Characterization of Films Immobilized on
an Electrode Surface Using the
Electrochemical Quartz Crystal
Microbalance

Adrian W. Bott, Ph.D.

Bioanalytical Systems, Inc.

2701 Kent Avenue
West Lafayette, IN
47906-1382

E-mail:

awb@bioanalytical.com

79

The principles of the electrochemical quartz crystal microbalance (EQCM)
are discussed, together with some examples of its application in the study of
electrodeposition and ion and solvent transport in redox active films.

The quartz crystal microbalance
(QCM) isawell established method
for the measurement of small
changes in mass, based on the rela
tionship between changesin mass of
materials attached to the crystal and
the oscillation frequency of the crys-
tal. One more recent application of
the QCM isitscoupling with electro-
chemical measurements (EQCM) in
order to measure mass changes asso-
ciated with eectrochemica proc-
esses such as adsorption,
electrodeposition, corrosion, and
equilibration of redox polymers un-
dergoing charge transfer reactions
(1-4). This note will briefly discuss
the principles of the EQCM and its
applicationto theinvestigation of the
behavior of electroactive films that
have been immobilized on an elec-
trode surface.

The EQCM s based on the pie-
zoelectric behavior of a quartz crys-
tal; that is, the deformation of the
crystal in the presence of an electric
field. An dternating electric field is
applied between two metal elec-
trodes (typically gold) deposited on
opposite crystal faces (e.g., the two
circular faces of adisk), which gives
rise to an oscillation of the crysta

paralel to these surfaces. The reso-
nant frequency of thisoscillation (fo)
is inversely related to the thickness
of the quartz; for example, acrysta
with a thickness of 320 um has a
resonant frequency near 5 MHz.

If the mass of the crystal in-
creases (e.g., by adsorption of mate-
rial to one of the electrode surfaces),
then the resonant frequency will also
change. The relationship between
the changes in mass per unit area
(Am) and frequency (Af) aregiven by
the Sauerbrey equation, which as-
sumes that the combination of the
crystal and adsorbed mass behaves
asarigid assembly:

_- 2Amnf§

AHgPq
where:

A = electrode surface area
Hq = shear modulus of quartz
Py = density of quartz

Af

The above relationship shows
that, for example, anincreaseinmass
leadsto a decreasein frequency, and
that the magnitude of the change in
frequency isdirectly proportional to
themasschange. Thisisthe basisfor

guantitative measurements of mass
changes using the QCM.

The Sauerbrey equation strictly
applies in a vacuum or in the gas
phase. When the QCM isin contact
with asolution, thereisadecreasein
frequency that isdependent upon the
viscosity and density of the solution
(ns and ps, respectively):

For example, immersing aQCM

of = 132 D@n—";q”;q %U 2

in water leads to a decrease in fre-
quency of about 750 Hz. Similar ef-
fects are also observed for
viscoelastic films immobilized on
the crystal surface. Therefore, theri-
gidity of apolymer film must first be
established (by, e.g., crystal imped-
ance (3) or alinear correlation be-
tween film thickness and Af (5)) in
order to validatetheinterpretation of
QCM measurements using the
Sauerbrey equation. Furthermore,
since electron transfer reactions of
electroactive films are necessarily
accompanied by charge transport in
or out of the film (in order to main-
tain electroneutrality) and often by
solvent transport and morphological
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F1

Cyclic voltammogram (A)
and frequency vs.
potential plot (B) for a thin
film of poly(vinylferrocene)
on a gold electrode in

0.1 M KPFg.

Scan rate =10 mV s,
Reprinted with permission
from ref. 7. Copyright 1987
American Chemical
Society.
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F2

Cyclic voltammogram (A)
and frequency vs.
potential plot (B) for a
gold electrode coated
with a monolayer of

WS Hz
B

ferrocenylundecanethiolate

in 1 M perchloric acid.
Scan rate =100 mV s,
Reprinted from ref. 8 with
permission from Elsevier
Science.
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changes, it is not uncommon for the
density and/or viscosity of apolymer
to vary significantly as a result of
electron transfer reactions, leading
to changesin therigidity of thefilm.
Hence, the rigidity of the film must
be established for all the observed
oxidation states.

The application of the QCM to
mass changes occurring during elec-
trochemical processes is conceptu-
ally very simple. The QCM electrode
that is in contact with the solution
also serves as the working electrode
in the electrochemical cell; that is,
the adsorption, deposition, mass
transport processes, etc., under in-
vestigation occur at this electrode.
Until recently, the combination of
the QCM and commercial poten-
tiostats to make the el ectrochemical
QCM (EQCM) has required some
modification of the potentiostat el ec-
tronics related to the grounding of
the working electrode (2,3). How-
ever, such modifications are not re-
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quired when using BAS poten-
tiostats with a Maxtek QCM (6).

Quantitative interpretation of
EQCM datais based on the combi-
nation of the Sauerbrey equation and
Faraday's Law. The former relates
changes in frequency to changes in
mass, whereas the latter (Q = nFN)
relates charge passed in an electro-
chemical experiment (Q) to the
number of moles of material electro-
lyzed (N) (n = number of electrons
involved intheelectrochemical reac-
tion). Therefore, frequency changes
can be related to the total charge
passed. However, before any calcu-
lations can be performed, the EQCM
must be calibrated in order to derive
the proportionality constant of the
Sauerbrey equation (Cy), and thisis
done using a well-behaved electro-
chemical reaction (typically theel ec-
trodeposition of copper or silver)
under experimental conditions simi-
lar to those used for the reaction of
interest.

The equation that relates the
change in frequency to chargeis
where MW is the apparent molar
mass. Aswill be shown in the exam-

_ MWCQ

Af nF

ples below, MW can be used to elu-
cidate which speciesare involved in
the mass changes that accompany
electron transfer reactions, and
hence is a very useful tool for char-
acterizing the mechanisms of such
reactions.

Oneof theearliest EQCM inves-
tigations was the study of mass
changes accompanying the oxida-
tion of poly(vinylferrocene) (PVF)
films (7). The cyclic voltammogram
isshownin F1a, and theAf vs. E plot
is shown in F1b. These plots show
that the oxidation of the PVFfilmsis
accompanied by a reversible de-
crease in frequency. Comparison of
the change in frequency with the
charge passed for each scan is con-
sistent with incorporation of electro-
lyteanions(PFg) intothefilmduring
oxidation (this is required to main-
taintheelectroneutrality of thefilm);
that is, there is an exact match be-
tween the number of anionsrequired
(based on the number of electrons
removed) and the mass change cal-
culated from the change in fre-
quency.

Different behavior was reported
for a monolayer of ferrocenylunde-
canethiolate on agold electrode (8).
The cyclic voltammogram again
showsreversibleoxidation of thefer-
rocene moiety (F2a), and the oxida-
tion is again accompanied by a
reversibleincreasein the mass of the
monolayer (F2b). However, MW
was calculated to be 430 g mol-,
(assuming n = 1), whereasthe molar
mass of the electrolyteanion (ClO,)
i$99.5 g mol-L. The excess masswas
attributed to the simultaneousincor-
poration of water into the monolayer
(it was observed that, although there
may be achangein the viscoedlastic-
ity of the film due to the incorpora-
tion of water that may contribute to
the decrease in frequency, such a
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F3

Cyclic voltammogram (A)
and frequency vs.
potential plot (B) for a

286 nm Nafion film loaded
with 4.3 nmoles
Os(bipy)s*".

Scan rate =10 mv s,
Reprinted from ref. 5 with
permission from Elsevier
Science.
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F4

Cyclic voltammograms
(A, B) and frequency vs.
time plots (C, D) for
solutions of phenol

(1 mM, A, C) and
2,4-dichlorophenol

(1 mM, B,D) in phosphate
buffer (pH 7.4).

Scan rate =5 mV s,
Reprinted from ref. 9 with
permission from Elsevier
Science.
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F5

Cyclic voltammogram (A)
and frequency vs.
potential plot (B)

for a solution of

Cso> (0.63 mM) in
acetonitrile (0.1 M TBAP)
at a gold electrode.

Scan rate =100 mV s,
Reprinted with permission
from ref. 10. Copyright
1992 American Chemical
Society.
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contribution should only besmall for
amonolayer system).

The oxidation of Os(bipy)s?*
complexes immobilized in a
Nafion® film was also shown to be
reversible (F3a), but in this case
therewasareversible decreaseinthe
massof thefilm during the oxidation
(F3Db) (5); that is, some cationic spe-
cies was gjected from the film in
order to maintain the el ectroneutral -

ity of the film (note that the permse-
lective nature of Nafion preventsthe
incorporation of anions into the
film). Sincethenumber of redox spe-
ciesinthefilm remained constant (as
shown by equal anodic and cathodic
currents), the gjected species could
not be the osmium complex. There-
fore, the decreasein masswas attrib-
uted to the ejection of solvated
cations of the supporting electrolyte.

The EQCM can aso be used to
monitor the growth of polymeric
films on an electrode surface. One
simple example is the formation of
polymers of phenol derivatives on a
gold electrode (9). It is well known
that oxidation of phenol and its de-
rivatives leads to passivation of the
electrode surface, asis shown by the
cyclic voltammograms in F4. The
cyclic voltammogram of phenol
shows essentially no response after
the first cycle (F4a), whereas the
peak current for the oxidation of 2,4-
dichlorophenol decreases more
dowly on successive cycles (F4b).
Thisdifferencein therate of thefilm
formation is also shown by EQCM
measurements, asthe Af vs. timeplot
for 2,4-dichlorophenol showsastep-
wise decrease in frequency (F4d).

The relationship between fre-
guency change and charge was used
to calculate the efficiency of this
electropolymerization reaction by
calculating the number of electrons
required to deposit one mole of
monomer units (Ny,,) (@simple vari-
ation of the equation given above).
These cal culations showed the elec-
tropolymerization was inefficient at
low phenol concentrations (high val-
ues of ngyp), Whereas greater effi-
ciency wasachieved at higher phenol
concentrations (ng,, tended to a
value of 1).

The EQCM can also be used to
monitor the deposition and dissolu-
tion of electroactive films. One sim-
ple example is the formation of Cg
filmsfrom asolution of Cgp* in ace-
tonitrile (10). The cyclic voltammo-
gram of the trianion shows three
diffusion-controlled oxidations,
whereas the symmetry of the first
three peaks on the reverse scan are
consi stent with the reductions of ad-
sorbed species (F5a). The Af vs. E
plot is consistent with this interpre-
tation (F5b). There is some elec-
trodeposition following the second
oxidation, but the major film forma-
tion occurs after the third oxidation
(i.e., theformation of the neutral spe-
cies). Correlation of the charge
passed and the total change in fre-
guency in abulk electrolysis experi-
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Cyclic voltammogram (A)
and frequency vs.
potential plot (B) for a
solution of a 32 unit
ferrocenyl dendrimer
(15.6 uM) in methylene
chloride (0.1 M TBAP) at
a platinum electrode.
Scan rate =20 mv s,
Reprinted with permission
from ref. 11. Copyright
1997 American Chemical
Society.
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ment with the potential held at a
value of -0.2 V are consistent with
the film consisting of only Cg (i.€.,
no solvent incorporation). The in-
creases in mass following the first
two reductions on the reverse poten-
tial scan are dueto theincorporation
of an electrolyte cation into the film
(to maintain electroneutrality).
However, the decreasein massto the
initial value following the third oxi-
dation indicates complete dissolu-
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tion of the film; that is, the trianion
is highly soluble.

In the previous two examples, it
was assumed that there was no
change in the rigidity of the films
during electrodeposition. However,
this is not aways the case, as is
shown by the study of a series of
ferrocenyl dendrimers (11). The cy-
clic voltammogram and Af vs. E plot
for asolution of one such dendrimer
(F6) are shown in F7. The (diffu-
sion-controlled) oxidation of the

dendrimer occurs on the forward
scans and is accompanied by a de-
crease in frequency; that is, the oxi-
dized dendrimer is adsorbed. The
adsorbed material is stripped on the
reverse scans, asindicated by asharp
increase in frequency. However, the
gradua decreasein frequency at the
end of each successivepotential scan
shows that some material remains
adsorbed to the electrode surface.

Since changes in the viscoelas-
ticity of polymeric films can aso
lead to decreases in frequency, the
rigidity of thefilm at different poten-
tials was investigated using admit-
tance measurements. Specifically,
the resistance of the film was moni-
tored, since variations in this pa-
rameter correspond to changesinthe
viscoelagticity of the film. It was
shown that holding the electrode at a
positive (oxidizing) potential leads
to an increase in this resistance (as-
sociated with film growth); after
stepping the potential to O (a reduc-
ing potential), the resistance re-
turned to itsinitial value.

In contrast, the resistance of pre-
formed ferrocenyl dendrimer films
in a solution of acetonitrile does not
change significantly; hence, the fre-
guency changes accompanying oxi-
dation of this film can be correlated
to mass changes. Oxidation was ac-
companied by an increase in the
mass of the film, which was revers-
ible upon reduction. Calculation of
MW again showed that the anion
incorporationinto the film caused by
the oxidation was accompanied by
solvent incorporation. The degree of
solvent incorporation was shown to
be dependent upon the charge den-
sity of the dendrimer.

The above examples illustrate
some of the applications of the
EQCM in monitoring electrochemi-
cal reactions that involve mass per-
turbations at the electrode interface.
However, it isimportant to note that
athough the EQCM is avery sensi-
tive technique, it is not selective in
that it providesno discrimination be-
tween different species. Therefore,
elucidation of electrochemical
mechanismsbased on the EQCM re-
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quires careful experimental design
and datainterpretation.
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