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This paper discusses the importance of and opportunities for applying piezoelectric
nanogravimetry in the investigation of immobilized microcrystals on electrodes. The se-
lected experimental results presented shed light on the complex nature of the processes oc-
curring in these systems. The problem of the first cycle or break-in effect is emphasized.
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Introduction

The investigation of particles and droplets im-
mobilized on electrode surface has become an inter-
esting and important field of electrochemistry.!=® It
has proven useful in solving both fundamental and
applied issues, e.g. determination of thermody-
namic data of solid compounds, elucidation of
solid-to-solid electrochemical reactions accompa-
nied by phase transitions, qualitative and quantita-
tive determination of the composition of different
solid materials including alloys, mixtures of inor-
ganic compounds (such as minerals, archaeological
ceramic glazes), organic and organometallic com-
pounds, or gaining a deeper understanding of inser-
tion reactions.!™

The method of voltammetry of immobilized
microparticles' in combination with electrochemi-
cal nanogravimetry by using quartz crystal
nanobalance (EQCN) — also called microbalance,
and abbreviated as EQCM - is especially useful for
the characterization of microcrystals attached to an
electrode surface.!"*17:2%31-3%8  Although the cyclic
voltammetry supplies information regarding the re-
dox reactions occurring in these systems, the eluci-
dation of the voltammograms is a very difficult, of-
ten impossible task without additional data con-
cerning the sorption/desorption of ionic species and
neutral molecules as well as dissolution and deposi-
tion processes. A unique opportunity is the investi-
gation of the solid-solid phase transition. In order to
demonstrate the importance of the application of
this combined technique, the results obtained for
phenazine,** tetracyanoquinodimethane,*” a-RuCl;**33
and carbazole®' microcrystals will be presented.
Usually the ‘stabilized responses’ are studied, how-

*Corresponding author: Gyérgy Inzelt, e-mail: inzeltgy@chem.elte.hu

ever, in many cases the parent microcrystals un-
dergo irreversible transformations during the first
reduction-oxidation cycle. Therefore, it is also
important to investigate this ‘break-in’ process
which differs from that characteristic of conducting
polymer films where usually only morphological
changes occur. In this paper, the first-cycle or
break-in phenomenon is emphasized.

Experimental

Phenazine (Aldrich), carbazole (Sigma), tetra-
cyanoquinodimethane (EGA-Chemie), RuCl;, HCIO,,
NaClO,, HCIl, LiCl, NaCl, KCI, CsCl, and HCIO,
(Merck, analytical grade) were used as received.
Double-distilled water was used. Ten and six MHz
AT-cut crystals coated with gold were used in the
EQCM measurements. The apparatus and its cali-
bration were described in detail in our previous pa-
pers.>*37 The geometrical and piezoelectrically ac-
tive area of the working electrode (4) was 0.4 cm?.
A Pt wire was used as a counter electrode. The ref-
erence electrode was a sodium chloride saturated
calomel electrode (SCE). All potentials are referred
to SCE, Eqor = 0.231 V vs. SHE.

The electrodes were prepared in two different
ways. Usually the microcrystals were attached to
the gold surface by wiping the electrode with a cot-
ton swab or filter paper containing the material. Al-
ternatively, in the case of phenazine, carbazole and
tetracyanoquinodimethane (TCNQ), the electrodes
were covered with the organic compounds by using
the evaporation technique; i.e., the crystals were
dissolved in tetrahydrofuran (THF) and some drops
of the solution were placed on the electrode surface.
(There was no difference regarding the behaviour
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of the surface layers, i.e., the electrochemical re-
sponses were practically the same.)

Also proven is that there is no loss of material
due to vibration of the oscillating quartz crystal.

Although the requirements (uniform and homo-
geneous surface layer) for applying the Sauerbrey
equation® were not met perfectly, a rough estima-
tion can be done based on the measured frequency
values (Af'). The surface roughness effect — albeit
the deposit cannot be considered as an ideally
smooth and uniform layer — was ignored. The solu-
tion trapped within the surface features may influ-
ence the frequency response related to the surface
mass changes. However, this effect causes an error
no higher than 10 — 20 % in the mass calculated.
The frequency-charge plots obtained were linear
even at rather high frequency changes, i.e., for
rather thick layers, which may indicate that the side
effects are not substantial. Therefore, the Sauerbrey
equation was used to calculate the surface mass
changes (Am) from the frequency changes (Af),
with an integral sensitivity [C; = (2.05 £ 0.2) - 10®
and (0.85 £ 0.2) - 108 Hz cm? g! for 10 MHz and
6 MHz crystals, respectively] that was determined
in separate experiments.*

For the estimation of the apparent molar mass

(M,,,) of the incorporated species the following
equation was used:
AfAnF
app = f (1)
C0

where Q is the charge consumed corresponding Af,
F is the Faraday constant, n is the number of elec-
trons in the reaction.

The amount of immobilized material on the
surface was estimated by measuring the crystal fre-
quency before and after the deposition in dry state.

All solutions were purged with oxygen-free
argon and an inert gas blanket was maintained
throughout the experiments. The measurements
were carried out at 25 °C.

An Elektroflex 453 potentiostat (Szeged) and a
Philips universal frequency counter PM6685 con-
nected with an IBM personal computer were used
for control of the measurements and acquisition of
data.

Results and discussion

Electrochemical transformations of a-RuCl,

RuCl; is insoluble in water and organic
solvents, which is associated with its polymeric
structure in solid state. RuCl; microcrystals can be
reduced and reoxidized in several steps in the pres-

ence of acidic and neutral aqueous solutions of dif-
ferent electrolytes. The results can be explained by
the formation of complexes and intercalation com-
pounds, which contain mixed valence Ru'"/Ru"-cen-
ters, Cl™ ions, metals or H" ions, and solvent mole-
cules, the ratio of which depends on the potential
and the solution composition. The redox transfor-
mations also involve solid-state phase transitions.3*33
The insertion of organic molecules (e.g., aniline or
pyrrole) is also possible, and it results in poly-
aniline or polypyrrole — RuCl; nanocomposites.3¢

Figs. 1 and 2 show the cyclic voltammograms
and the simultaneously detected EQCM frequency
responses obtained for a-RuCl; microcrystals attached
to a gold electrode in the presence of 5 mol dm
NaCl. Similar responses can be obtained in the
presence of KCI, RbCl and CsCl, respectively, and
also at different concentrations. For each system the
first, ‘break-in’ cycle and the subsequent, ‘stabi-
lized’ response are different. Furthermore, layers
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Fig. 1 - Cyclic voltammograms (continuous line) and the
simultaneously detected EQCM frequency responses (dotted
line) for RuCl; microcrystals attached to a gold surface in the
presence of 5 mol dm solution of NaCl. Scan rate: 20 mV s'.
First cycle.
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Fig. 2 — Cyclic voltammograms (continuous line) and the
simultaneously detected EQCM frequency responses (dotted
line) for RuCl; microcrystals attached to a gold surface in the
presence of 5 mol dm™3 solution of NaCl. Scan rate: 20 mV s~
Second cycle.
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of different thicknesses, i.e., different amounts of
a-RuCl, on the gold surface have also been studied,
in order to check the proportionality between the
surface mass and the electrogravimetric (charge
consumed and surface mass change) responses
(Fig. 3).

During the first reduction step (peak I) the
charge consumption is substantially higher than in
the course of the further potential cycling, and the
simultaneous rapid and intense mass decrease indi-
cates that considerable chemical and structural
transformations are occurring. Albeit a loss of the
surface mass cannot be entirely excluded, the fre-
quency increase is not related to the dissolution of
the microcrystals, however, a large amount of water
molecules and — to a much smaller extent — chloride
ions — leave the crystal phase, forming in fact a new
material that remains strongly attached to the gold
or graphite surface. The extremely high frequency
change at the first reduction process during the first
cycle is related most likely to the stress effect origi-
nating from the phase transition of the surface layer
and/or the removal of the water rigidly coupled to
the surface into voids of the immobilized micro-
crystals. Depending on the amount of microcrystals
on the electrode surface and the experimental con-
ditions (the nature and concentration of the contact-
ing electrolyte, scan rate and potential range) used
after the ‘break-in’ cycle, stable electrochemical
and nanogravimetric responses develop. The sev-
eral reduction and reoxidation pairs of waves in the
cyclic voltammograms and the simultaneous mass
changes are in connection with the wide variety of
intercalation reactions and complex formation dur-
ing the electrochemical transformations. The mass
change was reversible, in general during reduction
mass increase, while during oxidation mass de-
crease occurred at medium electrolyte concentra-
tions in three or more steps. The mass excursions
are rather complicated involving different mass in-
crease/decrease regions as a function of potential
and the composition of the contacting solution.

Fig. 3 illustrates the effect of the amount of the
deposited RuCl;. Both the peak currents and the re-
spective EQCM frequency changes at peak I during
the first cycle are proportional to the dry thickness.
The difference, i.e. the proportionality between the
cyclic voltammetric peak currents as well as the fre-
quency responses and the amount of material origi-
nally attached to the gold surface, is preserved even
during the subsequent cycles. This may be inter-
preted as a combined effect of the desorption of the
water molecules originally present in the crystal
structure and the stress arising from the change in
the crystal structure. At very thin layers (Fig. 3,
curve 1), however, the first cycle effect is almost
absent; therefore, it has to be assumed that the lay-
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Fig. 3 — Cyclic voltammograms (a) and the respective EQCM
frequency responses (b) obtained for the RuCl; microcrystals
attached to a gold surface in the presence of 0.5 mol dm™3 solu-
tion of NaCl. The amount of material attached 0.42 ug (1),
6.16 ug (2), and 21.7 ug (3). Scan rate: 20 mV s~'. First cycle.

ers close to the metal surface have a different, prob-
ably more compact structure. These results reveal
that the ‘first cycle effect’ is also associated with
the removal of water that is elastically coupled to
the microcrystals since the roughness of the surface
is higher when a larger amount of material immobi-
lizes on the gold surface. During the first reduction
step, this water is mostly pushed out from the sur-
face layer due to the formation of a new surface
structure.

Based on the results obtained the following re-
action scheme can be given:

(a) For peak I of the first cycle

zRu"'Cl; - (H,0), + ne” + (n—t) K" = 2
K?_ [Ru,! Ru,Cly, (H,0)] +(zx—y) H,O+tCl-

z7—

where n = t.

With the help of eq. (2), the high mass loss and
the larger charge consumed during the very first re-
duction step can be explained. We may also assume



34 G. INZELT and A. ROKA, The Advantages of Using an Electrochemical Quartz ..., Chem. Biochem. Eng. Q. 23 (1) 31-41 (2009)

that chloride ions remain in the layer, but in a dif-
ferent, interstitial position as counter-ions.

During the subsequent reduction steps, further
reduction of Ru(IlIl) takes place, which involves the
incorporation of cations and water molecules
(waves II-1V). The amount of the water sorbed de-
pends on the hydration of the cations. Structural
changes also occur.

Therefore, the further reversible redox pro-
cesses occurring at waves [V-V, III-VI and [I-VII
in the presence of K* ions, or III-IV, II-V in the
presence of Na* and Cs* ions may be given as fol-
lows:

K?_ [Ru}' Ru}Cl, (H0)]+me +mK*+pH,02

- (3)

KLm—t [Ru A T Cly, (Hzo)y] “p H,O

z—n+m n+m

which occur in more steps.

The ‘complete’ reoxidation at waves labeled VI
and/or VII, or VIII and IX, i.e., those appearing in
the potential region ca. 0.4 V — 0.7 V, depending on
the nature of the cations during reoxidation, may be
assigned to the following reaction:

K- RuzL, R, Cli,  (H;0),] - dH,0 2

K- [Ru)l  Ruy_ Cly,  (H,0),] - ¢HO + (4)
+qe +qK" + bH,0

During subsequent cycles, this oxidized form
will be reduced in several steps, and reoxidation
will take place according to the scheme given above.
That means that the original zZRu''Cl, - (H,0), form
is irreversibly converted to this oxidized form.

The rather high frequency increase cannot be
explained solely by the mass loss related to the
amount of water molecules (crystal water) and
chloride ions leaving the surface layer, especially
because a mass increase should also be assumed
due to the incorporation of cations. It is most likely
that the large frequency increase is partly related to
the strain and stress arising from the structural
changes (phase transition) of the surface layer.

Tetracyanoquinodimethane

Although the dissolution does not entirely pre-
vent the analysis of the immobilized microcrystals,
it is desirable to diminish the solubility to the high-
est possible degree. One of the possible strategies is
the decrease of the solvent activity and the solubil-
ity product by application of supporting electrolytes
of high concentration. The idea was tested on
TCNQ microcrystals by using LiCl solutions. LiCl
is highly soluble in water and decreases water ac-
tivity to a high degree.

In dilute LiCl solutions, a gradual dissolution
of the immobilized TCNQ microcrystals may be
observed in the potential region where TCNQ™ an-
ion radicals are formed. Because not all the TCNQ
sites of the microcrystals are reduced during poten-
tial cycling (the extent of reduction depends on the
scan rate, v), the following reaction may be written:

xTCNQ+ye +yLit2

(TCNQ),., (TCNQ™), (Li"), ©)

Fig. 4 shows the first two cyclic voltammo-
grams and the corresponding EQCM frequency
curves obtained for a freshly prepared TCNQ layer.
During the first reduction cycle a small wave (I) de-
velops at —0.12 V, which is accompanied by a mass
increase; however, this wave disappears later.
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Fig. 4 — Cyclic voltammograms (upper curves) and the si-
multaneously detected EQCM frequency changes (lower
curves) for TCNQ microcrystals freshly deposited on gold in
contact with 0.5 mol dm™ LiCl solution. Scan rate: 50 mV s~
First cycle (——), second cycle ().

The dissolution starts at the foot of the large re-
duction wave III (frequency increase), the extent of
dissolution is proportional to the charge injected,
and the dissolution continues until a negative cur-
rent flows after the scan reversal. An interesting
feature of the frequency excursion is that during
reoxidation a frequency decrease may be observed,
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indicating the redeposition of the dissolved TCNQ.
The precipitation continues at + 0.5 V as indicated
by the frequency decrease during the waiting time
at 0.5 V.

The expected frequency change due to the in-
corporation of Li* ions (and water molecules) is
suppressed by the frequency change caused by ex-
tensive dissolution, as the reprecipitation also over-
comes the mass decrease related to the desorption
of the charge compensating Li* ions.

The dissolution manifests itself also in the
gradual decrease of the peak currents (charge con-
sumed). The wide ‘inert zone’, i.e., large separation
of the reduction and reoxidation peaks typical of
solid-solid phase transformation under rate control
by nucleation and growth may also be seen in the
cyclic voltammograms displayed in Fig. 4.

The main reduction wave (III) appears at a
more negative potential, and the peak potential, £,
(III), shifts into the direction of more positive po-
tentials during subsequent cycles. During the first
cycles, counterions and solvent molecules enter the
layer, making further transport processes easier,
consequently the overpotential related to the hin-
dered transport processes, e.g., diffusion of ions de-
creases. In the case of TCNQ microcrystals it was
also assumed that during the initial redox cycling, a
change occurred in the morphology, crystalline
state of the material attached.?

The prewave (I) may be explained by the re-
duction of the TCNQ molecules that results in the
formation of Li*TCNQ~. The appearance of peak
II and peak IV is most likely in connection with
the formation and reoxidation of TCNQ?*" dianion
in the part of the layer that was dissolved but re-
mained near the gold surface in the form of a solu-
tion saturated with reduced TCNQ species.

Due to the immiscibility of the phases, the first
one-electron reduction wave of TCNQ shifts into
the direction of more negative potentials; however,
in this potential region in the solution, further re-
duction of TCNQ™ may take place:

TCNQ-Li* + ¢ + Li* 2 TCNQ*Li,*  (6)

These explanations are supported by the fact
that when no dissolution of Li*TCNQ~ takes place,
i.e., in concentrated LiCl solutions (see later), the
formation of Li,"TCNQ?*" occurs at more negative
potentials, although an opposite shift of the peak
potential would be expected due to the effect of the
concentration (activity) of the Li* ions.

There is another oxidation ‘postwave’ (IIb),
which is also associated with the dissolution, and
may be assigned to the reoxidation and redeposition
of the dissolved TCNQ~ ions, which diffuse back to

the gold surface. It was observed that during cy-
cling, peak IIb grows at the expense of wave II.

Dissolution may also be observed at more con-
centrated LiCl solutions; however, the rate of disso-
lution decreases. There is no dissolution at concen-
trations higher than 12 mol dm= which indicates
that the decrease in water activity plays a critical
role (cpic; = 0.5 mol kg, ay o = 0.98; ¢y = 18
mol kg, Ao = 0.21;%).
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Fig. 5— Cyclic voltammograms (—) and the EQCM res-
ponses (~) for TCNQ microcrystals freshly deposited
on gold in contact with 12 mol dm™ LiCl solution. Scan rate:
20 mV s, (a) first three cycles, (b) cycles from 4" to 6™.

Fig. 5a shows the first three cycles obtained for
a freshly deposited layer. Contrary to that observed
in dilute solutions, the voltammetric current contin-
uously increases and the frequency decreases dur-
ing subsequent cycles. Practically no frequency
change occurs until the first reduction wave, when
only a small capacitive current flows. Simulta-
neously with the reduction process, a mass increase
may be observed, which 1is expected since
counterions should enter the layer in order to main-
tain the electroneutrality. At the end of each cycle,
the frequency is smaller than the initial one. It is a
typical break-in pattern*' indicating that solvent
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molecules and possibly salt remain in the layer.
During the break-in period, a rather unusual varia-
tion of frequency is observable during reoxidation
at wave II. Instead of a frequency increase — since
the charge-compensating cations should leave the
surface layer — first a frequency decrease takes
place, and the frequency starts to increase only after
the voltammetric peak.

This phenomenon gradually ends, and the ex-
pected mass decrease becomes dominant. It may be
explained by the incorporation of anions in the
course of the first cycles. The effect observed is ki-
netic in nature, i.e., instead of desorption of cations,
the sorption of anions takes place in order to com-
pensate the excess positive charge of the cations in-
side the layer when TCNQ sites are reoxidized and
become neutral. Because, for a broken-in film, we
measure almost equilibrium mass changes as a
function of the charge consumed, as well as know-
ing the amount of the material on the gold surface
and the mass increase after the break-in period we
can make some estimation in this respect (see later).

In order to complete the break-in, many poten-
tial cycles were executed. In order to illustrate the
characteristic changes we have also presented cy-
cles 4 to 6 (Fig. 5b). It should be mentioned that
there is also a secondary break-in or waiting time
effect, i.e., the frequency increases when the poten-
tial of the electrode is held at + 0.5 V. This means
that during the perfect reoxidation, which is possi-
bly accompanied by structural changes, the ions
and solvent molecules leave the film. During the
break-in period, the frequency does not regain its
initial value.

No dissolution may be observed even at rather
low scan rates. Fig. 6 shows the voltammetric
and EQCM responses at 1 mV s for a broken-in
layer.
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Fig. 6 — Cyclic voltammograms (——) and the EQCM fre-
quency response () of the TCNQ microcrystals after the
break-in period shown in Fig. 5, in the same concentrated LiCl
solution. Scan rate: 1 mV s,

Based on the data presented in Fig. 6 the appar-
ent molar mass calculated by using eq. (1) was
found to be M,,, = 55 £ 5 (for the reduction) and
M,,, = 60 £ 5 (for the oxidation).

These findings indicate that solvent molecules
enter together with Li" ions in the surface TCNQ
layer during the reduction, and the amount of sol-
vent molecules sorbed during the reduction depends
on the initial state. When the TCNQ layer is fully
reoxidized, the solvent molecules and the LiCl salt
leave the layer rather slowly. It is also instructive to
calculate the amount of the conversion of TCNQ
sites. The total amount of TCNQ on the gold sur-
face was determined from the frequency difference
measured for the coated and uncoated crystals, re-
spectively, in dry state. This was re-checked by
complete dissolution of the layer at the end of the
investigations. For instance, for the layer in-
vestigated in the experiments shown in Figs. 4 and
5, the dry mass on the surface was 40 pg (22 kHz),
which means a surface coverage I' = 4.85 - 1077
mol TCNQ cm™. After the break-in, the total mass
change of the layer was found to be ca. 5 ug (2.5
kHz). It follows that under these conditions 7 - 10”7
mol H,O ecm™ or 4.75 - 10”7 mol LiCl cm™ re-
mained permanently in the surface layer. We cannot
distinguish between neutral species; however, it is
evident that after the break-in, the microcrystals
contain neutral, low molar-mass entities the amount
of which is comparable to that of the TCNQ in the
surface layer. During a single cycle (Fig. 6) O = 3.8 mC
was consumed, indicating that 4 - 10® mol TCNQ
was reduced, i.e., only ca. 20 % of the TCNQ mole-
cules were involved in the electrochemical transfor-
mations even at rather low (1 mV s') scan rate.

Fig. 7 shows the chronoamperometric-microgra-
vimetric responses during a reduction potential step.
After the vertical spike associated with the onset and
decay of the capacitive charging current, a peaked
current-time transient developed. The latter is proof
for the existence of nucleation and growth kinetics.'
Such behaviour is expected, since the cyclic
voltammograms also show the diagnostic criteria of
the solid-solid phase transformation (large separation
of the reduction and oxidation peaks, narrow peak
widths). In contrast to that observed in the case of
the reduction of phenazine microcrystals (see later),*
the EQCM response does not reflect the phase tran-
sition; the frequency decrease is continuous, indicat-
ing the unhindered sorption of Li" ions together with
water molecules of their hydrate sphere.

From chronoamperometric — EQCM data
shown in Fig. 7, M, , = 48 £ 8 g mol! may be cal-
culated which is in good accordance with that de-
rived from the cyclic voltammetric — EQCM exper-

iments. Somewhat surprisingly for the reoxidation,
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Fig. 7 — Chronoamperometric response (——) and the si-
multaneously obtained EQCM frequency changes () for the
reduction of TCNQ microcrystals immobilized on gold in con-
tact with 12 mol dm™3 LiCl solutions. The potential was stepped
from 400 mV to —100 mV. (a) 0—100s, (b) 0 — 45 s (enlarged).

a substantially higher value, M, = 155 £ 15 g mol !,
may be derived when small-amplitude potential
steps are applied in the potential region where the
reoxidation starts (Fig. 7). This might be in connec-
tion with the strain effect and/or the phase transition

is accompanied with a fast dehydration.

Phenazine

Phenazine and its derivatives have been studied
extensively due to interesting chemical, biochemi-
cal, electrochemical and photochemical reactions of
these compounds.* Phenazine is practically insolu-
ble in water; however, it can be dissolved in organic
solvents or in concentrated aqueous solutions of
acids.

Fig. 8 shows the break-in effect observed for
phenazine microcrystals attached to gold. As seen,
a substantial amount of electrolyte is gradually in-
corporated into the surface layer together with in-
creasing charge consumed (Q) during subsequent
cycles. The mass increase attributable to sorption of
ions and solvent molecules starts simultaneously
with the first reduction step (peak I) and continues
— albeit in a smaller rate — in the region of peak II,
and even during reoxidation (peak III). The mass
decrease begins at the second oxidation wave (peak
IV); however, at the end of the cycles a consider-
able amount of electrolyte remains embedded in the
surface layer. The difference between the initial and
final mass (frequency) values decreases with the
number of cycles and eventually reaches a more or
less constant value. It should be mentioned that the
oxidation is incomplete after the end of the cycle,
O,ed > O, and a small current accompanied with a
slight frequency increase still flows for several min-
utes. Consequently, the next cycle starts at a some-
what higher frequency value depending on the wait-
ing time, although no dissolution of microcrystals
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Fig. 8 — Consecutive cyclic voltammograms (- ) and the

simultaneously detected EQCM frequency responses (=) for
phenazine microcrystals attached to a gold electrode in the
presence of 1 mol dm=> HCI/NaCl (pH 2) solution. Scan rate:
50 mV s7!. (a) First cycle for the freshly prepared layer. Dry
thickness is ca. 50 um. (b) Cycles 2 — 6, the second cycle was
taken after 1 min waiting time at 0.5 V.

occurs. This is best seen by comparing the final fre-
quency value after the first cycle in Fig. 8a and the
starting frequency of the second cycle (Fig. 8b) af-
ter 1 min waiting time at 0.5 V. During continuous
cycling, the positions of the peaks do not change
substantially. The number and the variation of the
peaks indicate a complex mechanism, the formation
and transformation of several reduction intermedi-
ate products, and the reoxidation of those species.

The phenazine at pH 2 — since pK, = 1.23 — ex-
ists in both unprotonated (P) and protonated forms
(PH") at equilibrium. Therefore, the first electron
transfer may be described as follows:

P+e +H 2PH’ @)
PH'X +e 2PH + X (8)
PH' + H' + X 2 PH, X 9)
P+e +2H +X 2PH, X (10)

where PH" and PHZ are phenazyl radical and
phenazylium radical cation, respectively.
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The events at peak II are_more complicated.
We assume the reduction of PH;, and the formation

of 5,10-dihydrophenazine (PH,) which may also be
protonated in strong acid solutions (PH;*):

PH, X + e 2 PH, + X (11)
PH, X +e + H" 2 PH,'X (12)

Reaction (11) is most likely at pH 2, and it is in
accordance with the small frequency increase or at
least the substantial decrease of the slope of fre-
quency-potential curves in this potential region. Be-
cause H" ions do not participate in reaction (11) and
reaction (12) proceeds only to a certain extent in very
acidic media, the much smaller pH-dependence of the
peak potential becomes understandable. However, un-
reacted phenazine is still present in high concentration
in the adjoining layer. Therefore, the formation of phe-
nazinehydrine charge-transfer complex is preferred:*?

P + PH, 2 P-PH, (13)

The blue colour of this complex may be seen.
The composition of the charge-transfer complex
may be varied. Therefore, the formulas of the com-
plexes may be given as follows: (P),(PH,),(H,0),,
(P)X(PH; )q(X_)q(HZO)Z or (PH; )q(PHZ)y(X_)q(HZO)Z'
The charged complexes, may be formed by the reac-
tion between P and PH’, X or in the course of fur-
ther reduction of P-PH,, i.e.,

P-PH, + ¢ + 2 H' + X" 2 PH, PH,X" (14)

This explains the further mass increase after
the sweep reversal until / < 0. However, all these
changes depend on the experimental time scale. Re-
action (13) is a chemical reaction the rate of which
may be limited either by the rate of the chemical re-
action or by the diffusion. This is the very reason
for the potential independent and/or currentless
mass changes observed during potentiostatic exper-
iments. The most surprising effect was that after a
slight mass decrease at the foot of peak III, a rather
large mass increase could be observed. The uptake
of further anions is connected with the oxidation of
the reduced phenazine. Two types of species are
present: the charge-transfer (CT) complexes of dif-
ferent compositions and 5,10-dihydrophenazine.
Reaction (11) proceeds in the reverse direction in
this potential region and the oxidation of CT com-
plexes may be described as follows:

P-PH, + X 2PPH, X +e  (I5)
PH,, PH,X + X 2 (PH, ),(X), 2
2PHS X + e (16)

This explains the mass increase observed since
these reactions result in the formation of additional,

positively charged ions and the charge compensa-
tion involves the sorption of anions. The maximum
mass increase is achieved in the region of peak IV
which may be related to the formation of unstable
PH,?"(X"), species during further oxidation:

PH, X + X = PH2(X), +e (17

It is instructive to compare the total amount of
phenazine on the surface with the amount of sorbed
water molecules. The deposition of the phenazine
caused a frequency change Af'=—-10200 Hz in dry
state. It is equivalent to 2.19 - 10”7 mol phenazine
on the gold surface. No swelling or dissolution was
observed upon immersing the electrode into water
or acid solutions since Af'= —(4800 + 400) Hz fre-
quency decrease was observed for both the uncoat-
ed and the coated gold crystals. It follows that dur-
ing the initial cycle at peak I only 8 % of phenazine
was reduced since 1.6 - 10® mol CI- entered the
layer, however, 4.2 mol H,0O/1 mol phenazine
sorbed in the layer. The latter ratio is 54 if we
consider only the “active” part of phenazine crys-
tals. The amount of embedded water at the end
of the cycle is 7.59 - 107 mol H,O (or H,O equiva-
lent electrolyte) or taking into account the desorp-
tion (relaxation) at +0.5 V this value becomes
6.72 - 1077 mol H,0, i.e. the permanent residue after
the first cycle is ca. 3 mol H,O/1 mol phenazine. At
the end of the 6 cycles, the total swelling is ca.
7 mol H,O/1 mol Ph, while 12 % of the phenazine
became active.

The results of potential step — potentiostatic ex-
periments reveal that beside the potential-induced
fast and large mass changes associated with elec-
tron transfer reactions accompanied with the sorp-
tion/desorption of ions and water molecules, there
are also slow mass changes that are almost inde-
pendent of the potential, and continue for a long
time while only a very small or no current flows.
This indicates a slow diffusion inside the layer and
chemical reactions. There are dominant mass
changes: mass increase during reduction in the po-
tential interval from 0 V to —0.1 V (peak I on the
cyclic voltammogram) and mass decrease with the
same magnitude that starts at ca. 0.1 V that corre-
sponds to peak IV. An important feature appears
when the potential was stepped from —0.1 V to
—0.2 V (Fig. 9). After the vertical spike, which is
connected with the rapid onset and decay of the ca-
pacitive charging current, a peaked current-time
transient develops. The latter is proof for the exis-
tence of nucleation and growth kinetics. With this
observation we have all the diagnostic criteria for
solid-solid phase transformation under the rate con-
trol of nucleation and growth, since the other char-
acteristic features (large separation of the reduction
and oxidation peaks, narrow peak widths, and the
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Fig. 9— Successive potential steps from 0 V to 0.1 V and
then to —0.2 V. Experimental conditions are described in Fig. §.

Note the peaked current-time transient after stepping from
—0.1 Vito—-02V.

typical scan rate dependence when the peaks at
lower scan rates emerge from the rising portion of
the voltammograms)! may be seen on the cyclic
voltammograms. However, we can add a new char-
acteristic to those theoretically established in the lit-
erature. A closer inspection of the frequency re-
sponse presented in Fig. 9 reveals a characteristic
pattern, frequency increase/decrease in the region
of phase transformation.

Electropolymerization of carbazole

Fig. 10 shows the first cycle and the simulta-
neously obtained frequency changes for a rather
thin, virgin carbazole film on gold deposited by
evaporation technique. (For the sake of comparison,
the background responses are also presented.)

The amount of the carbazole on the surface and
thickness of this film were estimated from the fre-
quency measured before and after deposition of the
material. The measured value, —1341 Hz corre-
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Fig. 10 — The cyclic voltammetric curves and the simulta-
neously detected frequency changes obtained for the gold sub-
strate (1) and the virgin carbazole layer deposited on a gold
electrode (2), respectively. Solution: 9 mol dm= HCIO,. Scan
rate: 50 mV s,

sponds to ca. 2.5 ug, i.e. to a surface coverage:
3.75-10°® mol cm™. The results shown in Fig. 10
obtained for a thin film are very instructive because
in this case the total amount of carbazole sample on
the surface was oxidized during a single cycle. As
seen in Fig. 11, displaying the next two cycles, the
high oxidation peak did not appear, only the revers-
ible redox response of the polymer may be ob-
served. From these data, we are able to calculate the
mass changes accompanying the dimerization
(polymerization) process and the redox transfor-
mations, respectively. In the course of the first
irreversible oxidation of the carbazole sample, a
—670 Hz frequency decrease could be detected and
the total charge consumed for the oxidation was
1.778 mC. By using the Sauerbrey equation Am =
1.26 pg the surface mass change can be calculated.
The amount of the incorporated ClO, ions may be
estimated from the charge consumed. The number
of electrons involved in the oxidation of a carbazole
molecule and that of the dimer formed, » = 3. How-
ever, for the electropolymerization usually n = 2.5
1s considered, i.e., two electrons are associated with
the polymerization and 0.5 electrons are associated
with doping one monomer unit in PCz.?' This
means that the primary oxidation wave is a mixture
of ECE and EC processes and a single charge is dis-
tributed for every two monomer units in a reason-
ably long polycarbazole chain. By using n = 2.5,
the sorption/desorption of 7.4 - 10~ mol CIO; ions
may be calculated, which corresponds to a mass
change of 0.74 pg. Considering also the slight mass
loss due to the desorption of H* ions during the
dimerization process, a surplus of 0.52 pg (1.26 —
0.74) remains. This amount could be assigned to
the sorption of solvent molecules, consequently ca.
2.9 - 10~* mol H,0 molecules, i.e., 4 H,O molecules
per 1 ClO, ion also enter the film during the oxida-
tion process. A comparison with the mass of
carbazole on the surface reveals that indeed only
one half of carbazole dimers are oxidized to a
dication form since the total amount of carbazole on
the surface was 1.5 - 10°® mol, while the number
of the positively charged sites was found to be
7.4 - 107 mol.

Redox transformations of polycarbazole

Fig. 11 shows the next two cycles which curves
already exhibit typical responses of polycarbazole
films.'>!° The difference between the first and the
subsequent cycles relates to a secondary break — in
effect. (The first cycle in Fig. 11 was taken after 1
min delay time at —0.1 V.)

The redox transformations are accompanied
with a mass increase during oxidation and a mass
decrease during reduction. However, a closer in-
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Fig. 11— Continuation of the experiment shown in Fig. 10,
the 2" and the 3™ cycles

spection of the frequency responses reveals that in
fact three sections could be distinguished. Similar
to the redox transformation of polyaniline,*' the
current begins to increase, i.e., a certain amount of
charge is injected, prior to the frequency decrease
(mass increase). Therefore, it may be assumed that
in the first stage of oxidation, deprotonation occurs
and the protons leave the film. Owing to the very
low molar mass of hydrogen ions, only a very small
mass decrease (providing that H" ions and not H;O"
ions cross the film/solution interface) could be ex-
pected. The second section belongs to the first re-
dox process while the third one to the further oxida-
tion. There is no substantial difference in the slopes
of the frequency — potential or frequency — charge
plots with respect to these two oxidation steps, al-
though these slopes of the second oxidation process
are somewhat smaller. From the slope of Am — Q
plots an equivalent (apparent) molar mass (M) for
the mobile species causing the mass changes may
be calculated. If the formation of one positively
charged site is expected as a result of a — le~ oxida-
tion process, one ClO, ion has to enter the film in
order to maintain the electroneutrality. In this case
M =99.5 g mol! may be calculated. However, the
calculation by using the respective data derived
from the experiments shown in Fig. 11 gives a
value of M = 61. This means that — if the silent H*
ion transport is neglected — the sorption of CIO,
ions is accompanied by the desorption of water
molecules since no other reversible processes can
be assumed. Quantitatively, while one ClO} ion en-
ters the film, more than two water molecules leave
the surface layer.

Conclusions

It has been demonstrated that microcrystals can
be attached firmly to gold surfaces and be investi-
gated in aqueous solutions by electrochemical tech-

niques without the dissolution of the immobilized
samples. It has also been proven that there is no
loss of material due to vibration of the oscillating
quartz crystal. When the product of the electro-
chemical reaction that is a charged species is solu-
ble in water, the dissolution may be prevented by
decreasing the water activity of the contacting solu-
tion as presented for TCNQ crystals. The results of
the cyclic voltammetric and potential step quartz
crystal nanobalance experiments attest that rather
complicated events occur during the electrochemi-
cal transformations of the microcrystals that involve
changes of the surface mass due to the sorp-
tion/desorption of ionic species and solvent mole-
cules. The first cycles always differ from the subse-
quent ones; however, the reason is usually different.
In the case of phenazine, a usual break-in pattern
appears, i.e., a gradual increase of the electrochemi-
cal activity and the swelling of the surface layer due
to the incorporation of solvent molecules and ions.
Although the reaction scheme is not simple and for-
mation of charge transfer complexes take place, the
changes are reversible. Similar results were ob-
tained for TCNQ crystals. The behaviour of RuCl,
microcrystals is, however, different since during the
first reduction step, a new complex compound
forms, and the original state cannot be regained
during the oxidation. From the second cycle, re-
versible voltammetric and gravimetric responses
may be obtained, which reflect the transformation
of the compound formed during the very first cycle.
The results presented herein for the -electro-
oxidation of carbazole microcrystals show another
case when electropolymerization occurs during the
first cycle, and the subsequent EQCM responses are
related to the electrochemically active polymer
layer formed on the surface. Because of the differ-
ent crystal structures of the parent compound and
its reduction products (see phenazine, TCNQ,
RuCl,), solid-solid phase transformations occur
during the reduction and the subsequent re-oxida-
tion. The rates of these processes were determined
by nucleation/growth kinetics. The evidence for the
nucleation mechanism have been found in response
functions of both the cyclic voltammetric and po-
tential step experiments, however, it affects also the
EQCM frequency response due to the strain in the
surface layer. Also demonstrated was that the phase
transition proceeds with the release of hydration
water.
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