until
they became insoluble and deposited onto the electrode
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Figure 21, A log-log plot for concentration dependence of
polymerization rate obtained from dm/dt results for a solution
of pyrrole in 0.1 M TEAPTS in acetonitrile and polymeri-
zation at 0.9 V vs SCE. Reprinted from ref 118. Copyright
1988 Elsevier Sequoia.

surface. They also found that, while the nature of the
supporting electrolyte had some influence on the Cou-
lombic efficiency of the electropolymerization (pre-
sumably through the influence of the anion on the
solubility of the cationic oligomers formed during the
initial stages of polymerization), the major factor
determining the efficiency of the process was the pyr-
role concentration. In addition, they were able to
quantitatively analyze the relationship between elec-
tropolymerization rate and pyrrole concentration using
plots of log (rate) (measured by the mass of deposited
PPy per unit time) vs log (pyrrole concentration). These
data are shown in Figure 21. The slope of the line
through the data points is 2.04, revealing a second-
order dependence of the electropolymerization rate on
the pyrrole concentration, suggesting that the rate-
limiting step is the bimolecular coupling of radical
cations formed by oxidation of pyrrole. This elegant
piece of work demonstrates the power of careful and
quantitative analysis of the data obtained from EQCM
studies of film growth processes.

Reynolds and co-workers!® and Smyrl and co-
workers!20121 have examined the transport behavior
during redox cycling of composite films formed from
the electropolymerization of pyrrole in the presence of
large, polymeric anions such as poly(4-styrenesulfonate)
(PSS)119121 and poly(vinylsulfonate) (PVS),12! as well
as the behavior of conventional PPy films cycled in
various supporting electrolytes. For the conventional
(noncomposite) PPy films, it was observed that anion
motion accounted for nearly all of the ion transport in
solutions containing ClO,, BF", or PF¢™ anions, but
that for the case of PTS -containing electrolytes, mixed
transport was observed, with both PTS- anions and
the cation of the supporting electrolyte undergoing
transport. However, for the composite films it was
found that the cation of the supporting electrolyte was
responsible for nearly all of the ion motion. Reynolds
et al.1?? also examined the transport behavior of self-
doped conducting polymer films which were electropo-
lymerized from a pyrrole derivative with a pendent
sulfonate group. These films exhibited behavior very
similar to that observed for the PPy-composite films
just described, including mixed transport for the case
of PTS- as the anion of the supporting electrolyte. These
experiments (and others to be discussed below on other,
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similar composite films of conducting polymers) rep-
resent important strategies for controlling the charge
transport processes during switching between the
insulating and conducting states of conducting poly-
mers. The significance lies in the relationship between
the power and charge densities for conducting polymer
systems and the nature of their charge compensation
processes. For example, decreasing the mass of the
supporting electrolyte required to achieve charge com-
pensation during switching leads to higher charge
densities, while increased transport rates (which might
be realized by manipulating the identity of the species
undergoing transport during switching) lead to higher
power densities. It is clear from these studies that the
EQCM greatly enhances one’s ability to manipulate
these systems with these ends in mind.

2. Poly(aniline)

The first EQCM study of poly(aniline) (PA) was by
Orata and Buttry.12® The efficiency of charge utilization
during film growth under potentiostatic and potential
cycling conditions was determined by comparing the
total mass of deposited PA and the total charge
consumed during the electropolymerization, and it was
found that the potential cycling method gave a charge
efficiency of ca. 40% while the potentiostatic method
gaveoneof ca. 10%. The mass changes associated with
the insulator-to-conductor transition were also exam-
ined as functions of pH and supporting electrolyte.
Detailed analysis of these mass changes allowed cal-
culation of the extent of protonation of the PA chains
in both the insulating (reduced) and conducting (par-
tially oxidized) forms as a function of pH, subject to
certain assumptions.!?

Another result of this study was a determination of
the number of electrons donated by each aniline ring
into the conduction band. PA is a somewhat unique
conducting polymer system in that it can be made
conducting by partial oxidation, while further oxidation
leads to a new insulating state. This behavior has to
do with the population of electrons in the conduction
band. Thus, partial oxidation leaves a partially filled
conduction band (and, hence, a conducting system),
while complete oxidation leaves the conduction band
empty, leading to insulating behavior. A key question
regarding this behavior and the models which describe
it'? relates to the number of electrons donated into
this conduction band per aniline ring in the polymer.
The study described above!?® was able to address this
question by direct comparison of the charge consumed
in complete band depopulation (i.e. complete oxidation
of the PA film) with the total amount of PA in the film
(i.e. the mass of the PA in the film, without accom-
panying solvent orions). It wasfound that each aniline
ring contributed one electron to the energy band, in
agreement with the model proposed for PA.12¢

Several workers have used the mass changes during
switching to infer the protonation state of the nitro-
gens in the poly(aniline) chains as a function of pH and
degree of oxidation (doping). Orata and Buttry'? found
that the fully oxidized, imine form of poly(aniline) is
a strong acid, so oxidation leads to deprotonation in
aqueous solutions. Oyama and co-workers'?® have
studied the mass changes during switching for poly-
(aniline) in nonaqueous solvents. Their results sug-
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gested that in nonaqueous solvents which donot contain
significant concentrations of basic impurities, the
oxidation of poly(aniline) does not lead to deprotona-
tion. Rather, the imine nitrogens retain their protons,
giving chains which bear a net positive charge. This
conclusion was reached based on the dynamics of anion
uptake during complete oxidation to the imine form.
Gabrielli and co-workers!?® and Schreck and Heit-
baum!?” have also studied the transport of anions and
protons during switching of poly(aniline) and have
arrived at conclusions similar to those discussed above.
The study by Gabrielli and co-workers employed ac
impedance techniques in conjunction with the EQCM,
a potentially useful way to deconvolve the kinetics of
ion and solvent motion from those of electron propa-
gation in such materials.

Gottesfeld and co-workers!'?® have employed the
EQCM in conjunction with ellipsometric measurements
tostudy and control the nucleation and growth behavior
of poly(aniline) at Pt'?® and Au!® electrodes. They
found that the growth kinetics and densities of the
resulting films depended on the details of the conditions
used for their formation (i.e. potentiostatic vs galvano-
static, etc.). They alsofound that self-assembled mono-
layers of aniline derivatives at Au electrodes can be
used to promote nucleation at the Au surface, leading
to films with markedly higher densities, and conse-
quently different optical properties.’?® It is worth
pointing out that the simultaneous use of the EQCM
and ellipsometric measurements is very powerful be-
cause of their complementarity. The EQCM gives the
mass of the deposit, while ellipsometry gives the
thickness of the deposit. Thus, these two measurements
together give the density of the deposit, a quantity not
directly available from either of the individual mea-
surements.

Finally, Orata and Buttry!3 have prepared poly(a-
niline)/Nafion composites and studied the transport of
ions in them with the EQCM. The results found were
much like those discussed above for the poly(pyrrole)
composite films studied by Reynolds and Smyrl, in that
cation transport could be imposed on the composite by
virtue of the fixed anionic sites of the Nafion matrix.
Moreover, the ability to promote proton transport
during switching in these poly(aniline)/Nafion films
led to enhancements in switching rates of about a factor
of two, presumably due to the more rapid diffusion
and/or migration of the proton compared to the various
anions studied.

3. Poly(thiophene)

Poly(thiophene) (PT) and its derivatives have been
studied by several groups.4?»131-133  Qervagent and
Vieil'3! were able to measure the doping level of poly-
(3-methylthiophene) during individual cycles by mon-
itoring the consequent transport behavior of the anions.
They also determined from the relationship between
total mass change and charge consumed during the elec-
tropolymerization that film thickness is a nonlinear
function of charge consumption. Hillman et al.132have
used PT as a model system with which to develop and
demonstrate a thorough thermodynamic analysis of the
transport of ions, neutrals, and solvent dictated by the
changes in thermodynamic activity which result from
the redox transformation of the film. They also have
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applied the isotopic substitution technique described
above (substituting CD;CN for CH;CN) to elucidate
the contribution of solvent transport to the overall mass
change.!?® Borjas and Buttry“?® have used the EQCM
tostudy both film growth and charge trapping behavior
in PT.

VI. Summary

The already large and steadily increasing number of
papers dedicated to the application of QCM methods
to study interfacial processes at electrode surfaces
reveals the power of the EQCM method for charac-
terizing interfacial processes which occur prior to,
during, or after the fundamental electron-transfer event.
The method has propagated rapidly, and is now used
in many laboratories as a routine tool which is com-
plementary to others normally used by electrochem-
ists. In this respect, the method is reaching maturity
fairly rapidly. On the other hand, many of the details
of its responses to various situations have yet to be
studied carefully and quantitatively, such as the in-
fluence of viscoelastic thin films, double-layer structure
at the interface, interfacial viscosities which are dif-
ferent than those in bulk, details of acoustic coupling
to the solution and how this can change when the nature
of the surface is altered, etc. It is expected that as the
technique gains wider acceptance and use, these issues
will be addressed in more detail.

Topics which were not explicitly discussed, but are
of interest to many electrochemists and other chemists
interested in interfacial processes are the use of the
QCM in liquids to measure adsorption and the appli-
cation of these adsorption {or association) processes to
sensor design. These topics also represent fundamen-
tally interesting applications of QCM technology to
interfacial processes at the solid/liquid interface and
have been recently reviewed.!* The relative closeness
of such methods with the EQCM methods described
here will undoubtedly lead to areas of convergence
between these fields. In fact, some of the groups
involved in EQCM work are also involved in liquid-
phase sensor development with QCM technology.
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